Precursors having open ligands for rutheniumcontaining filns deposition
The invention relates to ruthenium precursors for rutheniumcontaining 5
filmdeposition which are useful in sem -conductor fabrication. Background
Rut heniumis one of the nost promsing materials for capacitor el ectrodes
for the next generation DRAM devices, as well as for barrier and/or seed

| ayers 10 between a copper layer and a Lowk dielectric |ayer. Now, high
di el ectric constant (high k) materials such as al um num oxi de( A1203)

t ant al um pent aoxi Ta i de and rel at ed terials, or Barium
Strontium Ti tanatlgej%ggﬁ ? %‘n%g%e3q}gﬁ'%sc1§bE‘btP‘E'BPmcFQWE“‘%gE’EWPB’PB‘HbSs uses
tenperature up to 600C. At such tenperatures the oxidation of polysilicon,
silicon or alum numoccurs |eading to capacitance |oss. 15 Ruthenium as

wel | as rutheni um oxi de, have both hi gh oxidation resistance and high

el ectrical conducti vi (T imroticanlale tolsebenatn precapas iftrofuttehiest sdeniand an
theniumis al so used as a

effective arrd. er i ffusion

gate net al 1?’ i gﬁﬁ‘ﬁ@llﬂ mﬁ)?%lg'é&léaﬁrale‘éon ‘fcfom%%b“é%ginl y dry etched by ozone
or by plasm technl gues W|th oxygen, which is not the case of platinum and
ot her nobl e netal conmpounds. 20 Rut henium nmay al so be used as a barrier

| ayer and a semgé-wé!ﬂto separate a lowk material |layer froman

el ectrochem cal |l y depRﬁihEzﬁQm%Od?ﬁ%%the'}@d%’ %rgfﬁe n%rn?ﬂérz ﬁﬁ%ﬁggﬁ{ﬁ elg&%%esb een

suggested to be used for ruthenium or ni-fum oxi oSition:
Bi's(et hyl-cycl oﬁéﬁb‘-ﬁd@@rgymfarmmﬁé&AMnﬂewqeRw(smrﬂb)sQfox batrice aoai/odsesﬂdhyee;d ina

sol vent (e. fre en u recursor: |t
is |iquid é? r%&;&#&?‘gy %ﬁér‘iéﬁ?%ﬁd 3 W'k Jgper B@%siﬁ%?‘@% cg%icm"ﬁ)"é?“rmﬁtt 75C.
" Ru .or RuO2 fil ﬂwghak)emausnat |sgrchdapmnmed1 maaogam(by) Sarfiles WeaRbxioy MDAt

t enper at ures t.ween 300C,t 0400C, a rer cently by A" lLayer
" Deposi tion (AU ‘“‘i‘]s".’“%ia ‘?‘F%@erglﬁ’ggg?r% tregipehisRarE SR erssedii ch has

a nel ting . poi ndapavitotiedls Zﬂ@ﬁe préced B6s RAGeraBid ﬁj* to@@@@ﬂ@c‘%‘dﬁl?&ﬁ%elfa{ﬁ&uem ly
used to dep osuﬁ1 Ru.or RuC2 in the same range of tenperature as Ru(EtCp)?2,
with the same Pegefalep of polyeiligoneilioanrer aipminym oerursdeashingdio sapaciyncatdseni um

[ Ru( QD) 3] , 1swhi gilhdnfunh, la@l Wkl afdbui RO oxide, have both high oxidation resistance and high
electrical conductivity, and can be used as a capacitor electrode and an effective
barrier against oxygen diffusion. Ruthenium is also used as a gate metal for
lanthanide oxide. Besides, it is easily dry etched by ozone or by plasma techniques
with oxygen, which is not the case of platinum and other noblé metal compounds.

20. . Ruthenium may also be used as a barrier layer and a seed layer to separate a low-k
material layer from an electrochemically deposited copper.
Many different precursors have been suggested to be used for ruthenium
-or ruthenium oxide layers deposition: Bis(ethylcyclopentadienyl)Ruthenium,
[Ru(E{Cp),], pure or dissolved in a solvent (e.g. tetrahydrofurane) , is frequently
25 . used as a precursor: It is liquid at room temperature, with a vapor pressure of 0.1
Torr at 75°C. Ru or RuO, films are usually deposited using this precursor by CVD at
temperatures between- 300°C to400°C, and more recently by At%m’ Layer
Deposition (ALD), using oxygen as a reactant.
Ruthenocene(RuCp,) which has a melting point around 200°C, is also one
30 of the precursors frequently used to deposit Ru or RuQ, in the same range of
temperature as Ru(EtCp),, with the same reactant, by CVD or ALD.
Tris(2,4-octanedionato)ruthenium [Ru(OD);], which is liguid at room

temperature and has a vapor pressure of 1 Torr at 200°C is also used as a precursor




tenperature and has a vapor pressure of | Torr at 200C is al so used as a
precursor 2 by CVD deposition in a tenperature range around 300C.

US- A- 2004/ 0241321 di scl oses "sandw ched" precursors, i.e, with the

rut heni um at om centered around two of these Op ligands. 5 US-B-6.605. 735
di scl oses "hal f-sandw ch" precursors with the ruthenium atom centered
around one Op ligand and one cyclic-type fcycl opentadi enyl for instance)
—}-i-gand (The nol ecul e, whatever the structure, has 18 electrons (8 fromthe

Ru, 5x2 fromt s thus stable,. 1Q There are several issues
for the man skhﬁ(fgﬂagpfﬁ% &%fc{ﬁﬁgﬁmﬁé%.ﬁfﬁuﬂi},@ CRu or RuC2 layer or film
on a substrate: (a) the poor adhesion of such layer/filmto the substrate;

(b) the presence of i Htlf@ in the filmdeposits on that substrate: the
presence of inpureti SHIBat pitslosss TRRdehsdsirreyromy des iiBr@ases t he

resistivity of rdiRenifihlai®n cehfRrddlabRind WP RLE B 1i3MR. as oxygen, hydrogen
and/ or fluorine are sonetines 7gresent in the ?05| tied | ayer, depending

on the precdrsor conpdsi-BitehPs.78¢ yiselpzes dledlf- saed\y/lcl@) I‘@W@SORJW@‘I the uvtbavunpr oduct
may not be easYaontUenikBd thfinl We @IE ?1§andp51ﬁis £ c?lf - %i%lg%e%?aﬁleﬁgr f%¥ whi ch

are sonetines solid, alsoralse rns
" Ru(Et Cp) 2: Thi snatalﬂe@ti&aild)ﬂhbinmecuhywbzeeveedﬂ(smbuhy hasﬂﬂgleoﬁ@ml%&@dnpde (Et Cp).

A sputtering degpo i on or Rudep03|t|on|s somnet i mes
SN Sl Y B g e

necessary to avo the initial stage of the growh
when using Ru(EtCp)2 (e) sorre precursors have a very low volatility which
decreases the depositi eed of thteﬂlprocess 25 Rutheniumfilns are

of ten deposfted on oxb‘ %rﬁa ¥erph ey for thsnan sigllpd 1athe it whengdaposing pur e

~metal, ~such asRiarRuOJRANr of ifn U8 8 s@sirfXygen as a co-reactant is therefore
undesired as it results in the partial oxidation of the underlying Iayer.

Di scl osure 30 @%r@P@?WQ?@WM@W@W? the subsisaigand ot her) issues are
sol.ved by the ) §he presence of impurities in the film deposits on that substrate: the presence of

- impureties such as carbon in the deposited layer increases the resistivity of the film.
15 Other impureties such as oxygen, hydrogen and/or fluorine are sometimes present in
the depositied layer, depending on the precursor composition.
(c) the delivery of the Ru precursor product may not be easy, due to the low vapor
* pressure of these precursors, which are sometimes solid, also raise concerns.
{d) the incubation time of Ru(EtCp),: This incubation time may be reduced by using
20 Ru(dmpd)(EtCp). A sputtering deposition seed layer before Ru deposition is
sometimes necessary to-avoid this incubation time at the initial stage of the growth
when using Ru(EtCp),
. (¢) some precursors have a very low volatility which decreases the deposition speed
of the process.
25 . Ruthenium films are often deposited on oxygen sensitive surfaces made of
nitrides, or pure metal, such as Ta or TaN. The use of oxygen as a co-reactant is

therefore undesired as it results in the partial oxidation of the underlying layer.

Disclosure ;

30 According to the invention, these (and other) issues are solved by the use
of ruthenium precursors for ruthenium containing film deposition selected from the
_group comprising: Ru(XOp)(XCp), Ru(XOp),, Ru(allyl)s, RuX(allyl);, RuX(allyl),,
Ru(CO)y(amidinate)y, Ru(diketonate),X,;, Ru(diketonate),(amidinate),  their




of ruthenium precursors for rutheniumcontaining filmdeposition sel ected
fromthe group conprising: Ru(XOp)(XCp), Ru(XOp)2, Ru(allyl)s3,
RuX(allyl)2, RuX2(allyl)2, Ru(COx(am dinate)y, Ru(diketonate)2X2,

Ru(di ketonate)2(am dinate)2 their 3 derivatives and any m xture thereof.
The precursor used nay be a m x of open and cyclic ligands or direct bonds.
The cyclic or nore generally "closed" ligands are rings conprising between
| 2 and 12 carbon atons. Preferably, the precursor used shall have doubl e
- bonds which in%g‘%%geénﬁhe stg‘?i !hit}{f of such precursor. However, the
" precursor may have posst BRYTRaEVE™{§ car bon doubl e bond if desired-diene,
l—t ri ege, -tﬁt raene, Tie Iﬁédﬁﬁ;bﬁﬁse@@ﬂijl%? ﬁlﬁﬁofl@g&dandic@&icﬁigldn(ﬁ%’rﬂfrgd’tﬁbﬁc?é,

i gands such. as, cycl.opent adi enyl, cyclohexadi ene, cycl oheptadjeny],

nor bor nadi‘ene, sfé‘f/é%&e*f ‘&ﬂ‘ieegﬁ%ff;‘dycy"@F“(S‘oé‘E%Idéf“ieé@E%CW‘S% bgiesen 2 andl2
Preferably, at cﬁlﬁ%it@m@@?efﬁﬁblknﬁe.ﬁ%&&? uf QM1 e HOBIEOIIORARLH il gands

preferably all of them may independently be bounded w th nol ecul es sel ected
-~ from t he gr dup thecsabpity of sughmrecatsiy Hogevaupbe preasyr, mpehfve posstidahbemogr oups

o (OXF(2x+p, C<16 ' - al tl r - i ve the
‘characteristi c_saﬂc)) 8 ?ﬁgg%r?%?g%%?lg%sﬁ&& Q%{fﬁg ?egléa[%f ?ﬁglmit‘diaﬁa%r%u%{%m%éd?npr ove
reactivity of tis®agrecursors according to the invention, it is preferred

It
to select those pre 0 havi ng one,or several n-|igan volatility
Wi ll thereby incr eagl%fémﬁi ylahgt% t atWng *r e%’ﬁﬁ’gafﬁ%ﬁ%{% k%ﬂfﬁwg%&“&aml e

. to have a - hi ghetohsthdinyl;i daybdritdnt dyeloo@idiaiyh Bt RbEthGrRaaPeyNsS usedhe

melting point of _th vari ous npounds exenplified herei nbelow is | ower

‘than 1500, 1 n ﬁ?&éﬁﬁ& 8 16%%&“2@? BREaeY Hoer 9£r‘ﬁﬁget°éﬁ3%_ég@€f)6@feﬁb§halk?fanber.

. Preferably, t h@efehhy Hﬂie@&id@ﬁtgﬂi)e Bouitlel CHETS Ghol@utl icd@d Rorh e | JiypNT i ON
shal | be at nost equal to 100C and nore preferably, at nost equal to 500C
“or even bel ow FHHESEE nfbe ply L geoupo (GF 16wperilgoroepehdny groppsa §Cd dxi g UEEL6). The hi gh

reactivity of SWGH RLEGMESSF aﬁﬁ@gﬂ@q @g{ hERAbAYL bR AR % gr> and

less filminpurities.” The hig e precursors according to
the: molecules or of the resulting films. :

15 - To improve reactivity of the precursors according to the invention, it is

preferred to select those precufsors ‘having one or several open-ligands (volatility

will thereby increase). Allyl containing precursors are known for example to have a

higher volatility than other organometallic compounds. The melting point of the

+ various compounds exemplified hereinbelow is lower than 150°C, in order to eése

- 20 . the delivery up to the deposition chamber. Preferably, the melting point of a

' precursor according to the invention shall be at most equal to 100°C and more

preferably, at most equal to 50°C or even below room temperature to allow its
delivery as a liquid.

The high- reactivity of such precursors enables low temperature deposition

25 and less film impurities. The high volatility of the precursors according to the

invention also provide high deposition rates and allows no heating of the delivery

lines of the precursors. The stability of these precursors comprising molecules with

- an outer shell which is electronically filled is also improved. Finally the precursors

according to the invention reacts with hydrogen and not oxygen(as those of the prior

30 aft), which will prevent them from generating oxygen-containing interface layer

between the ruthenium film and the substrate.




i nvention al so provide high deposition rates and allows no heating of the
delivery |lines of the precursors. The stability of these precursors
conprising nolecules with an outer shell which is electronically filled is
al so inproved. Finally the precursors according to the invention reacts

wi th hydrogen and not oxygen(as those of the prior 30 art), which wll
prevent them from generating oxygen-contajning interface |layer between the
rut heniumfilmand the substrate. 4 Detalled description of various

enbodi nents: |_ - Descrlptlon of various conpounds a) Conpounds i ncluding

 Ru( Me20p) ( Me20etailgddesorintion 9byarions gmbpdimentSher al | y t he rut heni um conpounds
of the fornul a I@M@ﬁ%ﬁ@ﬁ%ﬁ@%@@@g%mﬂ oQp), wherein R to RIOare
i ndependent |y selecte rom roup conprising H d-Cl2 |inear,

branched or cyd)i €ompeynil inoludina Rvovie.Colblarsp) (GEHEFIC formul a. CxFI2x+q,
C<16) and, R to RS %nggfecéﬂts&g%lﬁtmgrg ge%%ral A?ﬁYIL F%@o‘ﬁ@ﬁs ofIH?efoﬁﬁlﬂg tivity
a drenyl Frgan

of these. precursors erred to as
@, i's increas ddl(R;R}ﬁ&Rgtﬁ)ﬁ{ﬁRHQRgIeahp); Whérym(ﬁl 1RR( Eiriy2pendbalygeleeed 10

Count or parts, 4 PR rpieREdh (o-C HolBPo et oo RETHBRETCe

~...ligand) is i nf‘g&@@gweneﬁc%xﬂ{uwcngx%mle aff, RihioSRS YB@p@ingDhCIeabt $06S |1 S
(1,3- d|nethylcyclopentadlenyl) (2,4-di net IpentadlenyI§ ruthenlun1 15
©(1,3- Me2Cp) ( 2, Anaiwbepys- &he lfeétﬁw&eﬁ%is prf‘év@vrﬁb@vedwt eTPS Potasdisny Sligand.s o

cost-effective Qi @.as Wpels§AS edst FodnPARU]S BRI acwm(ﬁ% 4. MaORdowth

(et hyl cycl opent adi enyl) 4-di met hyl'penta -dienyl’) ruth eni um nade of
et hyl cycl opént &t¢ erfethp sﬁlah ihigasithen thienbeabd with RakEtRekert RalMeep)a

rel ativel y hi 9% APl a i g%uﬁlgg)( ?ﬁl%u{&dthg p]resteﬁ) e 0135 nzég)rﬁac 1‘/? g?rplz 1:5 eve

that the |nprove bett'er choice In roup (the
presence of Meincrasedad of Et) and to a better selection-of the place of

_ mlel 2I I%I(lgrzo:\)/gzgﬁ)r |nst ncg) exgmple O%Op)chlsl S reportfe precurs(t))rs a. I|qU| d

{1 3-d1methylcyclopentadlenyl) (2,4-dimethylpentadienyl) ruthenium,
15 (1,3-MexCp)(2,4-Me, Op) as represented hereinbelow. This precursor is a
cost-effective  liquid,, whereas its  counterpart  Ru(EtCp)(2,4-Me.Op),
(ethylcyclopentadienyl)  (2,4-dimethylpenta -dienyl) ruthenium, made of
ethylcyclopentadiene is an expensive chemical. It kas nevertheless a relatively high
"vapor pressure (around 0.1 torr at 75°C). It is believe that the improvements are due
20 . to a better choice in the alky! group (the presence of Me instead of Et) and to a better
selection.of the place of the alkyl group (for instance, Ru(1,3-Me,Cp); is reported to
be a liquid while Ru(1,2-Me,;Cp); is solid).

Ru

Ru(1,3-Me;Cp)(2,4-Me,Op)

25 . b). Compounds including Ru(1-EtOp)?2
The general formula of this family of compounds s
Ru(R1R:R3R4RsOp)(RsR7RgRoR19Op), wherein R, fo Ry are independently selected

from the group comprising H, C1-C12 linear, branched or cyclic, with a carbon chain




ee RuM M Ru(1,3-M2C)(2,4-M20p) 25. b).. Conpounds including
Ru(1l-Et Op)2 The general fornula of this famly of conpounds is

Ru( RLR2ZR3R4R5(p) ( RER7TRBROR10(p), wherein R, to R13 are independently
selected fromthe group conprising H d -Cl2linear, branched or cyclic,
with a carbon chain 5 on at |east one of the termnal carbons (i.e Rl, RS,
R6, R o) and perfluorocarbon groups (CGeneric formul a CxF(2x+q, C<16). As a
speci fic exanple, Bis(1-ethylpentadi enylr%er ut heni um (as represented

herei nbelow) is |iquid because of the specific position of the alKkyl
groups on the tf’élrﬁtg%ﬁsbﬁ@q ofathe tereenal carbepise(ie \Fol Bt.iRe Byo)@ndhvalrﬂmmmhorr el ated
. precursors. ARy die r ut u onpo sol a

dr awback vvhen %pée&/ |SQCO§§?@% ed‘wgt aé;fi% Ig)P‘gngt Eglﬁca eﬁ‘é‘tnpfg’r

-di sposi tion of Hlﬂéewwtadlgw@uphenamh@ncqsesbﬂtted hereipbaldvieis liqhidtHeeayps ef ur sor

the nelting p t recurs ui d
“Bi s 1- et hyl pen'(t%lea pem@‘f f))OSl ?ﬁuﬁ&yg%m gl?r?ﬁga lﬁ@tlﬁl&{lhag é‘&lf'tR‘;lg Am)ng
t he open- cycl eshdnikgawalsclatédigreairioys. Bhd(g&ﬂﬁneﬂ%dﬁiadieﬁylﬁutﬁer&hﬁ@El’hﬁcﬂmdGH"'Or

. group to the netall organi | ex. The use of allyl conmpounds provides
~hi gher * 'vapor lléLsBufi woR Bg{)ﬁ%lt"ﬁfygésnﬁ?f’étdﬁ‘lem an%ﬁﬁf‘@kd’@“ﬁﬁd abl?eittﬁfgs

- higher volatil |dls)ﬁos‘itﬁm drie: £Ilé)ﬂ|ﬁg%ﬂp%iﬁcb§ﬁ1@bto\bleﬂ1epﬁﬁﬁ9 bRBhrsort Wet 8
‘this aIIyI contalning c ex can be wused with hydrogen as a co-r act ant
“to formrut henPﬁlﬁtfﬁﬂPCﬁ?aS%ﬁﬂldéhedKW@ﬁr isdiqeideded for other organonetal lics.

This will allow deposition of highly pure netallic

10 ' /

Bis(1-ethylpentadienyl)ruthentum

c) Compounds including Ru(allyl) ,

Among the open-cycles. ligands, the allyl ligand, C;Hs, is a 3-electron donor

15 group to the mefallorganic complex. The use of allyl compounds provides higher .
- vapor pressure than other organometallic complexes and brings higher volatility to
- the ruthenium tris(allyl) precursor. Furthermore, this allyl-containing complex can be
used with hydrogen as a co-reactant to form ruthenium film, while oxygen is needed
for other organometallics. This. will allow deposition of highly pure metallic
© 20 ruthenium films without oxygen impurities. Not only oxygen will be absent into the
ruthenium film, but also.it will not react with the substrate, preventing the creation of
an undesired oxide thin layer that degrades the device’s properties. The high
reactivity of the open-cycle allyl group will enable the use of low temperatures
depositions with high purity. Particularly, the invention relates to tris(allyl)
25  ruthenium compounds of the formula:
(RiCHCR2CHR)(T,CHCT,CHT;)(W;CHCW,CHW3)Ru, wherein Ry, Ry, Rs, Ty, Ta,
T3, Wy, W7 and W3 are the same or different, independently selected from the group




““gel ect'ed from CHEPYRELH ¢

20 rutheniumfilnms w thout oxygen inpurities. Not only oxygen wll| be
absent into the rutheniumfilm but also it will not react with the
substrate, preventing the creation of an undesired oxide thin |ayer that
degrades the device's properties. The high reactivity of the open-cycle
allyl group will enable the use of |ow tenperatures depositions with high
purity. Particularly, the invention relates to tris(allyl) 25 ruthenium
conpounds of the formula: (Rl CHCR2CHR3) (‘'TI CHCT2CHT3) ( WLCHCW2CHWB) Ru,
wherein R1, R2, R3, Ti, T2, T3, W, W2 and WB are the sanme or different,

i ndependent | y sempesieg H; r%ﬂ%éln@ro@@ﬂ@edc@nﬁﬂlgi iyl perflaprocarbor) igrrapy |
branched or ‘Ebbﬁ‘er Q‘F&gnuﬁ)aeb kMol Oéé‘ﬁsgg@?rg éa%Hi%ﬁlari§ Cﬁ@&ﬁéo?s Ef’fh@%@en%ﬁ 2X+4,

' C<16) Mor e partl cu rectr Sor's I nvention
tri s(1- et hyl alcbmpiisesit hens(dﬂnethylalbﬂ)mﬂnmmnyl alﬂixBﬁnaﬂtﬁlﬁM)MQnm and

tris(2-ethylallyl)ruth recursors ter bein d O her
Sereerron’ 5 adih oA REIRTRENS BEBRE dle e b acfori® et T
-cl'osed st r uGt udenorPig@ds Gintg: coﬁ@aaaai,lmdﬁ;dmg sbri€hGRREr ddsell otiwsiire, pr)Iﬁmg wher e

n is the nunber of Ilgangfb being a 3-el ectron donor ndeEendentIy

ai#ﬁéuh RuXa whero n|i§ fhe Zumber of figARds: Bt el i c.

-As an_exanpl e g¥gh cap%tegtmﬂ d&ﬂﬁn aﬁﬁﬁhy aéi%uedlﬁmhrﬂhé(g%dpvl:alﬁ;sﬂsh%nnum d)
Corrpounds i ncl udi hg RuX( aII 2 AI group and its useful properties can

al so ‘he conbi'néd- %%tlwefﬁm gupelic. Ai@%ﬁ%%@‘%@é@%%ﬂ@éﬂlﬁﬂ% of the
tris(allyl)rutheniumdisclosed hereabove, one allyl group is substituted
by a group conprising a 4 electrons donor. This 4-electron donor wll
enhance the stability of the nolecule as an 18 el ectron conplex is forned.
More particularly, the invention rel at%ﬁo Bi s(al |l yl ) RuX conmpounds of the
fornul a: (Rl CHCR2CHR3) ( TI CHCT2CHT3) RuX erein Rl, R2, R3, T1, T2 and T3
20 are the same or different, independegpt]y, sel ect ed fromthe group
conprising H Td-Cl12 |inear, br anched Q{ c?% iC. Per f | uor ocar bon groups
(Generic-formul a e

10

tris(allyhruthenium

d) Compounds including RuX(allyl),

. Allyl group and its useful properties can also be combined with other groups.
15 From the base structure .of the tris(allyl)ruthenium disclosed hereabove, one allyl
group is substituted by a group comprising a 4 electrons donor. This 4-electron donor

- will enhance the stability of the molecule as an 18 electron complex is formed.
- More particularly, the invention relates to Bis(allyl)RuX compounds of the
formula: (R{CHCR,CHR;)(T;CHCT>CHT3)RuX, wherein Ry, Ry, R3, T1, T2 and T;
20  are the same or different, independently selected from the group comprising
'H,C1-C12 linear, branched or cyclic. Perfluorocarbon groups (Generic formula
CxFox+1), C<16), X being selected from the group comprising cyclooctadiene, aka
cod, cht, or butadiene, amidinates or any other 4 electrons donor ligands. Among
such precursors, the following compounds are preferred tris(1-methylallyl)ruthenium,
25  tris(2-methylallyl)ruthenium and tris(2-ethylallylyruthenium PreCursors,
Ru(allyl),(cod), as well as bis(2-methylallyl)(cod), are already knows as catalysts,

not as ruthenium precursors for film deposition.




CxF(2x+l ), C<16), X being selected fromthe group conprising

cycl ooct adi ene, aka cod, cht, or butadiene, am dinates or any other 4

el ectrons donor |igands. Anmong such precursors, the follow ng conpounds
are preferred tris(l-nethylallyl)ruthenium 25 tris(2-nmethylallyl)ruthenium
and tris(2-ethylallyl)rutheniumprecursors. Ru(allyl)2(cod), as well as

bi s(2-methylallyl)(cod), are already kno as catalysts, not as ruthenium
precursors for filmdeposition. 7 HH C CCH 12 /CGCCCC~ M H2 H
Me bi s(2-nethylallyl)(cod)Ruthenium e) FMSaIIyI)Z X2 5 The formula of this
, famly of precursors can be witten &s=¢ '

Ru( Rl HCHCR2CHR3) ( RAHCHCR5CHRG) X2, wifth R, to to be independently

sel ected fromthe group conprising H Cl{Cl2 |{inear, branched or cyclic,
and a per-fluorocarbon group (genekic fjormu CXF(2x+t), C<16), X being be
selected from the group conprising 2- ron donors, such as carbonyl,

CNR, R being an |low 10 grade al kyl group|/(C<4), and ethyl ene
(R7RBC=HCRORI 0) . For exanpl e, dicarbonyl} bis(r13-2-propenyl)ruthenium is
a pale yellow liquid. The electronic fhef | this famly is full with 18
el ectrons, ensuring the stability oﬂésﬂéﬁ\pgggursors. Vapor pressure of
car bonyl- cont ai ni ng conpounds is u 4.y hi=gh-._The precursors of this
family are thus stable, liquid amd higfity %ol atidke. 15 CO Ru \C-

bis(2-methylallyl){(cod)Rutheniom

e) Ru(allyl); X;

5 The formula - of -this. family of precursors can be written as:
Ru(R;HCHCR,CHR;}(R4HCHCRsCHRg)X,, with R; to Rg to be independently
selected from the group comprising H, C1-C12 linear, branched or cyclic, and a
perfluorocarbon group (generic formula CxFax+1, C<16), X being be selected from
the group comprising 2-electron donors, such as carbonyl, CNR, R being an low

10 grade alkyl group (C<4), and ethylene (R;RsC=HCR9R,). For example, dicarbonyl
. bis(ns-2-propenyl)ruthenium, is a pale yellow liquid. The electronic shell of this
family is full with 18 electrons, ensuring the stability of such. precursors. Vapor
pressure of carbonyl containing compounds is usually high. The precursors of this

- family are thus stable, liquid and highly volatile.

RN
' “co

bis(allyl)-dicarbony! ruthenium

15

f) Ru(CO)x(amd),
20 The use of amidinate ligand, whose general formula is R;CNC(R’)NCR,,
generates usually good quality of films from precursors containing this ligand. Bach

radical R; (Ry, Ra... R’,...) is selected from the group comprising C1-C12 linear,




bi s(al lyl)-dicarbonyl ruthenium f) Ru(CO x(and)y 20 The use of am di nate
| i gand, whose general formula is RICNC(R )NCR2, generates usually good
quality of filnms fromprecursors containing this ligand. Each radical R
(R, RR... R,...) is selected fromthe group conmprising C-Cl2 |inear, 8
branched or cyclic, a perfluorocarbon group (generic fornmula CxF(2x+q,
C<16). The resulting precursors are volatile and stable. Besides, tests
have shown that substantially no inpurities were present in the resulting
films, thereby generati nq. high purity rutheniumfilnms. The conbination of
“the properties Bnchesoreiliss pasrdusrogareimeronn (generie faoulpy Gxfexan 516k The gh
volatility ena . 1,0 l.ati / r , N i qui d;
st abl e, gener a’? F%gln%oa/ﬁie&ﬁ%alﬁér)ia?‘% e@%@fﬁ%téﬁﬁ? n%e E:egir? h%&”‘glﬁb%& igl%alltjt ed in
the fornul-a by sabstantigty 2o éhritico wettopresentsincthe assukting yilenethertREREE=GRYRS) . R

R3 NJJJ(r R2 10.EX l e, of an.amdinate.li.gan RL R .l - Co../ R3 CO
R. 1] Re 15 TRCE BrahaRav ey o el eSS Rt aopri e A G, as
- guadi m-nat e sandr@pnwitiethe A igthap afd &8 hipardoldilityt di@bles to get volatile precursors,
some of them being liquid, stable, generating low impurities content films. CO can

be substituted in the formula 'by another 2-electron donor such as ethylene
(RsR¢C=CR7Rgs).

10

Example of an amidinate ligand
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Ru(CO)s(amidinate), molecule

Similar ligands are known, as guadiminate and can be considered as part of the
amidinate family and thus apply to the previous example, It is in fact based on the

20  skeleton of the amidinate ligand, but the R’ group is a ligand of the formula N-Z,7,,




amdinate famly and thus apply to the previous exanple. It is in fact
based on the 20 skeleton of the amdinate ligand, but the R group is a
ligand of 'the formula N-Z1Z2i 9 where Zi is independently selected from
the group conprising C1-Cl2 |inear, branched or cyclic, and a

perfl uorocarbon group (generic formul a CxF(2x+q, C<16) zi _ Z6 Rr R6 Z2-N
f NN- Z5 N NN R 3/ ~ R q Ru 3-N R4 Z4 5 Ru(guadim nate)3 g)
Ru( di ket onat €) 2X2 Thi s fanlly of rutheni um precursors, under the generic
formula Ru(di ketonate)2X2, is conposed on one hand by di ket onate groups,
which is 10 coviste Zuteddopendendy, sekected yiram ébeogetue, confpaising Cl -C12 linear,

. hexaf | uor oacet tetrafl uoro acet 0

octafluorohEXa %%ﬁ%?gpg%%8”$dﬁgmpagpﬁ%ro ﬁgglvl%c ane oﬁﬁp &gﬁRHD

t et ramet hyl hept di onate, and DNHD dlnethylheptadlonate. The X conplex is a
2-el ectron donor (CNR or ethy%ene (R5R6C;CR7RS) roups for exanple). No
carbon neither fluorine |npur|%|es atie 15 rep inthe final filns.

- Besi des, these nolecules amemaiso thermal |y skableubekgw 180C. R7. /g OHC

OQ_Z~CH H
R /,_,,,w

3

Rsx _,/“

—

A w

28 — N )
AY R4
Z4

‘5 Ru{guadiminate);

2) Ru(diketonate); X,
This family of - ruthenium = precursors, under the generic formula
Ru(diketonate),X,, is composed on one hand by diketonate groups, which is
10 . constituted by ‘acac, acetylacetonate, hifac, hexaﬂuoroacetylacetonate, tfac,
tetrafluoroacetylacetonate, ~ofac, octafluorchexadionate, fod,
heptafluoro-dimethyloctanedionate, TMHD, tetramethylheptdionate, and DMHD,
dimethylheptadionate. The X' complex is a 2-electron donor (CNR or ethylene
. (RsRgC=CR7Rg) -groups  for examplé). No carbon neither fluorine impurities are
15 . reported in the final films. Besides; these molecules are also thermally stable below

180°C.

ol
gl

R2 X R4

20 Ru(diketonate),X, family of precursors




R2 X R4 20 Ru(di ketonate)2X2 famly of precursors 10 h)

Ru(di ketonate)2(am dinate) This famly of ruthenium precursors, under the
generic formula Ru(diketonate)2(am dinate), is conposed on one hand by the
di ketonate group, which 5 conprises acac, acetylacetonate, hfac,

hexaf | uor oacetyl acetonate, tfac, tetrafl uoroacetyl acetonate, ofac,

oct af | uor ohexadi onate, fod, heptafluoro gli et hyl oct anedi onate, . TMD,

t et r amet hyl hept di onat e, and DIVHD, dlnethylheptadlonate and on the ot her
hand, by the am di nate group whicxh can also be substituted by the
guadi m nate |igand. Besides, these nolecules are thermally 10 stable bel ow

180C. i) 0O add Anot her fam |y of precursors accordi ng
to the inventio |§d§§§éﬁgﬁgﬁﬁ% onsisting of the addition of an : oxygen

.~ atomto a cycloheThdléhwﬂylm@amdhmﬂhhs;x&ﬁmmmjenmke h&:ag&wﬁbedbmmmxdonor

Csimilar to cycl tad entadl | i chem cal nula of
“““this nemlllgan&8@§ Eﬁ%q#gﬂﬂﬁ @%E%&ﬁ%ﬂ%ﬁ%%ﬁ@ﬁ§@ﬁ@nmﬁﬁ“WB elng '

- i-ndependent lsy S:Gﬂnpl@dee df scaen t h&:t}@id@ﬂﬁate COMmadcl SiitgafthoroaCdtyladetonatel Nefc,
branched or CyC|I§ and rfluorocarbon groups (Generic formla CxFt2x+q;

< C<16). It is ofiRHA H@“?% acefandtian ski [9f&d in tﬂEﬁQPFﬂWﬁ%Hm@@ any of%er

.. groups or speCIhgﬁaﬂda%Ldlﬁemwmtaﬂ&ﬁ&@&e ’Itl\h’ﬁDV@étﬁHeih'yihlépt@fonéthaﬁ%PWHﬁd may

al so be used and are included within the scope of this Invention. For

exanpl e (see finpipéhepafignyic aitdpn the otharhapg i yhs @hélmtdlgmy (whickheatodggen at om
| ooses touch r |

outside of t h\g%%rg]llﬁesgﬁ edclﬁmh‘?s é‘rg%%%aﬁeéhéaglgn %S?%g’%ggtehrg%l?ﬂ%s %g%‘e,%lfllégdi ng to
a nDIeculelanthﬂUebﬂewemrcproperties than the 25 cycl ohexadi enyl. These
conpounds behave nore |like open |ligands and thus have higher reactivity
and volatility, but keep the stability of the cyclic, or closed |igands.

Ru C6 C5 i) 0 added to COD: (Ochd)RuX

-Another - family of precursors according to the invention is essentially

-consisting of the addition of an' oxygen atom to a cyclohexadienyl ligand. This

15 .. molecule is a 5-electron donor, similar to cyclopentadienyl or pentadienyl ligands.
- The chemical formula  of this new ligand can be written as
ROCRCR,CR3CR4CRsCRg, R, to Rg being independently selectedfrom the group

. comprising H,. C1-C12. linear, branched or cyclic and perfluorocarbon groups
(Generic. formula CxFx.1y, C<16). It is obvious for the man skilled in the art that

20. - any other groups or species that would increase the volatility of the compound may
also be used and are included within the scope of this invention. For example (see
figure below), in the n’-oxycyclohexadienyl, the oxygen atom looses touch with the
centered metallic Ru atom (it is placed at the outside of the molecule, far from the
centered ruthenium atom), leading to a molecule with different properties than the

- 25 - cyclohexadienyl. These compounds behave more like open ligands and thus have

- higher reactivity and volatility, but keep the stability of the cyclic, or closed ligands.

Ru
Cet G5

p—
==
c1 . 3

o1

Schematic of n’-oxycyclohexadienyl

30



Cl C2 C3 41 Schematic of T15-oxycycl ohexadienyl 30 11 Il - Description of
the filmdeposition process: Each of the above-presented precursors has the
required properties to enable rutheniumcontaining filns deposition. Such
deposition process is thereafter described. In this description the word
"precursor” stands for one or a mxture of 5 several anong all of the
precursors that are disclosed hereabove ith or wiwthout a solvent).
Exanpl e |1: CVD deposition: The CVD, Chem cal Vapor Deposition, deposition
met hod is characterized 10 by m xing gases in a | ow pressure reactor that
react together TAndesintioniof the Ty dgpositigaqrpessss. | n the present case, the

rut heni um precursor | li.ed. i e | Lt or ed,
to the reaction chan%icrh s"?ﬁ’%ﬁﬁ‘?‘&ﬁ%ﬁ%@%ﬁ@@%ﬁ %ﬁﬁhﬁrrgi@%\mo@pm%%tro relﬁae%é out by
bubbl i ng an i nevthergers tamtaaningh filing gdeposifiome cluch odeposititey frogss ds dixdreafier y
~injection techny ubstrate i | aced in the reaction chanber (hot or
el dvar 1y 16 SesBe dh TP BB S e, B R resho %l R onS e BBIRGSE s

-.m xed upstr samseveradl atnong ke of the pekinddts ehanpiealiscWistéhhDe®ors (Wil Ivdthout a
co-reactants. These co-reactants can be for exanple hydrogen, oxygen, a

m xture of hyd? ﬁgﬁ}oxygen and/ or any other gas or mixture of gases having
reduci ng and/ or oxidizing properties. The substrate's tenperature is set

in arange fromroomtenperature (25C) to 400C. Pressure in the 20 reaction

~furnace is set in a%@&&i@@ﬂ&orr to atnospheric pressure, :

preferably in the rARAEyS. Sl 1AM Bipolitibl) QBIMOR A IO Pratfitkk P -
ot on

co-reactant (s) may be transporte e react urnace by the use of
one, sever dP, by mixing gass icadew eressuggamedor Balr rehd rtogpttse sndrioymf fimsemanpl e be

Select o0 {7 om Wil 4R SAOSAALS Sl RS DS 0 S BhFR0, ..
whi ch :t he  f eedinnghioh itais| stdr&i t6 elacichdipnghsmberiia veiticppedeporitidnngrocess is
carried out by bubbling an inert gas into the liquid precursor or by liquid delivery
injection technique. A substrate is placed in the reaction chamber (hot or cold wall)
15 at a pre-selected temperature. The ruthenium precursor is mixed upstream or into the
reaction chamber with one or several co-reactants. These co-reactants can be for
example hydrogen, oxygen, a mixture of hydrogen/oxygen and/or any other gas or
mixture of gases having reducing and/or oxidizing properties. The substrate’s
temperature is set in a range from room temperature (25C) to 400°C, Pressure in the
- 20 . reaction furnace is set in a range from 0.001 Torr to atmospheric pressure, preferably
in the range 0.01-10 Torr. The ruthenium precursor and the co-reactant(s) may be
transported to the reaction furnace by the use of one, several, or a mix of carrier
gases. Carrier gases may for example be selected from the group consisting of
nitrogen, belium and/or argon. The deposition on the substrate is carried out during a
25  desired period after which the feeding of all the reacting gases is stopped and the

reaction chamber is purged with an inert gas. Next steps of the semi-conductor

manufaciuring process may then be carried out.

Example IT: ALD and related processes (RPALD...) deposition:

30 The ALD{Atomic Layer Deposition) deposition method is characterized by
the formation of a film on a substrate whereas the gases involved are not mixed. This
technique is based on a self-limiting process of adsorption on the substrate. In this

example, the ruthenium precursor is supplied from a container, in which it is stored,




reaction chanber is purged with an inert gas. Next steps of the
sem -conductor manufacturing process may then be carried out. Exanple I
ALD and rel ated processes (RPALD ) deposition: 30 The ALD(Atom c Layer
Deposition) deposition nethod is characterized by the formation of a film
on a substrate whereas the gases involved are not mxed. This technique is
based on a self-limting process of adsopption on the substrate. In this
exanpl e, the ruthenium precursor is supplied froma container, in which it
is stored, 12 to a reaction chanber in which the deposition process is
carried out by '&2pEHA chambgr in whighthe dgpesitips pyocessjitearmigshout By A fEbhliag on
substrate is pliggRdielifbr) ffc iﬁ%&%ﬁ{ﬂe.%ﬂﬁ{@ﬁte %gﬁhtced BihELRhioRRhdrbef hof
| pre-sel ected tenperature.” The substrate's tenperature is set In a range
- fromroom tenper gpldreall) 26 Cpre-wled@0 GmiRradgs Ufle substtaleds teamerafuonisfsef maxe i s

- oset Sin arangg,Lian 800k, 0k [8-a) JUARRbLE Rl SIRULE RIS SLADLY Tn the

range 0.01-10 rein i scl’osed particular exanple of pure

- metal l'i-c deposiit i camgbyromALED 1Bt fotatrdapBerictpréxat udefefablgnn therasgopel-of this

| ~invention the ositiop of a ot her. kind of rutheniumcontaining filns
by the ALD t ecrifHerngfie e alosed aifipus SraeievihmromPRUE pogton B
~co-reactants bWLD b& it BykeiTt Ede FronOthe!scéPet FGhit tvehiddn @X ABIsRioR @f an@nd nor e

reactants can bgﬁgsgd. First, rutheniumprecursor is allowed to enter in to

“the reaction cRERbER alirithrgivn eméining filks, byt therddt teemicsl Teudscintioads The

[ ut heni um - pr GRS Qfih pERG! 5 Alo-felGatt bl A6i0knoR G SIRIiEA4E i Bxifhlc

adsorption reaction until saturation of all the bonds avallable at the

.. surface of fheard pyaterreactants/an be fyedi Bintt, miheniom togcussar israipwedtosentteslih ows i n
.order. to renovg t 0= . Hﬁﬂ i e an he -products

present in theﬁ$é§%P#gﬁ&§ﬁ%%§gF%' gﬁtgﬁ%E%%%M%fagk@3ﬂ¥%§b?%%?g%nuFEh can

~be .hydrogen, opmggesnr maatd. at theesudheenyll thegehstoxy ganam adsaryion tragtiog adtior

m xture of gases_havi.ng .reducing idizin roperties, |S.injected into
“'the reaction ¥ ‘E?Fboé‘ro.fagH’éﬁiﬁ"g‘gscatvg‘\lf"g’ieg"g@er‘g_@élﬁcteg)f\%etsﬁbsfrﬁ@ ‘gdgﬁi% Yeyer
deposi ted duribhgat ertpdd slowdfin biler foldeMEW WEURLERINSHthenitRSre@ifBER® cyclic
or open, that remained after the 20 adsorption sequence of the ruthenium

‘precursor, 't eallf b}?/’\ﬁpf"rﬁlu?tﬁéfeéi’j"i frdbteagiion chtsr. Togma Pri et cormeiangstllieh i s a
pure. rutheni Unznay ek didesPoR)cbed BRntdEr HHRILY/MZen tng HE LS drSnixture

of gases having reducing or oxidizing properties, is injected into the reaction

chamber. The reactive gas reacts with the adsorbed layer deposited during the pulse

of the ruthenium precursor. The groups, cyclic or open, that remained after the

20 adsorption sequence of the ruthenium precursor, react with the co-reactant. After one

cycle, the result is a-pure ruthenium layer desposited on the substrate. This cycle is
repeated as many times as desired on order to obtain film of the desired thickness.

- In both: case, the use of open ligands increased the reactivity and thus the

reaction rate will be enhanced. Growth rates should therefore be higher. Their high

25 - reactivity should also enable to use only hydrogen gas as a co-reactant to reduce the

- precursor. The reaction. of hydrogen with the adsorbed ruthenium layer might be

enhanced through the use of a:remote plasma, or any mean allowing the formation of

hydrogen radicals-or excited hydrogen gas. Oxygen may then not be necessary from

the process, which will avoid the oxidation of the underlying layer, which brings out

30  damages to the device.




repeated as many tinmes as desired on order to obtain filmof the desired

t hi ckness. In both case, the use of open |igands increased the reactivity
and thus the reaction rate will be enhanced. Gowh rates should therefore
be higher. Their high 25 reactivity should also enable to use only
hydrogen gas as a co-reactant to reduce the precursor. The reaction, of
hydrogen with the adsorbed ruthenium | ay m ght be enhanced through the
use of arrenote plasnma, or any nean allowng the formation of hydrogen
radi cal s or excited hydrogen gas. Oxygen nag t hen not be necessary from

t he process, “which will avoid the oxi dekABMSof the underlying |ayer, which
brings out 30 damages to the device. 13 CLAIMS 1. Rut heni um contai ni ng
precursors for rutheniumcontaining filns 5 deposition conprising a

rut heni um precursor sel ected fron1the group essentially consisting of :

%g )C(Jg)oig ;(r%pél n?tjfa;(yo) 2Ru,l( gﬂ(klg’lte%l e@?ﬂnéﬁ%%hgé%gﬁgdéf’%egn%ﬁ aHR& IS e r

~der.i vat i vessandepsifiomricsinpiigng betmedium RecdrsoMedibvnd from e Rasbtdsaatialy
ruthenlun1conta|n|ng gln1|nto a reactor onto a substrate conprising the
steps of : provFUPEE™ substrate into the reactor, preferably at reaction

tenperature; —intr oducng(@lg)(j((te}%st Rﬁm@pljzut ﬁ@(@ump CRHX@IIW)PQRQXRQ]MEO"

according to cIa|n1 15.1 into the reactor; introducing into the reactor a

gas mixture coRBGimgidpi6gen Rafdikesomatepksgen Rﬂdlk%‘a@tq)zﬁﬁjﬂlﬂﬁétebmﬁfem um

~contai ning pre&y&&g&s%ﬂgﬁ&nﬁxgﬂghggmgas m xture to deposit a ruthenium
~containing filmonto the Substrate.
10

- 2. ~Method for depositing a ruthenium containing film into a reactor
onto a substrate comprising the steps of:

~ . providing a substrate into the reactor, preferably at reaction temperature;

- -. introducing at least one ruthenium containing precursor according to claim

15 linto the reactor;

.-~ introducing into the reactor a gas mixture comprising hydrogen and/or
oxygen;
- = reacting the ruthenium containing precursor and the gas or gas mixture to
-deposit a ruthenium containing film onto the substrate.
20



