RUTHENIUM-CONTAINING PRECURSORS FOR CVD AND ALD Cross-Reference to Related
Applications 5This application claims the benefit of U.S. non-provisional application No. 12/981,798
filed December 30, 2010, which claims the benefit of U.S. provisional application No. 61/325,487, filed
April 19, 2015ARE e ontents of which are incorporated herein by referéAB"HETEE R nical Field
Disclosed are ruthenium-containing precursors and methods of using the same in CVD and ALD.
Background 15Ruthenium films and ruthenium-containing films, such as SrRu0 and Ru02, 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, Ru02 has better conductivity than

the two corresponding Ir and Pt mgta pxidas. @hieh ASNIND R E CORBORBe deposited metal layer is
contacted with oxidizing agents (e.g., 02, O?g%gyﬁﬁig?gﬁ t processes. As the size of chip
becomes smaller, each layer must be thinner: (0] cal 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%e”s)ire of eréﬁlﬁl{;g&@gi&%gf,{ggﬁﬂﬂ%%omplexes are available and

some have been studied in CVD or RE' mode. However, most of them have drawbacks, such as low
vapor pressure and/or déposiiepicitiims!aihibitiadpaingitimipu ity vontenssienahd 0 in most of the

cases), long 30i“05f?§¥'bgd%wft@o.p§2@%ﬁi, eness ARdhonsuAkosRifY IO ARRREGRERS- Besides, some
precursors are not liquid and need to be dissolved in a
benefit of U.S. provisional application No. 61/325,487, filed April 19, 2010,

the entire contents of which are incorporated herein by reference.

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 SrRuQ
and RuOs;, 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 Pi metal oxides, which is important

20 when the deposited metal layer is contacted with oxidizing agents {e.g.,
O,, Os) durinig subsequént processes. As the size of chip becomes
smaller, each layer must be thinner, Therefore chemical vapor deposition
{CVD) and preferably atomic layer deposition {(ALD) fechniques are
desired and precursors which can be used in CVD and ALD mode ars alsc

25 desirad.

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 conients (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 1o be dissolved in a



WO 2011/132116PCT/1B2011/051588 2 solvent or mixture of solvents to allow an easy delivery of the
vapors to the reaction chamber. Tricarbonyl ruthenium products were reported as CVD/ALD
precursors (see, e.g., US Pat. Nos. 6,517,616 and 6,897,160 and 5JP2002-212112). PCT Publication
No. W02008/8844681dMéfoses (Re- CHD)Ru(CO0)3 precursors, wherein RESE@Reotadfrinm the group
consisting of C1-C4 linear or branched alkyl, alkyldmides, alkoxides, alkylsilyamides, amidinates,
carbonyl, and/or fluoroalkyl substituents and n may range from 1 to 8. 10A need remains for
ruthenium-containing precursors having properties suitable for vapor deposition. Notation and
Nomenclature Certain abbreviations, symbols, and terms are used throughout the 15following

deseription and claiggs. apd el he tsym unsaiuated hydropahon’.fefers fo gnsaturated
functional groups containing exclusively carbon and hydrogen atoms. Furthér, five tr "unsaturated
hydrocarbon" refet§%d ¢t isfmched, or cyclic unsaturated hydrocarbon groups. Examples of linear

unsaturated hydrocarbongoupsElue A0MRLL I gLon SUEnS Sroyas prppylene groups,

butene groups, etc. Examples of branched unsaturated hydrocarbon groups include without limitation,

2-methyl-2,4-pent&IRSYESE R AR5l 8 Gyelitaind@tira @t fitb ot sorddrdbpenéiude without
limitation, @yclohewﬂ@oylmw@{.eﬁci@ﬂm&ﬁ@&m@@@d%ﬁiéﬁ@é@f@é@ Adneitd group; the
abbreviation "Et" refers to Z’m ethyl group; the abbreviation "Pr" refers to a propyl group; the
abbreviation "iPr" fefEra Y &PisdprspyER U Bl Abbiesrlfs E P Pehg S8 Wutyl (n-butyl): the
abbreviation "tBu" ¢efeysitodetdugl the abbreviativrdsBiw releysiaisss-Butykiasg the abbreviation
CHD" refers to alkylsilyamides, amidinates, carbonyl, and/or fiuorocalkyl substituents and
n may range from 1 to 8.

10 A nead remains for ruthenium-containing precursors having

properties suitable for vapor deposition.

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

15 foliowing description and claims and inciude: 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. Exampies of linear unsaturated hydrocarbon groups include

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

25 The abbreviation “Me” refers to a methyl group; the abbreviation
‘EL” 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 10 butyl (n-butyl); the abbreviation “tBu” refers to teri-butyl; the
abbreviation “sBu” refers to sec-butyl; and the abbreviation “CHD” refers to

30 cyclohexadienyl.



30cyclohexadienyl. WO 2011/132116PCT/1B2011/051588 3  The standard abbreviations of the
elements from the periodic table of elements are used herein. It should be understood that elements
may be referred to by these abbreviations (e.g., Ru.refers to ruthenium, Sr refers to strontium, etc.). 5
Summary W(b%gagéé]d(’are methods of forming 5uthenium-containing Iaﬁg@gﬁ%ﬂ?ﬁﬁ%ﬁtes. A reaction
chamber is provided having at least one substrate disposed within it. A vapor is introduced into the
reaction chamber. The 10vapor comprises at least one compound having the formula [L1mRu(CO0)3;
wherein L is a linear or branched unsaturated hydrocarbon or a 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 laygfos st Jeast-pne-s14{Rce of the subsiierHsinena yansnidepsRition
15process. The method may further include one or mare of the following aspects: the vapor

deposition procesS BT EHPEH ABITNthE SRR L8 EEFRIAMET R SEIECBAYrom the group

consisting of Ru(etkylerei2{CH)3: RutBraphienald )3 gRKhutdar) {CR)xRG-theat least one
compound being se ectzd from the gr uP consisting of Ru(2,4-pentadiene)(C0)3,

Ru(2-methyl1-2,4- fta ?eﬁtéc)’(&j%’, ﬁ‘(1,4-pentadiene)(CO)3, Ru(2,4-hexadiene)(C0)3, Ru(2,4-
hexadiena$)(C0)3, Ru(2,4-heptadiene)(C0)3, Ru(1,4-dimethy1-1,3- cyclohexadiene)(C0)3,
Ru(1-methy-4-ethyl-1,3- 25cyc|ohexadiene)(CO)?sllj?r%%érpfthy#n-propyl-l,3-

Disclosed are methods of forming ruthenium-containing layers on
substrates. A reaction chamber is provided having at ieast ohe substrate
disposed within it. A vapor is infroduced into the reaction chamber. The

10 vapor comprises at least one compound having the formula L Ru{CQ);;

wherein L is a linear or branched ‘unsaturated hydrocarbon or a cyclic
unsaturated hydrocarbon having two or mere 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 ong or more of the following
aspects:
+ the vapor deposition process being CVD and/or ALD;
+ the at lsast one compound being seiected from the group consisting
of Ru{ethyiene),{COJs, Ru(prapyiene)»(CO)a, Rul(butene),(CO)s;

20 « the at least one compound being selected from the group consisting
of Ru{2 4-pentadiene}{CO}z, Ru(Z2-methyl-2, 4-pentadiene {CO)s, *
Ru{1,4-pentadiene){CO)s, Ru{2 4-hexadiene)CO});, Ru(2,4-
hexadienal{CQO)s, Ru(2,4-heptadiene)COJa, Ru(1,4-dimethyl-1,3-
cyciohexadieng){CO)s, Ru{i-methy-4-sthyl-1,3-

25 ' cyciohexadiene){CQO)a, Ru{1-methy-4-n-propyi-1,3-
cyclohexadieneCO)s, Ru(1-methyl-4-isopropyl-1,3-
cyclohexadiene){CO)s, Ru(1,5-dimethy-1,4-cyclohexadiens)}CO)s,
Ru{1-methy-5-sthyl-1,4-cyclohexadiene)(CO)s, Ru{1-methy-5-n-
propyi-1,4-cyclohexadiene{CO)s, and Ru(1-methy-5-isopropyi-1,4-

30 cyclohexadieng)(COla;

¢ L being “C=C-C=C" or "C=C-CHy-C=C",



cyclohexadiene)(C0)3, Ru(1-methyl-4-isopropy1-1,3- cyclohexadiene)(C0)3,
Ru(1,5-dimethy-1,4-cyclohexadiene)(C0)3, Ru(1-methy-5-ethyl-1 ,4-cyclohexadiene)(00)3,
Ru(1-methy-5-npropy1-1,4-cyclohexadiene)(C0)3, and Ru(l-methy-5-isopro€/¥1-1,4-
30cyclohexaf@r8}ic8j5to L being "C=C-0.--C" or 4,C=C-01-12-C=0"; WOPCTAB2011/651588
2011/132116PCT/182011/051588 4 the at least one compound being a liquid at a temperature
ranging between approximately -20C and approximately 100C; the at least one compound being a
liquid at a temperature ranges between approximately -20C and approximately 30C; 5 the at least one
compound being a liquid at a temperature ranges between approximately -20C and approximately 0C;

the vapor deposition pro&esgtq%g]sq gnt%l%(r}%%lq\g%% eqﬁgl%:ﬁ%(a%g)épvég ;ﬂsggia%@l%s,:g% vapor deposition

process; the reaction c%am er containing between er he vapordeposition
process being performed#iveepressarexaragel vt Ab6Ls0arpaerinB8Pa§e6Gibout 1000 Torr (133322

Pay; ihe vapor deposiign pracess AR ARIBINERIN BiFSE NGRS aRLION, Ton (133 Py 1o

about 100 Torr (13,332. the vapor deposition process is performed in‘a temperature
range 150f about 10C totaiioaeaGae ot sahorzdépositonnprecss iR peérférmed in a temperature

range is aout 25C tq abay! 3506 (e YARNARAINIANLIRCRS SIS ReiBmAd Inadgawperature range
is about 50C to about 300C; 20a introducing a reactant’into the reaction chamber;
between approximately -20°C and approximately 0°C; :
+ the vapor deposition process being a thermal vapor deposition
process or a plasma vapor deposition process;
o the reaction chamber containing between 1 and 200 wafers;
10 e the vapor deposition process being performed in a pressﬁure 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 vapoer deposition process is performed in a temperature range
15 of about 10°C to about 4006°C;
« the vapor deposition process is performed in a temperature range is
about 25°C to about 350°C;
o the vapor depaosition process is performed in a temperature range is
about 50°C to about 300°C; |
20 « introducing a reactant into the reaction chamber;
+ the reactant being selected from the group consisting of hydrogen
{Hy), ammonia (NH3), silane (SiHy), disthyisilane (SiEtaHz), excited
species of the same, and mixtures thereof;, and
+ the reactant being selected from the group consisting of oxygen
25 (O3}, water {H,0), ozone (O3}, Ha0s, NO, NO,, carboxylic acids

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



the reactant being selected from the group consisting of hydrogen (H2), ammonia (NH3), silane
(Si1-14), diethylsilane (SiEt2H2), excited species of the same, and mixtures thereof; and  the
reactant being selected from the group consisting of oxygen 25(02), water (H20), ozone (03), H202,
NO, NO2, catfosdiiidtitls (RCOOH), excited species of the same, and niktFBE &R WO
2011/132116PCT/1132011/051588 5 Brief Descri%tion of the Figures For a further understanding
of the nature and objects of the present invention, reference should be made to the following detailed
description, taken in conjunction with the accompanying figure wherein: FIG 1 is a graph of the
thermogravimetric analysis (TGA) showing percent mass loss versus temperature for

Ru(1-methyl-4-isopropyl-1,3- cyclohe%qrﬁég%gﬁi&p%f ‘hgﬁ?gﬁé% graph of the vapor pressure

versus temperature for Ru(1-methyl-4-isopropyl-1,3-cyclohexa 0)3. 10 Detailed Description of

Preferred Embodiments For ®fseiosedrater sianainia s-tuntiahing préainssis of Abedmserssid precursors
may be thermally. giable{in Aaliyeny.candiiians) fRsdse e YARH LL-Aeperitenstwih high

reactivity. 15The disclosed precursors are metal tricarbonyl complexes having the general formula

1_,Ru(C0)3, wherlBIKer i® §MgAF R HIdRtHSIAGSARAEATaHbE AYBBFEBF a cyclic unsaturated

hydrocarbgn having two prampre sykstitusitss anghibigdvRra-inaneembodinemadisglosed
precursors have the formula 20 ZR%%O)S and the Ls atirfgl' eag unﬁjatltjiated h drEo$%rbons, such as
ethylene, propyler® 6P BUTETS BSR MR (570RGEBISITY -metnyl-a-sopropy-1,o-

cyclohexadieng)(CC)s; and

FiG 2 is a graph of the vapor pressure versus temperature for
Ru{1-methyl-d-isopropyl-1,3-cyclohexadiene X CO)a.

10 :
Detailed Description of Preferred Embodiments

Disclosed are ruthenium-containing precursors. Thé\disciosed
precursors may be thermally stable (in delivery conditions) for use in CVD
and ALD depositions with high reactivity.

15 The disclosed precursors are metal tricarbonyt complexes having
ihe general formula L,RUW{CO), wherein L is a linear or branched
unsaturated hydrocarbon or a cyclic unsaturaied hydrocarbon having two
or more substituents; énd mis ior2.

tn one embodiment, disclosed precursors have the formula

20 LRu(CO}); and the Ls are linear unsaturated hydrocarbons, such as
ethylene, propylene, or butene. Exemplary precursors inciude
Ru(ethyiene}»(CO)s, Ru(propylene}{CO};, and Ruibutene)(CO)s.

in an alternate embodiment, the disclosed precursors have the

formula LRu(CG)s; and the Ls are bound to the Ru atom as depicted

25 below: CO
L Rmy/_CO

N ”
h) - .
~ -
,
N .

cO

30 In this embodiment, the L may be 2,4-pentadiene, 2-methyl-2,4-
pentadiene, 1 4-pentadiene, 2, 4-hexadiens, 2,4-hexadienal, 2,4-



Ru(ethylene)2(C0)3, Ru(propylene)2(C0)3, and Ru(butene)2(C0)3 - In an alternate embodiment, the
disclosed precursors have the formula LRu(C0)3 and the Ls are bound to the Ru atom as depicted
25below: WO 2011/132116PCT/1B2011/051588 6 heptadiene. Alternatively, the L may be
cyclohexadiel€ MbIEEHES having 2 or more substituents, such as 1,4-dinf&tR{B241 89&{Z4»hexadiene,
1-methy1-4-ethy1-1,3-cyclohexadiene, 1-methy1-ﬁ-n-propy1-1,3- cyclohexadiene, 1-methyl
4-isopropyl-1,3-cyclohexadiene, 1-methy1-5- 5methyl-1,4-cyclohexacliene,
1-methyl-5-ethy1-1,4-cyclohexadiene, 1- methyl-5-n-propyl-1,4-cyclohexadiene,
1-methy1-5-isopropyl-1,4- cyclohexadiene. Exemplary precursors include Ru(2,4- pentadiene)(CO0)3,

Ru(2-methyl-2,4- i ( 4- pentadi 2,4- ' (C0O)3,
Ru(2,4-hexadienall%(g%%%ﬂ%)R%%?ﬁ%gdfeﬁéées @%?%?R%@L@%r%%ﬁﬁﬁ%%m%hexadiene)(CO)B,
Ru(1-methy-4-ethaving-2yd sheRasibRaieTss SRulambthiimatprbpyticscivishdicidiene) (C0)3,

Ru(1-methyl-4-isoprogy @.—&g{gﬂgﬁﬁigﬂgmge,Rggll,e'%ﬁqmggwfgp%r‘qxglohexadiene)(C0)3, Ru(1-
methy-5-ethy1-1,4-cyclohexadiene)(C0)3, and Ru(1-methy-5-n-propy1-1,4- 15cyclohexadiene)(C0)3.

)(
Preferably, the pré¥Giapia HeIe- e Yhaisopropyi-1,3-eyehorRierirife)lCB§EY-5- The disclosed
precursorgare prefesably linuicpina temeesatindanomnathorwees apiieximaiely +20C and

06ven more pre BN BRHEER b HoRCRB BB et SpHGRTRaR o A
cyclohexadiene. Exemplary precursors include Ru(2,4-
pentadieng){CO)s, Ru{2-methyl-2,4-pentadieneCO);, Ru(1,4-
pentadiene {CC)Y;, Ru(2,4-hexadiene){COY, Ru(2 4-hexadienal)}(CO)a,

10 Ru{2,4-heptadiene){CO);, Rul1,4-dimethyl-1.3-cyclohexadiene){CQO)s,
Ru{1-methy-4-ethyl-1,3-cyclohexadiene ) CQ)s, Ru(1-methy-4-n-propyi-
1,3-cyclohexadiene{COls, Ru{1-methyi-4-isopropyl-1,3- )
cyclohexadiene){CQ)s, 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)CQ)s. 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
praferably 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 resuiting 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
3G cyclopentadiene), the oxidation siates of ruthenium in the L,Ru(CQ);

compound is not zero, resulting in a stable L,Ru(CO); compound. in



Ligand Selection Some La,Ru(C0)3 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"dhd'bME tructures may not be made. For example, when PGEHBOH AR ligand (e.g.,
substituted 30cyclopentadiene), the oxidation statés of ruthenium in the LmRu(C0)3 compound is not
zero, resulting in a stable LmRu(C0)3 compound. In WO 2011/132116PCT/1B2011/051588 7 such
cases, oxygen is needed in the CVD or ALD process in order to break the bond between the Ru atom
and non-neutral L ligand. As a result, the resulting ruthenium-containing layer may also contain

oxygen. However yhen | js.agientral land (& g, fliene 1 o an sugspuped fydrocarbon (m=1
the mRu(CO) oun nt

or 2)), the oxidation state 0 enium in the com IS Zero. at situation,

oxygen or ozone riEgeRdhd&oREbstaBELIbEREK #erband. rydregerirhdgpossibly e used, instead of
oxygen. The resulting Ry-coptaifing Wﬁérﬂ?ﬂ%@@r@%ll@i@eﬁ%? BRI WARETR SXYg&eh can not be

used, such as a barrier 10layer. Active Site  In addition to the ligand selection described above,
some ligands are not capg#Bie 8 imuRiiy e & i dsg et (e Wr<ighe (lyahtanslecule, 151, may be

"C(1)=C(2)sC(3)= Gz a e Py HEM RSB (FhalBxidation state of the ruthenium
in the LyRu{CO}3 compound is zero. In that s.ituatian, oxXygen or ozone
may not be necessary to break the bond. Hydrogen ma.y possibly be
used instead of axygen. The resulting Ru-containing layer may be
applied for some parts where oxygen can net be used, such as a barrier

10 layer.

Active Site
In addition to the ligand selection described above, some ligands
are not capable of making the L,Ru{(COl5 structure. The ligand molecule,
15 L, may be "C(1)=C(2}-C{3)=C(4)" or "C(5)=C{6 -C{7)Hx-C{8)=C(8}." In
the case of diene molecule, two double bonds should be closer and C(2),
(3), (B}, (8) should have no substitution group {besides hydrogen) an the
carbon. [n other words, a 1,3-diene molecule is preferable to a 1,4-diene
moiecule.
20 Additionally, any non-hydrogen substituents on the C{2), (3), (6),
or (8) carbon molecuies may hinder L,M{CO); mclecule formation. To
avoid steric hindrance, the ligand molecule may need an “open site” {o
produce the thp {trigonal bipyramidal} structure. For example, when the
ligand 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 case of diene molecule, two double bonds should be closer and 0(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. 20Additionally, any non-hydrogen substituents on the 0(2), (3), (6),
or (8) carbonfotétié¥ thay hinder LM(CO)3 molecule formation. To avolf $tBHERPdfSRce, the
ligand molecule may need an "open site" to produ%e the tbp (trigonal bipyramidal) structure. For
example, when the ligand does not have an active site, such as L= 1-methyl-4-isopropyl-1,4-
25cyclohexadiene or 1,3,5-trimethy1-114-cyclohexadiene, the LM(CO0)3 product was not obtained.
Deposition Method The disclosed precursors may be used to form ruthenium- 30containing

layers on one or s ( . icondugtor trate.or s r bly) using a
vapor deposition %&é@gﬁ%}%gg%ﬁ%ﬁ 1%@%%&%%%@%@%gé@m%ﬁ:%&er?&%hﬁggay%é useful in the
manufacture of serfiEbohbiictid plabdiamtaieviceD-TiFE, raathfidtipdndeaepiorislimhe method includes:
providing a substrate,proxiding, Ri¥apetnelieing, alleastong subaniumGeNIARILg precursor; and

contacting the vapor including the rathenium-containing precursor with the substrate (and typically
directing the vapoPT8C#EZuBER AN ibFi it Dapsiet B edditeani br-erifzifgBgent to the

substrate i) order getairacR Fith endLseeriainie i ays-0n atdeast oRe wasiaag @fdhe substrate. The
disclosed precursor compounds may be deposited to form toruthenium-containing films using any

deposition method& RAGHR 1 FTSLRE EFEIGIANY #0050 e D o SURSHY 386851 $nethods include

without limitation, eginvestéanal rakemicatnaparideposition{eiMing plasmenenhaaseshehemical vapor
deposition (PECV%} low %r ssur%cpe ical vapor deposition (LPCVD), atomic layer deposition (ALD),
v e 3P

pulsed chemical 1 'Z%%G‘? Bgs?th -PCVD), plasma enhanced atomic layer deposition (PE-

The disclosed precursor compounds may be deposited to form

10 ruthenium-containing films using any deposition methods known io those
of skill in the art. Examples of suitable deposition methods include without
limitation, conventional chermical vapor deposition (CVDY), p’lﬁasma
enhanced chemical vapor deposition {PECVD), low pressure chemical
vapor deposition (LPCVD), atomic layer deposition (ALD), pulsed chemical

15 vapor depositien (P-CVD), ptasma enhanced atomic layer deposition (PE-
ALD), combinations thereof, and/or in any other deposition technigue
known 1o the skilled in the art. Preferakly, the deposition method is a
thermal or plasma vapor deposition precess. More preferably, the
deposition method is ALD or PE-ALD.

20 The vapor of the precursor is infroduced into a reaction chamber
coniaining at least one substrate. The reaction chamber may contain from
1 to 200 wafers. The reaction chamber may he 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 mulii-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 suitabie conditions sc that
contact between the vapor of the ruthenium-containing precursor and

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



ALD), combinations thereof, and/or in any other deposition technique 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. 20The vapor of the precursor is introduced into a reaction
chamber cont&hifiylatTeHst one substrate. The reaction chamber may coReR#I/5168200 wafers.

" The reaction chamber may be any enclosure or chiamber 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
25type 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 QglebabsuitablegRAGiIoNa sodhakceniacihetuernthe Yot Pldhgation

ruthenium-containin% precursor and 30substrate results in formation of a Ru-containing layer on at
least one WO 20P1H$1 4688 #ANEI8Y47051588 9 surface of the substrate. A reactant may also be

used to help in formatiom@,bfetP@aagbﬁ@&m }ay)grbe maiHtaiedcien#Fhasberm )hge maint?inegl at
a pressure ranging from about Torr (1.33 Pa) to about 1000 Torr (133,322 Pa), more preferably in
the range of abou?r&rﬁ} ?’%?P%%?;%Oﬂ’lgﬁda%b%@f&b %%ﬁyq(ilé?é’,gﬁrlﬁ%@éﬁ?@%ﬁ%p@%ﬁre within the
reaction cliamber prafrainigerftomrabgatct @Gdot abo TohO0G, Prafetablydiorntabiont-25C to about
350C, and more p I t ut.300C. One, of ordinary skill in the art will
recognize that the{fég%ggfétgrgj mi%gﬁé%%%ﬁaﬁr%%%@%?gﬁSﬁ@r%%tﬁgﬂeﬁpaerﬁ% eniato i &chieve the
desired result.  frotrestypet dL8UHstedteLl J66 Whipteibe bigHeniuaboon2airihg flbowtll be deposited

fom oxidos which ats GeeH L0 o SBEHTE S TR BRAVF LR, feohi s o gate. -
15dielectrics in CMG@Baeckhitlogibs donakaauoigniRe O2btset:matenials; may be

10 optimized through mere experimentation to achieve the desired result.

The type of substrate upon which the ruthenium-containing film will
be deposited will vary depending on the final use intended. ”in some
embodiments, 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, RuQ; based materials,
ternary oxide based materials, etc.) or fram nitride-based films (for
exampie, RUNj 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 fiat 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 TiSiz, CoSiy, and NiSiz); metal nitride containing
substrates (for example, TaN, TiN, TIAIN, WN, TaCN, TiCN, TaSiN, and
TiSIN); semiconducior materials (for example, Si, SiGe, GaAs, InP,

25 diamond, GaN, and SiC); insulators (for example, Si0;, SizNg, SiON, HIO,,
Tarx0s, Zr0;, TiG;, AlOs, 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 utiized will be selected from TiN, Ru, and Si type substrates.

The substrate may be heated to a sufficient temperature to obtain



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 be used in the manufacture
of semiconductors, photovoltaics, LCD-TFT, or flat panel devices. Examples 200f such substrates
include, but 3¥& ALY #E8 to, solid substrates such as metal substrates (6 EIBIESIAY Pd, Rh, Ru,
W, Al, Ni, Ti, Co, Pt and metal suicides, such as ﬁ&iZ, CoSi2, and NiSi2); metal nitride containing
substrates (for example, TaN, TiN, TiAIN, WN, TaCN, TiCN, TaSiN, and TiSiN); semiconductor
materials (for example, Si, SiGe, GaAs, InP, 25diamond, GaN, and SiC); insulators (for example,
Si02, S13N4, SION, Hf02, Ta205, ZrO2, h02, Al203, and barium strontium titanate); or other

substrates that in %2% .of ¢ inati rials. The strate utilized
may also depend(%li%p%% t |e ggg?:ﬁ?f% 'gr;gc%@%ﬁ g&%&%@%ﬁ%ﬁ]ﬁéﬁ %%n%%ﬁ?\%g%es though, the
preferred substrateeBoarifizedhviksieeddibrickfigaia BN, RunResIBty pensublitiiteg. The substrate

may be heated to & sufficientAPREIAIY SRR QR4 L32L ARC T 8200051588 10 the

desired ruthenium or ruthenlum-contamlng film at a sufficient growth raté and with desired physical

state and composifeWCESEATEMAhG dxEFibigry Ferip@biurdedrirr RSl R theSsubstrate may be

heated inciudes frenndpRE 1O-PRAE |Recfiesally dhestempseratyire of the Ssubstrate remains less than
or equal to 450C, The precursor may be fed in liquid state to a vaﬁporizer where it is vaporized

before it is introduced intb YR8 EAERERBRLABAPIPAIH trif 8O R 4RBR 58 WREELSR may optionally

be mixed with onevaponeeeidaiants, ioneroH ey imetilsntuces, ahd abaixtemtetone or more
10solvents and one or more metal sources. The solvents may be selected from the group consisting of
feneTig MR g

toluene, ethyl ben%%ﬂ%f‘%‘/‘é’ﬁe, m sri%y rﬁgf 8&%\588?% éft%( h%r}(%ﬁtra,mpoer tane, or others.

The resulting concenvrationomapiranye franslapprodm atety 000 iMaobppeoximeately 2_M. The metal
source may Includg, ARSI BIRCHISAI NN R AIFLAENRIRET Ay nolEatiiely, the

precursor may be vaporized by passing a carrier gas into a container containing lthe precursor or by
bubbling the carriéfajadnat@r e srasisdsos THeleansectsd baazsresurdeparegriyidt®duced into the

reaction chamber @g:3 ¥ARRS 305 EEIRE AT IBAKIGIAR RIS ifbrs. The resulting
conceniration may range from approximately 0.05 M to approximately 2 M.
The metal source may include any metal pracursors now known or lafer
15 developed.

Aliernatively, the precursor may be vaporized by passing a carrier
gas into a container containing the precursor or by bhubbling the carrier gas
into the precursor. The carrier gas and precursor are then infroduced info
the reaction chamber as a vapar. The carrier gas may include, but is not

20 limited fo, Ar, He, Ny and mixtures thereof. The'preoursor may optionally
be mixed in the container with a solvent, another metal precursor,.or a
mixture thereof. If necessary, the container may be heated {o a
tfemperature that permits the precursor {0 be inits liguid 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 inte the reaction

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

chamber, Exemplary reactants include, without limitation, Ha, hydrogen



20limited to, Ar, He, N2,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 presstf& & Bhé&iner may be maintained at 25 temperatures in thET IR 5B example,
0-150C. Those skilled in the art recognize that theltemperature 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 to introduction into the reaction
30chamber, the precursor may be mixed with reactants inside the reaction chamber. Exemplary

~reactants incIude,C\gH%wﬁegxgﬁ&g%gi%Jggfﬁ%g% I%W&Q@(J@g%%%&g%wg&g% 11

containing fluids, alcoho ) a'l , metal precursors such as strontium-containing
precursors, bariuriUsonegi Al EUBCINENIRTH DFECEORRATNIRE HBCRBETDISIHERPTMA, and any

combination theregf Bienca-desisastsuthesiyausaniaining flmalsg somigingiexygen, such as, for
example and without limitation, Ru02, the reactant may include an oxygen source which is selected

from, but not Iimité}&etr&%& 03, H20, H202, acetic acid, formalin, para-formaldehyde, and combinations

thereof. 1GWhen the desiredsutheassneaontasng{iko alsoicgriainssitiogennsustygs, for example
and without limitation ruth'?nium nitr;de the reac a}nt magén%\l;&e znitrogen source which is selected
A

from, but not Iimit?H‘fB,%t 8&3&5@?%%\%%8% Hrgtlﬂ e @etﬁ% S@ﬁrmﬁ%s, hydrazine and
alkyl derivatives theckafe Mrconammrgpracicals dfosinstacices MearNBL i TERIER)ed©, R200NO2, amines,
and any combinatjon-thereof. nt ired ruthenum- ining_fil X ins carbon, such
as, for example arl%rav)\/ir:ﬁﬁij%’li?\néll a%o%‘t,‘gﬂ?ﬁgﬁ%%n}’%Er%{]é%%gd}éﬂggh?%%%%ﬁ%iugg%%arbon source
which is selected fregdiut not limited to, methane, ethane, propane, butane, ethylene, propylene, t-

10 When the desired ruthenium-containing film also contains nitrogen,
such as, for example and without limitation, ruthenium nitride, the reactant
may include a nitrogen source which is selected from, but r%&)t limited to,
nitrogen (Np}, ammonia and alkyl derivatives thereof, imines, hydrazine
and alkyl derivatives thereof, N-containing radicals (for instance N, NH',

15 NH2), NO, N,O, NO», amines, and any combination thereof.

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

20 butylene, isobutylene, 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, SiHa, SipHe, SisHs, TADMAS, BDMAS, BDEAS, TDEAS,

25 TDMAS, TEMAS, {SiH3)sN, (SiH3)0, trisilylamine, disiloxane, {risilylamine,
disitane, trisilane, an alkoxysilane SiH,{OR 4.y, a sitanol Si{OF){ORVuy
(preferably Si{OH)YORY); : more preferably SKOH)YOtBu); an aminosilane
SiH(NR'R?).x (where x is 1, 2, 3, or 4; R and R? are independently H or
a linear, branched or cyclic C1-C6 carbon chain; preferably TriDMAS,

30 BTBAS, andfor BDEAS), and any combination thereof, The targeted film

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



20butylene, isobutylene, 0014, 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, SitY#, BI3{B1%i3H8, TriDMAS, SOMAS, BDEAS, TDEAS, 25TBMABRHERRS (SiH3)3N,
(SiH3)20, trisilylamine, dislioxane, trisilylamine, disSilane, trisilane, an alkoxysilane Sild,(OR1)4.x, a
silanol Si(OH)x(OR1)4, (preferably Si(OH)(OR1)3 ; more preferably SI(OH)(0tBu)3 an aminosilane
SiHX(NR1R2)4, (where x is 1, 2, 3, or 4; R1 and R2 are independently H or a linear, branched or cyclic
01-06 carbon chain; preferably TriDMAS, 30BTBAS, and/or BDEAS), and any combination thereof.

The targeted film lternativel fal rmani i ich case e- WO
2011195116PC TR T Lo T e L o e e R ot
Ge-containing rea@@éEnt.  When the desired ruthenium-containing film also contains another metal,

such as, for example angiOuS UBLRURR. ol Aot R LT difofs M. Al S, Y, Ba

Ca, As, Sb, Bi, Sn, Pb, or combinations thereof, the reactant may include a second precursor

containing the mefagiaihausscandPresarivemay wE sl iatrtiom, bubnéfiiftkddto etal alkyls such

as B2H5, $bRI1.3 ot SnR44 (whereimeash & I'visgadependently Hiosq ineay; branched, or cyclic
C1-C6 carbon chain), 10metal alkoxides such as Sb(ORI)3 or Sn(ORI)4 (where each Rl is

independently H SR EHCBARERRY; BIScHRaE e B8 LiBUACAaRTO AR P IRESFAmines such as
Shb(NR1R2)(NR3Ré){¥Rb3ahomtsesNRHBAHNRIRAMNRERMEN BZ B8t eadhtbiR2, R3, R4,

R5, R6, R7, and R6 is independen ,aCl-C rbon.ghain,or.a trialkylsilyl group;- 15the carbon
Chain and ey SR B0 BILR B UGB AL et o 2 O BATALS SRR thereof

In one preferred dmmﬁiyﬁe meacl_iaaamagabermient@ammggﬁmmbnﬁmhemm, hydr_ogen (H2),
ammonia(NH3), silang (g died é/%%%%%@q@%?é@ dRReres ol e same, and mixture

thereof. 20In another preferred embodiment feactantm y be selected among,
independently H or a linear, branched, or cyclic C1-C6 carbon ¢hain), and

metal amines such as SH{NR'RZNR’RNNRRE) or :
Ge(NR'RPYNR*RAYNRIRPNRR®) (where each R", R?, R®, R*, R%, R®, R/,
_ and R®is independently H, a C1-C& carbon chain, or a trialkylsilyl group,
15 the carbon chain and tralkylsibyl 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 (H,), ammonia (NHs), silane (SiH,),
diethyisilane (SiEfH;), excited species of the same, and mixture thereof.
20 In ancther preferred embodiment, the reactant may be selecied among,
but is not limited to, oxygen (O,}, water (H20), ozone {Og), HyO02, NO, NOg,
carboxylic acids (RCOOH), excited species of the same, and mixtures
thereof.
The precursor and one or mare reactants may be introduced into
25 the reaction chamber simultanecusly {chemical vapor deposition)},
sequentially (atomic layer depaosition), 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 depasition]. 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



but is not limited to, oxygen (02), water (H20), ozone (03), H202, NO, NO2, carboxylic acids
(RCOOH), excited species of the same, and mixtures thereof. The precursor and one or more
reactants may be introduced into 25the reaction chamber simultaneously (chemical vapor deposition),
sequentially FatbHlé' 1834 deposition), or in other combinations. For exampte & B&2a%8or may be
introduced in one pulse and two additional metal Yources may be introduced together in a separate
pulse [modified atomic layer deposition]. Alternatively, the reaction chamber may already 30contain
the reactant prior to introduction of the precursor. The reactant may be passed through a plasma
system localized remotely from the WO 2011/132116PCT/IB2011/051588 13 reaction chamber, and

decomposed to radlca%llg.n Q}I';‘tea;?qgté\{e% Gtr&% Brecursor g)\argé)e |{1tro hjeced to tlheiﬁeactlon chamber

continuously whild GtRer hie ources are introduced by dﬁ?sse‘ (pu s’g&-{(': ernical vapor deposition). In

each example, a putseirsaynbeyfOEoneetby et jarihe orddizaccationsteptd mepuslevaxéess amounts of
the component intrg _ _ I ratime. pari nging from about
0.01 s to about 1(T)[5 g%@r%éﬁ%%?&%gn? ?b@ﬁ?%@%%@ggg%%@ fg%[g%%%@éﬁlgﬂ}%%sgbout 0.5 s to about

2 s. In one non-lindiip@siisrhplargasto Aiamier depdstion hipeplovess LI GtieRggpot phase of the
disclosed precursgyiz.ipiigrused iRt e EeaLtion chambrE WReLSHS ARG M4 suitable

substrate. Excess precursor maé:hen be removed from the reaction chamber by purging and/or

evacuating the rede@RCARGIREN SEUPLES R MROGSEEY MiERSPEREIGIERIFRE Afe it reacts with

the absorbed prequsos i3 atsait-HmiingtdeBanmIefir AN LBYCesSIXYeRaawee is removed from the
reaction chamber qz gur ingéz?d/or evac gtin the reagction chamber. If the desired film is a ruthenium
rG

oxide film, this twé Step” SR AYWILVide 10385 e film thickness or may be repeated until a film

having the necessary thickopsshhasitdin axainedn20nitemiatiee e fdbticesipeddfitroassa ruthenium

metal oxigig film, tgﬂee vapor phase of the disclosed precursor is introduced into the reaction
chamber, where it is contacied with a suitable substrate. Excess precursor
may then be removed from the reaction chamber by purginé andior
evacuating the reactor. An oxygen source is infroduced into the reaction
chamber where it reacis with the absorbed precursor in a self-limiting

15 manner. Any excess oxygen scurce 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
thicknass 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
meial 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 subsirate. 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



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 25precursor is contacted
with the subSHA® KHPd&cess metal precursor is Jemoved from the reactfST ERAMME R 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 30evacuating the reaction chamber. If a desired film thickness
has been achieved, the process may be terminated. However, if a thicker film is WO
2011/132116PCT/1B2011/051588 14 desired, the entire four-step process may be repeated. By
aemating the proVISOR oF 1S DI A Bra s oo 8 g 20 AL A (3F desirec

composition and thickiséss chiindereposite chathbpratheaiunsco teygiry fiorsarddiprsiesulting from

the 5 di ) incl R .  ordi il in th il
reiogpggzetisisby',él%@?aﬁdg@ﬁ%}i;%}] 7 ahd Hﬁi’&§ésé’9£1“9@%1é%%89  of ordinary skill in the art wi

of the appropriate precursor and reactants, the desired film
composition may be obtdifedutieRiampratainiTadifod swisyaisnamiting fexanipe is provided to further

illustrate embodin&g&g@gg%@y@gwam%gg, the axampleds not dntendestio he all inclusive and is

not intended to limit the scope of the inventions described herein, 15 Synthesis of
Ru(1-methy1-4-isGPPBIL -9k i Bisrakddicsenertss that Rydeeineosaiestian Hiififol) was mixed with
1-methy1-4-isopragyliegrisel ehexadisinentPindidRi She i #3iR00ma ebialeneounday milux for 17

hours. After reactiog, excgzss solvent and ligand molecule was
abtainedq.

10 ' Example
The following non-limiting example is provided to further illustrate
embodiments of the invention, However, the example is ndt intended 1o
be all inclusive and is not intended to limit the scope of the inventions
described herein.
15

Synthesis of Ru(1-methvil-4-isopropyl-1.3-cyclohexadiene(COY,

Ru3(CO)ly (10g, 15.6mmol) was mixed with 1-methyi-4-isopropyl-
1,3-cyclohexadiene (25ml, 8.15mol) in 200ml of toluene under reflux for
17 hours. Afier reaction, excess solvent and ligand mdoiecule was
20 removed under vacuumed pressure. Remaining liguid was distilied under
vacuumed pressure twice and slight yeliow ﬁcjuid was obtained,
70°C/20mmHg, as a final product (yieid ca.82%). As another purification
method, the product was separated by column chromatography (silica
gel, solvent hexane). Slight yellow fraction {Rf=0.7} was coilected 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-isopropyi-1,3-
cyclohexadiene}(COjs. The TGA results show good evaporation without

30 any residue at 20 Torr.



20removed under vacuumed pressure. Remaining liquid was distilled under vacuumed pressure twice
and slight yellow liquid was obtained, 70C/20mmHg, as a final product (yield ca.82%). As another
purification method, the product was separated by column chromatography (silica gel, solvent

hexane). SlighPyalibt4ttion (Rf=0.7) was collected and 25the solvent wAS BB V&N T der

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)(00)3. The TGA results show good evaporation without 30any residue at 20 Torr. WO
2011/132116PCT/1B2011/051588 15 FIG 2 is a graph of the vapor pressure versus temperature for

Ru(l-methy1-4-isopropyhleagic{‘igo%%}%éﬁdé?&eg(@ 3 gpe¥g§%%g?s{fj— ﬁg éga-gu%%:rm kJ/mol. 51t will

be understood that many ad anges in the details, materials, steps, and arrangement of parts,
which have been FexXdinrégdadribsd pradillusfratpeldnanaitefe kigshan ittt the invention, may

be made by thoseaﬁfﬂegﬁw ﬁh%%ﬁ ijgthe principle and scope of the invention as expressed in the
appended claims. Thus, the present. oinvention is not intended to be limited to the specific

embodiments in the examples given above and/or the attached drawings. 16 What is claimed is:
5 _ it will be understood that many additional changes in the details,

materials, steps, and arrangement of parts, which have been herein
described and illustrated in order {o explain the nature of the Invention,
may be made by those skitled 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.



1. A method of forming a ruthenium-containing layer on a substrate, the method comprising: 5a)
providing a reaction chamber having at least one substrate disposed therein; b) introducing into the
reaction chamber a vapor comprising at least one compound having the formula [Lk Ru(C0)3, wherein
L is selected from the group consisting of ethylene, propylene, butene, 2,4- pentadiene,
2-methyl-2,4-pentadiene, 1,4-pentadiene, 2,4-hexé iene, 2,4-hexadienal, 2,4-heptadiene, 1,4-
10dimethy1-1,3-cyclohexadiene, 1-methyl-4-ethyl-1,3-cyclohexadiene, 1-methyl-4-n-propy1-1,3-
cyclohexggienelamethyl-4-isopropyl-1,3-cyclohexadiene, 1-methyl-5-methyl-1,4-cyclohexadiene, 1-
methy1-5-ethy1-1,4-cyclohexadiene, 1-methyl-5-n-propyl-1,4-cyclohexadiene, and
1-methy1-5-isopropyl- 1,4-cyclohexadiene and mis 1 or 2; 15and c) contacting the vapor with the
substraté th fethedhé futhenumbeontairingifayelrpm at leabtione barfatewdtthesulistrate using a vapor
deposition process. 202. The method of claim 1, wherein the vapor deposition process is CVD and/or
ALD. 3. The method of claim 1, wherein the at least one compo d is selected from the group

congistiﬁé%‘f’ﬁﬁf‘@tﬁﬁﬂ%@%@}ﬁf N O AR GE8ASTEE0)3, Ru(2,4-pentadiene)(C0)3,

Ru(2-methyl2,4-pentadiene)(C0)3, Ru(1,4-pentadiene)(C0)3, Ru(2,4-hexadiene)(C0)3,

Ru(2,4-hexadignall () $e2eRM2 Saliepfad ?){&q}%@%lxeﬂgpdm%maﬁan&%%wﬁm)(00)3,
Ru(1-methy-4-ethyl1-1,3- pycl,ohexadlene)%:ﬁ )3, Ru(1-methy -4-n-propy1-1,3-0%%ohexadlene)(00)3,
Ru(1-mémyﬁ%@pr‘ﬁ’ﬁiﬁ%%fw@ﬁﬁ%ﬁi SJEDFS RS 8L SRty RS SoESEdtetie) (CO) 3,
Ru(1-metiny:Biai phtotyvt) clohexddienEJ(G0) 3R L-4tethyli&nn -hidpyidibrhic Y dldiapkdidrenb3¢C0)3,
an u(; | = 1,4 xadieng) exadiede 1T thod aim.1, wherein L is
Cic:%é:%%%)}y 1%’9%?@%%&%&118&&@&@6&1}%%% %%nggoc% %f%lgnnﬁmvﬁ;r?giﬁﬁgﬁejgaction chamber
containsBehEe P addsdyindrersory- 3-prlohrsiiacof E?ﬁfﬂ%’lls,%ﬁg?gh‘;tﬁécﬁ‘ﬁﬁd@ﬁoléiti on
process ispetitmet id-aypkdssutiena hgec iy hbowi 5D L Fori (b3 aiRa), to:dbowdt 103G -Fopr¢d33,322

Pa). 8. Irfcw%ﬁggd%glﬂ%swgleﬁein the vapor deposition process is performed in a temperature
range of about 10 C. to about 400C. 109. The method of claim 1, further comprising introducing a

reactant into the reac_tion chamber.
15 and

¢) contacting the vapor with the substrate to form the ruthenium-containing layer on at least one surface

of the substrate using a vapor deposition process.
20 2. The method of claim 1, wherein the vapor deposition process is CVD and/or ALD.

3. The method of claim 1, wherein the at least one compound is selected from the group consisting of
Rufethylene),(CO)s, Ru(propylene),(CO)s, Rufbutene),(COY;, Ru(2,4-pentadiene)(CO})s, 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,

25  Ru(2,4-heptadiene)(CQ), Ru(],4-dimethyl-1,3-cyclohexadiene)(CO);, Ru(1-methy-4-ethyl-1,3-
cvclohexadiene}{(CO),, Rﬁ(l—methy -4-n-propyl-1,3-cyclohexadiene)(CO};, Ru(1-methyl-4-isopropyi-1,3-
céyclohexadiene)(CO)s, Ru(1,5-dimethy-1,4-cyclohexadiene)(CO)s, Ru(1-methy-5-ethyl-1,4-
cyclohexadiene)(CO)s, Ru(l-methy-5-n-propyl-1,4-cyclohexadiene)(CO)s, and Ru(1-methy-5-isopropyl-
1,4-cyclohexadiene)(CO)a.
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4, The method of claim 1, wherein L is "C=~C—C==C" or "C==CoCH—C==C."

5. The method of claim 1, wherein the at least one compound is a liquid at a temperature ranging between

approximately -20° C. and approximately 100° C.



10. The method of claim 2, wherein the vapor deposition process is a thermal vapor deposition
process or a plasma vapor deposition process. 1511. The method of claim 5, wherein the temperature
ranges between approximately -20 C. and approximately 30 C. 12. The method of claim 7, wherein the
pressure range is about 0.1 Ton (13.3 Pa) to about 100 Ton (13,332.2 Pa). 20 13. The method of
claim 8, wherein the temperature range is about 237C. to about 350 C.  14. The method of claim 9,
wherein the reactant is a reducing agent selected from the group consisting of hydrogen (H2),
ammonia (NH3), silane (SiH4), diethylsilane (SiEt2H2), excited species of the same, and 25mixtures
thereof 15, The meth(o of claig1 9, wherein. the reactant is.an oxidizing a%ent selected from the group

consistifly SSRGS (T WatEITEB I} BI5HE Wa}?wt%b%? LA SIS ds (RCOOH),

excited species of the same, and mixtures thereof 30 16. The method of claim 11, wherein the

temperajuiig JagR3 RAWSED ARRLDXIRALEIY: & ditish AR QURAGNQG: preldnd REMGHhQM; Of claim
13, wherein the temgaerature range is about 50C. to about 300 C.
5 0.01 Torr (1.33 Pa) to about 100 Torr (133,322 Pa).

8. The method of claim 1, wherein the vapor deposition process is performed in a temperature range of

about 10° C. to about 400° C,
10 9. The method of claim 1, further comprising introducing & reactant into the reaction chamber,

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

a plasma vapor deposition process.

15 11. The method of claim 5, wherein the temperature ranges between approximately -20° C. and

approximately 30° C.

12. The method of claim 7, wherein the pressure range is about ¢.1 Torr {13.3 Pa) to about 100 Tomr
{13,332.2 Pa).
20

13. The method of claim 8§, wherein the temperature range is about 23° C. to about 350° C.

14. The method of claim 9, wherein the reactant is a reducing agent selected from the group consisting of
hydrogen (H,), ammonia (NH,), silane (SiH,), diethylsilane (SiEt,H,}, excited species of the same, and

25 muxtures thereof,

15. The method of claim 9, wherein the reactant is an oxidizing agent selected from the group consisting
of oxygen (O,), water (H,0), ozone (O,), H,0,, NO, NO,, carboxylic acids (RCOOH), excited species of
the same, and mixtures thereof,

30
16. The method of claim 11, wherein the temperature ranges between approximately -20° C. and

approximately 0° C.

17. The method of claim 13, wherein the temperature range is about 50° C. to about 300° C.



