1 Precursor for filmformation and nethod for form ng rutheni um cont ai ni ng
film Technical Field This invention relates to a precursor for ruthenium
containing filmformation or film deposition on a substrate (hereafter
referred to as a rutheniumcontaining filmformation precursor)and a

met hod for form ng rutheniumcontaining-film Background of the invention
Rut heni um and rut heni um conpounds such as ruthenium oxide are the naterials
consi dered nost prom sing for the capacitor el ectrode naterials of next
generation DRAMs. High dielectric constant materials such as al um na,

tant al um pent oxi de, haf nium oxi de, and bariumstrontiumtitanate (BST) are
currently used for these capacitor electrodes. These materials, however,

are produced ppsdigr i iReforhatiohandmethodior BSmPRGGthenimedontahsing filt. i n
oxi dation of polysilicon, silicon; and alum num and causes a |oss of

capaci tance. Both rutheni um and rutheni um oxi de, on the other hand,

exhi bit a high oxidation resistangghard Fielgh conductivity and are suitable
for application as capacitor electrode materials. They also function
effectively as oxygen diffusion barriers. Ruthenium has al so been proposed

for It he. gﬁﬂe éﬁi}%hﬁ’dn feMites aﬂtagpr@b@be?mdrdamemum c@ﬂaihhgcﬂrl]m foupét‘mn: omfilins rmrg
easily etched ozone an smm, ,usi ng_gxygen than I atjnum an
ot her  notABoRETP & SHBRHI Qererte! (remes; (o AseuichRFL corkéiging fifn. onpafialt
separ at i Nget@dorandet Bethal fdr feming ethedivepgpeainiagdinas-a seed | ayer has al so
been attracting attention recently. The inventors have di scovered that
hi gh-quality filnms of ruthenium and ruthenium oxide (RU02) can be
deposi ted under appropri ate @gigiountsf thedweatigor ecur sor of high-purity
rut henium tetroxi de (RUO4) This precursor can al so be used for the
deposition (film '

Ruthenium and ruthenium compounds such as ruthenium oxide are the matenals

considered most promising for the capacitor electrode materials of next generation
DRAMs. High dielectric constant materials such as alumina, tantalum pentoxide,

hafnium oxide, and barum-strontium titanate (BST) are currently used for these

capacitor electrodes. These materials, however, are produced using temperatures as

high as 600°C, which resuits in oxidation of polysilicon, silicon, and aluminum and

causes a loss of capacitance. Both ruthenium and ruthenium oxide, on the other hand,

exhibit a high oxidation resistance and high conductivity and are suitable for application

as capacitor electrode materials. They also function effectively as oxygen diffusion

barriers. Ruthenium has also been proposed for the gate metal for lanthanide oxides. In

addition, ruthenium is more easily eiched by ozone and by a plasma using oxygen than '
is platinum and other nobie metal compounds. The use of ruthenium as a barrier layer
separating low-kK material from plated copper and as a seed layer has also been

attracting attention recently.

The inventors have discovered that high-quality films of ruthenium and ruthenium oxide

(RuO2) can be deposited under appropriate conditions from a precursor of high-purity

ruthenium tetroxide (RuQ4). This precursor can also be used for the deposition (film

formation) of perovskite-type materials, such as strontium ruthenium oxide, that exhibit




formati on) of perovskite-type materials, such as strontium rutheni um oxi de,
that exhibit 2 an excellent conductivity and a three-di nensional structure
very simlar to that of bariumstrontiumtitanate and strontiumtitani um
oxi de. However, this high-purity rutheniumtetroxide, being a strong

oxi di zing agent, is considered to have a high toxicity. In addition,

hi gh-purity rutheniumtetroxide has a boiling point of about 130C and
presents an explosion risk at high tenperatures (above about 108C). It is
t herefore recommended that pure rutheniumtetroxi de be stored at |ow

t enperatures in, order avoid its potential for deconposi.tiqn (exp)osion).
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expl osi onbarigk-strdotiunmtifabate dnd glrontivhetitanisradxigie. a reactant it is held diluted
in an appropriate solvent. Water, carbon tetrachloride, and al kanes, for

exanpl e, are known for use as this solvent. In the case of water, however,
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t he tool Angedy € i I r oni industry i s _apandoni ng
car bon teél?%l.gHP(B)rCIr).d@%E@%@@ﬁ’?@&ﬁ%&de@?g?{ﬁﬁ%_rt?tﬂérﬁﬁrgntggmg#cﬁe ﬁéor?fgﬁt ane and
oct ane arswjemgembiresintosder tr aRiDils pdiertiial foadécompolsitionéaplostohe sol vent (for

exanpl e, pentane) and RuO4 causes the incorporation of carbon when al kane
containing dissolved RuO is used as a filmfornmation precursor in film

product i OBivekaREHRPrEALIEES of Muth&Hili AsRoslide [ S) GpAGLRRRLtHe! e>{p_|85ibﬁn:iiékm type
films, and as a consequence the presence of carbon during film production
is a critdwimg hading, when used as a reactant it is held difuted in an appropriate solvent.

Water, carbon tetrachloride, and alkanes, for example, are known for use as this
solvent.

In the case of water, however, a stabilizer such as NalO4 must be added in order to
prevent RuO4 from reacting and decomposing during holding. The use of such an

aqueous RuOg4 solution as a fiim formation .precursor for production of the films under

consideration results in the introduction of impurities into the film and the tool {e.g.,
reaction chamber).

The electronics industry is abandoning carbon tetrachloride due fo its high toxicity.

Alkanes such as pentane and octane are good solvents for RuQOy4, but reaction between
the solvent (for exampte, pentane) and RuO4 causes the incorporation of carbon when

alkane containing dissolved RuO4 is used as a film formation precursor in film

production. Carbon causes an increase in the resistance of ruthenium-type films, and as

a consequence the presence of carbon during fifm production is a critical issue.




3 Summary of the invention This invention provides a filmformation
precursor that is extrenely the wuseful for production of

rut heniumcontaining filns, that does not present an explosion risk during
storage or holding, and that does not undergo deconposition in the absence
of a stabilizer. This invention also provides filmformation nmethods that
achi eve the highly reproduci ble deposition of rutheniumcontaining film
(for exanple, rutheniumfilm rutheniufhoxide film ruthenate filn) on a
substrate by a safe and sinple procedure in which at |east the

af orenentioned filmformation %’E? | g&'ttedin gaseous forminto a
reaction chanber that holds tﬁgﬁ'su sﬁ"é‘lfi’." cmgordi ng to this invention

there is pghisvingenfion proidas sofilm dermatierh @néaursor dhataisnexteentaly msefloforrdhé on,

conprisin ' ¢ roX1 pTa)| I | - |l e
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CxHy FZOQr Nstorggee peihaldingy epe_that; doesnaot2@)dergos decomopositipn iatbe tabeerbexof §, z, t

and u bei g&bﬂﬁégtive i ntegers equal to or greater than 1. Preferably the
e

non fl amm l'uorinated solvent is selected fromthe group conprising
3- et hoxyper fl uoro(2-net hyl hexane) and Tri s(heptafl uoropropyl)am ne.

Accor di g The ihfnfioh 6 BrdvRIEs il ftmbforAneodd 4t 8evd B hIAR ritbaldtidt N9
deposition of ruthenium-containing film (for example, ruthenium fiim, ruthenium oxide

film, ruthenate film) on a substrate by a safe and simple procedure in which at least the
aforementioned film formation precursor is admitted in gaseous form into a reaction
chamber that holds the substrate.

According to this invention there is provided a precursor for ruthenium containing film
formation, comprising ruthenium tetroxide dissoived in at least one non-flammable

solvent, preferably a fluorinated solvent having the general formula CxHyFzONy

wherein:

2X+2gy+z

and 2<x<15

and z>y

and t+uz1

X, ¥, z, t and u being positive integers equal to or greater than 1.

Preferably the non flammable fluorinated solvent is selected from the group comprising
3-ethoxyperfluoro(2-methylhexane) and Tris(heptafluoropropyl)amine.

According to this invention there is also provided a method for forming ruthenium-
containing film, said method comprising the steps of:

»  depositing a ruthenium-containing film on a subsfrate by introducing at least a
precursor for film formation disclosed hereabove into a reaction chamber
that contains at least one substrate, wherein said precursor is introduced in
gaseous form. |




containing film said nmethod conprising the steps of: > depositing a

rut heni umcontaining filmon a substrate by introducing at |east a
precursor for filmformation disclosed hereabove into a reaction chamnber
that contains at | east one substrate, wherein said precursor is introduced
in gaseous form 4 Preferably, this nethod al so conprises the steps of..
> introduci ng a gaseous reducing agent into the reaction chanber and

t hereby depositing rutheniumon at |edst one substrate by reacting said
gaseous precursor with the gaseous reduci ng agent. The reducing agent is
preferably hydrogen. The pressure in the reaction chanber shall be
preferably maintai ned between 0.01 torr to 1000 torr., while the film
deposi t i orPrefesgbly, thicaethiod disouomprises thelstepsaf:e t enperature conpri sed

bet ween 50C to 800C. Preferably the reduci ng agent and the rutheni um
precursor are sinultaneously introduced into the reaction chanber. The
met hod accor dPng introdubieg iargasacureducig agefitinto tiw lepcticorghamber artcthetebps of -
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reacti on chamber an | nert gas |n

i ntroduci ng the gm%mwitbdmﬂ:mﬁgoagaducmg\agertthe reaction chanber; -

purgi ng the reaction chanber by injecting an inert gas into it. - thereby
reduci ng the rutheni um oxi de on the substrate. The method according to the
i nvent i on Tivgyedugingragenids prafereblytiydrogersps of > repeating the introduction
step of the gaseous precursor i.e. until the desired film

The pressure in the reaction chamber shall be preferably maintained between 0.01 torr
to 1000 torr., while the film deposition step is carried out at a substrate temperature
comprised between 50°C to 800°C.

Preferably the reducing agent and the ruthenium precursor are simultaneously
introduced into the reaction chamber.

The method according to the invention may additionally comprise the steps of
» introducing the gaseous precursor into the reaction chamber,

> purging the reaction chamber by injecting an inert gas into it

» thereafter, introducing the gaseous reducing agent info the reaction chamber:;
» purging the reaction chamber by injecting an inert gas into it.

» thereby reducing the ruthenium oxide on the substrate.

The method according to the invention may further comprise the steps of
» repeating the introduction step of the gaseous precursor i.e. untii the desired film
thickness is achieved;

Preferably the deposition of ruthenium on a substrate shall be carried out while
» maintaining the substrate temper_ature between 100°C to 600°C.




t hi ckness is achieved; Preferably the deposition of rutheniumon a
substrate shall be carried out while - naintaining the substrate
tenperature between 1 00C to 600C. 5 According to another aspect, the

i nvention may conprise the step of thermally deconposing the gaseous
precursors and thereby depositing a rutheniumoxide filmon the substrate.
The total pressure in the reaction chanber shall be preferably maintained
between 0.01 torr to 1000 torr, whileSthe substrate tenperature shall be
preferably mai ntai ned above at |east 150C Accordlng to anot her enbodi nent

of the | neabify KShGNb UL Ho BABKLAIE A, TBRBRL WY o fOTH! Mgy honat e

films, sai t he usly or
i N separ atdecpupesiy) mheammmmctthereba depesitrgus ruﬂneganm weidalffilm on
conmpound gqds gReOxygen containing gas into the reaction chanber that holds
a substrate and > reacting said precursor, organonetallic conpound, . and
sai d oxygen containing gas, thereby depositing a ruthenate film on the

surface Ofpbhg ep?la’%ﬁf'é ifltfe r%%ﬁ&f Halbek Qheilllr}ge %@%ﬁy)}s intein UL HT

solvent is pre used because non vents are pre erred
when t he mrktmi@(h tgrruwblua the substeate tepenatate siiatbe prefewsbiyt maiptainediabeve

However , %F Aot uses of these precursors where the process is perforned
at relative ow tenperature and wherein flamrabl e sol vents may be tol erated
usual ly not highly flammabl e solvents, but only weakly flanmabl e sol vent.
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J forming ruthenate films, said method comprising the steps of;

> infroducing simultaneously or in separate pulses the gaseous precursor, a
gaseous organomefallic compound and an oxygen containing gas into the
reaction chamber that holds a substrate and

» reacting said precursor, organometallic compound, . and said oxygen
containing gas, thereby depositing a ruthenate film on the surface of the
substrate.

According to the invention, a non flammabie solvent is preferably used because non
fiammable solvents are preferred when the mixture is used in an environment above
room temperature. However, there are uses of these precursors where the process is
performed at relative low temperature and wherein flammable solvents may be tolerated
usually nof highly flammable solvents, but only weakly flammable solvent.

According io the invention, a non-flammable solvent will be a solvent having a flash
point of at least 40°C preferably of at least 80°C.
For some uses, non fluorinated solvents may be appropriate as long as they are non-

flammabile.

The solvent choice, particularly if distribution of the product is made through bubbllng,
may be (while not necessarily) key to the invention.




poi nt of at |east 40C preferably of at |east 80C. For sone uses, non
fluorinated sol vents may be appropriate as long as they are non- flanmable.
The sol vent choice, particularly if distribution of the product is nade

t hrough bubbling, nay be (while not necessarily) key to the invention. 6
Preferably, the solvent used shall be non flammable in order to avoid any
risks of bringing carbon into the film deposited on the substrate. This is
why preferably, fluorinated solvents ®ill be used, because the presence of
fluorine in the nolecule nakes it usually non flanmmable, while at the sane
time no negative effect of fluorine is encountered in nost applications.
It is also preferred that, in addition to non flamuability, the sol vent
used has &®refembly. the selventeussdi shallibe sorbfammizbliel inyordeutl avaid tahg riskp of
pressure qfi.kL; u I rhﬂ.ﬁ'e . en;j r rsor,. particularly
when t he %ﬁlgélﬁgs%%nw Clptﬂgeso véiéérgjtD ,E'hal%no\[I rﬂdgl bgﬁatg'e?ﬁ%r'% WB¥ o[{a'/l?%ggwto t he
react or bylupiinged aejvents wilbbe uped, becauae thelpeasenemnpt flugrinei inythe undleae

ni t rogen, A, i l,d r - l:0Er i s. thereby
ror e or | S8 Ruslialy iy Rivrholf, et ot Mo tate e g e Ehed & piing W opor
pressure @hceundered inipostjagplicationsare too different, this nay create a
progressive depletion of the nore volatile conponent thereby changing the

ratio precursor/solvent during time. By "substantially equal” is neant a
vapor pr edisig@isodirefesed foal, headdition to men flagwnabiity, theasolveritaissdlhasatvaphi ch i s
not great 9 t E“téa(fr % i raf ure
range bet &éegrﬁq%gv ﬁ%d'ggg%tgﬁ%g?gé%%WS%égﬁﬁ és(f‘); ' '&Q%%degyé?rhégﬁg@\}%or

pr essur es fgheniym erecarsor, Rsbiguady den e presuseaans ibmsahrent hin fiquith evatauard i | ns,

or rut henigiiRdey! IBethk! fedEtor by 'HtbBRRALS inert dry gas at “electronic” purity such as
nitrogen, argon, helium or the like through it: the inert gas is thereby more or less
saturated with the precursor and the solvent. If the vapor pressure of those two liquids
are too different, this may create a progressive depletion of the more volatile component
thereby changing the ratio precursor/solvent during time.

By “substantially equal’ is meant a vapor pressure difference between the precursor
and the solvent which is not greater than 20 %, preferably not greater than 5% in a
temperature range between 0°C and 80°C, preferably G°C and 50°C. Ideally, these
vapor pressures are the same.

Regarding the substrate on which ruthenium films, or ruthenium oxide films or ruthenate
films can be deposited, they may be of different nature and shape:

They may be semi-conductor substrates (whether or not already covered by different
layers of materials as is currently done during semi-conductors manufacturing), ceramic
substrates (such as silicon dioxide or the like), metallic substrates, polymer
substrates,...etc.




films can be deposited, they may be of different nature and shape: They may
be sem -conductor substrates (whether or not already covered by different

| ayers of materials as is currently done during sem -conductors

manuf acturing), ceramc substrates (such as silicon dioxide or the |ike),
metal lic substrates, polynmer substrates,... etc. 7 They may al so have
different shapes such as a flat surface (wafer, ceram c substrate for
hybrid circuits, ...etc.) and/or a bunped and/or a ball shaped surface |,

i ncluding nano-particles, and any type of materials characterized by a

| arge specific surface. The filmformation precursors accordlngtothe

i nventi on JQW’B@%?!F‘? ﬁ%"d’ 'cpnfﬁiﬁ téﬂ]?pesrfé‘%?ﬁ absurtage o (METRS. coramiesubstraids f or
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OX|def|Imor Eﬁﬁna%ﬂe Liégwftﬂ’% t} filmformation precursor The film
formati on " ? "f"ﬁ)‘tt PURREER' haraderard dy)a latagsBeqlasystaeterabl y in a
non f Il amrabl e sol vent, pref erabl y a fluori nat ed solvent with the general
fornula E 2:5y and 2< x515 z , .and
formi e " ChYGRC b SUELEND Shot b Ying dndos oA mesn by Dot
pref er abI wmuhbwmammusmbmmm@fmomﬁg AfssrRirR-abntanmg fmﬂﬁaﬁé@mm@r nul a
can be exe I L fi efg - et hox rfI qu] r§a§ get)hyl hexane). Particularly
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3-ethoxy-1,1,1,2,3,4,4,5,5, 6, 6, 6-dodecafl uoro-2- trifluoronethyl hexane
( C3F7CK( @%%E%Agﬁgggn.prggdrgopart i cular fluorinated solvent, a

The film formation precursor is ruthenium tetroxide (RuO4) dissolved preferably in a

non flammable solvent, preferably a fluorinated solvent with the general formula
CxHyFZONy (1) wherein2x +2< y+z and ;

2<x<15 |

zZ>y, and

t+ux1.

X, ¥, Z, t and u being positive integers.

A non-flammable solvent, preferably a fluorinated solvent with the aforementioned
general formula can be exemplified by 3-ethoxyperfluoro(2-methylhexane). Particuiarly
preferred for this fluorinated solvent is 3-ethoxy-1,1,1,2,3,4.4,5,5,6,6,6-dodecafluoro-2-

trifluoromethylhexane (C3F7CF(OC2oHs)CF(CF3)p). This particular fluorinated solvent, a

fluoroether, is commercially available, for example, from the 3M Company under the
tradename Novec HFE-7500. This 3-ethoxy-1,1,1,2,3,4,4,5,5,6,6,6-dodecafluoro-2-
trifluoromethylhexane is preferred because it does not deplete the ozone layer and does
not contribute to smog formation.

A non-flammable solvent, preferably a fluorinated solvent with the aforementioned
general formula can be also exemplified by tris(heptafluoropropyl)amine. Particularly
preferred for this fluorinated solvent is tris(heptafluoropropyl)amine (CaFz)sN. This
particular fluorinated solvent is also commercially available under the tradename




fluoroether, is commercially available, for exanple, fromthe 3M Conpany
under the tradenane Novec HFE-7500. This
3-ethoxy-1,1,1,2,3,4,4,5,5, 6, 6, 6-dodecafl uoro-2- trifluoronethyl hexane is
preferred because it does not deplete the ozone | ayer and does not
contribute to snog formation. A non-flammabl e solvent, preferably a
fluorinated solvent with the aforenentloned general fornula can be al so
exenplified by trls(heptafluoropropyl) mne. Particularly preferred for
this fluorinated solvent is trls(heptafluoropropyi)anine (C3F7)3N Thi s
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adver se i mpsiconmant. envi ronnment. The RuO4 concentration of the film

formati on precursor according to the invention is suitably selected as a
function of the filmformation conditions and the material of the

substrate TR REDL BorideAtratidnnbivihk Iﬂrﬁfﬁorﬁ@h&@@recli%r fabddmihg teTid Werﬂfcﬂ%‘r sor
according to the invention offers the followi ng advantages. (a) in
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fluorinat esﬁb&@té’ﬁ?@vpfcﬁ‘ﬁw%(ﬁl?ﬁ%ﬁ Bgron%gcursor enables Ru4 to be handled in a
out risk of ex

stable formwt osion during storage or holding. (b) The
non- f | ammabl e sol vent, pref erabl y a fluorinated solvent in the inventive
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the Ru&4 econposition that occurs wth the use o gR%4bl es
stabl e long-term holding (storage) of the fllmformatlon precursor. !!j
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fluorinated solvent the inventive precurscr enables RuQ4 to be handled in a stable

form without risk of explosion during storage or holding.

(b} The non-flammable solvent, preferably a fluorinated solvent in the inventive film
formation precursor does not react with RuO4 and can therefore avoid the RuQ4

decomposition that occurs with the use of water. This enables stable long-term
hoiding (storage) of the film formation precursor.

In addition, since this film formation precursor does not exhibit an . absorption
spectrum in the UV-visible region, the RuO4 concentration can be easily evaluated

visually or by absorption spectroscopic analysis.

(¢} The A non-flammable solvent, preferably a fluorinated solvent (for example, the
3-ethoxy-1,1,1,2,3,4,4,5,5,6,6,6-dodecafluoro-2-trifluoromethylhexane,  available
under the Novec HFE-7500 trademark from the 3M Company or trs
(heptafluoropropvliamine, whose commercial name is Fluorinert FC-3283), in the

inventive film formation precursor have a vapor pressure that is very similar to that
of RuO4 over a broad temperature range, as shown in Figure 1. This means that

ruthenium-containing films of uniform thickness that are free of lot-to-lot variations




spectrumin the UV-visible region, the RuO4 concentration can be easily
evaluated visually or by absorption spectroscopic analysis. (c) The A
non-fl ammabl e sol vent, preferably a fluorinated solvent (for exanple, the
3-ethoxy-1,1,1,2,3,4,4,5,5, 6, 6,6-dodecafl uoro-2-trifl uoromet hyl hexane,
avai l abl e under the Novec HFE- 7500 trademark fromthe 3M Conpany or tris
(hept af | uor opr opyl ) am ne, whose commercial nanme is Fluorinert FC3283), in
the inventive filmformation precursof have a vapor pressure that is very
simlar to that of RuO4 over a broad tenperature range, as shown in Figure

1. This neans; : | L 0l 1] . of .uniformthickness that
are free of I'Sléﬁ-n'@ 3)“’?“8? £§\‘/§drﬂl wogﬁég@éqn&g?'ﬁé %@H?eéﬁ'ﬁ%ﬁ’g‘ f{?gﬁatﬁ’é' FEHRG by
converting t hle gaseaustfoneand camving ovh filnoformatecbytioermal 6VDas&bDs f or m and

carrying out filmformation by thermal CVD or ALD. In other words, if a

significant difference in vapor pressure between the solvent and RuO>4 were
to exist for a filmformation precursor fornmed by dissolving RuO in
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the solvent) uhder ese Clrcunstances such a prec
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with a carrier gas, in the initial phase of precursor gasification the

sol vent (nmor esoh@hfitfol emple Ut thedeapop paiseirenifi RIGywelpeAlaH thadbiithe
carrier gas delivery would containa |lower concentration of RUO . In a
| at er phase, Phent)@nd famdeoiiess aravgstannesysush a precreonwareitobe téndgofidd gas
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concentration of RuO4 . In a later phase, carrier gas containing a higher

concentration of RuQO4 .gas would be delivered. If, for example, a ruthenium-

containing film is being formed on a plurality of treatment substrates by a single-
wafer procedure using a constant thermal CVD processing time, this sifuation
would result in a thinner ruthenium-containing film on the substrate surface in the
initial phase and in a thicker ruthenium-containing film on the substrate surface in
the later phase, producing lot-to-lot scatter in the value of the film thickness.

By having the RuQ4 and a non-flammable solvent, preferably a fluorinated solvent

exhibiting very similar vapor pressures over a broad temperature range as in the
case of the inventive film formation precursor, the feed of this precursor to the
reaction chamber by bubbling with carrier gas resuits in the delivery to the reaction

chamber of carrier gas containing a constant concentration of RuQ4 gas from the

initial to later phase. As a consequence, the thickness of the ruthenium-containing
film can be made lot-to-lot uniform even when, as specified above, fim formation is
carried out on a plurality of treatment substrates by a single-wafer procedure. In

| addition, transport of the RuQ4 gas-containing carrier gas no longer requires

complex efforts at precursor concentration management.




initial phase and in a thicker rutheniumcontaining filmon the substrate
surface in the later phase, producing lot-to-lot scatter in the val ue of
the filmthickness. By having the Ru04 and a non-fl anmabl e sol vent,
preferably a fluorinated solvent exhibiting very simlar vapor pressures
over a broad tenperature range as in the case of the inventive film
formation precursor, the feed of this precursor to the reaction chanber by
bubbling with carrier gas results in th® delivery to the reaction chanber
of carrier gas containing a constant concentration of RuO4 gas fromthe
initial to |later phase. As a consequence, the thickness of the

rut heniumcontaining filmcan be made |ot-to-1ot uniformeven when, as
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in fact be produced since the non flammabl e sol vent, preféerably a

fluorinat ed spiodecs filmbytthermazhQ¥Dti ve fil mformati on precursor does not
react wwth RuO4 when this precursor is used in gaseous formto produce
filmby thermal CVD. Thus, when the filmformation precursor is formed by
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out by delivering such a precursor in gaseous formto a reaction chanber,
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active Ru reacts with the water, produheﬁ unwant ed oxide. This nmakes it
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unwanted -oxide. This makes it quite difficult to produce the desired ruthenium-
containing film.

In the case of the inventive film formation precursor, the non-flammable solvent

does not react with the active Ru compounds produced when RuO4 decomposes .

in the reaction chamber and is discharged from the reaction chamber along with
unreacted gas. This makes it possibie to obtain the desired ruthenium-containing
film unmodified with unwanted compounds such as oxides.

(e) The non-flammable solvent in the inventive film formation precursor is preferably
not toxic. This makes it possible to implement film production in a safe environment
when ruthenium-containing film is produced by thermal CVD using the gaseous
inventive film formation precursor.

(fy = The fluorinated solvent in the inventive film formation precursor is preferably non
flammable and exhibits a high thermal stability, which makes it possible — when
this film formation precursor is used in gaseous form for the production of
ruthenium-containing film by thermal CVD — to avoid incorporation of carbon into
the film as well as decomposition, combustion, or explosion by the solvent.




does not react with the active Ru conpounds produced when RuO4 deconposes
I n the reaction chanber and is discharged fromthe reaction chanber al ong
with wunreacted gas. This nakes it possible to obtain the desired
rutheniumcontaining filmunnodified with unwanted conpounds such as

oxi des. (e) The non-flanmabl e solvent in the inventive filmformation
precursor is preferably not toxic. This makes it possible to inplenent
filmproduction in a safe environnent Ywhen rutheniumcontaining filmis
produced by thermal CVD using the gaseous inventive filmformation
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used in gaseous formfor the production of rutheniumcontaining film by
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After separatio f'he wat and ases ution
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concentration was determ ned periodically by UV-visible spectronetry.

UV-vi si bl gonagptratiano wessr feteanined pasiodisaly by) Uevisibde rspectioroetty. byVavisitileng 1
mol /'L NaSehbdtfdhfetic §nalysis (590 nm) was carried out by mixing 1 mol/L NaSCN into the

HFE-7500 solution provided by the periodic sampling. The results are reported in Figure

2. Figure 2 shows the relationship between the RuO4 concentration and the storage

time (in the dark at 40°C) of the HFE-7500 solution containing dissolved RuQ4.

~ The results in Figure 2 confirm that an HFE-7500 solution containing RuQ4 dissolved in

a concentration of 0.12 weight% (0.3 mole%), that is, a solution corresponding to the
film formation precursor according to the invention, is capable of stable long-term
storage in the dark at 40°C.

In addition, during use of a film formation precursor comprising RuO4 dissoived in HFE-

7500, the UV signal was measured from RuO4 gas discharged on different days (for

example, days 8, 18, 24, 39, and 45) from a bubbler at room temperature and 85 torr
using nitrogen carrier gas. The same ultraviolet signal strength was obtained regardless
of the day of measurement, which confirmed that the film formation precursor was
capable of stable long-term delivery.

{2) The method for forming ruthenium-containing film




HFE- 7500 sol ution provided by the periodic sanpling. The results are
reported in Figure 2. Figure 2 shows the relationship between the RuO4
concentration and the storage time (in the dark at 40C) of the HFE-7500
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2-1) Method for forming ruthenium film

Ruthenium film is formed by introducing the inventive film formation precursor in
gaseous form and gaseous reducing agent into a reaction chamber that holds a
substrate and depositing ruthenium on the substrate by reacting the precursor with the
reducing agent. '

The inventive film formation precursor can be introduced into the reaction chamber
using a bubbler system. That is, the inventive film formation precursor, being a liquid as
noted above, can be held within a vessel and an inert gas (e.g., nitrogen, argon, helium,
etc.) can be bubbled into this (possibly temperature controlled) vessel using an inert gas
bubbling tube, resulting in delivery into the reaction chamber of the inventive precursor
entrained in the inert gas. The invention is certainly not limited to a bubbler system, and
a liquid mass flow controller/evaporator combination can also be used.

The reducing agent under consideration reduces ruthenium oxide to ruthenium metal.
This reducing agent can be specifically exemplified by hydrogen (Hy), but is not limited

thereto. A single reducing agent or the combination of two or more reducing agents can
be used. Hydrogen is particularly preferred for the reducing agent.




Rutheniumfilmis formed by introducing the inventive filmfornmation
precursor in gaseous form and gaseous reducing agent into a reaction
chanber that holds a substrate and depositing rutheniumon the substrate
by reacting the precursor with the reducing agent. The inventive film
formati on precursor can be introduced into the reaction chanber wusing a
bubbl er system That is, the inventive filmformation precursor, being a
liquid as noted above, can be held w thin a vessel and an inert gas (e.g.,
nitrogen, argon, helium etc.) can be bubbled into this (possibly
tenperature controlled) vessel using an inert gas bubbling tube, resulting
in delivery into the reaction chanber of the inventive precursor entrained
in the inert gas. The invention is certainly not limted to a bubbler
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particularly preferred for the reducing agent. 13 Chem cal vapor
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deconposition during this rut
RuOy4 in the gaseous precursor does not undergo decomposition during this ruthenium

deposition, and its incorporation into the ruthenium film is therefore also avoided.

The total pressure in the reaction chamber during this film production is preferably
maintained at 0.01 torr to 1000 torr and is more preferably maintained at 0.1 torr to 10
torr. The substrate is preferably heated to 50°C to 800°C and is more preferably heated
to 100°C to 400°C. The reducing agent is admitted into the reaction chamber in

sufficient quantity to reduce the RuQj4 in the precursor to ruthenium metal. When, for
example, hydrogen is used as the reducing agent, at least 4 moles hydrogen are used

per 1 mole RuQy in the precursor. The by-product in this case is HoO.

In the case of ALD, only the gaseous film formation precursor (in terms of the reactive
compounds involved, that is, the RuOg4 in the precursor and the reducing agent) is

initially introduced into the reaction chamber and a very thin layer (monoatomic layer) of
ruthenium oxide is formed on the substrate by adsorption and decomposition of the
precursor. The interior of the reaction chamber is then purged with an inert gas (e.g.,
nitrogen, helium) in order to remove unreacted {unadsorbed) film formation precursor —




deposition, and its incorporation into the rutheniumfilmis therefore also
avoi ded. The total pressure in the reaction chanber during this film
production is preferably maintained at 0.01 torr to 1000 torr and is nore
preferably maintained at 0.1 torr to 10 torr. The substrate is preferably
heated to 50C to 800C and is nore preferably heated to 100C to 400C. The
reduci ng agent is admtted into the reaction chanber in sufficient
quantity to reduce the RuO4 in the pretursor to rutheniumnetal. \Wen, for
exanpl e, hydrogen is used as the reducing agent, at |east 4 noles hydrogen

o Tt AR, B RoldtBold shotfell At fhanid 1BnENE BAEHSY. abidegToe 1o
terms of tshRefteHeEOHMBanyirRNRE WU ih e hiebus iphattirsof , THI Burb Gt follwdd By

precursor and the reducing agent) is ‘initially introduced into the
reacti on dimintreduction of andy thet gaseols yeducingozgeat aovie thd egeetion ofiambyant fikei um

oxide is f. . . ' DQSi i O t he

or ecur sor MR ABLRG SRURERAS Sithind (RALRORANHI orEERRRACOIAP frtha | |

i nert gas ohdhegysybstratetandgedyceb die rutienium aexidécto rotbemiemuonetalufinie aesuiléslin the
unadsorb g | r : ' | er el nahov

Spoci 11 ed gt 8 2 BoFBAGA i o hiRiniurd fn s bR AU SAAR P

acconpany ianickererutthe@iun film fsedegired.othe fpllowing sequenckhcan peremeates dftaritomed by

the intro ' 4G ' r 1on

chanber . %ﬂ%%bﬁéﬁc'g?#ﬁ@ %8%%”%3&%8@% Fe%gg@t Eg)\c/i\na(tgﬁ %H%ﬁ{errgn%?] 5 ml%?ﬁ‘lglger of

r ut heni umagsitd@vedreepcpurgad frore the gaction ghambery istradustion oé theugéreoiisifiinoxi de to

rut heni u | 5] i ‘ td t o r of

r ut heni umféorﬁfa%ne p:sFu L@?c{rafdgbfc@weﬁa %r%gmevfeg%d(g?r? u?d(%@f&o %ig&? ﬁfl%cﬁéegr&‘ra 'u? eni um

filmis déymatien prepurdonl intrafdugior «f b cedeciig lggente purmeéemayal cof nedecing

unr eact eda Q'ﬂ%hﬁi%&g%%a&‘eﬂ?% agus reacti on products generated by the

ave

reduci ng gent een pufged fromthe reaction chanber: introduction of-
t he gaseous film

Introduction of the gaseous film formation precursor and reducing agent can be carried
out by pulse delivery in the case of ALD. The gaseous film formation precursor can be
introduced, for example, for 0.01 second to 10 seconds at a flow rate of 0.1 sceni to 10
sccm and the reducing agent can be introduced, for example, for 0.01 second at a flow
rate of 0.5 scem to 100 sccm. The purge gas can also be introduced, for example, for
0.01 second to 10 seconds at a flow rate of 100 scem to 5000 scem.

The total pressure in the reaction chamber during ALD is preferably maintained at 0.1
torr to 10 torr, while the substrate temperature is preferably maintained at 100°C to
600°C.

2-2) Method for forming ruthenium oxide film (RuO» film)

The inventive film formation precursor is introduced in gaseous form into a reaction
chamber that holds a substrate. This film formation precursor can be introduced into the




formati on precursor according to the invention, purge/renoval of the
residual film formation precursor, introduction of the reducing agent,
purge/ renoval of reducing agent and gaseous reaction products.

I ntroduction of the gaseous filmformation precursor and reduci ng agent can
be carried out by pulse delivery in the case of ALD. The gaseous film
formation precursor can be introduced, for exanple, for 0.01 second to 10
seconds at a flowrate of 0.1 sccmto 1® sccmand the reduci ng agent can
be introduced, for exanple, for 0.01 second at a flow rate of 0.5 sccmto
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rut heniumoxide, . and jts i ncorgorati on into the rutheniumoxide filmis

therefore %ﬁ  GeslloPRfEgthe19aseQ RUO4 hgs (hesn derynpesed undeptherapplicatign of as a
deconposi tyegn,&RtRYdthehRim biGe BRAGEMP oy ¥ decomposition has deposited on the

substrate, the gaseous RuQ4 can be satisfactorily decomposed even when the heating

temperature is reduced.

The total pressure within the reaction chamber during this ruthenium oxide deposition is
preferably set at 0.01 torr to 1000 torr and more preferably is set at 0.1 to 5 torr. The
substrate is preferably heated to at least 150°C and more preferably is heated to 350°C
to 400°C.

The substrate submitted to the film formation methods described above under 2-1) and
2-2) can be exemplified by semiconductor substrates such as silicon substrates. The
following, for example, may be formed on this semiconductor substrate: low-k film, high-
k film, C-doped silicon dioxide film, titanium nitride film, copper film, tantalum nitride film,
molybdenum film, tungsten film, and ferroelectric film. The ruthenium films and
ruthenium oxide films afforded by this invention exhibit an excellent adherence to these
films and will not debond even when submitted to chemical mechanical polishing
(CMP). Moreover, the incorporation of impurities, such as carbon and halogens such as
fluorine, is entirely absent from these ruthenium films, ruthenium oxide or ruthenium-




As a result, once the gaseous Ru0O4 has been deconposed under the
application of heat and solid ruthenium oxide produced by this
deconposition has deposited on the substrate, the gaseous RuO4 can be
satisfactorily deconposed even when the heating tenperature is reduced.
The total pressure within the reaction chanber during this ruthenium oxide
deposition is preferably set at 0.01 torr to 1000 torn and nore preferably
is set at 0.1 to 5 torr. The substrat® is preferably heated to at | east
150C and nore preferably is heated to 350C to 400C. The substrate
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in the present invention or is very brief, which enables deposition
(growth) of the rutheniumfilnms and rutheniunloxide films in a
correspondi ngly shorter period of tine (fromthe initial early phase in
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drawi ng t hat strates an exa e of fand aglparﬂy cp be usded to
i npl ement soHLee, 3¢ tor shey !mafﬂﬂnaélog)o%rse{/@ eed source or reducing agen gas, an
a feed source 14 for an inert gas as typically used as a carrier gas and/or diluent gas. In
the case of a singie-wafer fool, a susceptor {not shown) is provided in the reaction
chamber 11 and a single semiconductor substrate (not shown), such as a silicon
substrate, is mounted on the susceptor. The interior of the susceptor is provided with a
heater for heating the semiconductor substrate to the prescribed reaction temperature.
In the case of a batch tool, from 5 to 200 semiconductor substrates are held in the
reaction chamber 11. The heater in a batch tool may have a different structure from that

 of the heater in a single-wafer tool.

The feed source 12 for the film formation precursor introduces the fim formation
precursor into the reaction chamber 11 using the bubbler system already described
above and is connected to the inert gas feed source 14 by a line L1. The line L1 is
provided with a shutoff valve V1 and downstream therefrom with a flow rate controller,
for example, a mass flow controller MFC1. The film formation precursor is introduced
into the reaction chamber 11 from the feed source 12 through a line L2. The following
are provided in the line L2 considered from the upstream side: a UV spectrdmeter UVS,
a pressure gauge PG1, a shutoff valve V2, and a shuloff valve V3. The UV




The apparatus illustrated in Figure 3 is provided with a reaction chanber
11, a feed source 12 for the filmformation precursor, a feed source 13
for reducing agent gas, and a feed source 14 for an inert gas as typically
used as a carrier gas and/or diluent gas. In the case of a single-wafer
tool, a susceptor (not shown) is provided in the reaction chanber 11 and a
si ngl e sem conductor substrate (not shown), such as a silicon substrate,
is mounted on the susceptor. The interi'dor of the susceptor is provided with
a heater for heating the sem conductor substrate to the prescribed
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introduces the filmformation precursor into the reaction chanber 11 using
t he bubbl er system al ready descri bed above and is connected to the inert
gas feed source 14 by a line L1. The line L1 is provided with a shutoff
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val ve V2, a shuto spectrometer UVS functions to
confirmthe presence and detect the concentration of the precursor
(particularly the Ru4) in the Iine L2. The feed source 13 for the reducing
agent gas conprises a vessel that holds the reducing agent in gaseous
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a line L4. The following are provided in the line L4 considered from the upstream side: a
shutoff valve VB, a mass flow controller MFC3, and a pressure gauge PG2. The line L4
joins with the line L3 upstream from the shutoff valve V4. The line L1 branches off the
line L4 upstream from the shutoff valve V6.

A line LS branches from the line L1 upstream from the shutoff vaive V1. This line L5
joins into the line L2 between the shutoff valves V2 and V3. A shutoff valve V7 and a
mass flow controller MFC4 are disposed in the line LS in the given sequence from the

upstream side.

A line L6, which reaches to the reaction chamber 11, branches off between the shutoff
valves V3 and V4. A shutoff valve V8 is provided in this line L6.

A line L7, which reaches to a pump PMP, is provided at the bottom of the reaction
chamber 11, and the following are provided in this line L7 considered from the upstream
side: a pressure gauge PG3, a butterfly valve BV for adjusting the back pressure, and a
hot trap 15. The hot trap 18 comprises a tube that is provided over its circumference




the line L3. The line L3 is connected to the Iine L2. The inert gas feed
source 14 conprises a vessel that holds inert gas in gaseous form Inert
gas can be introduced fromthis feed source into the reaction chanber 11
through a line L4. The following are provided in the line L4 considered
fromthe upstreamside: a shutoff valve V6, a mass flow controller MC3,
and a pressure gauge P&. The line L4 joins with the line L3 upstreamfrom
the shutoff valve V4. The line L1 branthes off the |ine L4 upstreamfrom
t he shutoff valve V6. A line L5 branches fromthe line L1 upstreamfromthe
shutoff valve V1. This Iine L5 joins into the line L2 between the shutoff
val ves V2 wifid avieater. sHiugeotlie ROy einVtheagasesus rarseursdroiw canwerted lido $di@4 ar e
di sposed in the line L5 in the given sequence fromthe upstreamside. A
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BV for adjusting the back pressure, and a hot trap 15. The hot trap 15
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valves V1, V2, and V5 are first closed and the shut off vaI ves V6, V7, V3,
V4, and V8 are

The shutoff valve V5 is then opened and reducing agent gas is introduced into the

reaction chamber 11 from the reducing agent gas feed source 13, followed immediately

by the opening of shutoff valves V1 and V2 and the introduction of inert gas from the

inert gas feed source 14 through the line L1 and into the feed source 12 for the film

formation precursor. This results in the introduction of gaseous precursor (RuQ4 and the
hereinabove specified non-flammable solvent, preferably a fluorinated solvent ) into the
reaction chamber 11 via the line L2 and the line L6. The reducing agent gas and RuOy4

react in the reaction chamber 11, resulting in the deposition of ruthenium metal on the
semiconductor subsfrate,

In order to produce a solid ruthenium oxide film using the apparatus iliustrated in Figure
3, the apparatus is prepped by closing the shutoff valves V5 as well as V4 and V6 and
keeping these vaives closed since the reducing agent gas will not be used. The pump
PMP is started, a vacuum condition is created, and shutoff valves V3, V7, and V8 are
opened in order to have inert gas flown in the reaction chamber.. While in this state, the
shutoff valves V1, V2, are opened and inert gas is infroduced from the inert gas feed
source 14 through the line L4 and the line L1 into the feed source 12 for the film

formation precursor, resulting in the introduction of gaseous precursor (RuO4 and the




opened. Wile operating the punp PVMP, the inert gas fromthe inert gas feed
source 14 are introduced into the reaction chanber 11 through the line L4
and L5 via the line L6. The shutoff valve V5 is then opened and reduci ng
agent gas is introduced into the reaction chanber 11 fromthe reducing
agent gas feed source 13, followed i mediately by the opening of shutoff
val ves V1 and V2 and the introduction gq inert gas fromthe inert gas feed
source 14 through the line L1 and intothe feed source 12 for the film
formati on precursor. This results in the introduction of gaseous precursor

(Ru04 and Hdhgnatiees @geamvmnsmﬁhém&%lw 6rbﬁiﬁﬂﬁbé ﬁu&ﬁﬂaté%%lveﬂf %EI fely a
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elements that are the same as in Figure 3, and these elements will not be described in
detaif again. One end of the installed line L8 is connected to the line L2 between the
ultraviolet spectrometer UVS and the pressure gauge PG1, while the other end is

connected to the line L7 between the hot trap 15 and the pump PMP.

In order to produce ruthenium film by ALD using the apparatus illustrated in Figure 4,
the shutoff valves V2 and V5 are first closed and the shutoff vaives V6, V7, V3, V4, V8,
and V9 are opened, as are the shutoff valves V1 and V2'. As the pump PMP is
operating, a vacuum state is generated in the different lines in which inert gas from the
inert gas feed source 14 is introduced through the iine L4 and L5 and into the reaction
chamber 11 via the line L6., he passage of inert gas through the line L1, the feed
source 12 for the film formation precursor, resulting in the throughflow of gaseous
precursor (RuO4 and the hereinabove specified non-flammable solvent, preferably a

fluorinated solvent ) in L2 and L8, along with the inert gas.

After this initial set up has been carried out, the shutoff valve V2' is closed and the

shutoff valve V2 is opened and a pulse of gaseous precursor is delivered into the




Figure 4 contains a schematic drawing that illustrates an exanple of an
apparatus that can be used to inplenent the nethod of 2-1) (fornmation of
rutheniumfiln) by ALD. The apparatus illustrated in Figure 4 has a
structure in which a line L8 is provided in the apparatus illustrated in
Figure 3; this line L8 is itself provided wth a shutoff valve V2' and,
downstream fromthe shutoff valve V2', with a hot trap 15 that is the sanme
as the hot trap 15. The sane referenceo synbol s have therefore been
assigned to those elenments that are the sane as in Figure 3, and these

el ements will _not be described in detail ?al n. One end of the installed
line L8 i sreasinfechaatber 41.¢ Hus isifpliowed bydheusio t@ﬂ@"“%'@%@/ﬂ)ﬁh@ts“yﬁ?é‘d@hl@net er
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shutof f valve V2' which results in passage through the |ine
cycle can be repeated untif a ruthenium film with the desired thickness is obtamed

2-3)  Method for forming ruthenate film

Ruthenate film is formed by infroducing the hereinabove specified film formation
precursor in gasecus form and a gaseous brganometallic compound into a reaction
chamber that holds a substrate and reacting the precursor and organometallic
compound in the presence of an oxygenated gas and thereby depositing ruthenate on
the surface of the substrate.

The film formation precursor can be infroduced into the reaction chamber by a bubbler
system as described above.

When, for example, a ferroelectric film of BaRuOy is to be produced, Ba(DPM),, which
is a B-diketone/barium complex, can be used as the organometallic compound. When a

ferroelectric film of SrRuOy is to be produced, Sr(DPM)2, which is a B-diketone/strontium




of gaseous precursor along withinert gas which will be deconposed in
hot-trap 15'. A purge of the reaction chanber interior by the introduction
into the reaction chanber 11 of inert gas fromL4 and L5 via L6 leading to
the renoval of unreacted precursor (including the non-flammuable sol vent,
preferably a fluorinated solvent) and generated by-products fromthe

i nterior of the reaction chanber 11. The shutoff valve V5 is then opened
and a pul se of reducing agent gas is délivered fromthe reduci ng agent gas
feed source 13 along with inert gas fromthe inert gas feed source 14 into

the reactign .chanber 11 This is followed b | os of the shutoff valve
VBL reaul 1PN TnEe 46 oy ordanolrds BBa: Fleks LERA e abrptba e | on
chanber 1ldigivaloylmeihanite of 22¢h6-tatrameliyi-3 Srhegtanedionate (FMEDRd reduci ng agent,
etc., fromthe reaction chanber 11. This process cycle can be repeated
until a rutheniumfilmw th the desired thickness is obtained. 2-3) Method

for formng n thenate filmRuthenate filmis formed by introducing the
her ei nabove specified filmformation precursor in gaseous formand a
gaseous or q@feanated gasebsutonexamrie. oxyeal ozene orMeBvber that hol ds a
substrate and reacting the precursor and organonetallic conpound in the
presence of an oxygenated gas and thereby depositing ruthenate on the
sur f ace ofC\lheas bestsedtte.forihthef felmelédrierfilmomeptianed rabove, darwhieh caderthduced

into the ' I e m cribed above. \When,
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conmpound. Wen a ferroelectric filmof SrRuOx is to be produced, Sr(DPM 2,

whi ch is ®réradir kando the! srgannmetaltic2dompeomg| then react inethes gals phasdidn the
organonetal conpound. Here, DPMis an abbreviation for
presence of oxygen, resulting, for example, in the formation of BaRuOy (or SrRuOy) and
its deposition on the substrate. At the same time, however, the hereinabove specified
non-flammable solvent, preferably a fluorinated solvent accompanying the RuQy in the

gaseous precursor does not undergc decomposition during deposition of the
ferroelectric film, thereby also avoiding incorporation info the film.

The temperature in the reaction chamber is preferably brought to 450°C to 800°C, which
is the reaction temperature for these gases.

The ruthenate films (for example, BaRuOy and SrRuOy) produced by this method

exhibit ferroelectric properties and can be used, for example, in capacitors. Moreover,
since thin ferroelectric films can be produced by this method, these fifms can be used as

electrode materials just like the Ru films and RuOz films. In specific terms, these

ferroelectric films (particularly SrRuOy) can be used as the upper and lower electrode

materials for a separate ferroelectric (or as a buffer layer between a ferroelectric and the
electrode material). These ferroelectric films, being oxides, can prevent oxygen and
PbO diffusion with respect to ferroelectrics such as lead lanthanate titanate (PLT) and
lead zirconate titanate (PZT), and at the same time, by adopting the same perovskite
structure as these ferroelectrics, can increase the adherence at the interface of the




di pi val oyl net hanate or 2, 2,6, 6-tetranethyl -3, 5- hept anedi onate (TMHD). The
oxygenat ed gas can be, for exanple, oxygen, ozone or N20. CVD can be used
to formthe ferroelectric filns nmentioned above, in which case the

her ei nabove specified filmformation precursor in gaseous form and the
organonetallic netal in gaseous formare introduced into the reaction
chanber. The RuO4 in the precursor and the organonetallic conpound then
react in the gas phase in the presencé of oxygen, resulting, for exanple,
in the formati on of BaRuOx (or.SrRuOx) and its deposition on the

mon- 1 armeferobs AR pleEinpels feSlertrse andChal MRS o MEReB A, PR ¢ ne
Ru04 i n t hgenemdisre olithedowdirlediric dorstant tetyeutidt capo ockeir @tnthas intérface dad icag

depositio f gric film thereby al so avoiding incorporation
into the ﬁr?&gn‘&lﬁ%ss[eg%geﬂgfﬁu@é. in the reaction chanber is preferably

brought to 450C to 800C, which 1is the reaction tenperature for these
gases. The ruthenate filnms (for exargyaﬁ.. (eBaRuUOK and SrRuOx) produced by
this method exhibit ferroelectric propgrti es and can be used, for exanple,
in capacitors. Mrreover, since thin ferroelectric filnms can be produced by

this neth . Li : : er.d o | lL.i ke the
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(parti cul aot gesBicRdOy)theserexamplesed as t he upper and | ower el ectrode
materials for a separate ferroelectric (or as a buffer |ayer between a
ferroelectric and the electrode material). These ferroelectric filmns,

bei ng oxi des, can prevent oxygen an&xampeldiffusion with respect to
ferroelectrics such as lead | anthanate titanate (PLT) and |ead zirconate
titanate (PZT), and at the sane tinme, by adopting the same perovskite

st ruct ur e Aarsactraskamber was isaded with asiinon substsatecand idscadithed silicon substrate

interface it &Rfd?f silicon dioxide film on its surface; a container was loaded with a film
formation precursor comprising ruthenium tetroxide (RuQy) dissolved at a concentration
of 0.12 weight% in 3-ethoxy-1,1,1,2,3,4,4,5,5,6,6,6-dodecafluoro-2-
trifluoromethylhexane (Novec HFE-7500, tradename of the 3M Company); and RuQy4

and HFE-7500 entrained in nitrogen were introduced into the reaction chamber by
bubbling nitrogen through the container. Hydrogen was also introduced into the same
reaction chamber at a concentration of 0.5 volume% with reference to the nitrogen. The
total pressure in the reaction chamber was set at 10 torr and the substrate temperature
was brought to 300°C. Proceeding in this manner resulied in the deposition of a
ruthenium metal film on both substrates. The ruthenium metal deposition rate was about
9 A/min.

The obtained ruthenium metal film was tightly bonded to both the silicon substrate and
the silicon dioxide film on the other silicon substrate.




el ectrode material wth these ferroelectrics and can prevent or |essen,
inter alia, generation of the low dielectric constant |ayer that can occur
at this interface and can prevent or |essen deterioration. Exanples The
invention is explained in greater detail bel ow through exanpl es, but the
Invention is not restricted by these exanples. Exanple 1 A reaction
chanber was | oaded with a silicon substrate and al.so with a silicon
substrate that carried a silicon dioxPle filmon its surface; a container
was | oaded with a film formation precursor conprising rut heni um t etroxi de
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The incubation period (time required after the start of the reaction until
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m nutes for the siljcon substrate
was also subjected to analysis of |ts surface composition by Auger electron

spectroscopy. The results are reported in Figure 5. Figure 5 reports the atomic
concentration profile of each element as a function- of depth from the ruthenium metal
film surface. Thus, the sputtering time plotted on the x;axis in Figure 5 corresponds to
depth from the surface.

As is clear from Figure 5, an extremely pure ruthenium film was produced and none of
the impurities O, C, and F were detected.

Example 2

Ruthenium metal film was formed as described in Example 1 on the following: alumina
film, iow-k film, hafnium oxide (HfO2) film, lanthanum oxide (La203) film, tantalum

nitride (TaN) film, tantalum oxide (Taz0s) film, titanium nitride (TiN), BST film, and PZT

film. The ruthenium metal deposition rate was unrelated to the nature of the film and
was about 9 A/min in each case. In addition, the ruthenium metal was in all cases tightly
bonded to the underlying film.

Example 3




7 mnutes for the silicon dioxide filmsurfaced silicon substrate. In
contrast, the incubation period was zero when rut henium netal was
deposited using pure RuO4 as precursor. Thus, this Exanmple 1,

not wi t hst andi ng an i ncubation period that was a little |longer than for the
use of pure Ru0O4 with its explosion risk, enabled filmformation to be
carried out in a safe and practical manner when considered in overal

terms. The silicon dioxide filmsurfac®d silicon substrate coated with the
rutheniumnmetal film was al so subjected to analysis of its surface
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was | oadeqiiy difodei bR Ted as diluent. The total flow rate of the nitrogen used as diluent
was 174 sccm. The pressure within the reaction chamber was maintained at 4 torr. The
substrate temperature was set at 300°C.

The interior of the reaction chamber was then purged with nitrogen, after which the
cycle described above was repeated to obtain a ruthenium metal film with the desired
thickness. The ruthenium metal deposition rate was about 1.9 A/min per cycle.

The number of incubation cycles (number of cycles required after tl;e start of the
- reaction until the onset of film formation) in this ruthenium metal deposition by ALD was
zero for the silicon substrate and was also zero for the silicon dioxide film-surfaced
silicon substrate, which indicated that efficient film production had been achieved. 75
incubation cycles were required when a ruthenium metal film was deposited by ALD

using pure RuQO4 as precursor.

Example 4

Ruthenium metai film was formed as described in Example 3 on the following: alumina

fiim, low-k film, hafnium oxide (HfO2) film, lanthanum oxide (La;Og3) film, tantalum




filmformation precursor with a 0.12 wei ght% concentration as in Exanple 1;
nitrogen was bubbled at a flow rate of 10 sccmthrough the container; and
RuO4 and HFE-7500 entrained in nitrogen were introduced into the reaction
chanber for 0.5 second in such a nanner that the RuO4 gas flow rate was
0.07 sccm A thin filmof rutheniumoxide was fornmed on each substrate.
After the unreacted RuO4 and acconpanyi ng HFE- 7500 had been renoved by
purging the interior of the reaction cfanmber with nitrogen, hydrogen was

i ntroduced for 1 second into the reaction chanber at a flowrate of 1.2

ni rogen it HeNTdaraede g 0s e pmaiste N BT AT BELt on
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300C. The i nterior er was then f ogen,
aft er whi ovastapsut t9Wmlmwclbwememgdﬂwpmahedithmmbmatal wasringteni um

metal fil %‘%&%hﬁ?ﬁorﬂfeﬁ'tﬁ W}e nﬁ1s The ruthenium netal deposition rate

was about n per cyc e unber of incubation cycles (nunber of
cycles required after the start of the reaction until the onset of film
formation) in this rutheniumnetal deposition by ALD was zero for the
silicon substrate and was al so zero for the silicon dioxide filmsurfaced
silicon substrate, which indicated Exaoplefficient film production had been
achieved. 75 incubation cycles were required when a rutheniumnetal film
was deposited by ALD wusing pure RuO4 as precursor. Exanple 4 Ruthenium
metal fil rﬁmagtmcnhmewaﬁggded w‘élmaisﬂimasbﬁtr@te:andIalspwejthfa)sili@vusugstraéa um na
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nitride (Tfimformation precyisogwih |azq-12 weight% concentratlon as in xamp!e 1, nitrogen

was bubbled at a flow rate of 20 scem through the container; and RuQ4 and HFE-7500

entrained in nitrogen were introduced into the reaction chamber. The total pressure in

the reaction chamber was set at 10 torr and the substrate temperature was 400°C.

Under these conditions a very uniform ruthenium oxide film with a thickness of about

1000 A was obtained on each substrate in 60 minutes (deposition rate = about 17

Aimin). The obtained ruthenium oxide film was tightly bonded to both the silicon

substrate and the silicon dioxide film on the other silicon substrate.

Brief Description of the Drawings

Figure 1 is a diagram that illustrates vapor pressure versus temperature for RuOg4, HFE-

7500 and FC-3283, which are possible components of a fim formation precursor
according to the invention.

Figure 2 is a diagram that illustrates the relationship between the RuO4 concentration

and the time of storage in the dark at 40°C for an HFE-7500 solution in which RuQy4 is

dissolved.




film The ruthenium netal deposition rate was unrelated to the nature of
the filmand was about 1.9 A/mn per cycle in each case. In addition, the
rut heniumnmetal was in all cases tightly bonded to the underlying film
Exanple 5 A reaction chanber was | oaded with a silicon substrate and al so
with a silicon substrate that carried a silicon dioxide filmon its
surface; a container was | oaded with t&e sane filmformation precursor
with a 0.12 wei ght% concentration as in Exanple 1; nitrogen was bubbl ed at
a flowrate of 20 sccmthrough the container; and RuO4 and HFE- 7500
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tenperature for RuO4, HFE- 7500 and FC- 3283, which are possible conponents
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h ti | i
ot hod acdbPH: SBH08 SPRETISRORL | on.

Reference symbols

M1 reaction chamber
12 feed source for precursor for film production
13 feed source for reducing agent gas

14 feed source for inert gas




Figure 4 is a schematic diagramthat schematically illustrates another
exanpl e of an apparatus for carrying out a nethod according to the
invention. Figure 5 is a diagramthat iélustrates the atom c concentration
profile obtained when the silicon diox fe filmsurfaced silicon substrate
coated with rutheniumnetal filmaccording to Exanple | of the invention
was subm tted to analysis of its surface conposition by Auger electron
spectrosé%%?@ Ref erence synbols 11 ......... reaction chanmber 12 ..........
feed source for precursor for filmproduction 13 .......... feed source
for reduci ng ageAtmegas fokforming a ruthenium-ERethirganm, C8mpringitiedtdps @aGepbding2/
Clains: 1. A nethod for formng a rutheniumcontaining film conprising the

steps of raeg@m-boitgnidy firh dh Beidstate 6P Mtraduding @t IBdst BhbRBurdor SaHART fomkRioMto a
introducing at |l east a precursor for filmformation into a reaction

chanber tr&atiorCehaiBemBat 8éntdiRaS leadBe SIHRFAE AHRreind3RY RedirsS Ak htrBEREM NG LS
i ntroduced in gaseous 5 form and wherein the precursor conprises ruthenium

t et r oxi deoi 55 Wh¥H tI'xébrE'(QlF'sof $APBR r@th&luszmeltr&aéeecﬁssolw;l .Hﬁsﬂ flarkAMid ¥iolilbed

general fornula CXHYF~O, N' wherein: Sy+z; 5x<_15; c¢) z>y; and

10 d) t+léol1em>ﬁav.xgm@@gqezanfob.ﬁmaa mp%jnﬁ'%%ré.mt egers equa' to or greater than
1, t and u being intégers greate

a) 2x+25y+z;
b) 2=x=15;
c) z>y; and

10 d) t+uzt,
X, ¥, and z, being positive integers equal to or greater than 1, t and u being integers greater
than or equal zero, and introducing a gaseous reducing agent into the reaction chamber and
thereby depositing ruthenium on at least one subsirate by reacting said gaseous precursors

with the gasecus reducing agent.
15 2. The method of claim 1, wherein the reducing agent is hydrogen.

3. The method of claim 1, wherein the pressure in the reaction chamber is maintained

between 0.01 torr and 1000 torr.

4. The method of claim 1, wherein the film deposition step is carried out at a substrate

temperature comprised between 50° C. to 800° C.

20 5. The method of claim 1, wherein the reducing agent and the ruthenium precursor are

simuitaneously infroduced into the reaction chamber.

6. The method of claim 1, comprising the steps of:

a) introducing the gaseous precursor into the reaction chamber;
b} purging the reaction chamber by injecting an inert gas into i;

25 ¢) thereafter, introducing the gaseous reducing agent into the reaction chamber during a




than or equal zero, and introducing a gaseous reducing agent into the
reacti on chanber and thereby depositing rutheniumon at | east one
substrate by reacting said gaseous precursors wth the gaseous reducing
agent. 15 2. The nethod of claim 1, whef2in the reducing agent is hydrogen.
3. The method of claim1l, wherein the pressure in the reaction chanber is

mai nt ai ned between 0.01 torr and 1000 torr. 4. The method of claiml,
wherei n the fi9eHABYUETatPhiheseatter qalledragdycing @oRtipulsi and substrate  t enper at ur e
conprised between 500 C. to 800 C. 20 5. The nethod of claim1l1, wherein the
reduci ng agentd &¥ang e nieiicheiaRrPReaMbeTbydtiecting aminet easésall y i ntroduced
into the reaction chanber. 6. The nethod of claim1, conprising the steps
of : a) introddarey redvenghsEsaniunt exidsrosdre suRttGie he reaction chanber; b)
purgi ng the reaction chanber by injecting an inert gas into it; 25 c)

thereafter, introguaiRgh drRRBINDAISAEScORBH tﬂgsta&@fn&péamgqhé #aﬁocru@l%tste%f
chanber durlng a 28 determned duration, thereafter called reducing agent

pul sep angk dkehid gécﬁ}gortg'g dnﬂttﬁerdegﬁ'ed(?ﬁm EMnés@%%hlg\deCha”ber by injecting an
inert gas into |t t heréby reducing the ruthenium oxide on the substrate.

7. The net hod of cIa|n16 further conprising the step of repeating the

i ntroduction s ephddhethl df BRINDG TEABEING HRCHEPSH ain@irfhg thdubbtrdidi@m@gsiureed film
t hi ckness is achieved. 8. The nethod of claim®6, conprising the step of

mai nt ai NipgaEvebM oS ebsidraabect enperature between 100 C. and 600 C. 9. The
met hod of claim1, conprising the steps of: a) thermally deconposing the
gaseous precursor; and

9. The method of claim 1, comprising the steps of;

a) thermally decomposing the gaseous precursor; and

10 b} and thereby depositing a ruthenium oxide film on the substrate.

10. The method of claim 8, comprising the step of maintaining the total pressure in the

reaction chamber between 0.01 torr and 1000 torr.

11.  The method of claim 9, comprising the step of maintaining the substrate temperature

above at least 150° C.

15 12.  The method of claim 1, further comprising the steps of:

a) introducing simultaneously or in separate pulses the gaseous precursor, a gaseous
organometallic compound and an oxygen containing gas into the reaction chamber that holds
tﬁe substrate; and

b} reacting said precursor, crganometallic compound and said oxygen containing gas thereby

20 depositing a ruthenate film on the surface of the substrate.

13. The method of claim 1, wherein the substrate is a silicon-based wafer for semi-conductor

manufacture.

14. The method of claim 1, wherein the substrate is a ceramic-based material.




10 b) and thereby depositing a rutheniumoxide filmon the substrate. 10.
The nmethod of claim9, conprising the step of nmaintaining the total
pressure in the reaction chanber between 0.01 torr and 1000 torr. 11. The
met hod of claim9, conprising the step ©f maintaining the substrate
tenperature above at least 150 C. 15 12. The nethod of claim1, further
conprising the steps of: a) introducing sinultaneously or in separate

pul ses the gas@oudegndeadrdpprim 4. yhaseinthe sulstrglariroift e 4zt sidace SHiFelIRtEea Ao
oxygen containing gas into the reaction chanber that holds the substrate;
and b) r SARECHYCSHITACos sedAsPIMPS.-or ganonet al | i ¢ conpound and sai d oxygen
containing gas thereby 20 depositing a ruthenate filmon the surface of
the substrate. 13. The nmethod of claim 1, wherein the substrate is a

si | i con- based Raf B Mot QAAFMLWRRIER g1 SURHRISHS 2 Palrbapredsubsigie. et hod of

claim1l, wherein the substrate is a ceranic-based material. 29 15. The

met hod of cl ai erei.n_the substrate.i not a.flat rface but
conpri ses at ﬂzgiﬁmr%%ﬁgC%Q?ngwsﬂFFggﬁgmgﬁ%ﬁSggagﬁﬁfg?wi 9“$ﬁ§"%@thod of
cl ai t he strate i d substrate. 17. The net hod

1, wherei a ball-sha
o "ol & metPE R el P rteadhed B BRI BRBR P om t he g oup 5
conpri sing 3-ethoxyperfl uoro(2-nethyl hexane) and
tris(heptafl uoropropyl)am ne.




