COBALT NI TRI DE LAYERS FOR COPPER | NTERCONNECTS AND METHODS FOR FORM NG THEM
RELATED | NVENTI ONS [ 0001] This application clainms the benefit of priority
under 35 U.S.C. 119(e) to co- pending United States Application Serial No.
60/ 922,485, filed April 9, 2007, which is hereby incorporated in its
entirety by reference. [0002] This application clains the benefit of

priority under 35 U.S.C. 119(e) to cg— pending United States Application
Serial No. 60/998,023, filed Cctober 5, 2007, which is hereby incorporated
inits entirety ¢yBAETNETRIDE BACKRRGMDACHIEH TNTERCONNREGCTS rel ates to

copper interconnecti ons ANDPAMETHODS PORIFORMINCSTHRM net hods for depositing
net al -contai ning | ayers. [0004] Copper is replacing alumnumas the materi al

of choice for wiring of mcroelectronic devices, such as m croprocessors
and nenories. The copper is nornall llaced into holes and trenches in an
i nsul ator such as silicon dio%@@é?ﬂ%Q KERITES opl ating process. Excess
copper i sohd¥§n PRIid SpRchiRh klaRhs thdBerREl Sf%gi%ﬁgfunhﬁk%sdﬁg.me-liﬁbﬁo%Bf ucture is

capped by insulation‘into which holes and trenches are etched to begin the
next | evetending Wnitehjates AppiBption SrigkiNo. 08922 85, filedAnrd §pd07yiwhielsist o survi ve

t he pol i shihg: i b adhere strongly to the insulator.
AdhesionqﬁkggHg%ggﬁﬁgiﬁgpﬁﬁg?ﬁgg&? r%%gh the rest of the production and use
of the de00@d. |Thicapplieationylaimede benshinefinoigyity vader I5d%:8.C. §il¥extarce- of
sputtered n itride. t t )l to provide
thi's: adncrdRk BHE Sukf APSidlSerl o, PR oA Ghotel ook il 2 B Phe
Ta adher ésrebyimngloyatdddn @s spirtty by ecferseeed | ayer of copper, onto which further
copper is electroplated. Ta al so prevents oxygen and water from corrodi ng

t he copper wiring. [0006] The presence of copper in sem conductors such as
silicon causes defects that can EBEEEGRAUND proper functioning of
transistors forngd jn the sem conductor. Copper also increases the | eakage
of curr erm&mr o[}grﬁs 1%%1035%?'{53, 10 SORITT BTN LGRS HE %%r,oe%fxé%’é?f Bt ween t he
copper W h&BRods Fhalepdin ridd-dhtabiiileyersM i ng denmands that efficient

di ffusion barriers surro¥nd t he .copper wres flg.kegg t he %opper confined
to its prigp Id@&?@@ﬁ§?ETﬁgagﬁﬂﬁﬂgﬁ%@B?gﬁmég?f QRO PHWER f f usi on barri er

i n currenhictREBRGTO8%ices, duch as microprocessors and memories. The copper is normally

placed into holes and trenches in an insulator such as silicon dioxide, by an electroplating

process. Excess copper is then polished off of the surface of the device. The structure is
capped by insulation into which holes and trenches are etched to begin the next level of
wiring.
[0005] In order for the tiny copper wires to survive the polishing process, the copper must
adhere strongly to the insulator. Adhesion must also be maintained through the rest of the.
production and use of the device. In currently used technology, a bilayer structure of
sputtered tantalum nitride (TaN) and tantalum metal (Ta) is used to provide this adhesion.
The TaN provides strong adhesion to the insulator, and the Ta adheres strongly to a sputtered
seed layer of copper, onto which further copper is electroplated. Ta also prevents oxygen and
water from corroding the copper wiring.
[60006] The presence of copper in semiconductors such as silicon causes defects that can
prevent the proper functioning of transistors formed in the semiconductor. Copper also
increases the leakage of current through insulators, such as silicon dioxide, placed between
the copper wires, Therefore use of copper wiring demands that efficient diffusion barriers
surround the copper wires, to keep the copper confined to its proper locations, The sputtered

TaN serves as the diffusion barrier in current technology.



[ 0007] Copper al so has a tendency to nove in the direction that el ectrons
are flowng in a circuit. This electromgration process can lead to

i ncreased el ectrical resistance or even an open circuit if a sufficiently

| arge void forms within a copper interconnection. Mst of this unwanted
notion takes place along the surface of the copper. Long lifetinmes can be
mai nt ai ned by surroundi ng the copper interconnections by nmaterials that
inhibit electromgration. Tant al um netal (Ta) serves this function on the
bot t om angy@r desc Qe h0h Lhastg b MORAS thel dMBI AP kiR Sre %%ﬁn% #hs of
copper witing (thoSe parts that do not connect to an upper level) typically
are covercirguibyfhis dldctromigmitionipereessicar lepd togncreasedbelerdricabfosisgnestorerrigd materi al s
are not : y. I oX i grabion.
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nmet al has been su%gested as a rgpl acenent for_the Ta adhesion |ayers in

i nt er conrgEmationsl Teshpploey Bepdguap JorRsriceadesiqrs @ER§b%i’ sdPr BV ERE bet t er

conf or malyabed dnhBifnG Detriet a8kbsiba and AR V9 Ers WRNTR O PREdctd that\caR&iydeRPSi t ed onto
cobalt surfaces, the copper tends to aggl onerate into separated nucl ei

formi ng rsev%ar?%wal‘ﬂ/a”a il potibewblgite meptdlgsepuiscted aggds clhisaget sopforgpality of
[ 0010] Ruthgpi- i3 cafibs nifahethatifiske g ne&@gar)islgga@&te 86bdas néhr E}%Rié;?&ﬁm%ﬁt for the

Ta adhesion layers in interconnects. Ru filns can be vapor-deposited (CVvD

or ALD) whd lrehasies rordss i prpvide sutficieni dicknpistie Biedeiver partydhese sipjsairesi Bhe
vapor- dquﬁmgd‘OQé}%ﬁgRﬁe b0 %?E}Ferfezlt&})é@]&&kcfs ?t!hiﬁi%uﬁfmfea@med% Yo
e n nade | ver, Ru an

conductiv un er_a ropylate COD _thﬂS. Fbmp
expensi vdilhibe hbles anddreReheamyjthows icalyimg aroid.| vetlidheingrpassuithe resistance apdant i ti es for

large-SC%IX?CE?%S%H@%%%T&%E’QE 5 ODNEGiftesN SO, Ru is not a good diffusion

barrier t0 ox current 1nterconnect technol ogy |acks a

conf or mal[000%he x péotait ¥Eo)akia Sibobeeca megoxsdpsra raplédensnidhr thaln adhesibmalagerson whi ch
snoot h and. highly ¢ ctive |ayers of. r osited. .. 3 SUMVARY
00321 MR Eisr R eiths P a el BEEE br XD 3B PR A e iSnes on
bet ween tthen spopgpet Taflbwiehe vaien copprdlis vgparaegrsitad anto pobalt sakdacks theicapier t 0

prevent diffusion of copper out of .the .wrjng,and en. ter jnto the
Wiring, RS RS BhEPericr aRCe it VelR R s MR loviediea]
current tdiaductiiey carry. [O0013] A conformal, inexpensive |ayer of cobalt
nitride (Co i escri bed, to i ch snooth and_hi ghly conductive | ayers
of copper? be‘%ﬂ‘?ﬁ’ﬂ%ﬁ .meégﬁﬁ%@meﬁh?gg‘f“eé@sﬂlr‘?%? SrPtIfS’/“E%ﬂQge fr om about
X = 1 t0 ;ahaitn ¥yerslifl intdashre@l RuAMER cad BY vap¥Rdepbaied (CVIM 2RO withibetté. | n one
enbodi nent, x is about 4, corresponding to the conpound Co4N. X i S not

requi r ed epfopBaliy thap stiered Tro¥yhan qapeeids vagor-dsposited inlp e hes9BRT {a¥&Shy any
conveni enby, FELHON add b cARu BN R nade under appropriate conditions. However, Ru
is an expensive metal, and Ru may not be available in sufficient quantities for large-scale
application in interconnects. Also, Ru is not a good diffusion barrier to oxygen.
[0011} Thus current interconnect technology lacks a conformal, inexpensive adhesion and
oxygen diffusion barrier layer on which smooth and highly conductive layers of copper may

be deposiied.



vapor deposition (PVD) and chem cal vapor deposition (CVvD) nethods. CVD can
be carried out under deposition conditions that provide conformal coatings.
[ 0015] I n one enbodi ment, a CoxN |l ayer is deposited by CVD from vapor of a
cobalt am dinate, a nitrogen source, e.g., amonia and a reduci ng source,
e.g., hydrogen gas. [0016] Optionally, a copper diffusion barrier, such as
anor phous TaN, TaC, WN, WC or MoN or m xtures thereof may be deposited
prior to deposition of the cobal t - cont ai ni ng layer. [0017] A copper |ayer
may be deposited on the Co"N | ayergimayy conveni ent met hod, such as CVD,
PVD, chem cal reduction or el ectrochem cal -deposition. In one enbodinent, a
thi n copp¥H2] ayMaterialstand sachuigums ara derlasgd dwimecurerobusiedhesipn bptaeery Be heni cal
deposi ti i : . . pent, a
copper | SR e B o et O pper
oxyni t ri de yidgygand dxggéromedtdyynte Sgdting andkecp e copprp@irepigmibeingde to copper

netal . T . f roughness and can have RMS roughness
of, e.g. EAET%E%%ﬁﬂgﬁeye%{nﬁ%ggr?&%gésﬁ}é&ﬁa "L nm [0019] Use of a CoxN | ayer

provi des J@018hootthconftinel; Bretpehsiyelyernd cghabinitdds(Ca8)ub descabed, d e whhmat i on of
hi ghly canduct i nd sirongly. a rent c er .lay f ..y Lhe

or oduct RO e BeD Sah Rt e BhRF ot BEOGRLCe T it "G her

f eat ur es tgidllachngafragebowtx <t he abomertlidpmdwiah tanpe farampiatirdn sout he

foll ow n escriptjon and acc anying figure, and.,fr t he cl ai.ns.

f 0020] | n%aﬁd’f‘lﬁé‘?lg%éﬁggt’,“s gﬂﬁtg'g?o- g‘fﬁ??’i‘l it‘ﬁtg‘e F%Wﬁéﬁ%]ex F&Pﬁ’?@u’c@ chemi cal
vapor deposd 4nliflgdy exposing a substrate to a gaseous m xture conpri sing
vapors of one o i di nate sel ected fromthe, rﬁ al s, | itf%ri um

[ nmore tal am
sodi um pYEsi Jhe (Y [}E?rﬁmwbegw%ﬁ%byw SORVERIFRL opethod, dnpludipg pls
yttrium vhgs Hg_ﬁﬁiﬂiﬁh aniD} £8 cBéiRAl viapdtdepiitide éUVD?hl%tho&si. LD dafbe cdkrigd r coni um
|

haf ni um vana m niobium tantalum nplybdenum tungsten, nmanganese,
rheni um OFywder depesifion; copditiensyibat providesanigral 6p¥#8Y- | pal | adi um silver, zinc,

cadm um [4g18) | €R6he RHoURRRAY, aHIN BIVR N UBposit RORIAVID RREvaB6r JTRIcEbaATDOdi ment s,
t he gaseous m xture conprises an additional reactant, such as a reducing

agent , omrmidigaik AnitHZChiUFEgRE. SORPER ARdypregeEng source, e.g., hydrogen gas.
[0016] Optionally, a copper diffusion barrier, such as amorphous TaN, TaC, WN, WC or

MoN or mixtures thereof may be deposited prior to deposition of the cobalt-containing layer.
[0017] A copper layer may be deposited on the Co,N layer by any convenient method,
such as CVD, PVD, chemical reduction or electrochemical-deposition. In one embodiment, a
thin copper layer is first deposited by CVD, followed by electrochemical deposition of a
thicker layer of copper. |

[0018]} In another embodiment, a copper layers is prepared by first depositing a smooth
layer of copper oxynitride layer, followed by reduction of the copper oxynitride to copper
metal. The metal layer has low surface roughness and can have RMS roughness of, e.g., less
than 5 nm or less than 1 nm.

[0019] Use of a Co.N layer provides a smooth, adherent layer and provides a substrate
for formation of highly conductive and strongly adherent copper layers for, e.g., the
production of electronic elements, circuits, devices, and systems. Other features and
advantages of the invention will be apparent from the following description and
accompanying figure, and from the claims.

[0020]  In another aspect, a metal-comprising layer may be formed by chemical vapor
deposition by exposing a substrate to a gaseous mixture comprising vapors of one or more
metal amidinate selected from the metals lithium, sodium, potassium, beryllium, calcium,

strontium, barium, scandium, yttrium, lanthanum and the other lanthanide metals, titanium,



[0022] I n one or nore enbodi nents, the gaseous m xture conprises a cobalt
am di nate and a vaporous source of nitrogen and hydrogen reduci ng agent. A
cobalt nitride |layer can be obtained. Other netal am dinate sources could
be used. [0023]1n one or nore enbodi nents, the gaseous m xture conprises a
copper am di nate. The gaseous m xture may include a vaporous oxygen source
and a copper oxide |ayer can be obtained. O her netal am di nate sources
coul d be used. [0024]In one or nore eftbodi ments, the gaseous m xture

COMPY | €% BoiARPRHAT AhiiRhf, A\ ABRCAUR bithUA BB mbRGhUge @ vapor ous
oxygen source ahd a vaporous nitrogen sourcé. A copp%r oxynitride |ayer can
be obt ai mhehiur@iteey ruthepiain, eobialli thediemsuicket @sllasioumh, dilvre, 2imce cadnfi@o26y lead,st i | |

ot her er‘rt%gg&fr)rgy&n%,b.&% ﬂ§duci ng source such as hydrogen is provided during or
after deposition of € copper containing filmto forma copper netal
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[ 0028] Fi goo22]i s lannebmade embaldimbntaahd gasequahtiaume cofmpdsed i babaltranddihane
containing.layers of Co"N.and Cu icted an the rjght.half of Fig. 3
(panel "3 3RS oniiee o Sfeerh Sue pette 4 obasaftids Beersi®e
film al odtainkd. OBReMmetabhhidiidRdoadts dhldbeqgsed3) and a copper netal film (2,

| ower | eft %uadr ant in Fi g {?3 t hat al so contai ned a Cu20 | ayer, DETAILED
DESCRI PTII¢3] 0028 Panorepese Fbofiimenfehegseqys H’"&Efeéﬁmplﬁ%eéﬁf:%ﬁp@a%%‘fi}né‘ﬁi t

i ncl udi Ngrpe QRS tM@uré MBPAREe 4 QhhoRiid o)y @A slted 89)a chfer bRidk labsrehdiad ed i n
schematic_cross section 1n FIG 1. The structure can be made by conventi onal

phot ol i t FBEHesAN Phsnamelt eRidingtespurcsseiquldds 8o and vias (holes) 110 in

conposi t goaapul ahiocR8od AYE ERbSEmeAS, thOhs e nfluR CoRPHRE cbperBhilRER Wel |
known in the art. [0030] This structure is constructed on top of a planar
surface cofficimpaeys MESWE TRy Mylude 8 A8POT@ISMHECE|sewee sl Yaporgbhiitiesshing ar eas 20

form ng tst}lﬁ'rcaeétcol!vﬁ%\‘\@{ynktﬁa@ﬂayé?fca%er SHned® SRR amidinate sources could be

used.

[0025] In still other embodiments, a reducing source such as hydrogen is provided during

or after deposition of the copper containing film to form a copper metal layer.

BRIEF DESCRIPTION OF THE DRAWINGS
[0026] Fig. 1 is a schematic cross section of an interconnect trench and via structured in
accordance with the invention.
[0027] Fig. 2 is an electron diffraction pattern of a Co4N film.
[0028] Fig. 3 is an electron diffraction pattern of a bilayer film containing layers of Co,N
and Cu depicted on the right half of Fig, 3 (panel 3), along with comparison electron
diffraction patterns of a CosN filin alone (1, upper left'quadrant of Fig. 3) and a copper metal
film (2, lower left quadrant in Fig. 3) that also contained a CuyO layer.

DETAILED DESCRIPTION
[0029] An electronic device such as an integrated circuit including conductive trenches
100 and vias (holes) 110 is illustrated in schematic cross section in FIG 1. The structure can
be made by conventional photolithography and etching of trenches 100 and vias (holes) 110
in composite insulating layers 30, 40, 50 and 60 according to methods well known in the art.
[0030] This structure is constructed on top of a planar surface comprising insulating areas

10 and electrically conducting areas 20 forming the next lower level of wiring. A capping



5 layer 30, typically silicon nitride or silicon carbide, is placed over
the surface defined by insulating areas 10 and conducting areas 20,

foll owed by an insulating |ayer 40, an etch-stop |ayer 50 and anot her
insulating layer 60. Insulating materials known in the art include silicon
di oxi de, fluorinated silicon dioxide and silicon oxide carbide, typically
made by pl asna- enhanced chem cal vapor deposition (PECVD). Typi cal
etch-stop materials include PECVD si ITcon nitride, silicon carbide and
silicon ode-ni&r i . L ASH: hen et ched
N e S R

t r enches imvldtinepress 10ned ¢ankdheing arceh2® bplomied bp af wewlatingieser 4hiagletsh-stopvel of
conductiye wi.ring. {0031 ti onall ' . ' e
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effective nethod, such as sputtering or CVD. [0033] CVD nay be a preferred
met hod becamsazatipn pfite bidanpkintocdates ohelica yhish iclgposifed pufs thsiexpeset i ers. By way
of exanpl - ' | bt feLRiREdhalilink akaa) imtuAGSLeREY ) are
reacted \?m'?lif%&g&nﬁr%%ng&lﬁtgfg%%?[ %%ﬁ‘%ﬁ%@%@h@sﬁr % ace ofma substrate, to

f or m coatithijsandfsutraumgsig@nres,i the silie bridgessympand seduithprewesporesh dhe eagelt ¢lon may be
carried gut in a.mnner to for il : 1 rat s ude hol es
or trencﬂ@%l.’orf'ﬁ?fgﬁf?rd)ﬁ%%tlseans%oé)@p%n&r?g%n%ﬁﬁgéghﬁh@ﬁ%ﬁelﬁ%%% %grlﬂr%g%‘a 1, in
whi ch V bepiceaghissthaliffpkiogodeypser. f | uor oal kyl groups or al kyl groups

substitu i th,other. atons r oup referably sel ected. nhance the
vorati|1 4980 ¢ reSadflia e Al RERRy  BDLGHE b Rfo BBl S N T
may be t hatsangittde @akf)eregtenf timide SABILY), ohtbm cARERS tingstRh edbidf SFGD/o4. \

14. 7 I\I>NZI|.n olybdenum nitride (MoN). Typically, y is approximately 1. One non-limiting purpose of the

diffusion barrier is to prevent the escape of copper from the structure during use. Another




/\ RGR5 1 In certain enbodi ments, V represents al kyl groups, aryl al kyl
groups, al kenyl al kyl groups, al kynyl al kyl groups, fluoroal kyl groups or

al kyl groups substituted with other atonms or groups selected to enhance the
volatility of the conpound, where RH is any one of R through R6 and where
the le may be the sane or different fromeach other. [0035] Suitable

bi s(al kyl -i m do) bi s(di al kyl am do) tungsten(VI) conpounds i nclude those in
whi ch the al kyl groups R5 and R6 in structure 1 have a tertiary carbon

attached _to.,the im.d gener al
2t ot ur £05 S G AR Bl B XalcAn SATRAHAL R Qep et 90757 2
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(tBuN)Z(ﬁgﬁﬁ? %@]%?H%Fmﬁ '%.ﬁ%agonpounds i ncl ude the conpound

obt ai ned [61583]5 el mt[D Agy bea paferteld amcthoRbecalRS; of i beR6:, cofiformality of CVD K RS,
R9 and RI net h ro nd R2 d et.h ps, i.e.

bi s(et hyId meﬁo)yé@"g"(yt g d“ﬂfa? NERi %33%(5%8 ‘ﬁ) d aﬁﬁ%’g\“ﬁﬁ conpound

obt ai ned abﬁgstgﬂlwpatrb RgctedwitR hﬁiﬁioﬁlaihai bEhgderﬂhah‘eaRd sufﬁce oR3 setitatR4o foombe

met hyl groups, d R5 and R6 to be i

bi s( di neCPRIMERP ‘)‘&?Feé‘(”i‘tgg‘b I3 5¢me Fﬁ‘mﬂglf‘%ﬁﬁ%éﬁ%{ﬁ af’f%cag‘?édr%? %l kyl groups
may be |iQked b RorfnGTIms 6Y %Hs&at@ﬁﬁﬁ%ﬁ}dﬁclu@ﬂﬁle& Ben@icBUpS Mmay contain some
degree of unsaturation, : |, al kenyl or al kynyl oups. In addition,
t he conpd¥d] carTU@éﬁ"i%ﬁoﬁlPﬁ\é‘lﬁbFW Yo thﬁg??ﬁial: B W*Nzﬁ%%/ RGPS | i gands
are knowgy yﬁé%ﬂ%oﬁﬁéfoﬁﬁﬁtgﬁﬂl&)s bi %ﬂ%ﬁ)ub@ﬁllbblﬁ@ted Ritfl othePathBOSSgrovps Ky nes,

phosphi nes”and nionic I'igands are known. Exenpl ary anionic

| i gands iprefralels seteqted o enhv@@m&bﬁyolaww af the comPpol.aBhcst BUipany oriseéB st r uct ur es
are beli 1 fBgih f h | ow carbon content
because g¥&iﬁ fg%%ﬁéht ta?ﬁggggggﬁﬁgtﬁ#?§%%¥%ﬁmﬁgact|ons for al kyl groups
with tertiary carbon. In other embdifi men the tungsten netal nay be
substituted by nol ybdenum Bis(alkﬂllnld ) bi s(di al kyl am do) tungsten(Vl)
and nol ybdenum (DI') conpounds aﬁe—ﬂqh mrer 8i-e+-RY avail abl e or may be nmade by
any conventional nethod. See, ntér nat i onal Application WO

2004/ 007796, which is |ncorporated ference. [0038] Tungsten nitride
films are deposited under COﬂdItIOﬂé%ih N produce good adhesi on between the
deposited tungsten nitride filmand a subStrate onto which it is deposited.
In one or nore enbodi ments, vapdt depositioR of highly uniformtungsten
nitride filns is acconplished over a rlange of conditions such as

concent r a t@tisn @ﬁbddﬁﬂﬁﬂs@l R Seendntp akkivl drowpsodryltligl srolys] alldnglaliaybgroapst he

reactor. In on i ments bstrates. ar ed at relatlvely

| ow t e abarYG wod Ristaosance eagboer PSRl ERRRE AR E" he v
Filmis prapasaetaioanttbshe digilFRbNMhatatsbual, %d@mﬂea@weafhéﬂm&h about
300C and gbout 500C. [0039]|n other enbodi nents, the tungsten nitride |ayer

i s formed udidiheat BaRc meypethe same or dlfferent from cach other.
[0035] Suitable bis(alkyl-imido)bis(dialkylamido) tungsten(VI) compounds include

_(.J

those in which the alkyl groups R* and R® in structure 1 have a tertiary carbon attached to the -

imido nitrogen, as is shown by the compounds of the general structure 2:
' R? R®



deposition (ALD). The ALD process includes one or nore cycles of exposing
the substrate to a vapor of a of bis(al kyl-im do)bi s(dial kyl am do)
tungsten(Vl) conpound, wherein at |east a portion of the vapor adsorbs on
the surface of the substrate by a self-limting process; and then exposing
the substrate to ammoni a vapor that activates the surface so that the
surface is prepared to react with addjitional quantities of

bi s(al kyl -i m do) bi s(di al kyl am do) tunbst en(Vl) 8 conpound. Additional

details g%).’;%g 6?% %Iol}.{%spéal? bP E&&?e?lsmg"{lﬁthé RURGHE SenbAl BLAALRGRRN afPR! | cati on

WO 2004/ I'ncorporated in its entirety by reference.
[ 0040] Oplii eeak pre alittedimtdantsntik tingsteeapmonyd ivdis(- used to renove sone or all

of the bather. nateria hat soverl i es. i terial 20, such as
copper, E’f@ﬁrﬁ’éﬁg’bﬁ% héé%m\}ﬂi":}%ﬁ‘%%‘&s(%m.ﬁ‘gﬁ% e%ﬁgzl\x{;(gws connections with | ower
resi st angm3tiet woarr tdimbleicampeouchds teludethe chppaugd obipined by sejestisg RCompily. 1

il lustrates thesdevicesi L& he diffusion rrief, | I emoved
above coég{e’rﬁrgygvﬁz@.ﬁ ’[%@%FNQ?(E’?mﬁgﬂa%gfpsbafnd%g%#ﬁ tr?ibt%)rélﬁl leé% S"'N) 80 is
deplo_si fjede.pBis@tﬁyhﬁetbﬁﬁxﬁid_e)‘oid(@ytamtyliﬁmmﬁm&n(vmanﬁithabe:oh-@ymrd cltbthimed)bybe I

appl i ed using any cqnyeni ent thod; Tha Cp" N ers _general | ys have val ues
o1l‘o lOx bet ﬁ%@ﬁgﬁﬁ‘o%?n@ai Egps gr‘p egaa‘?%llrke ,tgﬁ%?\ﬁ%‘%%l}%’?ﬂ“ﬁg %%KG{F)% r between
about 3 %gméyl Shéup9 e, Vis(iRicthyRIBQIbiNbSpylénidoypEstas VDN Twocoreehal t nitride
| ayer is .~ X need not be an int eger.@]l004 lJn sonme enbodi nents, the Cu4N
| ayer i s @Y greyny staybelipked ffre qyehq eompe r@ﬁé‘?ee%mﬁ“ﬁﬂaé&f’%ﬁmgj?% h of

copper ghghfsofMhldurhitd, 8 20MBryDhikem 3k ARvhyl Jidepss i eddicdesbapodagicyeen these
epitaxiall’y oriented copper "grains and the cobalt nitride is believed to
enhance tffiain pential orapionirdigandse tMamy psptrpligandsaes Mg Ae Exeraplmy apWFds. [ 0043] I n

one or ”BE&&?H?&R:GEJE?@?}aﬁwn VRl UhBshnfrel a0 S Mahi shibhie1i saidNark &¥@4n. but
ot her nmetRods, such as sputtering are also contenplated. The layer 90 is a
copper s&semplayenionighisarisiesjudsenaiippongthosy apd dimpthybsndesowrst The¥hod known in

the art, Sfr&(ﬁlr&ddrg%\l}%v&#ﬁ gac%lﬁlite Uﬁ;ogﬁgn §flﬁlﬂug%§th% cBboPkbhnE Blcaiebbds such

as sputtering or renches 100 and vias 110 are then filled with
copper . usicilgbaahydngdnatiafinatioe heackions fralkybgroensadthriopipatdarbgnol dhsct r ol ess

depositign C}Afﬂi I %i (M‘S [ R, Jhﬂ%%%ﬁ ikl n enbodi nents,
t he CoxNeIa'P? lﬁgﬁﬁgrﬁg%tg?gg?égrm Egye lﬁegugc?te]%%e?ib ec y ). | ﬁiﬁgge CVD net hod, a
cobal t afmidbyba{dalkgamidopthngdteniVh auvdpolybdsusdlly cempbunds aregamesgidlyny dr ogen
and exposedléoaheted ubstrate to deposit C k) 9% nitride
| ayer. THE! @ﬁﬁﬁ@ﬂ %Wagesbéﬁ‘mvﬁgnvég{“ﬁa lggtg?&'csfﬁ’ %%plfggj Uus %ag @I%ﬁ'%gi ng the
conposi t oo 2064/007296 VRidhds indbrebiited by keferesasi ng the ratio of H2 to NH3 in
the CVD gas_m xture increases th vat e of x...The c sition gan al so be
ad] ust ed (F8hnn eI VHES [ ayure el dafis ePiduats S Borkieser st 180 to
400 C. | petvea@sthb dedobitedrtatdsen aftridfiliOank3 ubdiratehatoariiaait isatepmstpd elhenal so
i ncreases the value of x. [0045]1n gQne or '\LRTB'rBe enboditr@r}tls . cobal t
ani di nat 5MREFPDOREBEr TRPLIE0S! m%ﬁ?ﬁ& unIipHB FERERFT SUES RS i s an
am di nat g.aRGllidhed oderQrarhe cPOHMItRns LIRSS ceREMAUEOI RAV@ANE afd fosliodbe 3, 9

the substrate inside the reactor. In one or more embodiments, substrates are coated at

relatively low temperatures from about 200 °C to 500 °C. In some embodiments, the WN

film is prepared on a substrate maintained at a temperature between about 300°C and about

500°C.

[0039] In other embodiments, the tungsten nitride layer is formed using atomic layer

deposition (ALD). The ALD process includes one or more cycles of exposing the substrate

fo a vapor of a of bis(alkyl-imido)bis(diatkylamido) tungsten(VI) compound, wherein at least

a portion of the vapor adsorbs on the surface of the substrate by a self-limiting process; and

then exposing the substrate to ammonia vapor that activates the surface so that the surface is

prepared to react with additional quantities of bis(alkyl-imido)bis(dialkylamido) tungsten(VI)



in which RI, R2, R3, RI', R24 and R3' are groups nade from one or nore
non-netal atons. In sone enbodi nents, R, R2, le, RT and R3' nay be the sane
or different and may be chosen i ndependently from hydrogen, alkyl, aryl,

al kenyl, al kynyl, trialkylsilyl or fluoroallcyl 2, R3, R., groups. In sone
enbodi nents, R, RRr and R3t may be the same or different and are each

i ndependently al kyl or hal oal kyl, e.qg, quoroaIkyI or silylalkyl groups
containing I to 4 carbon atons. In ond or nore enbodlnents t he cobal t

ani di nat g, dﬁxﬁ&ﬂfd‘ %@3 lsgmkttaﬂé dg) n%&éﬁ}&yk%a&% QRYLAGS gl'fen%eea e),

correspondihg to as | sopropyl groups, and R3 and
R3l as nﬁmytatlgné?{@@ﬂ@%(ﬂﬁ%@ g»élnén-*ainwmmﬁstdall& enfiretylepoiieteramag. t he conpound

can cont 31!)6%1 e”tcf onﬁé/h(g\%c%ﬂa]?wh e&ﬁ{h‘é?na%%&éa%%ﬁdwa s&rHé‘E'rda%l gt it known.

Exenpl ar tra s 1nc OSphI nes and
CO. Many balmieomatenalltmnmha:roemhmbwmataxzé 2] saclyasanoppan, at ﬂie|bgamd sf viacl ude

rret hyl , nd ,.di et h h ... [0Q46] 1 n.an.ex | a C\/D met hod,
SOV, kR <o B TR S B Rirn s Rofissl RO o o
( NH3) gawp;mdladm’syﬁlr Elgehﬂlga&tf(slﬂﬁ')deaicem weinp e diffusnbhrrieblaydr 1ﬁ@m@yedand this

vapor mx ure is \&\ﬁ] over the partially conpleted interconnect structure
V\/m ch haé'@l BESHPRE ygr to a tenperature between 100 and 300 C, preferably

Ibet ween I%ﬁﬂl]ﬂng NEf) aﬁy@g@ff c}?‘ﬁﬁtmﬁfdﬁt@&ﬁ@bb%shﬁﬁdﬁ&&ﬂoﬂt& ﬂw?@ﬁ*wﬂﬁ?ercﬂh% g N
ayer is fornmed on t i ffusion barrier. In so iments, the CoxN

| ayer hag§°Raltmiridg sS%d‘F"‘Yd’&&BP 9S4y eRveRgnt Wwﬁ"ﬁ“ﬁ SeNdpyeshout 2'to 3
run [ 004 gLavalBl Ha0 Ridlids b€ x 63ReB BBU BRI 100for BRkip) beRbal dbotti 4 fdéeod S

bi s(N—tert butyl - Nr- et hyl - propi onam di nato cobalt I—% cor r espondi ng to R

and RI' [BEVEER BRoRE 3 prst 3, 10 ofpr Rigre ?@bodumlt%ﬁaom@uﬁérl ° gl nitrididpyer s a

liquid ats COMMNLREPRSBL YA fitegd. QUi d precursors are easier to purify, handle
and vaporize than solid precursors. Copper amn dinates are comercially

avai | abl 600421 rayn Benaeiehedisyentsnihe S daver o nalyoryeelipr Thisstructere gromotes
I nternatig &E‘%OOM SElhR ol %&%Qéa&%zmmrf: *rhé %dn%%ﬁﬂe%ﬁ abiGdeY

reference her netho s of depositing t ayer can be used.
For exampiess emhxm_@fmﬂtﬂééssper arajtisiandthe h@balheﬂdnédlsmb@@ﬂ ttahinge €xposed to

al ter nat iag; W(arlﬁrﬁme&ﬂg@}’é gﬁg Alhates 10 and reducing gas/nitrogen

containing c prepare the CoxI\T conpound. See, e.g.,
| nt er nat i[#H&] Aﬁpbmwnmcmmemdﬁmw Wﬁﬁsefddbr dapositieg the GbO¥ }mtrﬂum which is

[ noor pOr AheflulAghd SRl LAREOY. LSS SLRIGR.L B4R HPRELEATHIELer can De

pl aced on ayer convenr ent ‘ne |nc Gdi ng
physi cal wiithhogshe depesitedalsy anywbnmuengneth@ﬂj}m:nkmml dalartnmbﬂu@ﬂgaclsambalas CVD or

O SR s 0B ST L AR A8 s PERHEL T e

known in vtab(il@ﬁﬁa theh@illed with copper using conventional methods, such as electroplating or
electroless deposition, which are well-known in the art.
[0044] In certain embodiments, the CoxN diffusion barrier layer is deposited by CVD. In
one CVD method, a cobalt amidinate is mixed with a vaporous source of nitrogen and
hydrogen and exposed to a heated substrate to deposit a conformal cobalt nitride layer. The
composition x of the Co, N layer can be adjusted by changing the composition of the CVD
gas mixture. Increasing the ratio of H; to NHj; in the CVD gas mixture increases the value of
x. The composition can also be adjusted by annealing the layer after deposition at a
temperature of 180 to 400 °C. Increasing the ratio of H, to NH; in the anneal atmosphere
also increases the value of x.
[0045] In one or more embodiments, cobalt amidinates have the structure, [M{AMD),],
where M is Co, AMD is an amidinate and x =2 or 3. Some of these compounds have a

structure 3,



exanpl e, copper(1l) 1,1,1,5,5,5-hexafl uoroacetyl acet onate
trimethylvinylsilane (Cupraselectn is a source for CVD of copper, whose use
is described, for exanple, in the Journal of the El ectrochem cal Society,
vol une 145, pages 4226-4233 (1998), which is hereby incorporated by
reference. CVD of copper using copper(l) N N -di-sec-butylacetam dinate is
described in WO 2004/ 046417, and is hereby incorporated by reference inits
entirety. A short reaction tine (Iessgthan a few mnutes) at |ow
tenperatures (less than 200 C) in the prgsence of a reducing gas, e.g.,

hydr ogen, produces relatively snnoﬁﬁ copper nmetal filns (root nean square
roughness | ess than a few nanoneterbk). [I0051]In yet another enbodi nent, the

copper |l ayer may be forned by depaq i a copper oxynitride |ayer and
reduci ng the resultant |ayerg copger r¥ Copper oxide or nitride has
better wettability than netallic pgex, ich results in higher nucleation

density, and continuous thin | ayersNwi t i snoother and nore conti nuous

nor phol ogy than netallic copper. When the copper oxynitride is converted to
metal lic copper under conditions thRit d&'not increase aggl oneration of
copper, the snooth norphol ogy of the precursor |ayer can be transferred to
the copper netal |ayer. Reduction of the deposited thin filmis conducted

at a | ow, tenpperat yr @ avoi d.;or reduce | onerati on of the copper that
o cou i VIS BTt Ry ATy FOBIH i P BE PR a1
(N - di - sgembethyddinass, RRH RERY) RO h)y b4 thesanean differdns estl @sy e sour ce for

CVD of copper. as descri bed above in conbi nat.i i th i trogen source
such as & jngerspdaniiy foem hydrogsy agﬁ'hé‘f( @@ﬁngloﬁpg@,ﬁféﬁﬂgg& 6’2&%6\%}1@ vapor ,
ozone Of sAuRE! P%YHe FRRMMEeRs &, RS RI! RY e enexbdlte s & dprgran@nd
nitrogen are incorporated into the filmwhen a m xture of ammonj a_and water
vapor ar érepsehindepepdeatly alkyl qshalealicgly¢-2n Juereded; erispraled sppns coptaiaigilon ti me

(I'ess thahy gahEWdthd Uh 859 ofthor QWL BIRAE AhalEsBalt &hﬂﬁﬁtetm@ﬁ%atao@%n@r oduces a
very snooth copper oxynitride film (root nean squa;el.roug ness 0.4 to 0.6

nanoret ebis(V, Nediirspiopyacetagridiastghporesspatinglp skined (B > Ry anbBefs istpieanh at a

t enper at < Copnd ' 178t & addiRnl Bl uhd @ film
of excep#@ﬁ%laﬁgﬁo(ﬂﬁdhlﬁgalségséh kllg?ol‘fgéeingiflé %ng@%ﬁgu ‘rr]?gduc% ng g’gent I%Wers t he

t enper at warecanfain weatrelj cyanianig ligaws| iNMayawuird) diganty arckop it Fompidry acWibot h

met al | ay: - [ S fUlnad R @pd even
0.5 nm t%lgéﬂdéﬁgé?&edeg%%“gﬁﬂgga&%@%%ﬁnégﬁ% gb aglpg]g?l?i?eg oufu%byoc em cal

r educt i oExbmplanl anfanariigondshycledegudthyd chethigand deahdioldngde gioops. exanpl e, copper
oxynitride may be reduced by electrolysis in a neutral or basic electrolyte

sol ut i on.[0446D5 3]iDac exeanplany 6 VDcoethad, sV, dedithopraydacemidiogplsebaifly) vepen f or ned

on the cobalt . nitride by e of t I 1 osition
can be uéselalxtegwft}‘lapnpﬂ@ (Pll?lg)r% 'éué& %ng&#gsggéﬁ%a@é%ﬁpgﬁﬁéﬁgﬁoﬁ%%‘ﬂg/rpﬁ cal
deposi t i and thissvaptreniadvantfages otdndte pattialsnomppleted thtergumnect stopgrer whichhout voi ds

or seans in a cost-effective proces i_onal t.hads. f.or ositing
copper a® Rf&a ?atT%B%ﬁiWWY%WS{gﬁt&ge%i%ea&q@%ﬁétﬁ’ﬂq ?8?11%?%’8%1191% aIn':rirggzdéan be
pr epar ed °QyandWidsOpreRrabBi tikbwaAi1 0 fad F00Vap or CoiNdegr isi foimed onalxpdi fiiémat e
reactive _gas. A netal -conpri si | ayer. may .he for.ned hem cal vapor
deposi t i AT L%%E%%?Wdﬁnr%@mg??g’t%%’ r%saﬁgggﬁ Oﬁfm%”ﬁ%o‘gﬁlﬁp?riasi ng vapors
of one OkLiPBs dTRbal 2a¢k dinnat e sel ected fromthe netals |ithium sodium
potassium beryllium calcium strontium barium, scandiu ttrium
| ant hanurbO4Tl t Hi BteRehve QXPrasFEer REPAKes cohatt it %E’ N’%n}i]i’%)’rlfN haf ni um
vanadi umeml-ﬁ%}aﬁamfdﬁﬁ{o%@mm%&%sma% 1olIUNGES REBeinFBRORRASAd RF R8N um
iron, ruthéntum cobalt, rhodium nickel, palladium silver, zinc, cadm um
S tin, | ead’\, apthk| h@ng/fftbﬁdw}@li% it JFnd @M}eﬁlpéﬁar’é‘ﬁaér}@é@ PreguiEqF AreAyIghto
conpri st 1;}}%, ARIR anbl St &P HaB Sl RMprELRJR! %pﬁer@ﬁ@éi@ﬂes%@&tnﬁﬁér&aﬁyo a gaseous
m xture conprising vapors of one or nore volatile netal am dinate conpounds
and a readudlahly ogasy be madpby anyteonvenfipmah meted! Sepaei HeerariontlerAnpliesigte of t he
substr at I e i reduci ng gas i ncludes hydrogen
or form ?g&ﬂg@ﬁﬁgggﬁﬁa18§{§8§>gpag%%§gfe%eﬁ?eh filmconprising a netal nitride
i's preparemsby exposicigpdachépostnsiibSolhtaertan he yerdeborsexainpleuameAlddnpri si ng
vapors of_one .or re vol atile netal 1, di :
nit rogen—pg%)cﬁ%se{ll1 r‘?’ih{n% ﬂ%fahseat(‘%ﬁg S‘%Pe%%%*? fs ?Xgosgglrtonélggﬁg?%?ﬁﬁﬁb ??g‘gﬁgg‘é‘ﬁmﬁéﬂ on the
surface of the substrate. In one or nore enbodi nents, the
ni trogen-contai ni ng gas includes amoni a or hydrazi ne. [0057]1n anot her
aspect, a thin filmconprising a netal oxide is prepared by exposing a



heated substrate to a gaseous m xture conprising vapors one or nore

vol atil e netal am di nate conpounds and an oxygen-contai ni ng gas or vapor,
to forma netal oxide coating on the surface of the substrate. In one or
nore enbodi nents, the oxygen-containing gas includes water, oxygen, ozone
or hydrogen peroxide. [0058]1In sonme enbodi ments, the netal oxide is copper
oxide and a thin copper oxide filmis_prepared by exposing a heated
substrate to a gaseous m xture conprising vapors one 12 or nore volatile

copper an gl nate, comodnds n?m&ng&ﬁﬁ%%&n%g%g@dt pga 3R ANBRBOunaO"

exanpl e, Fnat e precursor I's
ec- butyl Sae;etg,rimﬂmaﬁimbAp;ﬁmetue(nlWO(ﬂOﬁﬁﬂ464[lw®r5§ﬂlrlthcrmmammmdrmt s, the

netal oxide is ca 0 tride and a thin copper oxynltrldefllmls
pr epar ed“tf;‘?rpé’%‘%ﬁis’gﬁ lglrﬁégﬁ'éﬁergllﬁgstrate to a gaseous m xture conprising

vapors ong49] A eopyér cdhductor cappailacadiod iheabiealtadmide lagetdbyany carvenient
Oxygen cont_al_nj as, or vapopr,and, a nitro en C nt ai.ni r as
anmoni a WWd’Inglgfhﬂ%phﬁkfﬁl @Etg?ﬁﬁ c p Y Wﬁﬂt%rﬁg)rd ﬁ%&%w
(N, AP- di 8 glectiyisY ticpdsigb:a e chsatiesl GRMNOEE (yb,)camy previde b@ROQhfoimalitg. or nor e

enbodi ments, a netal thin filmis prepar edu the as- forned netal
oxi de or | Qﬁ?@hltﬁ‘ﬂ%oﬁ?ﬂ’ﬂﬂfcﬁ?h?c%doé&&ﬁﬂtagh ﬂﬁgl"%ﬁ) o 18 g aoFYer

oxyni tri @ﬁmﬁﬁlb rbof_qsérmsl ey, @ehdxﬁﬂw&féetbwcaoﬂamﬁieﬂngm@@naneq@aﬂsre@sech%dr ogen

5
pl asma, di hyd rog_ as or formc acid vaBor to obtain_a _copper. _netal thin
film [06AjourredersCoP ofenneciebeivpisdsserived. iriexampledathe 19urahiofihiat es,
[M1) (Aw@éctroc éa?S&:Tet & rvoRmfd 1@:5Hfat@@:.ufﬁ9J?4§33’3c %9863&91%% Q%Q&lﬁ\{ in'c&ﬁorat%@”e of

t hese conpoun ave a dineric structure MNRLRi s 4 in
whi ch Rl bymferem: CRDmf cRypper ugies RBpPerd) &, I\gﬂbeﬁgémﬁé@étmcbmﬁ%ﬁéewb%rle
non- et al R Ly | efelRee iRRs effffery RAIshafLadidonl may be
di fferentwgtg§®04é4ﬁ)7e’%§ﬂﬁs}§ ?%gﬂ%ﬂ %dt?rg/efr%em hf/grgagn Sa kya aryl,
al ke nyI tmid{!aaglﬂlan @ femahlaytes) dt Jdw températuoms dlgbsdinan 205Gpin the pressoereof@nbodi ment s,

iy al KB SEhFPact o R BRERE IR ol B el 6% of
nonoval ersqlxamioagmesﬂedsmhha a(fe\pmamj‘rle)qu)Sl | ver(l), gold(l), and iridi um( ). In
oT O P Ao RSB P08 6 BB AT it . anc

copper oxynitride layer and reducing the resultant layer to a copper metal. Copper oxide or

nitride has better wettability than metallic copper, which results in higher nucleation density,

and continuous thin layers with smoother and more continuous morphology than metallic

copper. When the copper oxynitride is converted to metallic copper under conditions that do

not increase agglomeration of copper, the smooth morphology of the precursor layer can be

transferred to the copper metal layer. Reduction of the deposited thin film is conducted at 2

low temperature to avoid or reduce agglomeration of the copper that can result in a rough or

discontinuous film.

[0052] For example, (N, N'-di-sec-butyl-acetamidinato)copper(I) dimer can be used as a

source for CVD of copper as described above in combination with an nitrogen source such as

ammonia or hydrazine and an oxygen source such as O, water vapor, ozone or a

peroxycompound such as hydrogen peroxide. Both oxygen and nitrogen are incorporated

into the film when a mixture of ammonia and water vapor are used as reactant gases during

deposition. A short reaction time (fess than a few minutes) at low temperatures (less than 200

°C) produces a very smooth copper oxynitride film (root mean square roughness 0.4 to 0.6

nanometer). Reduction, for example, by exposure to hydrogen plasma at a temperature

< 50 °C, reduces the film io copper metal and results in a film of exceptional smoothness.

The use of a strong reducing agent lowers the temperature of reaction and facilitates the



di i sopropyl acetam di nate , corresponding to taking RI, R2, R and R21 as

| sopropyl groups, and R3 and R31 as nethyl groups in the general formula 1.
In one or nore enbodi nents, the nmetal (1) amdinate is a triner having the
general formula [M1)(AMD)13. In addition, the compound can contain neutral
| i gands. Many neutral |igands are known. Exenplary neutral |igands include,
e.g., alkenes, alkynes, phosphines and CO 13 [00621In one or nore

enbodi ments, dival ent netal precursorlé' for vapor deposition include

volatile_netal (I.1) bis-amdi natgs MJL) (A X f = se
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ydrogen, al kyl, aryl, al kenyl|, kynyl, trjalkylsilyl, or fluoroalkyl
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I ndependgpbhdiofahdéy ne@bdd blearoRRn¥l deposttion whrabdwskd @ fILAS re@htdndiviag 1 to 4
carbon atons. Non-limting exanples of divalent netals include cobalt,

i ron, ni ¥KBornsaAdRsHedwmicl daReniiemyas Herpdvartagenthnt thyanPERAL R COBBF opi um
cal ci um w3hEARBIAY B sl in%osﬁ%fféc@&%r&@e@sd dotv@ifienf) meRUSfR ARRMHARNt S, the

metal (I'1) amdinate is a cobalt amdinate, and the cobalt am dinate
conpr i sesorpebdP #fef ) bi s( NpAPdi i sopr opyl acet ani di nate), corresponding to

taki ng Rlgosi?, Bl anofifdfladpet ARethISORMAR filfhs ShPSo préafaebdRy NG oRBme@s et hyl
groups :QL jt%]g gen%nrogdg ?gg.rcn’u % 2. _Ian addi tsi on, Etrhe pﬁcp_rsgr 1Elzlgm cont ain
neutral biigamtsvapiemixedwith pmbppropgiatedeacivesdsn dwmetabsernpismeyayseney B¢ | i gands

i ncl ude, formdd by (a,ﬂe%ﬁ‘&? §apo?héi>\65‘iﬁ§n b?&%&ﬂé Q%s@ﬂgto(;%aseous mixture

comprising vapors of one or more metal amidinate selected from the metals lithium, sodium,
potassium, beryllium, calcium, strontium, barium, scandium, ytirium, lanthanum and the
other lanthanide metals, titanium, zirconium, hafnium, vanadium, niobium, tantalum,
molybdenum, tungsten, manganese, thenium, iron, ruthenium, cobalt, rhodium, nickel,
palladium, silver, zinc, cadmium, tin, lead, antimony and bismuth.

[0055] In one aspect, a thin film comprising a metal is prepared by exposing a heated
substrate to a gaseous mixture comprising vapors of one or more volatile metal amidinate
compounds and a reducing gas or vapor, to form a metal coating on the surface of the
substrate. In one or more embodiments, the reducing gas includes hydrogen or formic acid.
[0056] In one aspect, a thin film comprising a metal nitride is prepared by exposing a
heated substrate to a gaseous mixture comprising vapors of one or more volatile metal
amidinate compounds and a nitrogen-containing gas or vapor, to form a metal nitride coating
on the surface of the substrate. In one or more embodiments, the nitrogen-containing gas
includes ammonia or hydrazine.

[0057] In another aspect, a thin film comprising a metal oxide is prepared by exposing a
heated substrate to a gaseous mixture comprising vapors one or more volatile metal amidinate
compounds and an oxygen-containing gas or vapor, to form a metal oxide coating on the
surface of the substrate. In one or more embodiments, the oxygen-containing gas includes
water, oxygen, ozone or hydrogen peroxide.

[0058] In some embodiments, the metal oxide is copper oxide and a thin copper oxide

film is prepared by exposing a heated substrate to a gaseous mixture comprising vapors one



1006311 n one or nore enbodi nents, precursors for vapor deposition of
trivalent nmetals include volatile netal (111) tris-amdinates, MII1)(AM)3.
Typi cal ly, these conpounds have a nonomeric structure 6, 14 NN R2 R2" N
\NR3"Il RI" RL 6 inwhich RI, R, R3, RI', .-.2'", KIRI", R2" and R3" are
groups made fromone or nore non- .-.2" nmetal atons. In sone enbodi nents,
R, R, R3, RR., R2., R3'", RI", x and _R3" nmay be chosen i ndependently from
hydrogen, alkyl, aryl, alkenyl, alkyn¥l, trialkylsilyl, halogen or partly

L B2 B a fffie QpSer ek sholsthh afL QR col RO SVRRY! FENTS. R,
example, the metal amidinate precursor is (N, N'-di-sec-butyl-acetamidinato)copper(I} dimer.
[0059] In some embodiments, the metal oxide is copper oxynitride and a thin copper
oxynitride film is prepared by exposing a heated substrate to a gaseous mixture comprising
vapors one or more volatile copper amidinate compounds and an oxygen-containing gas or
vapor and a nitrogen containing vapor such as ammonia or hydrazine. For example, the
metal amidinate precursor is (N, N'-di~sec-butyl-acetamidinato)copper(l) dimer.

[0069] In one or more embodiments, a metal thin film is prepared by reducing the as-
formed metal oxide or oxynitride thin film. For example, copper oxide and copper oxynitride
thin films may be reduced by a reducing agent such as hydrogen plasma, dihydrogen gas or
formic acid vapor to obtain a copper metal thin film.

[0061} In one or more embodiments, volatile metal(I) amidinates, [M{(D(AMD)],, where

x=-2, 3 are precursors for vapor deposition. Some of these compounds have a dimeric

structure 4,
R? R?
‘X~“—M~_~J{
e
F—*“M"——N
Rr1 Xﬂ
4

in which Rl, R, R®, R]', R? and RY are groups made from one or more non-metal atoms. In
some embodiments, R', R?, R?, R, R and R* may be different and may be chosen
independently from hydrogen, alkyl, aryl, alkenyl, alkynyl, trialkylsilyl or fluoroalkyl groups.
In some embodiments, R', R%, R?, R", R? and R” are each independently alkyl or fluoroalkyl
or silylalkyl groups containing 1 o 4 carbon atoms. Non-limiting examples of monovalent
metals include copper(l), sitver(I), gold(l), and iridium(I). In one or more embodiments, the
metal amidinate is a copper amidinate, and the copper amidinate comprises copper(l) N,N'-
diisopropylacetamidinate, corresponding to taking R!, R* R" and R¥ as isopropyl groups, and
R® and R*' as methyl groups in the general formula 1. In one or more embodiments, the
metal(I} amidinate is a trimer having the general formula [M(I)(AMD)];. In addition, the
compound can contain neutral ligands. Many neutral ligands are known. Exemplary neutral

ligands include, e.g., atkenes, alkynes, phosphines and CO.



each independently al kyl groups containing 1 to 4 carbon atons.

Non-limting exanples of trivalent netals include |anthanum praseodym um

and the other |anthanide netals, yttrium scandium titanium vanadi um

ni obium tantalum iron, ruthenium cobalt, rhodium iridium antinony and

bi snuth. In one or nore enbodi ments, the netal (111) amdinate is a

| ant hanum am di nate, and the | ant hanum am di nate conprises |anthanun(lI1)

trls(N N -di-tert- R2, RP, RT, butyl déetam d| nate), corresponding to taking
,and | St ndroups in
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e.g., al kenEl Vee?‘rlnié es.. %%qmg?l nes and CO [0064] As used herein, netal

am di nat 8&YREYS ng S3 io of netal to am dinate as the nonomer, but

varying in the total number of netaf¥ anifdinate units in the conpound are

referred to as "oligoners" of the nongr conpound. Thus, oligoners of the

nononer conmpound MI'1)AMD2 include yM 1IN (AVD) 2]", where x is 2, 3, etc.

Simlarly, oligoners of the nono soppdynd M DAMD i ncl ude [ M 1) AMVDL",

where x is 2, 3, etc. Exarrpl% oM, ind Cu [0065] A silicon wafer

wth a Si02 insul ating layer on to 'ﬁas\ sed as the substrate. Trenches and

hol es were etched in sonme areas of fhe § 02 | ayer. [0066] Tungsten nitride

was deposited by CVD by exposing a yvaporl.m xture of about 0.05 Ton

bi s(tert-butylimdo)bis(dinmethylam IElo)ttﬁhgsten(VI) 0.5 Torr ammoni a and

0.5 15 Ton nltrogen to a substrate tgnperature of 390 C for | minute. A

di ffusion bather of 'VVN about 2 nmthick was deposited. [0067] Cobalt

nitride osi2t gd Ry S(N-

- tert- buty HQE& ?%/fgﬁr obikﬁl{grﬁﬁda\f@%% ﬁoﬁﬁe,ﬁg{.&g&n&nﬁém%%o 3 Ton
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(panel 3kontﬁh%e&ramlgm§010feﬁgrﬁéﬁa 18Rt Ohoinf ﬁi@gﬂarpﬁeml fighdsin@hgea the CNN
filmalone (1, upper guadrant of Fig. a’ copper netal film (2,

| over | efts., GU@WaﬁkﬂeﬁPﬁPSj’hH@; and{e?- al so cont ained a Cu20 | ayer. The good
agreenment between all three of these electron diffraction patterns confirns
that thef®63k a Igyewrrrawirpenbediaents Srapweers forearardgeasitioasf Bivalepianstalhd Cu.
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a monomeric structure 6,



(N, N -di-sec-butyl -acet am di nat o) copper (1) diner, 0.8 Ton hydrogen and 0.8
Ton nitrogen at a substrate tenperature of 186 C for 2 mnutes. A |ayer of
copper about 7 nmthick was deposited. [0069] The sheet resistance of these
| ayers is 30 ohns per square, neasured on planar areas of the substrates.
On these seed | ayers, electrochem cal deposition of additional copper on
the surface and within trenches and q_les can be carried out using known
techni ques. The CNN | ayer was found to be a good bat her agai nst diffusion
of oxygen and water. Conparative Exanplze CVD of WN, Co and Cu [0070] Exanpl e
1 is repeated except that cobalt netal}is deposited i nstead of cobalt

nitride. The cobalt netal was depositéegd on WN previously forned as in
Exanple 1. The Co was nade by for tes froma vapor m xture of
about 0.03 Ton bis(Ntert- butyI - propi onam di nat o) cobal t (I11),
0.5 Ton hydrogen and 0.5 ton ﬁmtro a sqﬁstrate tenperature of 240 C
A | ayer of Co about 2 nntthlck de Slt on the WN. After the Co was
deposi ted, copper was dep05|ted a |n Ie 1. [0071] The sheet resistance
of these layers is about 10 tlne n the | ayers obtained in
Exanple 1. This conparlson the un xpect @dvantage of CoxN over
cobalt metal in nucleating nnre coqdu ,ive copper seed |ayer. Exanple 2
CvD of WN, Co4N+Co3N and Cu [0072] 1 is repeated except that during

t he CoxN deposition, 0.3 TAOT annnnia6 0.2 Ton hydrogen was used. The
deposition was carried out for 4 mnutes, which was |ong enough to produce

a CoxN | fygp pROWE 2 RMEhisck g RS Xx%'g?ox@@nﬁdéﬂ%xﬁ%ﬁéorfmérgh&{ oduced

under the sane condi tions fernlne th t Ehe co, balf to nltrogen rati o x
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trivalent metals include lanthanum, praseodymium and the other lanthanide metals, ytirium,
scandium, titanium, vanadium, niobium, tantalum, iron, ruthenium, cobalt, rhodium, iridium,
antimony and bismuth. In one or more embodiments, the metal(Ill) amidinate is a lanthanum
amidinate, and the lanthanum amidinate comprises lanthanum(I11) tris(N,N'-di-tert-
butylacetamidinate), corresponding to taking RLR* R, R*, R and R as tert-butyl groups
and R?, R* and R*" as methyl groups in the general formula 6. In addition, the precursor can
contain neutral ligands. Many neutral ligands are known. Exemplary neutral ligands include,

e.g., alkenes, alkynes, phosphines and CO.

[0064] As used herein, metal amidinates having the same ratio of metal to amidinate as
the monomer, but varying in the total number of metal/amidinate units in the compound are
referred to as “oligomers” of the monomer compound. Thus, oligomers of the monomer
compound M(IDAMD; include [M(II}(AMD).],, where x is 2, 3, efc. Similarly, oligomers of
the monomer compound M(DDAMD include [M(I)AMD],, where x 1s 2, 3, etc.
Example 1

CVD of WN, Co4N and Cu
[0065] A silicon wafer with a $iO; insulating layer on top was used as the substrate.
Trenches and holes were etched in some areas of the Si0;, layer.
[0066]  Tungsten nitride was deposited by CVD by exposing a vapor mixture of about
0.05 Torr bis(fert-butylimido)bis{dimethylamido)tungsten(VI), 0.5 Torr ammonia and 0.5



Exanple 3 CVvD of WN, Co3N and Cu [0074] Exanple 1 is repeated except that
during the CoxN deposition, 0.5 Ton of ammonia was used and no hydrogen was
used. The deposition was carried out for 4 mnutes, which was | ong enough
to produce a CoxN |l ayer about 2 nmthick. RBS analysis on a thicker film
produced under the same conditions determ ned that the cobalt to nitrogen
ratio x was approximtely 3. Electron _diffraction confirmed that the
structure of the filmwas hexagonal d33N. [ 0075] After deposition of the
copper S%gr Aj@aag%_h to 4 AR sNERMpEERISIB06 & RS RRAUIA AiffikiBR BaibitqUNt han t he
| ayers produced in Exanple 1. This exanple shows that Co3N produces a nore
conduct i weoti2imn hirkrvasdernosi®l. but not as conductive as CNN does. Exanple 4
CVvD of 4N : [ that, . the copper
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2 Ton ni tabogemnathick veas defiosixdde Foremplesiadithis CotN 10@rial, thickenlpgers werecopper | ayer

about 7 nmthick. s deposited. [0077],The .co r ol r gsjted in these
exanpl esrag%%’(g?’}t%ﬁlassgg?@lg? 3%3? estaﬁél@{%ﬁ‘éq}?&%ﬁ? F{iu%é&mi&%f: Mo r‘fdf‘gcijpper can
be el ect raoplyails¢RBON Cobdliwdaittdpenwee@dpetted mythe Binbyith awaiedivreto knaywn i n t he

art. The gl ectropl ated structures can_.be polished t rovid

T or ConALE A OBl PR AR 00 See e e BEE 885 Syt hesi s of
bi s(N-t erde%d%utom! ANingitafy ldegis gl QBTG Bkt Cp aabaick (ak plavesn @ atsshdioaut by the
foll owi ng four reactions., Al reacti Qna@a d manipul.ations re. conduct ed
under. a FEFEOTHIIGRsGRRS: Bhidh Faneed t ity theistenisen dffrachent ptsifoeBhE TS hox or

st andar d 2S¢hd sukrvh @Sl BESngs Lol hihyidaaky bRR cloddfacked Bt ARG cGhicor i de
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as received. .
CosN and Cu structures, a bilayer film of 20 nm Co4N and 20 nm Cu was also subject to

electron diffraction. The resulting electron diffraction pattem is shown on the right half of
Fig. 3 (panel 3), along with comparison electron diffraction patterns of a the Co4N film alone
(1, upper left quadrant of Fig. 3) and a copper metal film (2, lower left quadrant in Fig. 3) that
also contained a Cu;O layer. The good agreement between all three of these electron
diffraction patterns confirms that there is a good coincidence between the structures of CuyN
and Cu.
[0068] A copper seed layer was made by exposing a vapor mixture of about 0.4 Torr
(N, N'-di-sec-butyl-acetamidinato)copper(f) dimer, 0.8 Torr hydrogen and 0.8 Torr nitrogen at
a substrate temperature of 186 °C for 2 minufes. A layer of copper about 7 nm thick was
deposited.
[0069] The sheet resistance of these layers is 30 ohms per square, measured on planar
areas of the substrates. On these seed layers, electrochemical deposition of additional copper
on the surface and within trenches and holes can be carried out using known techniques. The
CoyN layer was found to be a good barrier against diffusion of oxygen and water.
Comparative Example

CVD of WN, Coand Cu
{0070] Example 1 is repeated except that cobalt metal is deposited instead of cobalt
nitride. The cobalt metal was deposited on WN previously formed as in Example 1. The Co

was made by CVD for 20 minutes from a vapor mixture of about 0.03 Torr bis(N-tert-butyl-



(a) Synthesis of N-tert-butyl-N -ethyl-propi onam di ne by coupling

tert-butyl chloride, ethylam ne and propionitrile with ferric chloride
FeCl 3 N=N CH2d 2 FeCl 4- (1)

C

16

“.ethyl-propionamidinato)cobalt(II), 0.5 Torr hydrogen and 0.5 torr nitrogen at a substrate
temperature of 240 °C. A layer of Co about 2 nm thick was deposited on the WN. After the
Co was deposited, copper was deposited as in Example 1.

{0071}  The sheet resistance of these layers is about 10 times higher than the layers
obtained in Example 1. This comparison shows the unexpected advantage of CoxN over
cobalt metal in nucleating a more conductive copper seed layer.
Example 2
CVD of WN, CosN+CosN and Cu
10072] Example 1 is repeated except that during the Co,N deposition, 0.3 Torr ammonia,
0.2 Torr hydrogen was used. The deposition was carried out for 4 minutes, which was long

enough to produce a Co,N layer about 2 nm thick. RBS analysis on a thicker film produced

under the same conditions determined that the cobalt to nitrogen ratio x was between 3 and 4.

Electron diffraction confirmed that the major phase of this film is CosN, along with some
hexagonal CosN.
[0073] After deposition of the copper seed layer, the sheet resistance was about 2.4 times
higher than the layers produced in Example 1. This example shows that a Co3N+CosN
mixture produces a more conductive copper film than pure Co, but not as pure conductive as
CogN does.
Example 3

CVD of WN, CosN and Cu
[0074] Example 1 is repeated except that during the Co,N deposition, 0.5 Torr of
ammonia was used and no hydrogen was used. The deposition was carried out for 4 minutes,
which was long enoungh to produce a Co,N layer about 2 nm thick. RBS analysis on a thicker
film produced under the same conditions determined that the cobalt to nitrogen ratio x was
approximately 3. Electron diffraction confirmed that the structure of the film was hexagonal
CosN.
[0075] After deposition of the copper seed layer, the sheet resistance was about 4 times
higher than the layers produced in Example 1. This example shows that CozN produces a
more conductive film than pure Co, but not as conductive as CosN does.

Example 4

CVD of WN, Co4N and Cu
[0076] Example 1 is repeated except that the copper layer is deposited from (1,1,1,5,5,5-
hexafluoroacetoacetonato)copper(l) trimethylvinylsilane. The copper seed layer is made by

CVD for 30 seconds from a vapor mixture of about 0.4 Torr (1,1,1,5,5,5-

+



0.30 mol (50 g) anhydrous Fed 3 was suspended in 250 nlL dry CH2Cl12. After 2
m nutes, the solution was cooled to -40C and 21.4 nL (0.30 nol) of
anhydrous propionitrile was added at once w th nagnetic stirring. The
ferric chloride went into solution and the color of the medium turned dark
red. The solution was cooled to -78 C, then anhydrous tert-butyl chloride
(33 m, 0.30 nbl) was added at once. A brown ocher precipitate fornmed
within a few m nutes; presumably it was N-tert-butylacetonitrilium

tetrachl goroferrate. The reacti.opn. medium.was_ t.hen i ' -78 C
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war med tqQ anbient tenperature. It was then cooled to -10C and poured into
0.25 L oferpsid.

[0077]  'The copper layers deposited in these examples show strong adhesion to the cobalt

nitride. Additional copper can be electroplated onto these thin copper layers by procedures
known in the art. The electroplated structures can be polished to provide interconnections for
microelectronic devices.

Example 5

[0078] Synthesis of bis(N-tert-butyl-N '—ethyl-propionamidinato)cobalt(II) was carried out
by the following four reactions. All reactions and manipulations were conducted under a
pure nitrogen atmosphere using either an inert atmosphere box or standard Schlenk
technigues. Tetrahydrofuran (THF), methylene chloride (CH,Cly) and pentane were dried
'using an Innovative Technology solvent purification systetri and stored over 4 A molecular
sieves. Butyllithium, fers-butyl chloride, ethylamine, propionitrile, CoCl, and FeCl; were
used as received.

(a) Synthesis of N-tert-butyl-N-ethyl-propionamidine by coupling tert-butyl chloride,

ethylamine and propionitrile with ferric chloride

FeCls t
&
\———‘_........,N + i — \ =N | FeCly (1)

CH,Cl,

\ - ' ceci 4 NaOH I @
N eCly + HoN _— A
’ N O N\ /\
‘\Hl'

0.30 mol (50 g) anhydrous FeCl; was suspended in 250 mL dry CHyClp. After 2 minutes, the
solution was cooled to —40 °C and 21.4 mL (0.30 mol) of anhydrous propionitrile was added
at once with magnetic stirring. The ferric chloride went into solution and the color of the
medium tumed dark red. The solution was cooled to —78 °C; then anhydrous fers-butyl
chloride (33 ml, 0.30 mol) was added at once. A brown ocher precipitate formed within a
few minutes; presumably it was N-ters-butylacetonitrilium tetrachloroferrate. The reaction
medium was then maintained at —78 °C. Ethylamine was condensed (13.5 g, 0.30 mol) into
the stirred reaction mixture; an exothermic reaction ensued. It remained stirring while it

warmed to ambient temperature. It was then cooled to —10 °C and poured into 0.25 L of 5 M



18 NaOH stirred in an ice bath. The resulting m xture was extracted tw ce
with CHCl 3. The organi c phase was washed twice with 100 m of water. The
organi ¢ solution was dried over MgSO4, and then evaporated to yield a |ight
yellow liquid. The crude am dine thus obtained was then purified by
distillation (40 C 0.06Torr) to give a colorless liquid. Yield 38 g, 81 %
NMR (CDCl 3, 25C, ppnm): 1.0-1.1 (2t, 6H, CH2CH3), 1.30 (s, 9H C(CH3)3),
2.03 (q, 2H, CCH2CH3), 3.16 (g, 4H, NEH2cH3). (b) Synthesis of

bi s(N-te | i dinat [ of

Nt ert - boepTE Retel Pt PR Al P ROt M R P

chlori de orgami:(i)ﬁa?s@jaa&s sraﬂmtl twie with bR mi of watéruFhe(ctgadiadolutiohsnadeed overl nl, 0. 13

ot DSt A A 8 R i DoiBly touid. The grgde amidine thus otafned - 1

-78 C. Thas thex purliﬁaedmiswwatmc{m /STt plorpreat cotoglessridustt YislddB 4,61 %4 hrs.

Coci 2, ST EBChek R P Bl B G Py Pl %&ﬁfé'ﬁ%@ﬁéh' e

reacti onomﬂg(:;[g)@ma@q s,H;NCﬂQb]ng 12 hrs under nitrogen atnosphere.
I ess nd the r sultlng solid

vol atiles were then d reduced

was ext r 80t enthgsis g’“‘#fﬁ %Mr%@naé'% lflge)(cu%itglﬁwfewg’aofhrough a pad
of Celite on a gl fI|t Th reduced pressure
to affor W‘%’"‘d’é‘ﬁghﬁ iF @’rPTBPIPna“R P"’ét % P’@é"ﬁgmc}{’dﬁgﬁ g@ﬁﬁ%und was obt ai ned
by distillation 0 C (30 mTorr) Y|eId 34 g, mp: -17 C. 1H NWR
(CBHB, 25¢, ppmM -1007(br 3H), -306( H)[, 867(br, 3H), 248.5
(br, 2H), . 8 H). AnBdli Galed for ¢ 81138N\4; C, H&uB2; (B, 10.37;
N, 15.16. Fo "‘ N36; H, 10.66; N, 14787 CVD of Cobal t

- Oxi de 100 01C\?t1fr<’5'm a vapor mxture of bis(Ntert<butyl-N -ethyl-

pr opi onani di nat ojicobal t (11), water vapor and nit ll-bgen gas at a substrate

t enperature of 200 produced a filmof cobalt(ll)-oxide, Co0. 19 Exanple
+ CoCly — >< ) s 200 (4)
><N N/\ NG \N/\

N, ~ 2
[0679] A solution of butyllithium (1.6 M in hexanes, 81 mL, 0.13 mol) was added

~ - ,
~ .‘
Li Co

dropwise to a solution of N-fers-butyl-N'-ethyl-propionamidine (20.3 g, 0.13 mol) in 0.2 L of
THF at ~78 °C. The mixture was warmed to room temperature and stirred for 4 hrs. This
resultant solution was then added to a solution of cobalt(II) chloride, CoCl,, (8.44 g, 0.065
mol) in 0.1 L of THF at room temperature. The reaction mixture was stirred for 12 hrs under
nitrogen atmosphere. All volatiles were then removed under reduced pressure, and the
resulting solid was extracted with pentane. The pentane extract was filtered through a pad of
Celite on a glass frit. The pentane was removed under reduced pressure to afford a dark green
oil. A pure dark green liquid compound was obtained by distillation at 90 °C (30 mTorr).
Yield, 34 g, 71 %. mp: -17 °C. 1TH NMR (C¢Ds, 25 °C, ppmy): -100.7 (br, 3H), -30.6 (br, 9H),
86.7 (br, 31), 248.5 (br, 2H), 268.8 (br, 2H). Anal. Calcd for CoCgH3sNy: C, 58.52; H,
10.37; N, 15.16. Found: C, 58.36; H, 10.66; N, 14.87.

Example 6

CVD of Cobalt Oxide

[0080] CVD from a vapor mixture of bis(N-rert-butyl-N'-ethyl-
propionamidinato)cobalt(Il), water vapor and nitrogen gas at a substrate temperature of 200

°C produced a film of cobalt(Il} oxide, CoOQ.



CVvD of Copper Oxide and Formation of Cu Seed Layer [0081] CvD from a vapor
m xture of 0.4 Ton (NN -di-sec-butyl-acetam di nat o) copper(l) diner, 4 Ton
wat er vapor and 4 Ton nitrogen gas at a substrate tenperature of 140 C
produced a fil mof copper) oxide, Cu20 The Cu20 could be converted to
copper metal by reduction for one mnute with a hydrogen plasma strong
enough to raise the tenperature of thl% filmand substrate to about 50 C
during the reduction process. Exanple 8 CvD of Copper Oxynitride and
Formati on of Cu Seed Layer [0082] C@a:fni;@n? a vapor m xture of 0.4 Ton

(N, K-di -sec-butyl - acet am di nat 0) copper P ) dinmer vapor, 3 Ton water vapor,

Ton amoni a gas and %V-Ep&d%p%r%g@?fgﬁig%ﬁgg%?%%

"
produced a fil mof cdpper( oxyni anal §;SI s’gave a composition
about Cu 1 ) | f 4l b hm G d : 0 a
copper G (YRR RRRER UL ey A B Lol BRIAE LR
enough t dimaj 4ot hetet eapoearsl 4/Fer wirogdnega$ atl asubsiatedemptrataeaf {40 ¥bout 50 C

during the reduct.io rocess., The ¢ r t fi X i 1y
oot b, WA B beBTaR e e p et T Bl tibe donf B e RiaR B

[ 0083] CVEixductivn far sapninutgiwithurtgdofen plasma strong enough to raise the temperature of
bis(N-tert-butyl-N -ethyl-propionamdinato)iron(ll), hydrogen and nitrogen
gas at at@@&%gﬁgésfrétﬁﬁ%?be?g b Cofunsg HieEe %Wgéﬁs%i filmof nmetallic iron.
Exanple 10 CVD of Iron Nitride [008%h&plos rom a vapor m xture of
bis(N-tert-butyl-N -ethyl-propionam dinato)iron(ll), amonia and nitrogen
gas at a substrate CeDRECappti OxoditrkiB@hd Psmaktced Cu $delifapd el ectrically

1

gﬁgayg[errperature of 160 C

st rong

conductive iron nitride, Fe3N. Exanple 11 CVD of Iron Oxi de 100851CVD from

a vapor rosyr e OFD &b vaPordnixibno .6 Todr (7é M-diet-phtyPdeatrtidihato)copper(l)
dimer vapor, 3 Torr water vapor, 1 Torr ammonia gas and 4 Torr nitrogen gas at a substrate
-temperature of 160 °C produced a film of copper(I) oxynitride. RBS analysis gave a
composition about Cug 702Ny 1. The copper oxynitride film could be converted to a copper
metal film by reduction for one minute with a hydrogen plasma strong enough to raise the
temperature of the film and substrate to about 50 °C during the reduction process. The copper
metal film was exceptionally smooth, with an RMS roughness about 0.5 nm.

Example 9
CVD of Iron

[0083] CVD from a vapor mixture of bis(N-fert-butyl-N"-ethyl-propionamidinato)iron(ll),
hydrogen and nitrogen gas at a substrate temperature of 230 °C produced a film of metallic
iron.

Example 10
CVD of Iron Nitride

[0084] CVD from a vapor mixture of bis(N-teri-butyl-N'"-ethyl-propionamidinato)iron(1I},
ammonia and nitrogen gas at a substrate temperature of 180 °C produced a film of electricaily
conductive iron nitride, Fe;N.

Example 11
CVD of Iron Oxide

[0085] CVD from a vapor mixture of about 0.03 Torr bis(N-zert-butyl-N'"-ethyl-
propionamidinato)iron{IT), 0.5 Torr water vapor and 1.5 torr nitrogen gas at a substrate

temperature of 150 °C produced a film of iron(lI) oxide, FeO.



propi onam di nato)iron(ll), 0.5 Ton water vapor and 1.5 ton nitrogen gas at
a substrate tenperature of 150C produced a filmof iron(ll) oxide, FeO 20
Exanpl e 12 CVD of Manganese [0086] CVD from a vapor m xture of about 0.03
Ton bis(N,./T- diisopropyl acetam di nat o) manganese(l1), 1 Torr hydrogen gas
and 1 ton nitrogen gas at a substrate tenperature of 400 C produced a film
of electrically conductive manganeseoﬁet al. Its resistivity is 3901.111-cm
Exanpl e 13 CVD of Manganese Oxi de [0087] CVD from a vapor m xture of about
0. 03 Ton bi s(N, AP- diisopropyl acet gg&g}glgﬁ o) ranganese(l1), 0.5 Ton water
vapor and 1.5 ton nitrogen gas at a substrate tenperature of 160C produced
a filmof manganese(ll) oxide, Ny, 814 CVD of Manganese Nitride

[ 0088] CVD from a vapor m xture of about 0.03 Ton bis(N, N -

di i sopr opydsaf et Etfﬂ’}ﬂ'ﬁﬁﬁatMa?mﬁﬁﬂﬁ§§i(dbb&t10.(ﬁ-’ﬁ»rrm§tl\@mmn' a and 1.5 ton
nitrogen gas at a substrate tenperature of 200 C produced a film of

el ect ri c&ppeprepytrgeiamidiatoimarainessdDnt Torr ledrogep gasmdNor mitepgen gas 852 CVD of

Va_nadi u ms@é@trg@: t Padd A _r@du\é@&)Qﬁln{%fglé&rﬁz conductive manganese metal.
tris(N, Nr-diisopropyl acetam di nat o) vanadi un(111°),
Its resistivity is 390 pQ-cm.
Example 13
CVD of Manganese Oxide

[0087] CVD from a vapor mixture of about (.03 Torr bis(N,N'-
diisopropylacetamidinato)manganese(I), 0.5 Torr water vapor and 1.5 torr nitrogen gas ata
substrate temperature of 160 °C produced a film of manganese(Il) oxide, MnO.

| Example 14

CVD of Manganese Nitride

[0088] CVD from a vapor mixture of about 0.03 Torr bis(V, N
diisopropylacetamidinato)manganese(Il), 0.5 Torr ammonia and 1.5 torr nitrogen gas at a
substrate temperature of 200 °C produced a film of electrically conductive manganese
nitride(IT), Mn;N,.

Example 15

CVD of Vanadium Oxide

[0089] CVD from a vapor mixture of tris(V, N'-diisopropylacetamidinato)vanadium(IIl),
water vapor and nitrogen gas at a substrate temperature of 250 °C produced a film of
electrically conductive vanadium(IIl) oxide, V,0;.

Example 16
CVD of Yttrium Oxide

[0090] CVD from a vapor mixture of tris(N,N'-diisopropylacetamidinato}yttrium(lII},
water vapor and nitrogen gas at a substrate temperature of 280 °C produced a film of
electrically insulating yttrium(1II) oxide, Y,Os.
Example 17
Deposition of Copper Oxynitride

[0091] The deposition of CuON was done in a tube-furnace type reactor which has 36
mm inner diameter (ID). Copper (I} N, N -di-sec-butylacetamidinate ([Cu(*Bu-Me-amd)];) is



wat er vapor and nitrogen gas at a substrate tenperature of 250 C produced a
filmof electrically conductive vanadiun(ll1) oxide, V203. Exanple 16 CVD
of Yttrium Oxi de [0090] CVD from a vapor m xture of

tris(N, NL-diisopropylacetam dinato)yttriun(l11), water vapor and nitrogen
gas at a substrate tenperature of 280 C produced a filmof electrically
insulating yttriun(ll1l) oxide, Y203. Exanple 17 Deposition of Copper
xynitride 21 used as a Cu precursorz,1 whi ch was delivered by bubbling with
40 seem of N2 gcarrier .+ 1h MBS i

mai nt ai n'ésﬁd??l%ﬁk‘:ﬁreﬁ?%(gg‘?glgf wﬁd%‘é?@%ﬁ? Hﬁ%ﬁgggﬁggggﬁse .}f’g‘bgﬁgf i 'ngHTooi nt is
77 C. Al butbhetegasrahire@as 130abiidch maidtairel veCwwemrdooesa laphid phasabeowen whi ch

mai ntai ned good tenperature uniformt 1120 s used .an oxygen source,
whi ch wals @%&%F%‘éﬂn ronti ﬂ?ee&?%g%i tr“‘%glt‘i’r ?Iéovﬁi,‘\%%‘r‘fﬁr@ﬁ%ﬁa%aéanvﬁ%ut any

carrier i) mBﬁﬁaiﬁénggo& el RImMAPRIO Wasuse® B indixygsh soircg wited| e val ve
that was ca y comparing with the pressure mcreaa_ﬁggf t he chanber

I brated
by a meawas @dpapted frony a1ateayolNHE OESIREAYIG Withoysany AIHeT Bje oW 8¢ whose

flow rat ! JalvR\heft QAL EbiblaBdd by EOR: itfthow rate of
react ant gg‘ﬁgésﬁ?ﬁ%gghﬁgﬁ%?ﬁ%@%iam al ned at 40 sgcm pan the ratio of
1- 120 t opiBreiageasedf the chanbevhy umeaGd Yz fRY: rag, Ny wag supphes® aotitragero. The
reaction_gases, wer ' | g B SHBL Latd m | D) t ube
just pri B r‘febw}é(\)r/%t%gr% ?’Jr%é?ﬁ%%ryég%?}p% %g% f%%""‘r?%&%) 11‘1{;'l::ot€tean_sur eatt hor ough
m xi ng. Tdaetaftigeses (Hey anddFp) siat eddingginedab4 scameanddhgratio pUES tofNaWwas40 t o 220
C under a_total .chanbet ... Sur e, ) fi : : with 112
renote pFeéi?@? V%?S%é%? g’?%?ﬁéﬁ)s'ﬁ{)%rﬁ) r'diaﬁt(f)gg1 e}gragtﬁédr a%]%%g{eg%?gqt 0]
t enper at preeGs@Safirgina asalb@Gud 1D thlgrjostgeibr tpleatsrivg Qe raactat wbe GASTRIMLI t ype

B o

AX7670, M (S S 'S |ied. wth 180 sccm of for kNt and 200

seem of W%F?ﬁrﬂlﬁg%ﬁﬁfl%g&q @{qs\)”eeree%gﬁltgé)?tosﬁgsgg eeth eg&g%?lg ucl?!r%gonagent .

The redughd @uddenBion Shatidet fdsstifeNS3Bnt Thi Blnseere rdluGid wief By rembteh a 100 nm

thermal oxide was used as substrate. Ru was deposited by sputtering to a 20
tpicmprresyie =4 Bguo PiTe

nm t hi ck plassa, avhirhehepied the splstratss fram Fomp HEWSrABIE GricpRrr s “surface
nor phol ogi es. : ﬁq%}lir@ﬂj r per@sk SippiR WaNeo Al srat ed by
an atom %t?%}&é%plhlgﬁ%%ggrg%g?@%y um %@%OAFM . 'Ifhsebl% hi ckness and
conposi t iApiorglastoh égnilmonil £eQIsdein| of gl Wik uper digfosiBtivadxsiatpngeed 2 Rut her f or d
backscatteri.ng. s r 4 / i i - -af ON and
reduced u?lflg ﬁ%eggﬁhg (%?T(gugﬁ%nr tﬁaﬁ%}s ‘/ffgl%?g? ?‘g’?}l tﬁgiq gneg gﬁ} ?%g& %ét?tael %s by
phot o- | i ahaBeraphykidmneasasehissgbstrated Ruiag degositéddbysspiitteringteON G thaekngss| ns wer e
etched with nitric ac%cli il uted bpvii)e-i oni zed water in a volunme ratio
1( aci d) : A8 FRPstyo the amopghery AL Eel y. The resistivities of reduced Cu
films wengogyal Tat edfdy marfholsgiepof the apdapbsitef KiulONeand DebicghiileBquwtprent
FPP-5000). The, phases of as-deposited,Cu it ang. d filnms were
eval uat e@VBYRCFEM GG SrFGRICE E@?(’gﬁﬁfbjﬁ%%f M‘ﬁls‘}iwﬁgwfggegg&gubst rate a 50
nm t hi ck cShad¥i cAoosTEMilgHsivibré hERuREkiAg 2 MM, HPrRudhdiferd 21500- 10) .
[ 0093] The nor phol ogy of the ON_ depended. on depasi tion .t rature. The
filnms webeckssaderne SKETTPseans (RBoynihes Y%‘Fa?g““ﬁ)ﬂi?ﬁf‘e*ﬁﬁ?“@%aﬁ pecibedCy fitas
deposi t eqal mdBRed bWAFV Stk EARR g OHe PRESE typhbtodith@Riphy adddtgeig nhan t he
roughness of the Si” substrate. %he surface grain size 3& ON.wgs const ant
at about dilotemitigpeid.ocCEON epdSh firpnvere sishehwith ’é‘tréffa‘”_‘tjéé@.e Y 4e¥ZE50 C, the
filmstily t%?%ﬁa F1SAPAKIB 1 {df):%@va RNOlo0 AN, MBI THEG MR Ricd oOddwbed  and

al ?aga. 4 %

fairly small grain size | alt.hog!gh_sorre I_arger}particl S were
obser ved CuTtHus we@Onugied iy b Sypepoiabprobe(MlpoEesiasd: E¢ar i EF{ e di'tire range

from abo 40 L itri IndNGdre eVllalba®QAENS BiffrRE6n
nor phol olg{%}z.isjes]'ﬁfea%gﬁg%ﬂg&%&erggbénﬁ?gggfsh%?&%dﬁl(_) ar{?ﬂeN v%erggconpar_ed at 140, 180
and 200 QEGL Meu0 EBMpysiBS o ubstfald i) nhe foeki $idt rommbimnsr 56 6dd ¢bon

substr at ﬁ%ﬁ@%{ﬂﬂg%@'}g@@%d not change nuch over that tenperature

range, |i I’'s a stable phase under these deposition
condi t i 018093} n Clhietnoastologlytod thertushblapgyded fon degision tamsutmdsTrafdmsas  Cu20

and Cu3N were re. {tive to depositiaon ared | ess
af f ect ed HY°© ‘H’é%g]%\”’ttﬁg‘% onRhbess Al g,”“s’?%%r%‘é’@ﬁ%@%% ﬁeﬁg&&g&e%g%’ai ned over
a W de phragassawirbadmedsgusightinidsd thae drgposgihbsnf thedi subsipdio| Dpsvriace

grain size of CuON was constant at about 20 nm up to a deposition tempcrature of 180°C. At



[0094] 1t is recognized, of course, that those skilled in the art may nake
various nodifications and additions to the processes of the invention

wi t hout departing fromthe spirit and scope of the present contribution to
the art. Accordingly, it is to be understood that the protection sought to
be afforded hereby should be deened to extend to the subject matter of the
clains and all equivalents thereof fairly wthin the scope of the
invention. 23 W claim 1. Af?int egrated circuit interconnect
structur | 2R0e Le) SRREST NY:

a conf or?r% 9((5:’0 %@%ﬁt@?gg&@ﬁ;g?ﬁ%?ﬁ)@ ﬁ%?\ a 53 %@&éastggbgtﬂ@f)ace %1 fining an
i nt er conseel] geirsirst(ca. 40 napd!thougbsdme largee pirtigiey were apsersiln ghwsopwWeN | ocat ed
over the_cahal ihtride. r f ' rther
conpri oi AEOAR P dsRREPEE g tmporaite L BB MGG, Ban PG abd L
subst r at even higher, vBth ghhé swfaceotorphelogf. thedtomit pedeetagen of G @olddY wemi t ri de has

the conpositio oA, W lyin et . . 4. The
st ruct ur &GP ‘?%{iq%o’ lég{ﬁ%&édr}q(ﬁéx e(??)"%% y%ﬁ??ﬁrﬁﬁﬁé‘?%l%g%géﬁlggg? 5 on CoxN,

wi th x | yirboen adkivean Tab osthpdaditindidanot change mbch oMeethst tempdramue raigec| ai m 1
wherein the cobalt nitride has,the conposition Coxl)\.l Lth. x lying between
About 3 dppagae tat CUNY i b pbing Byt Tre dsphftheror it dhetiisube st on
barrier inforglagiof dofpeodntpbandssathns G asd CH wére hivkd #heitiveth Uepodieion t ant al um
carbide, tungsten njitride, tungsten caybide and m xtures the 7.
The i nt e iECRTFFEEE- QPQU&PE‘?aéedal‘&ség%ﬁ‘?tﬁjgb%‘{w&ﬁl%ﬂwrppmﬁﬂe?oﬁnioﬁg é‘gﬁl t nitride
layer i s fim&heiiosincl 338k vlePHStdse#iddayes get uniform dmpbkifion stder connect
structure according to claim2 wherein the diffusion barrier layer is a
cheni cal meapwegdeposited | ayer. 9. The interconnect structure

accor di ngodeq) C! aj Rrcbobfiahitopise, 1RARosPMilled @ the AR oYRRRE vERB | ST Ng
conductive layer 1s a chem cal vapor deposited | ayer. 10. The

) - ay . 1€
i nt er conmsdificationsend pdditinne by P Rgoessesl Hiednventigreydhayt departivg Somghe i the
COpper - CoRPLd,5é HEnE PRIME Ldntifoutidy BN thé St ke, AGHRBGRlLModERAThd €d | ayer.

protection sought to be afforded hereby should be deemed to extend to the subject matter of

the claims and all equivalents thereof fairly within the scope of the invention.




24 11. A method of making an integrated circuit interconnect
structure formed on a substrate, conpri sing: depositing a conf ornal
cobalt nitride layer on a substrate defining an interconnect structure of
an integrated circuit structure by chem cal vapor deposition froma gaseous
m xture conprising a vapor of a cobalt am di nate; and depositing a

conductive | ayer conprising copper over the cobalt nitride |ayer. 12.
The met hod of claim 11, wherein the @balt anidinate has the formula
[ Co( AMD) e ctamd the structure in which R, R, R3, RP, R2I and rer

may be chosen independently from hydrogen, alkyl, aryl, alkenyl, alkynyl,

trial kyl silyly onnfibtb@be@tikenit iGeRoRBotRru@bRESmit0Bn H’@ﬁ!ﬁtrata,ttﬁélﬁltd%on@é’c@UpS
13. The nmethod of claim 12, in which the cobalt am dinate is

bi s( Nt eFtFuchii¢ SAMRYSget hy| - pr opi onani di nat o) cobal t (11). 14. The
met hod of cl aj Pniokmal dabmhm&raetm@r REREDMSa SFbitta Qrified deifing GO MAEmAs:t &
reduci ng agent. . The nethod of claim 14, in which the reducing
agent |sﬁﬁmﬁwﬁﬁ@@en 16. The method of claim 11, wherein at |east

part of the Cé)&ﬁﬂﬁctﬁn@ L c%in%ﬁﬁzﬁé’ %&t lcha?edl cﬁ)élet'he tobaR nHG@ROG)d-ed by chemi cal

vapor deposition. clarm 16, wherein at |east part
of the copper-conpr|5|ng conducti ve Iayer is deposited by el ectrochem cal

deposi ti on. T steddifte Hpapﬂldl ﬂlfrﬂlgljcglénglg%i?r%%nggﬁgaﬂ&ﬂeﬁ%ﬁtﬁart of the

copper - conpr|S|ng con Ive [ayer 1S roma gaseous m xture
conpr|5|nﬂmhn¢a¢ﬂhwnbn®ﬂm®wpaﬁaanld|nate. 25 19. The net hod of claim 18,
wherein the copper am dinate has the formul a

3. The structure of claim 1 wherein the cobalf nitride has the composition CoyN,

with x lying between about 1 and 10.

4, The structure of claim 1 wherein the cobalt nitride has the composition CoN,

with x lying between about 2 and 6.

5. The structure of claim 1 wherein the cobalt nitride has the composition CoN,

with x lying between about 3 and 5.

6. The structure of claim 2 in which the diffusion barrier is selected from the
group consisting of tantalum nitride, tantatum carbide, tungsten nitride, tungsten carbide and

mixtures thereof.

7. The interconnect structure according to claim 1 wherein the cobalt nitride

layer is a chemical vapor deposited layer.

3. The interconnect structure according to claim 2 wherein the diffusion barrier

layer is a chemical vapor deposited layer.

9. The interconnect structure according to claim 1 wherein at least part of the

copper-comprising conductive layer is a chemical vapor deposited layer.

10.  The interconnect structure according to claim 1 wherein at least part of the

copper-comprising conductive layer is an electrochemically deposited layer.




[Cu(AMD)] 2, and the structure in which Mis copper, R, R2, RS,
RI', R2I and |le may be chosen i ndependently from hydrogen, al kyl, aryl,

al kenyl, al kynyl, trialkylsilyl or fluoroal kyl groups or other non-netal
atons or groups. 20. The nethod of claim 18, wherein the gaseous

m xture conprises an oxygen-contai ni ng conpound and a copper oxide is
deposited in a first deposition step.,, 21. The nethod of claim 18,
wherein the gaseous mi xture conprises an oxygen-containing conpound and a
ni trogen containi Ng GAAAVST ARG An SutEPREEFHrcRY Yilérbérind@ stréctir@ fofRed baa first
deposi tion step. 22. The nmethod of claim?21, further conprising
exposi ng Sﬂwa@o%’é}m@ﬁymtrl de to a reducing agent 23. The net hod of

claim 20, furubfasﬁﬁgm@aﬂféﬂﬂwc&mmwa&éa%nﬁ@mﬁste%ﬁﬁ@g d0nRrcbRSKECI Ng agent .
24. The nmethod of form ng a netal -conprising chem cal vapor

deposi t i GHUBIE pantRgrated circuit grysREg Wgchﬁmsqabﬁappla e@ﬂil@ﬁlhﬁtglag E868Usni Xt ur e
conpri si %xgﬁ‘p&; r,g{n a]a d?rof Jb‘élt%hﬁﬁat@ gdinate selected fromthe netals

l[ithium so SSI erylTium dcalcium strontium barium
scandi um ytt udpmtmgan@rt@ntumlmdcqmmswwgppqr aver iervobalt nitstdafayer-t i t ani um

zirconium hafnium vanadi um niobium tantalum nolybdenum tungsten,
nmanganese, rhepi Ummnd 8ed S&HRENH Lmer&%fycbbawalm@zns&%as%@ifo%ulapal I 'adi um

silver, zinc, cadmum tin, lead, antinony and bisnmuth 25. The
met hod oflCe(ANM2b4nd the swpdtesh t he gaseous m xture corrprl ses a
ni t rogen-contai ni ng gas. 26. The nmethod of claim 25, in which the

nitrogen-containing gas is ammoni a or gaydrgzi ne.

in which R', R%, R>, R", R? and R* may be chosen independently from hydrogen,
alkyl, aryl, alkenyl, alkynyl, trialkylsilyl or fluoroalkyl groups or other non-metal atoms or
groups.

13.  The method of claim 12, in which the cobalt amidinate is bis(N-tert-butyl-N -
ethyl-propionamidinato)cobalt(II).

14.  The method of claim 11, in which the gaseous mixture further comprises a
reducing agent.

15.  The method of claim 14, in which the reducing agent is dihydrogen.

16.  The method of claim 11, wherein at least part of the copper-comprising

conductive layer is a deposited by chemical vapor deposition.

17.  The method of claim 16, wherein at least part of the copper-comprising

conductive layer is deposited by electrochemical deposition.

18,  The method of claim 11, wherein at least part of the copper-comprising
conductive layer is deposited from a gaseous mixture comprising a vapor of a copper

amidinate,



27. The nethod of claim 26, in which the gaseous m xture further conprises
a reduci ng agent. 28. The nmethod of claim 27, in which the reducing
agent is di hydrogen gas 29. The nmethod of claim 28, in which the
netal amdinate is a cobalt am dinate and the netal -containing |ayer
conprises cobalt nitride. 30. The nethod of claim24, in which the
gaseous m xture conprises a reducing .agent. 31. The nethod of claim
30, in which the reduci ng agent is di'hydrogen. 32. The nethod of

claim 31, in wi chriichRethidtclaaf 6 iRk S coppePRfidinaRHadin &uind t he

met al - cont ai ni n Iager.con5|sts essentially of cobalt netal. 33. The
met hod ofCHPAIH]240d 15 GBI t he gaseous ni xture conprises an
oxygen- cont ai ni ng gas. 34. The nethod of claim33, in which the
oxygen-cont ai ni ng gas conpri ses di @ygen, watRr vapor, ozone, or a per
conmpound. 35. The nethod of chaim 34, {n which the netal -conprising
| ayer conprises a netal oxide. N-36.4-Thg; met hod of claim35, in which

the netal oxide conprises cobalt oxyde. 37. A conposition of matter
that conprises bis(Ntert-butRt= -éthylpropi r8f nat o) cobal t (11).
N——M—N

/ \

R! RY

in which M is copper, RL RE R R R? and R may be chosen independently from
hydrogen, alkyl, aryl, alkenyl, alkynyl, trialkylsilyl or fluoroalkyl groups or other non-metal

atoms or groups.

20.  The method of claim 18, wherein the gaseous mixture comprises an oxygen-

containing compound and a copper oxide is deposited in a first deposition step..

21.  The method of claim 18, wherein the gaseous mixture comprises an oxygen-
containing compound and a nitrogen containing compound and a copper oxynitride is formed

in a first deposition step.

22.  The method of claim 21, further comprising exposing the copper oxynitride to

a reducing agent.

23.  The method of claim 20, further comprising exposing the copper oxide to a

reducing agent.

24.  The method of forming a metal-comprising layer by chemical vapor
deposition comprising:

exposing a substrate to a gaseous mixture comprising vapors of one or more metal
amidinate selected from the metals lithium, sodium, potassium, beryllium, calcium,
strontium, barium, scandium, yttrium, lanthanum and the other lanthanide metals, titanium,
zirconium, hafnium, vanadium, niobium, tantalum, molybdenum, tungsten, manganese,
rhenium, iron, ruthenium, cobalt, thodium, nickél, palladium, silver, zinc, cadmium, fin, lead,

antimony and bismuth.
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25, The method of claim 24, in which the gaseous mixture comprises a nitrogen-

containing gas.

26.  The method of claim 25, in which the nitrogen-containing gas is ammonia or

hydrazine.

27.  The method of claim 26, in which the gaseous mixture further comprises a

reducing agent.

28.  The method of claim 27, in which the reducing agent is dihydrogen gas.

29.  The method of claim 28, in which the metal amidinate is a cobalt amidinate

and the metal-containing layer comprises cobalt nitride,

30.  The method of claim 24, in which the gaseous mixture comprises a reducing

agent.

31.  The method of claim 30, in which the reducing agent is dihydrogen.

32.  The method of claim 31, in which the metal amidinate is a cobalt amidinate

and the metal-containing layer consists essentially of cobalt metal.

33.  The method of claim 24, in which the gaseous mixture comprises an oxygen-

containing gas.

34.  The method of claim 33, in which the oxygen-containing gas comprises
dioxygen, water vapor, ozone, or a per compound.
35.  The method of claim 34, in which the metal-comprising layer comprises a

metal oxide.

36.  The method of claim 335, in which the metal oxide comprises cobalt oxide.

37. A composition of matter that comprises bis(N-tert-butyl-N"-ethyl-

propionamidinato)cobalt(1l}.



