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to a method of and apparatus for depositing anmorphous carbon thin

that protect the magnetic nedia used in hard disk drives, to the nedia so

f or eMIEBHOD OF SPETTHRING A CARBONPFROTECEIVE $1BM N Al MAGNRIIEti ¢ thin

filmgy ﬁxwm@m@mcat ons _ typicall'y conprise a subsStirate

mat er N a magnhetic alloy filmthat serves as the
#1230 s Tk L Trecordlng medi um used in such disks is a

cobal t platlnun}based aIon such as CoPtCr, CoPtCrTa, CoPtCrB, CoPtCrTaB

or other various' conbinations of elenents mhlch I's usually deposited by

sputtering. The magnetic layer typically has an underlayer beneath it,

consi sti noriofs Gnvent@omidedatesingh &l st dRwadddddeals | gyers or

seedl ayers such as NNAl below the C |ayer. The substrates used for the

deposidpes iftiing ameriyipusakbyboal ¢HiRUFiIaal @ api bEchle@Tte@l'% e tyPr phous

gl ass or glass ceramic materials. Magnetic nedia is typically protected by

a t highdiar keed dnehaedt di skmirdAvegxakpl enef maugh §oSEBEh§EQdd%§

overcoat is described by F.K King in "Datapoint Thin F

publ iGhed ddifrekEERcdEpogacingntha Magrgtics in July 1981, | ncor por at ed

herein by reference. It is also known to provide a carbon film containing

hydr ogen by using hydrogen gas during sputtering as described in U S

Pat ent No. 5,.045,165 by Yamashita. The

Metallic magnetic thin film disks used in memory applications

typically comprise a substrate material that is coated with a
magnetic alloy f£ilm that serves as the recording medium.

Typically the recording medium used in such disks is a cobalt
pl&Einumrbased alloy such as CoPtCr, CoPtCrTa, CoPtCrB, CoPtCrTaB
or other varicus'combinations.of elements which is usually
deposited by sputtering. The magnetic layer typically has an
underlayer beneath it, consisting of Cr or Cr alloys, and also may
have additional layers or seedlayers such as NiAl below the Cr
layer. The substrates used for the deposited film are typically
aluminum coated with plated NiP, or amorphous glass or glass

"ceramic materials.

Magnetic media is typically protected by a thin carbon
overcoat f£ilm, An example of such a sputterad carbon overcoat is
described by F.K. King in "Datapoint Thin Film Media*, published
in IEEE Transaction in Magnstics in July 1981, incorporated herein
by reférence. It is also known to provide a carbon film
containing hydrogen by using hydrogen gas during sputtering as
described in U.S. Patent Mo. 5,045,165 by Yamashita. The
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-1 1000T 2003 protective overcoat is an extrenely inportant conponent

of thin filmnmgnetic recording disks. Wien a disk drive is turned1qp0912m3
off, the recording head that normally flies over the recording surface
cones into sliding contact with the nedia. Over the life of the disk

drive, the head cones into many such "contact start- stop” with the nedia
surface and the overcoat nust protect the mnedia from becom ng destroyed in
the process. This is acconplished by providing a good wear resistant
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the disk surface are generally called ranp- _ wever,
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operation of the drive, such that occasional contact occ et ween t he
di sk smedisefzard bdmoniend deBteictled drevdid iprokBes . driphgs ygi ng ranp-1 oad

mechani snms, the nedia nust still have a protective overcoat.
accomplished by providing a good wear resistant overceoat, and a
thin layer of liquid lubricant that reduces the friction
coefficient between the head and the media. Typically the media
must withstand at least 20,000 cycles or more of repeated contact

start-stop. It is also not unusual to have a specification of

100,000 contact start-stop capability for the disk and the disk

drive.

Alternatively, the recording head can be pulled away from the
disk surface when the drive is not in use or when it is turned
off. In such drives, the contact start stop does not take place

' between the head and the disk surface. The designs that allow the
—head to be pulled to the side of the disk away from the disk
surface are generally called ramp-loading mechanisms. However,
the recording heads still fly very close to the media surface
during operation of the drive, such that occasional contact occurs
between the disk surface and the head. Therefore even in the
drives using ramp-load mechanisms, the media must still have a

protective overcoat.



2 1 0 OCT 2003 As is known, magnetic filns consisting of cobalt alloys are
susceptible to corrosion during environnental extrenes that the hawﬁqiﬁ%m
drives may see. The overcoat al so protects the nagnetic nedia from'th
corrosion. Today, the-vast mpjority of the disks wused for hard disk drives
have sputtered carbon overcoat. Sputtering is a nethod of deposition
whereby a target material to be deposited is "sputtered" or eroded by a

pl asma, and the plasna carries the sputtered species to the parts to be
coated. The t.hickness of carbon overcoat film has been steadily reduced

over the yeassisokhéwat, resgnetig Pehds ceondLstbele ¢ ddbaltclo90 4 aide
magnetic nedia. As the active elenent in the head is placed cldser to the

magnet sesteyeibl éi gheroreroioh niprions | dnvi oaiindit adc kievede sTOHAY, i
performance hard di sk drives have recording density in the range of 6 - 8

Gbi t s pard sdisk edriteds Mabage 1 (hd oymrcelalscC pbktaeter theAmagsist jfor
such application has an overcoat thickness that is less than 10 nm thick
and t hmedie of tibm ¢t e dzprtas fon ar Glody30 tive. fvasm tedotdpyobf the ddghen
film In order to increase the recording density even higher, there is a
st ronguged fer tharddliak drives haveo smudared ackoesevencoaer to 5 run or
even thinner, and also to reduce the  flying height of the recording head
bel ow SBUHIRE IRT the aJAFhadef Kiapssditiamategreby Bstaxpettmateviadetoor
exceed the reljabjlity of current media having thicker carbon overcoat and
hi gherP® |FRRF 2R gt S SPRANSEAI s Greslesk byepi abpenay ard thatmdasmeart

stop ca abili%y and %Prr%fion resi stance. It has been very difficult
carries the sputtered species to the parts to be coated.

The thickness of carbon overcoat film has been steadily
reduced over the years so that recording head can be made to fly
closer to the magnetic media. As the active element in the head
is placed closer to the magnetic layer, higher recording density
can be achieved. Today, high performance hard disk drives have
recording density in the range of 6 - 8 Gbits per square inch
(about 1 Gbits per square centimeter). A media for such
application has an overcoat thickness that is less than 10 nm

_ thick and the recording heads fly at around 30 nm from the top of

“the carbon film. In order to increase the recording density even
higher, ﬁhere is a strong desire to reduce the carbon overcoat
thickness further to 5 nm or even thinner, and also to reduce the
flying height of the recording head below 25 nm. At the same time
however, the media is expected to meet or exceed the reliability
of current media having thicker carbon overcoat and higher flying
heights. Typical measures of reliability are contact start stop

capability and corrosion resistance. It has been very difficult
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1 0 OCT 2003 to neet such expectations froma conventionally sputtered
carbon overcoat as overcoat thickness is reduced below 10 nm A canbppct 700
filmdeposited by sputtering is anorphous. It has no evidence of
crystallinity down to the resolution of the nost powerful transm ssion

el ectron m croscopes. To enhance the properties of the sputtered carbon
films in ternms of contact start stop perfornance or corrosion resistance,
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onto a graphite target. A type of sputtering cathode called DC nmagnetron
cat hodes are typically used. Dependi ng upon the size and configuration of
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hydrogen have been added to the film as described in U.S. Patent
No. 5,045,165. Alternatively nitrogen or a combination of
nitrogen and hydrogen is also sometimes used to enhance contact
start stop performance. The sputtering process typically involves
applying DC power onto a graphite target. A type of sputtering
cathode called DC magnetron cathodes are typically used.
Depending upon the size and configuration of the cathode, typical
voltages that develop on the target are between 300 to 800 volts

negative DC with various current level to achieve the necessary

deposition rate.

Alternatively, the DC power can be applied as a pulse, using
power supplies available from companies such as Advanced Energy
Industries, Inc. based in Fort Collins, Colorado for example. In
such case the pulse rate can be fixed or adjustable to typically
20 kHz to 50 kHz range. Alternatively, an AC power supply can be
used, or a combination of AC and DC power supply as described by
Yamashita et al. in U.S. Patent No. 5,507,930. Generally
speaking, the carbon films sputtered by these methods have similar
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1 0OCT 2003 atomc structures. The carbon in these-filns have between 30
to 50% of their bonds in sp3 bondi ng configuration dependi ng upon the0 0CT 2003
nmet hod of measurenment that is used. The typical filmstress for these
films are around 1 to 2 giga-pascal (GPa) conpressive for a filmof around
10 nmthi ckness. The vast anmount of scientific work on carbon filnms in
recent years has caused investigators to adopt commbn conventions to
descri heoinie Btkoctypes.bathd carbbei incbhesealfitns Ukave chefpden A@rdous
carbon filns,. the follow ng conventions are in general use: a-C anorphous
car bonsasColl bidingboatiedianepdibarsiics waonf G ity depehdi ngnpbpROYSie
carbon ta-C H tetrahedral hydrogenated anorphous carbon The anorphous

car bonméthodsbbuimdaberemant ngiats hesl dsed acThal tysi @D ntl X | S8 mdE £ EG 1S
conposed of crystalline dianond and has a high sp' bonding fraction. Both
sput t ethegeafillmbeate adraapdrl tiepdsyigarpastdddiGRaik vapsasiv adrnged
chem cal vapor deposition (PE-CVD) and ion-beam deposition produce |argely
anor phoismcaf banctnd nk0 iy drloigEmesss al nost al ways present to varying
degree fromthe hydrocarbon gas used in the CVD type process, and in the
case of sputtering, fromdeliberate introduction of hydrogen in the

pl asma. Anor phous carbon filns containing a significant anount of hydrogen
are cat egor Thedvast - &mgut 0o scp@3ific work on carbon films in recent

years has caused investigators to adopt common conventions to
describe the film types based on their chemical structure. For

amorphous carbon films, the following conventions are in general

use:

a-C amorphous carbon

a-C:H hydrogenated amorphous carbon

ta-cC tetrahedral amorphous carbon

ta-C:H tetrahedral hydrogenated amorphous carbon

The amorphous carbon film should be distinguished from actual

- diamond film which is composed of crystalline diamond and has a

. high sp® bonding fraction. Both sputtering and chemical vapor
deposition methods such as plasmé-enhanced chemical vapor
deposition (PE-CVD) and ion-beam deposition produce largely
amorphous carbon films. Hydrogen is almost always present to
varying degree from the hydrocarbon gas used in the CVD type
process, and in the case of sputtering, from deliberate
introduction of hydrogen in the plasma. Amorphous carbon films

containing a significant amount of hydrogen are categorized as
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' hydr ogenat ed anor phous carbon filns" and designated as a-CH filns . The
vast majority of sputtered carbon overcoat typically used in the n?gqﬁfiﬁm
nmedi a can be categorized as a-C.H type carbon film due to incorporat J#
of 20 to 40% atom c fraction of hydrogen in the film A designation as an
a-Cor a-CHcarbon filmalso inplies that the fraction of its bond in the
sp' or tetrahedral bonding configuration is relatively low typically

fromaf dr Qr tion reases.
pa colbiedthdted Honpnddy, S EH LY B b e A6y

curre3%1$ﬂ€mdedge In order to enhance the properties of the carbon fllns
vari o estigators have been recently focused on creating a new high~

spa content anorphous filmdesignated as ta-C or to-C. H carbon film which
stands for tetrahedral anorphous carbon film indicating a high fraction
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tool s vely define thé~properties the car n the.

past. £unf idy/ ind19 3 WAkl @RehdTake8Rnb of At8FAAA3in the sp® or

tetrahedral bonding configuration is relatively low, typically
from around 10 to 50%. It is known that hydrogen incorporation
increases sp’ content of sputtered carbon films to a maximum of

around 50% by current knowledge.

In order to enhance the properties of the carbon films,
various investigators have been recently focused on creating a new
high sp’ content amorphous film designated as ta-C or ta-C:H carbon
film, which stands for tetrahedral amorphous carbon film,
indicating a high fraction of bonding in the sp3 state. In order

to qualify as ta-C carbon, the sp’ bonding fraction in the film
_should be at least 70% and preferably in the range of 80% or
higher. Another term often used for the ta-C carbon is *DLC* or
diamond-like carbon. However, the term *DLC-carbon® has been
widely misused so that it may be best not to use this terminology
for the amorphous carbon film. The main reason for the confusion
in terminology for and description of the film has been the lack
of clear measurement tools that definitively define the properties

of the carbon film in the past. Currently, the situation has been
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greatly inproved due to better understanding of the tools and the
measurenents thensel ves, and due to the application of new tools

enhance the understandi ng of the nature of the films. ta-C or ta-C ﬁ[kQFBHﬂ3
films have superior nmechanical and corrosion properties conpared to the
a-C H carbon by virtue of the high sp' content. It is known to have higher
conpressive stress, which |leads also to a higher hardness in the film The
density is also known to be higher than a-C or a-C.:H film although the
densi t great lyadypaoviedn duieoocobehydrogedersmimdingasofveile toawls mmghettec
hard di sk application, it is thought that ta-C H carbon offers nuch better
pr oper megsunementss themseavas: sndrdustop tinel apmriamtiion oS ineatels
especially for films less than 10 nmin thickness. There is considerable
desi r e to embadce the upderstandkngsef ttharvatirs afinthe féimsy, and even
down to 2 nmin the near future. However, these thinner filns nust not

| ose any performance conpared to current filns. Since it is also believed
t hat conventional sputterin t hod_cannot create ta-C H type carbon film
recent eff oG @rpltéd‘&g §86E36afbéﬂs h%%‘éef%‘&%@d?%ﬁ‘ecth@l@@é @ndPE- CVD or

I on- beam depqsi tion nethod. PE-CVD,and .i.on-beam depositions are
fundan@ﬁFﬁqg¢°&|PF@P@ﬁFleﬁeFﬂﬂagr e R QﬂﬁtQ6HJ% gF@debvéﬁﬁpﬁePﬁnéheThe
source,qf . cakbon in sputiering is t¥ ally phite tar et mhlle in
P, CUBLH i PR B dindd ¥ Basler [GOAREST BHre (assess . Bot h

DB STAILSEPES | 0 BRSO L i
also known to be higher than a-C or a-C:H film, although the
density can vary as function of hydrogen content as well. For
magnetic hard disk application, it is thought that ta-C:H carboen
offers much better properties in terms of contact start-stop and
corrosion resistance especially for films less than 10 nm in
thickness. There is considerable desire to reduce the film
thickness to around 5 nm currently, and even down to 2 nm in the
near future. However, these thinner films must not lose any
performance compared to current films. Since it is also believed
that conventional sputtering method cannot create ta-C:H type

- carbon film, recent efforts to produce such carbon have focused on

the use of PE-CVD or ion-beam deposition method.

PE-CVD and ion-beam depositions are fundamentally different
methods of deposition compared to sputtering. The source of
carbon in sputtering is typically a graphite target, while in PE-
CVD and in ion-beam deposition, the source is hydrocarbon gasses.
Both PE-CVD and ion-beam deposition can be categorized as forms of
CVD, since both use hydrocarbon gas to create the carbon ions that
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are used to formthe film A nore detailed. description of the ion-beam
met hod of formng the carbon filmis described by Wiler et al. inTUUCTZM3
"Preparation and Properties of H ghly Tetrahedral Hydrogenated Anorphous
Car bon" published in Physical Review B, January 1996. In a narrow range of
deposition condition and energies of carbon ions, Wiler et al. report on
fabricating ta- CHfilmby their form of ion-beam deposition. The benefits
of to-C. H carbon is described by Wiler et al. in the above nentioned
article. The sp' bonding fraction in to-C.H carbon is as high as 80% and
the filmstress is nuch higher for a given thickness of the film conpared
to films with lower spa content. Consequently the density and hardness of

the fi kmei usedi gheformt thhefblmhesr BpBe c@at _hﬁﬂ%ﬁﬁr .i.n PE-CVD or
I on- beam deposition, the process nust be tLﬁEE?%fﬂr y 5¥%€@sgﬁy?¥Fo
naintainntbeamnmagyoﬁeofcﬁohmhn@lUMQicarwwﬁwfﬂﬁpigy@ﬁ&@gﬁgga efL; 108t hod.
Q herwi se the sp' fraction drops precipitously on either -si o?l}ﬁﬁ

ener gyebaple. iTh&Prepasapionuaed Rroomet ings tof WHigHR TeRL8ReRLREI ON
for-to-C_H carbon filmmay have several advantageous properties for hard
di sk aPprreaenrsredAbmerpliend iGanbant cuidsisHad iex @tptcal hged iy fnown to
contain high sp' fraction nmade by ion-beam and PE-CVD nethod confinues to
exhi bi qagugay E%ﬁﬁacti%t%rfia@f%{) rrvdeoafadeposit ioar corionisRSAsE ance,

whi | e conventiogall¥ sputtered a-C.H filns starts to show a deterioration
in per POPHBAEE. Of gCATRPIECEPIRHOIHST BE @D asportnobefabrbmmsiid ofe et hods

have QEEHCEfanbY their form of ion-beam deposition.

The benefits of ta-C:H carbon is described by Weiler et al.
iq the above mentioned article. The sp’ bonding fr%ction in ta-C:H
carbon is as high as 80%, and the film stress is much higher for a
given thickness of the film compared to films with lower sp’
content. Consequently the density and hardness of the £ilm is
highest at the highest sp® content. However, in PE-CVD ;r ion-beam
deposition, the process must be tuned fairly precisely, to
maintain the energy per carbon atom ion near 100 ev/atom for their

‘method. Otherwise the sp’ fraction drops precipitously on either
side of the energy value. The films produced according to
Weller's prescription for ta-C:H carbon film may have several
advantageous properties for hard disk application. At 5 nm film
thickness for example, the film known to contain high sp® fraction
made by ion-beam and PE-CVD method continues to exhibit good
contact start-stop performance and corrosion resistance, while
conventionally sputtered a-C:H films starts to show a

deterioration in performance.



drawback, which is that they create a trenendous anount of flaking and
particles during deposition conpared to sputtering. The hard di sk HPWPETZW3
nmust be mai ntained extrenely clean. Even a presence of snmall anount o
particles that can be trapped between the disk and the head can cause
catastrophi c head crashes since the head flies very close to the surface.

This difficBbtly PRSCYD emehtboh+imam demesipriead mettiods REveVBnandom@Bnbeam
deposition in hard disk mnanufacturing. In deposition applications that
requi rdrawbackj niteich tiertharsehely idredtenla sueheadous amousENEECEDak A
recordi ng head manufacturing, both PE-CVD and i on-beam net hods have found
nor e varetd sypEeaict esse . dumi rgadepetisdic immn woaphreidngo Bpuereringhe TRaURAEZUri ng
tool must run continuously for at least 5 days or nore in order for it to
be ecotisi qeedidonusx depime intiag neidn ektrereiyt téeang Spsérns poesEscsided in
U S. Patent No. 5,045,165 by Yamashita can run continuously for 4 weeks

W t howamalopeamount af Pasttamliesr thatvicennye Erappedbbetweled filtaldidlo b ai n
even a few days of continuous deposition out of the CVD or ion- beam
depositthemhaasb|ean fause sateistrerjésengedosraahengs irpostite dreadbuthieshor t
utilization severely inpacts the roductivity of the expensive deposition
t ool s,veryd SRS dedhensurdgse of T ﬁuﬂééﬁaﬂpng has aerpvensied tiereat hodes
used for_ PE-CVD, and ion-beam deposition are al sp expensive conpared to

conpariiesPrSad (488 Bf FEFuleand| Aossheannfreaeht 1eR ok hrdrEigdp and
| on- beam depasl i on TeLNAds, 3UbSLr 8181 DLaR L, TSI Fedl L £ dey, Lo obtain
the t %@ Yrd&8r20 P 12 quire only
intermittent use of the tool such as in semiconductor and
recording head manufacturing, both PE-CVD and ion-beam methods
have found more widespread use. In hard disk manufacturing
however, the manufacturing tool must run continuously for at least
5 days or more in order for it to be economical. For example, the
in~line sputtering systems as described in U.S. Patent No.
5,045,165 by Yamashita can run continuocusly for 4 weeks without
opening the system for servicing. It has been difficult to obtain
even a few days of continucus deposition out of the CVD or ion-
beam deposition tools due to particle generation during
deposition. Such short utilization severely impacts the
productivity of the expensive deposition tools, and increases the
cost of manufacturing. Iﬁ addition, the cathodes used for PE-CVD
and ion-beam deposition are also expensive compared to cemparable

sputtering cathodes.

In some implementations of PE-CVD and ion-beam deposition

methods, substrate bias is required in order to obtain the ta-C:H
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type carbon filns. It is nore advantageous to have a process which does not
requi re substrate bias since some substrates that are used for had 1d 8&T 2003
application are insulators, such as glass and glass ceramcs. It is
necessary to have conductive substrates in order to apply substrate bias
to the disk. For ion-beam deposition, many cathode designs have probl ens
that inpact their wusefulness in continuous deposition tools. In sone

desi gngspe detbord ifidment ikt needeskd mdvanttagdoushea dtdvala grsmygse of
electrons ta energize the plasma. The filanent can burn.out and can be
coat egyiiidth ddes fidmméquiirme natlestimdtd dbilas cdated sork cubst ragegnidhatant
reduction in the amount of time that the cathode can be; operated. In

ot her gesignsl fide atdrtisk dpplidatineeded insudduad, tSurhednglfassar bon
ions is applied through a thin grid placed in front of the gun. These

gri ds amebrglags dierand choniy dreemedassary itenhaver carsincisre calbed ry: dshe
filmto be deposited, and therefore nust be periodically replaced. The
grid ial srdmntyd appdy siubstfiasnttiast dopahel diskgendat iion-deaid i S
rapidly coated during the deposition and begins to flake. Finally further
di f f i Qégdsds dian,omeery icatPEdevEermidnsn hbyanprébiesist itha tmimpads ithetibrat
they require hydrocarbon gasses as source of carbon ions. Typical gases
are acmtefiudmss2tiny laond inumphidesicsis iand tbolsne. IMhssmegdesdgase habetdous
and require special precautions. Special handling and safety requirenents
nmust e lamgstodst yeesiadbvied frants sffe thgerathede agpseunirice, cfaedectrapst al

i nvestnents are needed to neet regulatory requirenents. Related to the use
of hydoEnarsgizfdhes RIRENE . | Mhgnifddamenf Fan. pgrn out and can be

coated with the film of the material to be coated and cause
significant reduction in the amount of time that the cathode can
be operated. In other designs, the potential that is needed to
extract the beam of carbon ions is applied through a thin grid
placed in front of the gun. These grids wear out due to
bombardment by the ions, or else are cocated by the £ilm to be
deposited, and therefore must be periodically replaced. The grid
also contributes significantly to particle generation as it is

rapidly coated during the deposition and begins to flake.

Finally further difficulties involved in PE-CVD or ion-beam
deposition methods is that they require hydrocarbon gasses as
source of carbon ions. Typical gases are acetylene, ethylene,
naphthalene and butane. These gases are hazardous and require
special precautions. Special handling and safety requirements
must be rigorously followed for safe operation. Typically, large
capital investments are needed to meet regulatory réquirements.

Related to the use of hydrocarbon gas is that f£ilm uniformity is
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1 000T 2003 often difficult to achieve in PE-CVD.and ion-beam
deposition. The filmuniformty depends sensitively on hydrocarbon1gqﬁT2m3
uniformty within the cathode, which is often difficult to control.

Al t hough the uniformty is in principle controllable, it has been nore
difficult conpared to the conventional sputtering nmethod, which is nore

11 or o yBEETHEEG [ BEa P SICVT R foel- bR b bof T ahr oBREoo
and ItftJhe g.lﬁgjﬁfdﬁ@c ¥ 8 e%df%té?ﬂstltl\jl.‘?re %415 %@ocg}fbgﬁ ghi Eﬁif!)?ﬂ\?gf'h a

t ool are "l oaded on | arge ets I ch pass y Seri

cat hog@%m dhdlepasidad heHidH™ s %&“e‘?ﬁ&‘f‘f‘l}éu@ﬁ eodbah Féitefnat ively,

t he di can be dep05|ted one disk at a tinme using circular targets or

cat hodes-HisigHo the NBGEdNIe0li s0aRe Nk igak! eenemﬂasie" deressthoo, t ool .

Such rmachi nes are manufactured by [ntevac Inc. Santa Oara

Cal i f gidved diFd 7RI RipgRsedie efe cbﬁ@ene&oﬂh;eaﬁuctgﬁm&rme@wd Anel va
Corporation of Fuchu-shi, Japan. To increase productivity and reduce the

cost qmnldﬁungemaﬁgleg;abnlsned nportant to operate the sputtering nachi ne
continuously with high utilization. There are several factors which [imt
the continuous operation of the sputter machines. First, the target can be
used up, and the system nmust be opened to replace it. Second, the
prot ecti ve Manefalsturiatg diff detrd lid skspetiier éd sppiceslyoddhe dmbsis at e
become coated, and they will eventually start to flake. The shields nust
be perdidifiexgrity type of machines. The first is called “in-line”

déposition tool, and it is described in U.S. Patent No. 5,045,165

by Yamashita. In such a tool, the disks are loaded on large

pallets which pass by series of cathodes which deposit the films

sﬁécessively on a disk. Alternatively, the disk can be deposited

one disk at a time using circular targets or cathodes using a

machine tool generally called a “static” deposition tool. Such

machines are manufactured by Intevac Inc. of Santa Clara,

California, Balzers Process Systems, Inc. of Alzenau, Germany and

Anelva Corporation of Fuchu-shi, Japan.

To increase productivity and reduce the cost of
1manufacturing, it is important to operate the sputtering machine
continuously with high utilization. There are several factors
which limit the continuous operation of the sputter machines.
First, the target can be used up, and the system must be opened to
replace it. Second, the protective shields that direct the
sputtered species to the substrate become coated, and they will

eventually start to flake. The shields must be periodically
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1 0 OCT2003 repl aced and cl eaned. Excessive flaking fromthe shields
contributes to.-increased defects on the disk surface. A third factqr) g3
is specific to carbon sputtering is that the carbon target has finite run
times due to formation of defects on the target surface, which are
generally called "nodules, '"warts" or "nmushroons" which degrade the
performance of the cathode. Formation of these defects on the target

sur f agesp IUEd idnd sl daneal), | MBiaasdd A0 ArGidy e tdpdaiget . Arcs
cause dg%ects and particles to be deposited éﬁ to the cH%H? 3&?face. An

| ncr et MMite Pfed Nefder SRR tdhe it £ 1S & HY ITRIMIRr 1y - down of the
system During a shut down, the sputtering systemis vented to air and the

targets are cleaned or replaced. The tinme needed to do the mai ntenance and
target changes contributes to a loss of utilization and adds cost to

manuf act ur ing:hibypifadtdor s iy tedilfie it (Re-HRS tspfRRASINGE 1 £ Al
equi pnent needed in nmaking the disks, therefore a loss in utilization

| Npacithes yartits ¢ adgeovesalfindest roh Hapkadie itdg £otmEet bad o@e§%ﬂeé€§ by
Yanashita et al. in U S. Patent No. 5,507,930 teaches one nethod o

r educiorg tied Waegyedn stlrfaca, behichanget genetageybyausedondGupayer
superi nposed on DC which also reduces arcing. Even with such nethods

howevemwarthe car Bamshaogets *i shithl Heguadepthll per@ornddbe H@r grki on and
excessive arcing. Therefore conventional sputtering is still far from

bei ng datdzmide. bFormatiiensbifl kheseedetistabl enf thenvavgaet sukrBgcehan PE- CVD
and ion-beam deposition nethods. An additional nethod to reduce -12
contributes to an increased rate of arcing on the target. Arcs
cause defects and particles to be deposited on to the disk
surface. An increasing rate of these defects can cause premature
shut-down of the system. During a shut down, the sputtering
system is vented to air and the targets are cleaned or replaced.
The time needed to do the maintenance and target changes
contributes to a loss of utilization and adds cost to
manufacturing. Typically the sputter line is the most expensive

capital equipment needed in makiﬁg the disks, therefore a loss in

utilization impacts seriously the overall cost of manufacturing.

A method described by Yamashita et al. in U.S. Patent No.
$,507,930 teaches one method of reducing nodules on the carbon
target surface by use of AC power superimposed on DC which also
reduces arcing. Even with such methods however, the carbon target
is still susceptible to nodule formation and excessive arcing.
Therefore conventional sputtering is still far from being ideal,
but it is still more suitable for manufacturing than PE-CVD and

ion-beam deposition methods. 2An additional method to reduce
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1 00CT 2003 nodule formation has been to use a pul sed DC power supply
whi ch provides a square wave type positive voltage pulse at a frequqquc ﬂm3
20 kHz for a duration (pulse width) of several m cro-seconds (u-secondsg
100CT2003 SUMVARY OF THE | NVENTI ON we have di scovered a nethod of creating
ata-Cor to-CH carbon filmwth high spa content by a sinple and

i nexpensive nodification to the basic sputtering nethod. A carbon film
that ] r Lod st i i | gnf : i fkiged by
PE- Wé%?@%n#%gﬁngjd%%o@ig#i %ﬁéiiglnectTJ e?grrg] %?ﬁ %jr'%%%rltb? Z@é‘gﬁﬁ g%%é?%gﬁrrance IS

o S AR, b JBocrErRE ot e gkt s alodan) 9

run c th exists alr sputtering nethod.

new ShyE L2 | g, nespog &@Paiffé{ﬁ“(fia&fééaﬁfdm? BF Qe 1 1l o decdlepesi tion
tool over the conventional sputtering process. In addition, the new nmethod
IS f“{gﬁéééb£&§ﬁﬂer in terns of particle generation and the target

surfac¥ renal ns very clean during deposition, |eading to i nproved process
yi el ds and increased cleanliness of the disk after sputter, conpared to
conventional sputtering process. This elimnates the necessity of using
nore conpl ex and expensive PE- CVD or ion-beam deposition nethod to create
the sane ta-C or ta- CHcarbon film In order to create the ta-C: H carbon
filmby sputtering, a special type of pul sed DC power supply is used. The
special pul sed power supply is capable of providing high voltage spi kes or
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devi ati ons, and hence provide a very high energy pulse to the plasnma.

Power supplies with such characteristics are nmanufactured by EN Inpgggﬁ2w3
Rochest er New York and by Advanced Energy Inc. of Fort Collins, Colorado.
When t hese special types of power -14 1aCCTzoo3 supplies are used in

conj undUMMARN tOF SIHE TRRERTION car bon target under operating conditions and
process conditions such as those described herein, the properties of the
sputtered carbon films change from conventional a--C.H type with | ow sp3
bond fraction to ta-C H type carbon with high sp3 bond fraction. The

pul sed DC payeiawdiRPl sechArdd QVindehad) BEt akkarpHbse thegusrcyatgpical ly 50
kHz to around 200 kHz. The range of avail able frequencies can be wused to

pr oducedHhed EiGrHwie teatbep’ f tdmas NG adngdid aifd Md:-gRnsive _
characteristics described herein are met. Wien a pul sed power is applied

to car hgmmitfir@aiion e piles ®asdice sandeduiygcyetkodof Aheapbdisef Lan tieat
adjusted to obtain a unique voltage and current profile that has not
previ ouyd gy dertisrieguitshabiendéeani phal tpe®el sappon efilms pardduddr
set of pulse characteristics that creates a ta- CH type carbon filmis
descri gd rs-FVD loowsionHbesin tepopateon soppéymsled f versperipbss tand potenti al
to the target, by as nuch as, e.g. 300 volts positive. In this condition,
t he Argerficommncseds fareatedodivt tbhsi Betitedal | The apeesent aivweritrion t he
target so that no sputtering takes place. Little current flows to the
t ar get ,tdkes tatvardgigs wE Siendong voit egpalhbl thetpaneextsfpd| 3l raadvas
vol tage source. Then, the power supply switches and applies a negative
with sputtering method. In fact, the new sputtering method can
even increase the productivity of the deposition tool over the
conventional sputtering process. In addition, the new method is
actually cleaner in terms of particle generation and the target
surface remains very c¢lean during deposition, leading to improved
process yields and increased cleanliness of the disk after
sputter, compared to conventional sputtering process. This
eliminates the necessity of using more complex and expensive PE-
CVD or ion-beam deposition method to create the same ta-C or ta-

C:H carbon f£ilm.

In order to create the ta-C:H carbon film by sputtering, a
special.type of pulsed DC power supply is used. The special
pulsed power supply is capable of providing high voltage spikes or
deviations, and hence provide a very high energy pulse to the
plasma. Power supplies with such characteristics are manufactured
by ENI Inc. of Rochester New York and by Advanced Energy Inc. of

Fort Collins, Colorado. When these special types of power
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potential to the target. The power supply under this condition acts
essentially as a current supply which applies whatever voltage necasEr Y2003
to obtain a preset current level. The net effect for the carbon target is
that |arge voltage is inparted to the target nonentarily to overcone the
positive voltage that had -15 1 0 O C T 2003 just been applied. The
negative voltage can be two or three tines higher than the steady state
negat i steppbi ¢ agere Tinged aimyecompaid veon switly sputttheriapplo fedgrdamttiaigdn t he
target nonentarily causes a high deposition rate and carbon atonms can have
much hjirgher epergying heondit hmsrend mrtdess gorbhie ilimgh suatte ass thrise
mai nt ai ned conti nuously since the voltage spike is only nonentary. The

pul se dekdyiloyd|wereimd]iist qorametthias averdoe stemdsirtdd arddon diiflher s
little fromcontinuous DC sputtering node. In addition to the pul sed DC
sput t exhargyev fiombowerenidwak @ -Ciiarngewith dow tsipd bobhdt faaetLon 6bso be
bi ased in order to enhance the ta-C H characteristics of the carbon film
Al t hougdC tHi typarcariagn bel dorte ghi tdp’cboddctraet Sobst rohespul hedebect i s
pronounced and useful. Nom nally the substrate is biased negative to the
gr ounchovesx tdigpIheran iprqoidmtadiuaifakddd imuilsea lf requebayd tgpt cafl. 1iyh&0
substrate by the argon ion used to sputter the target or to accelerate the
car borkHa o taregundhy2 HakiZ or e manden@lspreidabldg fremughctiasgeanbbes
potential. Wien substrate bias is applied, the positive ions will be

accel arzrd e MEIdIN LIS G 4t &YB® iIFheepsdilm 86. 1onghasorerrbRiBubstrate

bi as of only, for exanp|e, dappro,xi mathel y .50 volts negative, the film
pr operylse characteristics described herein are met. “When a pulsed

power is applied to carbon target, the pulse rate and duty cycle
of the pulse can be adjusted to obtain a unique voltage and
current profile that has not previously been possible with

conventional power supplies.

A particular set of pulse characteristics that creates a ta-

C:H type carbon film is described as follows: First the power
supply delivers a positive potential to the target, by as much as,
e.g. 300 volts positive. 1In this condition, the Argon ions used

. for deposition is actually repelled away from the target so that

. no sputtering takes place. Little current flows to the target in
the positive swing in voltage and the power supply act as voltage
source, Then, the power supply switches and applies a negative
potential to the target. The power supply under this condition
acts essentially as a current supply which applies whatever
voltage necessary to obtain a preset current level, The net

effect for the carbon target is that large voltage is imparted to

the target momentarily to overcome the positive voltage that had
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can be adjusted to a higher fraction of spa bonding. It is noteworthy that
I n conventional sputtering process using flat DC potential applied quﬁQE
target, or pulsed DC potential without the |arge nonentary negativé 0
vol t age descri bed above, there is little effect on the carbon properties
as result of substrate biasing. Only under this pulsed DC sputtering is
there a -16 1 0 O C T 2003 pronounced effect of substrate bias on the

at oni ¢j ppndbén SEpLLEdl e THe thegddilva vEe a a i g1aLg0 an
additﬁgﬁg? vari ab % t hat af?é??% fhe :b' g%ﬁ??%? %? Fﬁgpﬁ?lﬁﬁﬁﬁﬁe? ?s

new Sptdiest NehamBil® st dldh & SmBidecadiive! FBNkagh .t henkerpegat HEGaflyLhe
own.

substrate during sputtering, the sp3 content can"be adjusted up 0O

TempergiaHesid i eglinl govuriad 89 taelBArGed fomkabifi 1l Neaptel o ed

operating region of this process. For exanple, ™ adjustnent subsirate

t enpernpitgt ishtd v drheraney koml depevint eBmsb¥afNhivd Ombéh @i&%@”e %ﬁgd to
I cCan

adj ust the sp' content and the stress of the filmby a signi unt .

Agai ntHAH Sin adirietlighidterdingpaTeenhesh 2adesisesse s tpstaiure is not
avai l abl e or seen in conventional sputtering nmethods. Only in this new

pul se Eptiraidud yeiiet the vdltageuspeleeis echlpingfemithry Therhe pulse

adjustability of sp' content and filmstress is an inportant paraneter
si nce duter eyl siymadidisteidrent thhhabvebigded@bos REVAN AL idy /MY the

properties of the overcoat around specific .drive environnment and the type

of heads tlsedroi tdumegimucusn®d? spappeaind anddde advant ageous to keep

I ncreasing sp' content, there

In addition to the pulsed DC sputtering with above menticned

characteristics, the substrate can also be biased in order to
enhance the ta-C:H characteristics of the carbon film. Although
this can only be done with conductive substrates, the effect is
pronounced and useful. Nominally the substrate is biased negative
to the ground, so that there is potential of additional
bombardment of the substrate by the argon ion used to sputter the
target or to accelerate the carbon ions that may have formed
during sputtering at high target bias potential. When substrate
‘bias is applied, the positive ions will be accelerated toward the
‘substrate during deposition. With nominal substrate bias of only,
for exampie, approximately 50 volts negative, the film property
can be adjusted to a higher fraction of sp® bonding. It is
noteworthy that in conventional sputtering process using flat DC
potential applied to the target, or pulsed DC potential without
the large momentary negative voltage described above, there is

little effect on the carbon properties as result of substrate

biasing. Only under this pulsed DC sputtering is there a
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cones with it a higher filmstress. Too high a filmstress can cause

del am nation and ot her nmechani cal problens, therefore there is a tnddetpfif)
bet ween havi ng the good properties of the high sp° content and the
detrinmental effect of too high a stress. The ability to create ta-C. H type
carbon with high spa content by the above nodification to the conventional
sputtering nethod is -17 1 0 0 O T 2003 conpl etely unexpected. In

addi {1 ,GPonbliAked OBPEIEROSE  40BSMALL AL &5 -HHIGHAS B Bl By as and

deposifTon tenperature now uence Sp MM imis also

unexpeg#fgctJ%QHogb&ﬁétgiﬁg.use t hese paraneters to effect change in such
critica carbon properties was not previously available with conventional

sputtering methods. The pul sed DC power supplies as described herein are
originally intended to maintain arc-free deposition of materials that

tends to fOogLNL@RkYrais U b O diddibs TAR6 UL AR RAMOLED S o Lt

mai ntai ning a nmuch cl eaner target surface Tconpare

SPUL t e A5 O {Y0dSep SUehe cBRABECLRLT B i fS,AREr A0HRI A, del ierad by the use

of pulsed DC sputtering of carbon an ence 1t 1s an a

SPUt t Grddib@f ORI fdddBL 2l sPeEn2003 BRkFEerbolithle B End F ORVENS

Figure 1 shows schematic cross section of a constru n of the

vy (HORLS A Bl o et N SO ASIA E (,
down. Temperatures in the range of around 80 to 150°C are within
the preferred operating region of this process. For example,
adjustment of substrate temperature during the carbon deposition
by only 10 to 20°C can be used to adjust the sp’ content and the
stress of the film by a significant amount. Again, this
adjustability of sp® content and stress by temperature is not
available or seen in conventional sputtering methods. Only in
this new pulse sputtering method, is a pronounced effect observed.
The adjustability of sp’ content and film stress is an important
parameter since there are some adjustments that may be of
advantage in tuning the properties of the overcoat around specific
.drive environment and the type of heads used. Although it may
:appear to be advantageous to keep increasing sp’ content, there
comes with it a higher film stress. Too high a film stress can
cause delamination and other mechanical problems, therefore thera

is a trade-off between having the good properties of the high sp’

content and the detrimental effect of too high a stress.

The ability to create ta-C:H type carbon with high sp® content
by the above modification to the conventional sputtering method is
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creating the ta-C. H carbon fil maccording to an enbodi nent of the present
invention. Figure 3 is a schematic diagramof the waveform as produg¢gdion)
a conventional pulsed DC power supply wthout the voltage spikes. Figures
4A - 4C are schematic diagrans of the pul sed waveform as a function of
different duty cycles of the pulsed DC power supply show ng the changes in
negative voltage spike as function of the anmount of tinme the positive
swng is a ied to the target,. Figures 5A - 51 show schematically the
typicaFOWBEEESEYaHBexEﬁF%E mﬁ%é?é#&&%%ﬁfcﬁ#@%r%@ﬁefdﬁﬁﬂﬁykﬁQQ;fron150 to
250 kHz as

car borVRELAPLERoF U g oS Ui EFBOH mett TS (IRPIRLAGR LemRaRatoRe Fogure 6
S Car ORELEPRERr BRSSO IR ASEReVBE. 5912610 &5 Ta38030RerRbarEand e I m
Ot eIt ERTESE FBroq AR iane s Sb it 4 imaHAngendBo stsh aritical
and o SR BRSPRH SRS O Y 7 S L AP WA Chr ESBHBAR AUBALI on.
carborP s BB e RPa o Reh PO PaRE SUPRLIRS FAVBREFBRoSdn
| on- DA IEPORL i arfa P ARSI TR iA8as SoH LT BBES, Y8, o

materials that tends to form highly insulating films. They are

also promoted as maintaining a much cleaner target surface

compared to conventicnal DC sputtering methods. Such

characteristics are actually delivered by the use of pulsed DC

sputtering of carbon and hence it is an added benefit for the

sputtering of carbon films.
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Figure 9 is a conparison of the ion-chromatograph extraction values of
cobalt obtained fromnedia with a ta-C. H carbon film obtained by ar 1
enbodi ment of the present invention, an ion-beam deposited carbon ﬂﬁ%iﬁﬁ
a conventionally sputtered carbon film all with 5 nmthickness. Figure 10
I s a photograph of the carbon target surface after 2 weeks of continuous
conventional DC sputterlng Flgure 11 is a photograph of the carbon target
R IR @E: ! i RADIIIGSpuUt t eri ng usi ng an enbodi nent of the

present |nvent|on -20 1 0 OCT 2063 Figure 12 is a plot._of stress vs.
applied substrate bias for a ta-C H ..carbon made accordi ng an enbodi nent
of the present invention. -21 1 0 OCT 2003 DEM LED E R Met hods o-f and
appar at us fgiquteki NGsHowsadeenfitiB cregRekieet ibACOEdiang BRdha using the
carbon film and storage devices incorporating the nedia are disclosed. In
the f Jdn@wrietidesf fheOfhiRUFENLAURegRgCIi fiCc details are set forth such as
specific materials, |ayers, operating paraneters, processes, physical
characteristics, etc. It will be appreciated, however, that these specific
details need not be enployed to practice the present invention. In other
i nst ances, Righirekrbwahowst sattemand cadppatheuseitage antl deseehbedai-ardedai
in order not to obscure

at 50 kHz frequency as produced by the pulsed DC power supply for

creating the ta-C:H carbon film according to an embodiment of the

present invention.

Figure 3 is a schematic diagram of the waveform as produced
by_a conventional pulsed DC power supply without the voltage

spikes.

Figures 4A - 4C are schematic diagrams of the pulsed waveform
as a function of different duty cycles of the pulsed DC power
supply showing the changes in negative voltage spike as function

of the amount of time the positive swing is applied to the target.

Figu;es 5A - 5I show schematically the typical voltage and
current waveforms at different frequencies from 50 to 250 kHz as
produced by the pulsed DC power supply for creating a ta-C:H

carbon film according to an embodiment of the present invention.

Figure 6 shows reflection energy loss spectrum of a

conventionally sputtered carbon, a carbon film prepared by PE-CVD
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unnecessarily the present invention. Figure 1 is a schematic diagramof a
typical hard disk nmedia 100 nade according to the current inventioq. 6¢T1m3
substrate 101 is typically a 95nm 84nmm or 65mm di aneter di sk nade &f i

pl ated al um num or anorphous gl ass or glass ceram c. The substrate is
polished to a mrror |ike snoothness upon which various |ayers are
sputtered successively above it. The first Iayer i's typically chrom um or

a chronl m.al | oy | aye foIIo by n 103 conS|st|ng of
cobal & gPér ﬁﬂﬁ\&ﬂ% &mb8%§Pﬁ5F 9§?$§g§ hd?F.@ﬁE REGREAE chromi um
tantalu globlunl boron and other addltlve el ements. The carbon | ayer 104
is th nVFﬁ FO%acuum deposited layer and it is typically sputtered.

Currently, the typical thickness of the chrom umor chrom umalloy |ayer
102 is between 5 to 30 nm the magnetic |ayer 103 thickness is between 20

00 T opatraues it 1o gaRE s i es o iRy Ent fcheh (BoL AR ERIRE i
| ubr ! eaRhon0Ri il taac[dasssa%@ Naf ELVLROLoRLPNR) so it BT L£A0L, | £118PP! 1 ed

af t er ¢ ep05| er varlan S ove St 1ude

addi tLgn S e t T tic
oyer 2805on3B8ln' AUBbEILCRATAR BELANAE 4 18 (Separ é%%c#?ﬁ%ﬁgcan
be cogaogﬁg ;mgwg gffEﬁéeﬁgesgﬁgbgﬁvgﬁg{@hfor exanpl e. The present

i nvention | ocuse formation of carbon filns for use in nedia such as

that illustrated in Figure 1. Figure 2 shows voltage and current waveforns
of the output of

Figure 8 is a plot of Ig/Id ratio from Raman spectrum
comparing a ta-C:H carbon film deposited by an embodiment of the
present invention, an ion-beam deposited ta-C:H carbon film and an

a-C:H film made by a conventional DC sputtering method.

Figure 9 is a compariscon of the ion-chromatograph extraction
values of cobalt obtained from media with a ta-C:H carbeon £ilm
cbtained by an embodiment of the present invention, an ion-beam
deposited carbon film and a conventionally sputtered carbon film,

all with 5 nm thickness.

Figure 10 is a photograph of the carbon target surface after

2 weeks of continuous conventional DC sputtering.
Figure 11 is a photograph of the carbon target surface after

2 weeks of continuous sputtering using an embodiment of the

present invention.
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t he RPG nodel pul se power supply made by ENI Inc. of Rochester New York at
a frequency of 50 kHz supplied to a graphite carbon target. The syst?ﬁnﬂﬁﬁﬁa
for the data was obtained froma large in-line sputtering system

manuf actured by U vac Inc. of Japan. The carbon target size was 23 cm x 62
cm The sputter pressure was approximately 2.5 mTarr, with Ar gas fl ow of
approximately 45 sccmand H2 gas flow of approximately 20 sccm In a
preferred eshagiaent idhe flottnst M iss e@biaped iadl sultesitdadd edueedod a

t ubes containing nozzles di sposed proximate the target. Ln the enbodi nents
of the priesaniy iduemd amkdd hoddzdienean empuldisdnt! of gérepdlesedach pul se
conprises an "on" tine during which sputtering is occurring and an "off"
time, diyjer-rch little or no sputtering is occurring. The frequency
refers to the nunber of on/off cycles per second. "Pulse length" refers to
the duration of each pulse (i.e., the inverse of frequency), and "pul se
wdth" in the present description refers to the duration of the off -23 1
0 OCT 2003 cycle. Generally, during the off cycle, zero voltage, or nore
comonl ysone positive voltage is applied to the target and little or no
current flows through the system The "duty cycle"” generally refers to the
percentage of tine of the "on" portion of the cycle - i.e. in the present
case the time during which the voltage is negative and sputtering occurs.
During the on portion of the target, negative voltage is applied to the
target via the cathode. A current flows through the system and sputtering
takes place. As wll be described in
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nore detail, the present invention conprises use of a pulsed DC power
supply that provides a spike or peak negative voltage for a short ?@Wﬁﬁ%um
of time during each cycle that is greater in magnitude relative to
relatively constant or steady state voltage during the renmainder of the on

portio LB pyele rring to Figure 2, in one enbodi nent, the voltage
as shown by trace Initially has a positive peak 201 of around 450

volts, which then settles to around 150 volts positive for a period of
about 2 u-seconds. Then a |large negative potential is applied as the power

supply attepRisole e@wﬁﬁdua§§:aeaka§9%r PERind 8% 98arkh cmtfhﬁm, g%gggie\ﬁct

potential (negative peak I's around 1000 volts In t

Then t ema@ik! €8i8§WPht Oca fHOH NI BRO tst J1egp | mai ntains a
| evel %§°§?§%§9 ??gte c ?age 28% uﬁﬁllltheéﬁgﬁer I s cut of?Q%nd t he

DOS' ti iﬁcé\f‘gagatﬁ@r EBe aﬂnédQé!eérégéi@cléﬂéd‘ a 1 QHETOL 1@vidy kKHz, each
cycle 1Is u-seconds in duration. be di scussed in nore detall -24

100CT2@Q3cbebevont hewaspbié uslpe@ifmedé@am negatdate AUIAGRIcEWMARY 1S
roughly proportional to the pulse width. Therefore the anmount of negative

pot ent gpkcsBikemhbatidle, t hapets | espevasi ppdrantictst, egroceselsai n t he
desired properties in the film The correspondi ng current waveform 210 is

super i phesédalnchi&rgoter2sbitaw ¢he. vald age Ic ey appiriecibaws, t hatvet’bere are
| arge current fluctuations 211 as power is cut-off when the power supply
del i veckad50heskt spposficvdetailfenced gut HuEmpdoyied lar geachégat the 1000
volts sw ng however, the current to the target is
present invention. In other instances, well known methods and
apparatuses are not described in detail in order not to obscure
unnecessarily the present inventicn.
Figure 1 is a schematic diagram of a typical hard disk media
100 made accerding to the current invention. The substrate 101 is
typically a 95mm, 84mm or 65mm diameter disk made of NiP plated
aluminum or amorphous glass or glass ceramic. The substrate is
polished to a mirror like smoothness upon which various layers are
sputtered successively above it. The first layer is typically
chromium or a chromium alloy layer 102, followed by a magnetic
. layer 103 consisting of cobalt, platinum and a combination of
various additives such as chromiﬁm, tantalum, nicbium, boron and
other additive elements. The carbon layer 104 is the final wvacuum
deposited layer and it is typically sputtered. Currently, the
typical thickness of the chromium or chromium alloy layer 102 is

between 5 to 30 nm, the magnetic layer 103 thickness is between 20

to 40 nm, and the carbon layer 104 thickness is typically 10 nm or
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mai nt ai ned steadily at roughly around 4 anps. It will be appreciated that

t hese characteristic behaviors of the waveform are not only a functi@p E§m3
the power supply itself, but also depend on the material being sputke g ,

t he cathode design and also to the process conditions inside the vacuum
chanber. One of skill in the art will understand that adjustnents are
necessary to the power supply settings (e.g. frequency, pulse wdth and

porer) sy el s e G005 oL 088, 6OMDPS) 41 BR AP PERIS) 1

or der tlo@s?b't ain the waveforns that ar
enbodi MR{H:S Qint h MRS YH H eakel: 1k 88631%%?{ 0 %}?‘%Li"\é?e’éﬂﬁ?%% %E‘:e

;
ENI's RPQ nodel DC power supply is in stark contrast to

pover Sl dedWi fder RHRViFdasm Qiléb}ésiti&ﬁ?dyoﬁ'ﬁgﬁt\'}%ﬁioﬁ\%f%f Ype AR cal

value for the target of above exanple is around ts négatlve

otenti drrebtigidl udee agidie i spHtlt a ' \
p SAru i agdi® iSRHLt GEelal Sy@S (&) Bl AP d‘gli@%}r@u&w

Alternatively, there are al so power supplies which provi

2003 s@igte aswE Alul sqhef magneticwiafert 1o hecdRIge Sy s rﬁdl‘c?’(aitﬁ%% £
Figure 3 -shows- a waveform of pul sed power supply nmade by Advance eEhergy

I nc, udiaygrsheind Spar karbol fodel 10Theapubs ecdiicdsdd FO @ idrddhe pul se
width is 2 p-seconds which are the sanme as in Figure 2. For the voltage

trace WErbam tfddmst forvekamgeeswi Ths preseatount 3 o lilsS fRRSIskdYen
(positive peak 301) when the power supply is turned off. This is somewhat
si m | aforattien efpoasboof filne £’ ws&PAG puadia suppl Bs akhilkough t he
initial positive voltage spike and corresponding ringing in current

anpl i t dddus&rages dRafigure 1

Figure 2 shows voltage and current waveforms of the output of
the RPG model pulse power supply made by ENI Inc. of Rochester New
York at a frequency of 50 kHz supplied to a graphite carbon
target. The system used for the data was obtained from a large
in-line sputtering system manufactured by Ulvac Inc. of Japan.

The carbon target size was 23 ecm x 62 c¢cm. The sputter pressure
was approximately 2.5 m Torr, with Ar gas flow of approximately 45
scem and H, gas flow of approximately 20 sccm. In a preferred
embodiment, the Ar and H, are combined and then introduced via

. tubes containing nozzles disposed proximate the target. In the
embodiments of the present invention, the DC power is pulsed. In
ggneral, each pulse comprises an *on” time during which sputtering
is occurring and an *off” time, during which little or no
sputtering is occurring. The frequency refers to the number of
on/off cycles per second. *Pulse length” refers to the duration
of each pulse {i.e., the inverse of frequency), and “pulse width~”

in the present description refers to the duration of the off
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that of the power supply used in Figure 2. Wen the power is turned on
agai n however, the voltage slowy approach 600 volts negative mﬁthogf éﬁﬁﬂ3
| arge negative deviation as seen in ENI's RPG power supply. It is gl P

that this difference is crucial in the type of carbon filmthat can be
obtained. In addition, it is believed that the initial |arge positive

vol tage spi ke 201 at the beginning of the on cycle may play an inportant

role, eifdiey, algiRRraldly,n ®&eibighdhieob i ticlhe PegatvyELagl | age mdg 202,
in detérmning the properties of the carbon film As nentioned above, the

nmagni t yeerin 1N & dri2r g siedatd woltuakt dgeapplked20d tise até:.;%ﬁiélﬂi of i HdTEe

pul se wdth (or viewed alternatively, a function of the cycle) of the
pover SRl cubir@teE1dhs thocabwehbesgbtentl oDh@ut Gecyweked paam of setting

up the power supply so that the power supply is on positive potential for
di ff er geine3@URt TeFlerisi M. the Degueatddet b€ pitheeofVithd Ten 2 partsesonds, in
Figure 4B the pulse wwdth is 4 u-seconds, and in Figure 4C the pulse wdth
is 8 4tsrcedde As it.ke \dndtheobrebenl6cade OtiRETe 29I ynniaig iwkel Mg i S

i ncreased, it can be seen that negative voltage spike increases from

ar ound vol42@Gev dst siegatever ani2@putokrsng Sucturs esponse i s target and

cat hode dependent, so that although the sane response qualitatively can be

expected for other target and cathode configurations, the magnitude of the
vol tages (both the positive and the negative spikes and steady state

val ues) may Ihering foher et BFETOthe$e LBROBATIRAE, deegat beel ywlsagrisis, one of

skill in the art can adjust Qoth_the gomer squly and t he process
applied to the target wvia the cathode. current flows through

the system and sputtering takes place. As will be described in
more detail, the present invention comprises use of a pulsed DC
power supply that provides a spike or peak negative voltage for a
short pericd of time during eaéh cycle that is greater in
magnitude relative to a relatively constant or steady state

voltage during the remainder of the on portion of the cycle.

Referring to Figure 2, in one embodiment, the voltage as

shown. by trace 200 initially has a positive peak 201 of around 450
volts, which then settles to around 150 volts positive for a

" period of about 2 p-seconds. Then a large negative potential is
applied és the power supply attempts to power up the target. The
large, initial negative potential (negative peak 202) is around
1000 wvolts in this embodiment. Then the voltage settles down to
around 600 volts negative and maintains a level or steady state
voltage 203 until the power is cut off and the positive swing
starts all over again. With a frequency of 50 kHz, each cycle is

20 p-seconds in duration. As will be discussed in more detail
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paranmeters to achi eve the desired waveform The magnitude of the negative
vol tage spi ke affects the deposited carbon film It has been found thatT 20
| ower magni tude negative voltage spike results in films with | ess spa
content, and conversely a greater nagnitude spike results in a greater spa
content. Wiile a greater pulse wdth leads to a greater negative voltage
spike, it also results in a reduced duty cycle neaning that an enbodi nent

such apdita, tirowmplichiguo€ 4RewWlhkgbanegatiwvyerolquyd eswiraf &4 han the
enbodi ment of- Figure 4A. The pul sed power supply with the high voltage

SW Ngs righlas pridperEilbnal REG thdepulss wedehso Wedrefinde ghen amowditdf o ent
frequenci es. For exanple the power supply can be set up to run at

f r equepgies: ivegpetenhanlSeplke. tRagutihs SdrgetS Irares wess atdre bedfad joisapids
showi ng the effect on pul se waveformas a function of pulse frequency from
50 to 2z0 ddtaimshendesated pmophetfFeguimsthdhiilmi dth of the positive

swi ng has been kept constant at around 2 u- seconds in each case. It can be
seen that in this set up, the value of the negative voltage spi ke renains
roughly the sane -27 1 0 0CT2003 across all the frequency ranges. The duty
cycle can belThaljamstregpoadisfoanriranki gavetonn 21UG ssummnjmpesededa i s
enough tine to fit the Ien?th of the pulse within the frequency val ue that
was clidsaire As hedgwhbhsewnplipge powes - subplshwen thatssheye exe datger ent
configurations for whig¢h the characterisiics as _described in Figure 2 can
be obt AYFEENtAF 1MCsY2EARNBe2LbeRS BRWET kS fFHqIRE R WhieRc FB8s POWERe SHEGAY ve

vol t age, spi ke S up.a . .
gdef%vergn%g% voBts positive to the target. During the large

negative 1000 volts swing however, the current to the target is
maintained steadily at roughly around 4 amps. It will be
appreciated that these characteristic behaviors of the waveform
are not only a function of the power supply itself, but also
depend on the material being sputtered, the cathode design and
also to the process conditions inside the vacuum chamber. One of
skill in the art will understand that adjustmerits are necessary to
the power supply settings (e.g. frequency, pulse width and power)
as well as to the process (e.g. gas composition and pressure) in
order to obtain the waveforms that are shown in Figure 2 and other

" embodiments of the present invention.

The above waveform delivered by the ENI‘s RPG meodel DC power
supply is in stark contrast to the standard DC power supply which
provides only a steady negative potential. A typical value for
the target of above example is around 550 volts negative potential
to obtain the same sputter rate as in the above example.

Alternatively, there are alsc power supplies which provide a
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| arger and | arger portion of the off cycle. At relatively high frequencies
above approximately 175 kHz or so, the steady state portion of the1?ﬁ0£72%3
cycl e begins to disappear. Nevertheless, as can be seen a |arge spiKke

exi sts which is greater in magnitude than the average voltage during the
on cycle. To forma carbon filmwith ta-C H characteristics according to
the present invention, the filnms were sputtered using the above-described

ot 2%%%?5%‘%"5?@Q@Er‘n%?%%péﬂ?%%%é%ilﬁ’é%" Sssvgg}ﬁﬁ: T | °“&?r§°a@15tra' véeang
. .hi | ym ] ' a
&2&3%’3&&%?‘8@91 PRV ERety S bhand G Eowll
' g ' ' KWa . 0
KV t S TG A6 PERAS: Eﬁ%ﬁ%é@i?‘ﬁﬁ?ér%ﬂﬁ%‘?ﬁbm@% éﬂ%enlrﬁ% Zoil% SRness.
Al ; |
P N R R R R R R e R

m1 1T - FOEl-Ubl NOFSPULRET BBt adber £4E00H08 WGl IIIRNYARAS F X O2CM

The apprdximate deposition rate for above thickness range rs

to 0.2 reﬂhaegfgadvo'fbs pe8i i e FJSODS3IPOVIa1S URR))Y Wik %ﬁgupgygg kHz for a

pul se 'ength of 20 p-seconds. The positive voltage sw ng on (pul se

wi dt h) swas1elst Bu2ndd SEEONUBhiPal 4 edsm&HAY igihillRe FioskieVeEELBRYLNY £bY
the carbon target at around 40 cm per m nute. The carbon targe? was a

conventhenBNIgsaRbGt poket gelipPBy ) Sa Betedlgibltne Hamemany pseuEess. vbic k! be
appreci ated that the above paraneters, including power
spike and corresponding ringing in current amplitude is less than
that of the power supply used in Figure 2. When the power is
turned on again however, the voltage slowly approach 600 volts
negative without the large negative deviation as seen in ENI's REG
power supply. It is believed that this difference is crucial in
the type of carbon film that can be obtained. 1In addition, it is
believed that the initial large positive voltage spike 201 at the
beginning of the on cycle may play an important role, either alone

or in combination with the negative voltage swing 202, in

determining the properties of the carbon film.

As mentioned above, the magnitude of the large negative
voltage spike 202 is a function of the pulse width {(or viewed
alternatively, a function of the duty cycle) of the power supply.
Figures 4A - 4C show the effect on pulse waveform of setting up
the power supply so¢ that the power supply is on positive potential
for different amounts of time. In Figure 4A the pulse width is 2
n-seconds, in Figure 4B the pulse width is 4 up-seconds, and in
Figure 4C the pulse width is 8 p-seconds. As the width of the
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supply paraneters, and process paraneters may be varied and that the
foregoing are nerely exenplary. Additionally, in enbodinents where it is
desired to forma hydrogenated film either hydrogen or hydrogen 10 0CT 2003
cont ai ni ng gases such as ethyl ene, acetylene, butane, naphthal ene and
others may be used. Figure 6 is a data obtained fromreflection energy | oss
spectroneter (REELS) for carbon filns nade by three different deposition
met hods. For a description of a REELS techni que, see "Structure and

Pr oper tpasl D VESHAWIET dé GaF®Rsefer dbaCalobeRsged thvigneegat iveslieoDiaks"” by
Hsi ao-chu Tsai et al. in Journal of @ Vacuum Sci ence and Technol ogy, A6(4),
Jul y/ ARRiste 1088 easfih fgfom ereusdl bdR00i Ves tRaloaovYer ckivdd wilts nmSudte
first film shown by trace.601, is a _conventionally sputtered carbon film
the seRPHIS MS SHEFEDHPG &eehede, dependent Cver fEas alchawgh ihal il m
shown by trace 603, is a. films uttereg according to the nethod of the

pr esentSIWY FRIRAN TR £43 L&, CRRePPoR*BRGRRD dEpothar fHangekaandhde by

a deconpositjon of_.acetyl.ene g in_the i.on peamplasm, in_a known
ot 0ces ARG AP S HHHARLAREN  50R BRITEFUER| OF BFe S SoribotRe gt on

i ch G550 A5 BEF b ghe SPAE e NS SBBh A T S MR e g Be
s TRy
220, Colh 4, PRt b DRl p3GE ORI PR BaE T 5P
parameters to achieve the desired waveform. The magnitude of the
negative voltage spike affects the deposited carbon film. It has
been found that a lower magnitude negative voltage spike results
in films with less sp’ content, and conversely a greater magnitude
spike results in a greater sp’ content. While a greater pulse
width leads to a greater negative voltage spike, it also results
in a reduced duty cycle meaning that an embodiment such as that

shown in Figure 4C will have a lower sputter rate than the

embodiment of Figure 4A,

The pulsed power supply with the high voltage swings such as
the ENI‘s RPG model can be alsoc set up to run at different
frequencies. For example the power supply can be set up to run at
frequencies higher than 50 kHz. Figures SA - 5I are a series of
graphs showing the effect on pulse waveform as a function of pulse
frequency from 50 to 250 kHz, as indicated in the Figures. The
width of the positive swing has been kept constant at around 2 u-
seconds in each case. It can be seen that in this set up, the

value of the negative voltage spike remains roughly the same
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graphite (trace 604) to illustrate what the spectra for an sp2 materi al

| ooks |ike. The figure shows that a conventionally sputtered f|In1|ﬁ ﬁg% 3
apart fromthe other two, and that a PE-CVD filmand a fil m mde ac % H@
to the above-descri bed enbodi mrent have very simlar characteristics.

Anal ysis of the spectrun1by known met hods indicates that conventionally
sputtered filmhas 50% sp' bonding, while the PE-CVD film has 70@6sp and

Lol BaRde iy, chle cRuRgnly| PURBLLON £33 od0 BR-£O NS e HhEy A, va) ue

of sp' ~content is a goo ato of form m by

the new.sputferis tghyqﬁhPeQ 48 se@@ng ' ﬂ%?aégrtﬁ’éré ar i dd dﬁ@.{%‘it er rq%fi['-he

carbonfilmis m stress. mst eSS IS rreasure

def'eCfth%nréfngrtheo%c&Hal pQ.'I.§g a@a@{ha&h@s&s@%& %wsﬁ qddre filmin
guestion on only one sid di sk is pre-neasu J’ or at ness and after

deposi {heRepN ORQ élaﬁebet Béeﬁ“ sknéepb@és Ssughbly QRPIRE ddb te j5fress of the
film By neasuring the defl ecti on using a sensitive optica tooI film

stressgs#feb@ndetonfigedatiénsi Sok NGMICH Nee SeHadldrdxG sttiwdl g on carbon
films that filmstress is well-correlated to the sp' content of the film

H gher geRcrigent et Fibhik haschh gherolstd Besd f oras AdisveranhinekRgss o f i I m
-30 1 0 OCT 2003 Figure 7 shows a conparison of three different types of

films ther firebueatyesscasadencthomefatitanvdlitelgeespiklen mEkadr @p/ a t he
conparison is between a conventional DC sputtered carbon film Ftrace 701),
an i onlbegerdepdsiaedetiportiat ¢f tmowff ayldee hiaghredpaicenientight race
702), and a pul se sputtered carbon film nmade

frequencies above approximately 175 kHz or so, the steady state

portion of the on cycle begins to disappear. Nevertheless, as can

be seen a large spike exists which is greater in magnitude than

the average voltage during the on cycle.

To form a carbon film with ta-C:H characteristics according
to the present invention, the films were sputtered using the
above-described RPG pulsed power supply from ENI in an in-line
deposition tool manufactured by Ulvac Inc. of Japan. The disks
were 95mm diameter and 0.8mm thick aluminum plated with NipP. 15

. nm of Cr alloy underlayer was coated, followed by 15 nm thick

--CoCrTaPt_magnetic layer. The carbon was sputtered at different
power settings ranging from 2.0 KwWatts to 4.0 KWatts to obtain
film thickness that range from 5 to 10 nm in thickness. An argon
flow of 45 scem and hydrogen flow of approximately 20 sccm was
used during sputtering. The pressure was maintained at
approximately 2.5 milli-Torr during sputtering. The carbon target
dimension was 23 x 62 cm. The approximate deposition rate for

above thickness range is between 0,13 to 0.26 nm/seceond. The
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according to the present invention (trace 703). As a function of

t hi ckness, both ion-beam and the invented sputtered filmhave siml®afgCT 2003
characteristics with filmthickness, nanely the stress |evel rapidly
increase as filmthickness is reduced, so that by 3 nmthickness for
exanple, both ion-beamand fil msputtered by new nethod has substantially
hi gher stress conpared to conventionally sputtered carbon film This

R eIl RS b, £ 8 ORpPR cohent el (4 B hous
Raan SBECPPBLCSRS RLFOOT o bri| arteLtai DPuks AriEHE, us” SR BRan R I me
?Ch“é"ts%% f?_ﬁii%@%_%??aﬁ%?f%é? 9%"%%%1?%%%?*féé%i'erfﬁde’g?éh%ééé%ii ”‘;
al . i ntﬁﬁg?ﬁa%kg?r%é?gr?g?é}gééiéaﬁ% ,t{}grﬁﬂ}l&{%&gﬁ%ﬁgﬁ%ﬁg 2 19%9? Egr
R R T e o T RO

are | dgptii eipasaplredfitked Kndealite Ad tpd fordtats ! Nak 1UbEnbabLRee!

these Tntensities a I ndi rect 1 ndicator of sp] content in the film

Pat ent o701 3ha Lafle€6Ts 2008 5 e db et iy descied Rammnasal ysi s
u S

and res for hydrogenated anorphous carbon filnms. The plot of Figure 8
shows it Bakseep¥enli onal heyrsbpt dosmsl oar porrdilik am1d )i daeembgbiflendsi 0

of 0.8 which stands apart fromthe other two carbon filns, which
where it is desired to form a hydrogenated f£ilm, either hydrogen
or hydrogen containing gases such as ethylene, acetylene, butane,
naphthalene and others may be used.

Figure 6 is a data obtained from reflection energy loss
spectrometer (REELS) for carbon films made by three different
deposition methods. For a description of a REELS technique, see
»structure and Properties of Sputtered Carbon Overcoats on Rigid
Magnetic Media Disks” by Hsiao-chu Tsai et al. in Journal of
vacuum Science and Technology, A6(4), July/August 1988. Each of
the carbon films had a thickness of 5 nmm. The first film, shown

: by trace 601, is a conventionally sputtered carbon film, the
second film, shown by trace 602, is a PE-CVD film and the third
film, shown by trace 603, is a film sputtered according to the
method of the present invention described above. The ion beam
deposited film was made by a decomposition of acetylene gas in the
jion beam plasma, in a known process to create a film with a high

fraction of sp’ content. Reflection electron energy loss

spectroscopy is an well-accepted spectroscopy methed which can
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are the ion beamfilm802 and the pul se sputtered film803 according to

the present invention. Again, it can be seen that the film property 0CT 2003

according to Raman spectroscopy is simlar between the ion-bean1depbgi g&

carbon filmand the filmprepared according to the present invention.

Anot her indicator of the characteristics of a carbon filmis its ability

to protect the disk fromcorrosion. One way to neasure such property of

the filmis to conduct ion extraction fromthe disk surface. This is

acconplished by first exposing a disk to high tenperature and hum dity for

sone period of tine to .attenpt to cause corrosion of the _cohalt containing
gb%é? i

magnet PEOPEaLRE . CREPLESh L0 STy B BabeetlIo 4% dfperature of
cocur bafnbcufpiiy Telk bt da Sl b WA s P o ElmsaiOr ae (1
consi {FoEERELRERE GR0tdr B (e COHL BB o RIREYE eellieh bRl et o™ )
of eonttd #558 {82 lefetide M ISl dl (O "BLEL 1ok B LhRCRondinb CoCNo
o von CHEr O S8, PEp2efpLenlilleal GU0Y, A1kE"sBhRl CAl MRl PPN

to profegintbe {itaed ramcad ot @l GHA! AHPWHRa- 38-1aQ 859 T 2003
cobalt™ I eaches out during the high tenperature and hun13|ty exposure.

Fi gur enQ SHO4E 156k$ ebiid. OfTHOME RN IFAGHWE el &S cohent NbRS1 1y

sputtered film is set apart from the other two, and that a PE-CVD
film and a film made according to the above-described embodiment
have very similar characteristics. Analysis of the spectrum by
known methods indicates that conventionally sputtered film has 50%
sp’ bonding, while the PE-CVD film has 70% sp’ and the film made by
the present invention has 72% sp’ content. The high value of sp?
content is a good indicator of formation of ta-C:H type of film by

the new sputtering methed.

A second indicator of ta-C:H character of a carbon film is

- the £ilm stress. Film stress is measured by measuring the

'-deflection of the actual disk material as result of depositing the
film in question on only one side. The disk is pre-measured for
flatness and after depositicn on one side, the disk deflects in
response to the stress of the film. By measuring the deflection
using a sensitive optical tool, f£ilm stress can be determined. It
is known from scientific studies on carbon films that film stress
is well-correlated to the sp’ content of the film. Higher sp’

content film has higher stress for a given thickness of film.
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types of carbon filns, at 5 nmthickness on a 95mm nedia. It shows that

i on beam carbon 902 has extractable cobalt of Iess than 1 p.g/n2, 100L7200
conventional DC sputtered carbon 901 has extractable cobalt of around 5
jig/m and pul se sputtered carbon 903 according to the present invention
has extractable cobalt of around 1.5 jig/nR. The corrosion resistance of
the present invention may be considered equivalent to the ion beam carbon
gi ven the VEigabe|T tshows a hecnmesigashef |t idiffexsndatlypese fafddmsf r om
the conventi-onally sputtered carbon film The val ues obtained for both

i on befow afilmps trespas Gurtdarb@f Hilm Hrckswss dedad Figureeitel $heow in
conparison to the values typically obtained for conventionally sputtered
fil ns.comgayiserepositateafit & danyand iorel Bt ot tiereencrsRoB| éahny has
consi der abl e advant age over the, conventiqnally spyttered carbon due ,to a
greate?tﬁﬁﬂ¢i1%ﬂ&()a&nﬁﬁﬂﬁﬁe%mu§QH%§%9ﬁ@:ﬁ%&FEF%PFOﬁPC5PPU§iBH.h¢ﬁ€ Raghon

filns wer e al so tested by an abrasive wear test to. determine the relative

dur abi$R't Fo8fefike (SFéFéoéP?} Thelded  PULERSFRYEE 8F o) CRTRRR o 4R iMAClq ape

over the disk for a _fixed |ength of ,tine, follgg%g by_an optical intgnsity
rEBCEL

scan (RFGRAGH i (HE RRRATR" o VERTage it f n tfif B SRACHHER O
dur abi 1942 £ (RO (AT SRS A 461 78 RGaPPUBRATPROR: A POVEr val ue
il = PR SO T A ka7 B h B el raes - ReTRLP S RE Bk R o
car bory ate BrYL A0 N Sin SURRNEORN by cHRUkheLed 16akBENc8E, 18020t by 3
nm thickness for example, both ion-beam and film sputtered by new
method has substantially higher stress compared to conventionally
sputtered carbon f£ilm. This result is again indicative of high sp’
content in the film and shows that films deposited by the method

of the present invention are equal to if not superior to ion-beam

deposited carbon films.

Figure 8 is a comparison of Raman spectroscopy analysis of

Id/Ig ratio of three types of carbon films at 4 nm thickness.

. Raman spectroscopy is a conventionally accepted means of analyzing

. the chemistry of carbon films. For reference, see
*cCharacterization of Diamond Films by Raman Spectreoscopy” by D.
Knight et al. in Journal of Materials Research, Vol. 4, No. 2,
March/2pril 1989. For amorphous carbon films, the Raman spectrum
is characterized by broad absorption peaks that are roughly
centered on two wavelengths. The peaks are identified as *d~ and
»g* peaks, and it is known that the ratio of these intensities are

indirect indicator of sp® content in the film. U.S. Patent No.
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11.5 nmthickness. The pul se sputtered carbon has a result which is
conparabl e to thicker carbon filmindicating an inprovenment in wean (0 0CT 700
resi stance conpared to the conventionally sputtered film Table 1 Sanple
Tune Carbon thickness Scratch Level Conventional Sputter 11.5 nm 44
Conventional Sputter 10 nm 48 Pul se Sputtered (50 kHz) 8 nm Pul se Sputtered
(124 kHz) 8 run 48 40 Contact start stop tests were also perfornmed on the

; | Coni ! _ > al . e
over coxtrrDT & GRS o s lrhs Raras, afplfhig puCtRled fobM INI €
conveq)Qitled43a SHIRHRS LAlBBaS¥afinkes! Thedplblves Pilufe §0URLELCD the

t est wth Tittle increase in the start-up friction

evel el i veddiRmay Lesk caeehotaRqansofORNGNA! ANGHLY BgMEd Sfadigarbon

w thin Several thousand contact start stop cycles nore

than bl fo of u%lﬁ%ﬁ idPRndst ab%fr%: ¢abni hak bhBeeORlaCtashbaht £ S1MP, REfos mance

IS superio or the carbon films made according to the present invention.
-34 1 000l 2003 Sumamey2 bhe abevpulgsckspliederBasei pegds show that a
carbon filmsputtered according to the method described herein creates a
sput t ged cBhPtd itHa Piekent iA¢eatiBEVI Shablie, f fenrah ofe bessn afihtPE- CVD
deposited carbon filns of simlar thickness.

the film property according to Raman spectroscopy is similar

between the ion-beam deposited carbon film and the film prepared

according to the present inventiom.

Another indicator of the characteristics of a carbon film is
its ability to protect the disk from corrosion. One way to
measure such property of the film is to conduct ion extraction
from the disk surface. This is accomplished by first exposing a
disk to high temperature and humidity for some period of time to
attempt to cause corrosion of the cobalt containing magnetic
layer. For example, the disk may be exposed to a temperature of
60°C at 80% relative humidity for 96 hours. If some amount of

- corrosion occurs, the cobalt is knoﬁn to migrate to the surface of

;the disk as it oxidizes and form cobalt oxide corrosion by-
product. This is an extrémely sensitive measure of the corrosion
susceptibility of the media. This cobalt is then washed off by
water, and the water is analyzed for presence of cobalt ions using
ion chromatography. The method is extremely sensitive, which
allows detection of only a few micro-grams of ions per given
square meter of surface analyzed. If the overcoat has less
ability to protect the f£ilm from corrosion, a greater amount of
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This is an entirely unexpected result based on what is conventionally

known of the sputtering process in general. It has been believed tgqf @pmm
t he PE-CVD and i on-beam deposition nmethod provides sufficient energy ?

the deposition, nanely the formation of |arge anount of positively charged
carbon ions which allows the formation of true so-called "ta-C H carbon”
filmwith a high fraction of spa bonding. It has been thought that the
sputt eﬁbﬁﬂlt neth6He §065E NGLr Lhigatge CRigoNc éperatusef{ndiepiidiugntities or
with the right energy to create a to-C:H carbon film The results provide
that tBiSossrelearly:not the case and that filnms with properties

I ndi sti ngui shabl e from PE-CVD and i on-beam deposition can be fabricated by
the sputtering nethod. This is an consi derabl e advantage, since sputtering
i's much nore inexpensive and well-established nethod for making carbon
films in haFflgdirek9 showBatherregulfhef progesstiscrich odsaitey fdrathPéd? and
I on- beam deposition nethod, and the process can be run over long run tines
whi ch pypesdes dagben Hrbmsictdlvid ynm rdmekreseprsid ihimm oedia A flart her
benefit of the pulse sputtering nethod is that the target surface after

ext endeblowsinthat niich beamneariemP B hapexini ol mahadt of deskodhan
Figure 10 shows a photograph of the DC magnetron target used in _the U vac

i n-1ink ROON2 af convenblionRek_C ofPEdRIsi iR e rdy dpusgassabést i onal DC
magnetron -35 1 0 O C_T_2003 seg%%ering. The target surface_is full_  of

nodul eSoMALEHOR9EoWEENS WELES | B35 SPUHIRAC 5 Then 907, 2689 d4REs

features are associated with formation of .defects .on the di sk, _.apd al so
with to the present inveﬁ%fon has extraé%aé&e cobalt o arouné.l.g

ug/m2. The corrosion resistance of the present invention may be
considered equivalent to the ion beam carbon given the variability
in the measurement, and it is clearly set apart from the
conventionally sputtered carbon film. The values obtained for
both ion beam and pulse sputtered carbon films are considered
extremely low in comparison to the values typically obtained for
conventionally sputtered films. A film deposited according to the
present invention clearly has considerable advantage over the
conventionally sputtered carbon due to a greater ability to

. protect the magnetic layer from corrosion.

The carbon films were also tested by an abrasive wear test to
determine the relative durability of the overcoat. The test
consists of passing abrasive tape over the disk for a fixed length
of time, followed by an optical intensity scan to determine the
amount of damage inflicted on the disk. The measurement is a
relative measure and designed to reflect the mechanical durability

of the film to intense abrasive wear condition. A lower value is
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the formation of particulates during deposition. Figure 11 shows the sane
cat hode after 2 weeks of deposition using pulse sputtering at 50 kﬁ@. ﬁﬁ@
target surface is remarkably clean conpared to Figure 10. This net (PQh W
is clearly superior to any PE-CVO or ion-beam deposition nethod in terns
of cleanliness of the process. Yield and quality of the disk is expected
to be |ike-wi se superior conpared to conventional sputter process. in
further variants of the present invention, the properties of the pul se
sputtered fil-mcan be further enhanced and controlled through application
of nedoétwersubSabhéel bshewduai bgbtbet pothsef sewetsl i tgped reEer iRl of
Figure 12 shows the results of different substrate bias on the stress of
the 5 pestedi ckofanbba i§ithe, coepasiiad bétwededthepeled ddigitdiad
substrate tenperature was approxi mately 98C during sputtering. From

appr oxcamiah ya808nm cag@iny| cennayaidnel knbsputitexrdd assridre afd 1M Sheess can
be -raised fromaround 3.2 Goa to 4.5 Gpa. This is a significant increase
over thk. Lri atletickaess t | dRRe IRUlse aputtaed errhdre hast aniresplapehiyhof
the filmis |ikew se changing to a higher spa fraction by application of
such bisscomparaple earthechen| sazbonfiln tiguticapdng #a improkemsaneipul sed
power supply can be used for_substrate bias as well. Any desired bias my
be usefEay (FeHiEFTIFR CIMABHER £he wepisnt inng llanhgeutterede £§1m.t he
voltage that builds up an the substrate when it is allowed to float, to
-36 1 0 OCT 2003 approximately 200 volts negative. For conparison, data

poi nt f%ﬁ%% fhoms the' stress of a 4 nmion beamfil mdeposited at a

Sample Tyvpe Carbon thickness Scratch Level
Conventional Sputter 11.5 nm 40
Conventional Sputter 10 nm 48
Pulse Sputtered (50 kHz) g8 nm 48
Pulse Sputtered (124 kHz) B nm 40

Contact start stop tests were also performed on the carben
-films made according to this method. A set of disks with 3 nm
;thick overcoat were tested to 30,000 contact start stop test using

a conventional test setup‘for doing such tests. 4 drives out 4
completed the test without failure and with little increase in the
start-up friction level, Normally the same test performed on
conventicnally sputtered carbon films will fail within several
thousand contact start stop cyclés more than half of the time.

It is clear that the contact start stop performance is superior

for the carbon films made according to the present invention.
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tenperature of approximtely 150C in the earlier described system from

| ntevac. Adjustnent of substrate tenperature by a small anpbunt at thé Q0i?008
of pul se sputtering can also inpact the filmstress. For exanple, if the
tenperature is raised from97 to 115 C, the film stress can be changed
from3.2 Gpa to about 6.8 Gpa without changing any other paraneters. This
result is also indicated in Figure 12 by |line 1205. As descri bed herein,
vari abl es ava lsabdnartyq adicusabovbedeprppeedi meastrémentar sosw fhan igcl ude
settings used for the pul se power supply (e.g. frequency, power and pul se
wi dt h) catrbens Filkesputepeeit aocordin t tonshe undtlasd pdesaritad dasrein
conposition and flow rate(s), substrate bias conditions and the substrate
t enper gireates dheppataretiecarban belmdfhet eds t ndipd i ingel sHebhlearfyam fi | s
for proper |level of spa bonding for optinumcontact start stop, or

cor r osiien-besins radc PEeLVDt Hepostsdr eaxfonriuf s iaf sinidest rdd dkoress .
different drive applications, Thus, the nmethod of the present invention
prOV|dEhlanlsnpnoeedlnaémeunexPe©©$@|r@#%ﬁ@ﬂbawﬂd(nn(Hhﬁt e used to produce
an inproved disk drive. The disk drive may have one ore nore of inproved
CSS pecbovgandenaddyr BPwR Of cBhet Sl S FRRAIRTIISE Iankh mah .evdlts has37
100CT2003 Al t hough not wi shing to be bound by' theory, I s believed that
the | abgennbgé@ﬁwdvéhﬁagenéqm Kae et R e W@EWHO@S mgsded bed
earlier provides far sufficiently high S;engy carbon or, carbon ions ;such

t hat apﬁpgﬁdﬁéréﬁﬁﬁéﬁéeﬁF gﬁgrg%ng?rékq eposition, namely the formation

of large amount of positively charged carbon ions which allows the
formation of true so-called *ta-C:H carbon* f£ilm with a high
fraction of sp' bonding. It has been thought that the sputtering
method does not create carbon ions in sufficient quantities or
with the right energy to create a ta-C:H carbon film. The results
provide that this is clearly not the case and that films with
properties indistinguishable from PE-CVD and ion-beam deposition
can be fabricated by the sputtering method. This is an
considerable advantage, since sputtering is much more inexpensive
and well-established method for making carbon films in hard disk
manufacturing. The process 1s much cleaner than CVD and ion-beam
" deposition method, and the process can be run over long run times

which provides higher productivity from the deposition tools.

A further benefit of the pulse sputtering method is that the
target surface after extended run is much cleaner than by
conventional sputtering method. Figure 10 shows a photograph of
the DC magnetron target used in the Ulvac in-line tool after two

weeks of continuous operation using conventional DC magnetron
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formed. it is also believed that the increased positive voltage spike at

the beginning of the off pulse may account for the inprovenent of th@ 0CT 2003

present invention, either alone or in conbination with the negative spike.
In general, with respect to the negative spike, it is believed that any
spike in voltage greater than the steady state value is hel pful.
Typically, the spike is approxinately 25@6greater than the steady state

_!?LLS%%F&%%%%F{ agBe 8 &ﬁ%ﬁﬁéﬁéhﬁé%“’ﬂt i dwe been
e e
star aasﬁﬁ%s%vgﬁzélé%&%sﬁ Besfaatht oty hcklréf r sfcueﬁ ]
ver abBBySPFRgS Lt PEoPERE 1 E0E R o8 o B Sm ettt eate SRRy
anounEﬁ '§aREnEEEﬁ53E aEEeFdES&é 5 $@ 5§H ts can be nade to the

systen1 o rncréase the voltage leve Q%sqq; $&own, a weaker
t ﬁ?éﬁ t
”Ngggg%%ﬁttékﬁhg ngggve thg?h% Egé dsn%ﬂn%c[a@?' Q{enﬁlﬁéa\fa ;%éegpl ke is
benef Nebh agg, i I it L8 veltage
spi keéleﬁr}ﬁ%zr;ggd::%reﬁ?gﬁgg {Lﬂe pr?lg\éénrbe%}%&]%rgé}lo éq?lzetggg'ﬁ%\%te ?ign gypl gal |y
IS apghPxpRALObY 080QoMobeam- dép&gﬁkﬁﬁﬂtﬁéﬁﬂbd'ﬂH*%efH@‘%f‘%i@ﬂﬁﬁzﬂé?@ter

than the voltage typically used in conventional DC or conventional pul sed
DC spoftehengrpresesse¥ield and quality of the disk is expected to be
like-wise superior compared to conventional sputter process.

*  In further variants of the present invention, the properties
of the pulse sputtered film can be further enhanced and controlled
through application of negative substrate bias during the pulse
sputtering. Trace 1201 of Figure 12 shows the results of
different substrate bias on the stress of the 5 nm thick carbon
films, deposited with heating such that the substrate temperature
was approximately 98°C during sputtering. From approximately 30
‘to 100 volts negative substrate bias, the film stress can be
raised from around 3.2 Gpa to 4.5 Gpa. This is a significant
increase over the unbiased condition. It is expected that the
atomic property of the film is likewise changing to a higher sp
fraction by application of such bhias. fThe bias can be applied
with steady DC bias, or the same pulsed power supply can be used
for substrate bias as well. Any desired bias may be used. 1In
preferred embodiments, the bias may range from, e.g., the voltage
that builds up on the substrate when it is allowed to float, Lo
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In general, the steady state negative voltage during the on cycle of a

pul sed process is slightly greater than the DC vol tage of a continqqyﬁppﬁm
process having the same sputter rate due to the off portion of the cycle.
In the present invention, the effect of the off cycle is somewhat reduced
by virtue of the fact that a greater anount of sputtering occurs during
the negative voltage spike. However, it is believed that the presence of a

i ke i he. i V900 , [ | at i

or e SRR AP PLY RN 559, SrRbra Sreatar o RRTEnd 202
| t ' ] t t t [

Conv ol SR T o o L SheT bepfs SLAREMbpelkRa g 80T, " °

beneficial . Wth r ; J-t i Lk be appreciated.th t he

t ar get=SPRPIH S bogf Paii%r%)?léeﬁt}! s%lglp I(?L;:i % g el\rﬁe FEEd etaﬁd.re&-u r???,s C&&é’eaqt FYREM
syste th ha r walls are grounded. One of skill in the art wll
ream:%}qmggﬁﬁ?%%g that the sputtering is typically driven by the voltage
di fference between the target and the substrate, so that, for exanple, a
negati ve voltage as used herein does not necessarily nean as referenced to

ground, bUtg}J@%sltf}ger%ﬂh@E%stt&%t@Q@npﬂgﬁt Sl Sée%éﬁfﬁtgm&ﬂﬁts&?g%é‘te’

for exanple . e invention has been descr d wth Fespect .
speci f e o gy sdutelaahg thasaiski b QctntﬁQefﬁiﬂl_ﬂf%ss.re gpi ze that
changes can bé made in formand detail without departing fromthe spirit

and schpengiie ! e ivheetidmperablirBolighradfed Brém09T 20081 SNECi i€ £ilm
enbodi nents have been Shown, aspects of any enbodi nent can be used

i n=ot haymassThareeodihanyesl desor Bb2dGher b nabast Wel8 Gpa without

changing any other parameters. This result is alsc indicated in
Figure 12 by line 1205,

As described herein, variables available to adjust the
properties of the carbon film include settings used for the pulse
power supply (e.g. fregquency, power and pulse width), the sputter
deposition conditions such as pressure, gas composition and flow
rate(s), substrate bias conditions and the substrate temperature.
The parameters can be adjusted to optimize the carbon films for

"proper level of sp’ bonding for optimum contact start stop, or
"corrosion resistance or other measure of durability as desired for
different drive applicaﬁions. Thus, the method of the present
invention provides an improved magnetic recording disk, which can
be used to produce an improved disk drive. The disk drive maf
have one ore more of improved CSS performance, corrosion

resistance, durability and defect levels.
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as enbodi mrents having changes in formand detail as may be readily

apparent to one of skill in the art upon reading the present discl odurglEng
understood to cone within the scope of the present invention. 100CT2003
What is clainmed is: 1. A nmethod of depositing a carbon film conprising:
sputtering froma target onto a substrate. said target conprising carbon

S BT A
sai d gz%hdﬂbao_rs'l}a %nrl rtgﬂﬂeeggo[ﬁ.f't%%%t ﬁggﬂtehgf%gﬁﬁfeﬁeéydE_ﬁgnB?gng first ’
nogat PP e SR Besidel2bd SEERTBREHTBHSR SRR rot ho
oo deseuibetl 4 A s ereich \a ) hotn BubeRBCLLnoffsamidspcond
seoont e 011 A g dinglenst bed LRELaLBZ MR LD Sal dogpver
por) 3P 3R ULt o GBI AR fautpl Lagnlg Lhe <o
POT t i Qv elad RN G AHrRSGHH BadehPishal 81 nsbes EhRe S5 difi st

combination with the negative spike. 1In general, with respect to

the negative spike, it 1is believed that any spike in voltage

greater than the steady state value is helpful. Typically, the

spike is approximately 25% greater than the steady state voltage,

and more preferably approximately 50% or more greater than the

steady state voltage. As shown herein, embodiments of the present

invention where the spike is approximately 100% or more greater

than the steady state voltage are advantageous. In some

embodiments, such as those having a sufficiently high frequency

and long pulse width, a true steady state negative voltage may not

be reached. Nevertheless, in such embodiments it is believed that

a large spike that is greater than the average voltage during the

}on cycle by approximately the foregoing amounts is beneficial. If

desired, known adjustments can be made to the system to increase

the voltage levels. For example, as is known, a weaker magnetic

field results in an increasasd voltage for a given current.

Moreover, it is believed that the high magnitude of the
voltage spike is beneficial. 1In this regard, it will be noted

that the negative voltage spike in embodiments of the present
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portion further conprises a positive voltage spike at the beginning of
said first portion. 5. The nmethod as. described in claim1 wherein $& gCT 2003
first sub-portion of said second portion is approximately 50% or nore
greater in magnitude than a continuous voltage applied 'in a continuous DC
sputter process having the sane sputter rate. 6. The method as described
in claiml| wherepn salggys utter| Is perfornmed_in the presence of a

hydrogéﬁveEEHPﬁl YRYCY qﬂﬁf%ﬁ;%ﬁ%é?ﬂﬁédﬂ #8108 wedtwherei n
sai d drog contalnl S 0 or nore _gas selected from the group
con5|sF¥FS of ﬁrbﬁeﬂuc té%?%ﬁﬁ? Jﬂﬁh@bl Cah¥Pigad Lvaprerdaliane. 8.
The met hod aE g #Q ed in Cla”£%ﬁ§¥g %ﬁ&égn spa .content of the filmas
neasur EGREGT é??@ Ol T YHH Pu D§p§8PF5§EéB? P¥OSEHEBRF nat el y
0%orIrmre 1 E;%rre%%% as d SCI‘Iba%In cl Z gnereln ﬁald power
supply Bpg?ﬁ?ﬁg at Sh&F9AT 1Fe VP ﬁage UZppPokfe RBte¥§ls0- 175
-4 Egﬂ T d as descri wherein the
pulse én%tgu '3 ?ﬁggﬁéég%ﬁﬁg%% agb 0X ngtEaTOLBF bg039$5a9§1° £The
met hod &dal md ra I s.biased duri
sputte??ﬁ%g§§§%éreshbfﬁ fo grSﬁ%@Ftﬁ%ﬁs iEeségFE%E %%taeéB?iﬁethﬁ %Egin111
wher ei gotbeoRi 88 the cycle. In the present invention, the effect of the
off cycle is somewhat reduced by virtue of the fact that a greater
amount of sputtering occurs during the negative voltage spike.
However, it is believed that the presence of a spike in the range
of approximately 900 volts or more, or in relative terms 50%
greater and more preferably 100% or more greater than the voltage
in a continuocus DC process or the steady state voltage in a
conventional pulsed DC process having the same sputter rate, is
beneficial. With respect to voltages, it will be appreciated that
the target and the substrate are usually referenced to ground, and
in most systems the chamber walls are grounded. One of skill in
the art will readily understand that the sputtering is typically
driven by the voltage difference between the target and the
“substrate, so that, for example, a negative voltage as used herein

does not necessarily mean as referenced to ground, but may be

instead the magnitude as referenced to the substrate, for example.

While the invention has been described with respect to
specific embodiments thereof, those skilled in the art will
recognize that changes can be made in form and detail without

departing from the spirit and scope of the invention. Although
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is applied at a voltage of 200V negative or |less. 13. The nethod as
described in claim| wherein said carbon filmis forned to a thickm@smﬂqmm
10 nmor less. 14. The nethod as described in claim1l wherein said car
filmis formed to a thickness of 5 nmor less. 15. The nethod as descri bed
inclaiml further conprising formng said carbon filmas a protective
| ayer of a magnetic recording disk. 16. The nethod as described in claim1l
wher ei X-IpA A P8It i C i [ S.E8: gative
Bpadi fifl éfbodsHenpe hapa dg%%zzia.*fh‘?ov%?, %%é fcfzf‘ W"?%ﬁ

vol tage spike. 17. A nethod of Ing a car

Sput t eebatpsT 85RA §AT GEReLSTPITE NEER AN AN Godtr DS WAl WS GldY POVET
Y, pul'se

is supplied to said target by a pulsed power supp sal power
suppl ya@Pgh¥odifRén fs Neadihy ec@hdegeid Ofodt ele‘cf%c?tadiﬁo Y HaPbe? r%%q%fl
said portion further conprising a first value and a steady“state Vo abe

achi evegoalient0: 6 abkle NOF (SRILD in SAd] 1 Shord dhdinS ki gath o more

greater 1n magnitude than said steady state val ue. 1I8. net hod as
descrigesk]dserai drd unber st dod aid ddmies twi iU @ HeP BRI S £2 £5dl ke-eBlenithe
begi nning of the portion of the pulse where the negafive voltage Is

appl i efpnvdizidie nmethod as described in claim17 wherein said power supply
acts as a current supply when said voltage switches to said portion of
said pulse, thereby driving said voltage to said first val ue.
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20. The nmethod as described in claim 17 wherein said first

value is

. . : :
approxi mately 50% or nore greater in magnitude than a continuous vol[i‘ﬁg?mm

applied in a continuous DC sputter
21. The nethod as described in claim 17 wherein said
perfornmed in the presence of a hydrogen- containing gas.

process having the sane sputter
sputtering is
22. The nethod as

described in cl ai m 17 erelcit&an sp 3 content of the film as nmeasured by

reflection el ect M drigyne

5s spectroscopy..i s apprOX|nater 7070 or

nmore. -42 1 0. O tll 2\ ma of depesivinghacaborddnr FOBWPIISINE| ai m 17 wher ei n

said power supp

l?éiﬁitﬁtﬁémata et S(.fﬁmfor aquebstyaten sofd: taegege of

appr oxi matel y 50- é"gmh%w 4 hBE SRS gtlaqnslecm B@sloi N Claim 17 wher ein

the pulse wdth i

met hod as descri be@PPIHIRG él‘fﬁi’%ev\}?eﬁ%'l aﬂ'ﬁ"etﬁﬁ Hdﬁfl 9 k’b
sputtering with respb)tt'ltwva&foﬁhﬂp}’ ap. a7 €

wherein the bias iscamptisarg at kavola diyst gfordon andeyatecondor | ess.

a thickness of 10 n

égconds
h ased during
aBeRWSEbed in claim25

25. The

27.

The net hod as descr:TF&qldrp 15 Folhadé appticd durdng daidcsedomd pot-mis formed to
ioh

wherein said

nmet hod of depositi g&i‘é"‘lﬂi‘rbon film conpri
conpri sing carbon

car bon

I m kness of 5 nmor

toat

tein 3 fist subgportion o? I=;zud seb porti
more negative than a steady state voltave of said
second portion.
2. The method as described in claim 1 wherein said first
qub-pomon of said second portion occurs when said voltage
switches from said first portlon to said second portion.

3. The method as described in claim 2 wherein said power
supply acts as a current supply when said voltage switches
from said first portion to said second portion. thereby driving
said voltage to the said greater negative value during sald
first sub-portion of said second portion.

4. The method as described in claim 1 wherein said first
portion further comprises a positive voltage spike at the
beginning of said first portion.

5. The method as described in claim 1 wherein said first
sub-portion of said second portion is approximately 50% or
more greater in magnitude than a continuous voltage applied
in a continuous DC sputter process having the same sputter
rate.

6. The method as described in claim 1_ wherein said
sputtering is performed in the presence of a hydrogen-

_containing gas.

7. The method as described in claim 6 wherein said
hydtooen-contammg gas is one or more gas selected from
the group consisting of hydrogen, ethylene, acetylene,
butane. and naphthalene

8. The method as described in claim 1 wherein an sp’
content of the film as measured by reflection electron energy
loss spectroscopy is approx1mately 70% or more.

9. The method as described in claim 1 wherein said power
supply operates at a pulse frequency in the range of approxi-
mately 50-175 kHz.
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wherein power is supplied to said target by a pulsed power supply, said

pul sed power supply applying a negative volt- age for at least a p Bﬁ g? @ﬁ
a pulse. said portion further conprising a first value and a secon @ &

said first value greater in magnitude than said second value, said first
val ue greater than approxi mately 900 volts in magnitude. 30. The nethod as

described in clai |n s acts current suppl

when sai d power Zﬁp ?ﬂl"]‘é q%“@%ﬁy\ﬁn 5@'}"5)’%%"1}&{%%&@3{?'-6 Shegati ve PR
voltage is appW @1 'the theptange; off ApproxIMaaly tladd nosesands.first val ue. 31.
The nmethod as deskl.i Bke methodian desoibediin chaim 1smdierem mige i s perfornmed
in the presencesylfstant@ysbRaea dusinid hutietthgddseth Repedi® grouad as descri bed
in claim?29 where A P ec?rg%tdg%neéd m‘éla:fn eﬁgﬂgqﬂ}oy refl ection

el ectron ener gy. 33. The
net hod as descr‘iqb‘éﬁﬁ]feﬁf& i rﬂb"@ V\(%fer %\gqsuppl y operates at a
pul se frequency ih3tKber agghodras d@iﬁrftbﬂdrrﬂ! éﬂé}'lﬂ!idv WEeRHE SaBll. The net hod
as described i ncarbennfild® isiiermed 1o hetljoksess ofi 80 mm woriless.he range of
approxi mately 1-1f4 - YagoRgthod IR déﬂ&b@ﬂt P Eiditn dE SRR st cl ai m 29

wherein the subg.{l. BEﬁlln? .plfgﬁﬁgdqblq t(ﬁﬂ'S%V&J%'SESpECt t o around.

36. The net hod as i'ds, .is applied at a
vol tage of 200V eﬁ?%w 04 %Qsée%!#; H&‘M hgﬂnggr HYLPISHE in claim 29
wherein said corggngsaideabondilaeas nproteati idlayes obn mageehior | ess.
recording disk.
16. The method as described in claim 1 wherein said first
sub-portion of said second portion comprises a negative
voltage spike.
17. A method of depositing a carbon film comprising:
sputtering from a target comprising carbon onto a
substrate, wherein power is supplied to said target by a
pulsed power supply, said pulsed power supply apply-

ing a negative voltage for at least a portion of a pulse,
said portion further comprising a first value and a
steady state voltage achieved during said portion of
said pulse. said first value 25% or more greater in
magnitude than said steady state value.

18. The method as described in claim 17 wherein said first
value comprises a spike at the beginning of the portion of the
pulse where the negative voltage is applied.

19. The method as described in claim 17 wherein said

power supply acts as a current supply when said voltage
switches to said portion of said pulse. thereby driving said
voltage to said first value.
* 20. The method as described in claim 17 wherein said first
value is approximately 50% or more greater in magnitude
than a continuous voltage applied in a continuous DC sputter
process having the same sputter rate.

21. The method as described in claim 17 wherein said
sputterintr is performed in the presence of a hydrogen-
containing gas.

22. The method as described in claim 17 wherein an sp”
content of the film as measured by reflection electron energy
loss spectroscopy is approximately 70% or more.
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-43 1 00 0 T 2003 38. The nethod as described in claim?29 wherein said
carbon filmis fornmed to a thickness of 5 nmor less. .. 39. The npgtnc{)‘eflzﬂﬁ
described in claim?29 further conpris- ing formng said carbon film as
protective |layer of a magnetic recording disk. 40. A nethod of dep03|t|ng
a carbon film conprising: sputtering froma target onto a substrate, said

target conprisin bon utt N ri$i ing a voltage
to said target, g‘?’d%ﬁl’?@b@éﬁﬁl cSGM ? ﬂ‘g@}gﬁ g ‘ﬁ 1e1|‘?Q§icVu| sed node,
said pul se corrpﬂ}f‘@i YPREY PRERHES Y § "ep@FﬂWﬂFVa ES portion. the
vol t age appl i edappraxappagedy SGESOkHgor - tion nore negative than t hat

appl i ed during saPd. The atethpdas descritediid cddoodd wiwreinghepaseng an aver age
vol t- age: wher gjiftipis| in fie fandenst ipproxdhardy d-d€cendcpuds.ion is nore
negative than sal 852y ARG t:@@&es%béal Fh cERAPTY Mferéianthetl. The net hod

as described in t sai d second
portion occurs Wﬁ%ﬁ zg% gb%%?éxgm%? t%@ly}@%@gggﬁ t?ﬁ}ggﬁgort ion to said
second portion. t&@clqaéqamanbaqulm-cmbm,ﬂtn Bfiei n said power
supply acts asa%curr ?‘ 1e ] WItC fromsaid first
portion to sai d”s Egg rt%etI et:]?n é’ 1§?c:!htm§l% Wl‘(PEI\C/P[ll tq%%e to the

greater negative ¥
carbon film is fonned to a thickness of 10 nm or less.

28. The method as described in claim 17 wherein said
carbon film is formed to a thickness of 5 nm or less.

29. A method of depositing a carbon film comprising
sputtering from a target comprising carbon onto a substrate,
wherein power is supplied to said target by a pulsed power
supply, said pulsed power supply applying a negative volt-
age for at least a portion of a pulse, said portion further
Lompmmo a first value and a second value. said first value
greater in magnitude than said second value. said first value
greater than approximately 900 volts in magnitude.

30. The method as described in claim 29 wherein said
power supply acts as a current supply when said power
supply switches to said portion where said negative voltage
is applied, thereby driving said voltage to said first value.

31. The method as described in claim 29 wherein said
sputtering is performed in the presence of a hydrogen-
containing gas.

32. The method as described in claim 29 wherein an sp’
content of the film as measured by reflection electron energy
loss spectroscopy is approximately 70% or more,

33. The method as described in claim 29 wherein said
power supply operates at a puise frequency in the range of
approximately 50-175 kHz.

34. The method as described in claim 29 wherein the pulse
width is in the range of approximately 1-10 p-seconds.

35. The method as described tn claim 29 wherein the
substrate is biased during sputtering with respect to ground.

36. The method as described in claim 33 wherein said bias
is applied at a voltage of 200V negative or less.

37. The method as described in claim 29 wherein said
carbon film is formed to a thickness of 10 nm or less.
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during said first sub-portion of said second portion. 43. The nethod as
described in claim40 wherein said first portion further conpri sesm CT 2003
_positive voltage spi ke at the beginning of said first port ion. 'Iun

met hod as described in claim40 wherein said first sub-portion of sai d
second portion is approximately 50%or nore greater in magnitude than a
continuous voltage applied in a continuous DC sputter process having the
same sputter ratd8. The miathodethaktsexberdsor¢lbing 2% vehetem sgidwher ein sai d

sputtering is p@rrrb@ﬁrmm 9 foAfed 6 TeiMickdss fhy i agriesgont ai ning gas. 46.
The nmethod as desgg ﬁ?xk @eé{i‘nmﬁ%ﬂuﬁa’ﬁﬂfmw&r jgontai ning gas

is one or nore . as s ect consl sti ydr ogen,
et hyl ene, acet yi&nfOrming z§ Céﬁ]?f"h H'?H‘él 5,{@‘0! CL{E‘el @h'ﬁ 2003 47. The

method a. 5 deschABBetic rh‘emléﬁlhgm‘?lvmer ein an spa content of the filmas
measured by reflection electron energy |oss spectroscopy is approximtely
70% or nore. 48. 4®eAnmethud! of ddpesitingeal cirbanl Blnn gonphsing n said power

i‘.j?p' Zgop%1 at estﬁa iﬁtd@ﬁiosefréﬁzquwm :dmbhﬁ ﬂ::;j\a%mtaf e;ligpmlm mat el ét ﬁo 175
e nmet hod: @RpHSHE tASn! Raidl shfprfinde pulse wi is in
the range of approx Eﬂ&"ﬁ\o]l Lge PRy gjr{dc-ﬂso.et e agv;ﬁagﬁﬂgccps described in

cl ai m 40 wherein th

by a power supply in a pu!qed mode. said puise
comprising at least a first portion and a second
portion, the voltage applied during said second por-
tion more negative than that applied during said first
portion, said second portion having an average volt-
age:

wherein a first sub-portion of said second portion is
more negative than said average voltage of said
second portion.

41. The method as described in claim 40 wherein said first
sub-portion of said second portion occurs when said voltage
switches from said first portion to said second portion.

42. The method as described in claim 41 wherein said
power supply acts as a current supply when said voltage
switches from said first portion to said second portion,
thereby driving said voltage to the greater negative value
during said first sub-portion of said second portion.

43. The method as described in claim 40 wherein said first
portion further comprises a positive voltage spike at the
beginning of said first portion.

44. The method as described in claim 40 wherein said first
sub-portion of said second portion is approximately 50% or
more greater in magnitude than a continuous voltage applied
in a continuous DC sputter process having the same sputter
rate.

45, The method as described in claim 40 wherein said
sputtering is performed in the presence of a hydrogen-
containing gas.

46. The method as described in claim 45 wherein said
hydrogen-containing gas is one or more gas selected from
the group consisting of hydrogen. ethylene, acetylene,
butane, and naphthalene.
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substrate is biased during sputtering with respect to ground. 51. The

nmet hod as described in claimb50 wherein the bias is applied at a vqlﬁ 82003
of 200V negative or less. 52. The nethod as described in claim40 vvhergl n
said carbon filmis fornmed to a thickness of 10 nmor |ess. 53. The net hod
as described in claim40 wherein said carbon filmis fornmed to a thickness

of 5 nmor less. 24. The thod as described inaclalm 40 further co I S-
ing forming said ar%n?qr{ﬁﬁgz% "@S”‘S?@&? i“%“}g?e‘#ﬁ '%a"rfﬂ)gnet ic rgE(rJIrZi ng
di sk. 55. The nearient efstheddlor ppmgasured by raflegtighaiestronapersyi r st
sub-portion of I8k dpsewosubpyoist ipprokimmel s 8% onagard.ve vol tage spike. 56.
@O% ihgg'ngf Cgregoas.'me GnEHIRCRs ebERBQUIRA Ihing 40 Sitidréier h:lnig Ij roma target

r 8 0 sai
target by a pﬁ@g%n%@e@ g %E)r?a‘ﬁ%apgﬂguffés@'chg \/vgrﬂ%u%ggg dafgpl y- ing a
negati ve vol t ag?PRTBr ALY “pYrfi on of .a pul se, . said portion further
conprising a fir 9. eusethadd @ﬁﬂesgmbﬂdg@cmwﬁbé’ felgéhﬁpﬂgﬁet i on of said
pul se, said firwtdthviglinehaax%nge oftupproximaatety ilrlGgynecands. t han sai d
a\éleL 2ggovolr_tgg§- S0 ThE EmBBidP ds q&_s@ﬂﬁ@aiihfedmim Elbaw_mibﬁﬁn}/\ﬂﬁL ein s?i d {/\,;1 rst
Vv i : i ! : i
t he negam)ve voﬁ"%:g hi_fgg @Eqéﬁggﬁﬁggﬁw;ﬁng ‘?ﬁg%e“ c(éﬁ%%’%ré l?% ?n (F:):Jaisa 56ere
wherein said po : B‘Hé@?%ép%dﬁ%ﬁfﬁ)e Inrcjﬁp.n p f)e lﬁl Fd vol t age
is applied at a voltage of 200V negative or less.

52. The method as described in claim 40 wherein said
carbon film is formed to a thickness of 10 nm or less.

53. The method as described in claim 40 wherein said
carbon film is formed to a thickness of 5 nm or less.

54. The method as described in claim 40 further compris-
ing forming said carbon film as a protective layer of a
magnetic recording disk.

55. The method as described in claim 40 wherein said first
sub-portion of said second poition comprises a negative
voltage spike.

56. A method of depositing a carbon film comprising:

sputtering from a target comprising carbon onto a

substrate, wherein power is supplied to said target by a
pulsed power supply. said pulsed power supply apply-
ing a negative voltage for at least a portion of a pulse,
said portion further comprising a first value and an
average voltage of said portion of said pulse, said first
value 25% or more greater in magnitude than said
average voltage.

57. The method as described in claim 56 wherein said first
value comprises a spike at the beginning of the portion of the
pulse where the negative voltage is apphed.

58. The method as described in claim §6 wherein said
power supply acts as a current supply when said voltage
switches to said portion of said pulse, thereby driving said
voltage to said first value.

§9. The method as described in claim 56 wherein said first
value is approximately 50% or more greater in magnitude
than a continuous voltage applied in a continuous DC sputter
process having the same sputter rate.
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switches to said portion of said pulse, thereby driving said voltage to
said first value. 59. The nmethod as described in claim56 wherein si0d)CT 2003
first value is approximately 50% or nore greater in magnitude than a
continuous voltage applied in a continuous DC sputter process having the
sanme sputter rate. -45 1 0 0CT2003 60. The nethod as described in claimb56
wherein said sputtering is perfornmed in the presence of a hydrogen-

cont ai ni ng gas. 6160.Thhe meethnd as dissgbéddd ¢laim! 86 WB&eQLRI N an spa

content of the féguttedindga r:ef td eqkr | oss
spectroscopy is_@g}ﬁﬁ h%%?%r%%dorlﬁngﬁﬁ.ﬂrg%'%hgrr"gp}?gﬁ%%gxblescri bed in

claimb56 wherein's anej up%y QBerat es at a pul se frequtency in the
range of approxi ntiel J¢ BEIHEQ AR iaescy '?dm@lm‘ﬁ&d\_vagmmgm $fped in cl ai m 56
wherei n the pul OntoptRfthedilmas measunedebyofe flopiooseleetren ¥ndrel0 p- seconds.

64. The method dessispestrdwedpyniscipproxfhatee 7098 drifiofaibst rate i s biased
during sputteri n%gw'gt]h resl[])ect to ground. " 65. The nethod as described in
h

clai m 64 wherein i Bthod) aspde scaibesh im claim &fe whler@aosaidegat i ve or
| ess. 66. The pewesduppl ratbedt apukaifre qhed bfl grcarbon filmis
formed to a thhﬁm’e‘qﬁ’%fﬁ;ﬁfﬁﬂ (rapss. 67.@ﬂ£§]rret Hgdﬁggg&gscri bed in

cl ai m 56 wher el sal carbo _Zi's formed to a thickness of 5 nni or
| ess. 63. The method as described in claim 56 wherein the pulse

width is in the range of approximately 1-10 p-seconds.
64. The method as described in claim 56 wherein the
substrate is biased during sputtering with respect to ground.
65. The method as described in claim 64 wherein the bias
ix applied at a voltage of 200V negative or less.
66. The method as described in claim §6 wherein said
carbon film is formed to a thickness of 10 nm or less.
67. The method as described in claim 36 wherein said
carbon film is formed to a thickness of 5 nm or less.
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