WO 96/ 26531 PCT/ (3B96/ 00389
F-LHERED--cAFHHEB-C-ARC  SOUREE—Hats—trventtrorr—retrates—to—afittered—cathodic

arc source. Mre specificall y', this invention relates to an inproved
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the arc current escapes as a beamof positive ions; -this fraction is
steered and optionally filtered to produce a coating on a distal substrate.
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techniques and chemical vapour deposition techniques; this invention relates to
physical techniques. It is known to provide such coatings using magnetron
sputtering, and one such method is described in US-A-5225057. The quality of
these films is open to considerable improvement. Sputtering is sometimes ion
beam assisted. The purpose of the ion beam may be to clean substrate prior to
coating or to promote reaction of subsequent deposited layers.

Another method of depositing thin films involves the use of positive ions generated
from a cathodic arc source. The cathodic arc is a form of electrical discharge in
vacuum which is sustained in metal plasma created by the arc alone and does not
require the addition of an inert gas. Currents used in cathodic arc systems are
typically of the order of 100 amps, at around 30 voits. A largé percentage of the
 metal vapour generated by the arc is ionised by the discharge and a fraction of the
arc current escapes as a beam of positive ions; this fraction is steered and
optionally filtered to produce a coating on a distal substrate. The increased energy
of these positive ions compared to the particles in previous deposition methods is
thought to be a reason why arc evaporation techniques would deposit high density,
high uniformity films. Deposition of thin films by filtered arc evaporation is
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- described generally by P.J. Martin in Surface and Coati ngs Technol ogy,
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t echni ques, f or, obt ai,nin tical and electronic coatings. Nich work in the
art has. BkHR do Bt BLEreRd sRP red rarfeits Rgs e Fiube frlinBoanplie Srnptiti,
beam t hejeehivigtlel NMSwuehi ingubtital WydtshMObE bei stonidiies tastly rmBmiaines aitke of
macroparticles in the deposited coat] ng. .GB-A-2117610 uses a baffle placed
di rect | y Afeduee @ large e9atngiares, frae@f Rignushesic t o prevent macroparticles

reaching the substrate. The positive ions in the plasma beam are focused
around the baffle. This has the disadvantage that there is a very |ow
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the plasma beam of positive ions and electrons produced by the arc is frequently
contaminated by large, typically neutral, particles that are muliti-atom clusters.
_These contaminating particles are commoniy referred to as macroparticies and can
be defined as particles visible under the optical microscope in a film deposited using
cathodic arc methods. The presence of macroparticles in deposited films has
precluded the use of cathodic arc techniques for obtaining optical and electronic
coatings.

Much work in the art has been directed towards filtering macroparticles from the
plasma beam, thereby eliminating the undesirable side effects of the presence of
mai::roparticles in the deposited coating. GB-A-2117610 uses a baffle placed
directly between the cathode and the substrate to prevent macroparticles reaching
the substrate. The positive ions in the plasma beam are focused around the baffle.
This has the disadvantage that there is a very low transmission of the plasma beam
to the substrate. Further, some macroparticles reach the substrate by bouncing off
the sides of the apparatus.

US-A-5279723, in the name of Falabella et al, describes a cathadic ion source in
which the plasma beam is filtered in an attempt to eliminate macroparticles by
providing a bent magnetic field to guide ions in the plasma beam around a 45°
bend, there being no line-of-sight from the arc spot to the substrate. US-A-



to the substrate. Further, some nmacroparticles reach the substrate by
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t he preventing any confident assessment of the filtering efficiency of the apparatus
described.

Other known apparatus use a 90° berid duct with an axial magnetic field to filter
out the macroparticles. Although these may achieve acceptable results, they do
not provide a long term solution for industrial equipment designed for near-
continuous working. The generous amount of materials coated onto the duct wall

. build up over time and may lead to particies later being resputtered back into the
plasma flux. Thus, only short periods of use of the equipment is possible. Also,
deposited films still contain significant macroparticle contamination.

A third US patent, US-A-5401543, describes using a particular cathode target
material, but still suffers from high levels of macroparticles in deposited films.

The number of macroparticies in the plasma beam can be reduced by increasing the
pressure in the vacuum chamber. However, an increase in pressure in the vacuum
chamber is likely to lead to a deterioration in the properties of the layer deposited
on the substrate. When depositing tetrahedral amorphous carbon, a trace amount
of Hz can reduce macroparticles and increase transparency in the visible light range
but will compromise the density and hardness of the deposited layer, by gas
inclusion in the deposited film.
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application of a high voltage. Due to this proximity to the cathode, the elements

of the igniter tend to contaminate the plasma beam.

Another broblem in the art is that no satisfactory method of obtaining multi-layer
coatings is described. At present, to obtain a multi-layer coating on a substrate
~ requires either two separate coating machines, one for producing each individual
layer of the multi-layer coating, or the depositing of a first layer using one coating
machine and then the dismantling of this machine so as to replace the cathode and
then reassembly of the machine to deposit the second layer of the multi-layer

coating.

Where the coating is a composite of metal and gas atoms, such as aluminium oxide

~ or silicon dioxide coatings, this is achieved in the art by creating a plasma beam of
“metal ions, depositin_g these on the substrate and reacting the depaosited ions with

. the gaseous _ i:omponent, such as oxygen, of the coating. These prior art
techniques are rather inefficient in that they use large voiumes of gas. An

improved method of producing coatings of this nature is required.

It is an object of aspects of this invention to provide an improved apparatus for and
r_nethcd of depositing coatings of positive ions on a substrate, the positive ions
obtained via arc evaporation of a cathode target. Another object is to improve the
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A first aspect of the invention relates to improved filtering of macroparticles from
a plasma beam of positive ions.

According to a first aspect of the invention there is provided a method for filtering
a plasma beam including positive ions, the method comprising generating a plasma
beam inciuding positive ions from a cathode target, and passing the beam through
a plasma duct towards a substrate, the plasma duct having a double bend.
Typically, the duct has a first bend with an angle of no fess than 20° in a first
plane and a second bend with an angie of no less than 20° in a second plane.

The first and second planes are optionally co-incident. Though it is preferred that
the first and second planes are not co-incident but are at an angle to each other,
such as at least 15 degrees, more preferably at an angle of between 30-90° 1o
each other. . '

It is preferred that the duct is toroidal. A specific embodiment of the invention
described below has a toroidal duct, and from a practical poiht of view vacuum
tubing for construction of a duct of the invention is available commercially in
toroidal sections. The invention nevertheless encompasses ducts of different
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The plasma duct of the first aspect of the invention incorporates two bends and
these confer gegnificantly improved filtering of macroparticles from the plasma
beam.

In order for a macroparticle to reach the substrate via the plasma duct of the
invention, at least two successful bounces off the duct walls must occur. A large
amount of macroparticle kinetic energy is lost during each bounce and therefore it
is found that the probability of a macroparticle entering the duct with sufficient
kinetic energy successfully to undergo a double bounce on the plasma duct walls’
and to arrive at the substrate is virtually zero.

This is particularly the case where the two bends are in different planes, since the
first bend tends to remove particles with momentum suitable for passing through
the second.

Therefore it is a considerable advantage of the invention that improved filtering of
the beam is achieved and a greater proportion of macroparticles are removed from
the plasma beam arriving at the substrate. With the ability to remove the
macroparticles in this way, it is not necessary, for example when depositing
diamond-like carbon, to increase the pressure in the vacuum chamber, which
pressure increase would compromise the properties of the deposited film, and
therefore the properties of the deposited film can be greatly improved.
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gr eat | haé BePy@ftine nature. The bend angles in the duct vary independently of each
other, provided there is no single bounce path from the entrance of the duct to the
exit.

The plasma duct of the apparatus typically has a first bend with an angie of no less
than 20 degrees in a first plane and a second bend with an angle of no iess than
20 degrees in a second plane. In particular embodiments of the invention the bend
angles are, independently, in the range 30-90 degrees, more particularly 35-80
degrees.

Another embodiment of the invention provides apparatus for filtering a8 beam of
positive ions comprising a vacuum chamber, means for generating a beam of
positive ions, a filter duct having an entrance and an exit, and means for steering
the beam of positive ions into the entrance of the duct and through the duct to the
exit, wherein the duct comprises at least two bends. The two bends of the duct
are such that, for a neutral particle entering the duct, there is no single bounce path
to the exit; instead, at least two bounces off inside walls of the duct are needed
for a macroparticle to travel from the duct entrance through the duct and to exit
from the duct exit.
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- means in the chamber for generating positive ions from an arc at a
cathode target

- a substrate located on a substrate holder

- a filter duct located between the target and the substrate and through
which positive ions from the target pass in order to arrive at the
substrate

- means for cooling the cathode

- means for applying a positive bias to the filter duct

- said filter duct having a first bend and a second bend

- means for generating a magnetic field to steer positive ions around
the first bend, and
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for generating positive ions, nmeans for steering positive ions in a beam

and a fi%%%?ﬁgﬂgrei nthe filter conprises a doubl e benccdyigiosndase a

specific nt of the invention described in detail below, a cathode
arc source, capable of generating posigive carbon ions, is located within a
vacuum chanber, magnetic nmeans are provided to steer positive ions through

the filter apnd onhferansYebgehaifing?d inddifetitotidlt aoluteer pbsitibe ibns amunduct
filters macroparticles frompositive ions. A still further, nore

particul ar, enbodthesecasid beRd i nvention provides a filtered cathode arc
source for depositing positive ions on a substrate, conprising - a
"vacuum chanber - means in the chanber for generating positive ions from
an arc dn aspegifioerobodimant of the iwmiwtd%ﬂceibagdaf‘é’@hef gfai gplow.ANaMGo| der -

a filter _duct |ocate e t r h
i oh p@S AL SBRRHES, HREsd Al BnaTieyigE poviEr foF bEuTHS dreistied
subst r atfer arc striking dignitiordo @ichieyetihssing tshouwyeable strikendodated angiden e a
positive bias to the filter duct, - ajd filter Vi . ' bend
and a s&@GHYMEhamber. *&%\ﬁg" 518 g?éﬂg?é‘?‘*'n%s B megﬁg#%hopg'ekﬁgt'% 'éé‘é%tr
posi ti vVaoinditds e tBFGet irtll id &b pertidn @ilidhes or nearly touches the target and

ignition occurs. The arc current is around 70-200 amps, and variation in the

current varies the rate of deposition of ions on the substrate, though the relation
is not linear. Arc volitage is material dependent and for any given arc source set
up does not vary outside a fairly narrow range. With a carbon target the arc

voltage is typically about 29V.

It is further an option to provide a plasma duct having a single, graduated radius

that does not provide a single bounce path between the target and the substrate.

The choice of angles for the double bend piasma duct is to be looked at having
regard to both theoretical and practical aspects. Whilst in theory, any combination
of angles can be used, so long as the first angle is at least 10°, the second at least
10° and the total preferably at least 50°, in practice a first step is to decide the
space angle in light of the size of the duct. An angie of 10° in a duct 6 inches
wide is effectively no angle. A larger duct gives increased transmission but has to
be longer in order to avoid a line-of-sight around each bend.

in use, the inventors have found that a duct diameter of between 4 and 6 inches
(10 and 15cm) is particularly suitable. In these ducts, the double bends are
arranged so that there is no single bounce path for a macroparticle between the
target and the substrate.

A duct diameter of 2-3 inches (5-8 cm) provides effective filtering with small
double bend angles, such as 20 degrees and 30 degrees. On the other hand, a
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WD 96/ 26531 PCT/ GB96/ 00389 neans
for generating a nmagnetic field to steer positive ions around the second
bend In a specific enbodi nent of the invention described in further detail
bel ow, an arc power supply is connected to the source and provi des power

for both the arc and for arc striking (ignition), achieved | veabl e
striker | oc¥P&82653%i der t he vacuum chanber. The striker i spgf)ggg‘é@aépas i s

the arc anode, and is noved towards the target until a tip portion touches
or nearly touches the target and igniti’dr? bccurs. The arc current is around

70-200 anps, and vagriation in the current varies the r | 1] of
i ons on thé“%ﬁ' fpcn @, s'f'ﬂ@ﬁ&ﬁ R UFg?gt?Q{ﬁe-‘fP?"ﬁH{g'Y ?‘Hé@ﬁ’? p%sﬁﬁggg‘gé&fs
materi al dpyygs egHificdrd SrabuRis)oTblESMaabithecdUctavalticansedoentiy itthasaa yoor
outside a fairly narrow range. Wth a carbon t%r e%@f_tae arc.voltage is

|

-typi cal | y yBBsmission pefformance cosmpaled 39: lREIE™: gets. Ducts, of fhese

having a sj i Aflbe ndibateddRREN ARJh Alteringleffitienidyak @ Prowye
pat h betmgﬁ%rﬁéoﬁﬁggﬁhg%(jbt hg su%g?%ate. "1I'hg'i choi ceéjof éngc{%eis for the
“doubl e bend plasma duct is to be | ooked at having regard to both

t heoretica d.practic eg i ' ,+h@l | ' '
angl es canH-ngu%sga?S%sé ﬁgﬁgégsﬁ%’ﬁgtIWr'}s‘f{h ghgpgh\?;ﬂeétthlaegls’?ofl%a[ g?éré]t,gpttﬁ%
second at diffietityl @ erovidimgda trhagneticafieldr tof steabltipe plasrmstin A3keit has been

Phe. duct . rewnghinel dirs Bpvife Bmees Ewnep TRtIE i (0BT oy MHIRAeE

angl e. A | gsgstile ¥atdds &F ddpositisri.eased transm ssion but has to be Ionger in
order to avoid a line-of-sight around each bend. In use, the inventors have

found that a duct dianeter of between 4 and 6 inches (10 and 15cm is

par ticul ar \ya peiictarembidinitiit D INE inventibh, HalibUbI®BERS daétofihedpPparatas

that there is no single bounce path for a nmacroparticle between the .
is supplemented by a liner located within the plasma duct. It is preferable that this
liner is removable for cleaning purposes. In use, sides of the liner rapidly become
coated with a deposit, and, if this is allowed to build up over time, particles from
the deposit typically fall back into the plasma beam and contaminate the coating
on the substrate. The liner. is removable, aliowing it to be replaced with a clean
liner periodically to prevent this long term deposit from building up on the duct

walls. The removed liner can be cleaned remote from the apparatus.

In a particularly preferred embodiment of the invention the liner is positively biased,
typically to between 10V-30V. An advantageous effect of this bias is that it
creates a repulsion between the liner and the positive ions in the plasma beam and
thereby increases the flow of piasma through the double bend of the plasma duct.
Thus, any reduction in plasma beam transmission due to the double bend of the
apparatus can be at least partizlly compensated by biasing the duct liner.

In a specific embodiment of the invention, the double bend plasma duct is lined
with a liner adapted further to increase filtering of macroparticles from the plasma
beam. The liner is made-up of a series of rings having fianges that project
outwards into the interior of the duct and are angled backwards and towards the
target. The liner is made of a series of rings linked, alternately around their
peripheries, for example at 12 o’clock and 6 o’clock, and then at 3 o‘clock and 9



target and the substrate. A duct dianmeter of 2-3 inches (5-8 cm provides

ef feeti-vo—fidtatiiag—wi-t h--satl—double—bend—aagtes—stch -as—20—degrees—and——

30 degrees. On the other hand, a WO 96/ 26531

PCT/ GB96/ 00389 - 10 - duct of such a small size produces a correspondi ngly
narr ow pl@ﬁ%z&??m and | oses significant anpunts of plasRlaolhesuct -
wal | ; consequéntly it has a poor transm ssion performance conpared to
Iarger di aneter ducts. Ducts of these ql?)rlensi ons may therefore be indicated
when high filtering efficiency is a priority. There is also a practi cal

limtati QRcloRi! PBis liRGr W fﬁ@)flbk%djklﬁfﬁ.lﬁl@?? %Eeﬁ}s‘?x"edtlhf‘o thd Bhﬁé"ﬁ %ahﬂsnd

providing a magnetic field to steer t asma. | n use, een found

t hat ducttberiugt bgndsaneters in the 4 |nch - 6 inch (1OCm- 1 5cm) range

gi ve useabl e rates of deposition. In a particular enbodi nent of the
invention, the double bend duct of the apparatus is supplenented by a |iner
| ocat ed \Ahhhbtherfﬂrn(csaanandudi’nedt_tof kise invehtioathe dppatatubifsrthemesomprses

“coated winathes [assied £Y oR e 5 uali of B vRciEn Rariknof BE aEreRisAnS

parti cl epetivedht tie eathsde! té E&t @ald! the Pldsmr@uct.nt R ishéb%rﬁéﬂatﬂé‘?a‘ﬁbwd
contam nate the coating on the subst rate The liner is renovable, allow ng

it to be TRAYJPRAHICIeS are %’T‘BF%‘hff"m thercasbpde garast pY atlergeranale endrihess afy term
cl ancd 1oiovemidy BOREninG tnk 18 all! o entEfol E MRt B6E: SC8 e o1y
of the i mg.lwlthmbaﬂﬂeaerMasrqpemqlesxgnq plasmsa dmittggh substaptially bormekre
oo (8 RO G R PhrC bl o Barhiy 1ol oreales o repulsion
I ncreases the flow of plasma through the double bend of the plasm duct.

Itis preferred that the baffles are non-conducting, e.g. made of PTFE; initial arrival

of positive ions establishes a positive charge that exerts an electrostatic repulsive

effect against the positive ions in the plasma and increases the flow of plasma

including positive ions into the plasma duct. It is particularly preferred that the

baffles are removable for cleaning purposes. The batfles quickly become coated

in use with a fine, particulate coating and if this is allowed to build up over-a long

time it can contaminate the plasma beam. Baffles that are removable can be

immediately replaced with clean baffles and the dirty ones can be cleaned remote

from the apparatus.

In use of the filtered cathode arc source of the invention, it is desirable to provide

as short as possible a mean free path for carbon ions in the plasma beam. This can

be achieved by providing a vacuum pressure that is suitably high, typically of the

order of 1076 Torr, though during deposition this pressure may typically be around

10" Torr or even slightly less if gas is let into the vacuum chamber. In typical

operation, the vacuum chamber is pumped down to about 2)(10‘6 Torr and during
deposition the pressure may rise slightly towards 10°% Torr. The mean' free path

of particles in the plasma beam can further be reduced by providing and designing

apparatus having as short as possible a distance between the cathode target and

the substrate.



Thus, any reduction in plasma beam transm ssion due to the double bend of
the apparatus can be at least—partially conpensated by biasing the duct
liner. In a specific enbodi nent of the invention, the double bend plasm
duct is lined with a liner adapted further to increase filtering of

mcropartic{‘%ﬁé&wmthe plasma beam The liner is nmade-up %ﬁﬁ?ﬁd@ of

ri ngs having anges that project outwards into the interior e duct
and are angl ed backwards and towards thesfarget. The liner is made of a
series of rings linked, alternately around their peripheries, for exanple

at 12 o' cl qpk Glasm8 buafh B KuiddBntéisdh fe plasnid @Gt BY thethods YR Hppabadd
PCT/ GB96/ 00389 o' cl ock. Thi's liner is flexible and suitable to be pushed
into the dioewanio the arhdFenexampie. therkram can Heguided by prquevirlineas masmetient
of the inv ' r th LS t
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cat hode t acogessednalectnic phdignagritict fieldt Ceiisbwivencprovided opstherplasmpadudtc| es

are emtted f t he cat hode. t et _at a |large e and these are
o event cu’ Apuhfenbends, B Ais 3he Hadiierk selip e Jof e ista Yol are .
| arge angl eptibrally'vatef tosied. Nesrhaiment nidgnetsace sheheroptibhl ed :
substantially normal to the cathode target surface pass through the

baffles. It is preferred that the baffles are non-conducting, e.g. made of

PTFE; init mhn%afﬁ'a@daraiusoeﬁ | h0ehals, i€ R FeUsINERS aBhitVEid deroshich Pfteldiat
exerts an electrostatic repul sive effect against the positive ipns in t he

pl asma and uprterahesds! & aegstrems sler seeent ovacan @resyohasiint ¢ 57 em)i ysing ene
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for cleaning purposes. I'es qu one coated I nTuse W
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The macroparticle count of TAC films produced using the method and apparatus
of the invention have been measured: énd found to be less than 100 per cm?ina
coating 600 angstroms thick. These values compare favourably with those in US-
A-5401543, in which exampies.1-3 disclose particie counts of about: 15,000 per-

2

cm for a coating of thickness 500 angstroms. This latter figure is a typical figure

for the level of macroparticies in films of the prior art.

A second aspect of the invention relates to the application of a coating of positive
ions onto an optical element. According to the second aspect of the invention
there is provided apparatus for applying a coating of positive ions to a dielectric
substrate, the apparatus comprising:-

means for generating an arc at a cathode target, the cathode target
containing the ions to be deposited on the dielectric substrate,

magnetic means for directing a beam of ions emitted from the cathode along
a filter path substantially to remove macroparticles therefrom,

means for holding the dielectric substrate in the filtered ion beam,



i medi ately replaced with clean baffles and the dirty ones can be cl eaned

I sRBt-e—-ar~he—apparat us. -

invention, it is desirable to provide as short as possible a nean free path
for carbon ions in the plasma beam This can be achieved by providing a

vacuum prﬁéﬁgf' 1that is suitably high, typically of the Pmbgjmg,o[ err]
Torr, thoug uring deposition this pressure may typically be around

10[err] Torr or even slightly less if 198S is let into the vacuum chanber.

In typical operation, the vacuum chanber is punped down to about 2x10[err]
Torr and during deposition the pressure may rise slightly towards 1 Torr.
The nmean free path of particles in the plasma beam can further be reduced
by providi ng meansder @anplyingpparBft (kias40i the dielestoic: substrate siidissipate st ance
bet ween the c r . -

*PCT/ GB96/ 00388'5?9?5!*%%%922%5‘@@5?#?% i %%t"?h%“@lfg'?‘% E’?%?%%sr'r%% & by
nmet hods and apgsitiee ionsknown in the art. For exanple, the beam can be gui ded
_by a curvi-linear magnetic field along the | ength of the duct.
Alternatively, the plasnma beamis guided by a crossed electric and nagnetic

field. OwHereas\bBor 51t cuatings werd st dongiidredibEsuftieiohly HiggGalityoBbfathde the
magnetic steering.field for the Rl asma beam are optionally water cool ed.

g ) . L ] y. Wal
Per _rranen?ﬂ_‘r%ﬁjﬁ@f’@%ﬁ%‘?'&ﬁ&?ﬂ@'l’g%ﬁ ¢ fteredspiazmarheampptihadinertion isofisHeRnt i on,
it 1S poggfiky ﬂra&‘i‘uig’ﬁhhﬂﬁ‘tg CodiRiyeHuitable fotldhtitial UBe canaPYbtaimed?NdSt rons per
second over ‘an area of 25 in[err] (157 cnferr]) using an arc current of
about 1 20A and having a floating duct bias. The nagnetic field fromthe
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coatings, and oxides, nitrides, selenides and carbides, such as silicon dioxide,

aluminium oxide, titanium oxide, titanium nitride.

In an embodiment of the second aspect of the invention, there is provided

apparatus for depositing a multi-layer coating of positive ions on a dielectric optical

element, the apparatus comprising a first cathode target and further comprising a

second cathode target and means for interchanging the.first and second cathode -
targets without breaking vacuum in the apparatus. In use a first coating of ions"
from the first target is applied, targets are changed without breaking vacuum and -
then a second coating of ions is applied from the second targeﬁ:. The filter path

optionally includes a double bend toroidal duct adapted substantially to remove

macroparticles from the plasma beam.

The duct conveniently incorporates the first aspect of the invention. In a particular
embodiment of the second aspect of the invention, the duct is lined with a liner,
preferably a non-magnetic liner. More preferably the liner is removable from the
duct for cleaning. In another embodiment, the liner is given a positive bias,
preferably within 10V-30V.

The invention enables deposition of a film of TAC that is substantially, and can
potentially be entirely, free of macroparticles. This film can be obtained without
the need to introduce into the vacuum chamber a gas to prevent formation of




The macroparticle count of TAC filns produced using the nethod and

appar atus of the inventier—havre--been neasured-ane-found to be | ess than 100
per cn2 in a coating 600 angstrons thick. These val ues conpare favourably
with those in US- A-5401543, in which exanples 1-3 disclose particle counts

of about 1 r cnferr] for a coating of thickness 50 fogd¥8- This
| atter f|g3Y‘29$’s‘g§ typical figure for the | evel of macropglFtlc es&fg?] filnms
of the prior art. A second aspect of t_hq!4i_nventi on relates to the
application of a coating of positive ions onto an optical elenent.

Accordi ng facidparies, WhithRRGiroGfindi) feddiert détBribRRion ih&nagﬁbﬂéiﬁés apgher at us
for applying a coating of positive ions to a dielectric substrate, the

appar at us 4enasitedi TAS- Alsxnia other apalicatiensgperatiap using redused 8as volrpeis t he
cat hode t f;&g | Ni ' R He§esl WithC

subst r at e?ﬁ‘rgrgg et E:U?érfeax\}% ;rch)(ré Sla?tz%élpﬁgﬁgggeamﬂc??‘dfgﬁs eme%ﬁ{ frc')fm m?e

cat hode al fmlignang chamactegristiessubst antially to renove macroparticl es
therefrom neans for holding the dielectric substrate in the filtered ion
beam WD 96/ 26531 :

PCT/ GB96/ 00389 (a) $rhootisess f or appl yi ngroon nidarbsquart @ft3rangstedmstaviecage
substrate to dissipate electrostatic chger\ge,acgrrui na on t&{a djgghectrlc
substrate by deposition of positive i orQeVigiRn em sirigreqiar 8 JAG foRtiNgke: o
not considered of sufficiently high quagégosite@ diPhPolishéd shtidbn Feface.
el ectronic coatings, the filtered plasnma beamof the invention is of such

purity that high quality coatings suitable for optical use can be obtai ned.

Exanpl es of thege hgﬁﬂ.;é'sggs i ncl ude tet régﬁbé‘hnﬂéﬁ@ﬁiﬁs | ate}gg]ué H#9ooand

silicon coatings, oxi des, nitrides, selenides and car , such as
silicon dioxide, for pure diamond). Typical hardness for

the TAC coatings is in the range of 55-75
GPa, for a film on silicon. The sp3 content
of films of the invention is typically at least
80%, and in embodiments of the invention
is typically at least 85%, and in some
specific embodiments as high as 88%.
The increased sp3 content of films of the
invention compared to prior art films gives
increased hardness. For example, the films
produced by the equipment of Falabella et
al {(US-A-5279723) are reported t0 have
sp3 content of around 60%.

{c) refractive index 2.5-2.6 (compared to the wvalue for
diamond of 2.4).

{d) optical band gap approximately 2eV.
(e) transmittance 70% in the infra red spectrum.

(f) Young’s modulus 700 GPA, typically 600-800 (compared to



al um nium oxi de, titaniumoxide, titaniumnitride. In an enbodi rent of the
secoRd—aspeet—et—the—nventi-opn—tere—ts—provtded—apparatus—fFor—depostt i ng—
a multi-layer coating of positive ions on a dielectric optical elenent, the
apparatus conprising a first cathode target and further conprising a second
cat hode # nd nmeans for interchanging the first an t hode
targets %ﬁtgﬁﬁé'??breaki ng vacuumin the apparatus. In usg,c?i.%ﬁ}?’g%ﬁ%oati ng of
ions fromthe first target is appli e_d15t_argets are changed wi t hout breaking
vacuum and then a second coating of ions is applied fromthe second target.
The filter path optionally includes agh@BPa frdiareng).dal duct adapted
substantially to renove nmacroparticles fromthe plasna beam The duct
conveniently incorporates the first aspect of the invention. In a
~particular e j oent -1 : : ' ' duct is
"lined with a@?ﬁiglﬁ,sﬂpcr% é‘}'gﬁT ??ﬁ%ﬂﬁggﬁg‘f‘?@"ﬂi ?’ﬁgp.ayfﬁwg?%},edfgrgébl y the
liner is renovable fromthe duct for cleaning. In another enbodi nent, the

. liner is giv Qsitive bias, prefefabl y.withign 10V-30V.. The invention
enabl es d,epog'?qt‘? W a filmof TAC %ﬂ&"%&c %'ﬂbs‘?‘ ATy, AT RHIE ngr@l
potentially be entirely, free of nacrdigmohdads asrmaily 3.5 igicobiacnie Tt ai ned
w thout the need to introduce into the vacuutmr(“\I&arf}fPer af &as to Qf event
iims o n

formation of VO 96/ 26531 density o e invention is
PCT/ GB96/ 00389 -14 - nmacroparticles, whically 93¢ oPUlabbokYy 3 egp}mﬁo ahd
deterioration in the properties of the deposited TAC. so, 1 n other

appl i cations operation using reduced Riaterably 3@-3.3 oigie” posbomee Priote TAC
coatings of the invention can be dep%{ﬁ@ﬂié%ibhsh%eiéﬁéd% &8mand jike
Poot - mean square o 4

characteristics:- (a) snoothness squar
angstrons average carbon films having a density of around 2.7

g/cm3.

It is a particular advantage that the TAC films of the invention posses these
characteristics and that the films do not compromise any of these characteristics
as a result of efforts to remove macroparticles from the films. Macroparticles are
substantially entirely removed by the improved . filtering of the invention, so all
these characteristics can. be- obtained in the deposited film. It is particularly -
noticeable that the TAC films of the invention do not absorb at wavelengths
associated with C-H IR absorption, indicating no hydrogen in the TAC films.

A further aspect of the invention accordingly provides a TAC film possessing the
above-identified film characteristics. The film depth is typically 50-1000

angstroms.

In a third aspect, the invention relates to obtaining muiti-layer coatings on a
substrate. By multi-layer coating it is intended to indicate that the substrate has
a first coating of one material, such as silicon dioxide and a second coating of a
different material, such as aluminium oxide. Multi-layer coatings are of particular
use in the optical énd electrical fleld in which the combination of properties
obtained by the individual coatings produces an overall property of the coating
which is of a particular application.



deviation fromsurface, for a TAC coating deposited on a polished silicon
surface. (b) hardness 65 GPa (this- conpar es—-+to—a value of 100
for pure dianond). Typical hardness for the TAC coatings is in the range of
55-75 GPa, for a filmon silicon. The sp3 content of filnms of the invention
Is typically a ast 80% and in enbodi ments of the inveng) | i cal
at | east Sﬁﬁ’éﬁf& Yn some speci fic enbodi nents as high as gﬁ'ﬁ}o&’ﬁ"é’%p Y
i ncreased sp[err] content of filnms of t i nvention conpared to prior art
films gives increased hardness. For exarmple, the filns produced by the

equi pment  gf afdl %ébgdé; %f%§ ﬁﬁ&?&é@) c&h@dr&wsaﬁcéqohg\éﬁe&haral

content of aroun ctive 1 ndex (conpared to

t he val ue plasmai beamdrarh aZGthon dargept ¢camaprigiagt gap appr oxi mat el y
2eV. (e) transm ttance 70%in the infra red spectrum (f) Young's
nodul us 700 GPA, typically 600-800 (conpared to WO 96/ 26531

‘PCT/ GB96/ 00389 a vabuumlcHdmisd?A f or di anond). (g) friction coefficient of
.sapphire of TAC filmof approxi mately 0. 15.

a first cathode located at a cathode station within the chamber, -
means for generating an arc from the cathode at the cathode station,
a second cathode located within the chamber, and

means for interchanging the first and second cathodes without breaking

vacuum.

Known cathodic arc sources incorporate a single cathode target. To produce multi-
layer coatings it is normally necessary to break vacuum in the chamber, replace the
cathode target, pump down:to re-establish vacuum.in the chamber and then apply
the second coating layer. As will:be appreciated, the third aspect of the invention: -
enables multi-layer coatings to be obtained without the expensive and time
consuming step of breaking and then re-establishing vacuum in the chamber.

It is known to provide a first coating layer of a metal in combination with one gas
and then a second coating layer of the same metal and a second gas. For example,
a silicon nitride coating may be applied on top of a silicon dioxide coating. Other
such combinations will be known to those skilled in this art. To obtain such a
multi-layer coating the cathode target is made of 'the same material. However,
once a cathode target has been used with a first gas then it becomes contaminated
with traces of that first gas. When that same contaminated cathode is used with
a second gas, the initial plasma beam from the cathode is contaminated with ions
of the first gas. In this circumstance, the third aspect of the invention is also of
advantageous use because the first cathode can be exchanged with a second
cathode of the same material, but the second cathode is not contaminated with thg



(h) density 3 g/cubic cm The density of pure, natural

di arpRe—ts—pnormally 3.5 g/ '
invention is typically at or above 3 g/cnferr] and preferably 3.2-3.3
g/cnferr] or above. Prior art publications have reported dianond |ike

carbon fi] Ing a density of around 2.7 3 g/cm it isl@mg ' ar
advant age %ﬂqg%/ﬂe TAC filnms of the invention posses these cﬁ%érdgg (Lari stics

and that the filns do not conprom se ag% of these characteristics as a
result of efforts to renove macroparticl’es fromthe filns. Macroparticles

vent | orfires 3oy Aot thE ekchBRBY ¥ achiovclfrab ey BT BhesehAY Witholk pleing o

film 1t vacywsnin the ahémbent i ceabl e that the TAC filns of the invention do
not absorb at wavel engths associated with CH IR absorption, indicating no
hydrogen in the TAC filnms. A further aspect of the invention accordingly

provi des Phd fécdrid BathREe AN b oh8 df AIuAtity o thfHodes] thdsEliree avmprisiag CS-
Jhe film depth is typically 50-1000 angstrons. In a third aspect, the
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first coating of one material, such as silicon dioxide and a second coating
of a diffeatbade magazing. such as al umi ni um oxide. Milti-layer coatings are
of particular use in the optical and electrical field in which the

conbi nati on of properties obtained by the individual coatings produces an
overal | pincpeatticutdr érhbodiozntiaf thikithind iaspett af {rer inventian therel is @aracuum

lock between the cathode magazine and the cathode station.

The vacuum chamber advantageously may further comprise first and second
vacuum compartments; the cathode magazine is located within the second vacuum
compartment; the cathode station is located within the first vacuum compartment;
and the source comprises - means for separate evacuation of the first and second
vacuum compartments. It is preferred that the second compartment comprises a
port allowing access to the cathode magazine without breaking vacuum in the first .

compartment..

In use of this particular embodiment, an operétor is able to gain access to cathodes
in the cathode magazine without breaking vacuum in the chamber holding the
cathode from which an arc is to be generated. This enables convenient exchange
of cathodes into the magazine without the time-consuming need to break and re-
establish vacuum in the main chamber in the apparatus. The time taken to replace |
an exhausted cathode in a continuous coating process is reduced and muiti-layer
coating of substrates is greatly facilitated.

In a particular embodiment of the invention to be described further in detail beiow,
the cathode interchanging means comprises a cathode gripping device mounted on
a target transport arm and adapted to transfer a cathode between the cathode
station and the cathode magazine. |



- 96/ 26531 PCT/ GB96/ 00389 -16- A
third aspect of the invention provides a cathedic arc source for generating
a plasma beam from a cat hode target, conprising:- a vacuum chanber, a first
cat hode-l ocated at a cathode station within the chanber, neans for

generat i ngvﬁr;ﬂg{ yfromthe cathode at the cathode stationpcpcagdéedss cat hode
| ocated w UNI e chanber, and neans for interchanging the first and

second cat hodes wi t hout breaking vacuumgknown cat hodi c arc sources
i ncorporate a single cathode target. To produce nmulti- |ayer coatings it is

nor mal | y neqegrAraspeet Diahs meention irslatdiete lvaatings suebl s silitte diokibe de
target, punp down to re-establish yvacuym in the chanber and then apply the
second co@YRipYRQxide 1hat have B\vgt%{b‘bPBgi@Féiﬂm?wqtﬁ'i rd aspect of the
i nvention enables nmulti-layer coatings to be obtained wi thout the expensive
and tinme consum ng step of breaking and then re-establishing vacuumin the
- chanber. I|Acdasdingdare fourph espenrt of therigyention apRATRRIF:IOr APPlYing pHoatiRg of
conbi nati g Lt h. on ) .second coating |layer of the sanme netal
" and a secdﬂ’&%" s'.ogggpg%%%?aet%%@fﬁ%gbn nitride coating may be applied on
top of a silicon dioxide coating. O her such conmbinations will be known to

those skilled in this art. To obtain.such a L L. ' .1 t hode
target is made 'B?a'lsrfg’rgﬁﬂﬁraﬁ'ﬁ‘geﬂ"i F at ﬁ&ﬂg@%qe%&%télﬂgggépéggébﬁ %r"tg‘;'gg Qr(%'as
been used w th campdrignt @¥2hé toating, becones contaminated with traces of that

first gas. Wen that sanme contam nated cathode is used wwth a second gas,
the initial plasma beamfromthe cathode is contamnated with ions of the

first gas. In thisnidrGHIBEAERE infd the dVc’ &l gas RBRipodlent BE thaveatingand al so
of advant ageous use because the first cathode can be exchanged wth a

Second_ cat hode_ of the sane material, but the second cathode is not
contam nat ed Wb A& means for directing a beam of ions via a filter path to the

substrate, the filter path adapted substantially to extract macroparticies from

the ion beam.

This apparatus enables gas ionisation to occur in the arc.. Conveniently, the gas
introducing -means comprises a gas inlet proximal to the cathode.

lonisation in the plasma ball-of the cathode arc is fierce. Thus, gas introduced into
‘the arc is rapidly and efficiently ionised and contributes positively charged gas ions
to the plasma beam. By prior calibration of the rate of gas input a plasma beam is
obtained containing metallic positive ions and gas positive ions in a suitabie
stoichiometric ratio to produce a composite metal-gas coating on the substrate.
The fourth aspect of the invention enabies highly efficient use of gas and can be
adapted to ensure that gas use is at the most efficient level to obtain the required
composite gas-metal coating on the substrate.

Apparatus according to the fourth aspect further removes the requirement for there
to be a gas inlet close to the substrate or as part of the plasma duct, thereby

simplifying construction of the substrate holder and of the plasma duct.’

Exarﬁples of suitable gases for obtaining gas-metal composite coatings include
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f i+st—gas—AgatA—thi-s excha e—grehteved—rapt-chy—and—ef-fcientty—wi-t hout
breaki ng vacuumin the chanber. The second cat hode can be one of a
plurality of cathodes, the source conprising neans for interchanging the
first ca ﬂﬁ‘zsﬂxth any of the plurality of cathodes w t hgtfchéshipigong t he
vacuum tionally, the second cathode is |ocated in a cathode nagazine. In
a particular enbodi nent of the third,ggpect of the invention there is a
vacuum | ock between the cat hode nagazi ne and the cathode station. The
vacuum céxygesy, mdagen,aoriogerny andyméthahker conprise first and second vacuum
conpartnents; the cathode nagazine is |located within the second vacuum
conpartnment; the cathode station is |located within the first vacuum

_conpar t Ntlodudtien (o Yas Mo the R BTV th€ EatfRAUIS afcOsoired dan Rivantsyediusioef the
first and second vacuum conpartnents. It is preferred that the second

:conpar t nebinedpnitbeathgr gspects| ofotlis inventionsdassribad PaVRegn WFW@’ .
- Wi t hout Sgﬁfrﬁ%t\’@ﬁé%hﬂht %fbefc't ‘0¥ thé& MRAHoRE e chfhcﬁﬁzeisog fitst GatR@gd i cul ar
, or 1s g od

enbodi nmen an opera I's abl’'e 10 galn access to cat es I n the cathode
magazi nelocstedoat alwathdde gtationy the istatidre beingnirsitibnedi so ghet 8n@arc eamebe r om

whi ch ' b ted. . Thi I ' . :
Cat hodesoRFateR S saTREe o caton ot i St Dt SIRFAN R bR AP (.
est?bl i s@swh tpagélluctam Ih £ batmode r'i'tu’_igézhve,ah@a?pamus ﬂtﬂ\ériqmnrwlm(; fj 0 .
repl ace an exhausted cathode in_a continuous coating process is reduced an
i e JMegns Jor | IRtErghanging they fiest; cathods, Y‘Sthr % |secabd catprdg )ﬂ’éﬁ?‘PPEm ar
enbodi Mepfeaking Becuuy M theVatGuiecHaasseri bed further in detail bel ow,

Apparatus according to the fourth aspect can be adapted for applying multi-layer
coatings to the substrate, one layer of the coating comprising ions from the first
cathode and another layer of the coating comprising ions from the second cathode,

the multi-layer coating achieved without breaking vacuum in the vacuum chamber.

A fifth aspect of the invention relates to arc ignition avoiding drawbacks of

previously available igniters.

A fifth aspect of the invention provides apparatus for applying a coating of positive

ions to a substrate, the apparatus comprising :-
means for generating an arc at a cathode target,

means for directing a beams of ions emitted from the cathode to the
substrate, via a filter path substantially to remove macroparticles therefrom,

and

arc ignition means comprising an ignition anode retracted towards a wall of
the apparatus and movable between this retracted position and an ignition

position in contact with the cathode surface,



t he cat hode interchangi ng neans conpri ses a cathode gri pping devi ce nounted
on a target transport arm-and-adapted to transfera cat hode between the

cat hode station and the cathode nagazi ne. WO 96/ 26531

PCT/ GB96/ 00389 - 18 - A fourth aspect .of the invention relates to coatings

such as si I{’Vﬁ%@&%fw de or al um nium @ihg ‘}ﬁéﬁlt \ﬁave et al lpieg,

conponents. ng to a fourth aspect of the invention apparatus for
applying a coating of positive ions to a_substrate conprises:- neans for
generating an arc at a cathode target, K& Tathode containi ng one conponent

of the coating, ne for. in}r ' . . ppgeat of the
coating, and m&@&%aﬂggﬂégﬁ%&%d FQ@‘E#‘%@*E@‘&%%@P&?@% afilter path
to the substrate, the filter path adapted substantially to extract
macroparticles fromt i on beam Thi.s apparatus enabl L.ani | to
occur in th& 3 Ree eﬁﬁi)ﬁ?ﬂte"ﬁf’vwef’ﬁé’?dﬁg &Et'?ﬁ' 128 ’ﬁ‘agﬁ%iﬁié’ggﬁ%ﬁ%ﬁ‘é&gas

i nl et proxig®ing scdutatecadmestc. | oni sation in the plasma ball of the cathode
arc is fierce. Thus, gas introduced into the arc is rapidly and efficiently

“Joni sed and contributes positively charged gas ions to the plasma beam By

iprior cali PAR dnfifbodiineht B¢ 1 frvehtiBAUeSERbEd Belv? HEUAEAR: igniflbh MMM that

scont ai ni ng ne I'C positive 1ons and gas positive ions in a sui t abl e
"st oi chi onet coroprises onaanspfasdonoving thenignition anedsl tQywardsothe iggitian pasition,

substrate. The f T he ' effi ) se

of gas. and AR SO dehePRAFEG aR ioifor i RidahS GEARLAInG ticlate Bhhic ABbnd

| evel to obteits rétractedoposition aftgpake tazc das-igeited. dbist amgption tthe tise kgrtition e.
anode to be on the end of an igniter arm, the other end of which is rotatably

mounted on the apparatus.

In use, if a first arc ignition position is known, in subsequent arc ignition the
ignition anode is moved directly to this position and thereafter moved towards an -
ignition pasition of the cathode.

On first ignition:of an:arc from a cathode target, the arc ignition means is typically
moved towards the .cathode at a slow rate, the operator attempting to avoid
contact: with' the :-catﬁod.e--: target: that..would -,.irn_pact- upon the target and risk
damaging the target. Once an arc is ignited from a cathode then the position of arc
ignition can be noted. Subsequent ignition of the same cathode is achieved
conveniently by moving the anode on the arc ignition means towards the known
first ignition position and thereafter slowly moving the anode towards a position in
which subsequent cathode ignition occurs. As a cathode is consumed during use
it is usual for subsequent ignition of the cathode to occur at a lower position than
the position of first cathode ignition.

In an embodiment of the invention a controlling circuit monitors both the arc
voltage and the movement of the arc ignition means. The controlling circuit
advances the arc ignition anode towards the cathode and when arc ignition is
sensed by change in the arc voltage the controlling circuit retracts the arc ignition

anode away from the cathode.



/
Appar atus according to the fourth aspect further renoves the requirenent

f or—there to-be-a-gas i nl et-—cl-o0Se—t-o=—t-he=substtat-e-o0r—as—part—et—the--pl asm
duct, thereby sinplifying construction of the substrate hol der and of the
pl asma duct. Exanples of suitable gases for obtaining gas-netal conposite

coatings | WO 96/ 26531

PCT/ GB%I‘BQ%%-& 19 - oxygen, nitrogen, hydrogen and net f‘{firrll"e(;.u9 '%o??goduction
of gas into the arc of the cathodic a G .source can advant ageousl y be
conbined with other aspects of this invention described above. In a

par ti cul Pyt nipad Ff?’i%niﬂzntrh@aﬁ@‘ﬂftiheaﬁﬁﬂchsﬁéctt BF theVinGéntwdh drbcidegtdiode is
a first cathode [ocated at a cathode station, the station beij n(gq posi tioned -

so that canvenierdawayctayeerignitec@ns areniram & patialivoeensimed cataode.at T, the
apparat roH#rrﬁé]gf prioY gt Ig?'t'itﬂﬂ'h@e\ﬁ@&é)ﬁ\gx bfeR8Ftd & ﬁﬁnéﬂﬂ:@owﬁod%
e urther co or e

magazi ne, appar at us JNPr1sing neans I nt erchangi ng t

first casrredeired ah obiservestolobkahrdughea sulvstantialiv epadusgviewingiwindowigee vacuum
_chanber. ‘%{}Ear atus according to the fourth aspect can be adapted for

-appl yi ng° ?V‘-"’I‘ayer coatings to the substrate, one layer of the coating
conprising ions fromthe first cathode and another |ayer of the coating
sconprising ions fromthe second cathode, the lti-la cqati ng achi eved
“wi thout 1healbeag ahssrNeA TetiBtion of dhe SHEHEBS the igRTenpIosdaYerson fan

| nvent i ogg lagh@hve8 4Cadtuifiipréddurd 6 FO016H ARG krRiwP i \the Wirt,Y this

available igniters. A fifth aspect of the invention provides apparatus for
app! yi ngvacuswaleviebissuitgbiei for seme saatings butfps obainiag qogtingp phexgeptional

conpri si ; ' o] ak r8ufiRdiDqdEuiréd oet . neans for
.directi n@%gﬂggé;%&%.ﬁgﬁg&gémh@gg ??%%mt er Lc’at deattlo t he
Apparatus of the invention enables the production of coatings known in the art

with improved coating properties due to the improved purity thereof.

As will be appreciated, preferred particular embodiments of the invention combine
the various aspects of the invention in all possible combinations. A very particular,
specific embodiment of the invention combines all of the aspects of the invention
in a singie filtered cathodic arc source.

in another embodiment of the. invention, the cathode target is arranged
substantially horizontally, with the plasma beam of positive ions emitted
substantially vertically therefrom. The cathode target is retained by a guide; This
arrangement allows the cathode target to meit during preparation of the cathodic
~ arc and therefore this embodiment of the invention is suitable for use with low-

melting point targets such as copper angd aluminium.

Prior art cathodic arc sources were not suitable for use with low-melting point
targets for various reasons. Firstly, the layout of the cathodic arc source forced
the target to be held vertically or at an angle to the horizontal, so that if a IoW-
melting point target were used it would melt and flow away from the cathode
station and drip on to the walls or the bottom of the source. Secondly, prod_uction
of macroparticles from a moiten cathode target is higher than from a solid cathode



>

#typically nove

substrate, via a filter path substantially to renove nmacroparticles
therefrom and arc ignition means conprising—ahR-ignition anode retracted
towards a wall of the apparatus and novabl e between this retracted position
and an ignition position in contact with the cathode surface, WO

96/ 26531 PCT/ GBOfH s do38920- and
nmeans for %?Sﬂ‘ﬁ-’d the position at which arc ignition occurred. |t ?s
preferred that novenent of the arc ignijjon neans is by a stepper notor,

gi ving accurate control. An enbodi nent “the invention described bel ow .

I ncludes arc _[gnition.. C r'et#m . ' Qo ticon
anode towg?rﬁgk‘t hb?gﬁr'wwp%és]i elsoﬁmjrﬁe%nér or }é{ (%?frﬁﬁﬁir]g%gp ﬁi gﬁlg'{ ?O(lgn and
means for migiropartictpst tocersatie iagoeptable guality coatings of dowapelingmaint metalaf t er
the arc has. ig ited.nét is_an option.for the ignition anode to be on the
end of an“i’&ﬁi?rlb‘P‘“&F '°Wh%"léh?§$°ﬁ§ﬁ8d8‘f which is rotatably nounted on the
apparatus. In use, if a first arc ignition position is known, in subsequent

carc ignition the ignition anode is noved directly to this Eog}tion and

t her eaf t edn seMedsolatadinstanges priariashde)ices haye podugsed cogH FHminipm,

i gnition r o i | @atHd agéurce,
Hoxiive? | thest vy TR D sing e B o ™rCt &0t ng

to avoi d continuousiuse of tbe @se Meaiid resultin meltingelthe ¢afpade taqgst. &G ar get

and isk | ' fihrd) hBol@lirt¥A thé fUePribA! Bodlsingen

t he posi tW&@P@%&?ﬁ#@h@gﬁQggqggﬁéﬁ?hgagﬁ%ﬁt}ent |égnitilon of theasarre

cat hode i shecatisodic acosverdeciur|periods mdwipitp 2hevem ddminutes heoatingsi efhlow-on

eans tovvange %intghpeoihtngmodes can be obtained using the apparatus of the invention.
Thus, a whole new field of coating technology has been opened up by this

" invention.

In a particularly preferred embodiment of the invention, the filtered cathodic arc
generates pure plasmas_to deposit-'derise and clean thin films. The plasma is
emitted from cathodic arc spots on the surface of a cqnsumable cathode and
guided by a radial electric field and a curvilinear axial magnetic field through a
| positively biased double bend toroidal duct to a substrate in a coating vacuum
chamber. Unwanted macroparticles emitted with the plasma from the cathode are
effectively filtered out by a set of removabie ceramic baffles, a removable stainless
steel bellows and a double bend toroidal duct. The clean plasma beam virtually
without macro-particles at the exit of the duct can be scanned in one dimension by
a beam scanning system. This scanned beam, in combination with a rotating
substrate holder in the coating vacuum chamber, can deposit a large area of films
with good uniformity at room or any other desired substrate temperatures. lons of
the deposited material with a desired energy can be extracted from the plasma
beam by using a DC or RF bias on various types of substrates, such as metals,

semiconductors, plastics, ceramics and glasses.

The plasma beam from the filtered cathodic arc source of the invention is suitable
for room temperature coating of substrates, thus enabling coating of an almost

unlimited range of substrates.



first ignition position and thereafter slowy noving the anode towards a
postt+er—tr—rheh—subseque at-rote—tgrttromr——octttSs—AS—a—cat-hotde—+S
consuned during use it is usual for subsequent ignition of the cathode to
occur at a lower position than the position of first cathode ignition. In
an enbodi gRyYsnagdsit he invention a controlling circuit nonigstéEnd@baget he arc
vol tage and the novenent of the arc ignition neans. The controlling circuit
advances the arc ignition anode tovvardi t he cat hode and when arc ignition
is sensed by change in the arc voltage Bhe control I ng circuit retracts the
arc ignitg VY af ifid/\Embdr : :
PCT/ CB96/T5%§!%SIBWZT - Tr?ulgl?éﬁ ?}%ﬁgi?gbﬁmgegﬁﬂ meansdﬁfﬁ é‘?%eoﬂ‘tl et 'vagtp;%%t of
t he i nverllyssrated Byi drewvings imwhichsnt way to re-ignite an arc froma |
partially consuned cathode. The problens of prior art ignition devices that
often led to contaninati on of the cathode or required an observer to | ook
t hrough #Figurest shbwsl a8 gcherngtic sidecviend ofianfiltered rcatiodic @oerassérnblyasf tieen
. observed . that ignition of the arc using the igniter of the invention can be
achi eved "¥elQMcyum pressure of 10[err] torr. As is known in the art, this
_vacuum |l evel is suitable for sone coatings but for obtaining coatings of
¥ exceptional hardness and uniformty a higher vacuumis routinely required.
Appar at uFigHret 2 showsch schgmatie iee yiew of & Blasma BearBrScapaind§ystempandian t he
art W th dotiBleKefd Gast bf g MiHRA daidui€ Wfc of fig)f, | MProved purity thereof. As
wi || be appreciated, preferred particular endodi ments of the invention
conbi ne the various aspects of the invention in all possible conbinations.
fomoct <" Hidirk 4 fHayyd BEEREMENE TRRVER Bt ol farb 8t Glige? wit e iibdd and® 1 "®
cathode assembly of the filtered cathodic arc.

o0 S

Figure 4 shows the infra red absorption spectrum of a TAC film of the invention:
wave number on the X axis and absorbtion co-efficient on the Y axis, illustrating
C-C absorption at about 1210-837 and no C-H absorbtion.

Figure 5 shows the morphology of a TAC film of the invention under atomic force
microscope.

Figure 6 shows the Raman spectrum of a TAC film according to the invention: the
amorphous diamond structure of films of the invention is evidenced by the
combined peak at 1400-1600. The X axis shows Raman shift tcm 1) and the Y
axis shows intensity (cPS).

Figures 7-10 show calculated transmission and filtering efficiencies of double bend
ducts of the invention (x axis - first bend angle; y axis - second bend angle; Figs.
7 and 9 - transmission; Figs. 8 and 10 - filtering);

Figure 11 shows a duct liner of the invention;

Figures 12-15 show double bend ducts of the invention.



in asingle filtered cathodic arc source. In another enbodi nent of the

I nvention, the cathodetarget is .arranged substantially herizontally, with
the plasna beam of positive ions emtted substantially vertically
therefrom The cathode target is retained by -a guide. This arrangenent

all ows the ;Jzzﬁgg target to nelt during preparation of t J&@QJ arc
and t heref Bf(g enbodi mrent of the invention is suitabl 2&12@ sﬁn th
low nelting point targets such as copper and alumnium Prior art cathodic
arc sources were not suitable for use Wefh | ow-nel ting point targets for

{ar oot to TSRS 1P o 7ol BapSuifish Buaiarls ROAREA s CARBCS R o | 1%,

| ow nel tiiAgemsoriitaridr get were used it would nmelt and flow away fromthe
cathode station and drip on to the walls or the bottom of the source.
Secondl y, production of macroparticles froma nolten cathode target is

hi gher t hafigfifed™ 8L 2304rehHdtb é%frﬁs comifaritfyl eééiihlgs produced using apparatus of
PCT/ GB96/ 00389 - 22 - tge et.a he pr"iva(‘)arﬁ?rt devi c%s di d_not ¢ r%E/i de an

ef fici ent tBgdoygntian figss 38, 1BLwishsestingeef the ruipnaAre(fig.s 20t 4h) g ceatings
coatings qf, b?‘%"ﬁ?htéi e Hnat sk dlet (hg.sbfzoﬁéﬁi ned froma nolten cathode.
¥In sone isoPa ed instances, prior art tevices have produced coatings of
al um nium however these have been produced using a pul sed cathodic arc

source, a n 'i nyous use of the arc would result in nelting of the cathode
target. ter-cool ed anode according to a further enbodi nent of the

Il nvention, and using the cathodic arc source for periods of up to 2, even 5
m nut es, c_g)rati s of | ow | ti ng point cathodes can be obtai ned using the
appar at us tgmm&. hus, a whole new field of coating technol ogy
has been opened up by this

Referring to Fig.1, the cathode assembly is made up of a water cavity block (1)

with a mounting flange (2). A consumable cathode target (3} is located on the top

of the water cavity block (1). The cathode target is surrounded by a ceramic guard

ring {(4) that prevents the arc.spots: on the target surface from migrating off the

target surface (3).

The cooling water goes in from the water inlet {8) and returns through outlet (9)
to cool the whole cathode assembly. The water inlet and outlet are mounted on
a base flange (10) that is electrically insulated from the cathode.

The cathode assembly is mounted onto the anode assembly by the electrically
insulated mounting flange {2). The cathode assembly is electrically conneacted to
the negative terminal of an arc power supply (11) and is vertically mounted so that
the low melting point materials can also be used as cathode targets (3}.

2) Anode Assembly

The anode assembly is made up of a straight piece of duct with a water jacket (12)
known in the art for cooling. Located between and electrically insulated from the
cathode assembly and the double bend filtering system, it is electrically grounded

and connected to the positive terminal of an arc power supply {11).



invention. In a particularly preferred enbodi nrent of the invention, the :
f C arc generates—prre-prasmas—to—depos-t—dense—and—ctean--
thin filnms. The plasma is emtted from cathodic arc spots on the surface of
a consumabl e cathode and guided by a radial electric field and a

curvil iwqg;m@glal magnetic field through a positively biegsegbsiois! € bend
| duct t

t or oi da 0 a substrate in a coating vacuum chanber. Unwant ed
macroparticles emtted with the plas fromthe cathode are effectively
filtered out by a set of renpvabl e c&€Yam c baffles, a renovabl e stainless

st eel : ; . |, dal Sﬁ.qh m

virt uaﬁeyemﬁsﬁnuﬁ%%Poﬁfyggr'?ﬁgﬁe&saéﬁ#ﬁéhg%{ge(t)p’t?hgh uct&é%é@anned I n
one di gasiniehpbit (44bislocatemhbeside thesvien pditi(33kcAhea@aslie ting targetardai nat i on
with a,sptating substrate holder . in . the coatin acuum.chanher. can deposit
o | ar od3EhierRef FEHMAMIRRESEh b ing iasros 3bot Sk Aakg Y BRRInacE: [ ot
subst r gap BempitFromeahe gadninlal pdre@14E B achieve Maxifurh ighizéition, deendecd
energy .can be extracted fromthe plasm beam by using a DC or RF bias on
vari oudq é§e%‘?t"§hfﬁ§?r°5t"é’s°,'"%ﬁﬁf¢e%cﬁet al s, semiconductors, plastics,
ceram cs and gl asses. The plasma beamfromthe filtered cathodic arc source
of the invention is suitable for roomtenperature coating of substrates,

t hus eda$8t ofgemmumabig cerpmie baffiass(15) ere incated inuthgunper panket theanode \\DO

96/ 265 . P 23 -
Ther e ASIETBIN 0ueY 87% ysed o, thipe feesens: frstly, to BWERS YoM S el

i nvent imacropaitictds &oenl rélyouhding raff the wall @nd éntgring thesfilbeving systeamat i C

st de Vigguoliy? b rebiGEE Ing L0 Bt poditfve iR ¥nd walll] thl8 8 ThicPdkise the

plasma throughput, thirdly, the baffies are removable so that built up materials can
be easily cleaned off.

The magnetic coil {16) around the anode creates an axial magnetic field that
focuses the. plasma beam and guides it into the next stage, the filtering system. -

3) ic Arc Tri in em

The automatic arc triggering system is located on top of the anode assembly seen

- as a bulge. It is made up of a striker (17), a triggering tip (18), a stepper motor
{not shown in the figure), and a controller (19). There is a narrow opening on the
water jacket wall of the anode (12) to allow the striker {17} to descend to the
target (3).

At the start of the triggering, initiated by the controller {19), the striker (17} rotates
towards the surface of the target (3) while the controfler {19) continuously
monitors the change of the status in arc power supply {11}). When the triggering
tip (18) touches the target surface (3} and subsequently the arc is ignited, the
controller {19) senses the change in arc power supply (11) and lifts the striker (17)
away from the target surface (3) and away from the plasma beam to avoid
contaminating the plasma. The position of the triggering tip {18} at arc ignition is
stored by the controller. When re-ignition is required the controller is able to drive



Figure 2 shows a schematic top view of a Pl asma Beam Scanni ng System and a
doubl e bend duct of a filtered cathodic arc of +g-1. Figure 3 shows a
schematic side view of a nulti-target changer with the anode and cat hode
assenbly of the filtered cathodic arc. Figure 4 shows the infra red
absorption spectrumof a TAC filmof the invention: wave nunber on the X
axi s and absgﬁbﬁ’%ﬁ”co- efficient on the Y axis, illustrati ng"a’@’éﬂ ption
at about 1210-837 and no C-H absorbtion. Figure 5 shows the norphol ogy of a
TAC filmof the invention under atonic foRBe nmicroscope. Figure 6 shows the

Ra t f a TAC fj.lum according to the inventjon: t he
O amona ot r BBINGSBHNG TR BraBHD 19Dtk p1oeee PoSEORduiRRiR BIK ohFechina ke
peak at 140Q:zkfB8e target. XARY FsrthdIANEvEINER naddiskitated Hyvabbrativh éfe éathdde

shows intensity (cPS). Figures 7-10 show cal cul ated transm ssion and
filtering ef@rggtefands® aka mual som@idatfuct s of the invention (x axis -
first bend angle; y axis - second bend angle; Figs. 7 and 9 - transm ssion;
Figs. 8 and 10 - filtering); Figure 11 shows a duct |iner of the invention;
Fi gures 12- 14 shdilterindSystesnd ducts of the invention. WD 96/ 26531

PCT/ GB96/ 00389 -24- Figures 16 and 17 show deposition apparatus
fncorpoating FCAs according to the invention; and Figures 18-23 are

phot ogr aphs - Refepring tegFigo 2t thegfilteningsystdmucomprisesdanble behditbroidal\duet (20}

(fig.s 18, 19),with coatings, of th i or t (fig..s20 1) and. coatings

e i ih o FBremaEAeartiess sinsl bphos (21iAshowft i Fig) fittng en fiside e
wall of the duct, which is mounted between and electrically insulated from the
anode assembly and plasma beam scanning system.

The bias power supply (22} gives positive bias to the duct (20) and produces the
radial electric field within the plasma beam across the axial axis. It is seen from
computer simulations that an appropriate radial electric field is very important in
efficient transportation of -a plasma beam. The magnetic coil {23) generates a
curvilinear axial magnetic field along the duct. This crossed electric-magnetic field
efficiently guides the ptasma through the double bend and effectively filters out
unwanted macroparticles coming into the filtering system and neutral atoms. A
removable duct liner (21) can enhance the fiitering efficiency. It is again removable
to allow for easy maintenance of the duct. Eventually, only a pure plasma beam
with knoWn ion energy will exit from the filtering system. It is this pure plasma
beam that can produce a large variety of thin films with high quality and/or

unconventional properties.
5) Plasma Beam Scannin stem

Referring to Fig;s. 1 and 2, a magnetic plasma beam scanner is located after the
filtering system. The scanner is made up of a C-shaped soft magnetic core (24)
with two open poles on the top and bottom of the straight duct (25). There is a
solenoid around the magnetic core with an electronic driving unit {26} to generate
a magnetic field between the two poles. This magnetic fieid deflects the plasma
beam. A varying magnetic field sweeps the plasma beam up and down. The



target

Exarrpl e l11) Cat hode Assenbly Referring to Fig.1l, the cathode assenbly is

nedep—of—a-—water cavity. -b-l—e-e-k-—&]ﬁﬁ\ﬂ't'h—?ﬁwﬂ‘rﬁg—‘f'lauge (2 —A

-consunmabl e cathode target (3) is located on the top of the water cavity

bl ock (1). The cathode target is surrounded by a ceram c guard ring (4)

t hat pr%&%}lhe arc spots on the target surface from pirfBbddesseof f the
(3). The cooling water goes in fromthe water inlet (8) and

returns through outlet (9) to cool t Wwhol e cathode assenbly. The water

inlet and outlet are mounted on a basé flange (10) that is electrically

i nsul at Fdﬁow.ﬁﬁgbgﬁ sﬁabE@Q?fanTa%thfezvﬁsea‘ahdmhemaam &b@séanridde anode

assenbly by t ectrically 1nsulated nounting flange (2). The cathode
assenbl Yhisfast up and dawn,swmmeg plasmabear cﬁeglapp% 'Q’EF @refa offlmswith ¢ power

?rglto glr ?a&é&%gﬁﬂgﬁ"é@y'\t’)er'é éggl g,\ésc hoﬁga;ﬁg#@'ag?n{g%‘gﬁs%r?‘ofgg s,%gggén%l y The
aggdekaﬂs eapipgtr\'ﬁmeiﬂe/]‘agtptlggs fkli ﬁan deL%Slt\:[ gt(:jm: tag evﬁxltlu ofithé f:itrelmgllépuq acket

| netl at Ehe MERTE BeaT-Eabbe SA0eE ATySH QORTRIADLEY SRRVt  F FeP P 5t em
it is eé@é‘dﬁédcsb{w hﬂfibﬂ’tdﬂie\gﬁﬂdlé?ﬂﬂélﬁﬁtfeﬁvd Pnddretioastdninees ey installedof an
arc power sup 96/ 26531

;l - PCT/ GBQW'@US% P¥aSZEP beam, seapning sYsten) thererg teyv fimitations; to; the $ize ©ft he

target E:?%t q@%‘a?ﬁlh&‘ﬂ&ﬂ@'atﬁb Ffﬁﬂt W SohtdrRbd POrie mbih limbatiofadrRésFrsrhde t he

Vi ew por as in the target area (3) undergoes nmaxi mum i oni zation
by the theasize oftbe.coatisgrabagbiere or dopi ng gas can be input fromthe gas
inlet port (14) to achieve maxi numioni zation, hence

The ions of the deposited material in the plasma beam can be deposited on various
types of substrates., such as metals, semiconductors, plastics, ceramics and
glasses, etc. The substrate can be further biased by using a DC or RF bias to
extract ions with a desired energy from the plasma beam. The deposition can be

carried out at room or any other desired substrate temperature.

6)  Multi-Target Changer

Referring to Fig. 3, the multi-target changer enables easy and efficient deposition

of muiti-layer coatings. It is basically a load-lock system comprising of a vacuum

chamber (28) with access door to the targets which are stored and indexed in the

storage rack (29). A linear transport arm (30), located inside the duct (31}

connecting the storage chamber to the anode assembly via a gate valve (not shown

in the figure), is used to transfer the targets. A gripper (32) is designed to hold and
| support the target during the transfer.



hi ghest reaction rate or doping efficiency. A set of renovable ceramc
baffles (15) are |ocated-in-the upper part of the anode assenbly. They are
used for three reasons: firstly, to prevent sonme of the macroparticles from
rebounding off the wall and entering the filtering system secondly, to

reduce the positive ions to the wall, thus to incr HoblGo3ly asna
t hr oughput h?ﬁillzgﬁrﬂl the baffles are rem)vabl e so that bui ?t%%ﬁ;p matsgdri al s
can be easily cleaned off. The nagnetic_ggil (16) around the anode creates
an axial magnetic field that focuses the plasna beam and guides it into the
next stage gxgpgplgid tering system 3) Automatic Arc Triggering System The
automatic arc triggering systemis |located on top of the anode assenbly
seen as a bulge. It is nade up of a striker (17), a triggering tip (118), a

stepper ot-g{g él@@%roﬁﬁ?mwabdtanéél é&%sbetﬁedn the @ik Wall 8hd tﬁ@blasﬁtaaﬁmes a

narrow openi ng on ter Jac et wal he anode (112) to allow the
stri ker (17Avas@addedctonthe drifthmadet gqua'(len)ls dqwetqwsdsma hgjidt pad:Khighpyak,g,

o face of HESTEROR % 967,1960 aps SoTbt BAFE Tpok, PRI TR BRETIION,

t he change of the status I n arc power supply (11). When the triggering tip
{18) touches the target surface (3) and subsequently the arc is ignited,

the controller (19) sensesmd ?g@f 'an-F-?mp _)_rvézg@%%?(ll) and lifts
sur

the striker (17) away froma,hé Ta ace”(t3 fromthe plasm
beam to avoid contam nating the plasma. The position of the triggering tip
(18) at arc ignition is stored by the controller. Wen re-ignition is
required the controller is able to drive WO 96/ 26531

PCT/ GB96/ 00389 - 26 - M%v‘=q(E+viXB)+ Mv,.',(v,-"a)“.zqﬂso"v

The first terms on the right hand side of these two equations describe the motion
of electrons and ions in the electromagnetic field. The second terms describe the
accumulative effect of interactions between electrons and ions. The last terms
describe the effect of the radial electric field between the duct wall and the centre
of the plasma.

These two equations are used to simulate the motion of the plasma in the toroidal
duct and used in design of the filtered cathode arc system according to the present
invention. The motion of neutral particles in the duct was simulated on a computer
according to a specular reflection when a neutral particle hits the duct wall.

The results of these two simulations, namely (1) the effect of variations in the
angies of the first and second bends upon plasma transmission through the duct
and {(2) the effect of variation in these two bend angles upon filtering of
macroparticles from the plasma, are illustrated in Figures 7, 8, 9 and 10.

According to the model, a double bend plasma duct of the invention can
outperform a single bend in terms of plasma transmission (fig 7, 9) and/or
macroparticle filtering {fig. 8, 10}.



the triggering tip (18) rapidly to the stored position w thout risk of
f r agtsi-ngthe—eat-hode t ar get—~ARy—feH-t-Rer—Rprerpnt—Recessi-tated—by——

evaporation of the cathode target, can be at a nuch slower rate. 4)
Filtering System Referring to Fig. 2, the filtering system conprises a

doubl e beng t .dal duct (20) and a renovabl e stainless ws (21)
"opehagf et okl

(shown in fitting well inside the wall of the duc
nount ed between and electrically i nsul_ajde_d fromthe anode assenbly and
pl asma beam scanni ng system The bias power supply (22) gives positive bias

to the dugigs(?@nd®dré tarduRitions!ior b aticein AHIEH the angle bétWekhithe idirecibAs e

beam across the axial axis. |t is seen from conputer sinulations that an
appr opr i aPtplagmagntering @ndexiting the ductds PO .that:isie spy the net pHget of two

transport %ﬁ&?iﬁfh@d@é@smﬁﬁ‘gna% m%gﬁgél' Gs Qgel (23) generates a

curvilinear axial nmagnetic. along t uct. This crossed :
electric-magnetic field efficiently guides the plasma through the double
bend and Eféiﬁtiéely filters out unwanted nacroparticles conmng into the
filtering and neutral atonms. A renovable duct |iner (21) can enhance
the filtering efficiency. It is again renovable to allow for easy

mai nt enange, of the_duct. E enﬁual , only a urequﬁsn& be wi th_known ion

energy wi efeIsing 1o Fign 1, @ dyqtliper (fhown.gengrally as P& riggs 454 apdlinkpes

that can EHJERharihgigiréalar ahYcrbs-5E¢tior ianBbhad bR iRheh ligusl) textandlhgr
unconventjonal properties. 5) Pl asma_Beam Scanni ng System Referring to

Figs. 1 alyvardiv,anggawnwargivasifusstie linesis afrangeqd ¥ithia @ pipsma dugs such

filtering ; ' f o ki I ore
(o) “u ¢ pUREEhEp B oRfal Rilpids B U8 g, 8lachidst THE pRATR How T TRInkag8 D)
There is betyweemadigcentoings isihy linkgra=tS3) connecteditn eachding; These tinkerswdreg

unit (26) ' ' i L0 netic
el d det PLEPEed fldHsBedn BRERE o6yt MehetBrbER of pab el RUSGR anE YRR o
beam up aenoughwfiexibility for it to be pushed into a toroidal duct and around the bends of

the duct. The liner is made of stainless steel.

Example 4
Referring to figs. 12-15, double bend ducts are shown generally as 200.

Figs. 12-14 show a duct in which the angle of plasma entering the duct is at 90
degrees to plasma exiting the duct. Fig. 12 is a view from above, Fig. 13 a
perspective view and Fig. 14 a view from the side, all of the same duct. In Fig. 15
that angle is 45 degrees.

The duct in figs. 12-14 has straight sections {202, 204 and 206}, connected by
toroidal bends (208 and 210}. The angle of bend 208 is about 50 degrees and of
bend 210 is about 60 degrees. There is an angle of 30 degrees between the plane
of the first bend and the plane of the second.

The duct in fig. 15 has straight sections (220, 222 and 224} connected by toroidal
bends {226 and 228). Bend 226 has an angle of about 35 degrees and bend 228
an angle of about 40 degrees. There is an angle of 45 degrees between the duct
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foll ow ng cone-shaped -o+-fan—-shaped duct (27) is—to allow the-beamto be

scanned. This fast up and down sweepi ng pl asma beam can deposit | arge areas
of films with good uniformity. It is also possible, with an appropriate

drive si gnang‘g?#‘gﬁ scanner, to conpensate for variations igeh@kveideissi tYy
across the the filter output. The plasm beam can be either

scanned horizontally or vertically. It cgh_also be scanned both :
hori zontally and vertically if two nmagneliic scanners are installed. Wt

the pl asma JeafcaGRsme HAd tHe daet eRR'glard.e few lim tations to the size of
coatings as far as this attachnent is concerned. The main |[imtation arises

fromthe size of the coating chanber. The ions of the deposited material in
t he pl asna be deposited on various types of substrates, such as
netals, se ors, plastics, ceramcs and gl asses, etc. The substrate
can be further biased by using a DC or RF bias to extract ions with a

foom or anyidibrine Hbies. A6 31 P-dPasiitin PafdtRLIs 00i A EraRd bhfhoRling]
e U ot v amat e serkin e
coﬁpr i sing W“&Wﬁﬁ%ﬁ%b h%ﬁﬂié’!"d(&ﬁ? FGA W%EE%éigéDﬁ ?}o?ﬁﬁéirﬁtaﬁod’éfy’%t‘ﬁé%’ch
are stored rga(’jéd? cBtfodfand'ahbde $101 PR gerelatriiPan afc fioheartatgex (PR Showhi

(30), locat nside the duct (31) connecting the storage chamber to fhe
anode asserRosjtive ions fsemdhe 1praet @de filterrd Ay iardquhle PP@ﬁr‘g‘F,‘ cpgnfising g dirst

transfer t rﬁréigﬁﬁfé&ion ?Béi,%oﬂst bara (164108 3b8oHstrAighPL bt 198N PPsdcdriae

target during e transfer. ) _
bend {106) and a third straight section (107) that opens into the vacuum coating
chamber (120). Both ducts are toroidal in cross-section and have a double bend
pfev;enting a line-of-sight from the target to the substrate and preventing aiso a
single bounce path from the target to the substrate. Ports (121) on the chamber
allow visual inspection of substrates mounted on a rotatable drum (not shown)
inside. Positive ions are steered through the duct by a magnetic field produced

from coil windings around the whole length of the duct.

The first bend (104} has an angie of 50 degrees and the second bend {106) has an
angle of 60 degrees. These two bends are in different planes, such that the
resultant angle between {i) plasma entering the duct and passing through the first
straight section (103) and {ii} plasma passing through the third straight section and
exiting the duct is 90 degrees.

Likewise, positive ions from the second source are filtered by a double bend duct
having first, second and third sections {112, 114, 116} and first and second bends
{113, 115). In the case of the second source, the first bend {113) has an angle of
35 degrees, the second bend (115} has an angle of 40 degrees and the resuitant
angle between the first and third straight sections (112, 116) is 45 degrees.

A frame (122) bears the coating chamber and the two FCA sources.
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L. Berpte—2—Fhe—el-ectr ost at | c—potenttat—drterence- bet wveen—the—tdoet—wat————
emd the plasma centre was added to the drift nodel equations devel oped by
SchnmYt and Khi zhnyak (Phys. Fluids, 3, 961 (1960) and Sovi et Phys.- Tech.

Phys., 1Qudsxhesfi®> (1965)). [err] [err] The first terns genEBsobigeht hand

side of these two equations describe the notion of electrons and ions in
the el ectromagnetic field. The secondgyerns describe the accunul ative
effect of interactions between el ectrons and ions. The | ast terns describe
t he effWe radial electric field between the duct wall and the
centre of the plasma. These two equations are used to sinulate the notion
of the plasma in the toroidal duct and used in design of the filtered

hod  aal 1 h gest !
cat hode ﬁ&ﬁ%ﬁ&%%ﬁﬁ@éﬂ??&&gé%ﬂﬁu&% |h0¥ﬁ'dﬂ$ﬁ,0£hmﬁ@ec6§ifn:9§r\~9fe

neutral particles In _ on a conputer according to a
specul amadsg usiogitbedanble benddilter ducpefi thedhvertionandeorapared with coatingsr esul t s

of e frardibrid B Bhedtatis AR With foqdek mBbk IRlnd R h408e 1SR C1 Cana
(2) the & Hegreeofiiteraducttend. | Thé hesidtst ave shiveh imfigas18@3 filtering of

“macroparticles fromthe plasma, are illustrated in Figures 7, 8, 9 and 10.
According to the nodel, a double bend plasnma duct of the invention can

out per f Q&l_rrbaﬁgisl_mbq@sﬁdphaob%gﬁﬂ‘s fakeR|at ¥ 'MabhAitatibs 9 25 bBdéposhedand/ or
macroparticle filtering (flg. , 10).
layers of TAC that are 600 Angstroms thick.

Both fig.s 18 and 19 are layers deposited using a double bend duct having in and
out pieces at 90 degrees, a first bend angle of about 50 degrees and a second
bend angle of about 80 degrees. No macroparticles, which would be visible as dark
or black blemishes on the photograph, are seen. |

Both fig.s 20 and 21 are films made using filtered cathode arc equipment
commercially available from Commonwealth Scientific Corporation. Numerous
contaminating macroparticles, visible as black splodges, are evident.

Lastly, both fig.s 22 and 23 are films made using filtered cathode source apparatus
built by the inventors that has a single 90 degree bend in the filter duct. Again,
numerous contaminating macroparticles are evident in the film.

Variations and modifications from the described specific embodiments will be
apparent from the description to a person of skill in the art and consequently the
invention is not to be construed as limited to any specific embodiment.
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.Figs. 7 and 8 are cal culatd For—a h the angle between the
direction of plasma entering na §<$ %g ‘Eﬁ@E i is 90[err], that is to
say the net effect of two ben o igs. 9 and 10 the angle IS
45[ err]. Referring to Flg 11, a duct liner (sho

51) has ri ngg%’g? And 1inkers (53). Each ring is circul arm&m g"yectlon
and has an inner lip (54) extending |nvva_rg y and downwardly. In use the
liner is arranged within a plasma duct suCh that thislip is directed
towards the target, ie against the plasma flow The Ilnkage bet ween

adj acent rings is by linkers (53) connected to each r| ﬂ‘ are
arr anged m&AMent pl aces around the peripheries of. uﬂ!ﬂﬂﬂlm,"mmnl)
give the liner enough flexibility for it to be pushed into‘a tor®bidal *duct

and around the bends of the duct. The liner is made of stainless steel.
Exanpl e 4 Rel.err iApparatusi der. filtering, macubparticlesd frut 8 beams bbvwositiveeriahs,y

85,200, 195 32 chint ! by ABSati el LB

above, Fig. 13 a gpeenipandd ¥ad \ynemﬁuddﬁneanslfbraswemu positiviehiens itHfough theof
t-he sanme duct. In Fig. 15 that an [ [

s 45 duct in figs. 12-14
has straight sectdUsisWheEgn thee ig %Pf's@gﬁgggt%sw B?%“%Papaﬁbﬂ'ﬂg‘ %'1338
and 210). The an@rﬁrﬂe%qﬁe@& oftheddudt. 50 degrees and of bend 210 is
about 60 degrees. There is an angle of 90 degrees bet ween the plane of the

first bend and the plane of the second. The duct 'in fig. 15 has straight

sections (22 24dr t f ReRdgedR2 a&gs ):innBend

226 has an alﬂgl e% g%ﬁt %5 g ﬁge?%a‘ﬁé %RC&'IS ?E? angaﬁe{ QF .ﬁ?@dsnﬁ

degrees. There i somprising meahszfsr deneratinge beamroft ml@mtons. a filter duct and
means for steering positive ions through the duct, wherein the duct

comprises two bends.

3. Apparatus according to Claim 1 or 2 wherein the duct comprises a first bend
in a first plane and a second bend in a second plane, and wherein the first
and second bends are not co-incident.

4. Apparatus according to Claim 3 wherein there is an angle of at least 20
degrees between the first and second planes.

5. Apparatus according to any preceding claim wherein the first bend is at least
20 degrees.
6. Apparatus according to any preceding claim wherein the second bend is at

least 20 degrees.

7. Apparatus according to any preceding claim further comprising a removable
liner within the duct and biassed at a positive voltage.

as Been Req‘aced

"
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3 entrance—plane—and the dust—exitTpeme ' W) ’iﬁ ﬂﬁ; Bi}d
M, deposition apparatus (100) i TH!BL&‘IE‘Ea'ﬂé‘tS Bﬁﬁ‘ﬁr Si ng ered oa

arc sources having doubl e bend filll ter BERLACEBhe appar at us has a vacuum
chanber %Q)Msgpd two FCA sour ces=TI0ZTI1). The T1rst peayimeodnd2) has a
cat hode and anode (101) for generating an arc froma target (not shown).
Positive ions fromthe target are fi Ié:f:red by a doubl e bend duct conpri sing
a first straight section (103), a fir bend (104), a second straight

secti ong( 105apparos Fedobsing 161y preaddrn [ laingl forther ebvinphisiagl #vacdém) t hat

opens into the vacuum coating chanber (120). Both ducts are toroidal in

cross- sect | ofh@mbengpeans '&GUﬁI"BaE@ﬁHWMFﬂWW%ﬂMﬂ@Qﬁt Qdg FAreet 836 t he
target to thge %p%&aﬁ\%’nd?{se?eéptgs@&té' éhﬂ%&tﬁ@&ﬂﬁﬁdﬁﬁé%é fgtm the
target.to the& substiate. Ports on anber al Fow vi sual i nspection
of substr at esteeningt pasitive aionst &pablthecnamm( ﬂmpughome) dugtiangd. opteitheve i ons
_are steered %h%&?%g the duct by a magnetic field produced from coil
wi ndi ngs aro I ‘whol e I ength of the duct. The first bend (104) has an
angl e of 50 degrees and the second bend (106) has an angle of 60 degrees.
: These tgo ds are in dlfferentcﬁla es, such that the resyltant

(I)

bet ween RaFAfuS AGKOrdigg; 10 CRIT: 8 nihefeit sthe,taraet iy grannite PPgtthgtrm ght
section ( 103§ﬂéﬂét&s is) foe |depEBitiAgPiayer b ketvaibdriearnbighdustidarbéhonapet i on -
and exiting the duct is 90 degrees. Likew se, positive ions fromthe second
source are f$fURSFaE. by a doubl e bend duct having first, second and third
sections (112, 114, 116) and first and second bends (113 115). In the case
of the second source, the first bend (113) has an angle of 35 degrees, the
second B@ad (\ppayatha@caqrdmg te CigimiB oddijaise ® comprisieg maanetigrmeans for

steering positive ions through the plasma duct.

-11. A method for generatihg a substantially pure plasma beam including
positively charged ions,

the method comprising generating a plasma beam including positive ions

from a cathode target, and

passing the beam through a plasma duct towards a substrate,

the plasma duct having a first bend with an angle of no less than 20° in a
first plane and a second bend with an angle of no less than 20° in a second

plane.

12. A method according to Claim 11 wherein the first and second planes are not
co-incident. '

13. A method according to Claim 12 wherein the first and second pianes are at
an angle of between 30-30°C to each other.

This Sheet Has Been RTlaced

R




angl e between the first and third stral ght sections (112,

degrees. A frane (122) bears t S5t cha d the Hlll
VWO 96/ 26531 Tch SHEET HAS BEEN PCT/ €B96/ 00389 s 3% -
Exanple 6 To test the macropartijtl e fiRERUAICED abil ity of the invention,

sanpl e coati QgreehRéss Made using the ter duct piridedenglse
invention and conpared with coatings fromprior art apparatus and with

* coatings nmade using apparatus having justggoe 90 degree filter duct bend.
The results are shown in fig.s 18-23. Al of fig.s 18-23 are photographs

taken at a reigni A mh@dlaoéondiriiﬁo ahy @rpodihg ¢idimywhereit tAé\Eiréthbéndihas 6A0
Angstrons thick. ;dlg ) 1% ag&f are | ayers deposited using a double.
bend duct havi ngaf‘ﬁea?l ng igss fnap PO®®Sdegrees, a first bend angle of
about 50 degrees and a second bend angle of about 60 degrees. No
macroparticles, which would be visible as dark or black blem shes on the
phot ogr aph, e ée@gthabaccardingdoanynigeeding claimiwhereintihe sespng bend has aa

cat hode arc equi EH@@&R&W@%&%@HA’O g”g,}é gabl e from Conmonweal th Scientific

Cor porati on. NumerOus contam nati ng croparticles, visible as black
spl odges, are evident. Lastly, both fig.s 22 and 23 are filnms made using

90 degree bl | A TP, SErams: S A o GIbiE g FE AP They e nitd ©

macroparticl es aconmprisésrd removdble imbrm Variations and nodifications from
t he described specific enbodinents will be apparent fromthe description to
a person of skill in the art and consequently the invention is not to be

construed asi4.i MA ffethed ABYordes td ClaifTPediR&RIn the liner is of stainless steel.

18. A method according to Claim 16 or 17 wherein the liner is biased at 10V-
30V. | |

19. Apparatus for appiying a.coating of positive ions to a dielectric substrate,
the apparatus comprising:- -

means for generating an arc at a cathode target, the cathode target
containing the ions to be deposited on the dielectric substrate,

magnetic means for directing a beam of ions emitted from the cathode along

a filter path substantially to remove macroparticles therefrom,
" means for holding the dielectric substrate in the filtered ion beam,

means for applying an RF bias to the dielectric substrate to dissipate
electrostatic charge accruing on the dielectric substrate by deposition of

positive ions.

20. Apparatus according to Claim 19 for coating a dielectric optical substrate.

een Replaced

“‘\\ii\\\\\\\\\\\\\\\\‘ i



£732 - CLAIMB 1. Apparat us (102) for filtering macroparti | m
Of —POS| t LVe—iORS—CONDI | Si NG—ARARG—{10d)—{-tknmg geFRr-at--ng- a ﬂ I’ mﬂm g
ions, a filter duct (103, 104, means (

positlve i ons through the duct hat the duct conprises

two bendsyipliddessi06) . 2. Ap piLat-Hs—accoFd 0 O ai m povasuosionss he first
bend is at |east 20 degrees. 3. Apparat us according to Cdaim1l or 2

wherein-the second bend is at | east 2@%legrees. 4. Appar at us for
filtering macroparticles from a beam of positive ions, conprising neans
(3, 11) 26r gAppacatusgeeoridingnaClaims1Q ov 0 ﬁonsl,epasitihntaemtdn}bave(rz:o;atinavi ng

an entrance it an a n ough

t he duct, chagpcﬂ%gp%e&f"?s g’f‘ngt E?W&?ﬁg Jquif(?? eﬁ% - Sl gha:ppé?a(}hgoﬁ’srﬁﬁléél e
bounce path feomptisingeatsesoné dathdde andi neghs tfoe ud:eortharfgmg the firsuand
according to an erei.n the du t?_‘g%lses a first bend in a

first plane a %%%HG%MWQ%Q%ESNGCHP%@ RABMSin the first and

second pl anes are not co-incident. 6. Apparatus according to Claimb5
wherein there is an angle of at Ieast 20 degrees between the first and

second pﬂanesApparatusxppmrdin@twﬂngns d9:2Y We@cﬁhﬁg‘“tﬂraaam ngudesr
conpr|3|ng a ' sitive
vol tage. 8. 5ﬁﬁg“sara dsfdgg@gré&t é%%’%‘ﬁﬁ%%%ﬂﬁ Ing c %ngt?\?nef?ﬁr@{cﬁfez}rﬁcigg
conpri si ng a fraouthe pleamiadheam.20), neans (101) in the chanber for
generating an arc at a cathode target (3) for generating positive ions, a
substrate distal fromthe target and neans for steering positive ions from
t he targes.t happgfatusacdording to Claim 22 wherein the duct is lined with a non-

magnetic, removable liner.

24. Apparatus accordiﬁg to Claim 23 wherein the liner bias is modulated to
within 10V-30V.

25. A cathode arc source for generating a plasma beam from a cathode target,

comprising:-

a vacuum chamber,

-a first cﬁthode located at a cathode sta.tjon within the chamber,
means for generating an arc from the cathode at the cathode station,
a second cathode located within the chamber,

me_ané for interchanging the first and second cathodes without breaking

vacuum.

26. A source according to Claim 25 wherein the second cathode is one of a
plurality of cathodes and the source comprises means for interchanging the
first cathode with any of the plurality of cathodes withw
as Been Replaced
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-33- and onto the substrate. 9. Apparatus according to Caim38

the target is graphite and-the apparatus is for—depositing M‘l ll“ “|
tetrahedral anorphous carbon on the substrate. 10. Apparat

Claim8 or Claim9 conprising mgne Tﬂr&‘@ET yst eeri ng positive
I ons t hrough ma duct. 11. § 5 At i ng aP}H“i@ﬁsﬁﬂﬁ' Iy
pure plasma byfng%%ﬁudl ng positivejy chdtEfAGR le net ho corrprlsg?ng
generating a plasma beamincludi ng positivggl.ons from a cathode target (3),
and passing the beam through a plasnma duct ?20) towards a substrate,
characterised by paggumg t he beamthrough a plasnma duct having a first bend
(104) with an angle of no less-than 20[err] in a first plane and a second
bend (106) with an angle of no |l ess than 20[err] in a second plane. 12. A
net hod accor gimg teoséiluabracaérdehgwmacﬁhzsfdrrcaémams velsETeidthe! stiteRd Walhddl is
co-incident. 13. A nethod according to Caim 12 wherein the first and
second pl anes ar e lefateg ipagazhede mAdAZING. 30- 90[err]C to each other. 14. A
met hod according to any of Clains 1 1-13 wherein the first bend has an
angle of no | ess than 40 degrees. 15. A nethod according to any of d ains
11- 14 wher ei 128.he Assowced dgeatding o anyafdliains 2627 wherainahereds @eaasrim lock

between the cathode magazine and the cathode station.

29. A source according to Claim 28 wherein the vacuum chamber comprises
first and second vacuum compartments; the cathode magazine is located
within the second vacuum compartment; the cathode station is located
within the first vacuum compartment; and the source comprises means for

separate evacuation of the first and second vacuum compartments.
30. Asource according to Claim 29 wherein the second compartment comprises
a port allowing access to the cathode magazine without breaking vacuum in

the first compartment.

31. Apparatus for applying a coating of positive ions to a substrate, the
apparatus comprising:-

means for generating an arc at a cathode target, the cathode containing one
component of the coating,

means for introducing into the arc a gas component of the coating, and
magnetic means for directing a beam of ions via a filter path to the
substrate, the filter path adapted substantially to extract macroparticies from

the ion beam.

32. Apparatus according to Claim 31 wherein gas ionisation occurs in the arc.
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-34 - 16. A nethod according to any of O ains 11-15 whereln the
further conprises a renovab , . 3%& “\3\‘&\““,]__

16 wherein the liner is of StaT'[FE"S‘S"S’—“ met h

Claim 16 or 17 wherein the |ingr H'§351 EETHASBEAN]. 30V. 19, parat us
accor di geh §headly of Caims 1-1 r BERMAGER a cdpting PET/RRSEdobase | ONS to
a dielectric substrate, the apparat us tuarrmer prising:- neans for

holding the dielectric substrate in_tfye_filtered i on beam neans for
applying an RF bias to the dielectric substrate to dissipate electrostatic
char ge 88¢r uAppagitus Becordingtd ciatmssmw 32t whbseinleppgas irtrodiicimg sidanse i ons.
20. Apparatus according to C ai ml ti a dielectric optical
substrate. 290MBHESS At ‘Ql%cﬂrm"ﬁlf {8 tE‘f %‘ ‘or 20 for depositing a

mul ti-layer coating of positive ions on a dielectric optical elenment, the
apparatus further conprising a second cathode and means (30, 32) for
i nt er ch@ftgi nHPPAEATHS |a§F°'5WEB S‘ééﬂﬁ@f&lﬁmﬁj@% 3% WM'"HPSMW%MUHH nt he

.apparatus 22 f f ,ync‘j&; filter
pat h i ncl udes a do %Eé{ﬁ% tor ol thPtng l&st&@ﬁ%@ b% adapted su st%%tﬁl ally
to renove naarcogan becgmraitedrfmmea ptm lbeamﬂ azahempmm us according to
-Claim22 wherein the duct is lined with a non- nagnetic, renovable |iner
(21). 24. Apparatus according to Caim23 wherein the liner bias is

nmodul at ed t othé apparat(s/fGiNer 2dmpridingath Isedendrcatbade ducdted ineneatitadeg a

pl asma beam from a cat hode target,
magazine,

the apparatus further comprising means for interchanging the first cathode
with the second cathode without breaking vacuum in the vacuum chamber.

35. Apparatus according to any of Claims 31—34'adapted for applying muiti-layer
coatings to the substrate, one layer of the coating comprising'ions from the -
first cathode and another layer of the coating comprising ions from the
second cathode, the multi-layer coating achieved without breaking vacuum -

in the vacuum chamber.

36. Apparatus according to any of Claims 31-35 for generating a beam of ions
containing cathode-derived ions and gas-derived ions in a desired
stoichiometric ratio.

37. Apparatus for applying a coating of positive ions to a substrate, the
apparatus comprising :-

means for generating an arc at a cathode target,

means for directing a beams of ions emitted from the cathode to the
substrate, via a filter path substantially to remove macroparticles therefrom,

| This Sheet
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cat hode at the cat hode station, ocate
“magazi ne (29), and neans (30, 3 . pﬁ T the first and second
cat hodes w eaki ng vacuu Fhesel [IACEDr e | a vacuu Eﬁsg%&een
t he cat hode%ggézzﬁ?:ﬁe and t he cat hode st A sourcgi’éf;@cor I'ng to
C aim 25 wherein the second cathode is ogg_of a pI urality of cathodes and
t he source conprises neans for interchanging the first cathode with any of

the plurality Ofarciﬂdﬁmiemeahblmntprbir@hm ighitidve anade retracéd towardsua ovall of
according to Caim25 or

he vac um chanber conprises first and
second vacuum CG%QPPM‘H%“FH@Y:%@?I%SEW% Fﬁ%tf?gtep&‘?ﬁ“g%‘ &I?PH gpitign
second vacuum c%ﬁrmmontggpmt{md@tﬁbeé sQffaks, | ocated within the first
vacuum conpartnent; and the source conprises neans for separate evacuation

of the first and second vacuum conpartnents.
and means for storing the position at which arc ignition occurred.

conprising:- a vacuum chanber, a first cathode (3) |oca
station within the chanmber, neang=&hl1) for generatl ng %ﬁ §‘|E “E‘“ ﬂ“

- 38. Apparatus according to Claim 37 wherein movement of the arc ignition
means is by a stepper motor.

39. Apparatus according to Claim 37 or 38 wherein the arc ignition means
comprises means for moving the ignition anode towards the ignition position,
means for determining arc ignition and means for returning the arc ignition

means to its retracted positiori after the arc has ignited.

40. Apparatus according to any of Claims 37-39 wherein the ignition anode is
on the end of an igniter arm, the other end of which is rotatably mounted on
the apparatus.

41, Apparatus according to any Claims 37-40 wherein if the first arc ignition
position is known, the ignition anode is moved directly to this position and
thereafter moved towards an ignition position of the cathode.

42, A filtered cathodic arc source comprising apparatus according to any first
aspect of the invention, embodying'the apparatus and method of any of
Claims 1-18, and apparatus according to any of Claims 19-41.

43. Apparatus for filtration of macroparticles from a plasma beam emitted from
a cathode, the apparatus comprising a double bend plasma duct;
apparatus for coating a dielectric substrate;
cathode interchange means;
gas introduction means; or

arc ignition means; is Sheet Has Been Re Iaced
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each substantially as hereinbefore described; or combinations thereof.
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44, A filtered cathodic arc substantially as hereinbefore described.

45. A substrate coated with a tetrahedral amorphous carbon coating
substantially as hereinbefore described.

46. A dielectric optical element coated with a layer of positive ions using a

filtered cathodic arc as claimed herein.
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