ORGANOVETALLI C COMPOUNDS The present invention relates generally to the
field of organonetallic conpounds. In particular, the present invention
relates to the field of organonetallic conmpounds useful for chem cal vapor
deposition or atom c | ayer deposition of thin filnms. In atomc |ayer
deposition ("ALD') processes, conformal thin filnms are deposited by
exposing a surface to alternating vapors of two or nore chenical reactants.
Vapor froma first precursor (or reactant) is brought to the surface onto
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ALD precursors must be sufficiently volatile to ensure a sufficient concentration of the
precursor vapor in the reactor to deposit a monolayer on the substrate surface within a reasonable
period of time. The precursors must also be sufficiently stable to be vaporized without
premature decomposition and unwanted side reactions, but must also be sufficiently reactive to
form the desired film on the substrate. With such a required balance of volatility and stability

properties, there is an overall lack of suitable precursors.

Conventional precursors are homoleptic, i.e. they have a single ligand group. Homoleptic
precursors offer uniform chemical characteristics, thus offering the inherent advantage of
matching and harmonizing the functionality of ligand with the deposition process. However, the
use of only a single ligand group offers less control over other paramount precursor
characteristics, such as the shielding of metal center, that governs the surface reactions (e.g.
chemisorption) and gas phase reaction (e.g. reaction with second complementary precursor),
adjusting the volatility of precursor, and achieving required thermal stability for the precursor.

For example, tetrakis(dialkylamino) hafnium is currently used as a chloride-free alternative to



adjusting the volatility of precursor, and achieving required thermnal
stability for the precursor. For exanple, tetrakis(dialkylamno) hafniumis
currently used as a chloride-free alternative to 1 H O 4. However, this

cl ass of compound tends to produce prenature deconposition of precursor
either during the storage and/or before reaching the reactor. Substituting
one or nore of the dialkylamno groups with another organic group that
inparts thermal stability has been tried but wth little success, due to
the inability to match the functionality of other group and achi eve the
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provided is a composition including the above described compound and an organic solvent.

Such a composition is particularly suitable for use in ALD and direct liquid injection processes.

Also provided by the present invention is a process of preparing phosphoamidine
compounds including: reacting a nitrile compound with a primary phosphine in the presence of a
metal trifluoromethanesulfonate catalyst. Optionally, a mixture of a primary phosphine and a
primary amine may be used. The phosphoamidine compounds may be symmetrical or

unsymmetrical.

The present invention further provides a method of depositing a film including the steps
of: providing a substrate in a reactor; conveying the precursor compound described above in a
gaseous form to the reactor; and depositing a film including the metal on the substrate. In
another embodiment, the present invention provides a method of depositing a film including the
steps of: providing a substrate in a reactor; conveying the first precursor compound described
above in a gaseous form to the reactor; chemisorbing the first precursor compound on the surface
of the substrate; removing any non-chemisorbed first precursor compound from the reactor;

conveying a second precursor in a gaseous form to the reactor; reacting the first and second



anot her enbodi ment, the present invention provides a nethod of depositing a
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reactor; chem sorbing the first precursor conpound on the surface of the
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reactor; conveying a second precursor in a gaseous formto the reactor;
reacting the first and second 2 precursors to forma filmon the substrate;
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The organometallic compounds of the present invention, known generally as
phosphoamidinates, have the general formula (R'YCR*PR*),M"™L" .., L%,, wherein R', R* and
R® are independently chosen from H, (C,-Cg)alkyl, (C,-Ce)alkenyl, (C,-C¢)alkynyl and aryl; Y =
N or P; M = a metal; L' = an anionic ligand,; L% = a neutral ligand; m = the valence of M;n = 1-
6; p = 0-3; and wherein m > n. In one embodiment, each of R',R? and R® are independently
chosen from methyl, ethyl, propyl, butyl, vinyl, allyl, butenyl, acetylenyl and propynyl. As used
herein, “aryl” refers to an aromatic hydrocarbon radical, which optionally may have one or more
of its hydrogens replaced with a substituent group such as, but not limited to, alkyl, alkenyl,
alkoxy, and halo.

The subscript “n” represents the number of phosphoamidinate ligands in the present
compounds. It will be appreciated by those skilled in the art that the phosphoamidinate ligand

may be the only ligand in the present compounds.

A wide variety of metals may suitably be used to form the present phosphoamidinates.

Typically, M is chosen from a Group 2 to Group 16 metal. As used herein, the term “metal”



of its hydrogens replaced with a substituent group such as, but not limted
to, al kyl, alkenyl, alkoxy, and halo. The subscript "n" represents the
nunber of phosphoam dinate ligands in the present conpounds. It will be
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may be the only ligand in the present conpounds. A wide variety of netals
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pent anet such @y olethyt rethed ipeoppll,; buthil gentyl, hexyl, cyclopropyl cyclopentyl and cyclohexyl; (C,-
Cio)alkenyl such as ethenyl, allyl, and butenyl; (C,-C¢)alkynyl such as acetylenyl and propynyl;
(C1-Cjp)alkoxy such as methoxy, ethoxy, propoxy, and butoxy; (C;-Cjp)alkylamino such as
methylamino, ethylamino and propylamino; di(C,-C;¢)alkylamino such as dimethylamino,
diethylamino, ehtylmethylamino and dipropylamino; cyclopentadienyls such as
cyclopentadienyl, methylcyclopentadienyl and pentamethylcyclopentadienyl; di(C,-
Cio)alkylamino(C,;-Cg)alkoxy such as dimethylaminoethoxy, diethylaminoethoxy,
dimethylaminopropoxy, ethylmethylaminopropoxy and diethylaminopropoxy; silyls such as (C;-
Cio)alkylsilyls and (C;-Cg)alkylaminosilyls; and alkyl amidinates such as N,N’-dimethyl-
methylamidinato, N,N’diethyl-methylamidinato, N,N’-diethyl-ethylamidinato, N,N’-di-iso-
propyl-methylamidinato, N,N’-di-iso-propyl-iso-propylamidinato, and N,N’-dimethyI-
phenylamidinato. When 2 or more anionic ligands are present, such ligands may be the same or

different.

Neutral ligands (L.%) are optional in the present compounds. Such neutral ligands do not
bear an overall charge and may function as stabilizers. Neutral ligands include, without
limitation, CO, NO, alkenes, dienes, trienes, alkynes, and aromatic compounds. Exemplary

neutral ligands include, but are not limited to: (C,-Cjp)alkenes such as ethene, propene, 1-butene,
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the present phosphoamidinates. In one embodiment, the present compounds may be prepared by

reacting a phosphoamidinate lithium salt with a metal halide in a suitable solvent such as hexane.

Such reaction may be performed over a range of temperatures, with room temperature being

suitable for certain reactions. In an alternate synthesis of the present compounds, an alkyl

lithium may be first reacted with a metal halide in a suitable solvent, such as THF, and at a

suitable temperature, such as room temperature, followed by reaction with a phosphoamidine in

a suitable solvent, typically the same solvent as used for the first reaction.

Alternatively, phosphoamidines may be prepared by reacting a suitable nitrile compound
with a primary phosphine in the presence of a metal trifluoromethanesulfonate catalyst.
Exemplary nitrile compounds are those having the formula R>-C=N or R*NH-C=N. Exemplary
primary phosphines have the formula R*PH,. Optionally, a mixture of a primary phosphine and
a primary amine is used. Exemplary primary amines have the formula R'NH,. Each of R', R?
and R® is independently chosen from H, (C;-Ce)alkyl, (C>-Cg)alkenyl, (C,-C¢)alkynyl and aryl.
Suitable metal trifluoromethanesulfonate catalysts have the formula M(CF3SO3);, where M is a

metal, such as lanthanum or any metal in the lanthanide group. Such phosphoamidines can be



t he present phosphoam di nates. In one enbodi nent, the present conpounds may
be prepared by reacting a phosphoam dinate lithiumsalt wth a netal halide
in-a suitable solvent such as hexane. Such reaction nay be perforned over a
range of tenperatures, with roomtenperature being suitable for certain
reactions. In an alternate synthesis of the present conpounds, an al kyl
lithiummay be first reacted with a netal halide in a suitable solvent, such
as THF, and at a suitable tenperature, such as roomtenperature, followed
by reaction with a phosphoamidine in a suitable solvent, typically the sane
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and aryl; Y = Nor P. The above reactlém utilizing a nitrile of fornula
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The above reaction utilizing a nitrile of formula R*-NH-C= N is summarized in the following

reaction sequence, where Y =N or P; R! may be the same as or different from R’

H
R'—YH, + R*—N—C==N + R—PH,

l M(CF;S05),
YR’
Rz——“ + NH
3
PR3(H)

Exemplary primary phosphines include, without limitation, methylphosphine,
ethylphosphine, iso-propylphosphine, iso-butylphosphine, tert-butylphosphine and
phenylphosphine. Primary phosphines are generally commercially available, such as from
Aldrich Chemical Company (Milwaukee, Wisconsin) or may be prepared by a variety of
methods known in the literature, such as by using Grignard reagents as disclosed in U.S. Pat. No.
6,939,983 (Shenai-Khatkhate et al.) or based on organolithium and/or organoaluminum reactions
as disclosed in U.S. Pat. No. 6,956,127 (Shenai-Khatkhate et al.). Exemplary primary amines
include, but are not limited to, methylamine, ethylamine, n-propylamine, iso-propylamine, and

tert-butylamine. Such primary amines are generally commercially available, such as from



reacti on sequence, where Y = Nor P, R nmay be the sanme as or different from
R3. R-YH2 + R2-N-C=N + R3-PH2 MCF3S@)3 YR R2 H-N+ NH3 PR3(H)
Exenpl ary prinmary phosphines include, without limtation, nethyl phosphine,

et hyl phosphi ne, i so- propyl phosphi ne, i so- but yl phosphi ne, tert-butyl phosphi ne
and phenyl phosphine. Primary phosphines are generally comrercially
avai l abl e, such as from Al drich Chemical Conpany (M I|waukee, W sconsin) or
may be prepared by a variety of nethods known in the literature, such as by
using Grignard reagents as disclosed in U S. Pat. No. 6,939,983

( Shenai -MdeietkbbaneicaliCampanyor based on organol it hi um and/ or organoal um num
reactions as disclosed in U S. Pat. No. 6,956,127 (Shenai - Khat khate et

al .). Exenpl dihg pposptraanyidine coewpoundsahaycke, preparedapyecanatining ithet sudtable nitrile

hyl ani ne, efhyl amne, n- | agi i SO- | ami : :
Fert - burrahpte PraaePgep Raf ik A e s RGeS AT andPilory! st api o
such as dnfifdnnfanflodder C DpGibRycad o 8dlVent Aaypaesed) OBHE rdadiien eiyie pedsmisdy be

prepared by conbining the suitable nitrile conpound, primary phosphine,

met al t ratpivaustp AEteMPEEsurEs ovelt as ateaflaxy JypisHly, Histrantian ipsamalety within sseergh any
order. H&@nally, an organi c solvent may be used. The reaction may be
perforne at a variety of tenperatures, such as at reflux. Typically, the

reaction is conplete within seve hours. |.n.an alter i.ye synt hesis
oare Tor ond8 R afitrEsei st fitor R R Gualiflin®la BEhEAREIMEEH' To0
react ed darbddligiderss faced @f tha pfatrdk of b infdtdl GrifwréMathasghifansd atayt.ahygdf Any

of the above described netal trifluoronmethanesul fopate catal yst may be
used. Thige plovedessaibed st iritiosomgthanssionate caglyshipar besedr ilbefaghive for the

phosphoayg, g hodk ARBLA foPhe Sho HRBSRIAAUARFUAR. aggPounds is
illustrat eghlggi %%WE?@ I%'%I%ercgenga% ﬂﬁavg%t ?\ﬁm 1 p% ;
preparation of phosphoguanidine compounds is illustrated below, where R", R? and R® have the

meaning ascribed above.

R'—N=—C=—N—~R? + R*—PH,

l M(CF;S05);
NR!
H
R*—N
PR3(H)

The present metal phosphoamidinate organometallic compounds can be prepared by the
metathesis reaction of metal salts (generally halides) with alkali metal phosphoamidinates.
Alkali metal phosphoamidinates may be prepared by reacting a phosphoamidine compound with
either an alkyl alkali metal reagent (such as n-butyl lithium, methyl lithium and tertiary butyl
lithium), an alkali metal hydride (such as sodium hydride and potassium hydride) or an alkali
metal amide (such as sodium amide). Alternatively, metal phosphoamidinates can be prepared
by the exchange reaction between metal dialkylamides and free phosphoamidine in the presence
of an organic solvent. The above reactions are generally carried out under inert atmosphere,
such as under nitrogen, argon or a mixture thereof. Typically, the organic solvents used in such

reactions are substantially free of metallic and oxygenated impurities.

The present organometallic compounds are particularly suitable for use as precursors for



meani ng ascri bed above. R1I-N=C=NR2 + R3-PH2 MCF3S(3)3 NR1 Rz-H N PR 3
(H) The present netal phosphoam di nate organonetal | i ¢ conpounds can be
prepared by the netathesis reaction of netal salts (generally halides) with
al kali metal phosphoam dinates. Alkali metal phosphoam di nates may be
prepared by reacting a phosphoam di ne conpound with either an al kyl al kal

metal reagent (such as n-butyl lithium nethyl lithiumand tertiary butyl
lithium, an alkali netal hydride (such as sodi um hydri de and potassi um
hydride) or an alkali netal am de (such as sodiumam de). Alternatively,

met al phbsydponphadé dertosision af thie fimse piich gompgunds maghbe waerhia arvasietyi b & et ween
metal dial kyl am d and fre hoam di ln_t Nol§ organi c
Sol vent Pree BuYET pEl 1R B850 B IR onf G BC 305 Bror bt

at mos phejrganometatiic @snpsnAE miy bd G@e M a EVIPSr ALD pravess Whert Derf mofe  Typi cal |y,
the organic solvents used in such reactions are substantiallg free of
met al | | Crgmg@mstaliircsomnoyndsase used; gich compoyds s@pcopfaipdhe amemeiabby dayBainds are

parti cul ' ]
Gepos ¢ Dnerép eh &b Lol SR AR SRS b {fr rfbddiReHOBE o BIFS 8L e v
pr ocessgsesast orgdriomasallicicanpoandemyy bé uskd bvifr e s swse other paairsriconpomds., 2 or
nore of such organonetallic conpounds nay be used in a CVD or ALD process.
When 2 or norBubbREg@rokab@h ki cylihdeRpamsdse tepiealldetidery devibesanad ouprosiderty

contain the same netal but havin different |igands, or ma ontain
di 1 er erRIeKBt QIEOMeial it CRPRIUNETBARS HRAGE phasg o pieprpifign &acﬁoﬁegu%r@@ﬁfs

organo nggﬁkiélag%)ﬁ&m:’ﬁ’ | ig%np@%asqmeyﬁcﬁgar}@ zfnrbuﬂgfpo?lr wm{eﬁ ZS ?Bn&rtequ Q4epiition

compoun ers (alfso known as cyl i nder are ypi cal dellvery
devi ces dmsmblert @\ pargen gie typhelly gntessthe bubtgerimovghathkiges ndatporinud entrainshe vapor

phase to.g deposition reactor. Such hubblers .typicall ntain fill port,
B Gas | e R E e o by Birasaer iren e At ReB e e BRE BidbsBitl on
outlet port and is conveyed to the deposition chamber. A variety of carrier gases may be used,

such as hydrogen, helium, nitrogen, argon and mixtures thereof.

A wide variety of bubblers may be used, depending upon the particular deposition
apparatus used. When the precursor compound is a solid, the bubblers disclosed in U.S. Patent
Nos. 6,444,038 (Rangarajan et al.) and 6,607,785 (Timmons et al.), as well as other designs, may
be used. For liquid precursor compounds, the bubblers disclosed in U.S. Patent Nos. 4,506,815
(Melas et al) and 5,755,885 (Mikoshiba et al) may be used, as well as other liquid precursor
bubblers. The source compound is maintained in the bubbler as a liquid or solid. Solid source
compounds are typically vaporized or sublimed prior to transportation to the deposition chamber.
Bubbler for use with ALD processes may have pneumatic valves at the inlet and outlet ports to

facility opening and closing as required to provide the necessary vapor pulses.

In conventional CVD processes, a bubbler for supplying a liquid precursor, as well as
certain bubblers for supplying solid precursors, will contain a dip tube which is connected to the
gas inlet port. In general, the carrier gas is introduced below the surface of the organometallic
compound, also called a precursor or source compound, and travels upward through the source
compound to the headspace above it, entraining or carrying vapor of the source compound in the

carrier gas.

Precursors used in ALD processes are often liquids, low melting solids, or solids

formulated in a solvent. To handle these types of precursors, bubblers used in ALD processes



chanber. A carrier gas typically enters the bubbler through the gas inlet
port and entrains or picks up precursor vapor. The entrained or carried
vapor then exits the bubbler through the outlet port and is conveyed to the
deposition chanber. A variety of carrier gases nmay be used, such as
hydrogen, helium nitrogen, argon and m xtures thereof. A wide variety of
bubbl ers may be used, dependi ng upon the particul ar deposition apparatus
used. When the precursor conpound is a solid, the bubblers disclosed in U S
Patent Nos. 6,444,038 (Rangarajan et al.) and 6,607,785 (Timons et al,),
as wel | may amitain a dipstubheqnnagipd toghe outled portofias enjers thege behiblesp threughgbeiidps, t he

bubbl ers_di scl osed i U Pat ent _ No 06;. L) and

5, 755, 8§§es(skﬁliegzlheﬁbugglee{ a%f 5"“%?&& r%bpere%lzseoa?lp g‘se %gh%eééyghibzfrtﬁ ?‘%&) ) pr ecur sor
bubbl ers. The,.source .conpound i i ntained in the bubbler a liquid,or
ool de | Sol 1 UBYEER Hoaon nayidesd efiar Avss Deifesterontit i eariibfar ¢ o
t ranspordegérited above. g of@BABbdimen, ﬂﬁ@l@bﬁr% devBetbiat i@esf Ovestid Bavihf Bn ohbated
processes may have pneumatic valves at the inlet and outlet ports to

faci | it yeybipéugahshapadipetion hajngan inaeiiurieer hayingraypPeseSeetinn, AdQed e/ Prtpbr

pul ses. ' 8 . I ' f1 O
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conpouncEOTEAIE (s FBORep GerarPORTResRR RO o mpound,  and L avel o upwar d

t hrough the source_ conpound to the headspace above it, entraining or
carrying vapo agrmbraiment theapressabinyention provides adgyice for f@%‘.‘g pHaidisigars used
in ALD p QU ' SOH W Qprmsol | @dg :
fornulat%@R%%§§%2%P§g%%§ﬁ$%hhgﬁ §u$t§§%g§§%g§qgf?g$§§ﬁ%gg;gfmﬂhdﬁrgggﬁhsed
in ALD pRo®éaseéR’ aR independentigiiosan Gom H u(0e-GeaiiybdCeColatkenhle (CuChetkymdr t . Gas

enters these bubblers through the inlet,. .pressurizes the bubbler and forces
Che  pr ecHEgBH: 3 1iab Pl Bt pheopic HERRE Eh preapota|Eapat sibe PSR | on
provi despavdgki V@Y= 08Y htPwhéeinUf >hitto tatBeRIcaPRPBEIokitien SRR URthdiascr i bed
above. In one enbodi nent, the Qellveag devi ce includes a vessel having an
el ongat etessad pavinglen elangatedbgryéisdpen shapad pertipmhaving aminaer sigfeeleayinga/ragg- a
Cross-segctj.on i bot C r | the top
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inlet opening for the introduction of a carrier gas and an outlet opening, the elongated cylindrical

shaped portion having a chamber containing the organometallic compound; the inlet opening

being in fluid communication with the chamber and the chamber being in fluid communication

with the outlet opening. In a still further embodiment, the present invention provides an

apparatus for chemical vapor deposition of metal films including one or more devices for feeding

a fluid stream saturated with the organometallic compound described above.

The deposition chamber is typically a heated vessel within which is disposed at least one,
and possibly many, substrates. The deposition chamber has an outlet, which is typically
connected to a vacuum pump in order to draw by-products out of the chamber and to provide a
reduced pressure where that is appropriate. Metalorganic CVD (“MOCVD”) can be conducted
at atmospheric or reduced pressure. The deposition chamber is maintained at a temperature
sufficiently high to induce decomposition of the source compound. The typical deposition
chamber temperature is from 200° to 1200° C, more typically from 200° to 600° C, the exact
temperature selected being optimized to provide efficient deposition. Optionally, the

temperature in the deposition chamber as a whole can be reduced if the substrate is maintained at



of a carrier gas and an outlet opening, the elongated cylindrical shaped
portion having a chanber containing the organonetallic conpound descri bed
above. In an enbodi ment, the present invention provides a device for feeding
a fluid stream saturated with an organonetallic conpound of the formula
(RI'YCR2PR3) "M+t (m ) L2p, wherein R, R2 and R3 are independently chosen
fromH (G-C6)al kyl, (C2-C6)al kenyl, (C2-C6)al kynyl and aryl; Y = Nor P;
M= a nmetal; L' = an anionic ligand; L2 = a neutral ligand; in = the val ence
of M n=1-6; p =0-3; and whereinin > n to a chem cal vapor deposition
syst em i sicdlerdiddgeripersQtes of iffoeher Bigergnsueh angiatmaal ispehemttdibgyal radib deqdengr t i on
havi ng an inner surface having a cross- section, a top closure portion and a
bott om ci%&Gre portion, the top closure portion having an inlet opening for
the introduction of a carrier gas and an outlet opening, the el ongated
cylindrical Stiapleguisiates bor denosivien, in bAsrAsOF clestienis Aevier mprifentyadaLbal | i c
conpound e n e nber
and tho. ShetEsliCisGlen Ry icot ot Bafiu ol MR L, thd hnlsRERIRT) T
still f usrdiee lilesriBudh sebstratet e partecsinly usefubintthomaprfastugtas istagragp pacdtsus f or
chem cal vapor deposition of netal filnms including one or nore devices for
feeding a flDégdsitibh @pdonsatdd fof &dong hdddsihed LIPeRERAMI Hatingigdesiteld descr i bed
above. The deposition chanber is typically a heated vessel within which is

di sposedprapertigsskypisghly, the film H@@l@iebﬂ willhgrfyom sqyseal hupdsed tosgeeraidhensard on
chamber Q%?tr@rﬂ%%&%ﬁwhemfe &"""Q“f‘w‘ﬁé @I ly connected to a vacuum punp in
aw o)

order to products chanber and to prOV|de a reduced

pressure whe;ﬁlal{shtﬁa B@&@M%ﬁ grtoefda%% 1893 Uebo SR 'XBB’B] ncfi@fhdifie .

conducted a ressure Ion c

mai nt ai ngepsalf: #) pr@vidiag afsuHs&ateSﬂﬁfvapdrelﬂpdsﬁldm 184ttdrob) crtﬁhue;anglss:@pfpa&kdrithm of
the source conpound. The typical deposition chanb r tenp erature is from 200
to 1200 efgarrﬁweéalhwr%ﬂumg descaibed plpve & Heryeqys forptad a&act%éﬁlﬂé dgngsitinga| ect ed

bei ng opkinTigRidi Qhepfngfél gﬁtlﬁfstlbﬂa?en I SRS U\Hﬁ roSRds! @B abdve debdibed method
ol &

tenperature int deposition chanber as a can be reduced if the
subst r at further ineiudﬂsahms@ of d@Omposeﬂlgt\hammmtsempeheatemteg or if other energy
such as plasnma is generated by a radio frequency source. Suitable
substrat es f oThidepadicbntaining filnishaee pradeced by A 1d2 withralmod @enfewt stvihithattylbye, nmay
be _ .
alternately subjecting the substrate, one at a time, to the vapor of precursor compounds of each of
the elements of which the film is formed. In ALD processes, a substrate is subjected to the vapor
of a first precursor which can react with the surface of the substrate at a temperature sufficiently
high for such reaction to occur whereby a single atomic layer of the first precursor (or metal
contained therein) is formed on the surface of the substrate, and subjecting the thus formed
surface with the first precursor atomic layer thereon to the vapor of a second precursor which
reacts with the first precursor at a temperature sufficiently high for such reaction to occur
whereby a single atomic layer of the desired metal film is formed on the surface of the substrate.
This procedure can be continued by alternately using the first and second precursors until the
film that is formed reaches a desire to thickness. The temperatures used in such ALD processes
are typically lower than those employed in MOCVD process and may be in the range of 200 to
400° C, although other suitable temperatures may be employed depending upon the precursors

chosen, the film to be deposited, and on other criteria known to those skilled in the art.

An ALD apparatus typically includes a vacuum chamber means to provide an evacuated
atmosphere, a pair of means situated in the vacuum chamber means, the pair of means including

a support means for supporting at least one substrate and a source means for forming sources for
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silicon, silicon germanium silicon carbide, galliumnitride, gallium

arseni de, indium phosphide, and the |like. Such substrates are particularly
useful in the manufacture of integrated circuits. Deposition is continued
for as long as desired to produce a filmhaving the desired properties.
Typically, the filmthickness will be from several hundred to several

t housand angstrons or nore when deposition is stopped. Thus, the present

i nvention provides a nethod for depositing a netal filmincluding the steps
of : a) providing a substrate in a vapor deposition reactor; b) conveying as
a precurasdgastthve vaporg afionediffetent preourpara,tdspgetsvety, badiopdsating meang operab@lis f or m

h . and c). depositi tilmincluding th |
Subst r atgrneeip ek G Bls o cprialh B b Wik FSRb e i o

i ncl udeshé pgr it fiéund FordLEGABIAG Dh ke SubStrddE BEYE Sialeiatontib eayeealdrerof thehi n
metal -containing filns are produced bgq ALD with al nost perfect stoichionetry
by al t direrafsersand ihgncteinglg avondc yprsefith ethergpecusior 3 S¢s. > -8 Ratent Mopor  of

precurso4rOﬁomqgm%;?forg%ghr@{ig%h?& gtgrg@g&rtgwgf which the filmis formed. In

ALD procésseés, substrate | ecte e vapor of a first precursor
whi ch can reagct Wt . e . :
sufficientl yeiﬁ iﬁ\é\ldrt]hePS}rntﬂ%}n%{’ z}%&r?%ﬂ{ 1? ge@fégﬁg@é}egragﬁe&ﬁoa& (ggr%g{)%&%%%r% | ayer
of the fiheladingRGtEps of: providiighalbsuawrihaivapst depesittoneadter; tonvepiigana fire
surface of the substrate, . and subjecting the t{hus forned stﬁrface with the
first priEeqwssihegreanomefallicromnogng described ahove Mgasgrusoum ke r¥F8Er sor

whi ch r&l@ﬁﬁs%rmﬁ%ﬂﬂetﬁ?& Féc{lfst){,\ﬁe il nd Sh tR suffal ESMAL %F{rﬁeﬁ'é%]@bi;ﬁ%%ﬂ& ho-hi gh

for such reactionh to occur y a single atomc Iayer e desired

met al f i dhemisortfed finst reznrsoheomsprund d@nothe ré¢petos dosveyanga secthd prepursardnlar e can be
continued b sltergﬁtel% usi ng t&llelffitrs(tj and,second Eriacurs rs until the
Film t haf2Sss fYPHR NG ARG Leasting the firstagd seropd Recwrsorg o, I mAIMON e ysed in
such ALQuBStRRS SAE FemAirfy ;in?('mn%&ueﬁ sedNB prdctidor. tTHes@e@anhOtess dfitofddiMp the ocess
and may be in the range of 200 to 400 C, although other suitable

t enper at fifseandsagond prasufsorsang stepod retictieg U dinst apd sqsped preswpsers beingsesated he il m
to be d S i -] t il { e art. An
ALD appards o0t op HsenEh iRl Cld dRihdl HRYhy o AR ElloEnSE: A 02

evacuat edactatmdsipbiadeonsoradre of bvaveating: thé teaetb euhdenviduemvand purgichriectoreans,

the pair of neans includin a. support ans for supporting at .| east one
SUbSt 1 at SIS NCH SR Ea5 R RN GPM e BLnE SEccPBpF migy be any suitable
precursor that reacts with the first precursor to form the desired film. Such second precursors
may optionally contain another metal. Exemplary second precursors include, but are not limited

to, oxygen, ozone, water, peroxide, alcohols, nitrous oxide and ammonia.

When the present organometallic compounds are to be used in ALD processes or in direct
liquid injection processes, they may be combined with an organic solvent. Any organic solvent
which is suitably inert to the organometallic compound can be used. Exemplary organic solvents
include, without limitation, aliphatic hydrocarbons, aromatic hydrocarbons, linear alkyl
benzenes, halogenated hydrocarbons, silyated hydrocarbons, alcohols, ethers, glymes, glycols,
aldehydes, ketones, carboxylic acids, sulphonic acids, phenols, esters, amines, alkylnitrile,
thioethers, thioamines, cyanates, isocyanates, thiocyanates, silicone oils, nitroalkyl, alkylnitrate,
and mixtures thereof. Suitable solvents include tetrahydrofuran, diglyme, n-butyl acetate,
octane, 2-methoxyethyl acetate, ethyl lactate, 1,4-dioxane, vinyltrimethylsilane, pyridine,
mesitylene, toluene, and xylene. Mixtures of organic solvents may be used. When used in direct
liquid injection processes, the concentration of the organometallic compound is typically in the

range of 0.05 to 0.25 M, and more typically 0.05 to 0.15M. The organometallic
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as least two vapors of two different precursors, respectively, and operating
nmeans operatively connected with one of the pair of nmeans for operating the
one nmeans wWith respect to the other of the pair of neans for providing on
the substrate first a single atomc | ayer of one of the precursors and then
a single atomc |ayer of the other precursor. See, e.g., U S. Patent No.
4,058,430 (Suntola) for a description of an ALD apparatus. In a further
enbodi ment, the present invention provides a nethod of depositing a film
including the steps of. providing a substrate in a vapor deposition reactor,
conveyi repmpoupd/pigasic solyerlcagmpopitiphemay baainghe foam| of soluberso slintried €5 dispaigiansabove
in a gaseous formto the reactor; chem sorbing the first precursor conpound
on t he sur f ackonpositioms snchstingthe prasentovgangmatallicreompouettandswrdvganid soleent are
precursor .c ound.fromthe reactor: conveying.a second. precu sor, in

Gaseous TFAE LY PRl YBRE AGPSTIoR Biring® PRRIOY e airey Hguidanishion uigbiesitet o
forma flidui Mectibl proazudass ardtiRise deudrib@IVI.BOPAH ApplieAalh &b, 2806/00I 09B@CUr SOT .
The alternating steps of conveying the first and second precursors and step
of react{S8zakhe first and second precursors being repeated until a film of
the desired thickness is obtained. The step of renoving a precursor fromthe
reactor may iFusthgriproyided by themreseof inegraion as 4 mgthod orr asturingdhareleglieriom and
pur gi ng e _r.eact. in -rea t / I The
Cecond p e BARARG iRl ud i BEL SRl A e AL YELOORRER . T oo
pr ecur sodesti@bddangthédye desired film Such second precursors nmay optionally
contain another netal. Exenplary second precursors include, but are not

limted to, PhYgeRnt RYORBN PA&ViGEs anRAEKINg@Blutidh EPROLSe ofHetdrdlbsticprediesopnd
amoni a. When t he present organonetal | i c conpounds are to be used in ALD

pr ocesseforgapargeppsitian; parfipgylyALR);, adichdavor sHebledalanegef fupefipnglitycdasethed
wth an gr i | v . i . i i i VAT to the
or ganonst S San i, SERlyprs i S RKE R Wi Siardd BHbEA eIl e} 0

W t hout phage teatticans, byalselfiahosphbgmidmaeerlipands. ar omati ¢ hydrocar bons, |inear

al kyl benzenes, hal ogenated hydrocarbons, silyated hydrocarbons, al cohols,

ethers, gl ymeshe Blly®Hgexampled eRystpectedkOtinnaste vaabixspedtCothé ggsens Ul phoni c
aci ds, phenols, esters, amnes, alkylnitrile, thioethers, thioam nes,
cyanat es!"VPBByanat es, thi ocyanates, silicone oils, nitroalkyl,
al kylnitrate, and m xtures thereof. Suitable solvents include
tetrahydrofuran, diglynme, n-butyl acetate, octane, 2-nethoxyethyl acetate,
ethyl lactate, 1,4-dioxane, vinyltrinethylsilane, pyridine,

Example 1

Di-iso-propyl phosphoamidine is expected to be synthesized as follows.

NH, + Me—C==N + PH,

La(CF3SO3)3

Y

N

Me—< + NH;

PH

__<

A solution of equimolar mixture of iso-propyl amine, iso-propyl phosphine, and
acetonitrile is mixed with lanthanum triflate (1 to 2%) in a pressure vessel at atmospheric

pressure and under inert atmosphere. An excess of acetonitrile (10 to 25%) is used as solvent
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mesityl ene, toluene, and xylene. M xtures of organic solvents nay be used.
When used in direct liquid injection processes, the concentration of the
organonetal lic conpound is typically in the range of 0.05 to 0.25 M and
nore typically 0.05 to 0.15M The organonetallic 11 conpound/ organi c sol vent
conpositions may be in the formof solutions, slurries or dispersions.
Conpositions including the present organonetal lic conpound and an organic
solvent are suitable for use in vapor deposition processes enploying direct
liquid injection. Suitable direct [liquid injection processes are those
descr i bethdiinexpeged Puaid i hoxpedenizang tbe raaetiomnas/ The prsoire ySselahicn heated toher

provi dedS(P % h*%.iﬁ) L R0 te Q\{:ﬁg -eor%rio%rfafo 8%0& ';m{ﬁac%ﬂgtg g grﬁ e .
C cl"u e ing a netal-c¢ aining film

el ectroni evice I n I'ng e step o POSI

usi ng anadioa nidss.t Akterabidwedy, thie scaciifietlaybé fupeded outlaeatpiosptesiic prevw@ss r@nunder
provi des an enablinngqutiqn to the use of heteroleptic precursors for
vapor defsHux eonghtionsaFhe ammenip (eloasesl dugigdhe reactonds sqrbbed using commescialy

functi Onﬁ:Hbtbérs ﬁsﬁh&m reltnbngl ré?t{icfigqtggQ?g"/sv&blefcﬁpQérﬁﬂgit@%tﬁnadsggﬁ&é. E£tEdolvent

shi el ding an gover ned sur as ga reactions, by use
of phos pamichytpibdeteart expactid to Bhenfaykd bywaguexdistpladsn.alke respléog experted di-
illustrate varjious.,aspects. gf the present invention anpl

D - so- pEoBPYRESRRETs iy o< A R veuBe “iperie baiPeted Bt ons.  + o
+ Me- C=Nobraihed mPlith yibla§ CF3568)add fibk Meorgaditignd hetafcSRIpUEiti@asete@d bypirar

m xture of iso-propyl am ne, iso-propyl phosphine, and acetonitrile is m xed
with IanNhﬁh@ﬁi&ﬁ?ﬁ%ate (I to 2% in a pressure vessel at atnospheric

pressure and under inert atnosphere. An excess of acetonitrile (10 to 25%
i s used as sol vent

Example 2

(Di-iso-propyl phosphoamidinato)lithium is expected to be synthesized as follows.

< —

Me—</N + t+BuLi—— Me—%g Li® + -BuH
PH P
— —

The lithium salt of di-iso-propyl phosphoamidine is prepared by reacting at -78°C a
hexane solution of n-butyllithium (2.3 M in hexane) with an equimolar quantity of di-iso-propyl
phosphoamidine dissolved in ethereal solvent. The addition is carried out in a dropwise manner
and with efficient stirring. After completing the addition, the reaction mixture is allowed to
attain room temperature. The solvents and unreacted reagents are expected to be removed using

vacuum stripping. The product is then dissolved in butyldiglyme (“BDG”) to obtain a solution
of di-iso-propyl phosphoamidinato lithium (25 to 50%).

Example 3

(Di-iso-butyl phosphoamidinato)lithium is expected to be synthesized using the

procedures of Examples 1 and 2, and employing iso-butyl amine and iso-butyl phosphine.

13



12 and is expected to aid in honbgenizing the reaction nmass. The pressure
vessel is then heated to 50 to 60 Cin an isothermal chanber or oven for 5
to 6 hours with constant stirring of the reaction nmass. Alternatively, this
reaction nmay be carried out at atnospheric pressures and under reflux
conditions. The ammoni a rel eased during the reaction is scrubbed using
commercial scrubbers (destructive renoval efficiency > 99% before venting
to at nosphere. Excess solvent and by-products are expected to be renoved by
vacuum di stillation. The resulting expected di- iso-propyl phosphoam dine is
then distilled under vacuum The proBxampled expected to be obtained in high
yields (> 75%, and free of organic and netallic inpurities as detected by
FT- NWR and IL@ByMBletIE)aanmhe(]\st()@'relij-tmlm]dﬁhomho&piddmmmﬂuhan @) dxipedtedutmbies
expected to he nt hesi zed, as f D. Li t - BuH
i TR AMEARE PSS S ERBRET | BhGsBHGR N B PP OB HEEdnDy
react i NGeRfary-H&H pho @ﬁmgne solutlon of n-butyllithium (2.3 Min hexane) with
an eqU|nDIar quantity of di-iso-propyl phosphoamni dine dissolved in ethereal
solvent. The addition is carried out in a dropwi se manner and with
efficient stirring. After conpleting the addition, the reaction m xture is
allowed to attain roonltenperature.EIpTlgglvents and unreacted reagents are
expected to be renoved using vacuu ing. The product is then

phosphoan ai s MopSe R et B2 ol Bl i peLeRY

phosphoaky Fhikeéigdd dsiﬁghhélﬁﬂobédlﬁé(sﬂﬁ"@xﬁﬂple@ 1bad s_yaﬁdimﬁjlaﬁﬁlg 18-t @yltafene and
procedures of Exanples | and 2, and enploying iso-butyl am ne and iso-butyl

phosphi niso-butybphmspliipe.and ewaloynesod vapmide Hb?wll @@ywdwradpf =yl yithium in
phosphogp.dinato)lithiumis expected to be

Example 6
Tetrakis(di-iso-propyl phosphoamidinato)hafnium, Hf(iPr-PAMD)y, is expected to be
synthesized by reacting the tetrakis(ethylmethylamino)hafnium with 4.4 molar excess of di-iso-
propyl phosphoamidinate (obtained from Example 1) in toluene at elevated temperature (not
exceeding 100 °C) for 6 hours. After complete reaction, the reaction mass is allowed to cool to
room temperature. Upon further cooling to 0 °C and below, the target product tetrakis(di-iso-

propyl phosphoamidinato)hafnium is expected to be obtained in high yields.

Example 7
Tris(di-iso-propyl phosphoamidinato)aluminum, Al(iPr-PAMD);, is expected to be
synthesized by reacting the tris(ethylmethylamino)aluminum with 3.3 molar excess of di-iso-
propyl phosphoamidinate (obtained from Example 1) in toluene at elevated temperature (not
exceeding 80 °C) for 5 hours. After complete reaction, the reaction mass is allowed to cool to
room temperature. Upon further cooling to 0 °C and below, the target product tris(di-iso-propyl

phosphoamidinato)aluminum is expected to be obtained in high yields.

14



synt hesi zed using the procedures of Exanples I and 2, and enpl oyi ng

i so-propyl amne and tertiary-butyl phosphine. Exanple 5 Unsymetri cal
nmono(N-tert-butyl-P-iso-butyl phosphoam di nato)sodiumis expected to be
synt hesi zed using the procedures of Exanples |I and 2, and enpl oyi ng
tert-butyl amne and iso-butyl phosphine, and enpl oyi ng sodi um anide in
butyl diglynme instead of n-butyl lithiumin hexane. Exanple 6

Tetraki s(di-i so-propyl phosphoam di nato) hafnium Hf (i Pr-PAMD)4, is expected
to be synthesized by reacting the tetrakis(ethyl methyl am no)hafniumw th
4.4 nol ar excess of di-iso- propyl pbhxample8ni di nate (obtained from Exanpl e
1) in toluene at elevated tenperature (not exceeding 100 C) for 6 hours.
After conpl etEetnakia@li-isorhutyliphosgmemidimtoygsrsansiual, Ge(iBd-RAMDBPOgis expectedtorbe

t t .U furth | i, t C.and.b the t t duyct
Lot § ak syInErigh oyt T ESPRh IR a o eler et PR WBlai ned
in high zy&-shtgspho@smmii@mz (oWtaifiédHrorh FaRpRBY lin BDOSARRA e itdhaiepatadeyndtnum

Al (i Pr-PAND) is expected to be synthesized by reacting the
tris(et haxceasting108rfiCn dral amirs udvften compBet@reassiony the xeastion ofasyis allewed torcophip

hosphoam di nat e (obt.ai ne rom Exanple 1) i | uene at el evated,. .
Do o TP tPAbeFal G ettt hesgoedm g F seufiod ‘iR o e KBt ison, ¢ he

reactio ' ist : n further cooling
(o P o BRpl A et onm STRGLAY I e

phosphoam di nat o) al umi numis expected to be obtained in high yields. 14

Exanpl e 8 Tetrakis(di-iso-butyl phosphoam di nat o) ger mani uum Ge(i Bu- PAMD) 4,
is expected to be synthesized by re g&h g9the germaniumtetrachl oride with
4.5 nol ar excess of lithiumsalt of g%?”ﬂso-butyl phosphoam di ne (obt ai ned

from Exanpl e in BDG at el.evate erature (not xceedi ng 10 for 5
nour's. - Afer QB Bidiiroons TRg] At freb i nao FREREY Rtk s
roomt e”@ﬂf@ﬁiﬂécﬁ?{ feR@imgfthé bBE(ANCRSptdpF1-Phrebus IpHbdpBBarhidifdtdJlithiuhe (dbedigelt
product tetraks(di-iso- ) o

from Example 4) with antimony trichloride (3.3:1 molar ratio) in n-butyl ether at elevated

temperature (not exceeding 80 °C) for 8 hours. After complete reaction, the reaction mass is

allowed to cool to room temperature. Upon further cooling the solution to 0 °C, the target

product unsymmetrical tris(N-iso-propyl-P-t-butyl phosphoamidinato)antimony is expected to be

obtained in high yields.

Example 10

Unsymmetrical bis(N-tert-butyl-P-iso-butyl phosphoamidinato) tetrakis
(ethylmethylamido)tungsten is expected to be synthesized by reacting the mono(N-tert-butyl-P-
iso-butyl phosphoamidinato)sodium (obtained from Example 5) and lithium ethylmethylamide
with tungsten hexaachloride (2:4:1 molar ratio) in BDG at elevated temperature (not exceeding
100 °C) for 6 hours. After complete reaction, the reaction mass is allowed to cool to room
temperature. Upon further cooling the solution to 0 °C, the target product unsymmetrical (N-
tert-butyl- P-iso-butyl phosphoamidinato) tetrakis (ethylmethylamido)tungsten is expected to be
obtained in high yields.

Example 11
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butyl phosphoam di nat o) germaniumis expected to be obtained in high yields.
Exanple 9 Unsymmetrical tris(N-iso-propyl-P-t-butyl

phosphoam di nat o) anti nony i s expected to be synthesized by reacting the
nmono( N-i so- propyl - P-t-butyl phosphoam dinato)lithium (obtained from Exanple
4) with antinmony trichloride (3.3:1 nolar ratio) in n-butyl ether at
el'evated tenperature (not exceeding 80 C) for 8 hours. After conplete
reaction, the reaction mass is allowed to cool to roomtenperature. Upon
further cooling the solution to O C, the target product unsymmetri cal

tri s(N-i so- prispypkis@i-ethylipydspideoddinaiareitticivat d eitBANRY., isexprppedtodt t o be

obt ai ned__i i I ) peal . .

bi st oML OEleH oBeR e R E b raATRE ) Rl it 4 molar excess o dicthy

(et hyl megHoyptainiting (folgeyiap thesprecedact eflExample | pinblnesd aetbvhyd temsiriting (hdte
mono(N-tert-butyl -P- iso-butyl phosphoam di nato)sodi um (obtained from
Exanpl e Sxpeasifte f/q0t°m)l§¢n®aw$~n‘éftmoawiea%reawwthpm?gg%waﬁﬁelﬁaﬁ%‘ﬁ%wiceel te2: 4: 1
nmol ar ratio) in BDG elevated te ur not, e i . ). r 6
hour s. &Pf’@rte'g%‘?‘rr%uéef g[BI?Oé]afgftﬁe r?,(’(’]tuﬁent%?)reac%nidgbr? ion‘%é}%e é@%ﬁ?x{o@&%é&%&s@%ﬁﬁt 0 room
t enper at Mo@pho‘ajﬁﬂﬂnzfté'ﬁémﬂhnﬁ@@gd&&dtt@Ee sethidbd BhipPyRIdS, Thd oWt el chitaigduct
unsymmetrical (N tert-butyl-P-iso-butyl phosphoam dinato) tetrakis

( et hyl nebibylictniphosrhoamidiasio)tdlusipeastasgcandaryeprodist.-ai ned i n hi gh vyi el ds.
Exanple 11 15 Tetraki s(di-ethyl phosphoam dinato)tellurium Te(Et-PAVD)4,
is expected to be synthesized by reacting the

tetraki s(ethyl nethylamno)telluriumwi th 4.4 nolar excess of diethyl
phosphoam di ne (foll owi ng the procedixaaml®ei2 Exanple 1) in tol uene at

el evated tenperature (not exceeding 100 C) for 6 hours. After conplete
reaction, theBis@spidpyiphops®amsdirdtd)pvkehotenes MECR®-Pr)NgBP)],ROE)aik exgectedpon
further cooli ng to O %and bel ow, the target product tetrakis(diethyl
phosphoal®itisHaieydedias f1la% i s expected to be obtained in high yields. The
product may contain bis(diethyl phosphoam dinato)telluriumas a secondary
product. Exanple 12

P Hexane
—Z + [CpRuClI —_—
NLi [CpRuCl], RT /R{,l

— YAy

The lithium salt of isopropylphosphoamidinate is reacted with cyclopentadienyl
ruthenium chloride tetramer in hexane at room temperature (approximately 25° C), employing
slight molar excess (1-2%) than required by stoichiometry. The reaction is carried out under an
inert atmosphere of nitrogen, in a 3-neck round bottom flask equipped with magnetic or
mechanical stirring and effective heating/cooling system to control the rate of reaction. The
reagents are added in continuous and dropwise manner, and are allowed to mix slowly to control
the exothermicity of the reaction. The reaction mass is maintained below 60-80° C. After
completing the addition, the reaction mixture is stirred for 1 hour at room temperature. The
reaction mass is heated to obtain a gentle reflux to ensure complete reaction. The crude product
is then expected to separate from the reaction mass upon cooling, and is then to be purified using
standard distillation and/or recrystallization techniques. The target product
bis(isopropylphosphoamidinato) ruthenocene is expected to be obtained in high yield and is

expected to be substantially free of organic solvents (< 0.5 ppm) as determined by FT-NMR and
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Bi s(i sopropyl phosphoam di nat o) r ut henocene, [I\/ECP(r - Pr) N(i-Pr)] 2Ru( Cp) IS
expected to be synthesized as follows: P Hexane --< + [CpRuCl]4 RT Ru |
P\Y N The lithiumsalt of isopropyl phosphoam dinate is reacted with

cycl opent adi enyl rutheniumchloride tetramer in hexane at roomtenperature
(approximately 25 C), enploying slight nolar excess (1-2% than required by
stoichionetry. The reaction is carried out under an inert atnosphere of
nitrogen, in a 3-neck round bottom fl ask equi pped with nmagnetic or

mechani cal stirring and effective heating/cooling systemto control the rate
of react jj@hsubdiBftial iy RGO etz CindRFiEEs (<1 (CEPHY b dersniRdbydICPME/SEP-omsner , and
are allowed to mx slowmy to control the exothermcity of the reaction. The
reaction nmass is maintained bel ow 60-80 C. After conpleting the addition,
the reaction mxture is stirred for |I hour at roomtenperature. The

reaction nmass is heated to obtain a ggptheiseflux to ensure conplete
reaction. The crude product is theme d to separate fromthe reaction

mMass upon co | lation
and/ or recr ys %ﬁ'ﬁq ﬂrscépu%@?p H%Eéﬂota lélsﬂn lé}ﬁh n%[h Wﬁ(l%ﬁ\}d

bi s(i sopqupyh(mQSM@am datpaaﬁed))o besyhehesigei s fbﬂowpect ed to be obtained in
high yield and is expected to be substantially free of organic solvents (<
0.5 ppm as determ ned by FT-NWR and 16 al so substantially free of netallic

IT?P lrJr\relt r\lyle; |(></| i&?ﬁbghﬁsi(?igr%r@ﬁ%oﬂﬁ gﬂ%ﬁ%%%%)e +

[ MeCP(i-Pr)N(i- Pr)]2La(CH2SI Me3), is expected to be synt hesi zed as fol | ows:

Li (CH2Si Me3) + LaClB8(THF)4 RT La(CH2Si Me3) 3( THF) 4 La( CH2Si Me3) 3( THF) 4
THE RT La NH N Si The lithiumsalt (trrrrethylsr thyI rthium is
i THF
reacted with the T addll'_CECIQZS|Me3)3(THF)4 o La >
— (-

SiMe3

The lithium salt (trimethylsilylmethyl lithium) is reacted with the THF adduct of
lanthanum trichloride in THF at room temperature (approximately 25° C). The intermediate
product is then reacted with free isopropyl phosphoamidine in THF to obtain the target product
trimethylsilylmethyl-bis(isopropylphosphoamidinato)lanthanum. The reaction is expected to be
a batch operation, and a one-pot-synthesis without isolation of intermediate product. The
reaction is carried out under an inert atmosphere of nitrogen and employing a slight molar excess
(1-2%) of lithium salt than required by stoichiometry. The reaction is expected to be carried out
in a 3-neck round bottom flask equipped with magnetic or mechanical stirring and effective
heating/cooling system to control the rate of reaction. The reagents are added in continuous and
dropwise manner, and are allowed to mix slowly to control the exothermicity of the reaction.
The reaction mass is generally maintained below 60-80° C. After completing the addition, the
reaction mixture is stirred for 1 hour at room temperature. The reaction mass is then heated to
obtain a gentle reflux to ensure complete reaction. The crude product is expected to separate
from the reaction mass upon cooling, and is then to be purified by using standard distillation
and/or recrystallization techniques. The target product trimethylsilylmethyl-
bis(isopropylphosphoamidinato)lanthanum is expected to be obtained in high yield and is
expected to be substantially free of organic solvents (< 0.5 ppm) as determined by FT-NMR and
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| anthanum trichloride in THE at
internmediate product is then reacted with free isopropyl
THE to obtain the target product

trimethyl silylmethyl-bis(isopropyl phosphoam di nato)l ant hanum The reaction
is expected to be a batch operation, and a one-pot-synthesis w thout
isolation of intermediate product. The reaction is carried out under an

i nert atnosphere of nitrogen and enploying a slight nolar excess (1-2% of
lithiumsalt than required by stoichionetry. The reaction is expected to be
carri ed abdstsubstantiallg fire oK metaliidinpatitiesi<t 10gpb) exdatgmatdbiytICPRESAEPIQESTr
mechani cal stirring and effective heating/cooling systemto control the
rate of reaction. The reagents are added in continuous and dropw se manner,

roomtenperature (approximately 25 Q The
phosphoam dine in

and are allowed to mx slowy to control
The reaction mass is generally maint@i

the addition, the

Lenper at ur e. GlaendrRAalié B5mpiRea
he

ensure conpl ete reaction

crude

pr oduct

the exothermcity of the reaction.
pel ow 60-80 C. After conpleting

reaction mxture is stirred for

s bﬁthE ff@rﬂmlrhe(cn‘?@r{tzpw atai! | ol “gR&itd @ thef | ux to
IS expecte

1 hour

at

to se

room

arate

from

t he reachbllowingdehie apprepetsdldcerydingriel thesar@dﬁ:éures prolyisled i ¢xamwdiesplythepsighdd.st andar d

distillation and/ or recrystallization techniques. The target product
trimet hyl sifl g; hyl - api s(i sqpropyl phosphogm di nato) | ant hanum i sy expected to
be obtained In high yieldland is| expected to be substantiallly free of
or gani ¢ sol ven;\s ( OM%E ppm; /s det ned Ry FT- NVR andgé dl so
substantiallly free| of II|c ||jrpur|tu=s(<l ppb) m ned b
| CP- M5/ | CPA Cﬁi axanghe 14 @gano al i CEF nmpoungds of tipe for nmul a
(Rl YCR2PR3)! lm" ~[2pllisted]in the| f ng ta |jﬁ£9 prepare
according to tae pfocedures ppovidedgin e lap;pl es I through 14. Sanple MR
RRR3YL [L2 AMli-Br Mbi-Pr NCn RlGa Ft e Ft NIH C Sil i-Pr nlBu i-Pr
PDTe i-Pg Etpi-Pr NrMe E C}Jp,l Pr Mg i{PriR VIMSNF $c MR Nn-Bu Et P|TMG

E Cu i-Pr Me i~Pr P VTMS

F Sc Me n-Bu Et P T™G

G La i-Pr Me i-Pr N TMPG

H Zr i-Pr t-Bu i-Pr P Cp, Me

1 Hf i-Pr Me i-Pr P allyl, Me | isoprene

J Nb i-Pr Et i-Pr N Cp, Me

K Ta i-Pr t-Bu i-Pr P Cp, Me

L W i-Pr Me i-Pr P Cp, Me

M Ni i-Pr Me i-Pr N Bz, CO

N Ru c-Hx t-Bu c-Hx P NO; p-cymene,

COD
0 Pt i-Pr Me i-Pr N NO,

In the above table, ligands separated by a comma denote that each ligand is present in

that compound and TMG = tetramethylguanidinate and TMPG =

tetramethylphosphoguanidinate.
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GLai-Pr Mi-Pr NTMPG H Zr i-Pr t-Bui-Pr PCp, M| H i-Pr M i-Pr P
allyl, Me isoprene J Noi-Pr Et i-Pr NCpo, M KTa i-Pr t-Bu i-Pr P Cp, M
L Wi-Pr M i-Pr PC, M MN i-Pr M i-Pr NBz, CO NRu c-Hx t-Bu c-Hx P
NC3 p-cynmene, COD O Pt i-Pr Me i-Pr N N33 In the above table, |igands
separated by a comma denote that each ligand is present in that conpound
and TMG = tetranet hyl guani di nate and TMPG = tetranet hyl phosphoguani di nat e.
18 Exanpl e 15 Conpositions suitable for use in ALD or direct liquid

i njection processes are prepared by conbining certain of the conpounds of
Exanpl e 14 with certain organi c sol Exatmple Ihe particul ar conpositions are
shown in the follow ng table. The organonetal lic conpounds are typically
pr esent i n a (ﬂmqmsitibax suwitableffousi iMLDroraﬂiineadtquid igjeicdon pljoecssésone pEparpdsi ti on

Organo al li c Sa ound S Sol v D .THE oxane 3 D
n- Butyl Yceompining & Cf'ggéomBo %%tfwle E’“@fﬁ}ﬁam ?rﬁamﬁﬁélvems Th
particular compositions are shown in the following table. The organometallic compounds are

typically present in a concentration of 0.1 M for direct liquid injection.

Composition Organometallic

Sample Compound Sample Solvent
1 D THF
2 D 1,4-Dioxane
3 D n-Butyl acetate
4 E Octane
5 E Diglyme
6 E VTMS
7 F THF
8 F Octane
9 G Diglyme
10 G 2-Methoxyethoxy acetate
11 H n-Butyl acetate
12 H 2-Methoxyethoxy acetate
13 J THF
14 K Octane
15 K Diglyme
16 M n-Butyl acetate
17 M 2-Methoxyethoxy acetate
18 0 Octane
19 0O THF
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8 F Cctane 9 G D glyne 10 G 2-Methoxyethoxy acetate 11 H n-Butyl acetate
12 H 2- Met hoxyet hoxy acetate 13 J THE 14 K OCctane 15 K Diglyne 16 M
n-Butyl acetate 17 M 2-Met hoxyet hoxy acetate 18 0 Cctane 19 0 THE 19 Wat
is clained is: 1. A nmethod of depositing a filmconprising the steps of:
providing a substrate in a vapor deposition reactor; conveying as a
precursor the organonetallic conpound of the formula

(R YCRRPR3)"M "' "L'(m")L2P, wherein R, R2 and R3 are independently chosen
fromH, (Cl- C6)al kyl, (C2-C6)al kenyl, (C2-C6)alkynyl and aryl; Y = N or P
M = a net al ; What is daimediionic |igand; L2 = a neutral ligand; m= the val ence
of M n=1-6; p =0-3; and wherein m> n in a gaseous formto the reactor;
and deposi ti ng Aamkethodof d:cplosuiaihgg fillheomptisihg dre stdps ofpostidiag @ substratk imat hod of

depositing a filmconpris the steps of . providing a subst al n alla

Fenot or VABRSTIBYN FHICT SHBELITERSA PERIEh R PIEsR P AL ceBpr e iEe fmilRgani o
sol vent RW@RW@) MepGt qﬁ Ugh&@ink ¥, R ind R%ﬁa%de[:?_érﬁféhﬂl@éhosérﬂﬂoﬂ@lp(l@&l| ng a
fllmconprlsmg e metal ‘on the substrate he met hod qf claim | wherein

L' |b S C lﬁbwfb’l,f(ﬁmﬁswlchnb’b €C2-Gakiksleyl and pud Y a_Ideyll B,,I\l’l = metlilL =anapinpic
car bony {gan({;n atﬁ‘e lt%f l?ﬁap? dthg gnc%rgf "M’ q W3 EL (ﬁ?}raqﬁ(a%m%lﬁn{ gﬂn%’ a

hydra2| os | ryl rate,

di al kyl Egmel@e@fdfmw the rehdtérx yxad drapbs'iua% k Vil i ohlingsthe eaeyal off |tlkee§w§tadtes
ket oi m nat es, cyclopentadlenyls yl's, pyrazol ates, and am di nat es.

2. A method of depositing a film comprising the steps of: providing a substrate in a
reactor; conveying the composition of claim 1 further comprising an organic solvent into the

reactor using direct liquid injection; and depositing a film comprising the metal on the substrate.

3. The method of claim 1 wherein L' is chosen from hydride, halide, azide, alkyls,
alkenyl, alkynyl, carbonyl, amido, alkylamido, dialkylamido, dialkylamidoalkyl, imido,
hydrazido, phosphido, nitrosyl, nitryl, nitrate, nitrile, alkoxy, dialkylaminoalkoxy,
alkoxyalkyldialkylamino, siloxy, diketonates, ketoiminates, cyclopentadienyls, silyls,

pyrazolates, and amidinates.

4. The method of claim 1 wherein L? is chosen from CO, NO, alkenes, dienes, trienes,

alkynes, and aromatic compounds.
5. The method of claim 1 wherein M is chosen from a Group 2 to Group 16 metal.

6 A method of depositing a film comprising the steps of: providing a substrate in a vapor
deposition reactor; conveying as a first precursor the organometallic compound of the formula
(RIYCRZPR3 ),,M+"‘L1(m-n)L2p, wherein R', R? and R are independently chosen from H, (C;-
Ce)alkyl, (C,-Cg)alkenyl, (C,-Cg)alkynyl and aryl; Y = N or P; M = a metal; L' = an anionic

ligand; L2 = a neutral ligand; m = the valence of M; n = 1-6; p = 0-3; and whereinm>nina
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4. The method of claiml wherein L2 is chosen fromCO NO al kenes, dienes,
trienes, alkynes, and aronmatic conpounds. 5. The nethod of claim1 wherein
Mis chosen froma Goup 2 to Goup 16 netal. 6 A nethod of depositing a
filmconprising the steps of. providing a substrate in a vapor deposition
reactor; conveying as a first precursor the organonetallic conpound of the
formula (R YCRZPR3)nM nL' (mn)L2p, wherein R, R2 and R3 are independently
chosen fromH, (G- C6)al kyl, (C2-C6)al kenyl, (C2-C6)al kynyl and aryl; Y = N
or P, M= a netal; L' = an anionic ligand; L2 = a neutral ligand; m= the
val ence gateoly fobm=tolthéreagtors cﬁ‘erﬂl,somhtg thdBrseprecursor comppured @DthgasEmesf ther m t o

t he react

r;: chem sorbin e firs recursor co d on the surface of the
subst r atsgl?s el R YRRy q@ %eérfﬁgdvrﬁqusgf cw@wﬁ? DS AASIRLONY SR he
reactor;, s%@cfh\d%%éd?ﬂsor% §§§s‘é8&k 1B §3MhS Peacto; @a&ﬁé%%si Q{d%&&dtﬂ?&ufs%?s%m
reacting the first and Second precursors to forma filmon the substrate;

and r endvinng fimpnithe substrae; and cemavipg sywmseacted ecofidrepytseod of claim 6
wherein the second precursor is selected from oxygen, ozone, water,
per oxi de, al cohols, nitrous oxide and amoni a. 21

7. The method of claim 6 wherein the second precursor is selected from oxygen, ozone,

water, peroxide, alcohols, nitrous oxide and ammonia.
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