CARBON SPARK EVAPORATION The invention relates to a method for the cathodic spark
evaporation of carbon targets or targets with a high carbon content for the production of carbon layer's
or layers that contain a high proportion of carbon. In particular, the Invention relates to the production
of hard carbon layers that exhibit no or only a small hydrogen content and whose hardness can be
varied over a wide range. According to the ivention, & device is proposed that enables the spark to be
ignited at low voltages electrically, i.e. without mechanical ignition contact, and with the possibility of a
correspondingly high repetition frequency. This device fu her enabcted safely on a carbon target even
of id with a small or o magnetic field enhancement, in order to guarantee a reproducible
coating under vacuum. In a further aspect, according to the invention a device and a method are
describe@AlR Qi HHARE BEOPBRBAIIEN multi-charged carbon ions to be controlled during coating
and the coating rate to be modified. The advantageous combination of method and device is used to
strongly Inibit RS e Prevert Splatier it ‘Are generdted diirfiG epaR ¥V abBratioh fomT eifg
integratedrin:-thedepositeddayess content for the production of carbon layers or lavers that contain

a high proportion of carbon.

[n particular, the invention relates to the production of hard carbon layers that exhibit no or

only a small hydrogen content and whose hardness can be varied over a wide range.

According to the invention, a device is proposed that enables the spark o be ignited at low
voltages electrically, Le. without mechanical ignition contact, and with the possibility of 2

correspondingly high repetifion frequency.

This device further enables the spark (o be direcied safely on a carbon target even of
smatler surface and with a small or no magnelic field enhancement, in order o guaraniee a

reproducibie coating under vacuum.

In a further aspect, according to the invention a device and a method are described that
enable the proportion of the muiti-charged carbon ions to be confrolled during ceating and

the coating rate io be modified.

The advaniageous combination of method and device is used o strongly inhibit resp. to
prevent splatters that are generated during spark evaporation from being integrated in the

deposited layer,

Finally, the invention relates to a hydrogen-fres carbon layer produced with this method by
using the disclosed device and whose hardness and surface roughness can be varied to a
large exdtent and with which the tribological system consisting of coated body and the

respective counter-body can be specilically optimized,

Arcimportant execution of the layer consisis in doping with other elements, in particular

with metals and gases, without however larger quantifies of hydrogen being integrated.



Finally, the invention relates to a hydrogen-free carbon layer produced with this method by using the
disclosed device and whose hardness and surface roughness can be varied to a large extent and with
which the tribological system consisting of coated body and the respective counter-body can be
specifically optimized. An important executis sts in doping with other elements, in particular 2
Cathodic spark evaporation of carbon is a method ti¥at has been known for many years and that is
used for coating tools and components. In this method, the targets consist of the carbon to be
evaporated and are operated as cathode in a spark discharge. Performing cathodic spark evaporation
of carbon using pulsed spark current is known in the state of the art. An operation with direct current
results in a "seizing-up" of the spark in one spot of the target. This is probably caused by the fact that
graphite-B{ ecitrast to eHegadbmetalicoconducto ) hadheicw speeificinesistérce forhighey

temperaé%@%f‘%R'E&é@fwﬁc@&;ﬁﬁfz%%%a@ﬂh%&%f; votage dsrpftractedto an alrgady hot spot of

the target. The pulsing of the spark current deflects the spark and prevents it from lingering on one
spot andf‘tﬁl§§‘th@fb@rgﬁw@‘fﬁﬁ?fﬁ@ﬁé%.@@ﬁ@ﬁ@fﬁ%ﬁi@@%@wﬁ waystor §ehierating a pulsed spark
current. The first way (hereinafter called method A) consists in superimposing additional current pulses
lbp overra:dontinupustapark susrentligsothisHis:representetdipgrammaticalyin:figisre doviheother

way (hereinafter called method B, figure 2) cansists in simpl ing sequences af current pulses Ibp for
the spa G WErE he CLoFENPIS S et o So By T DB e Shimaht B B
thereforeforsgach pllsettiespark nepdsotdshyecigmitad agdia, fahidh; tmeansiwarkingwitlsgo the
discontinuous spark current. Both methods haye advantages and disadvantages, Method,A, which has
been de%%‘r}i%eﬁ%ﬁa{!fﬂféb oi%&?ﬁ%é@go%%%%g%ﬁ rﬁmgn%% §écse%t%e{ E‘gsﬁééﬁt%é%’%{é}tf %%?/ %ﬁg ignition
operatiofti isFegaired forigritmeethe cdrifvous sadecarséntibpd Thercarrent pllsesot of the

target. The pulsing of the spark current deflects the spark and prevents it from lingering on

one spot and thus the burning into the target.

There are in principle two ways for generating a pulsed spark current. The first way
{hereinafter calied method A) consists in superimposing additional current pulses e over a
continuous spark current kp. This is represented diagrammatically in figure 1. The other
way (hereinafter called method B, figure 2} consists in simply using sequences of current
pulses ke for the spark current, wherein the current is switched off every time between the
current pulses and therefore for each pulse the spark needs to be ignited again, which

means working with a discontinuous spark current.

Both methods have advaniages and disadvantages. Method A, which has been described
in the document EPOUBE6335 by Grimm, has the advantage that only one ignition
operation is required for gniting the continuous spark current lyp. The current pulses ke
are overiaid over this continuous spark current and therefore require no ignition of theair
own, which is particularty advantagecus if the current pulses have high frequencies, Thus,
since the continuous spark current needs to be ignited only at the beginning of the coating
process, itis possible to work with a robust ignition that is common in production, via a
mornantary low-ohimic mechanical contact between cathode and anocde. The
superimposing of the continuous current Ly, which is powered from the direct current
supply, with the pulse current lep can be achieved by means of a capacior discharge

connected in paraliel or by means of a unipolar voltage supply connected in paraliel itis



- are overlaid over this continuous spark current and therefore require no ignition of their own, which is
particularly advantageous if the current pulses have high frequencies. Thus, since the continuous
spark current needs to be ignited only at the beginning of the coating process, it is possible to work
with a robust ignition that is common in production, via a momentary low-ohmic mechanical contact
between cathode and anode. The superimposing ofxhe continuous current IKD, which is powered from
the direct current supply, with the pulse current Ibp can be achieved by means of a capacitor
discharge connected in parallel or by means of a unipolar voltage supply connected in parallel. It is
also possible to use the commercially available pulsed current supplies (e.g. those that have been
developed for pulse welding) that enable the pulse parameters (frequency, pulse height, pulse width,
pulse gralgieRDDBe Edjstéthviithinne certaim yangeleAsdordinglyedoeundnt 020091659807 by
Ramm et.al. describes.ihspulse methagkamong others dor @r@%@re@%@&n%ésﬁ#&ﬂ}&e gse, aDC

voltage, leading to a base current, is overlaid with voltage pulses that influence the electron emission
behawo?%’r‘%d@i@?nﬁﬁﬁ@r‘%@iﬁfe Bré%r%ﬂ:’ WeETFrabziy ”ﬁf‘ﬂw@%‘ﬁﬁrﬁ §I6WESEgISIft, i.e. the longer
lingering of the spark's lowest point on a very small area of the target surface. The DC power supply is

achievedwyiththgibase-cuntentin stroaaiien fhabthe: @asm@dtscﬂswg&ée;me@haﬁ&dd/vithout

mterruptron Thgﬁge%pe SI,%’/ o{r; &3‘29”}'”90%5 gurren M{Igw in metha Jé% however has two dlsadvantages if
this met%oé}lg dsed for pro gucrngchard”ca on Iayers e first lies |n 0%% 90? (?epo%ﬁlng the layer

at excessivelyt highvrates; mamely @gemﬁmaﬂb&tt%mrfwghm@emm@mersmhremmwﬁrrsrknown that

excessiygly hi 91?\&%%%”%?&? ?Qr‘r‘r/iv‘?t égifgé?ﬂ%h NO:Hks Sp3. %%?rgé %ﬁ@g g?%rgqq Eh‘%é‘@&%@?”

descrlb In a paper by Yin € formation of tetra orphous carbon
including gepositivn rateffests irs MhimSolid Fmss(1996);:95-1 00 Fhisstesulisiin thecdeposited

layers besgming safiet Jeh s et desiiable, dfhese ate o besed as prajestive coating agains!

wear and tear. A possible solution consists in interrupting theting after longer or shorter time intervals.

This hoWEGEr fHBARS WAt 16 hat Essary e reRjisite again each time and that the advantages of the

single ignition with the combinat on of the pulsed current with the continuous spark current are thus

partly losticThecother, disedvanr;a@uefdhismeﬁrhedmee@tee@ahe}wmrﬂee ofdhedhighercharged

carbon igns is | w rdurrn pontln ous spar The other methori orks wi h current
i e i iSRG

et TGO fh har brm froet
pulses between Which the spa CUTrent eac e re a n’s% é’r i %es%ary to reignite

again eeier@@futnegrtrmrIsee?l’hieeecareemaﬁyy‘rrgethﬁdstfomaehyevw@v&nengmmm@@meemese have
been de&%%%us spark current. His known that excessively high coating rates reduce the
diamond-like sp3 bonds of the carbon; this has been described in a paper by Yin et al. "A
theory for the formation of tetrahedral amorphous carban including deposition rate effects”,
in Thin Solid Films (18886), 85-10G0.

This resuits in the deposied layers becoming softer, which is not desirable, if these are fo
be used as protective coating against wear and tear. A possible solution consists in
inferrupting the coating after longer or shorter time intervals. This however means that itis
necessary to reignite again each time and that the advantages of the single ignition with
the combination of the puised current with the continuous spark current are thus partly lost.
The other disadvantage of this method resides in the proportion of the higher charged

carbon ions is lower during continuous sparking.

The other method, method B, works with current pulses betweean which the spark current
sach time returns (o zero. [t is therefore necessary to reignite again each current pulse.

There are many melhods for achieving this ignition process. These have been described



4 for example in a publication by Anders et al., ""Triggerlesstriggering of vacuum arcs", J. PhysAppl.
Phys., 31 (1998), 584-587. All these methods have in common that they initially generate a plasma on
the cathode or anode which then makes the path between these two electrodes sufficiently conductive
for the spark discharge, which then takes place in a stationary state at low discharge voltage. The
reliability of the ignition mechanisms varies. This alsé applies to the maximum pulse number that can
be achieved with the specific ignition device before the latter needs to be overhauled. This means that
comprehensive maintenance work needs to be performed. In the best cases, about 100,000 pulses
are achieved without such a revision. This would mean that after 30 hours of operation time (at a pulse
frequency of 1Hz), such a revision would become necessary. If one were to work with higher

frequendiss: forexamplepwithcatpulsey fleliency of 1kHzZ thedprodesswouldhaseuohaintéripted

after bar, [ Aigher fr %%ci ible wi isting,ignjtion
mechani%ﬁ{sg. @u%%ﬁl?ﬂ fgé-ldué(jn%és o\yi@%’%ﬁeﬂ %%%%ng\%&%%ﬁs\gé @gs%mgﬁﬁﬁiggﬁ%n processes
in productivhThe @ asor i that e répetitibs tatercinhesuites iimitstk by the ehffr§ing e of the

capacitor, Usuglly ibeidiration £lengtn) of the prises i meod BJs in fact adiusted by the.

characteristic variables of a capacitor discharge or through the interruption of the pulse duration in the
spark cuPrérit SUBPRATIRASUINAYAYY 3t €ihbersaigmativaen comisired ts enbadbthier methods A and

B have bethaglvantagesas welk asdisadvantages: Msthad-A reauiresonly amxinitial ignition-and
currents even of very high frequency can then be superimposed over the continuous spark current. It

can how&VBr'B8 SPaleAaVAN e A the DEecliFe At Bortit Bdtehmmes REHRTImUMT 08RBFatGh rate
that compremises-ibedayerpropertiestor much. The:factthatdhe ispakpltage in the pulse leads only
temporarily.t overvoltage spike that is difficult to control and that is determined b t%/) low
impedant e B STA O G S LN B AR A0, TG LA oL raact the
generatiohafemuiticcharg et earbom ivagudnThefadvantage: of mettiod Bdsitheccompanativelyshigh
votiage Wie \gniing e RRafk thastivedlidenes an ths BRneraln.ol Mulikeharged Grops).and the
possibility of adjusting the spark duration in such @ manner that the sﬁ%rk ?for e amﬁfe during ignition
in the middleoftes targed) isintérruptetebefoeitfeachesthe targetedyesand jumpsroves ontodther
materialg, FeTeauenax o516, pulses is Umied mainly u the sheec of Insdanition meehanisip. Most
ignition methods, however, are unreliable and/or cause disproportiona ly hig costs at hig frequencies
and oveﬁ%ﬁg@ﬁbéé‘gﬁyim@g Eediraadpdisciidsedaboerrocesses in production. The reason is

that the repetition rate of the pulses is limited by the charging time of the capacitor,

Usually, the duration (length) of the puises in methad B is in fact adjusted by the

characteristic variables of a capacitor discharge or through the interruption of the pulse

duration i the spark current supply.

In summary, it can be said that when compared [0 one another, methods A and B have
both advantages as weil as disadvantages. Method A requires only an initial ignition and
currents even of very high frequency can then be superimposed over the continuous spark
current. It can however be a disadvantage that the DC current portion determines a
minimum evaporation rate that compromises the layer properties too much. The fact that
the spark voltage in the pulse leads only temporarily to an overvoltage spike that is difficult
to controt and that is determined by the low impedance of the DC spark discharge also
constitutes a disadvantage. This can possibly restrict the generation of multi-charged

carbon ions.



In view of the above, it would be desirable to have a method that operates with low or no DC current
portion, yet at the same time has a high burning voltage in the pulse. with which it is additionally
possible to work with high frequencies and wherein the pulse ignition is achieved reliably and
efficiently. The disadvantages of the different methods for igniting and operating a cathodic spark on a
carbon target can be summarized as follows: the methods so far for spark evaporation are based
either on a DC spark current overlaid with pulses or on intermittent sparks operated with additional
ignition devices. The pulse superimposition of method A merely results in small overvoltage spikes of
the spark discharge in the pulse rise and the associated comparatively lower generation of
multi-charged ions. The necessary charge time of the capacitor furthermore limits the duty cycle of the
pulse portieraMae frequentighitibo @ufhﬁngﬁeép“aise%bﬁe{ﬁti@ﬂiﬁag@e&thad Brdidudés: eitiiek the

reliability, offc.coatia Arogens. andior an be Achiewed on AR ALY SHARAFIYe solutions.

The aim of the invention Is to propose a met or the Cat OdIC sp evap ration of carbon, with
which it #&!jpEssible osachiedver /jisition %@@f%ﬁ@égw\r@@t ﬁ@rﬁﬁédﬁéﬁt@s&miﬂ%ﬁ@rﬁm@éf@mmaﬂons

without the limitationsof m%@i ﬁrﬁ%@mﬂﬁ@@%%%%W@%@M§%§%F$on%@;@ ahmethod B (gnition at

each pulse) being necessary. Advanta eougﬁ/ it should be possible to combine this ignition method

both witRfGw Rl gHIGH - d< PR tisadivitie ety W*%"@%@@Wnﬂb}ef%@ ighitidrPmethods of the
6 discontAueus-RLise: OReTation thatidornetkrelyanameshanical centast-as-descrbedby Anders et al.

disproportionally high costs at high frequencies and over long process times, as already

cdiscussed above.

in view of the above, i would be desirable to have a method that operates with low or nio
DC current portion, yet at the same time has a high burning voliage in the puise, with
which it s additionally possible to work with high frequencies and wherein the pulse ignition

s achieved reliably and efficiently.

The disadvaniages of the different metheods for igniting and operating a cathodic spark on
a carbon target can be summarized as follows: the methods so far for spark evaporation
are based either on a DC spark current overlaid with pulses or on intermittent sparks
operated with additional ignition devices. The pulse supenmposition of method A merely
resuits in small overvoilage spikes of the spark discharge in the pulse rise and the
associated comparatively lower generation of multi-charged ons. The necessary charge
time of the capacitor furthermore limits the duty cyele of the pulse portion. The frequent
ignition during pure pulse operation in method B reduces either the reliability of the coating

process and/or can be achieved only by means of very expensive solutions.

The aim of the invention is to propose a method for the cathodic spark evaporation of
carbon, with which il 18 possible 0 achieve ignition sequences at very high frequencies and
short pulse durations without the imitations of method A (permanent underlying direct

currenty and of method B (ignition at each pulse) being necessary.

Advantageously, it should be possible to combine this ignition method both with a “slow”

isthial ignition, as can be used with method A, and also with "fast” ignition methods of the



The invention should enable a discontinuous pulse operation without an additional ignition mechanism
from another source being required after the initial ignition. An essential aspect of the invention is the
possibility of adjusting the value of the discharge current for the pulses, in order to specifically
influence the degree of ionization of the carbon vapor. Another aim of the invention is to propose a
coating method for the production of carbon layers that enables a variable pulse-pause ratio during
spark coating in order thus to achieve an optimum coating rate setting on the substrate. The inventive
method should additionally constitute an improvement of method A by providing, in combination with
multiple pulses consisting of a fast sequence of individual pulses with short pulse times, a possibility
for considierably increasing the discharge voltage of the spark discharge as compared with the
dischargésvoitéige oicorirentivhal direCte uiventispark dischargerithe @i dsattaied i that during
cathodic,spark eyaporation the spark discharge is achieved by means of the discharge of at least one
capacitor and the corresponding discharge current is controlled in a usual manner by the periodic
switching on and off of the capacitor, wherein according to the invention within the switched-on time
intervals'the BISCHATRS toirte TS BF Sy TR WHER P REARHRS ¥ BiredeterAfiRE UaILUBI RIS leads
to furtherpulsesecusringrwihin therpulseiwhichvilhertefatiet to. herainafter as subpulses.
Surprisingly, to initiate the subpulses no direct current portion is required, i.e. within the pulse the

spark disgharge pn be teadiyestated afierheyaliage has basniswitghed oft: Anigniion iggered
externally is not required. Maintaining the spark’bg]/ means’of a direct current portion is also no
requiredsugrent for the puises, in order to specifically influence the degree of ionization of the

carbon vapor.

Another aim of the invention is to propose a coating method for the production of carbon
layers that enables a variable pulse-pause ratio during spark coating in order thus (o

achieve an optimum coating rate setling on the substrate.

The inventive method should additionally constitute an improvement of method A by
providing. i combination with multiple pulses consisting of a fast sequence of individual
pulses with short pulse times, a possibility for considerably increasing the discharge
voltage of the spark discharge as comparaed with the discharge voltage of conventional

cirect current spark gischarge.

The aim is attained in that during cathodic spark evaporation the spark discharge is
achieved by means of the discharge of at least one capacitor and the corresponding
discharge current is controlled in a usual manner by the pericdic switching on and off of the
capacitor, wherein according to the invention within the switched-on time intervals the
discharge current is briefly inferrupted when i reaches a predelermined value. This leads

to further puises occurring within the pulse, which will be referred to hereinafier as

subpulses.

Surprisingly. to initiate the subpulses ne direct current portion is required, e within the
pulse the spark discharge can be readily restaried after the voltage has been switched off,
Anignition iriggered externally 1s not required. Maintaining the spark by means of a direct

current portion 15 also not reguired.



Even more surprising, however, is that due to the subpulses, after expiration of the pulse itself, after
the capacitor has been switched off and at the end of the rest interval, switching on the capacitor will
cause the spark discharge to start again, and this readily, i.e. without an ignition triggered externally
being necessary. A base current between the pulses is therefore also not necessary. By contrast to
the state of the art, the spark operation occurs according to the invention with considerable
interruptions. This has the advantage, on the one hand, that thanks to the suhpulses within the
switched-on time intervals, the ionization of the evaporated particles increases significantly. On the
other hand, the possibility of reigniting the spark after the period of rest merely by switching on the
discharge voltage has the advantage that the coating rate can be restricted without any problem and
there is thigs the psossibilisyof chievitigihdrd'canbdn fayerswitteashighanumbertofrspBiiEherésis as yet

no complete explanation as i whysthe Jeianiting tosubpyisesaswell g the Lenawed ignjrion, after the

rest interval is readily possible. The inventors however presume that the increased degree of ionization
of the evaporatethparicled! [6Ers the fgAftion tRreshBIt B 8lcan extent thideaden asnvdinvoltage is
sufficient,for raigniting the sRatk {kis, hpethesized that \nossibly, dus todhe.nertia of thedanized

particles, this applies in particular also after the end of the rest interval. it is important to note that the

question ST Ko 16 rasE RtV AIS BEtHean the pilses’daR Be-dHEsH HePRRGIHG DAHE Hulse

durationsand:thenunberoksubpuisescwilldepend girectly@mthe actual conditions of the spark
evaporation facility used. It is however easy for the one skilled in the art to determine experimentally

the d“raﬁ{%@ QLthe estnteral at w @Q't}@ﬁ%%eﬂ%%g{gtﬁ%e'ﬁ%%% i%”z‘%e{#J%?%@Q\A%Q“@%é"%”m'@b%%%ﬁ%’%?ed n

detail on the basis of examples and with the ai igures, without this limiting in any way the

general irvertives ideval T hedfigarestshow: taiagramphetiolei state ofthesal @ificantly. On the
other hand, the possibility of reigniting the spark afler the period of rest merely by swilching
on the discharge voltage has the aavantage that the coating rate can be resiricted without
any problem and there is thus the possibiiity of achieving hard carbon layers with a high

number of sp3.

There is as yet no complete explanation as to why the reigniting {o subpulses as well as
the renewed ignition after the rest interval is readily possibie. The inveniors however
presume that the increased degree of ionization of the evaporated particles lowers the
gnition threshold 1o such an extent that even a smail voltage s sufficient for reigniting the
spark. It is hypothesized that, possibly due © the inertia of the ionized particles, this
applies in particular also after the end of the rest interval. 1 is important to note that the
guestion as 1o how long the rest intervals between the pulses can be chosen depending on
the pulse duration and the number of subpuises, will depend directly on the actual
conditions of the spark evaporation facility used. It is however easy for the one skilled in
the art o determine experimentally the duration of the rest interval at which the spark no

longer ighites.

The invention will be described in detail on the basis of exampies and with the aid of the

figures, without this limiting in any way the general inventive idea
The figures show:

Fig. 1 diagrammatic representation of method A (state of the arf)



Fig. 2:diagrammatic representation of method B (state of the art) Fig. 3:vacuum coating facility and
circuitry with electric supplies Fig. 4:temporal progression of UKA arid IKb when operating the spark
discharge as per method A according to the state of the art with a pulse frequency of 500Hz A time of
1000 was specified as pulse length. Fig. 5: temporal progression of UKA and IKp for a individual pulse
with better resolution when operating the spark discBarge as per method A according to the state of
the art with a pulse frequency of 500Hz. The trigger signal for the pulse is 100ps. The current increase
takes place during the predetermined pulse time, wherein the current reaches the freely selectable
current limitation of approx. 720A already before 100ps, which results in the voltage being switched off
after approx. 40us. Fig. 6:representation of an operation with pulsed spark discharge (improved

method Fig. 2: diagrammatic representation of method B (state of the art)
Fig. 3: vacuum coating facility and circuitry with electric supplies
Fig. 4 temporal progression of Uke and lkp when operating the spark discharge as per

method A according to the state of the art with a pulse frequency of 500Hz. A

time of 100us was specified as puise length.

Fig 5 temporal progression of Uks and ke for a individual pulse with better resclution
when operaling the spark discharge as per method A according to the state of
the art with a pulse frequency of 500Hz. The trigger signal for the pulse is
100us. The current increase takes place during the predetermined pulse time,
wherein the current reaches the freely selectable current limitation of approx.
720A already before 100us, which results in the voltage being switched off after

approx. 40us.

Fig. 6 representation of an operation with pulsed spark discharge (improved method
A). The direct current supply (5 supplies an lkp of 30A (not shown), Pulses with
the pulse current supply (6) were superimposed over this direct current
discharge. The pulse current lkp Is represented in the figure. The pulse length
was sel in this case at 800us (irigger signal indicated). Between the pulses, a
pulse pause was set at 1200us. The current was switched off respectively at
approx. 700A. in these conditions, i is possible to observe the formation of 5
cluster of pulses over the length of the specified pulse, which is composed

respectively of § subpulses.

Fig. 7: improved temporal resclution of the curves of figure 6. The specified pulse
length is 800ps with a current limitation at approx. 700A. In this pulse length, 6
subpulses are generated by the current limitation, wherein in each subpulse the

voltage above approx. 40ps is stabilized at a higher level.



A). The direct current supply (5) supplies an IKD of 30A (not shown). Pulses with the pulse current
supply (6) were superimposed over this direct current discharge. The pulse current 1Kb is represented
in the figure. The pulse length was set in this case at 800es (trigger signal indicated). Between the
pulses, a pulse pause was set at 1200as The current was switched off respectively at approx. 700A. In
these conditions, it is possible to observe the formation of a cluster of pulses over the length of the
specified pulse, which is composed respectively of 6 subpulses. Fig. 7:improved temporal resolution of
the curves of figure 6. The specified pulse length is 800ps with a current limitation at approx. 700A. In
this pulse length, 6 subpulses are generated by the current limitation, wherein in each subpulse, the
voltage above approx. 40ys is stabilized at a higher level, 9 Fig.inventive operation of the pulsed
spark disehatge. Thedigine showsthe téneporbldprogression ohigep B gk fordve dase of the

switched off directrcép,g ﬁ&%ye@gég rdlrégi(gqﬁrl Qperation with (grgq) tgg%gggp%lp%g pulses).

The specification Was engths OOps and pulse pauses a so 0 ps. Fi
cun’em supply ) (according to an operation with merely dnscomimuou% puilses

The specification was for pulse lengths of 1000us and pulse pauses also of
1000us.

Fig. O improved temporal resolution of figure 8. A single pulse with 7 subpulses is
shown. The curve shows that ignition voltages around 60V are sufficient to
reignite the subpulses within the single pulses without additional ignition devices
being required. Surprisingly, these voltages are also sufficient for reigniting the

ndivicdual pulses after 1000us.

Fig. 100 The figure shows the temporal progression for Uk and ke (according to the
invention without being superimposed over direct current) for a predetermined
pulse duration of 900us, in the course of which 6 subpulses are generated. A
time of 1100us was chosen as pulse pause. For this case. the ignition operation
could only just be achieved with the purely discontinuous pulses. For smaller
pulse lengths and longer pulse pauses in this experimenial configuration, the

ignition couwld no longer be ensured.

in figures 4 1o 6. 3 curves are respectively represented. The uppermost curve corresponds
to the current pattern. Accordingly, the right axis is relevant. The middie curve corresponds
to the voltage patiern. Accordingly, the left axis is relevant. The lowest curve should merely

show the pulse duration. s amplitude is chosen in random units,

The tesis were performed on a vacuum coating facility of the type Innova of the company
OC Oerlikon Balzers AG. The description will make the transferability of the method to

other vacuum coating faciiities apparent {o the one skilled in the art.

The vacuum coating facility is represented diagrammatically in figure 3 and includes a
receptacle 1 that can be evacuated, in which is located a rofatable substrate holder 4 for

recetving the substrales (o be coated. in all tests, argon gas was admitted at a flow of



improved temporal resolution of figure 8. A single pulse with 7 subpulses is shown. The curve snows
that ignition voltages around 60V are sufficient to reignite the subpulses within the single pulses
without additional ignition devices being required. Surprisingly, these voltages are also sufficient for
reigniting the individual pulses after 1000ps. Fig 0:The figure shows the temporal progression for
[AKA and I.KF (according to the invention without b#&ing superimposed over direct current) for a
predetermined pulse duration of 900ps, in the course of which 5 subpulses are generated. A time of
1100ps was chosen as pulse pause For this case, the ignition operation could only just be achieved
with the purely discontinuous pulses. For smaller pulse lengths and longer pulse pauses in this
experimental configuration. the ignition could no longer be ensured In figures 4 to 6. 3 curves are
respectivENsrepresnted spperaiest cuiveleokresporriteltheesawent phttersAgesctdingly She right axis

is relevant. ieiddiercur [ r ingly, left axis is relevant
The o B I R e, The
tests wett Befforfifed BrEsdiaREu 66atnGFaciity 6EtHERYpe In ova of the company CC Oerlikon

Balzers AG. The description will make the transferability of the method to other vacuum coating
facilities/appareat/to thetienesskiltad dpriherary Haecvacuumeeating fasility:isiepsesentethermare

diagraﬂ@ag"g "g in ,ggurecs d incl_u es arece _tacle |.that can be evacu '%i, in which is located a

rotatablé §uL§ri}é%o%/eaf A %r}eré%%?\ﬁ%d;&%e Rsatrr%?éf {5 6@088&%&%@51% fs PA8IG4S was

admittedratcadlovsdf and being insulated from the receptacie 1 which is connected to ground. it is
switched as cathode for the spark discharge. Additionally, an anode 3 is located in the
receptacie and is mounted preferably in the vicinity of the target 2 operated as cathode.
The spatial proximity of the anode 3 to the target 2 makes the spark operation easier,
especially the ignition process in the case of the discontinuous pulse seguences with “self
ignition” or without additional external ignition. The central arrangement of the anode 3 also
centributes o the stability of the spark, because it encourages the ignition process
especially in the target center and prevents the spark from running fo the target edge. The
putsing of the spark current also contributes to stabilizing the spark discharge. First,
because it prevents the spark from persistently remaining on one spot of the target but
also, and this applies especially in the case of discontinuous spark operation, because,
helped by the central placing of the anode 3 relative to the target 2, it encourages the
spark ignition in the middle of the target and the spark current can be interrupted (by
setting the pulse length) before the spark can reach the target edge. Two electric supplies
are used for the cathodic spark evaporation of the target 2, whose functions can of course
be fulfilled also within one feed. The direct current supply 5 represents a current supply
with an open-circuit voltage of typically 100V, In spark operation, due to the low impedance
of the spark discharge (less than 10hmy), this voltage will settle o voltages below 50V in
the case of a carbon target typically to voltages arcund 20V, In the case of such current
supplies, typical currents up to approx. 1000A can be set. In the experiments described
hera, however, only the current range around 1004 and lower is preferably used since
coating rates that are too high, as mentioned above. will indeed reduce the hardness of the
carbor layers. The pulsed electric supply 6. which essentially switches a capacitor

discharge, is designed with its electronic component elaments in such a manner that it can



10 200sccm into the evacuated receptacle, with a total pressure in the receptacle of 0 6Pa being-
reached. The pressure range of the argon gas can be varied to a large extent and other gases for
example nitrogen, can also be used. A spark evaporation source containing the carbon target 2 to be
evaporated is furthermore located in this evacuable receptacle. The target 2 is mounted accordingly,
being held mechanically and being insulated from thé receptacle 1 which is connected to ground. It is
switched as cathode for the spark discharge. Additionally, an anode 3 is located in the receptacle and
is mounted preferably in the vicinity of the target 2 operated as cathode. The spatial proximity of the
anode 3 to the target 2 makes the spark operation easier, especially the ignition process in the case of
the discontinuous pulse sequences with "self ignition” or without additional external ignition. The
central aaagdnient ofthesnodesd kst contiibutés tontieé stability of thre sparkisbbcatise it encourages
the antioproreseAeRRARIIY edarnRl Saer AR YRS AL AR LM UTING e the target
edge. The pulsing of the spark current also contributes to stabilizing the spark discharge. First,
becaus&ftipiese s e spafkciromeparsistentll Femaining Bih 6ad spoEorihd targtcbot Hiso, and this
applies ggpeejaiydn-thascase ohissontinuoNs shark oReralion, becauseheiped bythe cantralplacing

of the anode 3 relative to the target 2, it encourages the spark ignition in the middle of the targét and
the spardEtrrBfiFCaRtoE eSO tER(BY SAHrhRIEHOLE Ry baford e Spafk Kafifeetihe target
edge. Twe electrig, sHppliesAre usesHierithercathodie spark-evaparationt the areleiwhasssy

functions (Eﬁ){'l of course be fulfilled also within one feed, The direct current supply 5 represents a

current SUPPIY Gith aR GPERECHEITEGOIRYE OF WHTEAIT 1ROV SpaYk GIEratior HaetF e low
impedanceiofithecsparkidischasgey(less: thand@hn) sthissveltage will seitieitosveltagesdelow 50V, in
the case of a arb9n targg(t (tj){ ig%lly é%"g'ta&%% arn umgegg\@/.{in the case of such current supplies,

typical cufrén ‘5”%6 16 %%prox.‘ can be $et i the experi%%%tts described here, however, only the

current range around 100A and lower is preferably used since coating rates that are too high, as

mentionédPabeveaRfliiifdead féduce wie hardriso b thewarbon Liayersr Thd puksateléetivsipply 6,
which essentially,switches capagior disshargeds.desig %@cﬂ@%ﬂﬁ&ﬁ%&?ﬁw&wm@emems

in such a manner that it can 11 switch high discharge currents. It can therefore make sense to size
the elecHdRROCOMSEh&Nt SlefmeRtss SRR i duclh &'FlalFEtRrEH dptimtifh €8 FEXdught

between;ihedequired dischangerciyent,and the-switchinafresuency.aliheisize efdhe capagitor is
chosen so that for a given charging voltage on the capacitor, sufficient energy (q=CU) can be stored in

order to7880%He CaiEERSED Ig‘r,"ﬁjﬁ? rWBRISPB6 eV SpBRIES tHE Eo é¥ponti AP dattiatfe Wikiterial
(here cathop)iskhesdesigniofihepulseshelestrie supplyis Husa:compegtise hetweanpulsercarrent,
glueli'?r ig%%% ?ig%,sfgh%%ngﬁ%oltgge@nd av%ilapl@caipa%itpr ca[Pacité(. Jhﬁ sw;tche% Z; garglgc% S('esnaargl‘;f)_le the
ppliesfor operatl @n é‘%i)%ﬁ?%? Sehaldd e EoRRECEdRE T é%i@oé}.
The supplies are each fused with diodes 10 which prevent the supplied current from being
fed from one supply into the other and thus damages from occurring. Usually, the positive
outputs of the supplies are connected fo earth, i.e. fo the potential on which the receptacle
is also placed. it can however also be advantageous 1o operate the spark discharge
floatingly (with zero potential). For this purpose, the switch 9 is opened. Depeanding on the
switch position, the anode is thus operated either with zero potential or on mass potential
(same polential as the receptacle). In the tests, for the initial ignition of the spark discharge
a mechanical ignition contact 11 was used which momentarily establishes via a low-ohmic
resistance a contact with the anode and thus results in an initlal evaporation of the target
material, which then renders conductive the path from the cathode (o the anode so that the
elactric supplies 5 and/or 6 take over the spark feed for evaporating the target material ie.

they are operated at lower voliages. After the initial ignition, according to the invention the



It is also possible, and this is new and part of the invention, to operate the spark discharge after an
initial ignition fed alone through the pulsed electric supply, namely only with the pulsed current Dp. The
entire spark current DA is then identical with IKu. The discharge voltage of the spark discharge UKi, is
measured between the cathode (target 2) and the anode 3, as represented in figure 3 If the spark
discharge were to be operated alone with the pulsetizsupply, it would be required in the state of the art
to reignite again and again at each pulse With the inventive method, this continuously renewed ignition
is unnecessary. The supplies are each fused with diodes 10 which prevent the supplied current from
being fed from one supply into the other and thus damages from occurring. Usually, the positive
outputs of the supplies are connected to earth, i.e. to the potential on which the receptacle is also
placed. #tieanihoweviercaisochetadhantageoiselopéfatetirarsparkaliseharge! fldatingly pwithizero

potential), EQthis Pé&@&%é%@‘%j t!&@ &%@%ﬂﬁgc%gﬁgég%%ﬁ&%% Rositian, he anode is

thus operated either with zero potential or on mass pot same potential as the receptacle). In the
tests, for the initial ignition of the spark discharge a mechanical ignition contact 11 was used which

momentari§eSBaNiSHEY Vidl 4 Yo STRIIC (o8 stariiela Kottt Wit RRE ARG dB e thiis RS in an

initial evaparation pidhedargetrmaigriah whick thenendesseenslustive therpata fromdheccathede to
the anode 0 that th .elecfric u_pRIies 5 and/or 6 take ?ver th spark feted for eva orFtti the target
material’) by AT P Bt T L LGRS AR it ARG EEO PTG (B the THFERtion the

12 electdcairettrveltage suipply: Sdsiswitc hesheff foreexaisyle/viauthe switch. Prbhe Sparkais henceforth
fed exclysi ed electric supply 6 without direct current portion. It has been shown in the
Iiteraturé{ %)erﬁfé%é rﬁ%%ﬁ%ﬂi g&iﬁéﬁ%gr%é ohh/ mvéjt%l%%eBﬂ)gtgﬁéitc gﬁigi%ewgﬁv%ﬂi n%?gg‘ggﬁo(?ﬁ#eﬁggrre nt at the
beginnirigsofthespulsécontributes todhe incrélise ofitheproportiegiofmgltiicharged4onizediaby of the
evaporated target material (Pansry et al,lon agesleration.atdifferent stages of g.pulsed yaguum
arc", J. P%ys. D,Eipp% _Phys.gzlz 20 ‘{99) 1'5%}201). Ungortuna%%%’tt%v%%a%%%%%éc?&er%m% (\%Vgii%#%{[
examinet) G these st TEnecagsessivélifcrease Bfathéoc e ntcat ise beyimsiig of fitetpalse is

probably. caused by the momeniaty application of & highet.voltage, i.e. the excessive increase in the

voltage is possibly to be considered the cause itself for the increased ionization and the current

increase represents merely a secondary effect. In method B. an increased spark voltage can be
achieved i THAPthE SHARIE BTt SRS S ST AHAEATGH bporGireat o448 R appiied
between:cathodéandranede Jihisseancoccitr foit @xampledhcihatthe capacionthatdsauged: foirthe
discharge in the pulse is charged,to.a high voltage and the spark is ignited based on this high
open G ST o e DA er Tk R Hioraem BeaDe SO of et e
ignition, thergapdcitontien disclarges'as dongias itsChanges lastsinhor deg toprmaintain thecdipark of
n-mediafely alier e nition duaisall Wil he, fistades e shark disctiarae, aqas,pt increased
voltage and subsequently falls back again to a lower voltage value which is typi al y given by the
impedaricg afithe fespectivedirsctelprentsfark diggh&rge. in order to maintain the spark.
frnmediately after the ignition (typically within the first 50pus). the spark discharge ccours at
increased voltage and subsequently falis back again to a lower voitage value which is

typically given by the impedance of the respective direct current spark discharge.

According to the present state of knowledge (Paperny et al.), the generation of the ions
having higher charge states occurs at the beginning of the current puise and is then lost
after the latter, so that for a pulse length of 200us, after the first 50us, only charge states
are generated that are typicat for direct current spark discharge. Therefore, in order to
generate higher charge states, i is important to generate short current pulses in the order
of magnitude below 100us, preferably below 50us. Al typical pulse frequencies of 1kHz,
this would mean a significant reduction of the duty cycle and result in very tow coating

rates. A faster externat ignition through material evaporation is coupled to the charging



According to the present state of knowledge (Paperny et al.), the generation of the ions having higher
charge states occurs at the beginning of the current pulse and is then lost after the latter, so that for a
pulse length of 200ps, after the first 50ys. only charge states are generated that are typical for direct
current spark discharge. Therefore, in order to generate higher charge states. it is important to
generate short current pulses in the order of magnitlitgle below 100ps, preferably below 50ps. At typical
pulse frequencies of 1kHz, this would mean a significant reduction of the duty cycle and result in very
low coating rates A faster external ignition through material evaporation is coupled to the charging 13
behavior of the capacitor to be used (the capacity of the capacitor must be sufficient great to generate
material plasma to ignite) and in good cases is achieved also at Ims charge time (see Anders et al.),
i.e. at apsroxithefréguerioycsbLkMHze It svsulthbesephcéivablecassa potsibilityt btbeit'an@xpeissive one,

to couple, seyeraligion cRBacliass fempRIali o one ANEIeLIn oides o phlain puise. saglgaces with

higher frequencies. This is however laborious and eXpensive arid has so far, to the inventor

knowled§Be ARk vt BEatpatsuetl & GREEOThEERsaEE 8 tel bulse freguienes cossetialgarshort
pulses and.in-discontipueysoperation Jisa furthepaspest that is:splved byithe nvention. Whilst.a

current increase at the beginning of the pulse in method B it iS thus comparatively easy to achieve and
can be EOMPIBK METeRf BeEAtRE Btffe HigH iR Ht tHeNghitiRARIERRNISHS, RIGR¥EHM voltages are
more diffigult to aehie eyt methodrs Haergnesskiled athe artknowsdbat g @radurl veltage

increase in the direct current spark dist]arge results in a "limitless” current increase without a
noticealsl&"6VER/Sit 8@0&%&%@?%‘3@, Oy e SaPEFmHESHioT BB dirdct (U 8RR 'steep
pulses thatincreases the:veitage«ws theispask dischiasgeinanethod deltrisatiffieult to stabilize this
voltage increase over longer periods of time, since the current rises quickly and the capacitor

discharges quickly, with the breakdown assaciated therewith of the yoltage at,the. capagitor, This
I ﬁ< discharge

applies in particu ar for the case of the underlying direct current, since a direct current spa
has smalPfipedantesinthcrange oTBRIFapsioXy 0acekR.of Resi@htivéFaetAbis de6 §18o based on

a further.aspect; of thepathodic spark-svararationeticaren frem: thednvestigations,of korikoshi at

al., "Vacuum Are Deposition of Homogeneous Amorphous Carbon Films at High Growth Rates”, New
Diamond“dffd! Etdhfiet CaIBoR TetrnelagyaV el #6eNE S E5606) T o7 Cit 1§ Possible 45 eomcltide
that the discharge: voltagesat the-capacitorand the size ofihe-eharde duringdhe capacitor disgharge

influence the frequency of splatters during cathodic spark evaporation, in the sense that the higher the
discharg/onage T8 and He greatdr the Charge guattty Bfige ssod i’ tHéGnaher hehdwiber of
splatters)ish & Risanasisbowindon individual caneentriptilses acanndng to meathed B;-dhe-pulse shapes
recorde%gp@g@aﬁ{gﬁ?&%egyggjg‘zlg%g% ?'hlen current rises quickly and the capacitor discharges guickly,
with the breakdown associated therewith of the voltage at the capacitor. This applies in
particular for the case of the underlying direct current, since a direct current spark

discharge has small impedances in the range of only approx. 0.1 Ohm.

The inventive methods are also based on g further aspect of the cathodic spark
avaporation of carborn, From the investigations of Horikoshi at al., "Vacuum Are Deposition
of Homogeneous Amorphous Carbon Films at High Growth Rates”, New Diamond and
Frontier Carbon Technology, Vol 16, No. 5 {2006}, 267-277 . it is possible to conclude that
the discharge vollage at the capacitor and the size of the charge during the capacitor
discharge influence the frequency of splatters during cathodic spark evaporation, in the
sense that the higher the discharge voltage is and the greater the charge quantity during
discharge is, the smaller the number of splatiers is. This was shown for individual current

pulses according to method B. The pulse shapes recorded in that connection (Figure 4 in



14 Horikosi et al.) represent the typical currenttirne progression for a capacitor discharge: at the
beginning a steep current rise up to a maximum, that is typically reached within the first 100ps, and
then slower current drop. The pulse length depends on the capacity and the impedance of the
discharge. Discharge voltage and charge also influence the pulse shape. The experiments described
here were carried out with a pulsed electric supply 64ased on a controlled capacitor discharge and
which in this special case allowed pulse frequencies up to 2kHz at maximum discharge currents of
1000A. The capacitor had a capacity of arnF and voltages up to 1000V could be used for charging the
capacitor. The amplification of the capacitor readily makes it possible to also use currents of 2000A or
more and charging voltages of up to 2000V can also be used The charging time of the capacitor is
proportibidaktesthe produer GISRrantECy WhreinRristie ohngitcresistance ntlreioadisivbaittandC is
the capqeiry.of fig capaciien U.ns {hus wishes in.dhaioe %@%%;ggaéﬁym g carRatliesife AU I

forced either to take into account long charging times or to use hi arging voltages in order to
achievethésamiedcharygleuantity 6 thd eapacidiith shetiefatrigingtihe SaRfier amatging
voltagesrgagh the acqeptable dimitsotihe glecianic.compansniclements andlangsr charging times

limit the pulse frequency (Anders et al ). The use of higher charging voltages is also further limited by
the curr gt limitation o{ the dir cttﬁlrrent su§plé( that is %lset for c aré%in tpe ca&'pa it%rré%%e !gtter is
either integrated i the SUpply 66t ISConhéctéd 1676 45 al Extdrnal 8@19%%8 Shistrepreséfited
separatelyinithédigurepAibthesehtacts frave s fainpreyentedat athod i ispark disoh&rges-atincreased
spark voliagesoveL janger pulse.mes and siiiangy fiegyensies to e perfarmed for e pupgse of
material évaporation, especially for the purpose of the evaporation of carbon ws%, method IS to be
described that!resattsintan (fiprovemeéntof raethod Rermnnhid method idlreddy: describediimthe

documeRt RGO SN MU AIREL UL SPAli dRENABSIB AR XA TOmRRIRYY

contact of the mechanical ignition finger (anode) with target, which Is then further mainta via

the suppiy8aAz ditiehally: (CurFeftpalses o capacitsi diseHargec(stipplyi6) @i superimposed over
this diregf., 15-currant dischasag T he-tenporal grrent Raliern of thesepulses does,noLdifferc, it

essentially from those that_{have also been indicated in Honkoshi et al.. increase of the current pulses
at the bé‘afﬁf:n'r‘@ fQﬁd"ﬁ’i@?‘éﬁéﬁ %%%W%éfd?%%‘é%%‘ﬁﬂ% sapaciter aradrEndifg 6HdRe

respectivenimpedancenWithraaanderlying direct-eyrent. thedatterisgmthe-esdes of magnifyde of 0 1
Ohm. i.e.the capacitor is quickly discharged gg;ﬁrine constant RxC). The temporal progression of the

voltage VRSB A6 SirBHTTKID for 4GKR BIF opEraHSI FepreSmtbadh figuraa T he &iffent kr) (not
represestejewasprenspeciied-i 30 A nilly suppiyt dyddsually, thisauuzeniollapsesduring the pulse
from SuBP'Xt’G since the diode tihen blqc_ks Elitpe é%p urrent, P,ulsesT_WiUl a freti%e%cy of 500Hz were
generateé% and & pﬁ?@@ ?e%&%%?%@&fs%hd VpaISE DtV dN e iﬁ?ﬂsgg 6H190 8§-WéWspecified.
During tiferpaise:progréssiosdhértedsan-excess: incease in bathfuoltagdragardatlas eunrent;which
with an improved time resolution is clearer in figure 5 which jllustrates a pulse spegified at 100ps.
Consech oy e RAs o The Bagta i e P R ge R 20 o sy o S8t the direct
current edkerwith tha eleotticesuppiy (6 )y tdsapproxc 50\ anekitthentstabllizesoat arcund 0V The
result of this voltagedngrease in,absalute yalue i A stong FUUSTLIRGEASE.Ifione were nows Jo,proceed
according%to the previlo%s oﬁeeyrétién m%feﬁr métﬁ%d A%gocument Eft§00666335é\f 0{% Grimm) and
allow theizapaéitsr 36 fredlydischidrge; thetsinamrwoildincieadsterthes Hidchpadinrueoaldsquickly
discharge andthe voltags, would fall with; the, elipent increase (chaige-drain fiamthe Sapaeitqr). The
voltage would thus vary widely in time.

evaporation of Carbon.

First, a method is to be described that results in an improvement of method A In this

method already described in the document EP:00666335 A1 by Grimim, a direct current

spark discharge is ignited via a momentary contact of the mechanical ignition finger

(anode] with the target, which is then further maintained via the supply 5. Additionally.

current pulses Irom a capacitor discharge (supply 8) are superimposead over this direct



In order to stabilize higher discharge currents, the magnitude of the spark current is thus limited, even
before the voltage at the capacitor has been reduced too much. This is explained on the basis of figure
5. At the supply 6, a pulse length can be prescribed that limits the discharge time and for which in this
case 100ps were chosen. For the sake of a better comprehension, the trigger signal for the pulse has
also been illustrated in figure 5 (lowest curve). For 15 pulse current, an upper threshold of 720A was
set (in the figure. 1.4V correspond to approx. 1000A). The current was limited in such a way that the
voltage of the spark discharge could be maintained stable in time within certain limits or, in other 16
words: the current was switched off at a current value for which the voltage had not yet collapsed to
any substantial degree. This depends on the respective experimental conditions (such as for example
also theceeBId dabtities) end o thel earmicalais of the stipply & ket and difehepropettigs of the

direct cyprenisRark-discharae. I Ris.cumantimitalion,can howeyern £asily be determined: g&%’gﬂenta"y

by means of an oscilloscope showing the temporal current and voltage patterns. Figure 5 shows in
particuldf A RS RERPPEHATE eare Intiglire By Hay veatHed fHBIRTes o Yarf dinshely
before the puise duration Qi 4QApshad-beensaashedirbd thatdis pessible with-this methodsof

switching off of the current earlier before the voltage collapse to stabilize the higher voltage UK/: over
approx ABpEEE il the fahige i vihichARRHIGHE ChaivdPetetear tHacatisde hiatérial are

generated. It has been shown that the excessive voltage increase depends on the charging voltage of
the capaoitar:(800M wergrasedhere)butidiisocon thesize! ofithe capacitofchatitiastabe charged (here
ernF). ing.in this experi di olt r charging the capacijtor in,which the
O e s oo 1 B M O B e pSa He bt 3 00 e capacity
betweehtthepalsesisanndtibe fully thalgedaigain.Thisdaolsly entioned/ fecauselitthdste be shown

that th%%@%‘%@ﬁ%ﬁ?@w&%ﬁ%ﬂ@’%é%ﬂ%ﬁwH“ﬁa@@&%‘éy'k&?%@-@%ﬂe‘?g afion, with,pulsed, spark

discharge. In this case, the direct current supply 5 used again supplies an IKD of 30A. Pulses with the
pulse ctiitét sSUppiy-6 arsithieiR SEpSmtifsed ovatthis ¢firedt Gurrent disepeiftys. The!ptil§eecurrent
EKED is tepresenteskin figHeS.s Thepulselengthin this,casevasspedifigd-at 800ps (tigger signal

indicated). Between the pulses, a pulse pause of 1200ps was set. For switching off the current, the

maximutT GRS AJaIT R dp 6 Y00 AISU e rREdelestitions, itis posshIEd Boserve
the apparition of chisterof puisesiouer therdengiiobine spacified pulse, whiehdgcompesed each of

6 subpulsgs. By way fexPanatiqn, a better temporal resolution was chosen in figure 7. It shows that,
f working GE&In il (16 rertIFHAGGHCtH bremTo oP E K Do ISR EiH detahe thare"

discharge:voltagesirastmil@iomanneresult of this voltage increase in absolute value is a strong
current increase. If one were now to proceed according to the previous operation mode for
method A (document EP_00668335 A1 of Grimm) and allow the capacitor to freely
discharge, the current would increase further, the capacitor would quickly discharge and
the vollage would fall with the current increase (charge drain from the capacitor). The

voliage would thus vary widely in time.

in order to stabilize higher discharge currents, the magnitude of the spark current is thus
imited, even before the voltage at the capacitor has been reduced too much. This is
explained on the basis of figure 5. Al the supply 6, a pulse length can be prescribed that
limits the discharge time and for which in this case 100us were chosen. For the sake of a
better comprehension, the trigger signal for the pulse has alsc been dlusirated in figure 5
{towest curve}. For the pulse current, an upper threshold of 720A was set {in the figure,
1.4V correspond to approx. 1000A). The current was limited in such a way that the voltage

of the spark discharge could be maintained stable in time within certain limits or, in other



17 as for the conditions in figure 5 to values of approx. -40V, again over approx. 40ps, i.e for the
duration of a subpulse. The time constant for the renewed switching on of the subpulses is approx.
100ps. This is caused by the commutation behavior of the protection diodes and can be shorted by
faster diodes. In figure 7 it is also possible to see that in a predetermined pulse of 800us and a current
limitation at 700A, 6 subpulses can be generated with a sequence of the subpulses that is greater than
that possible from the original supply (here greater by a factor of about 7.5). Simultaneously, in the
pulse with a length of 800ps, generating 6 subpulses will allow the voltage to be stabilized over a time
of 6x40us, i.e overall for 240ps. For method A, it is thus possible with this method to both increase the
pulse frequency as well as stabilize the spark discharge at a higher voltage. However, even more

important ¥§tbiel o sSibitity wath thisomrihod W pecyingrioalryeiekiént thelagtio etidirecyeurrent
portion %%L%%%&%%A@@@M@@P&éh%g'&s&#&%m@%gg&é@w% ANIKR.Qf 30A Is used

and a temporal mean of IKp of 12A. By contrast, in figure 6 a temgorall y averaged Ikp of 70A is used

for the SEPREHANS 6F ¢iredt dOrrert pwo%jmﬂﬁawcﬁ@@eﬁrﬁab‘téﬂf@g ABfats ér@ﬁgtém%ubﬁa@és in
method BeThe girect surrentnortion sasid thus hecompletelyavaided Unthis methad, whighiis: based

on dlscontlnuous pulses, one is confronted with the problem of ignition at each pulse but even more

with the 'STOBIER GFthRAgRDN aﬁiwd%ﬁﬁﬁpgﬂwms@@ﬁ{aﬁﬁa% @k@ﬁ%&%@&ﬁﬁ@%ﬂmﬁ%r

sequencgiolhigpreblemmeannetberselved withythe-present state of the art ignition mechanisms. It has
therefore been tested whether the combination of spark current limitation, increased discharge voltage

ey b ditdinsta i Rst i i Aol bl

for suffici long for an xternal ignition to e disc exce tmere orasmgle initial |gn|t|on via
5in conﬁé’@ﬁb@ With tieameehahichl igHiton fingenElon gt ‘100;.15 had been reached and that itis

possible with this method of switching off of the current earlier befaore the voltage collapse
to stabilize the higher vollage Uk, over approx. 40us, Le. in the range in which the higher

charging states of the cathode material are generated.

It has been shown that the excessive voltage increase depends on the charging voltage of
the capacitor (300V were used here) but also on the size of the capacitor that has to be
charged (here 8mF). By using in this experiment a direct voltage supply for charging the
capacitor in which the maximum curent was limited to 30A and operation was with a pulse
frequency of 500Hz, the capacity between the pulses cannot be fully charged again. This is
only mentioned because it has to be shown that the method also works with such

Hmitaticns.

Figure 6 now itlustrates an operation with pulsed spark discharge. In this case, the direct
current supply 5 used again supplies an lkp of 30A. Pulses with the pulse current supply 6
are then superimposed over this direct current discharge. The pulse current lee is
represented in figure 6. The pulse length in this case was specified at 800us (trigger signal
indicated). Between the pulses, a pulse pause of 1200us was set. For switching off the
current, the maximum current was again limited to approx. 700A. Under these conditions, i
Is possible (o observe the apparition of a cluster of pulses over the length of the specified
pulse, which is composed each of 6 subpulses. By way of explanation, a better ternporal
resolution was chosen in figure 7. It shows that, iIf working again with the current limitation

the generation of the subpulses can determine the discharge voltage in a simitar manner



For this purpose, the following procedure was followed. In a first step, the direct current spark
discharge with a current 1RO of 40A was ignited by the momentary contact between the ignition finger
11 and the target 2 Then, in a similar manner to method A. the pulsed supply was switched on and a
pulse current IKF was superimposed to the direct current. As a further step, the direct current supply 5
was switched off. In figure 8, the temporal progressiagh of IKF and UK,. is now represented for the case
of the switched-off direct current supply 5 (according to an operation with merely discontinuous
pulses). Pulse lengths of 1000us and pulse pauses of also 1000as were specified. Surprisingly, it was
possible with such a made of operation to ensure that no renewed ignition between the subpulses
within the cluster of pulses and, even more surprisingly, also between the individual pulses was
required2Figuiesocovkidie ifustiaaesowiti & beterclepmporal réSolutionian individuak pdigeswith 7or
subpulses, shews that ignition,voltagesqwith . value asoynd 60V, are suffigient for igniting again the
subpulse,s within the individual pulse, without additional ignition devices beirig necessary. Surprisingly,
these valtagesSafe aRBRSaiciaRt for reRyfitiny B7€ rdifidGanpuded aftéeiovops’ Tie MateiPthus
providesia.may miihowhich a-dissanfinuaus pulse onaration:can he.achieved without additional ignition
device. Furthermore, the sequence of the subpuises within the individual pulse can be increased, in
the preseERETEPPrERE AIEZORRS TR GHWHY B ERckArd easy mEthddFarsanitify sparks
works hasmnatbeenfullexplained:bispreswped daahthesadure of. argengas: antbavaponated carbon
connection Wit? the jJ]tEnsive_ioni_zatiqn v]ja t%her%ﬂ%d opera lon Lghigh electron g:[érereams) are sufficient
for formiHeP A RIGHY LHNATIGITE BIEE A SUHEE M oY, inwhth HhE GoARK disthr §&' B Beignited
again attowtizalitages. dnerdertorgstimate: thedimit tatthetonlyjustachieyableiigrition fordherdevice
used in ED%SX%SXQG{ET‘?}%% gp% ti}%%gecial process parameters. the individual pulse was made shorter
and the pEu se H“éuse longer. In figur iO, a pulse with a duration of 900ps is represented, during the
course of which 6 subpulses are generated. A time of 1100us was chosen as pulse pause For this
case, thegAIGdR-GpRrdtion WP iife Blir el tiScontriiods phesrasTastbarensadisbIeY Bér

;maller %ﬁ%é%@gﬁ?ﬁzéﬁgé%k%é%é? HSES, Vﬂ@ﬂ@.ﬂmﬂ% @u%@@g@&&@%ﬁ@wge@%ﬁgd- 19 it
is however obvious to the one skilled in the art that modified capacities, other current switch-off levels,

different (6riitEy GAL fIGWS, Bt & 6RAges B8R ME Eapagiter &S Wil itfiGdAts tesethidshols of self
ignition aadicaneasibehe setioydhr respeactive experimental-arrangements. fthednyvestive,method was
described for the cathodic spark evaporation of carbon because it is particularly difficult with this
material e offerate e cAITOHC ANt pravent the SJAG up" G bne targerp6aition. The
method san-hpweverdid tised advaniageousiyalsoifosiathermatesials. These can be elemental
metallic targets but also targets consisting of several materials such as for example

powder-metallurgically. prodyced Eergga%fﬂzfanaﬁg@%g Is e%%%é%@mqy&ww%é%i%%lieria's with &

low melting point, because In this case too the pulsed operation reduces the formation of splatters.

This meth6deapcalse be sl sbariagedisty mvfeaetive proitessesin yhsds thateontain oxygen,
nitrogen-r.carhon (o ipcreasethe;iopizationandirequece the dormeation of splatters ,By baying.the

anode arranged centrally with respect to the target and by using a pulsed spark current, especially in
discontifftidiis opeYation. i 1 pelsKiBI& thenstird a $tiite Spark tischialgess (o take place at the

much higher sequence. This problem cannot be solved with the present state of the art

ignition mechanisms.

It has therefore been tested whather the combination of spark current limitation, increased
discharge voltage and higher sequence of the subpulses thus generated can generate
sufficient conductive plasma and for sufficiently long for an external ignition o be
discarded, excent merely for a single initial ignition via 5 i connection with the mechanical

igrition finger 11,



The discontinuous pulsed operation also enables the cathodic evaporation of carbon targets with
metallic parts up to 50/oat. The method of distributing the individual pulses over clusters of subpulses
of higher sequence and over longer times enables a discontinuous pulsed operation without additional
external ignition, between the subpulses lying closer to one another as well as between the individual
pulses. The voltage at the capacitor (supply 6) can b& changed to a large extent for the purpose of
generating higher charged ions of the material evaporated in the cathodic spark discharge. 20 The
method represents a discontinuous pulse operation of a spark discharge, without having to be
reignited. On the basis of the method, no DC maintenance current is required for the spark discharge.

For this purpose, the following procedure was followed. In a first step, the direct current

spark discharge with a current o of 40A was ignited by the momentary coniact between

the ignition finger 11 and the target 2. Then, in a similar manner to method A, the pulsed

supply was switched on and a pulse current e was superimposed to the direct current. As

a further step, the direct current supply 5 was switched off. In figure 8, the temporal

progression of ke and Uka i now represented for the case of the switched-off direct

current supply 5 (according to an operation with merely discontinuous pulses). Pulse

tengths of 1000us and pulse pauses of also 1000us were specified. Surprisingly, it was

possible with such a mode of operation to ensure that no renewed ignition between the

subputses within the cluster of pulses and, even more surprisingly, also between the

individual pulses was required. Figure 9, which illustrates with a better temporal resolution

an individual pulse with 7 subpulses, shows that igniticn voltages with a value around 60V

are sufficlent for igniting again the subpulses within the individual pulse, without additional

ignition devices being necessary. Surprisingly, these vollages are also sufficient for

reigniting the individual pulses after 1000ps. The method thus provides a way with which a

discontinuous pulse operation can be achieved without additional ignition device.

Furthermore, the sequence of the subpulses within the individual pulse can be increased,

in the present case o approx. 7TkHz.

The reason why this guick and easy method for igniting sparks works has not been fully
explained. it is presumed that the mixiure of argon gas and evaporated carbon in
connection with the intensive onization via the pulsed operation (high electron streams)
are sufficient for forming a highly conductive plasma sufficiently long. in which the spark
gischarge can be ignited again at low voltages. In order to estimate the limit for the only
just achievable ignition for the device used in these experiments and the special process
parameters, the individual pulse was made shorter and the pulse pause longer. In figure
10, a pulse with a duration of 800us is represented, during the course of which 8§ subpulses
are generated. A time of 1100us was chosen as pulse pause. For this case, the ignition
operation with the purely discontinuous pulses was just barely achievable. For smaller

pulse lengths and longer pulse pauses, the ignition could no longer be safely guaranieed.



In the frame of this description, a method has been disclosed for operating a pulsed discontinuous
spark discharge that is achieved by means of the discharge of at least one capacitor and where the
corresponding discharge current is controlled by periodical switching on and off of the capacitor,
wherein when the capacitor is switched off during the switched-off time intervals, no current is supplied
from the supply, and within the switched-on time int&#vals the discharge current is momentarily
interrupted upon reaching a previously determined threshold, with the result that subpulses occur
within the pulses. Preferably, a first plurality of the switched-off time intervals is chosen so short that
after their respective expiration, the switching on of the capacitor readily causes the renewed ignition
of the spark discharge The first ignition of the spark discharge is preferably ach eyed by means of an
ignition Hevicev@ven phuresréfdiredhy sHelgasoite DO Hirsctvoltagecsoartes ard aftertigsition of the

spark the,capacitis switehed anderihe firssidime. JThe: %ﬂ@%h ltar qreferably;has atithe, ime of the first

ignition by means of charging means a first charge state and the spark discharge Is subsequently
further oﬁ@‘ﬁﬁféd"\ﬁ‘f?ﬁ%éht@@%%ﬁ:@@éﬁﬁg@%ﬂ?@@%@%@éﬁ b?h%i‘ef‘%‘aﬁ%é%%‘e%\ﬁd plurality of
swﬂche@;@{:ﬂmgdmeéyajg@aﬁgﬂmng on the charging means of the at least one capacitor that are
chosen so long that the capacitor after explratlon of the second plurality of switched-off time intervals
has ess%tlall\? gched I;Yhe flrst ck&arge %ta}rj% K gllschar e descrl ed above can be used for
operating a ca Rodic sp spar evaporat’on 51 Km ?hod or coating SUBSAT Ss‘bafgﬁ%g%ﬁﬁéﬁ that
compriséssthedallowingigteps: with this material to operate the cathodic s;’:‘,am Le. to prevent the

seizing up’ on one target position. The method can however be used advantageously also
for other materials. These can be elemental metsallic targets but also targets consisting of
several materials such as for example powder-metallurgically produced targets. The
method is particutarly advantageous for materials with a low melting point, because in this
case too the pulsed operation reduces the formation of splatters. This method can also be
used advantageously in reactive processes in gases that contain oxygen, nitrogen or

carbon 1o increase the ionization and reduce the formation of splatters.

By having the anode arranged centrally with respect to the target and by using a pulsed
spark current, especially in discontinuous operation, it is possible to ensure a stable spark

discharge.

The discontinuous pulsed operation also enables the cathodic evaporation of carbon

targets with metallic parts up to 50%sat.

The method of distributing the individual pulses over clusters of subpulses of hicher
sequence and over longer times enables a discontinuous pulsed operation without
additional external ignition, between the subpulses lying closer to one ancther as well as

between the individual pulses.

The voitage at the capacitor (supply 6) can be changed to a large extent for the purpose of

generating higher charged ions of the material evaporated in the cathodic spark discharge.

The higher discharge voltage in combination with a fast but current-limited discharge

reduces the incidence of spiatiers in the synthesized layers containing carbon or nifrogen.



providing substrates - placing the substrates in a vacuum chamber pumping out the vacuum chamber
performing a cathodic spark evaporation of the kind described above By means of this coating method,
it is possible to produce carbon layers that are hydrogen-free and/or contain hydrogen and/or
metal-free and/or contain metal. st of references receptacle 2target (cathode)
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The method represents a discontinuous pulse operation of a spark discharge, without

having to be reighited.

On the basis of the method, no DC maintenance current is required for the spark

discharge.

in the frame of this descriplion, a method has been disclosed for operating a pulsed
discontinuous spark discharge that is achieved by means of the discharge of at least cne
capacitor and where the corresponding discharge current is controlled by periodical
switching on and off of the capacitor, wherein when the capaciior is switched off during the
switched-off time intervals, no current is supplied from the supply, and within the switched-
on time intervals the discharge current is momentarily interrupted upon reaching a

previously determined threshold, with the result that subpulses occur within the pulses.

Freferably, a first pluralily of the swilched-off time intervals is chosen so short that afier
their respective expiration, the switching on of the capacitor readily causes the renewed

ignition of the spark discharge.

The first igrition of the spark discharge is preferably achieved by means of an ignition
device, even more preferred by means of a DC direct vollage scurce, and after ignition of
the spark the capacitor is switched on for the first time. The capacitor preferably has at the
time of the first ignition by means of charging means a first charge state and the spark

discharge is subsequently further operated with the DC direct voltage source switched off.

There can bve a second plurality of switched-off time intervals depending on the charging
means of the al least one capacitor that are chosen so long that the capacitor after
expiration of the second plurality of switched-off time intervals has essentially reached the

first charge state.

The spark discharge described above can be used for operating a cathodic spark

evaporation.



anode (preferably but not necessarily centered relative to the a get) substrate holder (rotating) 5direct
current (spark) supply 6pulse current (spark) supply 7switch for switching 8switch for switching 9switch
for switching the anode to earth or to floating potential 10protection diodes 11rneohani.cai ignition
finger

21

A method for coating substrates has been described that comprises the following steps:
- providing subsirates

- placing the substrates in a vacuum chamber

- pumping out the vacuum chamber

- performing a cathodic spark evaporation of the kind described above.

By means of this coating method, it is possible to produce carbon layers that are hydrogen-

free and/or contain hydrogen and/or metal-free and/or contain metal.

List of references

1 recepiacle

2 target (cathode)

3 anode {preferably but not necessarily centered relative (o the target)
4 substrate holder (rotating)

5 direct current (spark) supply

§) putse current (spark) supply

7 switch for switching lup

8 switch for switching e

9 switch for switching the anode to earth or to floating potential
10 protection dicdes

1 mechanical ignition finger

12 resistance for current limitation between ignition finger and anode



12resistance for current limit 5on between gnition finger and anode Claims 1. Method for
operating a pulsed discontinuous spark discharge that is achieved by means of the discharge of at
least one capacitor and where the corresponding discharge current is controlled by periodical
switching on and off of the capacitor, wherein when the capacitor is switched off during the
switched-off time intervals, no current is supplied fré# the supply, characterized in that within the
switched-on time intervals the discharge current is momentarily interrupted upon reaching a previously
determined threshold, with the result that subpulses occur within the pulses. 2. Method according
to claim 1, characterized in that at least a first plurality of the switched-off time intervals is chosen so
short that after their respective expiration, the switching on of the capacitor readily causes the renewed
ignition é¥igienspark discharge. 3Method according to one of the claims 1 and 2, characterized in that
the first ignition of the spark discharge is preferably achieved by means of an ignition device, even

more preferred by./gans:of afaGdirpet yolage:aourog, and altarigniion of the-spar: He.capggitor is
switched on for the first time and has at the time of the first ignition by means of charging means a first

charge STt8"5ha the SParRUkE RARYSE L B GRRRtN AT OFERdEd WIS BRe TSE dirbet Voitsge
source switehedofontrodeMethestasearding:teelaion Jircharasterized dathat asecond pherality of

switched-off time intervals can, depending on the charging means of the at least one capacitor. be
chosen 5 T6HUhA T CApREtor Hict EHphAERFor e BAE AR SR Rl 61 Lo iehed G T FRervals
has essentiallyrépctied dhefirstichatge stditd; the switched-on time intervals the discharge current

is momeniarily interrupted upon reaching a previously determined threshold, with the result

that subpulses ocour within the puises.

2. Method according to claim 1, characterized in that at least a first plurality of the
switched-off time intervals is chosen so short that after their respective expiration, the

switching on of the capacitor readily causes the renewed ignition of the spark discharge,

3. Method according to one of the claims 1 and 2, characterized in that the first
ignition of the spark discharge is preferably achieved by means of an ignition device, even
more preferred by means of a DC direct voltage source, and after ignition of the spark the
capacitor 1s switched on for the first time and has at the time of the first ignition by means
of charging means a first charge state and the spark discharge is subsequently further

operated with the DC direct voltage source switched off.

4. Method according to claim 3, characterized in that a second plurality of switched-
off time ntervals can, depending on the charging means of the at least one capacitor, be
chosen so long that the capacitor after expiration of the second piurality of switched-off

time intervals has essentially reached the first charge state.

5. Method for operating a cathodic spark evaporation, characerized in that the spark
evaporation is operated by means of a spark discharge according {0 one of the preceding

claims.

6. Method for coating substrates that comprises the following steps:

- providing substrates



5 Method for operating a cathodic spark evaporation, characenzed in that the spark evaporation is
operated by means of a spark discharge according to one of the preceding claims. 6. Method for
coating substrates that comprises the following steps: - providing substrates 23 - placing the
substrates in a vacuum chamber - pumping out the vacuum chamber - performing a cathodic spark
evaporation of the kind described above. 7. MetB8d according to claim 6, characterized in that it is
possible to produce carbon layers that are hydrogen-free and/or contain hydrogen and/or metal-free
and/or contain metal.

- placing the substrates in a vacuum chamber
- pumpging out the vacuum chamber

- performing a cathodic spark evaporation of the kind described above,

7. Method according to claim 6, characterized in that it is possible to produce carbon
layers that are hydrogen-free andjor contain hydrogen andfor metal-free and/or contain

metal.



