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 exhibitﬁ&the stoichiomTetricT'{jl&\)l cl d Ti[err]N
were synthE2S BRI ORI 4o R TIRN SR R AP R AR NG TR B preterably 1°9 L}r]wder the

following conditions: total initial gas filling pressure of at least about 40 mTorr, plasma current in the

range of abo to about 3A and.plasma dischgeEhotential in the range of about
150V. Tlfﬁh%ﬁﬁm&éMﬁ (R ESEMARRE Ve Nlﬁiﬂﬂllﬂﬂlﬂmlﬁﬁﬁmm@wmﬁﬁ L
VAPOR DEPOSITION IN A MAGNETIZED SHEZEEPASMA SOURCE FIELD OF THE INVENTION
The inventionJs) aesmi@aimeibnd:et Bse deposition. More pattibulasiyatiqee] Rublitition Paishes to a
- titanium nitridexfBepehdercoly 83dAeRYsition pravEss on metal WibsEILIEME P madhetized sheet
plasma source.-BACKGROUND OF-THEHNVENTHON ir-rew-coating c-surfacetreatment
methodsi$tasnbes oo Fvanistfepdotiurin G e 13T d 48R desisrere Styggeeehy “fr D nitride
(TiN), gaugint*from the number of papers/patents publiﬁ@%@@ﬁt @?%&%%%ﬁ%é%\ nitride
films prepayed.aRsslicapRiasmidaiksedrasiti@stion banieR|ayers in targar SEHE. iRtagratetCeircuits.
A TiN film is also a remarkably hard and wear-resistant betié %&\W%%%@ rate of
abrasive G dreatfipny et FPreeety 25 Wwalfas the ‘éﬁ%{gm@a inferaciion betiveen thedoaland the
work pie¢s, RRgatkag.akits chemical inertnessgild is a very stableDampound that enhances the
pitting resistance of many substrate materials in most environments. Several techniques such as
chemical#aBsrigrspbstastiephysical vapor deﬁé@iﬁbﬁ%ﬁ%ﬁ%@%@ﬁﬁ%%@éﬁ%%
: : XE [, MiZ, 8%, 1L UG EMSZW),

sputtering,, and byhrid pEocessesave-bean ruses.to prepale, TINfilms. sEhe filmaprasiuced, by these
techniques, mwevarycitervrexhib i QOSCIHNES Pt the BubhettatenCoupteHvTh BRI PErEbIBniis the

requirement TECHNOLOGY RESEARCH AND DEVELOPMENT 3B, GR., IE. IT, LU, MC, NL, PT, SE, TR), OAPI patent
[PH/PHY; Dost Building, Dost Compound, Bicuian, Metro (BE BJ, CF, CG, CIL M, GA, GN, GQ, GW, ML, ME,
Manila, Taguig 1631 (PH). UNFVERSITY OF THE NE, SN, TR, TG).
PHILIPPINES DEIMAN [PH/PH}; Diliman, Quezon
City 1101 (PH)}.

Declaration under Rule 4.17:

i d —  of inventorship (Rule 4.17(iv)} for US only
{71} Applicant an

(72) Ioventor: RAMOS, Henry, I [PH/PHL A-103 HNB

1 ¢, U.P. Campus, Diliman, i Published:
?fﬂalm{a;?;) Seen B2 pus, Diliman, Quezen Gy —  with international search repori

(7% Agent: VILLARAZA & ANGANGCQ, 5th floor, LTA  For two-letier codes and other abbreviations, refer to the "Guic-
Building, 118 Peres Strest, Legaspi Village, Makati City  ance Notes on Codes and Abbreviations " appearing at the begin-
1229 (PH). ning of each reguiar issue of the PCT Gazeite.

0 OO 0 O

(54) Title: TITANIUM NITRIDE THEIN FILM FORMATION ON METAL SUBSTRATE BY CHEMICAL VAPOR
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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 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 disgharge 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

D power sy 55! i) SN AR R S lashi it Sufpbing 2

potential to the production chamber from a secon 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 that-acteastafirgiermediate 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 18BN FRITRL RS BIAsHE flarAgRyaTicra Mum RaticuaTkni B0ty a third DC

power supply igigeserte aieiantialiheiwaen thermrepnd siermeediaieflerirede ad asgrond anode,
the ignition of the gas plasma discharge producing a cylindrical plasma, the main vacuum chamber

having a movaBRSERiESHRRE ACASNIBRISIRR MRSEIAISAHESS: 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 havin ' m téaﬁl%re separated by a distance; sputtering a titanium target
attachable to %@8&%@ §éé y é'\B/ TION

Interest in new coatings and surface treatment methods has been on the upsurge
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.



plasma discharge; introducing a reactive gas to the main vacuum chamber, the introduction 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 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) pp216-423 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 satigwimmg%dgg}qj@;ﬂ gS- Although the invention demonstrates the capacity of
synthesizing titanium nitride tfor small 2a sized samples, the wide area plasma could very well serve

the coating of larger samples. The relatively short duration of coating the titanium nitride film on metal

substrate withQiiethepase Ffthe atiag: M asatisms ke sathis i@ oAy eyytIaRSinghamitriding of
metals. BRIEF l%)%SCRIPTION OF THE DRAWINGS The etailgd %escri [tion of the inv%.ntion can be
ity 3 I c amlc% io

readily appremé{e(? iy %onjlrjnneg loft u\?ﬁ%ﬁﬁé%&&ﬁﬁ?ﬁyiﬁa gpaf;v?/lngs, in'w ic\’ﬁ%rcafjlef)sog Schematic

diagram of thechishga Sbarcretissd saramethemitEduabesr daiissigne ddadmanefiprPftisidendrdance

with the preseptdpyitiangtca bis B4Kaaval iewrekikasoih saledalifydepasib@wmatal substrate
WO 03/07475 PCT/PI?. 2/00g03 3 FIG, 3 is a characteristic X-{ﬁ_-%/ diffraction scan of a (%(y)O) phase
e
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thermionic emission of the tungsten filament using a first DC power supply, the
ignition of the discharge gas producing a gas plasma discharge; supplying a
potential to the production chamber from 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 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-



5 FIG. 4 is a characteristic Raman scan 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
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 d%oerswe x-ray analysis showing the peak
corresponding to the emission of TiKa radiation at4.6 eV confirming the presence of titanium.
DETAILED DESCRIPTION OF THE INVENTION 20 The teachings of the present invention can be
readily understpo %Wlth efe ence?to the accompa ﬁrgq/ﬂg‘ure in Wh| h det Is of tEe preferred
manner of pra%lﬁg Satﬁ’é) SFe ate aEHb_FOACCoT ng‘la ,%%rr’seons 313 ﬂﬁlmt egapproprrate arts
may modify theadigpdeslires gbtiveipresenti2Gioverftaaing stdl Whtaimthéridw dihabde restsdts described
herein. Since th% R-e%%mu\%t our and its g ﬁchg e ch acterlstlcs XoUE K%to the deposrtlon process, a
description of The same 1s 17 order. ﬂe?errlng fo ure the Iasma Source 15 com osed of five main
parts 30 nametpnbsgproduttiomgledmeisshown as Part A in the diagram, the flrst 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, ref@iiéd BESRAIRTEON BE TdidgRtAYBNssRquent parts referring to Figure 1 are numbered

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



correspondingly as the description proceeds. 5 In 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 the source of ionizing
electrons by W@nasonissemission when connected to a power supply V3 in Figusessbz#fo@tainless 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) to provide better
plasma confinement within the production chamber and insulator between parts (20) and (50). A port
in (20) compiiSes’a ivve lshizpgitasifdica yaeYedifftao}iorhesteeltdsse MBIP 1 B(2OF chithecting the

clectrical fecsiBas Aif e eAg94R! Iaa, agPutr;LﬁF«‘)ang&teaﬁnﬁlmegna'n%&@nsion and

protection of rubber 0- rings connecting the glass chambér to (20) and (50). The electron emission of

the tungstenssdpisaiteis characterized by a 20 diffusion equation that expresses the relation between

the radial electron diffusion coefficient DA across the magnetic field B and the axial electron diffusion
coefficient D11 along B, D, | 1 (1) Djj1+((07)2 1 + ~~en ree )2 25 where co, T, a.en and rCe are
the elecfron tifélofrém anbarastfeeigticriigmalesran-petitearesmsitrtiniie fdmactesnsastaial collision

mean free p@bsﬁ@@vﬁ'&%@’?rﬁwg}fw Ladug, respegtively. WO 03/074755 PCT/PH02/00003 5

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



For the case of hydrogen gas, Xe, and rCe are well known and approximated by the relations,
?'en=2.0x10-2/P, (2) c rCe =3.4tl~e /B, (3) 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 tempesatiwresaisin the range of about 0.5 eVto about 1.0 eV from Lamgmeinpioie
measurements. Then the relation (cu'c)en =10-2B#P is obtained. (4) 15 Equation (4) implies that the
electron emission of the cathode 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 (Pﬁ{t Ai%%%erz]apn[)es%l&gf' %t)c/) %%JQ/ {)rﬁtgg&a&ggeqf qg%ﬁeﬁ.qgoarg EE a}? t.1.0 Torr and in the

range of aboUt orf to orr at thé main discharge chamber ar ).“F\1/VJ|c N these

conditions, thegouhvalSeiisestiendte ¢ zsy (otpfe0iBBZto(5)FRbiwhete theez-axisnisaaien to be along
the line con??g%tégg éﬂgiﬁg@d Sa{p‘% g,g:% fé?‘i%&r%%%? r%gggggn (5) means that when the magnetic field BZn

exceeds at gauss, the’electron 0SS Is suppressed effectively. Therefore, to
extract a high discharge current from the cathode, the axial magnetic field applied externally must be

o 155 AU, B AL S Vs g o coro
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.



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
comprising of a circular ferrite permanent magnet (50) and a coreless magnetic coil (60),

respectively yeds@sactas intermediate electrodes for the plasma production. iaitiaiiz tbegfirst
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 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 #wutid eassAninguyldtonsaparades themandis geometryisichesemwto satisfy Paschen's
law and ensure a sufficient volume of ionizing electrons from the cathode to be emitted into the main
chamber. THPRE&bRE ieleb Eifaiel&iéfFode (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 coreless magnetic coil (60), the second intermediate
electrode also serves as a&wxﬂa{we%mode in the main chamber discharge after{he pre-discharge
initiation. By combining the two electrodes consisting of a circular ferrite magnet and a careless
magneti¢ coil, respectively, the 25 ion source becomes stable and ensures uniform current density.
The combination effectivg,ly _[:egi%gﬁs m;e magnetic field abruptly near an ion current,gxtraction
electrode. The circular ferrffe permahent' magnet (50), which is enclosed in the first é intermediate
electrode, has a mean diameter of 7.0 cm The coreless magnetic coil (60) enclosed in the second

intermediate electrode is made from an insulated copper wire wound on a brass bobbin and operated
ata 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



WO 03/074755 PCT/P1102/00003 7 coil exciting current of at most about 30 A, giving rise to at most
the equivalent of 1260 A turns. The magnetic field distributions give rise to an abrupt decrease in the
5 discharge anode and increases in the first intermediate electrode. In the production region (Part A) a
reversed magnrgetigfietesdue to the combination is expected. This reversed fiatdisverwsseful for
cathode protection from backstreaming ions. Thesapertures 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 regions. The differential pumping that
ensures thigalifereAceailsof dretatis!taccdsheriapTivg sorh pess magaetiodieddadistrithution due to

the ferrite m ic.calil. e imated. using three ring currents. Using the
9%%%%%@%#@%@?%3 o70li08s hren. APRLAXINIRIEd; U

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 given by B(Z) 787.6 437.6 (1+0.16Z22)3/2

(1+0'04922ﬁ;‘s§ 24 +[1£0.0 -3.9)23 ) irs ngd t e s the magnetic
field of the ferrlteh%Z %m%g\;ﬂﬁestlgf%é t irg ?efgr}n%%rﬁggg %‘% rr%ggqﬁgst%?f?gﬁds c‘%E ?ﬁéemﬁ;gg?]%tic coil. As an
indicatidn oftthefgatiditjoof thergsprofimatoasandidtarsgatiretwaten the cathode and

anode. In this plasma source, two sub-components comprising of a
circutar ferrite permanent magnet (50} and a coreless magnetic coil (80},
respectively, also act as intermediate electrodes for the plasma
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



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
measurements of the magnetic field distributions are very close, particularly at points outside of the
magnets. Using Bauatiens (2) and (3), the following relation is obtained: 5 detwr8¢modsd-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 radial component of

the 15 magneﬁic fiel tha{g V\zl_(r)éjr%g g]iveta rggﬁijt[orargo%!?cé@r}\der}sm. 'thg means thattfor values of B less
than about 2.8’ g%ﬁ%isﬂﬂe [Shelirfent density becomes réoEfa‘fIy niform. The ragfl rﬁ%@netic field

profile B,(r) efjtitealeombine2ideriteypesmanent 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 Wit ginegmenidfofisldodistribenicthengityeraiballyo Tae miaiapradeuraaischarge chamber (Part
Diin Figure ) 18, 200P2Red 0f.22 Adrengionedidass exlingricaliehaniei (99 ong ghd of of which
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



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. WO 03/074755 PCT/PH02/00003 9 The diffusion-pumped
vacuum system is/eansected to the main chamber (Part D). It consists of a gqiamiprapeas roughing
pump, a mechanical pump and an oil diffusion pump. To isolate the vacuum chambers from 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 forttie attapibersdsefemeas iofedra thepnetioctforihdistbeutRart AyieHyedrggen or argon

gas is fed thrpu h 86'8%4?8%’8&5}?%%\@%6 igl égeog%%od%‘e%%ﬁég_sembly while the reactive gas (usually

nitrogen) is fed y a similar nee fe'valve e main discharge chamber. Because of
the construction geometry, a circular aperture in the limiters diameter at most 1.0 cm creates a

pressure gradli t theC %%c%a ber (high- pr. re chamber) and the main discharge
chamber (quv%gﬁsgs%#véglgg ?:ng)]%ﬂ%o e |rfgcr)§ﬁ§2 [ E)geagtiﬁéjeé i%bc?ﬁgtn%%'ers Part Aand Part D is a
most anSorder 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 hollow ¢ylinder (130). A 20 titanium target (120) is attached to

the anode. Going back to Figute 1 ghaexsﬂle atic d agram indicating the circuit used .}r? generating the
plasma is also indicated. {TRg plasma Is gen qaeged nside the production chamber (Fgart A) by

thermionic emission of a single

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.



25 tungsten wire using a 1 50V 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 Figuresip Mdrsupplies the potential (in 30 the range of about 60V and aboeutsé@M)oas the
production chamber at a current in the range of about 3A to about 4A. The potential in the range of
about 1 25V and about 1 50V at the main chamber (from the limiter 60 WO 03/074755
PCT/PH02/00003 10 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 seﬁ%uence from S2 to S1 completes the

circuit from theecdtHyaP RRHENBRBJERCLEAGY T SrgoRPREATA TR ABPNRAAY KPEATRSY in the main

chamber 5 ysing this prassssisThe plasmpaforpdsmeyhadisial g agdismeteratbat Jeast about 1.5 cm
and at least about 30 cm long from the limiters to the anode/end target 10 The transformation of the

cylindrical pR&TR RNdofR Bl SFARRIRTY RNB FrectmdRRiaten iRy KarHitncrh 3R Rt least about 1.5

kGaussson the: sestanmion appesithsiies @f the Pasipa soHE asRBANdNJigEe£q(80). The
z-axis is taken along the plasma column, the y-axis perpendicular to the permanent magnets and the

x-axis parallBFY/ 858 19D RAEh SRTNAG e & ATTRET CAOSS QR R thE ISR Ui &! The magnets

are set at magjrakadbidd on avRkdEom460)1 dherpermanant MagaeisREaRasitianagvith their
magnetic polarity as shown in Figure 1 (60). With the magnets in place, a new magnetic cusp field

with compofiRFfEETS BB Caffiiy B d- Ak & RIRAUSHN, ShadsaG fedihAly, igydrogen

or argon gas is fed through a low-leak needie vaive in the cathode
10 assembly while the reactive gas {usually nitrogen) is fed by a similar low-
teak 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



20 added to the initial magnetic field B, The B. components are meant to expand the plasma column
along the x-direction and the By 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 towagslsthessecond intermediate electrode (60). The 25 combinga-megaaiiadield
distribution, due to B,0 and the two permanent nmi@ignets with components (Br, By, 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:, + BO. Similarly, an adjustment of the thickness of
the sheet plasma if effected 30 through a relation between By and (B,, + B,). WO 03/074755
PCT/PHO02/000830dd i3 ehisyipolsdieyinbertinnceevérahpngcedares svensreopoigdiagl in the

operation offie agnelized fiee! BSTIEGYACE, ENaGHATEN ofihe, hamberuns.dage with a

preferably a 500- ack-up "5 rotary pump coupled to preferab@ al0.l6cmo usion pump.
Pressures ey nfohitered byeioniiatieon snel RiranitgiiogestBasehredsute s asoddly in the order of

at least 1.0, 10U 1090, 8AS {64  tEoVaR-A:Hlow Isak needle valve(aD) i g prpduction region

while a similar low leak needle valve (110) allows the reactive gas to be fed in the 10 deposition
chambér. Begmgsdot thecespstritorrigebraeteya sirevlnddpalthas of ditemwetar a0 st about 1.0 cm

in the limiteys greafes, 2 pEessite, gradigntbepusersne praducton chamber (igh:piggsure chamber)

and the deposition chamber (low-pressure chamber). 15 Gas pressures quoted here refer to pressures
in the depogitiefe/rashbEEeThe vacuum sensors were calibrated for nitrogen. The pressure reading

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.



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
21.10x13.40cm2 accompanied by cold diffused plasma electrons at the periphery. Energetic
electrons at e ¢entersef the sheet plasma having temperatures of at most abowEd>@®Y are
detected by using a single Langmuir probe for a 8.5 A plasma current. Under the same conditions,
negative ions of 25 titanium having ion energies to be at most about 20.0 eV are obtained using a

potential-tyng @lgstesiaticiensy anaiaivzer selea rpriabsubsiraiesevithrAimensions:gt at least about 1
.1 x1.1 x0.05 cm3 were used in the process, although the sheet plasma dimensions 30 make it

possible for YRBEF SRR & b cARBRS 39k DAL RIRSTRHRYEGON a 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 peRpBABYFIPO0YT iEFaABIBANINGE SRRYI&HERIAGY ebRPBASIT B EBRARKEPIf the

substrates wetgrimmerseddodhe£ors ofirershept snlasma Thersubstrateisiglacedmsgch that its plane
is parallel to the plane 5 of the sheet plasma. Provision is also made for biasing the substrate. Further

discharge cRESHEST HESLFARIIE GALYIRBFRHERe 3 IriT FrhSHAUGRR -a5Fa%¢ mIfaREe Several

samples we{ggareparsg,updanyaning cendiiorsof dischame 1o (prafesbly i the yange of about 2A
to about SA%asma current) and depaosition times preferably in the range of at least 10 minutes to

about 20 miREPEINAR SiRhIdlr &5 WRRSIHHRredRs tRECAHRFSRIHEL ARV Nile 8

similar low leak needie valve (110} allows the reactive 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



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 stored for examination by X-ray diffraction (XRD), Raman spectroscopy and
energy-dispessiMa xray emission (EDX) spectroscopy. The color of the depesitistintimysused as
indicator of the presence or 20 absence of TiN déposit on the substrate. TiN has a characteristic gold
color. As an example of the deposition run, samples identified as D, H and | seemed likely to have TiN

film depositspJhiasaspnpiasexbibiteehthe LChayactefistitey eliuutgpid Halprehawn dufdgure 2. Sample
D was obtained under the following conditions; plasma current of at least about 25 3.0A, no bias

potential and®BEPBER oA M of tat WSSt I8TRAMIREE. A HERPHEI I RIIBWARFLONARions for

deposition: plasacesdrent dlak deastabouha@Aras patentialiof aidnoséaladt 2rE¥% and deposition
time of at most 15 minutes. Sample | had the following conditions: plasma current of at least about

3.0A, target B BotdRfF PsH Dt BespduoRdVeLHS alanssitorefiftia! dratthiddeaBout 20

minutess TheyfilameCalgg Jordhisssamplewas:gray alidae iHamiumargatingtentiakdisknetseem to have
any effect on the color of the deposited film, Without the bias WO 03/074755 PCT/PH02/00003 13

potential, enBHJER efREHAIGSpEIREPIRE (RANKM SHEEIALSI Ka%IHEE$hd aRUtRe AEBRtIAl. With the

negative biagihaweyer .afganienstsputter the titanium target. The eventual breakdown of the film at
prolonged deposition times may be a result of sputtering. 5 The deposited films were first confirmed
by XRD. The XRD scan for

Several samples were prepared under varying 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



sample | is shown in Figure 3. The peak at 43 in Figure 4 corresponds to the (200) phase of TiN. The
adjacent peak prominent at 44.68 is attributed to the a-Fe(110) phase of the substrate. The broad
peak is 10 attributed to the lattice mismatch of the deposited TiN film and the steel substrate. The
other significant @agkH3at appears at 49.95 in Figure 3 corresponds to the (P26pphzae@of Ti2N. This
sample is exposed to the plasma for a relatively ldnger time. The deposited TIN have been
dissociated by sputtering and then recombined to form this additional 15 phase. Such formation has

been obseryrddaihg rapsedaverabla fordanartetime depesiianathia YRR padiermetforibe unbiased
sample (D) has a the peak having the same as that of sample H at 20 = 43 associated with the TIN

(200) phase?P6¥n@HaRH SHErENG NIRaPHY Saifie S BVAVEHd AR SORPRITERIUFBE 4, 5 and 6
respectively;idhgfreduaigey shiftat 2640y isMssNdrenougeeehdoriiinsasapilengbis corresponds
to the calculated value for acoustical phonon scattering for stoichiometric TiN. The presence of the
high frequefeRSieat Bl AIFART A2ba! SRYTLAT br sample | (Figure 6) 25 confirms the
nonstoighiometric nature of the TiN film for this sample. For this sample, the relatively longer
deposition time results to other TIN phases. In this case, TINQ.995. The absence of the high

frequency shifalePRFtRT fIMSAES B 3EIGORI AT SHd BY (Pifie 1R AR RRERTbAYE the

stoichiometigrmatureiofdhewrorueg@irEll . fimopsirelundenihe gdtecanditieiep ohdierexperiment..
WO 03/074755 PCT/P1102/00003_14 Results of microanalysis using EDX is shown in Figures 7 for

sample H. e JeRtoPresforfling'th tHE' 8nAiash S AR RAGTUAKK 4 & k&9-5°" s

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.,



confirms the presence of Ti. Other dominant peaks in the figures are those associated with emissions
due to metal constituents of the 5 substrate. Electron micrographs of sample H shows sheet-like
structures indicative of a more uniform film formation unlike the case of a columnar type of growth 10
CONCLUSIOM Asmageaetized sheet plasma source designed for volume-predttger obosregative
hydrogen ions has been slightly modified by placig a titanium 15 disk as target placed at the anode.
Argon has been employed 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. Relafigslytlowfplagmeandlverisefmi EEastiabdunhdrOl Weyerteundfsuitabieferithe production of
TIN in the 29 Iasmfi\(-enhanced (%Femical yapor dgegositio\p prpcess. At these c%rr r]fts more argon
ions are pro ueefs sﬁﬂf{é%rs BRI argeEi e ny Sheréaing %%t'ﬁfbbaatbl tf?e 0 ei)yoducing the TiN
film. The resitsionthehXRidaeddBaptarriscansconbimiibetsyetiasized:AiNddmesinger these
conditions. 25 30 15 Claims, That which is claimedis: 51. A mEthod for the synthesis of titanium

nitride on a &I FRAGPIET 2R R ERICAR et Endhic RV Apof YSHIHEBF cAmMB, the method

comprising:substrate.

Electron micrographs of sampie H shows sheet-like 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



introducing a discharge gas into a production chamger 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 10 of the tungsten filament using a first DC power supply, the ignition
of the discharggig@s producing a gas plasma discharge; supplying a potential to 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 magnet that acts as
a first intermddiiteretbot clidnadherein 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 filamént is negativel%biased with respect to the second intermediate electrode;

20 igniting thé gas plaSilefsEpalge pyalhra dabiRnenatder YirgaeiRirdubsEiBwREsupply to
generate a pgiiesiial detwesn trestcondpjoiernesliate celestradehandahsecandprisipde, the ignition of

the gas plasma dis duci lindri 1n§ I chamber having a
movable substrate ﬁ%ﬁ%@%vgeé%hﬁégcg%ﬁég asma[m %ﬁé&nﬁ#é\éﬂc}&% Zham eearxinto a sheet

25 plasma vid@\Se dimaragughien aharabeiird vingghedthRdeswiibfotynaginst fament third magnet having
opposing fields that grisgRALIRG s 45EaAGR: PRYULNIBE BHE@BLIBYAraphAItRchaiNsi4a the second

rodickon o A JeAEROE CIRTTSENG a eoALa At ACFeBUBI g A BE BB state 1o the
mixed plasma&z. prem.piregrrodasfrdtsimaldiseheredn said discharge gas is preferably argon. 3. The
method of claims | 2w ein SriflEaastine SAIAIFOSe B 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



4. The method of any one of the previous claims, wherein the production 16 chamber has a base
pressure of at least about 10-6 Torr and the discharge gas is introduced to the production chamber at
a pressure of at least about 30 mTorr. 5. The method of any one of the previous claims, wherein the
tungsten 5 fitheepthpssaapaiestiabistive cangdabbhionitMy oabatd 18Y/asuhiheetyagsen filament
has a current in the ra, of abaut 20 A to about 23 . f any,one-of the previous
clams, wherl T T B S el B et A e o about o to
about 70V 10 and the current is in the range of about 3 A to about 4 A. 7. The method of any one of
the previous glaims;ryherqimgae sotanfialnsugpling Rirdhedbirdhts PONMerPPY i iydhe range of
about 125V tg about 150V and the current is in the ﬁan ?‘48; E}bogt Ot'8 @ t%%:gjut 1.5A.158. The
method 8f aryBRe"b BT PSR! dhit Falies ShaR“Eddont? AagHe! *An e het are at
least about litek@rdhibe surfaceinahed whgeem dveus@tdnd mfagheBakd 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 corfhectabi8torapiRfjusiaBly benBwd eRshRITY 1P sEBETIRIe ISR thensoteBipendicular to
a plane of a carpidhe shestalagrmatodieraiiepipesiphery tngeoieisetipneiabsubsgtrate in the
core of fhe sheet piasma, crein. e subsUBle, 251gldep i} pysceptible to biasing, 10. The method of
any one of the previous claims, wherem the reactive gas is introduced 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, 7. The method of any one of the previous claims, wherein 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



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 chanaBgeis EpHaiLa seaMeNiahblfamWEFRIDEREQCRSSMILER IR Rt Qf-gwiighes in

between the cathode and the second anode.
sacond anode.



