PREPARATION OF LANTHANIDE-CONTAINING PRECURSORS AND DEPOSITION OF
LANTHANIDE-CONTAINING FILMS Background ~ One of the serious challenges the industry faces
is developing new gate dielectric materials for Dynamic Random Access Memory (DRAM) and
capacitors. Igg'rod?é)g &84 %silicon dioxide (Si02) was a reliable dielectric, FUTAESEER s have
continued to shrink and the technology moved from "Full Si" transistor to "Metal Gate/High-k"
transistors, the reliability of the Si02-based gate 10 dielectric is reaching its physical limits. The need
for new high dielectrRREMSRATIONSRLANTRHARDTEE CNTABINGIPREVUERSMRE more and more
critical as the size for cyrr. i ripking. g ' f Qxi especially based on
lanthanide-containing r#ﬁ%?%%g%?ﬁ(%E{%g'géf%@%%r%Bﬂ@m%sgﬁ'ﬁacitance compared to
conventional dielectric 15materials. Nevertheless, deposition of lanthanide-containing layers is
difficult and new material and processes are iggrg@g%ydneeded. For instance, atomic layer

tt

deposition (ALD) has been identified as an important thin film growth technique for microelectronics
manufacfuring, relyifj'ePstiguesirirarbalisnaasigsintast virreadioiryebairgmavastapplied

precursors, sefigaied binerheasaurdiftariie fufasecontreled RrW T A Rijakigs the growth
of thin films having | é%%?nformality and uniformity with an accurate thickness control. The need to

develop new AEPFRISEes¥sHoraars: exlpemaidrid iS'0linas. LrRtrRip dEipctie Jit@sstul
integration of tanyisturslsanto deiosiivnd SipiocesaesHaaspraviigiorhevdilituti TR classes of

molecules ar ically jor. . beta-diketonates, and cyclopentadienyls . The former family of
compounds iit gﬁ%?é%ﬁt §%‘1?e t?a%ﬁ%@?l% gxﬁvrgs)l/%t%%é%%r g%,'ﬁ?aﬁﬁéetée'nﬁ%?ﬁ?ac%q. Lanthanide
2,2-6,6-étranféfigiiépiaratibinatésbrgeahthBisnEingeedifitisaw high dis|2e0ic cangtahe related

lanthanide 2,%Yaté@am@tbvaee@agquﬁééJh@(tgmdg%};mﬁ#ﬁ@%w%%% Adpigiepally, the

delivery efficiency of beta-diketonates is very difficult to control. Non-substituted cyclopentadienyl

compounds af$§ eX&hitwYBRIIAPRIIPIL Big e iRk MBIt Wivlesareatians @hyPKe8s help improve

volatility and resivegdine melting eoinandhatowerendmprocasasansitians, thasmhelagsesel materials
have been proven.io h?ve Iimi%ed use, For instance, La iPng 3 does not aélow an ALD regime above

225C.  Sond Bl ISAERaE ARt BPERG TTRAENTD KRAMILPRIs SRRy drawbacks

when uséd in aafepelsition process. For instance, fluorinated lanthanide precursors can generate LnF3

as a by product, ThiRDYRAALEL ISEBONBIP BeBHIELO SERONRG 1ayGOMRCRHRRHY Sipre exists a
need for alternate precursors for deposition of lanthani e-contalnln% iIms.
new material and processes are increasingly needed. For instance, atomic layer

deposition {ALD) has been identified as an important thin film growth technique

for microelectronics manufacturing, relying on sequential and saturating surface

20 reactions of alternatively applied precursors, separated by inert gas purging. The

surface-controlled nature of ALD enables the growth of thin films having high

conformality and uniformity wit.h an accurate thickness control. The need to
develop new ALD processes for rare earth materials is obvious.

Unfortunately, the successful integration of compounds into deposition

25 processes has proven to be difficult. Two classes of molecules are typically

proposed. beta-diketonates and cyclopentadienyts. The former family of

compounds is stable, but the melting points always exceed 90°C, making them

impractical. Lanthanide 2,2-6,6-tetramethylheptanedionate’s [La{tmhd)] meliing

point is as high as 260°C, and the related lanthanide 2,2.7-

30  trimethyloctanedionate’s [La(tmod)s] melting point is 197°C. Additionally, the

delivery efficiency of beta-diketonates is very difficult to control. Non-substituted

cyclopentadienyi compounds also exhibit low volatility with a high melting point.

Molecule design may both help improve volatility and reduce the melting point.



Summary Disclosed herein are lanthanide-containing precursors of the general formula:
Ln(R1Cp)m(R2-N-C(R4)=N-R2)n, wherein: Ln is afanthanide metal having an ionic radius from
approximately 0.75 A (75 pm) to approximately 0.94 A (94 pm), a 3+ charge, and a coordination

number of 6; R1 is selected from the group gonsisting of H and a C1-05,alkyl chain; R2 is selected
from the gr‘d@}ﬁ’%‘ﬁéiéﬂﬁ%ﬁsawg%i%%%ﬁ??c‘t‘rﬁc;ﬁ,s??4c?§ DAY flt?)??éh e&%ﬁﬁoggﬁ];%ting of H.

and Me; n gREdNi#Rnge frnrotariiandshe Meedisyr hesamoeltingwpeint Aieldwsapneoxtmately 105C.
In an aspect, there is provided a composition comprising a precursor of the general foimula:

Ln(Rle)rﬁ(ﬁZ"Q\i-C(R@:N-RZ)n, wherein: Ln is selected from the group consisting of Sc, Y, Lu, La,

Ce, Pr, Nd, Sm, Eofad. FinPYahtRafidddeanny idrasranierie igdiisirase0sfeseti pm) to
0.94 (94 pm), a 3+ charge, and a coordination number of 6; R1 is selected from the group cpnsisting
of H and a B85 SRR VS Ts Seisc 803 GRPRR P BuP R6RSRHRG o T 45 & E’ﬂ%@ﬁ%ﬁ chain;

R4 is seleqiggtframythe, souR GRNsistingpidiaad Me; neand myangefeenhie Byanddihe precursor
has a melting point below 105C.
known to be difficult to remove.
- Consequently, there exists a need for alternate precursors for deposition

of Ianthaﬁide~contain‘mg films.

Summary
Disclosed herein are lanthanide-containing precursors of the general
formuia: .
Lr(R'CpIm(R%-N-C(RY)=N-R?),,
wherein:
- Lnis alanthanide metal having an ionic radius from approximately
0.75 A (75 pm)to approximately 0.94 A (94 pm), a 3+ charge, and a
coordination number of 6; _ _
- R'is selected from the group consisting of H and a C1-C5 alkyl chair;
- R?is selected from the group consisting of H and a C1-C5 atkyl chain;
- R*is selected from the group consisting of H and Me;
- nand mrange from 1 {o 2; and

- the precursor has a melting point below approximately 105°C.

In an aspect; there is provided a composition comprising  precursor of the general formula:
Ln(R'Cp)m(RE-N-C(R")=N-R%),,
wherein:

- Lnis selected from the group consisting of Sc, Y, Lu, La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, and Yb; Ln having an ionic radius from 0.75
(75 pm) 10 0.94 (94 pm), a 3+ charge, and a coordination number of 6;

- R'is selected from the group consisting of H and a C1-C5 alkyl chain;

- R%is selected from the group consisting of H and a C1-C5 alkyl chain;

- R%is selected from the group consisting of H and Me;

- nand m range from 1 to 2; and

- the precursor has a melting point below 105°C.



2a In another aspect, there is provided a precursor having the general formula:
Ln(R1Cp)m(R2-N-C(R4)=N-R2),,, wherein: Ln is.Y_or Er; Ln having an ionic radius from 0.75 (75 pm)
to 0.94 (94 pm), a 3+ charge, and a coordination number of 6; R1 is selected from the group
consisting of H and a 01-05 alkyl chain; R2 is selected from the group consisting of H and a 01-05
alkyl chain; R4 is selected from the group consisting of H and Me; n and m range from 1 to 2; and the
precursor haswenssitinespsintiBeE SPRpekiRERF T0BERE e REEidBE8Ydanthanide-containing

precursors may optionally includgn(me m@q‘ep@f@bgwi@wﬁg embodiments: Ln being selected from
the group consisting of Lu, Gd, Tb, Dy, Ho, Er, Tm, and Yb. Ln being selected from the group
consis#igGfiEr and Yb. R1 being selected from the group consisting of Me, Et, and iPr. R2 being

selected from.the_greup sopsisting #fiiy @anbifradiudisendisdesedrs prmethod4or @epositing a
lanthanide-containing film on a semiconductor. supstrate @e mfeé_hod comprising;
pm), a 3+ charge, and a coordination humber of &,
- R'is selected from the group consisting of H and a C1-C5 alkyl chain;
- R?is selected from the group consisting of H and a C1-C5 atkyl chain;
- R*is selecied from the group consisting of H and Me;
- nand m range from 1 to 2; and

- the precursor has a melting point below approximately 105°C.

The disclosed lanthanide-coniaining precursors may optionally include
one or more of the following embodiments:

- Ln being selected from the group consisting of Lu, Gd, Tb, Dy, Mo, Er,

Tm, and Yb.

- Ln being seiected from the group consisting of Er and Yb.

- R being selected from the group consisting of Me, Et, and iPr.

- R? being selected from the group consisting of iPr and tBu.

Also disciosed is a method for depositing a ianthanide-containing fiim on a
semiconductor subsirate, the method comprising:

a) nroviding a substrale,



a)providing a substrate, b) providing the disclosed @nthanide-containing precursor and c) depositing a
lanthanide-containing film on the substrate. The disclosed method may optionally include one or
more of the following embodiments: depositing the lanthanide-containing film on the substrate at a
temperature betwdsn abdtie Y5 dhe diss\gseddan tepusitimptiairntharsgereontifing film on the
substrate at a pressure b 0. eg Torr : q) H,g 666 Pa). the
lanthanide-containing pre%%@%ﬁ)ﬂ %%ﬁ%éﬁ}g %E?qur%é@a ufﬁe ﬁg%(%g%ﬁgﬁgnthanide-containing
precursor being a lldéidisciossdpesinne beloapioq athei iaiticknivies coreiningffim teingisglected
from the gro%[?rlc%t]nseigging of Ln203, (LnLn")03, Ln203-Ln'203, LnSix0y, LnGex0y, (Al, Ga, Mn)Ln03,
HfLn0", and ZRHOX; Wherein Ln and Ln' are different. the lanthanide-containing film being selected
from the group consistirgasitiigihe aEiex|defrbabgiaing ZifybQx tHikeslamtrabédat-eontaining
precursor having the general formula selected fr eAr nsisting.ef Ln(R1Cp)2(Nz-fmd),
Ln(Rle)Z(Nz-amd),%%m%@p?%ﬁz-fer%m%%ﬁ a%n%) E%Té?c%%%'?agr% ?;gv@ﬁe%in Ln is selected from the
group consisting of Y,dadpBiingrirendvbafddscselemimd driimthe Hrewmubsinststiaigeof Me, Et, and iPr;

and Z is iPr or tBu. Alsouq_ggo§ed is soeu%caﬂlg m Qo

flsg dislgsed s 2 94 6feeming & 30ibanids soppaining film on a
substrate comprising e e eps o prowﬁing a réactor having at least one su strate disposed therein,
introducing at least on@f#ttHaajde-containing precursor disclosed herein into the reactor, and
contacting the lanthanje-gontaining preeuser anddecsuishiate 4o form 4 lathanidezgontaining layer
on at least one surface of the substrate using a deposifion process. In'yet AnGher aspect, there is
provided a method of halmwn@@°fi'm on a substrate, the method comprising the steps of: providing a

reactor having at leas one sg&str e disl,_%osed therein; intrgducin% rs\t le s%o %ﬁrecursor as defined
above into the reactor; hi e 4

ARG TR ER T AP eIl St Aot 41y

yléat’tgﬁeat least one
surface of the substrate=ltsing @’ Geposition process. The disclosed second method may optionally

include one or more Oht.@. afro}ltlggvrllp(gegcngg a%ri?a%nftfm being selected from the group consisting

-

of LnaOy, (LnLn")Os, LnoOs-Ln’ 203, LnSiO,, LnGe, Oy, (Al, Ga,
Mn)LnOs, HILNO,, and ZrLnOy, wherein Ln and Ln’ are different.

- the lanthanide-containing film being selected from the group consisting

of HfErQ,, ZrErQ,, HIYDO,, and ZrYbO,.

- the lanthanide-containing precursor having the general formula

selected from the group consisting of Ln(R'Cpl(N“fmd),
Ln(R'Cp)a(N?-amd), Ln(R'Cp)N“-fmd),, and La{R'Cp)(N*-amd),,
wherein Ln is selected from the group consisting of Y, Gd, Dy, Er, and
Yb: R is selected from the group consisting of Me, Et, and iPr: and Z
is iPr or Bu.

Also disclosed is a second method of forming a lanthanide-containing film
on a substrate comprising the steps of providing a reactor having at lsast one
substrate disposed therein, introducing at least one lanthanide-containing
precursor disclosed herein into the reactor, and contacting the lanthanide-
containing precursor and the substrate to form a lanthanide-containing layer on
at least one surface of the substrate using a deposition process.

In yet another aspect, there is provided a method of forming a film on a substrate, the
method comprising the steps of: providing a reactor having at least one substrate disposed therein;
introducing at least one precursor as defined above into the reactor; and contacting the precursor
and the substrate to form a layer on at least one surface of the substrate using a deposition process.

The disclosed second method may optionally include one or more of the

following embodiments:



4 providing at least one oxygen containing fluid into the reactor and reacting the lanthanide-containing
precursor with the oxygen containing fluid. the oxygen containing fluid being selected from the group
5consisting of 02, 03, H20,-H202, acetic acid, formalin, pare- formaldehyde, and combinations thereof.
the lanthanid®€3At& g precursor and the reactant species being eithePittoatééd4atieast partially
simultaneously as in a chemical vapor deposition pgocess, or are introduced at least 10partially
sequentially as in an atomic layer deposition process. introducing a metal precursor into the reactor,

wherein the metal prpcurso&igvgdm%{gp}e%qrﬁ%e%% ﬁr&i -aqgmt Wd%gi Are ur§gét%@% Iq(gepositing at
o form the lant

least part of the metal precursor t e-containing layer on the one or more substrates.
15a metal of the metal precigegingdiyaeiewniste fromanergrogresesisithdhsf $ySin Al, Ga, Mn, Ti, Ta,
Bi, Zr, Pb, Nb, Mg, Sr, Y, Basfginihlpftanide, and combinations thereof the deposition process
being a chemical vapor deposition process. the deposition process being an atomic layer deposition
process 20having a pluralitf§rUwEeRifeApe s haing apiaeacbfiesing PrRMUrsor having the

general fgrmula selected freagmthaiggad DeoDsistT 6f.n(RE&iR) 0Nz imdiikniRECP)2(Nz-amd),

Ln(R1Cp)(Nz-fmd)2, and L%ng{@&Nﬁ-amciigZ, wherein Lng’}s selected from the group consisting of Y,

Gd, Dy, Er, 25and Yb; R1 i{LBI2CY FoA RS YPSIFESAS LG A Me, Et, and iPr: and Z is iPr or tBu.
- the lanthanide-containing precursor and the reactant species

being either introduced at least partially simultaneously as in a
chemical vapor deposition process, or are introduced at least
10 partially sequentially as in an atomic layer deposition process. |
- introducing a metal precursor into the reactor, wherein the metal
| precursor is different than the fanthanide-containing precursor, and
depositing at least part of the metal precursor to form the
lanthanide-containing layer on the one or more substrates.
15 - a metal of the metal precursor being selected from the group
consisting of Hf, Si, Al, Ga, Mn, Ti, Ta, Bi, Zr, Pb, Nb, Mg, Sr, Y,
Ba, Ca, a lanthanide, and combinations thereof.
- the deposition process being a chemical vapor deposition process.
- thee deposition process being an atomic fayer deposition process
20 having a plurality of depositicn cycies.
- the ianthanide-containing precursor having the genera! formula
selected from the group consisting of Ln{R'Cp)(N*-fmd),
Ln(R'Cpla(N%amd), Ln{R'Cp)N*fmd)s, and Ln(R'Cp)(N?-amd);,
whersin Ln is selected from the group consisting of Y, Gd, Dy, Er,
25 and Yb; R" is selected from the group consisting of Me, Et, and
iPr; and Z is iPr or tBu. '
Also disclosed are lanthanide-containing film coated subsirates

comprising the product of the disclosed second method.

30 Notation and Nomenclature
Certain abbreviations, symbols, and terms are used throughout the
following description and claims and include: the abbreviation “L.n" refers fo the

lanthanide group, which includes the following elements: scandium (“Sc), yttrium



Also disclosed are lanthanide-containing film coated substrates comprising the product of the
disclosed second method. 30Notation and Nomenclature Certain abbreviations,.symbols, and
terms are used throughout the following description-and claims and include: the abbreviation "Ln"
refers to the fathamigd@group, which includes the following elements: scaodiusm@®desdayttrium 5 ("Y"),
lutetium ("Lu"), lanthanum ("La"), cerium ("Ce"), pr%seodymium ("Pr"), neodymium ("Nd"), samarium
("Sm™), europium ("Eu"), gadolinium ("Gd"), terbium ("Tb"), dysprosium ("Dy"), holmium ("Ho"), erbium
("Er"), thulium ("Tm"), or ytterbium ("Yb"); the abbreviation "Cp" refers to cyclopentadiene; the
abbreviation 5'X")rdf&848 GhHrBRIapHmE @ ) PRTUBEGS inBlestedymfrditicbmponent than the
fir:st, for ex?mﬁ&)ﬁkfﬁﬁuﬁmﬂxﬁ@fﬁ&“aﬁ@aﬁdﬁ%@?ﬁ@%@?@%@rﬁqz@m!r@a@wﬁ;gﬁﬁ%@&?iﬁtﬁwe e:Errlwents;
the term "aliphatjc.group” refers. 1-05 linear or branche in alkyl group; the term "alkyl group"
refers to satu&ﬁtebd)fﬁf\%ﬁgﬁéﬁ"aiﬁ@’&%@Hﬂﬁ@%&élﬁﬁ}%w i%‘gbﬁ"%ﬂ%&/%% el atoms; the
abbreviation "MiettamefEd:ia thenabthydgatiop; @pé edfbretdaticivpEtitadtars; ttharasbhyligtioup; the
abbreviation "By [ ; the jation.1Pr' re ' vk group; the
abbrevia:%on "gu{%?é?é?%ﬂ%%%ﬁﬁﬁ%ﬁgr&%ﬂ%@é%%‘\‘}%?ogn‘sﬁ@@ﬁr%%&ﬁﬁ@é’%o C(CH3)=NzZ,
wherein Z is difefiredairyprgriaplalen Gs TEerieulanbantrsrdssvniiningdwectEiereZNC(H)=NZ,
wherein Z is askReishing GRIKKHEOMB RYA{H 8RB, therabirey tediens IWAY orefers to chemical

vapor deposit'gn; the(?bbreviation "LPCVD" refers to low pressure chemical vapor deposition; the

abbreviation "RAEP V&I AR <PaLTBsiIRSTY Haumbir&ifrriwatsrtuneiandto pulsed

chemical vapgralgposititainite cedohrevinionrt B st Dy deiges mdptasmhe ephaneedatmmgic layer
depositign; th reviati O'MIM".refers to Metal.lnsulator Metal (a structure used in capacitors);
the abbi%iatig%@géAﬂﬂgrg}ilrgr% %r)}ﬁgr%c% rr%\ﬁ!v%(‘)c'rﬁT a%cé%%ﬁgﬁgrﬁﬁﬂigglo%ré%%tion "FeRAM" refers
to ferroelectri@parRIoOMiCFESSaieEni0f Piaevhbrenidio ALTMEEN &fdf s efecoimpirmentary

metal-oxide-sagcond urten; e aBbrevialipnE i Ferplarsdetetiahdiniiap: the abbreviation "TGA"

refers to thermogravimetric g_naly§|s; 25the_abbreviation "TMA " refers to trimethyl aluminum; the
abbreviation "q%gl‘@’@f*@ farampteitiar uAimidd: iitaiaharmndis piaaiaemalkyt group
(Ta[N(C2HOZR[MAEHBY3EB thenabbteviatiun "NAT-aMAefe s eferndoHpntdumméetiaethoyide
O R el e R Ol i vt
vapor deposition; the abbreviation “LPCVD” refers to low pressure chemical vapor
deposition; the abbreviation “ALD” refers to atomic layer deposition; the
abbreviation "P-CVD" refers to pulsed chemical vapor deposition: the abbreviation
“PE-ALD" refers to plasma enhanced atomic layer deposition; the abhreviation
20 "MIM” refers to Metal insulator Metal (a structure used in capacitors); the
abbreviation "DRAM" refers to dynamic random access memory; the abbreviation
‘FeRAM’ refers to ferroelectric random access memory; the abbreviation “CMQOS”
refers to complementary metal-oxide-semiconductor; the abbreviation “THF" refers
to tetrahydrofuran; the abbreviation “TGA” refers o thermogravimetric analysis;
25  the abbreviation "“TMA “ refers to trimethyl aluminum; the abbreviation “TBTDET"
refers to tertiary butylimido, tris(diethylamino) tantalum (Ta[N{CzHs)2]s[NC(CHa)s]);
the abbreviation “TAT-DMAE" refers to tantalum tetraethoxide
dimethylaminoethoxide; the abbreviation "PET” refers to pentasthoxy tantalum;
the abbreviation “TBTDEN" refers to tertiary butylimido, tris(diethylamino) niobium;
30 the abbreviation "PEN" refers to pentasthoxy niobium; the abbreviation “THDMAS”
refers 1o tris(dimethylamino) silane [SiH(NMe;),]; the abbreviation “BDMAS” refers
to bis(dimethylamino) silane; the abbreviation “BDEAS” refers 1o bis(diethylamino)
sitane [SiH2(NE:).]; the abbreviation "TDEAS” refers to tetrakis-diethytamino



30 the abbreviation "PEN" refers to pentaethoxy niobium; the abbreviation "TriDMAS" refers to
tris(dimethylamino) silane [SIH(NMe2)3]; the abbreviation-"BDMAS" refers to bis(dimethylamino)
silane; the abbreviation "BDEAS" refers to bis(diethylamino) silane [SiIH2(NEt2)2]; the abbreviation
"IDEAS" refevstionetiakizdiethylamino 6 silane; the abbreviation "TDMAS? Kesimne/ @443
tris(dimethylamino) silane; the abbreviation "TEMAS" refers to tetrakis-ethylmethylamino silane
(Si(N(C2H5)(CH3))4); the abbreviation "BTBAS" refers to bis(tert-butylamino)silane [SiIH2(NHtBu)2]. 5
Brief Description of the Drawings For_a further understanding of the nature and objects of the present

invention, refetitite CRaIEBY S TBNKS 1SRRG Hstdinatadartpriviiapidhtn conjunction with the

accompanyingislsewviags, Wikein: idénGdlisrakEthgrapthgamiaositatiag the percentage of weight
loss with temperagure, ch f Y(M 2(NPr= L1G.21s,a.T aph for Y(iRrCp)2(NIP1-amd).
FIG 315  TOR R o e R T e G 05 PR fimglerene
Er(MeCp)2(tBisNNMB)NI-tBu). 15FIG 5 is a TGA graph for Er(EtCp)2(iPr-N-C(Me)=N-iPr). FIG 6 is
a TGA graph for Er(MeCp)2(iPr-N-C(H)=N-iPr). FIG 7 is a TGA graph for
Yb(MeCp)2(iPr-N-C(Me)=N-iPr). FIG 8 is a TGA graph for Yb(MeCp)2(tBu-N-C(Me)=N-tBu). FIG 9 is a
TGA graph for Yb(EtCp)2(iPr-N-C(RE§ERap¢yintion of the Drawings

For a further understanding of the nature and objects of the present

invention, reference shouid be made to the following detailed description, taken
in conjunction with the accompanying drawings, wherein:
10 FIG 1 is a TGA graph demonstrating the percentage of weight loss with
temperature change of Y(MeCp)o(N""-amd).
FIG 2 is a TGA graph for Y(iPrCp)(NT"-amd).
FIG 3 is a TGA graph for Er{MeCp){iPr-N-C{Me)=N-iPr).
FIG 4 is a TGA graph for Er(MeCp})»{tBu-N-C{Me)}=N-{Bu).
15 FIG 5 is a TGA graph for Er{EtCp).(iPr-N-C(Me)=N-iPr).
FIG 6 is a TGA graph for Er{MeCp){iPr-N-C{H)=N-iPPr}.
FIG 7 is a TGA graph for Yb(MeCp).{iPr-N-C{Me)=N-iPr).
FIG 8 is a TGA graph for Yb(MeCp)(tBu-N-C{Me)=N-tBu)}.
FIG 9 is a TGA graph for Yb{EtCp)o(iPr-N-C(Me)=N-iPr).
20 FIG 10 is a TGA graph for Yb{E{Cp)}o{iPr-N-C(H)=N-iPr).
FIG 11 is a TGA graph for YB{(iPrCp)y(iPr-N-C{H)=N-iPr),

DESCRIPTION OF PREFERRED EMBODIMENTS
Disclosed are lanthanide-containing precursor compounds having the
25  general formula:
L(R'Cp)m(R*N-C(R*)=N-R?),,
wherein Ln represents the lanthanide group, which includes Sc, Y, La, Cg, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu; R' is selected from H or a C1-C5
alkyl chain; R? is selected from H or a C1-C5 alkyl chain; R* is selected from H, a
30  C1-Cbh alkyl chain, and NR'R", wherein R’ and R” are independently selected
from a C1-C5 alkyl chain; m is selecied from 1 or 2; and n is selecied from 1 or
2. '



20FIG 10'is a TGA graph for Yb(EtCp)2(iPr-N-C(H)=N-iPr). FIG 11 is a TGA graph for
Yb(iPrCp)2(iPr-N-C(H)=N-iPr). DESCRIPTION OF PREFERRED EMBODIMENTS Disclosed
are lanthanide-containing precursor compounds having the 25general formula:
Ln(R1Cp),,(R2-N-C(R4)=N-R2),, wherein Ln represents the lanthanide group, which includes Sc, Y,
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu; R1 is selected from H or a C1-05 alkyl chain;
R2 is selected from H@lantheosigien N Rarressreseaifesifuesvostmhagt chamicnd NRR',

wherein R apdf3e A0 RPFESIFIA SEIRAREFTOMBL LR RHLAALIR LRsiBHRasramd, or 2 and

nis selected from 1 or 2. 7 The lanthanide-containing précursors offer unique physical and

chemical _prob@*ﬁé@ ikerHbsHigtad Fysiaranteriesyblamiignisie sleptosompo M Mhidrisnclude
tris-substﬂut%gw{geg@&dmb@m@gm_ @m@@f@% Rgpkﬁsgfégjﬁig idinate compounds,

Ln(R-N-C(R")=N-R)3, or tris-formamidinate 5compou _R-I\_I-C(H R)3. Such properties include
better céntroFengeHE&F oWt \afetmiF thdlaetaleinrspprHies inclirde batielsconrirolghstergaction on

the substrate aagdie ACHRMIIN B RCONAIPAAALI (MUGRAS AR A BRISAHIEE) dadsgendentl fine

tuning the substituents on the ligands increases volatility and thermal stability and decreases melting
point to yieldtBRH IR abihewaasti wihds $eavid mastiind pothtdsefwoappesximately 105C).

depostion prara o D e i (s mlting
point below aisbatlitps0y) thesired stabibititmidbizneasesamripg edrdftchwelsnaithendauitm
(coordipationy 5w melting solids (having a melting point below approximately 105°C).
In order o synthesize stable lanthanide-containing precursors with
properties suited for the vapor deposition process (i.e; a volatile, yet thermally
stable, liquid or low melting solid (having a melting point below about 105°C)), a
direct correfation between the properties of the central metal ion {(coordination
15 number, ionic radius) and ligands (steric effect, ratio of two heteroleptic ligands)
has been observed. Preferably, the metal compound includes an ionic radius
from approximately 0.75 A (75 pm) to approximately 0.94 A (94 pm), with a 3+
charge, and coordination number of 6. As a result, Ln is preferably selected
from the small lanthanide series of elements, which inciudes Sc, Y, Lu, Gd, Th,
20 Dy, Ho, Er, Tm, and Yb. More preferably, Ln is selected from Lu, Gd, Th, Dy,
Ho, Er, Tm, or Yb. Preferably R' is a C1-C3 alkyl chain; R? is a C3-C4 alkyl
chain, and R*is H or Me. Preferably the lanthanide-containing precursor has a
melting point below about 105°C, preferably below about 80°C, more preferably
below about 70°C, and even more preferably below about 40°C. Preferred
25  lanthanide-containing precursofs include Ln(R1Cp)§(NZ-fmd), Ln(R'Cp)a(N*-
amd), Ln(R'Cp)(N?-fmd), and Ln{R'Cp)(N*-amd),, wherein Ln is Y, Gd, Dy, Er,
or Yb; R"is Me, Et, or iPr; and Z is iPr or tBu.
The synthesis of the Ln(R'Cp)m(R%-N-C(R*)=N-R?), precursor (where m =
2, n=1orm=1,n=2) may be carried out by foliowing methods:
30 Method A
By reacting Ln(R'Cp)zX (where X = Cl, Br or |} with M(R%:N-C(R*=N-R?) (where
M = Li, Na, K) or by reacting Ln(R'Cp)X; with 2M(R*-N-C(R*}=N-R?) (Scheme-1).



15number, ionic radius) and figands (steric effect, ratio of two heteroleptic ligands) has been observed.
Preferably, the metal compound includes an ionic radius from approximately 0.75 A (75 pm) to
approximately 0.94 A (94 pm), with a 3+ charge, and coordination number of 6. As a result, Ln is
preferably sedestadofiensvithe small lanthanide series of elements, which rcluckesiSeie¥4slu, Gd, Tb,
20Dy, Ho, Er, Tm, and Yb. More preferably, Ln is selected from Lu, Gd, Tb, Dy, Ho, Er, Tm, or Yb.
Preferably R1 is a CI-C3 alkyl chain; R2 is a CS-Cz?aIkyI chain, and R4 is H or Me. Preferably the
lanthanide-containing precursor has a melting point below about 105C, preferably below about 80C,
more preferably below about 70C, and even more preferably below about 40C. Preferred
25lanthanide-cogiaigingorecursors include Ln(R1Cp)2(Nz-fmd), Ln(R1Cp)2(Nz- amd),
Ln(R1Cp)(Nz-fmd)2, and Ln(R1Cp)(Nz-amd)2, wherein Ln is;Y, Gd, By, Er, or Yb; R1 is Me, Et, or iPr;
and Z is iPr or tBu. The synthesis of the Ln(R1com(R2-Nkc(R4)=:N-R2), precursor (where m =2, n
=lorm=1,n=£2)mayb > carried out Ry following methods t A By reacting Ln(R1Cp)2X
(where X =ClI, Br ith ]M(R2-N-C(R4)=N-R2) (where M a, K),or®y reacting Ln(R1Cp)X2
with 2M(R2-N-C -R (ch_eme,,: >ﬁ£erpe-1 N

m M R T Ln />—R4

) i

2 i
R R? n

N Xam

Method B
By reacting Ln{R'Cp)s with one equivalent of amidine/guanidine, RZ-NH-

5  C(RY=N-R?, to yield Ln{R'Cp)(R%-N-C{R*)=N-R?} or with two equivalents of
amidine/guanidine, R-NH-C{R*)=N-R?, to vield Ln(R'Cp}R*-N-C(R*)=N-R%);

{(Scheme-2).
Scheme-2
R'I
F§2 ' Q/ R
R1 HN m IL
7)) +0 2= — .
m N =
I
.n R? E[QQ n
10 Method C

In-situ reacting LnX; (where X = ClI, Br, 1) {in a stepwise reaction without isolation
of intermediate products} with mR'CpM (where M = Li, Na, K) followed by
filtration, and reacting the filtrate with nM{R®-N-C(R%)=N-R?} to result in
Ln{R'CpIm(R*N-C(R*=N-R?), precursor (Scheme-3).

15



Method B By reacting Ln(R1Cp)3 with one equivalent of amidine/guanidine, R2-NH- 5 C(R4)=N-R2, to
yield Ln(R1CO2(R2-N-C(R4)=N-R2) or with two equivalents of amidine/guanidine,
R2-NH-C(R4)=N-R2, to yield Ln(R1Cp)(R2-N-C(R4)=N-R2)2 (Scheme-2). Scheme-2 10Method C
In-situ reactingdm¥81gahere X = Cl, Br, 1) (in a stepwise reaction withoutrieutatinsafsiatermediate
products) with mIR'CpM (where M = Li, Na, K) followed by filtration, and reacting the filtrate with
NM(R2-N-C(R4)=N-R2) to result in Ln(R1Cp)rn(R2-N-C(R4)=N-R2)n precursor (Scheme-3). 15 The
disclosed precursor compounds (hereinafter the "lanthanide-containing precursor) may be deposited to
form lanthanideck@migiding films using any 5deposition methods known to those of skill in the art.

Examples of suitable R2
1 !
m R . e N
LnXs + () — Q/ I />.R4
m N
t
Lngm R?
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Q/ R?
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N
Ln />—R4
"H
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The disclosed precursor compounds {(hereinafier the “lanthanide-containing
precursor”} may be deposited to form lanthanide-containing films using any
5  deposition methods known to those of skill in the art. Examples of suitable
deposition methods include without limitation, conventional chemical vapor
deposition (CVD), low pressure chemical vapor deposition (LPCVD), atomic layer
deposition (ALD), pulsed chemical vapor deposition (P-CVD), plasma enhanced
atomic layer deposition (PE-ALD), or combinations thereof.

10 The type of substrate upon which the lanthanide-containing film will be
deposited will vary depending on the final use intended. In some embodiments,
the subsirate may be chaosen from oxides which are used as dielectric materials
in MM, DRAM, FeRam technologies or gate dielectrics in CMOS technologies
{for example, HfO, based materiais, TiO; based materials, ZrO; based materials,

15 rare earth oxide based materials, ternary oxide based materials, etc.) or from
nitride-based films {for example, TaN) that are used as an oxygen barrier
between copper and the low-k layer. Other substrates may be used in the
manufacture of semiconductors, photovoltaics, LCD-TFT, or flat panel devices.
Examples of such substrates inciude, but are not limited to, solid substrates such

20 as metal subsirates (for example, Au, Pd, Rh, Ru, W, Al, Ni, Ti, Co, Pt and metal



deposition methods include without limitation, conventional chemical vapor deposition (CVD), low
pressUre chemical vapor deposition (LPCVD), atomic layer deposition (ALD), pulsed chemical vapor
deposition (P-CVD), plasma enhanced atomic layer deposition (PE-ALD), or combinations thereof.
10The type of substrate upon which the Ianthanide-é‘gntaining film will be deposited will vary
depending on the final use intended. In some embodiments, the substrate may be chosen from oxides
which are usgiticidegietethi@maiBialsas vl MDA, FeRannitddenciodpdsiog gatestiatiestfies in
CMOS tech les (f I f ed. mater Ti rials, ased materials,
15rare earth%(%gi%ﬁ%sqer%ﬁf(hmSl%ﬁtgfﬁg’ﬁ’oﬁgeﬁbjﬁng{éiﬁﬁggg%%ﬁ%%rﬁdy rlg(jj'(la)-based films (for
example, TaMptesdats éfosedanpa, Syt datmh bdvialiaoppdr GaiNirmnid Wi Jaireu Bttrsr

substrates ingk nifa oﬁ ﬁgni ct p valiaics, -TET. or flat panel
devices. Exﬁ@%%%%ﬁ%h%@ﬁétré@? %c ude, buf’aﬁ%%’l%?@d%o%&agﬁ épé%%@urgh 20as metal
substrafes (feirertimpltiianai®d oRbiMR0 sWhsiiates thatockidananm etani€r oficoiedjsaiitnas TiSi2,

CoSi2, and NiSi2): itri taini g T ' TaCN, TiCN,

TSN, and TS FAHAE TAC AR S BsR R AR B ol B Db Bl o e

SIC); ir}suIa?ewqﬁﬁwm&mwimmﬂyﬁim. Hfomars2ostanoes ﬂl@ZLgNI.ZlfJ@ pnedeneatlim _

Sstrontium t'@g@ﬁ&aw&%&wﬂ%@ts%&%mwy RYMbe! §f %}HQ%‘UBE%Q%QT these materials.
ubstr ze ecur 0

The actual s ate utili may also depend upon thé spécific pr sor embodiment utilized. In
many instances thotiy, landhaeideredriabingeradlizeor bl injeoskieetein onT daii®uchac Sitype

st 0SB O  B a S e icn
deposition rr@tmbtaaértbﬂequ‘lacféc,a\siaeﬁmwhmmdépmﬁﬁa{im,@dwp@at@@tdwz@wcéaemrw&rmﬂu-wal|
type reac'[or’iﬁ‘nri’t%tt’;ll)"t‘?;lIéwailel-ptate type reactor, a cold-wall type reactor, a hot-wall type

reactor, a single-wafer reactor, a multi-wafer reactor, or other such types of

deposition systems.

15 The reaction chamber may be maintained at a pressure ranging from about
0.5 mTorr (0.067 Pa) to about 20 Torr (2666 Pa). In addition, the temperature
within the reaction chamber may range from about 250°C to about 600°C. One of
ordinary skill in the art will recognize that the temperature may be optimized
through mere experimentation 1o achieve the desired resulit.

20 The substrate may be heated to a sufficient temperature to obtain the
desired lanthanide-containing film at a sufficient growth rate and with desired
physicai state and composition. A non-limiting exempilary temperature range to
which the substraie may be heated includes from 150°C to 600°C. Preferably,
the temperature of the substrate remains less than or equal to 450°C.

25 The lanthanide-containing precursor may be fed in liquid state to a
vaporizer where it is vaporized before it is introduced into the reaction chamber.
Prior to its vaporization, the lanthanide-containing precursor may optionally be
mixed with one or more solvents, one or more metal sources, and a mixture of
one or more solvents and one or more metal sources. The soivents may be

30  selected from the group consisting of toluene, ethyl benzene, xylene, mesitylene,
decane, dodecane, octane, hexane, pentane, or others. The resulting
concentration may range from approximately 0.05 M to approximately 2 M. The

metal source may include any metal precursors now known or later developed.



reactor, a single-wafer reactor, a multi-wafer reactor, or other such types of deposition systems. 15The
reaction chamber may be maintained at a pressure ranging from about 0.5 mTorr (0.067 Pa) to about
20 Torr (2666 Pa). In addition, the temperature within the reaction chamber may range from about
250C to abowy6Q08:1Dre of ordinary skill in the art will recognize that thedempesatusesmnay be
optimized through mere experimentation to achiev? the desired result. 20The substrate may be heated
to a sufficient temperature to obtain the desired Iant}wanide-containing film at a sufficient growth rate
and with desired physical state and composition. A non-limiting exemplary temperature range to which
the substrate may bé&ltrsamtiehslingdgriormidsoenie bt PrdispaBIvY the YeRmBative of the substrate

remains less thalspiefbaer 48952 a LartaRdhapiiarspataBIngPratuEssMamiRe fed in liquid state
to a vaporizer where it is vaporized before it is introduced into the reaction chamber. Prior to its

vaporization, IHEFHRAGATRY. RHRBIRATESFREIFS8RHAL SRR dHAETIP HEeSHREG NRA B YrRiore solvents,
one or more IMekakaaiscgss and Rinhsiide-ebartndignosesstrentsthad iatreducetirtabtal sources.

The solvenis may,be 30selpeled ram e oroup cansising,of loluenc ity enzeng lene.
mesitylene, decane, dodecane, octane, hexane, pentane, or others. The résulting concentration may
range from apiprbxigraid/tice0srithaoidepaotaininslpRaMsthéorhetal Eoligoe phesthaliie any metal

precursors nosmon@E1atey deyelensivel e AliRIPaLYeha IR NhBRIYe RRNIAIRIRY precursor

may be vaporized by passing a carrier %as into a container containing the lanthanide-containing

precursor or B9 HibbiRg\na cHHER RS eEhe TRRIRINGEIEBHRIFRHY B BERHYS MY carrier gas and

lanthanide-copiaipinghprRcwised & ththeshtatred uaeddrisvbet, areassionahapibelrdbnesessary, the
container may he heated to a temperature that permits the lanthanide-containi recursor to be in its
iitpesilc e il

liquid ph%?se aW&f({Brﬁ 3r(§0§'u @QBSF B'r%% Gr8 e eEr & %@g%%§r%%lﬁ e, bUtSS not limited to,
Ar, He, N2, andfrrioderesitier€ef 0THe |dhtanidielaxdittdineiagt pescorsos thalytieptionaditebeanixed in the

container with 3 aINGIAROE) FElR) PGS Ab.A RIS REIRR) hefntaingr may be

maintained at temperatures in thie range of, for example, 0-100C. Those skilled in the art recognize
that the tempdrathirRigetsetaiMameienE§BHeaRAUSRS in a known manner to control the amount of

lanthanide-containing, R@GHEFOL YRR RIHEBH=| mixing of the tanthanide-containing precursor

15  with solvents, metal precursors, and stabilizers prior to introduction into the
reaction chamber, the lanthanide-containing precursor may be mixed with
reactant species inside the reaction chamber. Exemplary reactant species
include, without limitation, H,, metal precursors such as TMA or other aluminum-
containing precursors, other lanthanide-containing precursors, TBTDET, TAT-

20 DMAE, PET, TBTDEN, PEN, and any combination thereof.

When the desired lanthanide-containing film also contains oxygen, such as,
for example and without limitation, erbium oxide, the reactant species may include
an oxygen source which is selected from, but not limited to, O, O3, H0, Ha0,
acetic acid, formalin, para-formaldehyde, and combinations thereof.

25 - When the desired lanthanide-~containing film also contains nitrogen, such
as, for example and without limitation, erbium nitride or erbium carbo-nitride, the
reactant species may inciude a nitrogen source which is selected from, but not
iimited to, nitrogen (N,), ammonia and alkyl derivatives thereof, hydrazine and
alkyl derivatives thereof, N-containing radicals (for instance N, NH, NHz'), NO,

30 N0, NOp, amines, and any combination thereof.

When the desired lanthanide-containing film also contains carbon, such
as, for example and without limitation, erbium carbide or erbium carbo-nitride,

"~ the reactant species may include a carbon source which is selected from, but not



In addition to the optional mixing of the lanthanide-containing precursor iswith solvents, metal
precursors, and stabilizers prior to introduction into the reaction chamber, the lanthanide-containing
precursor may be mixed with reactant species inside the reaction chamber. Exemplary reactant
species include withaudimitation, H2, metal precursors such as TMA orathesatamisudsn-containing
precursors, other lanthanide-containing precursors, TBTDET, TAT- 20DMAE, PET, TBTDEN, PEN,
and any combination thereof. When the desireéizlanthanide-containing film also contains oxygen,
such as, for example and without limitation, erbium oxide, the reactant species may include an oxygen
source which [§ni@e e taloans ethrdirienits, b2, BbulereopropstancatRitibeR%alin,

para-formaldegyganaid combisations, hismea{agayinsadhe desired lanthanide-containing film also
contains nitrogen, such as, for example and without limitation, erbium njtride or erbium carbo-nitride,

the reactant speciesM&)? i‘h@lﬁi&é@ﬁi‘ﬁBﬁ@’?@Btﬁ%@W%ﬁ%@’l@%@ﬁ‘Wﬁ,SBEGPHO?‘I‘ﬁ‘Hited to, nitrogen

(N2), ammoniasaist alterhgrr ivadives tie ieafatiyerazinercsiicrlsy basitirasives-thgitrof, N-containing
radicals (for insiariae N NH#2 4, NO. 30N20, NOZ amines, and any eomination thereof
When the deswechlrgnSt'hanlde-contaln|ng ﬁlam also contains car%on, RUER as, for éxample and without
limitation, erbisifit@adgideowbitilimsetatioditooe ptieeblictied dpddilds BighsinSittie a carbon source

which is selecﬁngmg; BWMP% Jéb@ﬁ'@gQ@AggmsgtﬁqEm@r@g@g@_g@q%@hylene, propylene,

t-butylene, isobutylene, 0014, and any combination thereof. When the desired fianthanide-containing
film also contdfif¥ABEIS, SiRiPsFolEldAplecar s ianR olistAnthalds siedicide, erbium

silico-nitride, SRFpI@R SilicateierbiEnGHLERIDO BisdeshesicoRRrORSpecies-eay include a

10 preferably S{OH)Y(OtBu); an aminosilane SiH(NR'R?),., (where xis 1, 2, 3, or
4; R' and R? are independently H or a linear, branched or cyclic C1-C6 carbon
chain; preferably TriDMAS, BTBAS, and/or BDEAS), and any combination
thereof. Thetargeted film may alternatively contain Germanium {Ge), in which
case the above-mentioned Si-containing reactant species could be replaced by

15 Ge-containing reactant species.

When the desired lanthanide-containing film also contains another metal,

such as, for exampie and without limitation, Ti, Ta, Hf, Zr, Nb, Mg, Al, Sr, Y, Ba,
Ca, As, Sb, Bi, Sn, Pb, or combinations thereof, the reactant species may
include a metal source which is selected from, but not limited 1o, metal alkyls

20 such as S$bR'; or SnR'; (wherein each R” is independently H or a linear,
branched, or cyclic C1-C6 carbon chain), metal alkoxides such as Sh(OR'); or
Sn(OR'), (where each R' is independently H or a linear, branched, or cyclic C1-
C6 carbon chain), and metal amines such as Sb(NR'R*YNR*R*Y(NR°R®) or
Ge(NR'RINRRYNRRNR'R?) (where each RY, R?, R*, R*, R®, R®, R’, and

25  RPis independently H, a C1-C6 carbon chain, or a trialkylsiiyl group, the carbon
chain and trialkylsilyl group each being linear, branched, or cyclic), and any
combination thereof.

The lanthanide-cantaining pi‘ecursor and one or more reactant species may

be sntrdduced into the reaction chamber simultaneously {chemical vapor

30 depositién}, sequentially (atomic layer deposition), or in other combinations. For
example, the lanthanide-containing precursor may be introduced in one pulse and
two additional metal sources may be introduced together in a separate pulse

[modified atomic layer deposition]. Alternatively, the reaction chamber may



silicon source which is selected from, but not limited to, SiH4, Si2H5, TriDMAS, BDMAS, BDEAS,
TDEAS, TDMAS, TEMAS, (S1H3)3N, (SiH3)20, trisilylamine, disiloxane, trisilylamine, disilane,
trisilane, an alkoxysilane SiHx(ORI)4_x, a silanol Si(OH)x(OR1)4 x (preferably Si(OH)(0R1)3 ; more
10preferably«&i{ &dy(@4B1)3 an aminosilane Sil-1(NR1R2)4, (where x isei2gpevede4L and R2 are
independently H or a linear, branched or cyclic 01-06 carbon chain; preferably TriDMAS, BTBAS,
and/or BDEAS), and any combination thereof. Thé?argeted film may alternatively contain Germanium
(Ge), in which case the above-mentioned Si-containing reactant species could be replaced by
15Ge-containigaeneaiisfeei@actantanasictiaetsreloaHeianisethe alifailietm also contains
anOth_er metabo?ﬂ§mi@%pf@6%mmﬂ@%¥vﬂi%ﬂéﬂi@§@ﬁ@@b@pgﬁ;eh”thzdu@ﬂ'ba Mgspﬁé Sr! Y! Ba! Ca, AS!
Sb, Bi, Sn, Pb, or combinations thereof, the reactant species may include a metal source which is
selected from%%?‘ﬁd??ﬁ“ﬂ%‘ﬁr?&‘?ﬁ%‘i’aflr%rlﬁ);@i@%ﬁmﬁ%ﬂ%ﬁ%E?:ﬁ‘/ PRRARTM each R is
independentlyddicsia lineanattanchies j:otieyalie QG rtaghoactinsin naydialiatkakidesisuch as

Sb(ORi)3 or ORN4 (where each Ri is inde t ralinear 4 lic Cl- 06 carbon
chai), s bl SIS0 TR R R s BremARScRt B
Ge(NR1R2)(NRBRAMRERBINRT R (Whersiteh R eaRD RITRIE, REURSTRY aend 25RS is
independently i, 31506 £aHBARIBuRIA LWL IOURLRE sarRpRsraand trialkylsilyl group

each being linear, branched, or cyclic), and any combination thereof. The lanthanide-containing
precursor and-BRPIHIREeEeesNn 8 e ORI BetiRRitiR BRI HR AlRE PR mber
simultaneoushfgheieal dnen3Pde pesiian) Gequentiatlydgtbonicdayer aispasitiba): or in other
combinations. F {texehm%ﬂlef the | ntq?%n' e{co%taig' precursor may be introduced in one pulse and
two addiffonaPnfBtdl'é8liree a%?’B introd e g::'%her in a separate pulse [modified atomic layer
deposition]. Alternatinelye thenrigaittigresbeamiber ateyic layer deposition type process, the

vapor phase of a lanthanide—containing precursor is introduced into the reaction

chamber, where it is contacted with a suitable substrate. Excess lanthanide-
containing precursor may then be removed from the reaction chamber by purging
15 and/or evacuating the reactor. An oxygen source is introduced into the reaction
chamber where it reacts with the absorbed lanthanide precursor in a self-limiting
manner. Any excess oxygen source is removed from the reaction chamber by
purging and/or evacuating the reaction chamber. If the desired film is a lanthanide
oxide film, this two-step process may provide the desired film thickness or may be
20  repeated until a film having the necessary thickness has been obtained.
| Alternatively, if the desired film is a lanthanide metal oxide film, the two-
step process above may be followed by introduction of the vapor of a metal
precursor into the reaction chamber. The metal precursor will be selected based
on the nature of the lanthanide metal oxide film being deposited and may include
25  adifferent lanthanide-containing precursor. After introduction into the reaction
chamber, the metal precursor is contacted with the substrate. Any excess metal
precursor is removed from the reaction chamber by purging and/or evacuating the
reaction chamber. Once again, an oxygen source may be infroduced into the
reaction chamber to react with the second metal precursor. Excess oxygen source
30 is removed from the reaction chamber by purging and/or evacuating the reaction
chamber. If a desired film thickness has been achieved, the process may be
terminated. However, if a thicker film is desired, the entire four-step process may

be repeated. By alternating the provision of the lanthanide-containing precursor,



13 already contain the reactant species prior to introduction of the lanthanide- containing precursor.
The reactant species may be passed through a plasma system localized remotely from the reaction
chamber, and decomposed to radicals. Alternatively, the lanthanide-containing precursor-may be
introduced tovbthargaetion chamber continuously while other metal sourges/asevinisaduced by pulse
(pulsed-chemical vapor deposition). In each example, a pulse may be followed by a purge or
evacuation step to remove excess amounts of the E‘bmponent introduced. In each example, the pulse
may last for a time period ranging from about 0.01 s to about 10 s, alternatively from about 0.3 s to
about 3 tos, alvgisaiiyEonradOUYIes sawehdulim of desied Aermrepsiinntay dxEkmsRiy atomic layer
deposition typ@agrgg%%og&%d{apor phase of a lanthanide-containing precursor is introduced into the
reaction chamber, where it is contacted with a suitable substrate. Excess lanthanide-containing

precursor may then bR &G &R HBIRS{RS P EIRNRBBIdSFRUIRINEBYRS B3 ating the
reactor. An oxygenisopreeisiatinshiceddnibdherregehiendhambe whersy teaCtsiwiibthe absorbed

lanthanide precuyrsar in a.self-limjti ner. Any. exces en.source js removed from the reaction
chamber%y p%%ﬁ%yaﬁﬁ%?* va Ja ﬁg@%i'r%%étﬁr% ¢ écrjﬁsbz(e?li'(x ’theﬁ ¢ g%lrf%(!jy fifﬁneis a lanthanide oxide
film, this two-stepharodessntryar Giidedydrabgired i .thickries -0y phay drel 20repedied until a film

having the neegsary igkeanban bepnohiAiset Ao mARACE e dosked i madantanide

metal oxide film, the two- step process above may be followed by introduction of the vapor of a metal
precursor into e FEElerSATEABMB SreTHadhahsl @%@?&é?ﬁﬂﬁ%éxﬁmﬁm%ﬁ%@%wre of the
lanthanide mefghpiideHiimdeing deposited and may include 25a different lanthanide-containing
precurs% After introduction into the reaction

EXAMPLES
The following non-limiting examples are provided to further illustrate
embodiments of the invention. However, the examples are not intended to be all
inclusive and are not intended to limit the scope of the inventions described

15 herein.

Comparative Example 1

(not part of this invention)
Attempts were made to synthesize La(EtCp)(N™-amd), La(EtCp}N™"-
20  amd)y, La(iPrCpl(NT-amd), and La(iPrCp)(N™-amd). by methods A and B
described in the specification, to no avail. Based upon these failed attempts, we
believe that no isolable amount of a lanthanum-containing precursor having the
general formula La(R'Cp)n(R*-N-C(R*)=N-R?), may be prepared using methods

described in the specification.

25
Comparative Example 2
(not part of this invention)
An isolable amount of a cerium-containing precursor having the general
formula Ce(iPrCp)z(N™"-amd) was obtained, but quickly decomposed.
30

Comparative Example 3

(not part of this invention)



chamber, the metal precursor is contacted with the substrate. Any excess metal precursor is removed
from the reaction chamber by purging and/or evacuating the reaction chamber. Once again, an oxygen
source may be introduced into the reaction chamber to react with the second metal precursor. Excess
oxygen source 30is removed from the reaction chamBer by purging and/or evacuating the reaction
chamber. If a desired film thickness has been achieved, the process may be terminated. However, if a
thicker film is desirdgiasied entiteefozstite frpno Cess paagthe re peatplsBly @it 2 atiagtitieer gsallision of the

Ianthanide-contahaing é)é?&vtdrj%ogx E:aLrérl] ﬁj\ﬁegtaﬂéﬂgc rsq{Caanqu?%ﬁ)(g%Os%usr eatﬂ%r%ftg\%§ired composition

and thicknes® can be éposited. anide-containing Tilms or fanthanide-containing layers

resulting frorartta @rosdisesidisdasgpddbeddrttsyr inchipgeke208s5@ation) @8, tha2oeuid@03, 5LnSix0y,
o, I ML s s s U e e
selectioﬂs_ﬁ _of m@inqa!opaa_ae(tzmtﬁdawbedombsﬂuﬁgg)tbemgmranmgmtatmieids,dibetm@t@ film
futher sty BB et R Chian P Eh Pl BGHE e mot mtended to be all
inclusive and\af€moiRnfdrdddap=INviit the24Copesiditiee inventions described 15herein.

NI{EtCp)(iPr-N-C(Me)=N-iPr). 20% residue

Ni(iPrCp)(iPr-N-C(Me)=N-iPr): 20% residue

10 Ni(nBuCp)}(iPr-N-C(Me)=N-iPr}. 25% residue
Based on these results, Applicant concluded that the radius, charge, and
coordination number of the metal must be taken in consideration to develop the

metal precursors disclosed herein that are suitable for vapor deposition.

15 Example 1: Y(MeCp){N""-amd)
NP-amd-Li was prepared by reacting di-isopropylcarbodiimide (4.47 g,
35.36 mmol) in 30 mL of THF at -78°C by slowly adding 22.1 mL (35.36 mmol) of
MelLi ether solution (1.6 M). The solution was sfirred at -78°C for 30 minutes,
then warmed to room temperature and further stirred at room temperature for 2
20 hours. The entire quantity of the freshly prepared N®_amd-Li solution was added
to a flask containing Y(MeCp).Cl (10.00 g, 35.38 mmol} in 50 mL of THF. The
resulting mixture was stirred overnight. The mixture was evaporated to dryness
under vacuum. Pentane was added and stirred, followed by filiration through a
column of Celite brand diatomaceous earth. The pentane solvent was
25 evaporated to dryness under vacuum to obtain a pale yellow waxy solid. The
pale yeliow waxy solid was sublimed at 115°C at 14 mTorr (1.87 Pa) to produce
12.24 g, which correlates to an 89% yield. The pale yellow waxy solid melted at
30°C and left a 1% residual mass during TGA analysis measured at a
temperature rising rate of 10°C/min in an atmosphere which flows nitrogen at
30 180 mL/min. These resulits are depicted in FIG 1, which is a TGA graph

demonstrating the percentage of weight loss with temperature change.



Comparative Example 'l (not part of this invention) Attempts were made to synthesize
La(EtCp)2(N'P1-amd), La(EtCp)(NJEF1- 20 amd)2, La(iPrCp)2(1\1P1-amd), and
La(PrCp)(2\liPr-amd)2 by methods A and B described in the specification, to no avail. Based upon
these failed attempts, we believe that no isolable améunt of a lanthanum-containing precursor having
the general formula La(R1Cp)m(R2-N-C(R4)=N-R2), may be prepared using methods described in the
specificationExBropla2ir iRy Eruthpld-arpdi part of this invention)  An isolable amount of a

cerium-containing precursor.havi . ul Prcp as.ohtained, bhut quickly
decomposed 30 Cgfrr%pgrjfé/%k?f\é(g%%?@ﬁ%{%égﬁthﬁﬁsggﬁoﬁ ?g am%%ﬁe%] O%Etlh%e??eélﬁljts from
ComparativepExtanplesdsaadizdad shiutiesuld provitred-bblSBFOERINTIesmd  imgllisintoiished to
test the theo ler radii: [ r e i lloying
complexes w%smo%ﬁgmds Lé)gv%ﬁ%%%lﬁ%%%\ég %g(/%%g %%?r'?‘ erbg’r%t%]ég%?%?gs\%ﬂﬁgngaﬁév provided
below) sluringwapanabgavimetricaanalysid hadieatlipghgeliow liquid was distilled at 20°C at 8

mTorr (1.1 Pa). Yield is 11.4 g (87%). The yellow liquid left a 1% residual mass

during TGA ahalysis measured at a temperature rising rate of 10°C/min in an

atmosphere which flows nitrogen at 180 mbL/min. These results are depicted in

FIG 2, which is a TGA graph demonstrating the percentage of weight loss with

10  temperature change.

Example 3: Er(MeCp)x(N* -amd)
A soluton of NT.amd-Li was prepared by reacting di-
isopropylcarbodiimide (10.65 g, 84.36 mmol) in 150 mbL of THF at -78°C by
15  slowly adding 53 mL (84.36 mmol} of MelLi ether soiution (1.6 M). The solution |
was stirred at -78°C for 30 min, then warmed to room temperature and further
stirred at room temperature for 2 hours. The entire quantity of freshly prepared
N™-amd-Li solution was added fo a flask containing Er(MeCp),Cl! (30.45 g, 83.36
mmol) in 250 mi of THF. The resulting mixture was stirred overnight. The
20 mixture was evaporated to dryness under vacuum. Pentane was added and
stirred, followed by fiitration through a column of Celite brand diatomaceous
earth. The pentane solvent was evaporated o dryness under vacuum {o obtain a
pink solid. The pink solid Waé sublimed at 95-115°C at 12 mTorr (1.6 Pa) to
produce 34.3 g, which correlates to 87% yield. The pink solid melted at 36°C
25 and left a 2.5% residual mass during TGA analysis measured at a temperature
rising rate of 10°C/min in an atmosphere which flows nitrogen at 180 mL/min.
These results are depicted in FIG 3, which is a TGA graph demonstrating the

percentage of weight loss with tem pérature change.

30  Example 4: Er(MeCp)a(N""-amd)
To a flask containing Er{MeCp)s (11.54 g, 28.12 mmol) in 60 mi of
pentane, was added a solution of N™"-amd-H (4.00g, 128.12mmol) in 20 mL of

pentane. The resulting mixiure was stirred overnight. Solvents and volatiles were



each would not be suitable in the vapor deposition process. Ni(Cp)(iPr-N-C(Me)=N-iPr): 21% residue
Ni(EtCp)(iPr-N-C(Me)=N-iPr): 20% residue Ni(iPrCp)(iPr-N-C(Me)=N-iPr): 20% residue
10Ni(nBuCp)(iPr-N-C(Me)=N-iPr): 25% residue Based on these results, Applicant concluded that the
radius, charge, and coordination number of the metal'must be taken in consideration to develop the
metal precursors disclosed herein that are suitable for vapor deposition. 15Example 1:
Y(MeCp)2(NiFepatdjed underaamuinwddhpregsutit & \piekh @iy didsopisipyddaab8diiide ¢at7 g,

35.36 mmol)1i5 %ﬁ%@#ﬁE%E“‘f%%%%‘égs%ﬂg%m&zz'l mL (35.36 mmol) of MeLi ether solution

(1.6 M). The sol as stirred a , then warmed to room temperature and further
stirred at room temperature for 2 20 hours. The entire quantity of the freshly prepared N'Pr-amd-Li

solution was%?éi’%\%gg f fgﬁwﬁﬁéﬁtgu_ém%ip)zm (10.00 g, 35.38 mmol) in 50 mL of THF. The

resulting mix S stl;rre ove .g’he mikture was evaporated to dryness under vacuum.
Pentané was addedhanscititiestl, follohsd-synfilitationahropgsparesiunby offCatiiedrahd-diaterraceous

th. Th - ' |
ol The pe S € B e T Lo BE
which correldiés &8 3% wialt). affideddl e thelfosolwtiory 6ol vheltEHeassbtemu asftsdirtes ralsidual
duri : A i i ) hich
fows nit0geh oS0 L R A 0 PR S L R gt e e
demonstratirfgene isenpenaigeedbndidiouikss shheheteling sreanté clodfigshlyeorseanpte 18 -amd-

peirllot;ie,zwlals.ad (;.aso ution of NIIPLam -.H' 3.85q, 27. mrr; iR :m ’fp'en'iane. érfesulting

OPICR2C LYo T8k soua o MNACRA (HCh B 22,60 mroh gl

mixture was gfirmad avfefight. Sotveastibing voixtles wee Stisretonasniahiddrheacoisturg veagesulting

vellow liquid s, isflad at 296 at & piTpr A1 1,22) pYield I8 14 a48Zi0), Bhanelow figyiddet a 1%
%A analy eofl g

residual mass during sis measured at a temperature rising ra /min in an
atmosphere hititrabors Hitegin aceBonmLgniselitadyenesdiaicradepis bt IG2, paiiting a TGA

graph demongiratind Jhe BELERIALS & WSILdTTd4 Dacuum to obtain an orange solid. The

15 orange solid was sublimed at 100-150°C at 10 mTorr (1.3 Pa) to produce 2.61 g,
which correlates to a 64% vield. The orange solid melted at 100°C and left a
1.8% residual mass during TGA analysis measured at a temperature rising rate
of 10°C/min in an atmosphere which flows nitrogen at 180 mlL/min. These
results are depicted in FIG 4, which is a TGA graph demonstrating the

20 percentage of weight loss with temperature change.

Example 6: Er{EtCp)x(N""-amd)
To a flask containing Er(EtCp)s (20.00 g, 44.77 mmol) in 200 mL of
pentane, was added a solution of N*-amd-H (6.37g, 44.77 mmol) in 50 mL of
25  pentane. The resulting mixture was stirred overnight. Solvents and volatiles were
evaporated under vacuum. The resulting pink liquid was distilled at 72-74°C at 8
mTorr (1.1 Pa). Yield is 16.4 g (67%). The melting point was 18°C. The pink
liquid left a 2% residual mass during TGA analysis measured at a temperature
rising rate of 10°C/min in an atmosphere which flows nitrogen at 180 mL/min.
30  These results are depicted in FIG 5, which is a TGA graph demonstrating the

percentage of weight loss with temperature change.



10temperature change. Example 3: Er(MeCp)2(NIPr-amd) A solution of Nrr-amd-Li was prepared
by reacting diisopropylcarbodiimide (10.65 g, 84.36 mmol) in 150 mL of THF at -78C by 15 slowly
adding 53 mL (84.36 mmol) of MeLi ether solution (1.6 M). The solution was stirred at -78C for 30 min,
then warmed to room temperature and further stirred %t room temperature for 2 hours. The entire
quantity of freshly prepared NIIP"-amd-Li solution was added to a flask containing Er(MeCp)2Cl (30.45
g, 83.36 mmBRaMPES n EMEGR)ANE Hmalling mixture was stirred overnight. The 20 mixture was

evaporated to cryngss yyiep vacKumy eniapeas adlad aresied ol i roun o

column of Celite brand diatomaceous earth. T ne solvent was evap ryness under

vacuum to obt8iRG$iREEoRathi R dend Wik alitife drsisviy 8ting1d Himbi/(B& apib
produce 34.3,0\nicBteeF SEIRR O3 B/MieldnENERIBKSQlissmgiiesd 2t 366 25ranadefh der

residual mass during TGA analysis measured at a temperature rlsing%rate of 10C/min in an

atmosphiere NARNEENEHitro SR AEBE P tHm 27H LEthes HETSE Ak HRABd tFMmesafuifnfon & a TGA
graph demomgiiisding Haeepgirecfiagatpioneighrdess witboiem N Etredchiaag atiod weanpieed: to

s added S RaTGH BN DO 28 Th AR IO hEkaiel Mo ARG Hikure was
stirred overnightuSnlverds dinckdolatdesightreTie enixpomtedsneapaeateim (d hiryesstingipenk solid

was distilled gt 9p:1 f\tggi% &Jnsogcﬁg[eg ER ﬂﬁjgdwf?)ﬁc;\%e@ %ﬁﬁ%@ﬁcﬁfﬁﬂ?@éa column of

Er(MeCp)2(Nt8u-amd) eu-amd-Li was prepared by reacting 1,3-di-tert-
butylcdfbodiiftite (2rasd, Betarmaehstynegotinm T be ReRtansy savepsivadyexaangis imidBiggsmmol) of

MeLi ether sghgian eleGud) 1d R SALENESHRET S HE binfSSofdr wanbiRRdNaeyasHRed oy 0om

temperature and further stirred at room temperature for 2 hours. The entire quantity of freshly prepared

Ntsu-amd- 18 19EdRIEhRFASAARRIRPrids KBS FRTFR HBIVIOCH Pk (3909, B8 1Pi 80l 25 mL
of THF. The restdtingtsotareiMaseflig eshpvesmanl. hasymixtitig Waeyanosaandasinaess ynder

vacuum. Pentane was added and stirred, followed by filtration through a column of Celite brand
Ciatomaceo S BEEL s TUNATUSEh ATk B ol B AP R B AL B LIRS Bl an
orange 5olid mMllimil SToresy ecsolid was deitteddraF DG Labiiatd @ MEorg(hsh Renomdtiog 2.61 g,

which correl%%s to ae§14%?yi)%ld. Tt]% range,s él{% rg%&ed at, 100C and left a 1.8% residual mass during

TGA analysis mggg{ﬂre’?% a tgvr%}?era urerising rdté o BENRIP T an atmosphere which flows nitrogen

at 180 mL/min. These results are depicted in FIG 4, which is a TGA graph demonstrating the

Example 8: Yb{MeCp)(N""-amd)

A solution of N*"-amd-Li was prepared by reacting di-isopropylcarbodiimide

20 (6.88g, 54.54 mmol) in 100 mL of THF at -78°C by slowly adding 34.1 mL (54.54

mmol) of Meli ether solution (1.6 M). The solution was stirred at -78°C for 30

minutes, then warmed to room temperature and further stirred at room temperature

for 2 hours. The entire quantity of freshly prepared NF-amd-Li solution was added

to a flask containing Yb(MeCp).Cl (20.00 g, 54.54 mmol) in 120 mL of THF. The

25 resultant mixture was stirred overnight.  The mixture was evaporated to dryness

under vacuum. Pentane was added and stirred, followed by filtration through a

column of Celite brand diatomaceous earth. The pentane solvent was evaporated to

dryness under vacuum to obtain an orange solid. The orange solid was sublimed at

120°C at 25 mTorr (3.3 Pa) to produce 22.4 g, which correlates to an 87% vyield.

30 The orange solid melted at 36°C and left a 3% residual mass during TGA analysis

measured at a temperature rising rate of 10°C/min in an.atmosphere which flows

nitrogen at 180 mbL/min. These



20percentage of weight loss with temperature change. Example 6: Er(EtCp)2(1\11PCamd) Toa
flask containing Er(EtCp)3 (20.00 g, 44,77 mmol) in 200 mL of pentane, was added a solution of
rer-amd-H (6.37g, 44.77 mmol) in 50 mL of 25 pentane. The resulting mixture was stirred overnight.
Solvents and volatiles were evaporated under vacudf. The resulting pink liquid was distilled at 72-74C
at 8 mTorr (1.1 Pa). Yield is 16.4 g (67%). The melting point was 18C. The pink liquid left a 2%
residual magseslutingeTé Alapiaigsis meBbGret] awhihmieratuldafsirayapte dero@rshiatingrthe

atmosphere which flows nitro 80 in. lts are depicted in FIG 5, which is a
TGA graph a%eng%en%t%gﬁngmgggﬂti%%%gé@ ;{éwgai%@s%%\%éﬁ emperature change. 18 Example 7:
Er(MeCp)2(1\MIPCfmd) A solution of N'Pr-fmd-Li was prepared by reacting di-isopropylformamidine

(20.00 g, 7.% i : o y slowly adding 4.9 mL (7.80 mmol) of MeLi ether
solution (1.6 g%&ees%lt%%v%&é rf#:red azt -/3C for 30 minutes, 5 then warmed to room temperature.
and further stirred 2 rosohuiznpeohtulToamtidurswWhse gnéeacgedintily ofeestngshly Breptedd

N'1r-fmd-Li soluti ' o-a flagk,gontaini C 1-g: L. ' L of
THF. The reﬁﬂ@%g Fﬁ%@ﬂ@%%iﬁsﬁﬁgdéoﬁgrﬁ&@%@n% gg@sﬁ%@b@ra&fe%gtg? %geg;bsal%}%]er
vacuum. Perfidnmlv48. 48dechahdéivield, dtlensduipfiliafoMihrd ighseltbimwas $0r@sisd brand

diatomaceoug.earth. T. t I vapaorat in a pink
solia, The pitE s B, T e B R B R o
a 62% vield. ohedistogetiatunelfod 21606 arthie featisemeaidiiploh eshlurmig rreed A Elyemdneasured

These DUl o L b A e g e
loss with tengferaiuref chidirge. heanssid 810y biiweCp)Rae-stirdRed svariighbf 1hel mixme Wess
prepared by é%%%%’?gtggi% Q{ngrmggm%uum. Pentane was added and stirred, followed
by filtration through a column of Celite brand diatomaceous earth. The pentane
solvent was evaporated to dryness under vacuum to obtain an orange solid. The
15 orange solid was sublimed ét 125°C at 10 mTorr (1.3 Pa) to produce 1.73 g,
which correlates fo a 43% yield. The orange solid melied at 103°C and left a
1.8% residual mass during TGA analysis measured at a temperature rising rate
of 10°C/min in an atmosphere which flows nitrogen at 180 mL/min. These
results are depicted in FIG 8, which is a TGA graph demonsirating the

20 percentage of weight loss with temperature change.

Example 10: Yb(EtCp)2(N""-amd)
To a flask containing Yb(EtCp)s (15.90 g, 35.15 mmol) in 250 mlL of
pentane, was added a solution of N*-amd-H (5.00g, 35.15 mmol) in 40 mL of
26  pentane. The resulting mixture was stirred overnight. Solvents and volatiles were
evaporated under vacuum. The resulting orange liquid was distilled at 110°C at
10 mTorr (1.3 Pa). Yield is 15.00 g (85%). The melting point was 39°C. The
orange liquid left a 3.5% residual mass during TGA analysis measured at a
temperature rising rate of 10°C/min in an atmosphere which flows nitrogen at
30 180 mbL/min. These results are depicted in FIG 9, which is a TGA graph

demonstrating the percentage of weight loss with temperature change.



20 (6.88g, 54.54 mmol) in 100 mL of THF at -78C by slowly adding 34.1 mL (54.54 mmol) of MeLi
ether solution (1.6 M). The solution was stirred at -78C for 30 minutes, then warmed to room
temperature and further stirred at room temperature2 or 2 hours. The entire quantity of freshly prepared
NIPLamd-Li solution was added to a flask containing"Yb(MeCp)2ClI (20.00 g, 54.54 mmol) in 120 mL
of THF. The 25 resultant mixture was stirred overnight. The mixture was evaporated to dryness under
vacuum. Peftsamplastdd ot BtEmttNd -foidved by filtration through a column of Celite brand

diatomaceous earth. T ' r tQ 4lr . u (n an
orange solid. The o%gn%zl%gﬂé% @gfﬂﬁﬁ%%@zﬁg%g? ﬁ‘gﬁﬁﬁégggﬁt%%ﬁg{aﬁggﬁg%%’ which
correlates towas 8380 gikIslo80yThe statige soflitNiTdinedtdt 66€ andli3Re I ibiduatnays afiring TGA
analysis measured at-a te re risi J10C/minin. § I itrogen at
0 mLmin e R A B S B
percentage evapigatddsswiih tempuratiine chadiiegoranpeligidbmasclhsbineal- A5 Solution of
Nt6u-amd-Li I e [ ,3-di- tycarbodiimide (1 1 ' mL of
THE at 780 o Satl & L (o sh toto 2t et Sl e R s
stirred at - 78@G$sr BOinGnif8, ahalysiarmeasiy edoah tetapuratateranisfogtiatesofrdd “4/roionin
temperature for aire It I RrEP tau:amds 1041 ! added to
a flask co nta%f% n%rﬂ%%kj’e%%wgé %%\g&g%gégﬁ%% )lﬁrig 9'5 rfﬁ%f%ﬁ%@%g %Sﬁtﬁ%{%ﬂ&@u\fﬁvas
stirred overnightwiiehniixtard wés granfodestorstigiingshmderrcatage. Pemaighiviesaddil and
stirred, follo itrati gh a column of Celite brand diatomaceous earth. The pentane
solven 6was\,{§/%é)%{$£{tg%tgﬂ r@%ss under vacuum to obtain an orange solid. The 15 orange solid was
sublimed at 125C at 10 mTorr (1.3 Pa) to produce 1.73 g, which correlates to a 43% yield. The orange

solid melted %Rﬁ | ﬁlﬁléo regrdL ass during TGA analysis measured at a temperature
rising rate of / (Jl}ﬁaiﬁgér? % mosﬂﬁéﬁfwma?lows nitrogen at 180 mL/min. These results are
depicted in FIG 8, Which fleskTAtgiaipl ddrtfoiiamatidthe 2055t demaldvofidighobiupie.
temperature n aép)?*ﬁ:‘ ;1 : (ﬁg&p NG (o 79 flgg(y-,»cm' Nng, YR(ELrp)t (15.90
g, 35.15 mmol gin%%%)gg(m of p n%ar%é? was ;gf(cfded a soluti0|(1 of N'g’r-amd-H (5.00g, 35.15 mmol) in 40
mL of 25 perichendahEhesaitinaisixeirgaeatistaes oyrhigiSoFeledn@ve | xaledipe wasgaporated

under vacuu i r iqui It . 431 Pa)q Xoeld ig 15.00 g
(85%). The n%lefﬁh%ag%m%%?%c. T lhg' oﬁé\%gé% ﬁaﬁﬂﬁ&f&a 5&%@%@%&%%&2@2 ginalysis

measured at2dtemperdiie ReihgYigld ds WE/mitBRvah Aimmosprrse WiniH fele ifodesidra0180
mUmIn. ThegetesUlimAereeRIieNQiE R ehhiends 2 1 EFAIARRe rising rate of 10°C/min in
an atmosphere which flows nitrogen at 180 mL/min. These results are depicted

20 in FIG 11, which is a TGA graph demonstrating the percentage of weight loss

with temperature change.

Example 13: Er{MeCp):(iPr-N-C{Me}=N-iPr)
The lanthanide-containing precursor of Example 3, Er{MeCp).(iPr-N-
25  C{Me)=N-iPr), and the reactant O; were used to deposit a film of Er:03 on a
Si0,/Si substrate. The Si0,/Si substrate was maintained at a temperature of
275 °C. The pink solid precursor was vaporized in a bubbler maintained at 115
°C. The ALD cycle included a precursor puise of 10 seconds, followed by a 5
second purge, followed by a reactant pulse of 2 seconds, followed by a 5 second
30  purge. The Er,Osgrowth rate was observed to be 1.2 A/cycle (120 pm/cycle).
The ALD regime was assessed up to 275 °C with a deposition rate as high as
12 Ajcycie (120 pm/cycle). |



demonstrating the percentage of weight loss with temperature change. 20 Example 11:
Yb(EtCp)2(NiPCfmd) To a flask containing Yb(EtCp)3 (6.00 g, 13.26 mmol) in 20 mL of toluene,
was added slowly a solution of N'Pr-fmd-H (1.7 g, 13.26 mmol) in 20 mL of toluene. The resulting
mixture was stirred overnight. Solvents and volatilesiWere 5 evaporated under vacuum. The resulting
orange liquid was distilled at 120C at 6 mTorr (0.80 Pa). Yield is 5.9 g (97%). The orange liquid left a
1.4% residual mass during TGA analysis measured at a temperature rising rate of 20C/min in an

atmosphere which fl ni a L resylts, are depicted in FIG 10, which is a TGA graph
demonstratinggxt @%@%ﬁ&é@%@ﬁ%ﬁ Ilgsr‘ts'e @\%ﬁ:ﬁtéﬁ erature change. Example 12:
Yb(iPrCp)2(1\1INAmbg larfibanitEskouaiainigg MbEED) 3 ¢8.(xgntby wmdEl (Bt n(iPefNeluene,
was added s 1 solytion of NVIDr-fmd-H, (0,78 g. 6.07 mmol) in 20.mL of 15 ene. The resulting
mixture was s[%éai (ﬁ)oéﬁrll?gh A %v%ﬁ%aggﬁ'bo a?tiIvé%?veve?tse%]vgt%o?gpe%sﬁ%cﬁrr@agfﬁktlﬁ8 r|1e§ulting
orange $iquidBias B stillesdratel /0@ i 2D/BiTarb g e apsy mhinéahed 488%: nHeeaaagd AG0id left a

2% residual mas rng. TGA. lysis measured at a_temperature,rising rate of 10C/min.in.an
atmosphere ngﬁlcsﬁa%\%}ﬁ %ll%ég@g%%i%rég rﬁL\yr%?nV Oe”szeeg&l?s%f‘gigg'bf&%’& w?@l%?i%w ichis a
TCEA g(r:agg(dﬁmoﬁcisﬁatMGthﬂcpsi' i :ﬁMager?irweﬁgiufmsﬂMimaeuth&:mmE ?gf&amﬂd?z PrN
Er(MeCp)2(iPr-N- =1\ L:iPr an ide-containing precyrsor xample 3, Er(MeCp)2(iPr-N-
25C(Me):N-%r@%’n%t@g%la%}(a%tﬁg%%ﬁ %@egg t(%:)fo e%%cs?tgg%ﬂrﬁj o?\u—_leraﬁ(?o yo%rg Bi02/ST silhetate. The
5i02/Si substrate lva® nuiivwdin eatatvesis wipszatace tof (27 9 G. Aoy ghink3Sopdhirpcleiso adporized in

intaj : le 4 d I f10 foll db
5 secol pulgaTa das FEsessE AR 1S CIEE BRI AR Boig e v @
(30 pm/cycie).

Example 15: Yb(MeCp)(iPr-N-C(Me)=N-iPr)

_ The lanthanide-containing precursor of Example 8, Yb{MeCp)(iPr-N-

15 C(Me)=N-iPr), and the reactant H,O were used to deposit a fiim of Yb,O3 on a
Si0,/Si substrate. The SiO,/Si substrate was maintained at a temperature of 250
°C. The orange solid precursor was vaporized in a bubbler maintained at 115
°C. The ALD cycle included a precursor pulse of 3 seconds, followed by a &
second purge, followed by a reactant pulse of 2 seconds, followed by a 10

20  second purge. The YbyO; growth rate was observed to be 1.0 Afcycle (100
pm/cycle). The ALD regime was assessed up to 275 °C with a deposition rate as
high as 1.0 A/cycle (100 pm/cycle).

Example 16: Yb(EtCp){iPr-N-C{Ne)=N-iPr)

25 The lanthanide-containing precursor of Example 10, Yb(EtCp).(iPr-N-
C(Me)=N-iPr), and the reactant H,O were used to deposit a film of Yb.O; on a
SiO./Si substrate. The SiO./Si substrate was maintained at a temperature of
250 °C. The orange liquid precursor was vaporized in a bubbler maintained at
115 °C. The ALD cycle included a precursor pulse of 10 seconds, followed by a

30 5 second purge, foliowed by a reactant pulse of 2 seconds, followed by a 10
second purge. The Yb,Os; growth rate was observed to be 1.0 A/cycle (100
pm/cycle). The ALD regime was assessed up to 250 °C with a deposition rate as

high as 1.0 A/cycle (100 pm/cycle).



30 purge. The Er203 growth rate was observed to be 1.2 A/cycle (120 pm/cycle). The ALD regime was
assessed up to 275 C with a deposition rate as high as 1.2 A/cycle (120 pm/cycle). 21 Example 14:
Er(EtCp)2(iPr-N-C(Me)=N-iPr) The lanthanide-containing precursor of Example 6,
Er(EtCp)2(iPrdG(dialaiN2iPr), and the reactant 03 were used to deposit gcfiliefolc2630n a 5 Si02/Si
substrate. The Si02/Si substrate was maintained at a temperature of 250 C. The pink liquid precursor
was vaporized in a bubbler maintained at 115 C. THe ALD cycle included a precursor pulse of 10
seconds, followed by a 5 second purge, followed by a reactant pulse of 2 seconds, followed by a 5

second purge. The BVDi8 griwtimanis,sis bspeip o Brabs sy sfee 30 aAFeyERed The ALD
10regime was,assfeshshdfiQ A 24n Wit de BOSiHanKAieias Mgh s A3 MeysiaRP pmicycle).
Example 15: Yb(MeCp)Z(onr-N-C%TgI\_/IeFN-lPr) The_Ianthanlde-contalnlngdprecursor of Example 8,
Yb(MeCp)2(iPFaL s seiilesirasming s i dmendemt 0 sTdediBentt GapHSC i b Yb203 on a
Si02/Si substraie kbS5 puhstrateimam gainainestatiene mperaidifcaf @R0oCthEhe orange solid
precursor was va oriﬁed in bue It?cl)%r rpeairgairib?g e?r% (}1i h(;:ri El"_‘%e @OL% 8?’%'1% inc!auq%g] a precursor pulse
of 3 seconds, folwed E}%n rsnecond‘""ﬂpur%es, ollowed Dy a reactant pulse oty seconds, followed by a
10 20 secondisurgeinglydhels208 gedwthieatiomanobieiaticibe arbadieperds geegphedycle). The ALD
regime was agsesed Unde A7 fhithAKle PARIHOR e BRdITheS & BLYpUAIR K1GRIPm/cycle).
Example 16: Yb Eth)Z(lPr_- _C(g%:N_IP%'ZSThe lanthanide-containing precursor of Example 10,
Yb(EtCp)2(iPrngiugenit pavivalsnisof the rubiashinaber fidhe wdii to deposit a film of Yb203 on a
Si02/Si substrate. The Si02/Si substrate was maintained at a temperature of 250 C. The orange liquid
precursor was vaporized in a bubbler maintained at 115 C. The ALD cycle included a precursor pulse
of 10 seconds, followed by a 30 5 second purge, followed by a reactant pulse of 2 seconds, followed
by a 10 second purge. The Yb203 growth rate was observed to be 1.0 A/cycle (100 pm/cycle). The
ALD regime was assessed up to 250 C with a deposition rate as high as 1.0 A/cycle (100 pm/cycle).



22 While embodiments of this invention hav%geen shown and described, modifications thereof can
be made by one skilled in the art without departing from the spirit or teaching of this invention. The
embodiments described herein are exemplary only and not limiting. Many variations and modifications

of the SWngi%]rﬁ@gl imethod are possible and within the scope of the invention. Accordingly the
scope of protection is not limited to the embodiments described herein, but is only limited by the claims
which follow, the scope of which shall include all equivalents of the subject matter of the claims. 23

What is qlaimedﬂ%o%@gmp@&m@mmiﬁﬁg@@mm@@ﬁm@% gsvaeual:formula:
Ln(R1Cp),,(R2-N-C(R4)=N-R2)n, Wh%@%ﬁﬁﬁﬁﬁﬁ%% the group consisting of Sc, Y, Lu, La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Hb an ionic radius from 0.75 (75 pm) to
0.94 (94 \pR®yren3+ charge, and a coordination number of 6; R1 is selected from the group consisting of
H and a C1-05 alkyl chain; R ele ed from [ isting, of, kyl chain; R4
is selected from thﬁ"& 85’81 onS|s %!8 0 ro%&%%%s%ﬂl %ﬂgr%;gegf%grtﬁlgﬁg)gfap N&%ﬂl'
Eu, Gd, Tb, Dy, Ho, Er, Tm, and Yb; Ln having an ionic radius from 0.75
(75 pm)to 0.94 (94 pm), a 3+ charge, and a coordination number of &;
- R'is selected from the group consisting of H and a C1-C5 alkyl chain;
- R?is selected from the group consisting of H and a C1-C5 alkyl chain;
- R%'is selected from the group consisting of H and Me;
- nand m range from 1 to 2; and

- the precursor has a melting point below 105°C.

2. The composition of claim 1, wherein Ln is selected from the group consisting
of Lu, Gd, Th, Dy, Ho, Er, Tm, and Yb, and preferably from Er or Yb.

3. The composition of either of claims 1 or 2, wherein R' is selected from the

group consisting of Me, Et, and iPr.

4, The composition of any one of claims 1 to 3, wherein R? is selected from the

group consisting of iPr and {Bu.

5. A precursor having the general formula:
Ln(R'Cp)m(R*-N-C(R*)=N-R?),,
wherein: '
- LnisYorEr: Ln having an ionic radius from 0.75 (75 pm)to 0.94 (94
pm), a 3+ charge, and a coordination number of 6;
- R'is selected from the group consisting of H and a C1-C5 alky! chain;
- R%is selected from the group consisting of H and a C1-C5 alkyl chain;
- R%is selected from the group consisting of H and Me;
- nandm range from 1 to 2; and

- the precursor has a melting point below approximately 105°C.



the precursor has a melting point below 105C. 2, The composition of claim 1, wherein Ln is selected
from the group consisting of Lu, Gd, Th, Dy, Ho,zér, Tm, and Yb, and preferably from Er or Yb. 3. The
composition of either of claims 1 or 2, wherein R1 is selected from the group consisting of Me, Et, and
iPr. 4. The composition of any one of claims 1 to 3, wherein R2 is selected from the group consisting
of iPr and tBu. S.A precursor having the general formula: Ln(R1Cp)rn(R2-N-C(R4)=N-R2)n, wherein:
Ln is Y oPEr; LT RERFRFHIFSIAE FaTLS HRTEIRSY 78 PRIHIUS S 152 dRpaTPUR §2n3i3HE8 Cind a
coordinatign purakgripf.6; R1 is selected from the group consisting of H and a C1-05 alkyl chain; R2 is
selected from the group consisting of H and a C1-05 alkyl chain; R4 is selected from the group
consisting of H and Me; n and m range from 1 to 2; and the precursor has a melting point below
approxinfately 1066 pi2éufiscFhué giteensaiafradirrs, wherein R1 is selteteedffoontitbe group consisting
of Me, Et, and iPr, 7. The Plriglg%%o{s%f.either of claims 5 or 6, wherein R2 is selected from the group

consistinarg{‘l FAhG H%wg_o
8. The precursor of any one of claims 5 fo 7, having the general formula
Y(iPrCp)(NT'-amd).

9. The precursor of any one of claims 5 to 7, having the general formula
Er(MeCp)(NT'-amd).

10. A method of forming a film on a substrate, the method comprising the steps
of: providing a reactor having at least one substrate disposed therein; introducing at
least one precursor as defined in any one of claims 1 to 9 into the reactor; and
contacting the precursor and the substrate to form a layer on at least one surface of

the substrate using a deposition process.



8. The precursor of any one of claims 5 to 7, having the general formula riPrCp)2(11Pr-amd). 9. The
precursor of any one of claims 5 to 7, having the4feneral formula Er(MeCp)2(NiPr-amd). 10. A method
of forming a film on a substrate, the method comprising the steps of: providing a reactor having at least
one subsjrate disposed.thereip: jntroduci t least one.precursor as defined in any one of claims 1 to
9 into theﬁr@"acto"f;R gn@%tbﬁé&?géafﬁleqéégﬁggf Shd'hEshs FaFg%%&fn a layer on at least one
surface of the sal)stratepusiidjragdepeaiiomprosastanspbtiehdmoetie decfottainvh®r dither comprising
the steps of: a) providinsqﬁa Ieastto e reactant Sé)ecies into the, reacto% wcperei said reactant species
c?é; 5 co ui anip

is an oxygen containing hlof;egr? ae(f:;t'ierl%igalaI foé/aﬁrs‘or VQIF AR TSR species. 12.The method

of claim 11, whergin thesatteastaitepreactasor spidtiesidrsaleizetsipenidbe group consisting of 02, 03,
H20, H202, acetic acid, formalin, para-formaldehyde, and combinations thereof. 13.The method of

claim 11, wherein the precursor and the reactant species are either introduced. at least partially
simultaneﬁdsly a@ fh g%ﬁ’eoréic%ﬁ \9?[:%} (3(2;‘)0“5“ on 'é:;((a)t% sg?oieg?g RtodGEs Qtt Igggtcbeagti’glly
sequentiablexdan drpatdinic dayep depasition prbEessO14 HA@, nmeibadaafatiaiactl , fomieirgomprising

mtroducnlg%la rpetalaﬁ)(r{fean Ursor ":th the eac{]%rr1 vv%rﬁereln the metal precursor is different than the

arform angd co s thereof.
precursor and é)eposn g}/a?leas paFPo Aeme anrecursor to form the layer on the one or more

substrates. 15.The method of claim 14, wherein a metal of the metal precursor is
13.  The method of claim 11, wherein the precursor and the reactant species

are either introduced at least partially simultaneously as in a chemical vapor
deposition process, or are introduced at least partially sequentially as in an

atomic layer deposition process.

14.  The method of claim 11, further comprising infroducing a metal precursor
into the reactor, wherein the metal precursor is different than the precursor and
depositing at least part of the metal precursor to form the layer on the one or

more subsirafes.

15. The method of claim 14, wherein a metal of the metal precursor is
selected from the group consisting of Hf, Si, Al, Ga, Mn, Ti, Ta, Bi, Zr, Pb, Nb, Mg,

Sr, Y, Ba, Ca, a lanthanide, and combinations thereof.

16. The method of claim 10, wherein the deposition process is a chemical

vapor deposition process.

17.  The method of claim 10, wherein the deposition process is an atomic layer

deposition process having a plurality of deposition cycles.



selected from the group consisting of Hf, Si, Al, Ga, Mn, Ti, Ta, Bi, Zr, Pb, Nb, Mg, Sr, Y, Ba, Ca, a
lanthanide, and combinations thereof. 16.The mé&od of claim 10, wherein the deposition process is a
chemical vapor deposition process. 17.The method of claim 10, wherein the deposition process is an

atomic layer depgsition process having a plurality, of deposition cycles. 26 18. The method of claim
10, wherdth the IIECTEPRA SR hsreiifie fredien i e deberal fotille

Ln(R1Cp32{dizdthiiprhritR Ep)@(Naramstig of RAEGH N Ny BnH iR FIGNN2zm@dd) 2, wherein Ln

is selected the group.consistin Dy, Er, and Yh; R1.is selected.from.the group
consistinebrgm?@génraela’gr;aann%ﬁf'?g Igér(ﬁg B"ua.%ﬁg_. "Ivﬁréerrnee‘?h%% B e 2‘?&1% Tr&)vrﬁetrﬁe?n the layer is
selected fnampve gradipgai SStBd, (ﬂ);t,rﬁoar(cﬂ.m%1, isn2fladied 2Q38n thSixutnGex0y, (Al, Ga,

Mn)LnOBb(Ij-lan cxoro;%g%? Vég‘?{?ﬂﬂ- Ién %r%jié_rb%er géfaerent, and preferably from HfErOx, ZrErOx,
HfYbOXx, or B 207 The fittnod 87 G&im io, wherein the layer is selected from the group

consisting of Ln203, (LnLn1)03,Ln203-Ln'203,LnSix0y, LnGex0y, (Al, Ga, Mn)Ln03, HfLnOx or

ZrLn0x, wierein i and bl e AR Rt A0S RIS IREPRIYJr SRS SR &% SIBpc or 4rY0x.
consisting of Ln,O3 (LnLn")O3 LnyO3-Ln'203 LnSi 0Oy, LnGe,0y, (Al, Ga, Mn)LnOs3,
HfL.nO, or ZrinQOy, wherein Ln and Ln’ are different, and preferably from HfErO,,
ZrErQy, HfYbOy, or ZrYbO,.

20.  The method of claim 10, wherein the layer is selected from the group
consisting of Ln203, (LnLn"}O3, Ln;O3-Ln"203 LnSiOy, LnGe Oy, (Al, Ga, Mn)LnOs,
HfL.nO, or ZrLnQy, wherein Ln and Ln’ are different, and preferably from HfErO,,
ZrerQ,, HfYO,, or ZrYO,.



