Title: TITANIUM NITRIDE THIN FILM FORMATION ON METAL SUBSTRATE BY CHEMICAL VAPOR
DEPOSITION IN A MAGNETIZED SHEET PLASMA SOURCE Abstract: A procedure for the synthesis
of titanium nitride (TIN) thin films on metal substrate by vapor deposition using a magnetized sheet
plasma source is disclosed. TiN films on metal substrate exhibiting the stoichiometric TIN and Ti[err]N
were synthe- sized in a mixed N[err]/Ar plasma with initial gas filling ratio of preferably 1:3 under the
following conditions: total initial gas filling pressureiof at least about 40 mTorr, plasma current in the
range of about 2A to about 3A and plasma discharge potential in the range of about 125V to about
150V. TITANIUM NITRIDE THIN FILM FORMATION ON METAL SUBSTRATE BY CHEMICAL

VAPOR DEP %@&W%ﬁﬁ%@?&%gﬁ% Eﬁ{%@%@%@%m% B EHDNORT MEPIRVENTION

. : . URCE. . . :
The invention relates to a m eposition. Nore particularly, the invention relates to a
titanium nitride film chemical vapor deposition process on metal substrate using a magnetized sheet
plasma source;BACKGREGUNDERIGRE INVENTION Interest in new coatings and surface treatment
methods has been on the upsurge during the last decade of the 1990s, especially for titanium nitride
(TIN), gaugin?ir from the number of papers/patents published on this ceramic material. Titanium nitride

films prepared Bf BYREPAE RiBR AP GBataedmtirtsRPealing IMpsprRrigHR s SR Mrstitted circuits.

A TIN film is alsptagemaskativiba changewaal-@RiFREl ¢stNBORIRs SiRsstdesreases the rate of
abrasive wear during{ the cutting process as well as the chemical interaction between the tool and the

work piece b&HAEERRHRNSRREReiRsIRISSt PIRFIEA SRR table compound that enhances the

pitting resistance of many substrate materials in most environments. Several techniques such as
chemic_al vap%r dgegﬁgég%gggis}ﬂgapor d}e osition, ion platir_lg, i_on beam-a_lssisted deposition,
Sputtering, an l?ﬁ rocesses ¢ peR d to prepare TiN films. The films produced by these
techniques, however, often exhibit poor adhesion to the substrate. Coupled with this problem is the
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during the last decade of the 1980s, especially for titanium nitride (TiN), gauging

from the number of papers/patents published on this ceramic material. Titanium

nitride films prepared on silicon are widely used as diffraction barrier layers in large-

scale integrated circuits. A TiN film is alsc a remarkably hard and wear-resistant

coating on tools since it decreases the rate of abrasive wear during the cutting

process as well as the chemical interaction between the tool and the work piece

because of its chemical inertness. TiN is a very stabie compound that enhances the

pitting resistance of many substrate materials in most environments. Several

techniques such as chemical vapor deposition, physical vapor deposition, ion

plating, ion beam-assisted deposition, sputtering, and hybrid processes have been

used to prepare TiN films. The fiims produced by these techniques, however, often

exhibit poor adhesion to the substrate. Coupled with this problem is the requirement

of a high deposition temperature (> 500C) for the effective formation of the TiN film

and the relatively long duration of time required for thin film formation. In many of

these techniques, the piasma dimensions, and subsequently, the subsirate size

also limit the process of film deposition.



and the relatively long duration of time required for thin film formation. In many of these techniques,
the plasma dimensions, and subsequently, the substrate size also limit the process of film deposition.
2 SUMMARY OF THE INVENTION One aspect of the present invention provides a method for the
synthesis of titanium nitride on a metal substrate in a plasma enhanced chemical vapor deposition
chamber, the method comprising: introducing a discharge gas into a production chamber through a
low leak valve, the production chamber having a cathode with a tungsten filament; igniting the
discharge gas in the production chamber by thermionic emission of the tungsten filament using a first

DC power su%%w@y%%f ;W@Eﬁﬁ]q@‘[ge gas producing a gas plasma discharge; supplying a

potential to the production chamber a second DC power supply; stabilizing the gas plasma
discharge with a first plasma limiter and a second plasma limiter, wherein the first plasma limiter has a
first magnet thahaelspast afinst inteserediatetisleptoaitRaherginthr fitst injrmeediatairleicirode acts as
a first anode, wherein ihe_secand pigsns imitephias 2 coraless magnells collihat acls fs,a second
intermediate elec rod%, wherein the Fungsten fdmentis negaﬁvely Ased with resp%c? o the second
intermediate et@8irege; ippitPRihhe gagpissiaaitisetiaige in EselErtoagruitehamBEiugiiny a third DC
ItOhOW_er iyppl;@ %ﬁ;ﬂﬂﬁ&r %‘}?o@@?@é?@ﬂﬁie@@%ﬁ@d”tﬂéep‘ﬁ@&%_ Ii_%gﬂéﬁélmx?@iaﬁ%\%'@cﬁth @Qﬁ@&@vﬁtﬁ%%ﬂd %node,
e ignition of the gas plasma discharge producing a cylindrical plasma, the main vacuum chamber
naving a movAtESRBSIHABT0IcER LAl ng SRE-EG A GEal bGP TRUHE! b PG RES G Ehamber
into a sheet plhemaioia eesdsson ridacuapstant fiiamerignendhe fissicOd pragnetuap thieethird
magnet having,apaasingiieldadhal-gre sepaiipy 8 dstensssmpulistngaetitanismitaraet
attachable to the second anode by the gas plasma discharge; introducing a reactive gas to the main
vacuum chamBeiEiRl thifsdriedyRisnta af@ﬁ‘éfiff@"@@ssﬁ@(ﬂ?c%% BB SYTPRPAS AP AR Ko sing the

metal gas plasma discharge with a first plasma limiter and a second plasma limiter,
wherein the first plasma limiter has a first magnet that acts as a first intermediate
electrode, wherein the first intermediate elecirode acis as a first anode, wherein the
second plasma limiter has a coreless magnetic coil that acts as a second
infermediaie electrode, wherein the tungsten filament is negatively biased with
respect 1o the second intermediate electrode; igniting the gas plasma discharge in
a main vacuum chamber using a third DC power supply to generate a potential
between the second intermediate electrode and a second anode, the ignition of the
gas piasma discharge producing a cylindrical plasma, the main vacuum chamber
having a movable substrate hoider; converting the cyiindrical plasma in the main
vacuum chamber into a sheet plasma via a second magnet and a third magnet, the
second magnet and the third magnet having opposing fields that are separated by
a distance; sputtering a titanium target attachable to the second anode by the gas
plasma discharge; introducing a reactive gas to the main vacuum chamber, the
intraduction of the reactive gas producing a mixed plasma; and exposing the metal
substrate to the mixed plasma.
There is a need in the art for a deposition process where a) there is no heating
mechanism introduced, b) the synthesis of the film is relatively short, and ¢} the
synthesis can be done over a wide area of substrate surface, without sacrificing
the quality of the fiim. A modified magnetized sheet plasma ion source (Plasma
Sources Sci. Technol. 8(18986) pp.416-423 and Rev. Sci. instrum.71 (2000)
pp.3689-3695) is a suitable contribution to the art of deposition of titanium nitride
in the present invention satisfying the foregoing advantages. Although the

invention demonstrates the capacity of synthesizing titanium nitride for small-



substrate to the mixed plasma. There is a need in the art for a deposition process where a) there is no
heating mechanism introduced, b) the synthesis of the film is relatively short, and c) the synthesis can
be done over a wide area of substrate surface, without sacrificing the quality of the film. A modified
magnetized sheet plasma ion source (Plasma Sources Sci. Technol. 8(1996) pp.416-423 and Rev.
Sci. Instrum.71 (2000) pp.3689-3695) is a suitable contribution to the art of deposition of titanium
nitride in the present invention satisfying the foreg%ﬁng advantages. Although the invention
demonstrates the capacity of synthesizing titanium nitride for small 2a sized samples, the wide area
plasma could v.e%well sFrv%he C atin%/ofllar er sa}gwg)les. T e relatively shtort dl{lation of coating the
titanium nitrid8'fifm 37 et "Subiaf WREot the Ued o?rﬁevé%naer%veechgn?gr%gsn%]g &%fiis invention
very promisinggfapipiritizgrefatielialsh&Riraih SCERIRTFONQFamidiE BRAMNINGS fetatetailed
description of the invention can Ee readil reciated jn conjunction wijth the accompanying
draviings, in WHIER TG VL b N St ia Aot 18 BIASIS SOtHES (Hbd N E iniiteal vapor
deposition of thresmidridriedmidetiogdeinoetaiith the present invention. FIG. 2 is a pictorial view of the gold
colored TiN deposit on metal substrate WO 03/074755 PCT/PH02/00003 3 FIG. 3 is a characteristic
x-ray diffraction scan of a (200) phase TIN deposited film and a (220) phase of Ti2N deposited film on
metal substr&B&IBFFPESE RRATIRM AdteHSEIIRAMANEBan of the deposited TiN film (on sample D)
showing the frequency shift at 267 cm-'. FIG. 5 is a characteristic Raman scan of the deposited TiN

film (on sample
The detailed description of the invention can be readily appreciated in conjunction

with the accompanying drawings, in which

FIG.1 is a schematic diagram of the plasma source used in the chemical vapor

deposition of the TiN film in accordance with the present invention.

FIG. 2 is a pictorial view of the gold coiored TiIN deposit on metal subsirate



H) showing the frequency shift at 267 cm-". 10 FIG. 6 is a characteristic Raman scan of the deposited
TIN film (on sample 1) showing the frequency shift at 267 cm-'". FIG. 7 is a microanalysis of the
deposited TiN film (on sample H) by 15 energy dispersive x-ray analysis showing the peak
correspondingdeihesremission of TiKa radiation at 4.6 eV confirming the presemeg@fibtanium.
DETAILED DESCRIPTION OF THE INVENTION 20 The teachings of the present invention can be
readily understood with reference to the accompanying figures, in which details of the preferred
manner of practicing the present art are described. Accordingly, persons of skill in the appropriate arts
may modify fH& diSclesaredaratie pedisent 2% iriEnaohcsutss@tobfaim ORIV eradne rédiits described

herein. Sincg (a8 siapiodree andSsaisphage sharacferislssaiederiig o drpasition process, a

description of the same is in order. Referring to Figure 1, the plasma source is composed of five main
parts 30 namidihgtiate production chamber, shown as Part A in the diagram, the first and second
plasma limiters, referred to as Parts B and C, respectively in the diagram, the main discharge vacuum
chamber, referred to as Part D in WO 03/074755 PCT/P1102/00003 4 the diagram, and the anode or
end target, réferrddisorae Reat Brig iR aiagnass a8 wiseguesrp pritesiréfbhilg torigamerieare numbered

correspondirmlgﬁgm#gdﬁéc;}gm@égc&ﬁf{sap J this. particular source used for the invention, the

production chamber comprises of a single tungsten wire connected to a chuck of electrical
feedthrough rods (10) by stainless steel screws. The filament is used as

FIG. b is a characteristic Raman scan of the deposited TiN film (on sample
H) showing the frequency shift at 267 cm™.

10
FIG. § is a characteristic Raman scan of the deposited TiN film {on sample

I} showing the frequency shift at 267 cm’.

FIG. 7 is a microanalysis of the deposited TiN fiim {on sample H} by
15  energy dispersive x-ray analysis showing the peak corresponding to the

emission of TiK, radiation at 4.6 eV confirming the presence of titanium.

DETAILED DESCRIPTION OF THE INVENTION
20
The teachings of the present invention can be readily understood with
reference to the accompanying figures, in which details of the preferred
manner of practicing the present art are described, Accordingly, persocns
of skill in the appropriate arts may modify the disclosures of the present
25 invention but still obtain the favorable results described herein. Since the
plasma source and its discharge characteristics are key to the deposition

process, a description of the same is in order.

Referring to Figure 1, the plasma source is composed of five main parts
30 namely: the production chamber, shown as Part A in the diagram, the first
and second plasma limiters, referred to as Parts B and C, respectively in

the diagram, the main discharge vacuum chamber, referred to as Part D in



the source of ionizing electrons by thermionic emission when connected to a power supply V3 in
Figure 1. A stainless steel assembly (20) 10 connects the electrical feedtrough to the main body of the
production chamber. The production chamber also comprises an enclosing chamber of cylindrical
glass (30) towowvigdesbetter plasma confinement within the production chamberaadainsutator between
parts (20) and (50). A port in (20) comprises a low-leak valve for a gas feed (40). The steel assembly
15 (20) connecting the electrical feedthroughs are water-cooled (at least about 16C) to withstand
thermal expansion and protection of rubber O- rings connecting the glass chamber to (20) and (50).

The electron, emission of the tungs thode | terj 20 diffusion.equation that
expresses tﬁ%ﬁﬁ%ﬁ%ét@v@eﬂ%ﬁ?&ggl 8fegt?§n%gﬁ%%ig%%§g§ |c?8n? b aar(?r(()%sénth%?nagnetic field B
and the axiadietgetron 8iffusignardeffigetst Ddfatomy BiD, Figuré (1) Dgré +((0M)Retet ~~en ree )2 25

where co, Tét%%réﬁ\rgdggqug% L{}r% %Jgg%g)%ir%%é)r%%ge%n&ular frequency, electron-neutral collision time,

electron-neutral collisionfriean free pat ectron cyclotron radius, respectively. WO 03/074755
PCT/PHO02/00003 5 For the case of hydrogen gas, Xe, and rCe are well known and approximated by

the relagionsl’h?tlﬁg:%'a@c(i%gfg/%&?rpcec L%Sdngé‘ftlﬁw%/%v@%tion, the production chamber
comprises of a single tungsien wire connected 1o a chuck of electrical
feedthrough rods (10} by stainless steel screws. The filament is used as

the source of ionizing electrons by thermionic emission when connected

to a power supply V3 in Figure 1. A stainless steel assembly (20}

10 connects the electrical feedtrough to the main body of the production
chamber. The production chamber also comprises an enciosing chamber

of cylindrical glass {30} to provide better plasma confinement within the
production chamber and insulator betwesn parts {20) and (50}. A port in

(20} comprises a low-leak valve for a gas feed {40). The steel assembly

15 {20} connecting the electrical feedthroughs are water-cooled {at least
about 16C) to withstand thermal expansion and protection of rubber O-

rings connecting the glass chamber to (20) and (50).

The electron emission of the tungsten cathode is characterized by a
20 diffusion equation that expresses the relation between the radial electron

diffusion coefficient [, across the magnetic field B and the axial electron

diffusion coefficient Dy along B,

D, 1 ] )
Dy 1+ ()
1+ €
Fee

25  where o, 1, A, and r,, are the electron cyclotron angular frequency,

electron-neutral collision time, electron-neutral collision mean free path

and electron cyclotron radius, respectively.



where P, B and T. are the hydrogen gas pressure in Torr, magnetic field in gauss and electron
temperature in eV, respectively. The cathode plasma 10 has electron temperature of in the range of
about 0.5 eVto about 1.0 eV from Langmuir probe measurements. Then the relation (cu'c)en
=10-2B/P is ohjamect7¢4) 15 Equation (4) implies that the electron emissionmafiira@aitiode decreases
when (o)n)en ) 1. According to Equation (4), the discharge becomes unstable for a strong magnetic
field and a low pressure. At the production chamber (Part A) the pressure is typically in the range of
about 0.6 Torr to about 1 .0 Torr and in the range of about 10-1 Torr to 10-3 20 Torr at the main
discharge chranbeid PasksP).diVithythesercogdiions, theareit valuesie estishatiedoasn(a)g10-2 BZo (5)
25 where the z-axis is taken to be along the line connecting the anode and the cathode. Equation (5)
means that WRBIPHHE Atad hit Rdal BB sexceeds at 100 gauss, the electron diffusion across BZo is
suppressed effectively. Therefore, to extract a high discharge current from the cathode, the axial
magnetic field applied externally must be below 100 WO 03/074755 PCT/PH02/00003 6 gauss. A pair
of Helmholtz coils comprisjg,g:_ot_mpnerzwpe wound around a bobbin of fiber board pgovides the axial
magnetic field Paschen's law states that a minimum voltage of the pre-discharge must 5 be found for
a pressure P and a distance d between the cathode and anode. In this plasma source, two
sub-components comprisipg _9f3 %rt}%ar ferrite permanent magnet (50) and a corelt(ag)s magnetic coll
(60), respectively, also acfas intérmediate electrodes for the plasma production. Iniially, the, first
intermediate electrode (Part B in Figure 1)

where P, B and T, are the hydrogen gas pressure in Torr, magnetic fieid in

gauss and electron temperature in eV, respectively. The cathode plasma
10 has electron temperature of in the range of about 0.5 eVto about 1.0 eV

from Langmuir probe measurements. Then the relation
(@T) g =1072B/P is obtained. (4)

15 Equation'(d} implies that the electron emission of the cathode decreases

when (ot),, »1. According to Eguation {4}, the discharge becomes

unstable for a strong magnetic fieild and a low pressure. At the

production chamber {Part A} the pressure is typically in the range of about

0.6 Torr to about 1.0 Torr and in the range of about 1077 Torr to 1073
20 Torr at the main discharge chamber (Part D). With these conditions, the

wt value is estimated as
(w1) :10»~2 By 5)

25 where the z-axis is taken to be along the iine connecting the anode and

the cathode. Equation (b} means that when the magnetic field 5,
exceeds at 100 gauss, the electron diffusion across B,, is suppressed

effectively. Therefore, to extract a high discharge current from the

cathode, the axial magnetic field applied externally must be below 100



10 acts as the anode in the pre-discharge at the cathode region. Here, plasma is created with the
breakdown of hydrogen gas usually at a high initial gas filling pressure (at least about 1.0 Tarr). The
gap between the cathode and the first intermediate electrode is at 15 most about 1.5 cm. An insulator
separates therp.ckhbisgeometry is chosen to satisfy Paschen's law and ensurergesutiigiant volume of
ionizing electrons from the cathode to be emitteddnto the main chamber. The second intermediate
electrode (Part C in Figure 1) is axially displaced by at most about 1.5 cm from the first intermediate
electrode. An insulator 20 also separates the first and second intermediate electrodes. While it houses
the corelessgaiametic Raill B0 eindsieorllintarmediséne elecroder aise sepwrs! s aumauxiliary

electrode in gl'}%_gg;}}p @fﬁme&c&s&%@&%gg% ettgag(gqerﬂgg Aoe é@étiation. By combining the two

electrodes consisting of a circular ferrite magnet and a careless magnetic coil, respectively, the 25 ion
source becomes stable and ensures uniform current density. The combination effectively reduces the

magnetic fi%g&{gﬁt@/ G20 &ntﬁwrg%%m%ggo‘%ﬂggggg‘etg 41%1'%-[8}%&1 ;rﬁ%%;?& rmanent magnet

(50), which is enclosed in the first 30 intermediate electrode, has a mean of 7.0 cm The
coreles§ magnévierchbif¢60d eniekssisd iR thrrdsecdirt dantentediatevefecttbdedsthwaite drdm an insulated

copper wire yauad on 5 as3abbin 204 SReTaIRY 8L AW O5IQTA75 REFEL102/00003 7 co

exciting current of at most about 30 A, giving rise to at most the equivale O Aturns. The
magnetic fiel eliseriigritis ReverAserto magiiupbdbard e dotkless disanetie eribd@lind increases in

the first integ_lg)é‘%g@gg@l&ctrgg%. Irgg@e ﬂqugme@g{gn @ggn%)dgsre\@%r;segqg}a%@%m;ield due to the

production. Initially, the first intermediate electrode (Part B in Figure 1)
10 acts as the anode in the pre-discharge at the cathode region. Here,
plasma is created with the breakdown of hydrogen gas usuaslly at a high

initial gas filling pressure {at least about 1.0 Torr).

The gap between the cathode and the first intermediate electrode is at
15  most about 1.5 cm. An insulator separates them, This geometry is chosen
fo satisfy Paschen’s law and ensure a sufficient volume of ionizing
electrons from the cathode to be emitted into the main chamber. The
second intermediate electrode {Part C in Figure 1) is axially displaced by
at most about 1.5 cm from the first intermediate eiectrode. An insulator
20 also separatés the first and second intermediate electrodes. While it
houses the coreless magnetic coil (B0}, the second intermediate electrode
also serves as an auxiliary electrode in the main chamber discharge after
the pre-discharge initiation. By combining the two electrodes consisting
of a circular ferrite magnet and a coreless magnetic coil, respectively, the
25 ion source becomes stable and ensures uniform current density. The
combination effectively reduces the magnetic field abruptly near an ion

current extraction electrode.

The circular ferrite permanent magnet (50}, which is enciosed in the first
30 intermediate electrode, has a mean diameter of 7.0 c¢m The coreless
magnetic cail {60) enclosed in the second intermediate slectrode is made

from an insulated copper wire wound on a brass bobbin and operated at a



combination is expected. This reversed field is very useful for cathode protection from backstreaming
ions. The apertures leading from the two electrodes are covered with molybdenum for heat resistance
and are 10 designed so as to cause a difference in pressure between the cathode and main vacuum
discharge regigngofhadifferential pumping that ensures this difference alseoratgetathes cathode.
The composed magnetic field distribution due to the ferrite magnet and the magnetic coil has been
approximated using three ring currents. Using the Biot-Savart law, the 15 approximate equation for the
composed magnetic field B(Z) in gauss where Z in cm is measured from the center of the ferrite
magnet is gié’&? e%i%%? 787.6 437.6 (%#%9(35%3&%%&&).04922)312 20 240.4 +[1+0.092(2-3.9)23/2

(6) The first and Secon t‘é‘ﬁrﬁﬁ%néx%re%{s € magne oq[fﬁgq‘err'ﬁ?et%S ?ﬁa@ﬁgf. S third term

expresses teguhadaetioffietdf fheumagnetic coil. As an indication of the validity of the approximations
made, experimental values of the magnetic field distributions for the ferrite permanent magnet and
magnetic coil were determined separately. The approximations and WO 03/074755 PCT/PH02/00003
8 the actual Theasuignmitsiathdimdbnatiedighivdistisbutmnerarbuary dlaseaparticulagy at points
outside Of the MRgNRS% e AP LESHSIQIR AR S e feliowdnnig ot s ehtaineg: S
production region (Part A} a reversed magnetic field due to the
combination is expected. This reversed field is very useful for cathode
protection from backstreaming ions. The apertures leading from the two
electrodes are covered with molybdenum for heat resistance and are
10 designhed so as to cause a difference in pressure between the cathode and
main vacuum discharge regions. The differential pumping that ensures
this difference also protects the cathode. The composed magnetic field
distribution due to the ferrite magnet and the magnetic coil has been
approximated using three ring currents. Using the Biot-Savart law, the
15  approximate equation for the composed magnetic field B{(Z} in gauss
where Z in om is measured from the center of the ferrite magnet is given

by

B5(Z) - 787.62 - 437.6 /
(1+0.16Z%) (1+0.049 2232

20

240.4
[1+0.092(Z ~3.9)27/2

()

The first and second terms express the magnetic field of the ferrite

25  magnet. The third term expresses the magnetic field of the magnetic coil.

As an indication of the validity of the approximations made, experimental
values of the magnetic field distributions for the ferrite permanent magnest

and magnetic coil were determined separately. The approximations and



den _3.4x10-5(1)B.(7) rce)z Tep2 C At the main discharge chamber the pressure P will be
typically of the order of 10-2 Torr and the electron temperature will not exceed 9eV for a 10 hydrogen
plasma. These values reduce Equation (7) to 2 Caen 0.15B2. (8) This relation provides an upper limit
for the radiakgomyenest of the 15 magnetic field that would give a uniform electp@naensity. This
means that for values of B less than about 2.6 gaéss, the ion current density becomes radially
uniform. The radial magnetic field profile B,(r) of the combined ferrite permanent magnet and coreless
magnetic coil were similarly obtained at the extraction region and was found to be less no 20 more
than 1 .0 gatiss. Feahdizdmayetofieldidistabotfmmetice fedidivelytvealoas thesextegtion electrode

region, which, accordin ti will give aupiform. i rrent density radially. The main
vacuum disc {%?Sé%?%%ﬁ)gﬁﬂéééqug é}ﬁ% ?gul}%édf) ?s%gm%é%% %11’ 25 a T-sectioned glass cylindrical
chamber (90) one end of of which connected to the second plasma limiter (60), while the other end is
connected tQ, (130),Th nder c rs er.an acgcessible port (140) leading to
vacuum pu r?f‘ pggﬁ gr?%]é?;%t{?]]%? g)%)rtav%é:é(#g ' the fﬁrﬂg‘f‘r’z@ rﬁ%%qé??l%oﬁﬁaé%%ﬁected. WO 03/074755
PCT/PHD2/00003 9 The diffusion-pumped vacuum system is connected to the main chamber (Part
D). It consists of a rotary pump as roughing pump,.a mechanical pump and an oil diffusion pump. To
isolate the vacuum champgés froms , . ;45| | }B 7

Pee TEP2

At the main discharge chamber the pressure P will be typically of the

order of 107% Torr and the electron temperature will not exceed 9&V for a

10 hydrogen plasma. These values reduce Equation {7} to

rC [

[}“en T - 2

—== | =0.158". {8)
This relation provides an upper limit for the radial component of the

15 magnetic fieid that would give a uniform electron density. This means
that for values of B less than about 2.6 gauss, the ion current density
becomes radially uniform. The radial magnetic field profile B,(r} of the
combined ferrite permanent magnet and coreless magnetic coil were
similarly obtained at the extraction region and was found to be less no

20 more than 1.0 gauss. The radial magnetic field distributions are relatively
weak at the extraction electrode region, which according to Equation 8

will give a uniform ion current density radially.

The main vacuum discharge chamber (Part D in Figure 1} is composed of
25 a T-sectioned glass cylindrical chamber {90) one end of of which
connected to the second plasma limiter {60}, while the other end is
connected to the anode (130}, The cylinder comprises further an
accessible port (140) leading to vacuum pumps and another port where

the substrate holder (100} is connected.



5 the mechanical vibration due to the pump, a metal bellows is connected between the main
discharge chamber and the pump. The attainment of high vacuum of at least about 10'6 Torr served
as base pressure for the chambers before gas is fed at the production chamber (Part A). Hydrogen or
argon gas isveslitimaurgh a low-leak needle valve in the cathode 10 assemblpahiadhesgactive gas
(usually nitrogen) is fed by a similar low- leak neeéle valve (110) at the main discharge chamber.
Because of the construction geometry, a circular aperture in the limiters diameter at most 1.0 cm
creates a pressure gradient between the cathode chamber (high- pressure chamber) and the main
discharge chamber (low-pressure 15 chamber. The difference in pressures in chambers Part A and

Part D is a Myt a8y MRS ITHREHHEIS GHRTB EhdBRRAESaFPENS Migifechpatkebs as plasma
beam dumpguid is)a wateksreled stainrss steahipolkew syliMies (A3 Aa2h ikaaivixstarget (120) is

attached to the anode. Going back to Figure 1 the schematic diagram indicating the circuit used in
generating tREPRERE ANaRib HENSIRY PYAY plabn P RIgEnEr8IWATHSTe CHREMEUERSA chamber (Part

A) by thermigricesrissinaphasshiaie 2 iungsien yirsSiner thibOMIde/BawealssiHRRe§V4 in Figure 1).
The filament potential varied. in the range of about 14V to about 18V at a corresponding current in the

range of abARBEERC BB I3 AisAl 85n GERAIRAARH SRR hvely BRagttPiumertspéct to the
second intexgadiaieuaiectede (baiteabalin Fadute &) sYR, supaliassthe patantial fir 38dhe range of

about 60V and about 70V) at the production chamber at a current in the range of about 3A to about

4A. The potSRBEIHFTHE Gt ShétH P8¢ AMCNSEM SR AETHE Aaf chEMlseefifom the limiter
60 WO 03/034 753 RC HRHE2/@Q008rd0gh a low-ieak needie vaive in the cathode

10 assembly while the reactive gas {usually nitrogen) is fed by a similar low-
leak needle valve (110) at the main discharge chamber. Because of the
construction geometry, a circular aperture in the limiters diameter at most
1.0 cm creates a pressure gradient between the cathode chamber (high-
pressure chamber) and the main discharge chamber (low-pressure

15 chamber. The difference in pressures in chambers Part A and Part D is a

most an order of two.

The anode or the end target {(Part E in Figure 1) serves as plasma beam
dump and is a water-cooled stainless steel holiow cylinder (130). A

20 titanium target {120} is attached to the anode.

Going back to Figure 1 the schematic diagram indicating the circuit used

in generating the plasma is also indicated. The plasma is generated inside

the production chamber (Part A} by thermionic emission of & single

25  tungsten wire using a 150V dc power supply (V4 in Figure 1}. The
filament potential varied in the range of about 14V to about 18V at a
corresponding current in the range of about 20A to about 23A. The
tungsten filament is negatively biased with respect to the second

~ intermediate electrode (limiter E2 in Figure 1). V2 supplies the potential {in
30 the range of about 80V and about 70V} at the production chamber at a
current in the range of about 3A to about 4A. The potential in the range

of about 125V and about 150V at the main chamber (from the limiter 60



to anode 130) is supplied by the source V1 giving rise to a corresponding current in the range of about
0.8A to about 1.5A. A switching sequence from S2 to S1 completes the circuit from the cathode to the
anode. Steady-state argon plasma is normally produced in the main chamber 5 using this process.
The plasma fpnaiggykndrical has a diameter of at least about 1.5 cm and atdeasi@@hosiz 30 cm long
from the limiters to the anode/end target 10 The tfansformation of the cylindrical plasma is done by
arranging two rectangular strong permanent magnets (at least about 1.5 kGauss on the surface) on
opposite sides of the plasma column as shown in Figure 1 (80). The z-axis is taken along the plasma
column, the y-axis perpendicular to the permanent magnets and the x-axis parallel to the 15
permanent fRagnerdsir #H iscuerpietopyoftbsplasent Vdiving Mee tmagrmstssrersboat most about

7.0 cm away 1o, (60) L ReIanant, PBAIE R 21p JASHaDEd Wit el magnaticdpglarty as shown

in Figure 1 (60). With the magnets in place, a new magnetic cusp field with“components B., By, B,
along the x-H%i, \Baxks, dntl zapletespabtvelssud 20 dtetccaibaitatendigheticofiisld B, The B.
componentsale MeAtIo, expanddhe plasma colinn along. tne i diectianand i, By components
cancel out in the x-y plane. The direction of the initial magnetic field B, is taken to increase the field
intensity tovaios tHesdipGvetfe dii@@B0y fprdnodcstsrlricaltdwards dhersdeornf intermediate

electioc (60T 25 OB IRES AUl HISEIPLION, %55 Aantihg g pesmanen

magnets with components (Br, By, B,), effects the change of the cylindrical plasma into a sheet
plasma. An epdstgieht aadie width of the sheet plasma is effected through a relation between B. and
(B:, + BO. Similarly, an adjustment of the thickness of the sheet plasma if effected 30 through a
relation between By and (B,, + B,).

10 The transformation of the cylindrical plasma is done by arranging two
rectangular strong permanent magnets (at least about 1.5 kGauss on the
surface) on opposite sides of the plasma column as shown in Figure 1
{80). The =z-axis is taken along the plasma column, the y-axis
perpendicular to the permanent magnets and the x-axis parallel to the

15 permanent magnets in the cross-section of the plasma volume. The
magnets are set at most about 7.0 cm away from (80}. The permanent
magnets are positioned with their magnetic polarity as shown in Figure 1
(60). With the magnets in place, a8 new magnetic cusp field with
components B,, B,, B, along the x-axis, y-axis, and z-axis, respectively, is

20  added to the initial magnetic field B,,. The B, components are meant to
expand the plasma column along the x-direction and the B, components
cancel out in the x-y plane. The direction of the initial magnetic field B,,
is taken to increase the field intensity towards the discharge anode {130)
and to decrease it towards the second intermediate electrode (60). The

25  combined magnetic field distribution, due to B,, and the two permanent
magnets with components (B, B, B,), effects the change of the
cylindrical plasma into a sheet plasma. An adjustment in the width of the
sheet plasma is effected through a relation between B, and (B,, + B,).

Similarly, an adjustment of the thickness of the sheet plasma if effected

30 through a relation between B, and (B, + B,J.



WO 03/074755 PCT/PH02/00003 11 In carrying out the invention, several procedures were
conducted in the operation of the magnetized sheet plasma source. Evacuation of the chamber was
done with a preferably a 500-I/m back-up 5 rotary pump coupled to preferably a 10.16 cm oil diffusion
pump. Pressuragmrargsmonitored by ionization and Pirani gauges. Base pressmegidsasasually in the
order of at least 1.0x10™ Torr. Argon gas is fed thitough a slow leak needle valve (40) in the
production region while-a similar low leak needle valve (110) allows the reactive gas to be fed in the

10 depositiqR MR- BRCANSSREMEFONSLEFUPIH BRAMEIEE deleuashAredyrs ofdiameter at most
about 1.0 cm in the limiters creates a pressure gradient between the production chamber

. r

(high-press RS AES i B as BsRIPPEIRIATHRG oW Htessure chamber). 15 Gas pressures
guoted here refer to pressures in the deposition chamber. The vacuum sensors were calibrated for
nitrogen. The pressure reading was not corrected for the gas sensitivitgacgactor for argon. The sheet

plasma fornffRIHAES a2t EnscHARRRRINIEHE Wt WiismA e esttdbe e R FrlimBRSs Whd dimensions
at least abop 21105134 OchdiArcRMpadtiad By caldidifised plasaip alecisans afithg periphery.

Energetic electrons at the center of the sheet plasma having temperatures of at most about 25.0 eV

are detected FEILIAY A EMfgBIUIYRILIPpioRERIL 3 A BRRINGRYEPRNEASH REPHSE €ame conditions,

negative iong gf 25stitaRium havingdep ereiesiabe AMOost Fhput 204-8Vae abtpged using a
potential-type electrostatic energy analyzer. Clean metal substrates with dimensions of at least about 1

1 x1.1 x0.08"@H8 War& needeAite st eV aItH UG AR S ISP RN HGHE B0 make it
possible for yug@sraeRa rRRRliIsatarsvdine subsiraipisplacetdaptie gas to be fed in the

10 deposition chamber. Because of the construction geometry, a circular
aperture of diameter at most about 1.0 cm in the limiters creates a
pressure gradient between the production chamber (high-pressure

chamber} and the deposition chamber {low-pressure chamber}.

I5 Gas pressures quoted here refer to pressures in the depoesiiion chamber,
The vacuum sensors were calibrated for nitrogen. The pressure reading

was not corrected for the gas sensitivity factor for argon.

The sheet plasma form includes fast electrons within the core plasma of
20  several millimeters and dimensions at least about 21.10x13.40cm?
accompanied by cold diffused plasma electrons at the periphery. Energetic
electrons at the center of the sheet plasma having temperatures of at
most about 25.0 eV are detected by using a single Langmuir probe for a
3.5 A plasma current. Under the same conditions, negative ions of
25 titanium  having ion energies to be at most about 20.0 eV are obteined

using a potential-type electrostatic energy analyzer.

Clean metal substrates with dimensions of at least about 1.1x1.1x0.05
cm® were used in the process, although the sheet plasma dimensions
30 make it possible for wider area applications. The substrate is placed on a
water-cooled holder (preferable of temperature of at most about 10C)

which is connected to an adjustable bellows enabling the sample to be



water-cooled holder (preferable of temperature of at most about 10C) which is connected to an
adjustable bellows enabling the sample to be WO 03/074755 PCT/P1102/00003 12 positioned
anywhere from the core of the sheet plasma to its outer periphery (100). It was determined that
deposition cawtsegasihsdbe conducted if the substrates were immersed in theecoremmbtesheet

plasma. The substrate is placed such that its plari@ is parallel to the plane 5 of the sheet plasma.
Provision is also made for biasing the substrate. Further discharge cleaning of the substrate was done

in pure argopoplasmaifalR femerairues. SRveialsamples Waieprepasat uisleryasying conditions of
discharge 10 (preferab& in the range of about 2A to about 3A plasma current) and deposition times

preferably inARaRREe DFAeddt YRmidlFEERIgbut8b rﬁﬁﬁ.ﬁ’?@gi.oﬂll §8HIPIe&3¥EhaPEd were

immersed indbed@iR@f therhealsplasds. KEFEN RISSHER WASHR! dlpseterabiy akiud30 mTorr while
nitrogen constituted 25% of the total gas filling pressure_of at most about 15 40 mTaorr. After deposition

the samples RIASB3re iRy MRPAER Al a9Breav 6y BeldimAlBReoy RaR eifftalbBrP3D), Raman

SPeCtroscopy ARAe e5RIgY -HisHRrsiVerSrian S NMiSSIRe (FRXY SRECHRSHPY:hENS Asier-eé the deposit is
initially used as indicator of the presence or 20 absence of TiN deposit on the substrate. TiN has a

characteristi€ YoRF" cHISFHRESn BRARIPR O tHIYHOSHRFUN BB ilferRifiEd 8P H and |
seemed likelyitehavie TN SlNdepesds. These samples exhibited the characteristic yellow-gold color
shown in Figure 2. Sample D was obtained under the following conditions: plasma current of at least
about 25 3.0A, no bias potential and deposition time of at most 15 minutes. Sample H had the
following corslitiens feasepasitiesreplpssparedrrantiof alarying conditions of discharge

10 (preferably in the range of about 2ZA to about 3A plasma current} and
deposition times preferably in the range of at least 10 minutes to about
20 minutes. All sampies prepared were immersed in the core of the sheet
plasma. Argon pressure was set at preferably about 30 mTorr while
nitrogen constituted 25% of the total gas filling pressure of at most about
15 40 mTorr. After deposition the samples are carefully extracted and siored
for examination by X-ray diffraction {(XRD}, Raman spectroscopy and

energy-dispersive X-ray emission {EDX) spectroscopy.

The color of the deposit is initially used as indicator of the presence or
20  absence of TiN deposit on the substrate. TiN has a characteristic gold
color. As an exampie of the deposition run, samples identified as D, H and
| seemed likely to have TiN film deposits. These samples exhibited the
characteristic vyellow-gold color shown in Figure 2. Sample D was
obtained under the following conditions: plasma current of at least about
25 3.0A, no bias potential and deposition time of at most 15 minutes.
Sample H had the following conditions for deposition: plasma current of at
least about 3.0A, bias potential of at most about 250V and deposition
time of at most 15 minutes. Sample | had the following conditions:
plasma current of at least about 3.0A, target bias potential of at most
36 about -250V, and deposition time of at most about 20 minutes. The film
color for this sample was gray. The titanium target potential did not seem

to have any effect on the color of the deposited film. Without the bias



least about 3.0A, bias potential of at most about 250V and deposition time of at most 15 minutes.
Sample | had the following conditions: plasma current of at least about 3.0A, target bias potential of at
most 30 about -250V, and deposition time of at most about 20 minutes. The film color for this sample
was gray. Theditaniumstarget potential did not seem to have any effect on theTemeaftee deposited
film. Without the bias WO 03/074755 PCT/PH02/6b003 13 potential, energetic electrons sputter the
titanium target as it assumes the anode potential. With the negative bias, however, argon ions sputter

the titaniumytaegetail e ety alibseadaypaabing dilaatipralengrd slepasiiomiimessmay be a result
of sputtering. 5 The deposited films were first confirmed by XRD. The XRD scan for sample | is shown

, . ) ! y
in Figure 3. TRABARIE 48 in LB % R NS RS 10 PHESSH0)BRARL PPSTROUTIRE Sifacent peak
prominent afidhRBAs attgibuterhio the-aina(l Lol phase of e sHbstiate. The higadqrak is 10

attributed to the lattice mismatch of the deposited TiN film and the steel substrate. The other
significant pREROFECAESS REYPERiFFEHLPE 8PEEREBBonds to the (220) phase of Ti2N. This
sample ¢s exposed to the plasma for a relatively longer time. The deposited TIN have been
dissociated %{Fsputtering and then recombined to form this additional 15 phase. Such formation has

been obser/ef & BRSO FAVBRITSr (67 eroRHEGEn YR T hd S@Qg%gttéﬁ?‘?orf #e unbiased

sample (D) baspitheipeakhavingithe Sa3meras faak aftsaspie HairdM=cédrassestpdad with the TIN
(200) phase 20 The Raman spectra typical of samples D, H and | are shown in Féjgguareis5 4, 5and 6

respectively Fhd H&4udi3Penift ar 287 Lt iBUBRT ProRBaKc&gominent &t 44.

attributed to the o-Fe(110} phase of the substrate. The broad peak is
10 attributed to the lattice mismatch of the deposited TiN film and the stesl
substrate. The other significant peak that appears at 49.95° in Figure 3
corresponds to the (220} phass of Ti,N. This sample is exposed to the
plasma for a relatively longer time. The deposited TiN have been
dissociated by sputtering and then recombined to form this additional
15 phase. Such formation has been observed to be more favorable for longer
time deposition. The XRD pattern for the unbiased sample (D) has a the
peak having the same as that of sample H at 28 = 43° associated with

the TiN {200) phase

20 The Raman spectra typical of samples D, H and | are shown in Figures 4,
5 and 6 respectively. The frequency shift at 267 cm™ is very pronounced
for these sample. This corresponds 1o the calcuiated value for acoustical
phonon scattering for stoichiometric TiN. The presence of the high
frequency shift (at optical range) at about 370 cm™ for sample | (Figure 8}

25  confirms the nonstoichiometric nature of the TiN film for this sample. For
this sample, the relatively longer deposition time resuits to other TiN
phases. In this case, TiNy . The absence of the high frequency shift at
370 cm™” for samples D {Figure 4) and H {Figure 5} is an indication of the
stoichiometric nature of the produced TIN film on steel under the

30  conditions of the experiment.,



for these sample. This corresponds to the calculated value for acoustical phonon scattering for
stoichiometric TiN. The presence of the high frequency shift (at optical range) at about 370 cm™ for
sample | (Figure 6) 25 confirms the nonstoichiometric nature of the TiN film for this sample. For this
sample, the tetpsiretykanger deposition time results to other TIN phases. In ghiseasesoded0.995. The
absence of the high frequency shift at 370 cm™ f&# samples D (Figure 4) and H (Figure 5) is an
indication of the stoichiometric nature of the produced TIN film on steel under the 30 conditions of the
experiment.. WO 03/074755 PCT/P1102/00003 14 Results of microanalysis using EDX is shown in
Figures 7 forsampleHmithegpadkstouespobikgdosthevemissitigwidikafadiationatH4,.6 keV confirms

the presence,of Ti. Other dominant peaks in the figures aye_those assaciated ig issions due to
metal consti li}gnf’seg tHe r?%ﬁﬁ?#ﬁ%@le& fory nﬁ‘f%rﬁ@ra%ﬁws% Saft lgtﬁ%h%‘ﬁ/v\g' gﬁn\-ﬁke structures

indicative ofsnfiate uRdopreBibndermation drlike hercaseofmarlimnanty/Fayofegrangh 10
CONCLUSION A magnetized sheet plasma sour&e designe%[fa?r volume-production of negative

hydrogen ioN¥Fas BT Ai§HtHIOdif S TN PR a ftanilifiel s SRISHEERERt Pladds at the anode.

Argon has hegrtemployed as sputtering gas for the titanium target. Nitrogen introduced as reactive
gas in the main chamber at preferably 25% of the initial total gas filling pressure of at most about 40
mTorr. Relatively low plasma currents of at least about 3.0A were found suitable for the production of
TIN in the Electron micrographs of sample H shows sheet-iike structures indicative

of a more uniform film formation unlike the case of a columnar type of
growth

i0
CONCLUSION

A magnetized sheet plasma source designed for volume-production of
negative hydrogen ions has been slightly modified by placing a titanium

15 disk as target placed at the anode. Argon has been employad as
sputtering gas for the titanium target. Nitrogen introduced as reactive gas
in the main chamber at preferably 25% of the initial total gas filling
pressure of at most about 40 mTorr, Relatively low plasma currents of at
least about 3.0A were found suifabie for the production of TiN in the

20 plasma-enhanced chemical vapor depaosition process. At these currents,
more argon ions are produced to sputter the titanium target thereby
increasing the probability of producing the TiN film. The results of the
XRD and Raman scans confirm the synthesized TiN films under these
conditions.

28

30



20 plasma-enhanced chemical vapor deposition prgcess. At these currents, more argon ions are
produced to sputter the titanium target thereby increasing the probability of producing the TiN film.
The results of the XRD and Raman scans confirm the synthesized TiN films under these conditions.
25 30 15 Claimgghat which is claimed is: 5 1. A method for the synthesis of titanium nitride on a
metal substrate in a plasma enhanced chemical vapor deposition chamber, the method comprising:
introducing a discharge gas into a production chamber through a low leak valve, the production
chamber havihigebvdzthgeelaiitied ungsten filament; igniting the discharge gas in the production
chamber by thermionic emission 10 of the tungsten filament using a first DC power supply, the ignition
of the dischar%;e gas producin a}%as plasma discharge; supplying a potential to the production

chamberdrom a secBnitfeP el supirestuifiag e §ieda-0a dsinaryBsiale 4Tkt plasma
limiter and a ptaonsleibaplashumdimiter vagee dsndisciy shptasenathimitetiascafigsisinggnet that acts as
a first intermediate I irst.inte iate.ele cts.as.a first apode, wherein
the second plasma I?‘rﬁ%gryﬁﬁg gtﬁ%%%é@%%%r@%c ggﬁgtﬁ%agéts% Pa(lés)rgg)ez}e{cﬁorﬁ%g%ntaeﬁ%még?gﬁe electrode,
wherein the tiAlyStidherirapent o sbgabesIjaviag ecraligfiraspe et tonasdesdiamg ititermediate electrode;

20 igniting the gas plasiig SHsCNaEa8rHE } A0 AHNHABHIHTRCEDAIBIRSH BEING, ko R Cehayssupply to

generatga poteptal et the second ineimecials plectigde,an o aecong angue, te igniton o

gas producing a gas plasma discharge;
_ suppljﬂng a potential fo the production chamber from a second DC power
supply;
stabilizing the gas plasma discharge with a first plasma limiter and a second

15  plasma limiter, wherein the first plasma limiter has a first magnst that acts as a first
intermediate electrode, wherein the first intermediate electrode acts as a first
anode, wherein the second plasma limiter has a coreless magnetic coil that acts as
a second intermediate electrode, wherein the tungsten filament is negatively biased
with respect to the second intermediate electrode;

20 igniting the gas plasma discharge in a main vacuum chamber using a third
DC power supply to generate a potential between the second intermediate
elecirode and a second anode, the ignition of the gas plasma discharge producing
“a cylindrical plasma, the main vacuum chamber having é movabfe substrate holder;

converting the cylindrical plasma in the main vacuum chamber inio a sheet

25 plasma via a second magnet and a third magnet, the second magnst and the third
magnet having opposing fields that are separaied by a distance; '

sputtering a titanium target atiachable to the second anode by the gas
plasma discharge; introducing a reactive gas to the main vacuum chamber, the

introduction of the reactive gas preducing a mixed piasma; and

30 exposing the metal substrate to the mixed plasma.
2. The method of claim 1, wherein said discharge gas is preferably argon.
3, The method of claims 1 or 2, wherein said reactive gas is nitrogen.

35

4. The method of any one of the previous claims, wherein the production



a cylindrical plasma, the main vacuum chamber ha1\gng a movable substrate holder; converting the
cylindrical plasma in the main vacuum chamber into a sheet 25 plasma via a second magnet and a
third magnet, the second magnet and the third magnet having opposing fields that are separated by a
distance; spuiterifig:aHiiani wastarget aitachfadl éotas the seconit emodebyhth eigeasarpagaridischarge;
introducing a reactive gas,to the main vacuum ch g}pr [ tion. of the reactive gas producing
a mixed plas[rﬁ%?%%ctf e[;}% srcljrcljéJ ?%%nrﬁqg?g' é% gﬁa e%st § ?Lﬂ%(@ é&%agqén%g.téaﬂfeo%ethod of claim 1,
wherein said discharge gas is preferably argon. 3. The method of claims | or 2, wherein said reactive
gas is nitrogey). 35 4Ehg,BaetRodrobanYPRe &f the Rrevieus aims, WhereiR U Pipddeion 16
chamber_has_a base pressure of at least about 1Q-6_Toyr ?ﬂ the discharge gas is introduced to the
productidn chEAM5E 5P8 BRREHE LA %5@?%&@?@#&% r.t%.a?ﬁgtﬂéﬁaa%oﬁﬁnvgﬁ%e& the
previous claifiispnahignesmathertengstére Sfilgnoéabhas28 poteatialiiZihe.range of about 14V to about
18V and the tungsten filament has a current in the range of about 20 A to about 23 A. 6. The method
of any one of the previous claims, wherein the potential supplied by the second DC power supply is in

the range of Sbout 60V 15866t PH\PYOAI BhetbarRRYIRVD fRIMengdsTeiBoties ROt iRout 4 A. 7.
The method efipsieong ofdheqeyDUusRmEnswhigteim the poigaiidlasopmdied wysthaitioyy DC power

supply is.in the range of alfout $5V to about 15 n current is in the range of about 0.8 A to
about 11.SQ A. nggﬁgﬁgrfﬁg fod'6 %B%/n %éj?o?ﬁfﬁgpgéq\?}giaé% 3%@ wherein the second magnet and the
third magnet are at least about 1.5 kG on the surface, and wherein the second magnet and the third

magnet are sgparated oy adisianeeal ablpagraiRUtrevious claims, whersin the potential
supplied by the third DC power supply is in the r'ange of about 125V to about 150V
and the current is in the range of about 0.8 A to about 1.5 A

15
| 8. The method of any one of the previous claims, wherein the second magnet
and the third magnet are at least about 1.5 kG on the surface, and wherein the
second magnet and the third magnet are separated by a distance of at least about
10.0 cm outside a chamber wall just after the second intermediate electrode.
20

9. The method of any one of the previous claims, wherein the substrate holder
is - connectable to an adjustable bellows enabling the substrate holder to move
perpendicular to a plane of a core of the sheet plasma to the outer periphery to
immerse the metal substrate in the core of the sheet plasma, wherein the substrate

25  holder is susceptibie 1o biasing.

10.  The method of any one of the previous claims, wherein the reactive gas is
introduced 1o the main vacuum chamber at a ratio of one part to three parts
discharge gas in a total initial gas filling pressuré of at least about 40 mTorr,

30
11.  The method of any one of the previous claims, wherein the metal substrate
is exposed o the mixed plasma for a period in the range of about 10 minutes to

about 20 minutes.

35 12 The method of any one of the previous claims, wherein the igniticn of the

gas plasma discharge in the main vacuum chamber is fhrough a sequential



10.0 cm outside a chamber wall just after the second intermediate electrode. 20 9. The method of any
one of the previous claims, wherein the substrate Rdlder is connectable to an adjustable bellows
enabling the substrate holder to move perpendicular to a plane of a core of the sheet plasma to the
outer peripheqyieniBBRIse-theimAte subsicale it Nmawe pf fasshieekplasmp. el e substrate
25 holder is susceptible to biasing. 10. The méethod of any one of the previous claims, wherein the
reactive gas REGREGANRER to the main vacuum chamber at a ratio of one part to three parts discharge
gas in a total initial gas filling pressure of at least about 40 mTorr. 30 11. The method of any one of the
previous claims, wherein the metal substrate is exposed to the mixed plasma for a period in the range
of about 10 minutes to about 20 minutes. 35 12. The method of any one of the previous claims,
‘wherein the ignition of the gas plasma discharge in the main vacuum chamber is through a sequential
17 switching process utilizing a plurality of switches in between the cathode and the second anode.



