WD 2011/ 132116PCT/ 1B2011/ 051588 1 RUTHENI UM CONTAI NI NG PRECURSORS FCOR CVD
AND ALD Cross-Reference to Rel ated Applications 5This application clains

t he benefwd 20f1/13286 non- provi sional application No. 12/ 28%1/B881/631ksd
Decenber 30, 2010, which clainms the benefit of U S. provisional application
No. 61/325,487, filed April 19, 2010, the entire contents of which are

i ncorporated herein by reference. 10Technical Field Di scl osed are
rut heni um cont ai ni ng precursors and nmethods of using the sane in CVD and
ALD. Background 15Rut henium filns and rutheniumcontaining filnms, such as

SrRu0 and Ru02, have begmraeNIOM-CTNEANINGPRECORSTIRSONduct or devi ces
such as netal electrode and Cu seed layer. The resistivity of rutheniumis

| ower than that of Ir and Pt. AJF@RADIANDRICR has better conductivity
than the two corresponding Ir and Pt netal oxides, which is inportant
20when the deposited netal |ayer is contacted with oxidizing agents (e.g.,

02, 03) during subsequenCrgsarasgersnce’ o RBfteHZpSlicativns becomes smal | er,
each | ayer must be thinner. Therefore chem cal vapor deposition (CvD) and

preferably atom c Thiyepprtepiss ¢laiomw haLmnaliéehbi ques-arevider’ilr ed and

precursors whjch i re. also | Ied.

A | arge vari e%@h(g%ﬁ%Fﬁeﬂ?%%o%%illggggg%ﬁg%%?gape@ﬁ% %[é%gS?Waeve been
studi ed i n Cvierfit 6ED. Sosleviskdnap veplica@stNOf 6 1/82puBayvaiedrmpraokeoiguch as
| ow vapor pressure and/or deposition of filnms exhibiting high inmpurity

contents (C dh8 stire capiento whish@ag dx90rreiGied Berave By aefesenes-me, poor
adherence, and non-uniformty in deep trenches. Besides, sone precursors
are not liquid and need to be dissolved in a

10 Technical Field

Disclosed are ruthenium-containing precursors and methods of
using the same in CVD and ALD. ‘

Background

15 Ruthenium films and ruthenium-containing films, such as SrRuQO
and RuO,, have been used for several parts in semiconductor devices
such as metal electrode and Cu seed layer. The resistivity of ruthenium is
lower than that of Ir and Pt. Additionally, RuO; has better conductivity
than the two corresponding Ir and Pt metal oxides, which is important

20 when the deposited metal layer is contacted with oxidizing agents (e.g.,
O,, O3) during subsequent processes. As the size of chip becomes
smaller, each layer must be thinner. Therefore chemical vapor deposition
(CVD) and preferably atomic layer deposition (ALD) techniques are
desired and precursors which can be used in CVD and ALD mode are also

25 desired.

A large variety of ruthenium complexes are available and some
have been studied in CVD or ALD mode. However, most of them have
drawbacks, such as low vapor pressure and/or deposition of films
exhibiting high impurity contents (C and O in most of the cases), long

30 incubation time, poor adherence, and non-uniformity in deep trenches.

Besides, some precursors are not liquid and need to be dissolved in a



WO 2011/ 132116PCT/ 1B2011/ 051588 2 sol vent or m xture of solvents to allow
an easy delivery of the vapors to the reaction chanber. Tricarbonyl

r ut heni unwprotducstaewer e reported as CVD/ ALD precursors PseaB20a1/051588US Pat .
Nos. 6,517,616 and 6,897,160 and 5JP2002-212112). PCT Publication No.
W)2008/ 034468 di scl oses (Re- CHD)Ru(CO)3 precursors, wherein Ris selected
fromthe group consisting of 01-04 |inear or branched al kyl, al kyl am des,
al koxi des, al kyl silyam des, am di nates, carbonyl, and/or fl uoroal kyl
substituents and n may range from1l to 8. 10A need remains for

rut heni umco I, L4 I Vil i S por
deposi tion. O'?\éétHlt% @%@%ﬁ%@?gﬁuﬂpytﬂ%E%E%EEF%VQ?:%%S’&&@?\{ ols, and
terns are usddetrbactioghchambére 15f ol | owi ng description and cl ai ns and

i nclude: the term.’ ' unsatyrated. hydrocarbon" refers to rated
fUncti onal gr oups. BEHGOM (G TERMMETVIYS GABERPAI Y Gy Bk at ons.
Further, the ;Sr%bms'b@?ééfe%. .?98@9& fear 9%“7,6}5@: §ﬁ§6t697|,16‘(§3§hd branched, or

cyclic unsaturated hydrocarbon groups. Exanpl es of |1 néar unsaturated
hydr oca$ bon gfRRG82-2hel e PXOWPUbboatidn ot WO20)8/egMbdiscigseas,- propyl ene

, but tc. Exanpl f Lbranched ted hyd b
a1 oups. i ncl uder VRHEER P RPUE o e Ry PSS B LE RfS ecampl o5 of |
cyclic unsat WaHspdingyHTOTa0RR 0 0P YRMmdHRE JIRA, Wiy BAlided, i dkdadéan,

cycl ohexadi enyl groups, etc. 25The abbreviation "Me" refers to a nethyl
group; the abBk¥eiyanigas, @Enidinaieerearpendnaediey flugioaliy! substitaemisearndat i on

"Pr" refers t I o the abbreviation "iPr" refers to an
i sopropyl groﬁ@ﬁ%ﬁgég%ﬁaﬁgtqon "Bu" refers to butyl (n-butyl); the
abbrevhation "t Bu"Amhekerentathd Rirtrgthehim-cbheishy pesdatormaveiy” refers to

sec-butyl; and the abbreviation "CHD' refers to 30cycl ohexadi enyl .
properties suitable for vapor deposition.

Notation and Nomenclature
Certain abbreviations, symbols, and terms are used throughout the

15 following description and claims and include: the term “"unsaturated
hydrocarbon” refers to unsaturated functional groups containing
exclusively carbon and hydrogen atoms. Further, the term "unsaturated
hydrocarbon” refers to linear, branched, or cyclic unsaturated hydrocarbon
groups. Examples of linear unsaturated hydrocarbon groups include

20 without limitation, ethylene groups, propylene groups, butene groups, etc.
Examples of branched unsaturated hydrocarbon groups include without
limitation, 2-methyl-2,4-pentadiene. Examples of cyclic unsaturated
hydrocarbon groups include without limitation, cyclohexadienyl groups,
efc.

25 The abbreviation “Me” refers to a methyl group; the abbreviation
“Et” refers to an ethyl group; the abbreviation “Pr" refers to a propyl group;
the abbreviation “iPr” refers to an isopropyl group; the abbreviation "Bu”
refers to butyl (n-butyl); the abbreviation “tBu” refers to tert-butyl; the
abbreviation “sBu” refers to sec-butyl; and the abbreviation “CHD" refers to

30 cyclohexadienyl.



WO 2011/ 132116PCT/ 1B2011/ 051588 3 The standard abbreviations of the
el ements fromthe periodic table of elenents are used herein. It should be
under st oosiot2hati3eiienent s may be referred to by these ablpceuBzui/oe3ssy e. g.

Ru refers to ruthenium Sr refers to 8trontium etc.), 5 Sunmmary

Di scl osed are nethods of form ng rutheniumcontaining | ayers on substrates.
A reaction chanber is provided having at | east one substrate di sposed
within it. A vapor is introduced into the reaction chanber. The | ovapor
conprises at | east one conpound having the fornula [L]mRu(C0)3; wherein L

is alinear or braﬂ%‘%nHBﬁ%HBr@R@gio%%ﬂ%éﬁéﬂg&erﬁéfr%nﬁ%{grﬂ)grfdt@i?attﬂéat ed

hydr ocar bon havi ng two or nore substituents a mis e vapor is

cont act ed wi tdf dléveestshsterades harefror inshtveld et inederetmoddhbbélrimegntd enggr on at

| east one surface of ubstr@it)e usi ng.,a vapor de osi;[ion 15process. The
re lgngi(

th
met hod may f & ?”’?%‘PEM hesfea e Ohe ¥ BFHEGWOHYINRPEE 87 the vapor

deposition prg %o%%ﬂﬂu@@t&)’?dlor ALD;, the at | east one conpound bei ng
sel ected fromthe group consisting of Ru(ethylene)2(Q0)3,

Ru( propyl ene) 2(C0) 3, Ru(butene)2(C0)3; 20 the at |east one conpound bei ng
selected fromthe group consisting of, Ru(2, 4-pent adi ene) ( C0) 3,
Ru( 2- met hyl - 2, 4- pent adi ene) (C0) 3, Ru(AUMBMEK adi ene) (C0) 3,

Ru(2, 4- hexadi ene) (§tRBsclfire niathbEX aeliehatg (ERSunPudrtatidiprl/ad gne) (C0) 3,
Ru(1, 4-di net hyl-1, 3- cycl ohexadi ene) (C0) 3, Ru(1-nmet hy-4-ethyl-1, 3-
25cycl ohexadi sihsfrats). 34 reagtibmehaphbar in-pieupyd hayey afyersivneastibstielq Co) 3,

%E i gefjrxr/rlat ﬁ({)'sﬁc()) fC\i%i:‘\igﬁgiﬂ\adﬁﬁﬁt?s?%?@@gé}]e%ﬂﬁ"}e?’reaction chamber. The

Ru( 1- meg hy- 5-weidey lcotptisey ot ¢k adbanenfddd3having the formula [L]nRu(CQ)s;

Ru( 1- met hy- 5- npropyl-1, 4- cycl ohexadi ene) (C0) 3, and _

Ru( 1- met hy- 5-We@isibpy$ alingar gokianichRe xagprihaleddnyigocarbon ora cyclic
unsaturated hydrocarbon having two or more substituents and mis 1 or 2.
The vapor is contacted with the substrate to form the ruthenium-containing
layer on at least one surface of the substrate using a vapor deposition

15 process. The method may further include one or more of the following

aspects:
+ the vapor deposition process being CVD and/or ALD;
¢ the at least one compound being selected from the group consisting
of Ru(ethylene),(CO)s, Ru(propylene),(CO);, Ru(butene),(CO);;

20 + the at least one compound being selected from the group consisting
of Ru(2,4-pentadiene){CQO)s;, Ru(2-methyl-2,4-pentadiene)(CO)s,
Ru(1,4-pentadiene)(CO);, Ru{2,4-hexadiene)(CO}s, Ru(2,4-
hexadienal(CO);, Ru(2,4-heptadiene)(CO)s, Ru(1,4-dimethyl-1,3-
cyclohexadiene)(CO);, Ru(1-methy-4-ethyl-1,3-

25 cyclohexadiene)(CO)s, Ru{1-methy-4-n-propyl-1,3-
cyclohexadiene)(CO)s, Ru(1-methyl-4-isopropyl-1,3-
cyclohexadiene)(CQO)s, Ru(1,5-dimethy-1,4-cyclohexadiene)(CO)s,
Ru(1-methy-5-ethyl-1,4-cyciohexadiene)(CO)s, Ru{1-methy-5-n-
propyl-1,4-cyclohexadiene)(CQO);, and Ru(1-methy-5-isopropyl-1,4-

30 cyclohexadiene)(CO)s;

¢ L being “C=C-C=C" or “C=C-CH,-C=C",



L being "C=C-C=C' or "C=C-CH2-C=C'; WD 2011/132116PCT/1B2011/051588 4 the
at | east one conpound being a liquid at a tenperature rangi ng between

appr oxi mnewelwi/Bedéand approxi mtely 100C, the at | eastrconBoaonficssnd bei ng
a liquid at a tenperature ranges betwen approxi mtely -20C and
approximately 30C, 5 the at |east one conmpound being a liquid at a

t enperature ranges between approximately -20C and approxi mately 0C, the
vapor deposition process being a thermal vapor deposition process or a

pl asma vapor deposition process; t he reaction chanber containing

e casrs -aodiE sl SR bR AR E0 3 R S 5B o
(133,322 Pa); the)atapeh a%gﬂ%mfatéw m"@@@@agswmnw  oooresl in a pressure
range of about 0.1 Tarr ( 3 Pa) to about 100 Torr (13, 332.2 Pa) ;

t he vapor depos'rtitbﬁapieaségseucswrrﬁmmrbmugadlqarcteh@éerap@neéureamgge%of about
10C to about 400C, _.the va b%qﬁn ocess |s %¢ med in a
tenperature range et QBB@P 3 \?Z?b eposi tion process
i's performed in,ahepRIAL Uhe dbﬁmddsoea@@gtnq@%wt@hgéﬂat@@% 29
introducing a reactant into the reaction Cchanber; the reactant being

sel ected from t he pteapn eppsidmiately 020°h?ya|md)genr0(>¢m§ateisaﬁ1{bn| a (NH3), silane

SiH4), dieth | t 2H2 t f t d t
Crerant - o™ 3 ARG b5, Teéeon Blss S bl e%ﬁfﬂ%ﬁ@ﬁ@@?%f%ﬂnsr‘ sting of

oxygen 25(02), Vet Bbcéddo a p%@r'?&vé;@@r)dedﬁ%ﬂ%n Neced2, carboxylic acids
(RCOOH), excited species of the same, and m xtures thereof.

» the reaction chamber containing between 1 and 200 wafers;

10 the vapor deposition process being performed in a pressure range
of about 0.01 Torr (1.33 Pa) to about 1000 Torr (133,322 Pa);
¢ the vapor deposition process being performed in a pressure range
of about 0.1 Torr (13.3 Pa) to about 100 Torr (13,332.2 Pa);
» the vapor deposition process is performed in a temperature range
15 of about 10°C to about 400°C;
+ the vapor deposition process is performed in a temperature range is
about 25°C to about 350°C;
¢ the vapor deposition process is performed in a temperature range is
about 50°C to about 300°C;
20 ¢ infroducing a reactant into the reaction chamber;
« the reactant being selected from the group consisting of hydrogen
(H), ammonia (NHa), silane (SiH4), diethylisilane (SiEt;H»), excited
species of the same, and mixtures thereof; and
+ the reactant being selected from the group consisting of oxygen
25 (O}, water (H,0), ozone (O3}, H,0,, NO, NO,, carboxylic acids

(RCOOH), excited species of the same, and mixtures thereof.



WO 2011/ 132116PCT/ 1B2011/ 051588 5 Bri ef Description of the Figures

For a further understandi ng of the nature and objects of the present

i nvent i onwonefiesenée shoul d be nade to the foll ow ng detarhBzhidexsss pti on,
taken in conjunction with the acconpafying figure wherein: 5FIG "I is a
graph of the thernogravinetric analysis (TGA) show ng percent mass | oss
versus tenperature for Ru(l-nethyl-4-isopropyl-1,3- cyclohexadi ene) (Q0) 3;
and FIG 2 is a graph of the vapor pressure versus tenperature for
Ru(1 -met hyl -4-isopropyl-1 ,3-cycl ohexadi ene) (C0)3. 10 Detail ed Description

of Preferred Enbodi nents r | um cont ai ni ng
Brief Beﬁghﬁmglﬂb(g‘rtﬁﬁeﬁr“lﬁgf% .

precursors. The di sclosed precurSors stable (in delivery

condi tions) for uswrianfud¥er andeAtdhdlegosiid nasravahd obiapts vEtet preséyt 15The
di scl osed precursors are netal trijcar bon I con&lﬁgxes havi ng the general
P2t

formula L, Ru(l@@rélomme@nﬁ:eLSh%ﬂ%bﬁ.rﬂ@éﬁ neFainien
hydrocarbon [b%a% wWo or m)re
substi tuents%g%%%%rgsq& Hﬁﬁ]@g%%%@gﬁ%ﬁgw Ij(i)sed precursors have
t he forgnul a 20L2Ru{|601&a@@bmmefﬂhetaeanbgmanemnmtaww @d>Ay sinogiagbons,
such as et hyl ene, 0 or but ene, recur sors nclude
Ru( ot hyl ane) 268 RS R8T S PRRSHS 81 SicR O DGR oMy BOBEY 'n an
alternate e”ﬂ%@ﬁ%&éd@%@ %ué,%ed precursors have the formul a LRu(C0) 3
ar

and the Ls oun atom as depi cted
FIG 2isa graph of the vapor pressure versus temperature for

Ru(1-methyl-4-isopropyl-1,3-cyclohexadiene(CO)s.
10
Detailed Description of Preferred Embodiments
Disclosed are ruthenium-containing precursors. Theﬁdisoiosed
precursors may be thermally stable (in delivery conditions) for use in CVD
and ALD depositions with high reactivity.

15 The disclosed precursors are metal tricarbonyl complexes having
the general formula L,Ru(CO),, wherein L is a linear or branched
unsaturated hydrocarbon or a cyclic unsaturated hydrocarbon having two
or more substituents; and mis 1 or 2.

th one embodiment, disclosed precursors have the formula

20 LoRu{CO}; and the Ls are linear unsaturated hydrocarbons, such as
ethylene, propylene, or butene. Exemplary precursors include
Ru(ethylene);(CO)s, Ru{propylene)x(CO);, and Ru(butene)(CO)s.

In an alternate embodiment, the disclosed precursors have the

formula LRu{CO); and the Ls are bound to the Ru atom as depicted

25 below: CO
. m, /. CO

N -
A g
A} ’
~ .
N -

CO

30 In this embodiment, the L may be 2,4-pentadiene, 2-methyi-2,4-

pentadiene, 1,4-pentadiene, 2,4-hexadiene, 2,4-hexadienal, 2,4-



25bel ow. WD 2011/ 132116PCT/ 1B2011/ 051588 6 heptadi ene. Alternatively, the
L may be cycl ohexadi ene nol ecul es having 2 or nore substituents, such as
1, 4- di metwplkoyBd32n0ycl ohexadi ene, 1-nethyl-4-ethyl- 1, 3- cpcirahzm aoiiesse,

1- net hyl- 4- n- propyl -1, 3- cycl ohexadi efe,

1- nmet hyl-4-isopropyl-1, 3-cycl ohexadi ene, 1-nethyl-5-

5nmet hyl -1, 4- cycl ohexadi ene, 1-nethyl-5-ethyl-1, 4-cycl ohexadi ene, 1-

nmet hyl- 5- n- propyl-1, 4- cycl ohexadi ene, 1-nethyl-5-isopropyl-1,4-

cycl ohexadi ene. Exenpl ary precursors i ncl ude Ru(2,4- pentadiene)(C0)3,

%gg Ze Lgigd%ei)@f?%?ghﬂ%mé%wﬁ nya???%%agk%g%{% Aé%ule§ adi ene) (Q0) 3,

Ru( 1, 4- di et halding Sor:ymdrerwbaﬂruen&) (sCiﬁar 3s 1,4-dimethyl-1,3- cyciohexadzene
Ru( 1- net hy-4-ethyl-1, C}/C| ohexadi enge) ( C0) 3 (1- rreth 4 n- pr opyl-
1, 3- cycl ohexadMeiy(ce I%J%m?@ |'er1ﬁvﬂsr@§#§;§1rn-fr@2y

cycl ohexadi eng )f&a%&édneg\ﬁ!ex éfjr ?% émﬂa c dﬁ%%&%%ﬂé) { %’étﬁgl ﬁu( 1.

nmet hy- 5-et hyl =1,4-cycl met hy- 5- n- propy1- -
15cycl ohexadireaty(- %@clcﬁr@a‘aﬁre&’@ yi-mette/l-prabulr s drovickoHeugdiomet Ry 1- 4-

i sopropyl-1, 3-cyc| phexadi ene i scl osed recursors are
pre?ergﬁl y | ﬂ’ﬁ%@!‘ gt” Brotpéfrﬁég éﬁfg%‘e’?@é‘r‘@%d ’E‘@‘ﬁ?f\gérﬂsgﬁﬁﬁ’ﬂf kifately -20C and
appr oxi mat el ycy%%@xaﬂ%‘h@ @hesiah) prreeers\&%@mcﬂrtge RY(Z1RE el y -20C and

appr oxi mat el y °30C, and 20even nore prefera tween approxi mately -20C
and appr oxi nmetesitydiod: ) Clyarkiu( Sshetﬁyi-ar# Selrﬂald'ielm()@ﬁ Bothdunds exhi bit

e R N e e A
layer. 1d‘|0V\BV$iu(2t41ﬂe9?Qd%é @OH! RUet qfdrﬁré‘ﬂwwut @@W@ﬁbﬁé&ﬁh@)‘(‘@@% eric
hi ndrance of a are not always sanme and sone structures may not be
made. For exdﬁﬁtg{nememveﬁerhy!é hevclahaxadieas) C@am(demgthy-%nmpyfut ed
1,3-cyclohexadiene)(CO)s, Ru(t-methyl-4-isopropyl-1,3-
cyclohexadiene)(CO);, Ru(1,5-dimethy-1,4-cyclohexadiene)(CO)s, Ru(1-
methy-5-ethyl-1,4-cyclohexadiene)(CO),, and Ru(1-methy-5-n-propyl-1,4-
15 cyclohexadiene)(CO);. Preferably, the precursor is Ru(1-methyl-4-
isopropyl-1,3-cyclohexadiene )(CO)s.
The disclosed precursors are preferably liquid at a temperature
ranging between approximately -20°C and approximately 100°C, more
preferably between approximately -20°C and approximately 30°C, and
20 even more preferably between approximately -20°C and approximately

0°C.

Ligand Selection
Some L ,Ru(CO); compounds exhibit suitable properties for
25 CVD/ALD deposition. Selection of the L. ligand may be based upon the
intended use of the resulting ruthenium-containing layer. However, the
oxidation state of the ruthenium atom and steric hindrance of a ligand L
are not always same and some structures may not be made.
For example, when L is not a neutral ligand (e.g., substituted
30 cyclopentadiene), the oxidation states of ruthenium in the L,Ru(CO);

compound is not zero, resulting in a stable Ly,Ru{CO)s; compound. In



30cycl opent adi ene), the oxidation states of rutheniumin the LnmRu(C0)3
conpound is not zero, resulting in a stable L, Ru(C0)3conpound. in WO
2011/ 132 6RCT/13BA011/ 051588 7 such cases, oxygen i s neededB2mi/b3168s8CVD or
ALD process in order to break the bon@d between the Ru at om and non-neutr al
L ligand. As a result, the resulting rutheniumcontaining |ayer may al so
contai n oxygen. However, when L is a neutral ligand (e.g., diene (nm=l) or
an 5unsaturated hydrocarbon (m=1 or 2)), the oxidation state of the
rutheniumin the LnRu(C0)3 conpound is zero. In that situation, oxygen or

ozone may not ssar bly be used
i nst ead of ox?/‘gcz}](?ae eag\@%eurf?’ %%Llé} 1521%? aini %K?f%"yé’rrgﬁ %@%Ef)#l ed for
sone parts whigfegkaky dend Ganvoerh tH&eRUSsﬂdm Sutholseatrhpl mgamd 1Bkayer. Active

Site In addition to the Iigand sel ection described above, sone
i gands are niﬁsuﬁa%‘ﬁbpéu’éif‘g ﬁﬁﬂbﬁﬁ@lmﬁ@ﬂ'@m[]@@)ﬁeé gy a@pmia'm%mﬁ@and

lecul e, 15L,
O(5) =C(6) - O(7) ggy%?@ %{é‘{he?’(‘r EhEbTi Bande g, diene (m=tyoran, 00
bonds shoul d besatleded haddcEn (nG3) or £B) the(r&)ldaﬂtmuttdté1aﬁ/‘¢1ermtmlmrhl tution

group (besides on the carbon In other words, a 1, 3-di ene
nmol ecul e is p'PéP %%fuif'}@ 3 SOMPRURT &h&eTitol B NReSUSHARIPIMASHA G708y

non-hydrogen g m/(”;%o?idétb% sy BDEhRINe bd. EQUroRh 8 p%%@%éml ecul es

may hi nder ecu ormation. To av steric hindrance, the
| i gand nol ecummdmysterwe@f ca«ygéopé’ﬁn&snese!tlngcmpcodhameng Feeyet opay( be gonal
bi pyram dal ) st r.u en t he I | gand doeﬁ not , have a

nct e si te, SHiUlEr Bame i I Db GN ok, b Ok S DABBRERG o
1, 3, 5- typi net hné%e,l 4-cycl ohexadi ene, the LM Q0)3 product was not obtained.
Deposition Mt
Active Site
In addition to the ligand selection described above, some ligands
are not capable of making the L,Ru(CO); structure. The ligand molecule,
15 L, may be “C(1)=C(2)-C(3)=C(4)” or “C(5)=C(6)-C(7)H,-C(8)=C(9)." In
the case of diene molecule, two double bonds should be closer and C(2),
(3}, (6), (8) should have no substitution group (besides hydrogen) on the
carbon. In other words, a 1,3-diene molecule is preferable to a 1,4-diene
molecule.
20 Additionally, any non-hydrogen substituents on the C(2), (3), (6),
or (8) carbon molecules may hinder L,,M{CQO); molecule formation. To
avoid steric hindrance, the ligand molecule may need an “open site” to
produce the tbp (trigonal bipyramidal) structure. For example, when the
figand does not have an active site, such as L= 1-methyl-4-isopropyl-1,4-
25 cyclohexadiene or 1,3,5-trimethyl-1,4-cyclohexadiene, the LM(CO);

product was not obtained.

Deposition Method
The disclosed precursors may be used to form ruthenium-
30 containing layers on one or more substrates (e.g., a semiconductor

substrate or substrate assembly) using a vapor deposition process. The



The di scl osed precursors may be used to formruthenium 30containing |ayers
on one or nore substrates (e.g., a sem conductor substrate or substrate
assenbl y)wonngi3airgapor deposition process. The WO PCT/IB2011/051588

2011/ 132116PCT/ 1B2011/ 051588 8 net hod8 may be useful in the manufacture of
sem conductor, photovoltaic, LCD TFT, and flat panel devices. The nethod

i ncl udes: providing a substrate; providing a vapor including at | east one
rut heni um cont ai ni ng precursor; and contacting the vapor including the

rut heni um contai ni ng 5precursor with the substrate (and typically directing

oxi i o1 mg agdheregerney BhueprAnL R PEh B of SRR R PHRRENR: i ng
layer, on at [GRStFRR@dSH el ebvitde FHOSEtALE incllidedips®li@imgth precur sor
conmpounds may be deposited to form 10rut heni um containing filnms using any

deposi ti on nmeEUksHatk MeAYiding a ware ip¢ludidol at leastiane mthenipgaitalsingf sui t abl e
deposi tion I ] It at i 1.0n i cal vapor
deposition ( ] ? 8@3&‘“&9"?& eﬁl tl(ijl]rec*d mr'(i:rgﬁl!uc\ﬂﬁ érﬁé)ﬁ)eégg@}iﬁ?g{’]”t% D), |ow
pressurg cherprealirsvapith tlepabitratenant REVENly dtauting thayepodrpidei tion (ALD),
pul sed chem cal 15vapor deposition (P-CVD), plasma enhanced atom c | ayer
deposi tion (FELsKELS), ardRETENY SR & egrdugRg /B ONHAZIRARISPREr "eposi ti on

techni que kn s&r@}et ik id %@m@rﬁthgniﬁﬁ‘?-c?ﬁ%ﬁﬁﬁ{# oY ort %eggtp Ltion

method is a thermal or plasma vapor deposition process. re preterably,
t he depositi curimetlkddhé sulddtbrter PE- ALD. 20The vapor of the precursor is

introduced into a reacgtion chanber containing at | east one sybstrate. The
reaction chamber réﬂfi é’@ﬁlf)é?a e OHPer EWE_@W@éT@W&e %@S,lt_ggéPi?%fﬁﬂ chanber may
be any,gncl O%fk%rmﬁrn%@ﬁfngqnm% 8y égy H@ial%!}iﬁﬁ' nHaReSE khQn AEtads take

pl ace, such as, wthout Iimtation, a para -plate type reactor, a

col d-wal | typd skédldotibe arta Exatmplak lof 2B8itgipe degasition, mathsidagladgmivihorkeact or

a mul ti-waf erlin%i?ae%%tn?Ebn\(f)ernt%tng?(r:hgrlﬁﬁ:gl vapor deposition (CVD), p'fasma
enhanced chemical vapor deposition (PECVD), low pressure chemical
vapor deposition (LPCVD), atemic layer deposition (ALD), pulsed chemical

15 vapor deposition (P-CVD), ptasma enhanced atomic layer deposition (PE-
ALD), combinations thereof, and/or in any other deposition technigue
known to the skilled in the art. Preferably, the deposition method is a
thermal or plasma vapor deposition process. More preferably, the
deposition method is ALD or PE-ALD.

20 The vapor of the precursor is introduced into a reaction chamber
containing at least one substrate. The reaction chamber may contain from
1 to 200 wafers. The reaction chamber may be any enclosure or chamber
of a device in which deposition methods take place, such as, without
limitation, a parallel-plate type reactor, a cold-wall type reactor, a hot-wall

25 type reactor, a single-wafer reactor, a multi-wafer reactor, or other such
types of deposition systems.

The temperature and the pressure within the reaction chamber and

the temperature of the substrate are held at suitable conditions so that
contact between the vapor of the ruthenium-containing precursor and

30 substrate results in formation of a Ru-containing layer on at least one



types of deposition systens. The tenperature and the pressure within
the reaction chanber and the tenperature of the substrate are held at

sui t abl e wondittizens so that contact between the vapor ofPCThB2011/051588

rut heni um cont ai ni ng precursor and 308ubstrate results in formation of a
Ru-contai ning |layer on at |east one WD 2011/132116PCT/ 1B2011/051588 9
surface of the substrate. A reactant nmay al so be used to help in formation
of the Ru-containing |ayer. The reaction chanber nay be naintai ned at
a pressure ranging fromabout 0.01 Tarr (1.33 Pa) to about 1000 Torr

(133,322 Pa) ’su"r‘f'(%'b@ &%@&%ﬁ@% 'NretaQ%HtWa[% HROEE] @ Held 94 forfisdiod Pa) to
about 100 Torr (13,332.2 Pa) he tenperature within the reaction chanber

may range frmﬁtfa@&w&ccjﬂ]ﬁ]mr@ Iabeut 100C, preferably from about 25C to about

350C, d bl bo C b 300C. On f di
SR T rere Pr e Rt ROk BRR ey e At sy TR B o o

through nere fRMebbIENATTAR 193@&)&@\9@@{1@0@@%&6@38@@! Iba), more The type
of substrate upon which the rut heni um cont ai ni n be deposited

will vaiy dewﬁiﬁra@ymthermarfglerﬁlamol1nT@rr»idéa|3lgal) t@@h@b@r‘f@@df afents, the

Pt RSP BT AT ML 8Pt BB PR B e S

(for eXﬁ”D'efrdﬂ#%%o@ﬁﬁi@‘fb&%%utai(ﬁ)Od %Féféfa\bl@ﬁ‘bﬁﬁa&@\ﬂ%%&b%’bo@ts etc.) or

fromnitride-based filnms (for exanple, RuN) that are used as an oxygen
barrier bet wéﬁﬁ)”@oppérmmd)refmablg\ﬁfdmIaéngaet50ﬁ treabautlB0 6t éSnemy be used in

dovi cos. - ExarSHBanBEN S HErAEELA0EE el e RS are BT i m ted Lo,
AN T %D?Mé*?E“@?r%??@%.é@%ﬁﬁ@“ﬁﬁﬁﬁ%ﬁ@ﬁﬁ%ﬁﬁ%‘ﬁ5“N. S2)
metal nitride cont%hawiyng d@bbsira@e@qrfwhlwxhﬁmm@enwcomﬁmlnmﬂ);mmnilV\N
;?C'G; 23125\] | as] eposatn(a var éiepen |ﬁg§)g(rjl%é iha steerrn'téar% ed( fi%rso%gnpl e Si,
embod;ments, the substrate may be chosen from oxides which are used
as dielectric materials in MIM, DRAM, FeRam technologies or gate
15 dielectrics in CMOS technologies (for example, RuO; based materials,
ternary oxide based materials, etc.) or from nitride-based films (for
example, RuN) that are used as an oxygen barrier between copper and
the low-k layer. Other substrates may he used in the manufacture of
semiconductors, photovoltaics, LCD-TFT, or flat panel devices. Examples
20 of such substrates include, but are not limited to, solid substrates such as
metal substrates (for example, Au, Pd, Rh, Ru, W, Al, Ni, Ti, Co, Pt and
metal silicides, such as TiSi;, CoSip, and NiSiz); metal nitride containing
substrates (for example, TaN, TiN, TiAIN, WN, TaCN, TiCN, TaSiN, and
TiSiN); semiconductor materials (for example, Si, SiGe, GaAs, InP,
25 diamond, GaN, and SiC); insulators (for example, SiO;, SizNg, SION, HfO,,
Tax0s, ZrOy, TiO,, Al,O3, and barium strontium titanate), or other
substrates that include any number of combinations of these materials.
The actual substrate utilized may also depend upon the specific precursor
embodiment utilized. In many instances though, the preferred substrate
30 utilized will be selected from TiN, Ru, and Si type substrates.

The substrate may be heated to a sufficient temperature to obtain



25di anond, GaN, and SiC); insulators (for exanple, SiQ2, Si 3N, SiON, Hf 02,
Ta205, Zr02, Ti02, Al 203, and bariumstrontiumtitanate); or other

subst r at esot2bat132nel ude any nunber of conbi nati ons of tiresaBrmat/esised s. The
actual substrate utilized may al so defyend upon the specific precursor
enbodi ment utilized. In many instances though, the preferred substrate
30utilized will be selected fromTIN, Ru, and Si type substrates The
substrate may be heated to a sufficient tenperature to obtain

2011/ 132116PCT/ 182011/ 051588 10 the desired ruthenium or

rut heni um contai ni.n ficient rowt sired
physi cal stat begﬁﬁ'r ﬁlﬁtgspﬁn&ﬂr WL-{ ﬁ%’H”t‘F%‘ i%g ﬂ%ﬁé?ﬂ‘@%%@gﬁhre range
to whi ch the gubshd alith dRrebHHYSREEEatd Ehd @8 JosRitnl W EohAnGHRE.

Preferably, the tenperature of the 5substrate remains |ess than or equal to

450C. Tenmlaciesterakye Fndel whichitaeisubsraleene ba Rediedt i zer where
ts vapor: zacianaCs R o 1 b8 R0 UBRAC LD O BREHIRTLARCET  Mre °

sol vents, oneustra® em@hslesotnaes eqaattoaddo i ure of one or nore
10sol vents and one _or nore netal squrces. The solvents may be selected from
the group consi st i Hif BIECHEIQidRY befed N ung skrde t&ﬂ\@@@"ﬁ%@/ﬁ?;ﬂ BHe, decane,

dodecane, - 0ClanRrz08 AR PSR t.nett%reacﬂmcmgth PlocRNgeNt rati on

may range from"approxinat 0 appr oxi nmat el nmet al source
may i ncl ude amponestdn, nhecpue@ﬂscsr mawdpﬂoma[lpbe Ingiked mﬂtﬁdmeeerorptecb

Alternatively, the precursor may be vaporized b assing a carrier gas into
a contai ner cORYEHIHi N PHEOKR 5@3?'5’%9“"‘6‘?5 de%ﬁ‘b’h??g fWéGQEém "®r gas into
the pregur soreol ks GRBIOIR orRBIARRIAIBEHSOI T ol 8RR hB) baduregelnt o the
reacti on chanmber as a vapor e carrier gas may inc but 1s not

20l i mi t ed t o, frodn thélgroPcamdstimogxefupkenehethgbbenddres, ptry@(n@r Q’mSItm’@yneoptl onal |y
be mxed in t e cont ai,ner wt ecu sor, a

t th t al
m xture t her €6158"Ff dﬂ‘e%‘e"g?awpartenéeé%ﬁ$£ﬁ$€%£r%?rﬁ2£&r%38 Y errper ature

that permts éd?t%eﬁfr@ﬁéﬁ fRly ﬁaﬂg@@rdrﬂ abbﬁo%lrhﬁtél Ometoaﬂ%réﬂnﬁ@é’lg 28\,
sufficient vapor pressure. The contal ner e maintained at 2

t enper at ur es |e Piedalrsonies oty m@udemmetai Qrewmrsmbn@«n oré&dein the art
recognl e thcﬁ Jloeqeﬁjerrperature of the container may be adjusted in a known
manner 'to conttol e anmount of precursor vaporized.

Alternatively, the precursor may be vaporized by passing a carrier
gas into a container containing the precursor or by bubbling the carrier gas
into the precursor. The carrier gas and precursor are then introduced into
the reaction chamber as a vapor. The carrier gas may include, but is not

20 limited to, Ar, He, Np,and mixtures thereof. The precursor may optionally
be mixed in the container with a solvent, another metal precursor, or a
mixture thereof. If necessary, the container may be heated to a
temperature that permits the precursor to be in its liquid phase and to have
a sufficient vapor pressure. The container may be maintained at

25 temperatures in the range of, for example, 0-150°C. Those skilled in the
art recognize that the temperature of the container may be adjusted in a
known manner to control the amount of precursor vaporized.

In addition to the optional mixing of the precursor with solvents,
metal precursors, and stabilizers prior o introduction into the reaction

30 chamber, the precursor may be mixed with reactants inside the reaction

chamber. Exemplary reactants include, without limitation, Hz, hydrogen



In addition to the optional m xing of the precursor with sol vents, netal
precursors, and stabilizers prior to introduction into the reaction
30chanberwotzba/ea6ur sor nay be m xed with reactants i necaaBiheo3iegct i on
chanber. Exenplary reactants include,1iwithout limtation, H2, hydrogen WO
2011/ 132116PCT/ 1B2011/ 051588 11 contai ning fluids, alcohol (ROH R being a
Cl-C6 al kyl), netal precursors such as strontium containing precursors,
bari um contai ning cursors, alum num containing precursors such as TMA, and
any conbi nation thereof SWien the desired rutheniumcontaining filmalso

contai ns oxy C ' t he
react ant my%ﬁ)ﬁ(@?'ﬁ@é f{/ erho(?@%%cﬁ &g‘}i@ Fgod;élagweh?ef&élgﬂm%tg ?Snot
limted to, QchQd sttiiuniRBRtaidiogpreciach @, bhumeddrainpy @ntorsyal dehyde,

and conbi nations thereof. 10Wien the desired rutheniumcontaining filmalso

contai ns ni t rlgENUNBWERtARINIECERArpPEChaay | A RGNy ¢ATPRINABAN r ut heni um
nitride, the agfrant may include a nitrogen source which is selected from
but not limted to, nitrogen (N2), anmonia and al kyl derivatives thereof,

i m nes, s hydr azi ne \&hdnah&ylkesided ritatnhivescohiirdod filMNatsondaitaine@xygencal s (for
i nstance N. and any conbi nati on

t her eof . V\her?%h‘@%lg‘%‘ ’@%ﬂ“ﬁ"@t%n‘ivwm%t’ﬁﬂnéuﬂﬂ edesstabb A& ns car bon,
such as, for ﬁ&ﬁfi@g &Q@eWsto@%@ whidH 5&klRed FrHR 8L HAY lﬁﬁﬁ@(ﬂ @f 04,18,
e a rom

reactant may I nclu arbon source which is selected ut” not
limted to, reihane),, echtinacidpfopeiie, pautnealdeitygeeard combpydtens, t -

20but yl ene, obut yI ene, CCl 4, and any conbi nation thereof. When t he
desired rut helﬁ i cont ai ni ng filmalso contains silicon, such as, for

exanpl g and wi t houfyhkbhthé debPad riitHERRA- Haht%mlﬁ%ﬂﬁ‘n Qfsoréﬂrﬂﬁl'ﬂlsw'ﬂrégbéd cate,
the reactant may include a silicon source is sel ected from but not

limted to, SiudhassioHeangplgrsd With@NUS) ta8DMASIthBDEAS)iItrdSEAS: resTaNAS,

TEMAS, (Si H3)3N t I di,si,l

di si Lane. 1 18PV A AE Praddd Sk e oy R By ¢ cruy 4
(preferably Shi{r&hhid QHQ)) émmcsma%nﬂraﬁt&ﬁrd@hwt@dt%)é&tBuhés caazinesi | ane
SIHX(NR1IR2) 4 _x (where x is 1, 2, 3, or 4; RlL and are in Qendently H or

a |inear, bramtdn@lhymew@ve%ﬂ@re@fa I\ba@rbt@m!wéadﬁca@'(f@ré’rsé@nge
30BTBAR; and/ gy - BREASN, 0208, 20N TAN A3, P hRRLESS thelB6r t argeted film

When the desired ruthenium-containing film also contains carbon,
such as, for example and without limitation, ruthenium carbide, the
reactant may include a carbon source which is selected from, but not
limited to, methane, ethane, propane, butane, ethylene, propylene, t-

20 butylene, isobhutylene, CCl,, and any combination thereof.

When the desired ruthenium-containing film also contains silicon,
such as, for example and without limitation, ruthenium silicide or ruthenium
silicate, the reactant may include a silicon source which is selected from,
but not limited to, SiHas, SiaHg, SisHg, TriDMAS, BDMAS, BDEAS, TDEAS,

25 TDMAS, TEMAS, (SiH3)3N, (SiMs5)20, trisilylamine, disiloxane, trisilylamine,
disilane, trisilane, an alkoxysilane SiHJ (OR" )4, a silanol Si(OH),(OR ..
(preferably Si(OHYOR"3 ; more preferably Si(OH)OtBu); an aminosilane
SiHANR'RY)4« (where x is 1, 2, 3, or 4; R" and R? are independently H or
a linear, branched or cyclic C1-C6é carbon chain; preferably TriDMAS,

30 BTBAS, and/or BDEAS), and any combination thereof. The targeted film

may alternatively contain Germanium (Ge), in which case the above-



may alternatively contain Germanium (Ge), in which case the above- WO
2011/ 132116PCT/ 1B2011/ 051588 12 nenti oned Si-containing reactant could be
repl aced W9 2G8/13onbai ni ng react ant. When t he desiPCE&dB2011/051588
rutheniumcontaining filmalso contains another netal, such as, for exanple
and without |limtation, B, In, Zn, Au, Pd, Ag, 5Ti, Ta, H, Zr, Nb, My, A,
Sr, Y, Ba, Ca, As, Sb, Bi, Sn, Pb, or conbinations thereof, the reactant
may i nclude a second precursor containing the netal. The second precursor
may be selected from but not limted to, netal alkyls such as B2H6, SbRr3

or SnRr4 (wherel R i.s. i.ndependent!y, H or branched, or
Cycl o G 08 BEPBUERLF ) B niBhEreem el b Erdert BLBas b BSG  sn( omi ) 4
(where each Fﬁeabggnlt_ndependently H or a linear, branched, or cyclic Cl-C6

carbon chain), and netal am nes such as Sb( NR1R2 (NR3R4) NR5R8) or
Ge( NR1R2)(NR3R4)(NN$1R8)HOWRER8‘?d (wiheriemeaentaRing Rom aRe, cRMAINRRNORST R7, and

T b LooePenE e P B A BB b L P e

cyclic)s and BnyacEf¥nEbi By, thesedf Ba, Ca, As, Bb, sneSmiras esrr ed enmbodi nent,
t he reactant may be sel ected anong, but not [imted to hydr ogen (H2),
amoni a ( NH3)Sorshinateny terqaf) thegieackant snaaineudsi aoted PreREISEd speci es of

the same, a“dqodeﬁtés‘néwqutpbgﬁét%?f Th@%?orﬁ‘@'%&{?{@cﬂf rﬁ%g 3%%%15‘6@9%%% ane

react ant may anong,
(H20), ozone MR tcH20Ral z&l@tslﬁmh BB Hox PbIRE; acsdR 4(!@@@&1}1 comhaR t ¢l speC| es

of the sane, and m xtur reof The ecur sor npre reactants
may be introd @raemqﬁr&*v%fv W@ébthrﬁﬂc'&fgrﬁ’ﬁéycﬁ 9315%9@ |@hac®hem cal
vapor dgposi tian) am%%é%rgucﬁ'alsv%@ ?‘chrréﬁgﬁﬂé%%é*eg%h' ior in other

conbi nations. For exanple e Introduced 1 n one pul se and
two additi onahdep&ra'lerﬁbdﬂ ces Imw b:eanmetbmn@gdlict Cgethearbion chadepandt e pul se

glmr)g;];i;/ed ato e?al ;ﬁés (818 03| téb(mk R%l &@}Q%t(l{!ﬁ%y)’ort he reacti on chanber may
Ge(NR'RIYNRPRY(NRPR®(NR'R?) (where each R', R? R? R* R® R® R’
and R® is independently H, a C1-C6 carbon chain, or a trialkylsilyl group,
15 the carbon chain and trialkylsilyl group each being linear, branched, or
cyclic), and any combination thereof.

In one preferred embodiment, the reactant may be selected among,
but not limited to, hydrogen (Hs), ammonia (NHs), silane (SiHa),
diethylsilane (SiEt:H2), excited species of the same, and mixture thereof.

20 In another preferred embodiment, the reactant may be selected among,
but is not limited to, oxygen (O;), water {(H20), ozone (Oz), HaO2, NO, NO,,
carboxylic acids (RCOOH), excited species of the same, and mixtures
thereof.

The precursor and one or more reactants may be introduced into

25 the reaction chamber simultaneously {chemical vapor deposition),
sequentially (atomic layer deposition), or in other combinations. For
example, the precursor may be introduced in one pulse and two additional
metal sources may be introduced together in a separate pulse [modified
atomic layer deposition]. Alternatively, the reaction chamber may already

30 contain the reactant prior to introduction of the precursor. The reactant

may be passed through a plasma system localized remotely from the



30contain the reactant prior to introduction of the precursor. The reactant
may be passed through a plasma system|l ocalized renotely fromthe WO

2011/ 132M6RCTI/13BA011/ 051588 13 reacti on chanber, and decompudedsisss
radicals. Alternatively, the precursoB may be introduced to the reaction
chanmber continuously while other netal sources are introduced by pul se

(pul sed-chem cal vapor deposition). In each exanple, a pulse nay be

foll owed by a purge or 6evacuation step to renpove excess anounts of the
conponent introduced. In each exanple, the pulse nmay last for a tinme period

rangi ng fromabout Q.01 s to about 10 s, alterpatj,vely.fromabout 0.3 s to
about 3 s, aIrPE?M ghvaerwerf’ @8%‘%&88?9%% QT g'cagoﬁiyeinét.wa%%ﬁe non-1inmiting
exenpl ary at grbursal faydRPRSoHUBEd ty BR: RIZ@E6S ShadkBleheoraRausphanfe of the
di scl osed precursor is’'introduced into the reaction chanber, where it is

cont act ed wi tdiher metal spuecesuarstintieduceskoepslsprpdisedhemigaltvaear be renoved

oxygen sour ca oot ouead pRIBPne RIS Py e RIRbEP Tt SPEHES! eact s wi th
the absorbed gu=e0HNIG®EtdptoderRivE-dicabs bR UHRSBNIRY corbynax GBsdedgen
source is renoved fromthe reaction chanber by purging and/or evacuating

the reaction lerasbéxamuletthe russ ey last far pdinge patiok MNENGKPIRAPYIM this
t wo-step pro 5?.s%%bﬁé?‘fb%eaﬁgﬁlﬁﬁgﬁlyf fhn LhbM HR SENS5GY s MY be repeat ed

until a fil mhaving necéssar ckness "has "been obt al ned.

20Al t er nat i vediwrnativelihodesbowed . 3 sltonabsub2sut heni um et al oxide film the
t wo-step process above nmay be followed by introduction of the vapor of a

met al precursor iHF@nteﬁéoW’@?ﬂgﬂgﬁ%ﬁﬁ’e@mﬁ%@yr%tdgpoﬁ?'@@GY%epPrCWeISFs be
sel ect gg base{ﬂe%ﬁﬁ?ﬁh@@é ﬁfﬁe@is&g@ed Ef}é&%d’r% E}ﬁ&ﬁﬂuc%:i 1hgirBgctgposi t ed.

After introductio to the reaction anber, e netal 25precursor is
cont act ed wi tdhanhteerswhste dteconyteekeids s suitbble pristnate drxdess peewvedr from

t he reaction chanber. b ur gi,ng and/ or evacpati ng,the r.eacti,on chanber.
Once agai n, dﬁaiﬁi}?ﬁbﬁez@g%gd ngﬂ'@ﬁeﬁ?ﬁ%ﬂﬁgaﬁ’bﬁﬂpﬁ pﬁ*ﬁ@“?@&éj_&?ron chanber to
react wth thgseaeng BRI eaibaRien $1HEE % MNVABBE Mib ¢ ksadtprpved from

the reaction chanber™ by purgi ng and/'or 30evacuating the reaction chanber.
| f a desired dhanmarniiorrdseasiswhieéme absorbed precursor in a self-limiting

15 manner. Any excess oxygen source is removed from the reaction chamber
by purging and/or evacuating the reaction chamber. If the desired film is a
ruthenium oxide film, this two-step process may provide the desired film
thickness or may be repeated until a film having the necessary thickness
has been obtained.

20 Alternatively, if the desired film is a ruthenium metal oxide film, the
two-step process above may be followed by introduction of the vapor of a
metal precursor into the reaction chamber. The metal precursor will be
selected based on the nature of the ruthenium metal oxide being
deposited. After introduction into the reaction chamber, the metal

25 precursor is contacted with the substrate. Any excess metal precursor is
removed from the reaction chamber by purging and/or evacuating the
reaction chamber. Once again, an oxygen source may be introduced into
the reaction chamber to react with the second metal precursor. Excess
oxygen source is removed from the reaction chamber by purging and/or

30 evacuating the reaction chamber. If a desired film thickness has been

achieved, the process may be terminated. However, if a thicker film is



achi eved, the process may be term nated. However, if a thicker filmis WO
2011/ 132116PCT/ 1B2011/ 051588 14 desired, the entire four-step process nay
be repeatwd.20Byi3aliber nati ng the provision of the precur ®om/iBra1/e31588
precursor, and oxygen source, a filmm®f desired conposition and thickness
can be deposited. The rutheniumcontaining filnms or layers resulting from
t he 5processes di scussed above may include SrRu0 and Ru02. One of ordinary
skill in the art will recognize that by judicial selection of the
appropriate precursor and reactants, the desired filmconposition may be
obt ai ned. 10Exanpl.e . .The following non-limtjng.exanple.is,provided
Lo further | IGSRBAaIE LHEBIRILHER REPCIIRINAR PREPBRCH BN B e Bl 6 | s
not i ntended i 404 ! i i bk fi scope of
'he 1 nvent | oradsenryHnG PRarERE el b oRior MPORRer Qo 4 flrner

Ru( 1- net hyl - 4idssrepraopyboesttja: ayd Hhutineadi ene)d depSsited. Ru3(C0) 12 (10g,

15. 6rmmol ) was m x with 1-nmethyl-4-isopropyl 1, 3-cycl ohexadi ene (25mi,

0. 18m00) i n200m 1S TERHE G ER Tk f RO By 18 FeRUGPE. TOR L T eqct ! on,
excess 50l versroaaskds @186k saBl ke ¥ mcRVERBved dhadRiOyacHedd pressure.
Remaining Iiquid was distilled under” vacuuned pressure tw ce and slight

yel | ow | i qui cdordesrpBkidimi aned mnegrige thst By fudieid! salecisatof(tPeel d ca. 829 .
As anot her purification method, .the . .prodyct was separat : ol
Chr onat ogr apHPFSFTiEd ger S0t ang kfrethaSalE o &RagRR A EL R
(Rf=0.7) was @9hineat ed and 25t he sol vent was renoved under vacuuned
pressure at room tenperature. FIGI is a graph of the
t hernogravimetric analysis (TGA) show ng percent mass | 0ss versus
tenperature for Ru(1l-methyl-4-isopropylsl. g cyclohexadi ene)(C0)3. The TGA
resul ts show good evaporati on w thout aﬁy residue at 20 Torr.

The following non-limiting example is provided to further illustrate

embodiments of the invention. However, the example is not intended to
be all inclusive and is not intended to limit the scope of the inventions
described herein.

15

Synthesis of Ru(1-methyl-4-isopropyl-1,3-cyclohexadiene)(CO);

Ru3(CO)q, (10g, 15.6mmol) was mixed with 1-methyl-4-isopropy!-
1,3-cyclohexadiene (25ml, 0.15mol) in 200ml of toluene under reflux for
17 hours. After reaction, excess solvent and ligand molecule was
20 removed under vacuumed pressure. Remaining liquid was distilled under
vacuumed pressure twice and slight yellow liquid was obtained,
70°C/20mmHg, as a final product (yield ca.82%). As another purification
method, the product was separated by column chromatography (silica
gel, sclvent hexane). Slight yellow fraction (Rf=0.7} was collected and
25 the solvent was removed under vacuumed pressure at room
temperature.
FIG 1 is a graph of the thermogravimetric analysis (TGA) showing
percent mass loss versus temperature for Ru(1-methyl-4-isopropyl-1,3-
cyclohexadiene)(CO);. The TGA results show good evaporation without

30 any residue at 20 Torr.



WO 2011/ 132116PCT/ 1B2011/ 051588 15 FIG 2 is a graph of the vapor pressure
versus tenperature for Ru(l-nethyl-4-isopropyl-1, 3-cyclohexadiene)(C0)3. In
Vp=16. 624W026112138116, A H=47 Ll/nol. 5It will be under st ecu/1Bal/o3mssy
additional changes in the details, matSerials, steps, and arrangenent of
parts, which have been herein described and illustrated in order to explain
the nature of the invention, nay be made by those skilled in the art within
the principle and scope of the invention as expressed in the appended
claims. Thus, the present l[oinvention is not intended to be linmted to the

specific enbodine n the exapples aiven above an tached

F i nge. <0 201 1188 b B BB e b TeS frat e el gl S:

net hod of f ormiy ngm@tryuuhfs@pw@yw@t@dmmwﬂa@r)(amhamswbsw .ape, the rret hod
conprising: 5a)providing a reaction chanber having at | east one substrate

di sposed t her®i7z.8/8) dihkt4bldiialg into the reaction chanber a vapor
conprising at |east one conpound having the formula [L]-, Ru(C0)3, wherein L
is a linear or branched unsaturated hydrocarbon or 10a cycI i ¢ unsaturated

hydrocag bon havi ngt {witb® un8Bfs®od that many additional changes in the details
materials, steps, and arrangement of parts, which have been herein
described and illustrated in order to explain the nature of the invention,
may be made by those skilled in the art within the principle and scope of
the invention as expressed in the appended claims. Thus, the present
10 invention is not intended to be limited to the specific embodiments in the

examples given above and/or the attached drawings.



substituents and mis 1 or 2; and c) contacting the vapor with the
substrate to formthe rutheniumcontaining |ayer on at | east one surface of
t he substweteiuiseng a vapor deposition process. 15 2. Thecmastdozafsssc! ai m 1
wherein the vapor deposition process i6s CVD and/or ALD. 3. The met hod of
either of clains 1 or 2, wherein the at | east one 20conpound is sel ected
fromthe group consisting of Ru(ethylene)2(C0)3, Ru(propylene)2(C0)3,

Ru( but ene) 2(C0) 3, 4. The nethod of either of clains 1 or 2, wherein the at

| east one conpound is selected fromthe group consisting of
25Ru(2,4-pengggigngﬂécg%ﬁ . Ru(2-nethyl -2, 4-pent adi ene) (C0) 3, Ru(1,4-
pent adi ene) ( C8)'8! SRIFIDA Kexadi ene) (00) 3, Ru( 2, 4- hexadi enal ) ( QD) 3,

Ru( 2, 4- hept adi ene) (C0) 3, Ru(1, 4-dinmethyl-1, 3-cycl ohexadi ene) (C0) 3,

Ru( 1- met hy-4-et hyl-1, 3-cycl ohexadi ene) (C0) 3, Ru(1-nethy-4-n-propyl-1, 3-
cyclohexadieﬁb)(CDBB?ﬁF@QQfﬁﬁﬂwyla4UV§@pHOﬁ@mKﬂOBQf@ﬂﬁyﬁ1@ﬁégéﬁﬁ€ne)(cn)3,

Ru( 1, 5-di net hy- T I j.ene) (CO)3, Ru(1l-
nmet hy- 5- et hyﬂxﬁhé@%%(?ﬁﬂig& ne) (C0) 3, Ru(1l-nethy-5-n-propyl-1,4- WO
2011/ 132116PCT/ 1B2011/ Qd5i8fhgld reystioahmeathearnteMriPaBeasnshe substrate

Ru( 1- met hy-5-i sopropyl -1, 4- cycl ohexadi ene) (C0)3. 5. The nethod of either
of claims 1 or 2, wherédligpasadsthegit. c=C' or

b} introducing into the reaction chamber a vapor comprising at
least one compound having the formula [L}nRu(CQO)s,
wherein L is a linear or branched unsaturated hydrocarbon or

10 a cyclic unsaturated hydrocarbon having two or more
substituents and mis 1 or 2; and

c) contacting the vapor with the substrate to forn:l the
ruthenium-containing layer on at least one surface of the

substrate using a vapor deposition process.

15
2. The method of claim 1, wherein the vapor depasition process is
CVD and/or ALD.
3. The method of either of claims 1 or 2, wherein the at least one
20 compound is selected from the group consisting of Ru(ethylene),(CO)s,

Ru(propylene),(CO)s, Ru{butene)(CO)s,

4. The method of either of claims 1 or 2, wherein the at least one
compound is selected from the group consisting of

25 Ru(2,4-pentadiene){CO);, Ru(2-methyi-2,4-pentadiene {CO)s, Ru(1,4-
pentadiene)(CO);, Ru(2,4-hexadiene)(CO)s, Ru(2,4-hexadienal{CO)s,
Ru(2,4-heptadiene)(CO);, Ru{1,4-dimethyl-1,3-cyclohexadiene)(CO}s,
Ru(1-methy-4-ethyl-1,3-cyclohexadiene( CO)s, Ru(1-methy-4-n-propyl-1,3-
cyclohexadiene)(CO)s, Ru(1-methyl-4-isopropyl-1,3-

30 cyclohexadiene)(CO);, Ru(1,5-dimethy-1,4-cyclohexadiene)(CO);, Ru(1-
methy-5-ethyl-1 4-cyclohexadiene)(CO);, Ru(1-methy-5-n-propyi-1,4-



5"C=C-CH2-C=C." 6. The nethod of either of clains 1 or 2, wherein the at
| east one conpound is a liquid at a tenperature rangi ng between

appr oxi mayelyi17132Q6 and approxi mately 100C, preferably petrwsaninsisss

approxi mately -20C 10and approxi mately 30C, and nore preferably between
approximately - 20C and approximately OC. 7. The nethod of claim 2,
wherei n the vapor deposition process is a thermal vapor deposition process
or a plasma vapor deposition process. 15 8. The nethod of either of clains
1 or 2, wherein the reaction chanber contains between 1 and 200 wafers. 9.

The nethod otyglbhéridiehe)fCO)Mant Ri(12methes8sspropgl-vapor deposition 20
process is perfornmed in a pressure range of about 0.01 Torr (1.33 Pa) to
about 1000 Tev¢lopexliene)(@R)s. and preferably from about 0.1 Torr (13.3 Pa)
to about 100 Torr (13,332.2 Pa). 10. The nethod of claim1, wherein the
vapor deposition process is 25perfornmed in a tenperature range of about 10C
to about 4006, pr dhemasdihpdfof@ithebofitiadbs1tar A lwhedredq0(s “CGClLOag "sompr ef er abl y
from about 50C éo lgbou_t 300C. 11. The nethod of claim1, further
conpri $i ng i feToda ?'ﬁb’% reactant 30into the reaction chanber. WO
2011/ 132116PCT/ 1B2011/ 051588 18 12. The nmet hod of claim 11, wherein the
reactant is selected fromthe group consisting of hydrogen (H2), anmonia
(NH3), sil an6. ( Si Hhe metihethoflestheantclabBngEt 2112, whereintthd af peastemeof t he sane,
and m xtures thereof. . : .

compound’is a liquid at a temperature ranging between approximately -

20°C and approximately 100°C, preferably between approximately -20°C

10 and approximately 30°C, and more preferably between approximately -

20°C and approximately 0°C.

7. The method of claim 2, wherein the vapor deposition process is a
thermal vapor deposition process or a plasma vapor deposition process.

15
8. The method of either of claims 1 or 2, wherein the reaction chamber

contains between 1 and 200 wafers.

9. The method of either of claims 1 or 2, wherein the vapor deposition

20 process is performed in a pressure range of about 0.01 Torr (1.33 Pa) to
about 1000 Torr (133,322 Pa), and preferably from about 0.1 Torr (13.3
Pa) to about 100 Torr (13,332.2 Pa).

10.  The method of claim 1, wherein the vapor deposition process is

25 performed in a temperature range of about 10°C to about 400°C,
preferably from about 25°C to about 350°C, and more preferably from
about 50°C to about 300°C.

11.  The method of claim 1, further comprising introducing a reactant

30 into the reaction chamber.
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513. The nethod of claim 11, wherein the reactant is selected fromthe group
consi sting of oxygen (02), water (H20), ozone (03), H202, NO N2,

car boxyl iwoaoi@s2(1RCOOH) , excited species of the sane, god/aBRM1iNE1888

t her eof . 18

12.  The method of claim 11, wherein the reactant is selected from the
group consisting of hydrogen (H.), ammonia (NH3), silane (SiH,),
diethylsilane (SiEtyH,), excited species of the same, and mixtures thereof.

5 13.  The method of claim 11, wherein the reactant is selected from the
group consisting of oxygen (Oy), water (H20), ozone (O3), H.O2, NO, NO,
carboxylic acids (RCOOH), excited species of the same, and mixtures

thereof.
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