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VIUI.TIPI.E SIJBSTITUTED CYCI.OPENTADIENYI. RARE-EARTH COMPI.EXES AS
PRECURSORS FOR VAPOR PHASE THIN FILM DEPOSITION PROCESSES

BACKGROUND

[0001) Field

[00021 Thc disclosed and claimed subject matter relates iv organometallic compvunds

including lanthanidc and/or lanthanidc-like transition rnctals, compositions containing thc compounds

and methods ol'sing ihe compounds as precursors for deposition ol'etal-containing films.

[0003 [ Related Art

[0004] Transition metal-containing films ruc used in semiconductor and electronics

applications. Chemical Vapor Deposition (CVD) and Atomic Layer Deposition (ALD) have been

applied as thc main deposition techniques for producing thin fihns for semiconductor devices.

Thcsc methods enable thc achievement of conformal films (metal, metal oxide, metal nitride, metal

silicide, and the like) through chemical reactions of metal-containing compounds (precursors).

'I'he chemical reactions occur on surfaces which may include metaLs, metal oxides, metal nitrides,

metal silicidcs, and other surfaces. In CVD and ALD, thc precursor molecule plays a critical role

in achieving high quality films with high confotmality and low impurities. The temperature of the

substrate in f'.VD and AI,D processes is an important consideration in selecting a precursor

molecule. Higher substrate temperatures, in ihe range of 150 to 500 degrees Celsius ('C), promote

a higher film growth rate. The preferred precursor molecules must be stable in this temperature

range. The prefened precursor is capable ol being delivered to the reaction vessel in a liquid phase.

Liquid phase delive&y of precursors generally provides a more uniform delivery of the precursor

to the reaction vessel than solid phase precursors.

[00051 Jn ALD, thin films can be deposited by the reaction of a metalorganic precursor

with a cv-reactant, separated by incr( gas purges. Duc iv thai unique mcchanisnt ALD is able to

coal three dimensional (3D) surlaces with an atomic precision which renders it indispensable I'or

the semiconductor industry.

[00061 U.S. Patent No. 8,283,201 discloses precursor compounds having a cyclopcntadicnyl

ligand having at least onc aliphatic group as a substituent and an amidinc ligand. In particular, thc

disclosed structures include lanihanidc-containing prccursors of ihc I'ormula

Ln(R'Cp) (R=N—C(R )=N—R ). where (i) Ln is a lanthanidc metal having an ionic radius from

approximately 0.75 A to approximately 0.94 A., a 3+ charge, and a coordination number of 6, (ii)

R's selected from the group consisting of H and a Ct-C» alkyl chain, (iii) R is selected from the
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group consisting of H and a CI-Cs alkyl chain, (iv) Rs is sclcctcd from thc group consisting of H and

Mc, (v) n and m range from I to 2 and (vi) thc precursor has a melting point below approximatclv

105 "C.

[0007] V.S. Patent Application Publication No. 2019/0162996 (U.S. Patent Application

No. 16/261,236) discloses a lanthanum-containing compound of the following fotzuula

where R's a hydrogen atom or a C I-C4 linear or branched alkyl group. Rz and R're each indcpcndcntly

a hydrogen atom or a Cl-CS Bnear or branched alkyl group, at least one of Rz and R being a C3-CS

branched alkyl group. and R'is a hydrogen atom or a Cl-C4 linear or branched a)kyl group. In this

regard, during prosecution of this application, thc USPTO acknowlcdgcd that USP g,283,201 fails to

teach or suggest an asymmetrical amidinatc where Rz and R're different from one another.

(0008] There is a nccd in ihc art for thermally stable lanihanidc and/or lanthanidc-like

organometallic compounds suitable as CVD and ALD precursors thai can bc preferably delivered

in liquid phase, have low impurities and can produce a high-quality film with high conformality.

]0009] In this regard. common lor rare-eazzh (RE) prccursors ('or ALD often employ THD

(2,2,6,6-tetratnethy(-3,5-hcptandionate). different cyclopentadienyl ligands ("Cp ligand" or "Cp")

and amidinate ligands ("Ad ligand" or "AMD"). In case of La, for cxatnplc. thc prccursors La(iPr-

Cp); (tris-isopropylcyclopentadienyl lanthanum(111)), I.a(iPrz-FAMD); (tris-

diisopropylformamidinaic lanthanum(III)) and ihc hctcrolcpiic La(iPr-Cp)z(iPrz-McAMD)

(bis(isopropylcyclopentadicnyl)(diisopropylacetanridinate) lanthanum(lll)) can bc regarded as

benchmark prccursors. La(iPr-Cp)z is a volatile, thermally stable, low melting solid with poor

reactivity. A good reactivity combined with high volatility for La precursors can be found in La(iPrz-

I'AMD). However, it has no melting point and is less stable cornparcd to La(ipr-Cp), which is a

drawback in terms of cvapomtion behavior and application in ALD. Thus, the cotnbination of stable

iPr-Cp Iigands with reactive anudinaies was used io obtain the heierolepiic precursor La(iPr-

Cp)z(iPrz-MeAMD), which is a liquid at room temperature, however, with a poor volatility as

compared to thc La(iPrz-FAMD). Approaches to increase thc volatility of such compounds werc Inade

by modification of the amidinate, employing asymmetric alkyl substitution patterns on the ligand.
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[00]0] Notably, no attempts have hccn made to usc asymmetric substitution on the Cp

ring, cvcn though this asymmetry might have a larger influcncc on thc volatility, melting point and

thermal stability. The disclosed and claimed subject matter provides such materials.

SUMMARY

[00l l] The disclosed and claimed subject matter provides precursors having at least one

tethered cyclopentadicnyl ligand ("Cp ligand"), at least one amidinate ligand ("Ad ligand") and a

lanthanide and/or lanthanide-like transition metal ("M") of the general formulae (i) (Cp ligandlz-

M-(Ad ligand) or (ii) (Cp ligund)-M-(Ad ligand)2. The disclosed and claimed subject matter

further includes compositions containing the compounds. methods of using the compounds as

precursors for deposition of metal-containing films and films derived from the prccursors.

[0012] In one emboditueni, the precursor having ai least one tethered cyclopentadienyl

ligand and ai least one amidinate ligand has Formula I:

3-tl

Formula I

where

M is one of La, Sc, Y, Ce, Pr, Nd. Pm, Sm. Eu, Gd, Tb. Dy, Ho, Er, Tm, Yb and Lu;

R', R, R . R and R are each a substituent independently sclccted from H. an

unsubsiituted linear C oC/ alkyl group, a linear C i-Ca alkyl group substituted with

a halogen, a linear CuCa alkyl group substituted with an amino group, an

unsubsiituied branched C3-Cs alkyl group and a branched Cs-C6 alkyl group

substituted with a halogen, a branched Ca-Cs alkyl group substituted with an amino

group, and -Si(CH3)3.

where (a) R', R-, R', R and Rs comprise at least three diifereni subsiiiuents

and (b) ai least two of R', R, R', R and R are H;

(iii) R, R and R" arc each a subsiiiucni indcpcndcnily selected from H, an

unsubsiiiuied linear Ct-Ca alkyl group, a linear Ct-Ca alkyl group substituted

with a halogen, a linear Ct-Ca alkyl group substituted with an amino group, an
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unsuhstitutcd branched C1-Cs alkyl group and a branched Cs-Cs alkyl group

substituted v ith a halogen, a branched Cs-Cs alkyl group substituted with an amino

group, and -Si(CH»);;

(iv) n= I or2;and

(v) the precursor is liquid below about 80 "C.

Thus, prccursors of Fortnula I includes compounds of formulae (i) (Cp ligand) -M-(Ad ligand) when

n = 2 and (ii) (Cp ligand)-M-(Ad ligand)z when n = 1. More specific aspects and embodiments of

precursor» ol'ortnula I, (Cp ligand)z-M-(Ad ligand) and (Cp ligand)-M-(Ad ligand)z,

respectively, are detailed below.

[0013] Without being hound by theory, it is believed that the asymmetric substitution of the

Cp rings with ai least two dil'fereni alkyl chains results in a highly asymmetric complex. Due io that

asymmetry, ihe ntelting point will be low an&1 ihe volatility increased.

[0014] The disclosed and claimed subject further includes (i) compositions and

formulation» thai include the disclosed and claimed precur»ors, (ii) methods ol'sing the disclosed

and claimed precursors in deposition processes and (iii) metal-containing films derived from the

disclosed and claimed precursors produced in deposition processes.

SRIEF DESCRIPTION OF THE DRAWIN('S

[0015] The accompanying drawings, which are included to provide a further understanding

ol'he disclosed subject matter and are incorporated in and constitute a part ot'his specification,

illustrate embodiment» of the disclo~ed subject matter and together with the de»cription swerve to

explain the principles of the disclosed subject matter. In the drawings;

[0016] FIG. I illustrates ihc thermogravimctric analysis (TGA) of Comparative Example

I, La(iPr-Me-Cp)1;

[0017] FIG. 2 illustrates the 'H NMR of Synthetic Example I, La(iPr-Me-Cp)z(iPrz-FAMD);

[0018] FIG. 3 illustrates the TGA of Synthetic Example I, La(iPr-Me-Cp)z(iPrz-FAMD);

and

[0019] FIG. 4 illu»irate» ihc ditfereniial »canning calorimetry analy»i» (DSC) ol'Synthetic

Example I, La(iPr-Mc-Cp)z(iPrz-FAMD).

[0020] FIG.5 illu»irates thermal decomposition ol'a(iPr-Me-Cp)z(iPrz-FAMD) precursor

on Si wafcrs;

[0021] FIG.6 illustrates the dependence ol'anthanum oxide film thickness on Si and SiOz



WO 2024/050202 PCT/IJ S2023/071460

wafer vs. pulse time of La(iPr-Mc-Cp).(iPra-FAMD) precursor in atomic layer deposition process;

[0022] FIG.7 illustrates cross-section TEM of structured wafers with lanthanum oxide

films deposited using La(iPr-Me-Cp)i(iPr.-FAMD) precursor at 175 and 275 "C.

DETAILED DESCRIPTION

[0023] All references, including publications, patent applications, and patents, cited herein

are hereby incorporated by reference to the same extent as if each reference were individually and

specil'ically indicated io be incorporated by rel'erence and were sei R&rih in iis entirety herein.

[0024] The use of the terms "a" and "an" and "the" and similar refcrcnts in the context of

describing thc disclosed and claimed subject matter (especially in the context of thc following claims)

are io be construed io cover both the singular and the plural. unless otherwise indicated herein or

clearly contradicted by context. The terms "comprising," "having," "including," and "containing'*

are to be constmed as open-ended terms (/.e., meaning "including, but not limited to,") unless

otherwise noted. Recitation of ranges of values herein are merely intended io serve as a shorthand

method ol'eferring individually io each separate value 1'ailing within ihe range, unless otherwise

indicated herein, and each separate value is incorporated into ihe specification as if it werc

individually recited herein. All methods described herein can be performed in any suitable order

unless otherwise indicated herein or otherwise clearly contradicted by context. The use of any and

all examples, or exemplmy language (e.g., "such as") provided herein, is intended merely to hetter

illuminate the disclosed and claimed subject matter and does not pose a limitation on the scope oi'he

disclosed and claimed subject matter unless otherwise claimed. No language in the specification

should bc construed as indicating any non-claimed element as essential io the practice of the disclosed

and claimed subject matter. The use of the term "comprising" or "including" in the specification and

the claims includes the narrower language of "consisting essentially of'nd "consisting of."

[0025] Embodiments oi ihe disclosed and claimed subject matter are described herein,

including ihe best mode known io ihe inventors for carrying oui ihe disclosed and claimed subject

matter. Variations ol'hose embodiments may become appartaii to those of ordinary skill in the ari

upon reading ihe foregoing description. Thc inventors expect skilled artisans io employ such

variations as appropriate, and the inventors intend lor ihe disclosed and claimed subject mailer io bc

practiced othcrwisc than as specifically described hcrcin. Accordingly, thc disclosed and claimed

subject matter includes all modifications and equivalents ol'hc subject matter recited in thc claims
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appcndcd hcrcto as pcrmittcd by applicable law. Moreover, any combination of thc above-described

clcmcnts in all possible variations thcrcof is cncompasscd by thc disclosed and claimed subject

matter unless othenvise indicated herein or otherwise clearly conn adictcd by context.

[0026] It will be understood that the term "silicon" as deposited as a material on a

microelectronic device will include polysilicon.

[0027] For ease of reference, "microelectronic device" or "semiconductor device"

corresponds to semiconductor wafcrs having integrated circuits, memory, and other electronic

structures 1'abricaied ihereon, and 1'lai panel displays, phase change memory devices, solar panel»

and other products including solar substrates, photovoltaics, and rnicroclectrorncchanical systems

(MEMS), manufactured for usc in microelectronic, integrated circuit, or computer chip

applications. Solar substraies include, hut are noi limited io, silicon, amorphous silicon,

polycrystalline silicon, monocrystalline silicon, CdTe, copper indium seleniile. copper indium

sulfide, and gallium arsenide on gallium. The solar substrates may be doped or undoped. It is to

be understood that the term "microelectronic device" or "semiconductor device" is not meant to

be limiting in any way and includes any substrate thai will eventually become a microelectronic

device or microclcctronic assembly.

[0028] As defined herein, the term "barrier material" corresponds to any material used in the

an to seal the metal lines. e.g., copper interconnects, to minimize the diffusion oi'aid ineial, e.g.,

copper, into the dielectric mateiial. Preferred barrier layer materials include tantalum, titanium,

niihenium, hai'nium, and other refracioiy inetals and their nitrides and silicides.

[0029) "Substantially free" is defined herein as less than 0.001 wt. /0. "Substantially free"

also includes 0.000 wt. '/0. The term "free of*'eans 0.000 wt. '/0. As used herein, "about" or

"approximately" are intended to correspond to within+ 5% of the stated value.

[0030] In all such compositions, wherein specific components of thc composition are

discussed in reference to weight percentage (or "weight '/0'*) ranges including a zero lower limit, it will

be understood thai such components may be present or absent in various specific embodiments of ihc

composition, and thai in instances where such compimenis are present, they may be present ai

conceniraiions as low as 0.001 weight percent, based on the total wcighi of ihe composiiion in which

such components are employed. Note all percentages ol'he components are weight percentages and

arc based on the total weight of the composition, that is, 100'/o. Any reference to "one or more*'r "at

least one" includes "two or more" and "three or more" and so on.
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[0031] Where applicable, all weight percents unless otherwise indicated are "neat" meaning

that they do not include thc aqueous solution in which they arc prcscnt when added to thc composition.

For example, "neat" refers to the weight % amount of an undiluted acid or other material (i.e., the

inclusion 100 g of 8S% phosphoric acid constitutes 8S g of the acid and 15 grams of diluent).

[0032] Moreover, when refening to the compositions described herein in terms of weight %,

it is understood that in no event shall the weight /r of all components, including non-essential

components, such as impurities, add to more than 100 weight %. In compositions "consisting

essentially ol" recited components, such components may add up to 100 weight% ol'ihe composition

or may add up to less than 100 weight '/u. Where the components add up to less than 100 weight %,

such composition may include some small amounts of a non-essential contaminants or impurities.

For example, in one such embodiment, the fot7nulation can contain 2% hy weight or less of impurities.

In another embodiment, the I'ormulation can contain 1% by weight or less than of impurities. In a

further embodiment, the formulation can contain 0.05% by weight or less than of impurities. In other

such embodiments, ihe constituents can ionn ai least 90 wt'/u, more prelerably at least 9S w(%, more

preferably ai least 99 w(%, more preferably ai least 99.5 w(%, most preferably ai least 99.9 v it/rc, and

can include other ingredients that do not materia affect thc perfomtance of thc wet ctchanu

Otherwise, if no significant non-essential impurity component is present, it is understood that the

composition of all essential constituent components will essentially add up to 100 weight %.

[0033] The headings employed herein are not intended to be limiting; rather, they are

included for organixaiional purposes only.

[0034] Exemplary Embodiments

[0035] Onc aspect of ihc disclosed and claimed subject matter pertains io precursors

having at least one tethered cyclopentadienyl ligand ("Cp ligand"), at least one amidinate ligand

("Ad ligand") and a lanthanide and/or lanthanide-like transition metal ("M") of general formulae

(i) (Cp ligand)2-M-(Ad ligand) or (ii)(Cp ligand)-M-(Ad ligand)2,

[0036] One aspect ol the disclosed and claimed subject mailer pertains to precursors having

ai. least two tethered cyclopeniadienyl ligands ("Cp ligand") and at least one amidinau: ligand ("Ad

ligand") of general formula (Cp ligand)2-M-(Ad ligand) where M is onc ol La, Sc, Y, Ce, Pr, Nd,

Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu. In one aspect ol'this embodimcn(M is one of Sc,

Y, Laand Cc. Inonc aspect of this cmboditncnt M is Sc. In one aspect of this cmbodimcntM is Y.

In onc aspect of this embodiment M is La. In one aspect of this embodiment M is Cc.
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[0037] Onc aspect of thc disclosed and claimed subject matter pertains to prccursors having

at least one tethered cyclopentadicnyl ligand ("Cp ligand") at least two anudinatc ligand ("Ad

ligand'*) of general formulae (Cp ligand)-M-(Ad Iigand)2 where M is one of La, Sc, Y, Ce, Pr, Nd,

Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yh and Lu. In one aspect of this embodiment M is one of Sc,

Y, La and Ce. In one aspect of this embodiment M is Sc. In onc aspect of this embodimmtt M is Y.

In one aspect of this embodiment M is La. In one aspect of this embodiment M is Cc.

[0038] In some embodiments, the tethered Cp ligand is derived from a structure illustrated

in Table I and the tethered Ad ligand has a structure as illustrated in Table 2, below.
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1S

Table 1

Table 2

[0039] Preferred crnbodiments of gcncral tormulac (i) (Cp ligand)2-M-(Ad ligand) and (ii)

(Cp ligand)-M-(Ad ligand)2 that include the ligands set forth in Tables 1 and 2 arc described in

Tables 3 and 4:
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Table 3
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Table 4

l00401 The disclosed and claimed precursors are not limited to those exemplified in Tables

3 and 4. In addition, thc Cp ligands and Ad ligands arc not limited to those exemplified in Tables I

and 2. Additional embodintcnts of the disclosed and claimed precursors are described below by

rcfcrcnce to Formula I.

1004 l 1 Formula I Embodiments

[0042] Embodiments and aspects thcrcol'l'recursors having at least onc tethered

cyclopcntadicnyl ligand and at least onc runidinatc ligand having Formula I arc cxemplificd as follows.

As noted above, prccursors of Formula I include compounds of gcncral tormulae (i) (Cp ligand) -M-

(Ad ligand) and (ii) (Cp ligand)-M-(Ad ligand)2 where the Cp has at least 3 different substituents

14
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[0043] ln one embodiment, thc precursor having at least onc tethered cyclopcntadicnyl

ligand and at least onc amidinatc ligand has Formula I:

N

NR'"n
Formula I

where

(i) M is one of La, Sc, Y,Ce, Pr, Nd, Pnt, Sm. Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu;

(il) R'. R'. R'. R and Rs are each a substituent independently sclcctcd from H. an

unsubsiitutcd linear Ci-C4 alkyl group, a linear C I-Cs alkyl group substituted with

a halogen, a linear Ci-Cs alkyl group substituted with an amino group, an

unsubstituted branched Cs-Cs alkyl group and a branched C;-CR alkyl group

substituted with a halogen, a branched Cs-Cs alkyl group substituted with an amino

group, and -Si(CHR)I,

where (a) R', R-, R', R4 and Rs comprise at least three different subsiiiucnis

and (b) at least two of R', R . R, R" and R're H;

(iii) R', R'nd Rs are each a substituent Independently sclectcd trom H, an

unsubstituted linear CI-CR alkyl group, a linear CI-Ca alkyl group substituted

with a halogen, a linear Ci-Cs alkyl group substituted with an amino group, an

unsuhstitutcd branched Cs-Cs alkyl group and a branched C;-C6 alkyl group

substituted v ith a halogen, a branched Cs-Cs alkyl group substituted with an amino

group, and -Si(CH;);;

(iv) n = 1 or 2'nd
(v) the precursor is liquid below about 80 "C.

[00441 In one aspect of this embodiment M is one of Sc, Y, La and Ce. In one aspect of

this embodiment, M is La. In another aspect of this embodiment, M is Sc. In another aspect of

this embrxlirneni, M is Y. In another aspect of this embodiment, M is Ce. In another aspect of ibis

embodiment, M is Pr. In another aspect of this embodiment, M is Nd. In another aspect of this

IS
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embodiment, M is Pm. In another aspect of this embodiment, M is Sm. In another aspect of this

cmbodimcnt, M is Eu. In another aspect of this cmbodimcnt, M is Gd. In another aspect of this

embodiment, M is Tb. In another aspect of this embodiment, le is Dy. In another aspect of this

embodiment, M is Ho. In another aspect of this embodiment. M is Er. In another aspect of this

embodiment, M is Tm. In another aspect of this entbodimcnt, M is Yb. In another aspect of this

embodiment, M is Lu. Preferably, M is La.

[0045] In one aspect of this embodiment, R', R, R', R, R, R, R and R are each

independently selected 1'rom H, an unsubsiiiuied linear Ct-Cs linear alkyl group and an

unsubstituted branched Cs-Cs alkyl group.

[0046] In one aspect of this embodiment, three of R', R'-, Rs, Rs and Rs are H. In onc

aspect of this embodiment, iwo ol'', R-, R', R'nd Rs are H.

[0047] In one aspect of this embodiment, one or more ol'', R" and Rs is an isopropyl

group. In another aspect of this embodiment, two or more of R», Ra and Rs is an isopropyl group.

In another aspect of this embodiment, each of R', Rs and Rs is an isopropyl group.

[0048] In one aspect of this embodiment, n = I, In another aspect oi this embodiment. n = 2.

[0049] In oneembodiment, R',R andR arecach anisopropylgroup, R isamcihylgroup

and R-', R~, R" and R" are each hydrogen. In one aspect of this etnbodiment, M = La. In one aspect

of this etnbodiment, n = 1. In another aspect of this embodiment. n = 2. In a prefened aspectol'his
emboditnent, M = La, R', R'nd R" are each an isopropyl group, R's a methyl group and R'-,

R . R'nrl R/ are each hydrogen and n = 2 as follows:

N+

[0050] In one embodiment, R's a tcrthutyl group. R's a methyl group; R . R, R'rc
each hydrogen; R'nd R're each an isopropyl group and R's hydrogen. In onc aspect. of ihi»

embodiment, M = La. In one aspect of this embodiment, n = l. In another aspect of this

embodiment, n = 2. In a prel'erred aspect ol'hi» embodiment, M = La; R'» a icrihuiyl group; R

is a methyl group; R'. R, Rs arc each hydrogen; R and R're each an isopropyl group; R's
hydrogen; and n = 2 as follows:
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[0051] In onc embodiment, R', Rs and R" are each an isopropyl group, R'nd R are each a

methyl group and R-. R" and R'rc each hydrogen. Pa onc aspect of ibis cmbodimcnt. M = La. In

onc aspect of this cmbodimcnt. n = I. In another aspect of this cmbodimcnt, n = 2. In a pret'crred

aspect of this embodiment, M = La, R', R and R" arc each an isopropyl group, R and R mu each a

methyl group and R'-, R and Rs are each hydrogen and n = 2 as follows:

[0052] In one embodiment, R's a sec-butyl group, R is a methyl group. R" and Rs are

each an isopropyl group, and R-, R, Rs and R're each hydrogen. In one aspect of this

embodiment, M = La. In one aspect of this embodiment, n = l. In another aspect of this

embodiment, n = 2. In a prefcncd aspect of this embodiment, M = La, R's a scc-butyl group, R

is a methyl group, R" and Rs are each an isopropyl group, and R-, R~, Rs and R're each hydrogen

and n = 2 as follows:

[0053] In onc embodiment, R's an isopropyl group, R is a methyl gtvup, R is an ethyl group

and R's a tertbutyl group, and R-, R', Rs and R'rc each hydrogen. In onc aspect of this embodiment,

M = La. In onc aspect of this embodiment, n = l. In another aspect ol'his embodiment, n = 2. In a

preferred aspect of this embodiment, M = La, R's an isopropyl group, R is a methyl group, R's an

ethyl group and R" is atcrtbutyl group and R'-. R', R'nd R'te. each hydrogen and n = 2 as follows:
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N+

[0054] In one embodiment, R's an ethyl group, R is a methyl group, R" and R are each

an isopropyl group and R-, R, Rs and R are each hydrogen. In one aspect ot this embodiment,

M = La. In one aspect of this embodiment, n = l. In another aspect of this embodiment, n = 2. In

a prel'ened aspect ol'hi» embodiment, M = La, R's an ethyl group, R- is a methyl group, R and

Rs are each an isopropyl group and R'-, R, Rs and Ri are each hydrogen and n = 2 as lollows;

[0055] In one embodiment, R'nd R're each an ethyl group, R is a methyl group, R" is a

tert-butyl group and R'-, R4, Rs and R7 are each hydrogen. In one aspect ol'his einbodiment, M = La.

In one aspect of this embodiment. n = I. In another aspect of'his embodiment, n = 2. In a prefened

aspect of this embodiinent, M = La, R'nd R're each an ethyl group, R's a methyl group, R" is a

tert-butyl group and R-, R~, R" and R are each hydrogen and n = 2 as follows:

[0056] Method ul'se
[0057] Thc disclosed prccursors may bc dcpositcd to form lanthanidc-containing films using

any chemical vapor deposition process known to those of skill in the art. As used herein. the tenn

"chemical vapor deposition process*'efers to any process wherein a subsh'ate is exposed to one or

more volatile precursors, which react and/or decompose on thc substrate surface to produce thc

desired deposition. As used herein, the term "atomic layer deposition process" refers to a self-

limiting (e.g., the amount of film material deposited in each reaction cycle is constanth sequential
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surface chemi stD that deposits films of materials onto suhstratcs of varying conipositions. Although

the precursors, reagents and sources used herein may be sometimes described as "gaseous," it is

understood that the prccursors can be either liquid or solid which are transported with or without an

inert gas into the reactor via direct vaporization, bubbling or sublimation. In some case, the

vaporized precursors can pass through a plasma generator. The term "reactor" as used herein,

includes without limitation, reaction chamber, reaction vessel or deposition chatnber.

[0058] Chemical vapor deposition processes in which the disclosed and claimed precursors

can be uiilized include, bui are noi limited io, those used I'or ihe inanul'aciure ol'emicondui:ior type

microelectronic devices such as ALD, CVD, pulsed CVD, plasma enhanced ALD (PEALD) and/or

plasma enhanced CVD (PECVD). Examples of suitable deposition processes for the method disclosed

herein include, but are not limited to, cyclic CVD (CCVD), MOCVD (Metal Organic CVD), thermal

chemical vapor deposition, plasma enhanced chemical vapor deposinon ("PFCVD"), high density

PECVD, photon assisted CVD, plasma-photon assisted ("PPECVD'), cryogenic chemical vapor

deposition, chemical assisted vapor deposiiion, hot-filament chemical vapor deposiiion, CVD of a

liquid polymer precursor. deposition from supercriiical IIuids, and low energy CVD (LECVD). In

ccrtail1 embodiments, the metal containing films arc deposited via atomic layer deposition (ALD),

plasma enhanced ALD (PEALD) or plasina enhanced cyclic CVD (PECCVD) process.

I0059] In one embodiment, for example, the metal-containing lilm is deposited using an ALD

process. In another embodiment, the metal-containing film is deposited using a CCVD process. In a

I'urther embodiment, the metal-containing film is deposited using a theimal CVD process.

I0060] Suitable substrates on which ihe disclosed and claimed precursors can be deposited

are not particularly limited and vary depending on thc final usc intended. For cxamplc, the subsiraic

may be chosen from oxides such as HfOz based materials, TiOzbased materials. ZrOzhased

materials, rare earth oxide-based mateiials, tcmary oxide-based materials. etc, or from nitride-

based films. Other subsiraics may include solid subsirates such as metal subsirates (for cxamplc,

Au, Pd, Rh, Ru, W, Al, Ni, Ti, Co, Pt and metal silicidcs (e.g., TiSiz, CoSiz, and NiSiz); metal

nitride containing subsiraies (e.g., TaN, TiN, WN. TaCN, TiCN, TaSiN, and TiSiN);

semiconductor materials (e.g., Si. SiGc, GaAs, InP, diamond, GaN. and SiC); insulators (e./x,

SiOz, SisNu SiON. HfOz, TazO;, ZrOz. TiOz, AlzO&, and barium strontium iiianaie); combinations

thcrcof. Prcfcrrcd substratcs include TiN, Ru and Si type substratcs.
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[0061] In such deposition methods and proccsscs an oxidizing agent can hc utilized. Thc

oxidizing agent is typically introduced in gaseous form. Examples of suitable oxidizing agents

include. but arc not limited to, oxygen gas, water vapor, ozone, oxygen plasma, or mixtures thereof.

[0062] The deposition methods and processes may also involve one or more purge gases.

The purge gas, which is used to purge away unconsumed reactants and/or reaction byproducts, is

an inert gas that does not react with thc precursors. Exemplary purge gases include, but are not

limited to, argon (Ar), nitrogen (¹h helium (Hel, neon, and mixtures thereof. For example, a

purge gas such as Ar is supplied into ihe reactor ai a f(ow rate ranging I rom about 10 io about 2000

sccm for about 0.1 to 10000 seconds, thcrcby purging the unrcactcd material and any byproduct

that may remain in the reactor.

[0063] The deposition methods and processes require thai energy be applied io the ai least one

ol'ihe precursors, oxidizing agent, other precursors or combination thereof io induce reaction and to

form the metal-containing film or coating on the substrate. Such energy can be provided hy. but not

limited to, the/mal, plasma, pulsed plasma, helicon plastna, high density plasma, inductively coupled

plasma, X-ray, e-beam, photon, remote plasma methods, and combinations thereol; In some processes.

a secondary RF frequency source can be used to modify the plasma characteristics at ihe substrate

surface. When utilizing plasma, the plasma-genetated process may include a direct plasma-generated

process in v"hich plasma is directly generated in ihe reactor, or altetmatively a remote plasma-generated

process in which plasma is generated outside of the tvactor and supplied into the reactor.

[00641 When utilized in such deposition methods and processes suitable precursors—such

as those presently disclosed and claimed may be delivered to the reaction chamber such as a

CVD or ALD reactor in a variety ol'ays. In some instances, a liquid delivery system may bc

utilized. In other instances, a combined liquid delivety and flash vaporization process unit may he

employed, such as, for example, the turbo vaporizer manufactured hy MSP Corporation of

Shoreview, MN, io enable low volatility materials io he volumetrically delivcrcd. which leads io

reproducible transport and deposition without thermal decomposition of ihc precursor. Thc

precursor cmnpositions described herein can he e(Tcciively used as source reagents via direct liquid

injection (DLI) io provide a vapor stream of these metal precursors into an ALD or CVD reactor.

[0065] When used in these deposition methods and processes, the disclosed and claimed

prccursors include hydrocarbon solvents which are particularly dcsirablc duc to their ability to be

dried to sub-ppm levels of water. Exemplary hydrocarbon solvents thai can bc used in the prccursors
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include, hut arc not limited to, tolucnc, mesitylcne, cumcne (isopropylhcnzenc), p-cymcnc (4-

isopropyl tolucnc), 1,3-diisopropylbcnzcnc, octane, dodccanc, 1,2,4-trimcthylcyclohcxanc, n-

butylcyclohexane, and decahydronaphthalene (decalin). The disclosed and claimed precursors can

also be stored and used in stainless steel containcrrs. In certain embodiments, the hydrocarbon solvent

is a high boiling point solvent or has a boiling point of 100 'C or greater. The disclosed and claimed

precursors can also be mixed with other suitable metal precursors, and the mixture used to deliver

both metals simultaneously for the growth of a binary metal-containing films.

[0066] A 1'low ol'rgon and/or other gas may be employed as a carrier gas to help deliver

a vapor containing at least one of the disclosed and claimed precursors to the reaction chamber

during the precursor pulsing. When delivering the prccursors, thc reaction chamber process

pressure is between I and 50 torr, prel'erably betv een S and 20 torr.

l0067] Substrate temperature can be an important process variable in the deposition of

high-quality metal-containing films. Typical substrate temperatures range from about 160 "C to

about SSO 'C. Higher temperatures can promote higher film growth rates.

l0068] In view ol'ihe forgoing, those skilled in ihe ari will recognize thai ihe disclosed and

claimed subject matter further include thc use of thc disclosed and claimed precursors in Chemical

vapor deposition processes as lollows.

l0069] In one embodiment, the disclosed and claimed subject matter includes a method I'r

fotming a transition metal-containing liitu on at least one surface of a substrate that includes the steps of:

a. providing the at least one surface of the substrate in a reaction vessel;

b. fot7ning a transition metal-containing film on the at least one surface

by a deposition process chosen from a chemical vapor deposition

(CVD) process and an atomic layer deposition (ALD) process using

one of the disclosed and claimed prccursors of as a metal source

conipound lor Ihe deposition process.

In a further aspect of this embodiment, ihe method includes introducing ai least one reactant into

the reaction vessel. In a 1'uriher aspect ol'hi» embodiment, the method includes introducing ai.

least one reactant into Ihc reaction vessel where Ihc at. least onc reactant is selected from the group

of water, diatomic oxygen. oxygen plasma, ozone, NO, ¹0, NOz, carbon monoxide, carbon

dioxide and combinations thereof. In another aspect of this cmbodimcnt, thc method includes

introducing at least one reactant into ihc reaction vcsscl where ihc ai least one reactant is selected
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from the group of ammonia, hydrazine, monoalkylhydraxine, dialkylhydraxinc, nitrogen,

nitrogen/hydrogen, ammonia plasma, nitrogen plasma, nitrogen/hydrogen plasma, and

combinations thereof. In another aspect of this embodiment, the method includes introducing at

least one reactant into the reaction vessel where the at least one reactant is selected from the group

hydrogen, hydrogen plasma, a mixture of hydrogen and helium, a mixture of hydrogen and argon,

hydrogen/helium plasma, hydrogen/argon plasma, boron-containing compounds, silicon-

containing compounds and combinations thereof.

[0070] In one embodiment, ihe disclosed and claimed subject mauer includes a method oi

forming a transition metal-containing film via an atomic layer deposition (ALD) process or ALD-

like process that includes the steps of:

a. providing a substrate in a reaction vessel;

b. introducing into ihe reaction vessel one or more of ihe disclosed and

claimed precursors;

c. purging the reaction vessel with a first purge gas;

d. introducing into the reaction vessel a source gas;

e. purging ihc reaction vessel v iih a second purge gas;

f. sequentially repeating steps b through e until a desired thickness of the

transition metal-containing film is obtained.

In a further aspect of this emboditnent, the source gas is one or more of an oxygen-containing source

gas selected from water. diatomic oxygen, oxygen plasma, oxone, NO, N20, NO2, carbon monoxide.

carbon dioxide aud combinations thereof. In another aspect of this embodiment, the source gas is one

or more of a nitrogen-containing source gas sclectcd from ammonia. hydraxine, monoalkylhydraxine.

dialkylhydraxine, nitrogen, nitrogen/hydrogen, ammonia plasma, nitrogen plasma, nitrogen/hydrogen

plasma and mixture thereof. In a further aspect of this cmbodimcnt. the first and second purge gases

are each independently selected onc or morc o( argon, nitrogen, helium. neon. and combinations

thereof. In a further aspect of this embodiment, the method further includes applying energy to at

leasi one ol'ihc precursor, the source gas, ihe substrate. and combinations ihcrcol; wherein ihc energy

is onc or more ol'hermal, plasma, pulsed plasma, helicon plasma, high density plasma, inductively

coupled plasma, X-ray, e-beam, photon, remote plasma methods and combinations thereol'. In a

further aspect of this cmboditncnt, step b of thc rncthod further includes introducing into thc reaction

vessel ihc precursor using a sire,un of carrier gas io deliver a vapor of the precursor into ihc reaction
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vessel. In a futxhcr aspect of this embodiment, step h of thc method further includes usc of a solvent

medium comprising onc or morc of tolucnc, mcsitylcnc, isopropylbcnzcnc, 4-isopropyl tolucnc, 1,3-

diisopropylbenzene, octane, dodecane, 1,2,4-trimethylcyclohexanc, n-butylcyclohexane, and

decahydronaphthalenc and combinations thereof.

[007 l] In another embodiment, the precursors having at least one tethered cyclopentadienyl

ligands and at least one amidinate ligands with Eonnula I can be used as a dopant for metal

containing films, such as but not limited to, metal oxide films or metal nitride films. In these

embodiments, ihe metal containing film is deposited using an ALD, ALD-like or CVD process

such as those processes described herein using metal alkoxide, metal amide, or volatile

organometallic precursors. Examples of suitable metal alkoxide precursors that may be used with

the method disclosed herein include, hui are not limited io, group 3 io 13 metal alkoxide, group 3

io 13 metal complexe~ having boih alkoxy and alkyl substituted cyclopentadienyl Iigands, group

3 to 6 metal complexes having both alkoxy and alkyl substituted pynolyl ligands, group 3 to 13

metal complexes having both alkoxy and dikeionate ligands; group 3(o 13 metal complexes having

alkyl ligands. Exemplary Group 3 to 13 tneials herein include, but noi limited io, Y, La, Ce, Pr,

Nd, Sm, Eu, Gd, Tb, Dy, Er, Yb, Lu, Ti, Hf. Zr, V, Nb, Ta, Cr, Mo, W, Co, Ru and Al.

10072] Examples of suitable tnetal antide precursors that may be used with the method

disclosed herein include, but are not litnited to. tetrakis(dimethylamino)zirconium (TDMAZ),

tetrakis(diethylamino)zirconium (TDEAZ), tetrakis(ethylmethylamino)zirconium (TEMAZ),

tris(dimethylamino)(cyclopentadienyl)zirconium. tetrakis(dimethylamino)hai'nium (TDMAH),

tetrakis(diethyltnnino)hatnium (TDEAH), and tetrakis(ethylmethylamino)hafnium (TEMAH),

tris(dimethylamino)(cyclopentadicnyl)hafnium, tetrakis(dimcihylamino)titanium (TDMAT),

tetrakis(diethylamino)titanium (TDEAT), tetrakis(ethylmethylamino)titanium (TEMAT), tets-

butylimino tri(dieihylamino)tantalum (TBTDET), tert-butylimino tri(dimethylamino)tantalum

(TBTDMT), tett-butylimino iri(ethyhneihylamino)tantalum (TBTEMT), cihylimino

iri(dieihylamino)tantalum (EITDET), cihylimino iri(dimcihylamino)tantalum (EITDMT),

eihylimino iri(eihylrneihylamino)tantalum (EITEMT), icri.-amylirnino iri(dirneihylamino)tantalum

(TAIMAT), tert-amylimino iri(diethylamino)tantalum, pcntakis(dimethylamino)tantalum, ieri-

amylimino iri(eihylmethylamino)tantalum, bis(tert-butylimino)bis(dimeihylamino)iungsttut

(BTBMW), bis(ter-butylimino)bis(dicthylamino)tungsten, bis(tcrt-

butylimino)bis(ethylmcthylamino)tungsten, and combinations thereof. Examples of suitable
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organometallic prccursors that may hc used with thc method disclosed herein include, hut are not

limited to, group 3 metal cyclopcntadicnyls or alkyl cvclopcntadicnyls.

[0073] Examples of suitable metal complexes having alkyl ligands that may be used with

the method disclosed herein include, hut are not limited to, tritertbutylaluminum (TTBA),

trimcthylaluminum (TMA), triethylaluminum (TEA), dimethylaluminum hydride (DMAH),

dimcthylethylaminealane (DMEAA), trimcthylaminealane (TEAA), N-mcthylpyrroridine-slane

(MPA), tri-isobutylaluminum (TIBA).

[0074] Examples

[0075] Reference will now bc made to more specific embodiments of the present

disclosure and experirncntal results that provide support for such embodiments. The examples arc

given below io more f'ully illustrate the disclosed subject matter and should not he construed as

limiting ihe disclosed subject mailer in any way.

[0076] It will he apparent to those skilled in the art that various modifications and

variations can be made in the disclosed subject /nailer and specific examples provided herein

without departing from the spirit or scope ol'the disclosed subject matter. Thus, ii is intended thai

ihe disclosed subject matter, including ihe descriptions provided by ihc following cxamplcs. covers

the modifications and variations of the disclosed subject matter that come within the scope of any

claims and their equivalents.

[0077] Materials and Methods:

[0078] All solvents and starting materials were purchased from Sigma-Aldrich unles~

otherwise indicated. Tris-(I-isopropyl-3-methylcyclopentadienyl) lanthanum (III) [La(iPr-Me-

Cp)s] was prepared in-house. La(iPrs-FAMD)s was used as purchased from STREM.

[0079] Comparative Example 1: Synthesis of'a(iPr-Me-Cp)a

[0080] Tris-trimcthylsilylamide lanthanum(III'i (La(HMDS)s) (8.2 g, 13 mmol) was

suspended in 30 mL of toluene. An excess of I-isopropyl-3-meihylcyclopeniadienc (tPr-Me-CpH)

(11.1 g, 91 mmol) was added io ihe suspension. The mixture was siined at 80 'C I'or 5 days. Thc

solvent and volaiilc by-producis werc removed under reduced prcssure I'rom ihe mixture and ihe

crude product was distilled in vacuum (260 'C, 2 x 10
'- mbar). Yield 54%

[0081] Characterization; 'H NMR (500 MHz, CoDs) 8 6.00 — 5.78 (m, 9H), 2.85 — 2.67

(m, 3H), 2.13 — 2.05 (m, 9H), 1.20 — 1.09 (m, 19H).; TGA: Melting point 55 C; Initial mass: 4.478

mg; Tsuw = 280.1 'C, see FIG. l.
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[0082] Synthetic Example I: Synthesis of La(iPr-Me-Cp)z(iPra-FAMD)

[0083] Tris-(I-isopropyl-3-mcthylcyclopcntadicnyl) lanthanum (ill) [La(iPr-Mc-Cp)s] (1.35 g,

2.69 mmol) was dissolved in 15 mL of toluene. Tris-(diisopropylfonnamidinate) lanthanum (III)

[La(ipr2-FAMD)s] (0.699 g, 1.34 mmol) was dissolved in another 15 mL of toluene and the two

solutions were combined and stirred for 72 h at 100 'C. The solvent was tcmoved from the nuxture

and the cmde product was distilled (90 "C, 2 x 10= mbar) to produce 1.38 g of a yellow liquid product.

Yield: 67.5%.

[0084] Characterization: 'H NMR (500 MHz, C6D6) 8 6.04 (dt, J = 9.6, 2.8 Hz, 2H),

6.00 (q, J = 2.8 Hz, 2H), 5.92 (dt, J = 15.9, 2. 8 Hz, 2H). 3.06 (hept, J = 6.5 Hz. 2H), 2.91 (heptd, J

= 6.9, 3.2 Hz, 2H), 2.18 (d, J = 2.9 Hz, 6H), 1.26 (dd, J = 7.0, 4.3 Hz, 12H), 1.08 (d, .I = 6.4 Hz,

12H); TGA: initial muss: 8.720 mg, Tsc 3 = 2S4.9 'C; DSC: onset endothermic effect: 365 'C.

[0085] Notably, the product remained a liquid after distillation. As shown in FIG. 2, the

NMR shows a clean product. The TGA shows clean evaporation which indicates a good volatility

and the DSC shows good thenual stability up to 365 'C (wth no melting point could he detected

between -100 'C and 365 'C). See FIGs. 3 and 4. respectively.

[0086] The foregoing description is intended primarily for purposes of illustration. Although

the disclosed and claimed subject matter has been shown and desctibed with respect to an exemplary

embodiment thereof, it should be understood by those skilled in the art that the foregoing and various

other changes, omissions, and additions in the form and detail thereof may be made therein without

departing from the spirit and scope of the disclosed and claimed subject matter.

[0087] Synthetic Example 2: Synthesis of La(tBu-Me-Cp)s(IPra-FAMD)

[0088] Tris-(I-tertbutyl-3-methylcyclopcntadicnyl) lanthanum (ill) [La(IBu-Me-Cp)s]

(588.5 mg, 1.08 mmol) was dissolved in 15 mL of toluene. Tris-(diisopropylfotmamidinate)

lanthanum (lil) [La(iPrz-FAMD)s] (281.2 mg. 0.54 mmol) was dissolved in another 15 mL of

toluene and Ihe two solutions were combined and stirred for 72 h at 100 'C. Thc solvent. was

removed from the mixture and the crude product was distilled (90 'C, 2 x 10 '- mbar) to produce

240 mg ot a yellow liquid product. Yield: 27.6'yo.

[0089] Characterization: 'H NMR (S00 MHz, CsDs) 8 8.00 (d, J = 3.3 Hz, I H), 6.15 (dt,

J = 12.8, 2.8 Hz, 2H), 6.10 (dt, J = 9.8, 2.6 Hz, 2H), 5.89 (dt, J = 29.6, 2.9 Hz. 2H), 3.10 (hept, J
= 6.4 Hz, 2H), 2.21 (d. J= 8.5 Hz, 6H), 1.32 (d, 1= 9.2 Hz, 18H), 1.12 (dd, J= 6.5, 3.7 Hz, I H).

TGA: initial mass: 9.6460 mg, Tsw:, = 273.7 'C; DSC: onset endothermic clfect: 390 'C.
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[0090] Notably, the product rcmaincd a liquid after distillation. The NMR shows a clean

product. Thc TGA shows clean evaporation which indicates a good volatility and thc DSC shows

good thermal stability up to 390 'C (no melting point could bc detected betv,ecn -50 "C and 365 "C).

[0091] ALD of Lanthanum Oxide Films with La(iPr-Me-Cp)a(iPra-FAMD)

[0092] An Atomic Prenuum CN- I 200 nun reactor was employed to deinonstrate atomic layer

deposition of lanthanum oxide films v ith thc precursors of this invention. The precursor, La(ipr-Me-

Cp)i(iPra-FAMD), was delivered from SS316 ampoule (container) kept at 130 "C (ampoule wall

temperature). SO sccm ol'rgon carrier gas flow was used to deliver pre&:ursor vapor to the reactor

chiunber. Reactor chamber pressure was 1 torr. Si and Si02 substrates were used to deposit lanthanum

oxide films. Lanthanum oxide film thickness was measured by cllipsornctiy and X-ray fluorescence

(XRF) calibrated using cross-section SEM images of the deposited lanthanum oxide fllms.

[0093] Fxample 3: Precursor Thermal Decomposition Test on Si W'afer

[0094] In this experiment precursor vapors were delivered to the deposition chamber in a

pulsed mode separated by argon purge. Pulse sequence was; 5 sec precursor pulse and 20 sec of

argon purge. The total number of precursor/Ar purge cycles was 100. No oxidant pulse was used

in this experiment to demonstrate good thermal stability of the precursor in thc absence of the

oxidant. Good therinal stability (lack of deposition in the absence ol'xidant) is important

precursor property for atomic layer deposition process. Water temperature was varied from 200

to 450 "C. After the experiment lanthanum layer density on the surface was ineasured by X-Ray

fluorescence analysis and is shown in FIG. 5. No increase in lanthanum concentration on the

silicon wafer was observed up to at least 4SO 'C suggesting very good thetanal stability of this

precursor in the vapor phase and its utility for vapor deposition applications.

[0095] Example 4: Precursor saturation behavior during deposition process

[0096] In this experiment lanthanum oxide films were deposited by atomic layer deposition

method comprising the following steps:

a. providing Si or Si02 substrate in a reaction vessel;

b. introducing into Ihe reaction vessel La(iPr-Me-Cp)2(iPra-FAMD) precursor;

c. purging the reaction vessel with argon;

d. introducing into the reaction vessel ozone;

e. purging the reaction vessel with argon; and
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f. sequentially repeating steps b through c until a dcsircd thickness of thc transition

metal-containing film is obtained.

Lanthanum precursor pulse varied from 0.5 to 3 seconds to demonstrate saturation behavior with

increasing pulse time. Ar purge after precursor pulse was 10 sec, ozone pulse was 1 second, and

Ar purge after precursor pulse was 30 sec. The number of ALD cycles was 100. FIG. 6 shows

very good saturation behavior at 200 and 250 "C temperature. Saturation behavior is one of the

key features of atomic layer deposition process.

[0097] Example 5: Deposition of lanthanum oxide film

[0098] In this experiment lanthanum oxide films were deposited by atomic layer deposition

method comprising the following steps:

a. providing Si or Si02 substrate in a reaction vessel;

b. introducing into ihe reaction vessel l,a(ipr-Me-Cp)z(ipra-FAMD) precursor;

c. purging the reaction vessel with argon;

d. introducing into ihe reaction vessel ozone;

e. purging the reaction vessel with argon; and

f. sequentially repeating steps b through c until a desired thickness of the transition

metal-containing film is obtained.

Lanthanmn precursor pulse was 3 seconds. Ar purge after precursor pulse was 30 sec. ozone pulse

was 1 second, and Ar purge al'ter precursor pulse was 30 sec. The number of ALD cycles was 100.

Wai'er temperature was 17S and 27S "C. The figure 7 shows cross section TFM image of lanthanum

oxide fihu deposited on sttuctured wafer at 17S and 275 "C. Table S shows film thickness on iop,

middle and bottom of thc trcnch oi'he patterned wal'er. TEM shows deposition ol'mooth and dense

films. The expetiment also shows only minor change in step coverage between 17S and 27S"C

suggesting good ALD behavior. Without heing hound by theory it is bclievcd that step coverage could

be further improved by process optimization. such as for example longer precursor pulse time.

Table 5
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[0099] The foregoing description is intcndcd primarily for purposes of illustration. Although

thc disclosed and claimed subject matter has bccn shown and dcscribcd with rcspcct to an exemplary

embodiment thereof, it should be understood by those skilled in the att that the foregoing and various

other changes, omissions, and additions in thc form and detail thereof may be made therein without

departing from the spirit and scope of the disclosed and claimed subject matter.
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CLAIMS

What is claimed is:

1. A precursor of formula (cyclopentadienyl ligand) -M-(arnidinate ligand), wherein M is one

of La, Sc, Y, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu.

2. A precursor of formula (cyclopentadienyl ligand)-M-(amidinate Iigand)2, wherein M is one

of La, Sc, Y, ('e, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er. Tm, Yb and Lu.

3. The precursor of claim 1 or 2, wherein M is one of La, Ce, Y and Sm.

4. The precursor ol'claim 1 or 2, whtuein M is La.

5. The precursor of claim 1 or 2, wherein M is Ce.

6. The precursorofclaim 1 or2, v herein M is Y.

7. The precursor ol'claim 1 or 2, v,herein M is Sm.

8. The precursor of claim 1 or 2, wherein each cyclopentadienyl ligand is derived

independently from the cyclopentadiene shown in Table 1;
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Table l.
9. The precursor ul' ur 2, wherein ihc amidinaie ligaml is selecied I'rom ihc amidinaie ligands

shown in Table 2:
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Table 2.

10. Thc precursor of claim 1, wherein thc precursor has a structure as shown in Table 3:
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Table 3.

11. The precursor of claim 2, wherein the precursor has a structure as shown in Table 4:
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12. A precursor having Formula 1:

Table 4.

R~

N

N

3-Il

Formula I
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wherein

(i) M is onc of La, Sc, Y, Cc, Pr, Nd, Pm, Sm. Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu;

(ii) R', R, R, R and Rs are each a substituent independently selected from H, an

unsubstituted linear Ct-Cs alkyl group, a linear Ct-Cs alkyl group substituted with

a halogen, a linear Ci-Cs alkyl group substituted with an amino group, an

unsubstituted branched Cs-Cs alkyl group and a branched Cs-Cs alkyl group

substituted with a halogen, a branched Cz-Cs alkyl group substituted with an amino

group, and -Si(CHs)"„

wherein (a) R', R-. R', R'nd Rs comprise at least three different

substituents and (b) at least two of R', R, R . R and R are H;

(iii) R, R and Rs are each a substituent independently selected from H, an

unsuhstituted linear fu-Cn alkyl group, a linear CoCs alkyl group substituted

with a halogen, a linear Ct-Cs alkyl group substituted with an amino group, an

unsuhstituted branched Cs-Cs alkyl group and a branched C&-Cs alkyl group

substituted with a halogen, a branched Cs-Cs alkyl group substituted with an amino

group, and -Si(CHs)s;

(iv) n= 1 or2;and

(v) the precursor is liquid below about 80 'C.

13. The precursor of 12, wherein M is Sc.

14. The precursor of 12, wherein M is Y.

15. The precursor of 12, wherein M is La.

16. The precursor of 12, wherein lvl is Ce.

17. The precursor of claim 12, wherein R', R, R'. R . R', R", R and Rs are each independently

selected from H, an unsuhstitutcd linear Ct-Cs linear alkyl group and an unsubstituted branched

Cs-Cs alkyl group.

18. The precursor of claim 12, wherein three ol'R', R-, R', R~ and Rs arc H.

19. The precursor ot claim 12, wherein t.wo of R', R'-, R'. R and Rs are H.

20. The precursor ol claim 12

21. The precursor ol'claim 12

22. Thc precursor of claim 12

wherein one or more of R', R'nd R's an isopropyl group.

wherein two or more ol'-', R and R is an isopropyl group.

whcrcin each of R', R'nd R's an isopropyl group.

23. The precursor ol'claim 12, wherein n = l.
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24. Thc precursor of claim 12, wherein n = 2.

25. Thc precursor of claim 12, whcrcin (ii) R', Rs and Rs arc each an isopropyl group, R is a

methyl group and R-, R, R'nd R're each hydrogen, and (iv) n = 2. (please see claim 31)

26. The precursor of claim 12, wherein (i) M = La, (ii) R', R" and R" are each an isopropyl

group, R is a methyl group and R'-, R, Rs and R're each hydrogen and (iv) n = 2.

27. The precursor of claitn 12, wherein (ii) R', R'and R" are each an isopropyl group, R'nd R

are each a methyl group and R-, R and R are each hydrogen.

28. Theprecursorol'claim 12, wherein(i) M=La,(ii)R',R andR areeachanisopropyl group,

R'nd R are each a methyl group and R-, R and Rs arc each hydrogen and (iv) n = 2.

29. The precursor of claim 12, v herein (ii) R's a sec-butyl group, Rs is a methyl group, R"

and Rs are each an isopropyl group, and R-, R't, Rs and R7 are each hydrogen.

30. The precursor of claim 12, wherein (i) M =1 a. (ii) R's a sec-butyl group. Rais a methyl group.

Rs and R" are each an isopropyl group, and R, R~, R. and R are each hydrogen and (iv) n = 2.

31. The precursor of claim 12, v,herein (ii) R', Rs and R" are each an isopropyl group, R'» a

methyl group and Rt, R~, R and R're each hydrogen, and (iv) n = l.

32. The precursor ol'claim 12, wherein (i) M = La, (ii) R's an isopropyl gmup, R is a methyl group.

R" is an ethyl group and Rs is a tertbuiyl group and R'-, R~, R" and R" are each hydrogen and (iv) n = 2.

33. The precursor of claim 12, wherein (ii) R's an ethyl group, R. is a methyl group, R and

R" are each an isopropyl group and R, R, R and R are each hydrogen.

34. The precursor oi'claim 12, wherein (i) M = 1,a. (ii) R's an ethyl group. R's a methyl group,

R" and Rs are each an isopropyl group and R-, R, R'nd R are each hydrogen and (iv) n = 2.

35. The precursor of claim 12, wherein (ii) R'nd R are each an ethyl group, R's a methyl

group. R" is a tet%-butyl group and R'-, R1, R'nd R'ue each hydrogen.

36. The precursor of claim 12, wherein (i) M = La, ((ii) R'nd R" arc each an ethyl group. R's
a methyl group, R's a tert-butyl group and R-, R', Rs and R're each hydrogen and (iv) n = 2.

37. The precursor of claim 12, wherein the precursor comprises ai least one cyclopentadienyl

ligand as shown in Table l.

38. The precursor of claim 12. wherein Ihe precursor comprises at least one amidinate ligand

as shown in Table 2.

39. Thc precursor of claim 12, whcrcin thc precursor has a structure as shown in Table 3.

40. The precursor ol'claim 12, wherein the precursor has a structure as shown in Table 4.
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41. A precursor having thc following structure:

La

42. A precursor having thc following stt7scturc:

43. A precursor having thc following structure

Ng

44. A precursor having the following structure:

I.,&

45. A precursor having the following structure:
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46. A precursor having the following structure:

47. A precursor having the following structure:

La

N~

48. A method for forming a transition metal-containing film on at least one surface of a

substrate comprising:

a. providing thc at least onc surface of the substrate in a reaction vessel;

b. forming a transition metal-containing film on the at least one surface by a

deposition process chosen from a chemical vapor deposition (CVD) process and an atomic layer

deposition (ALD) process using the precursor ot any of claims 1-47 as a metal source compound

for thc deposition process.

49. The method of claim 48, further comprising introducing into the reaction vessel at least

one reactant.

50. The method of claim 48, further comprising introducing into the reaction vessel at least

one reactant selected from the group of; water, diatomic oxygen, oxygen plasma, ozone, NO, N20,

NO~, carbon monoxide, carbon dioxide and combinations thereof.

51. The method of claim 48, further comprising introducing into the reaction vessel at least
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onc reactant selected from thc group of: ammonia, hydrazine, monoalkylhydrazinc,

dialkylhydrazinc, nitrogen, nitrogen/hydrogen. ammonia plasma, nitrogen plasma,

nitrogen/hydrogen plasma, and combinations thereof.

52. The method of claim 48, further comprising introducing into the reaction vessel at least

one reactant selected from the group of: hydrogen, hydrogen plasma, a mixture of hydrogen and

helium, a mixture of hydrogen and argon, hydrogen/helium plasma, hydrogen/argon plasma,

boron-containing compounds, silicon-containing compounds and combinations thereof.

53. A method ol''orming a transition metal-containing I'ilm via an atomic layer deposition

(ALD) process or ALD-like process, the method comprising the steps of:

a. providing a substrate in a reaction vessel;

h. introducing into the reaction vessel the precursor ol any ol'claims 1-47;

c. purging the reaction vessel with a first purge gas;

d. introducing into the reaction vessel a source gas;

e. purging Ihe reaction vessel with a second purge gas;

f. sequentially repeating steps h through e until 0 desired thickness ol'ihe transition meial-

containing film is obtained.

54. The method ol'laim 53, wherein the source gas is one or more ol'n oxygen-containing

source gas selected from water, diatomic oxygen, oxygen plasma, ozone. NO. ¹O. NOz, carbon

monoxide, carbon dioxide and combinations thereof.

55. The method oi'claim S3. wherein the source gas is one or more of a nitrogen-containing source

gas selected from ammonia, hydrazine, monoalkylhydrazine, dialkylhydrazine, nitrogen,

nitrogen/hydrogen, ammonia plasma, nitrogen plasnuh nitrogen/hydrogen plasma and mixture thereof.

56. The method of claim 53, wherein the first and second purge gases are each independently

selected one or morc of argon, nitrogen, helium. neon, and combinations thereof.

57. The method of claim 53 lurthercomprising applying energy to at. least. one ol the precursor,

the source gas, the substrate. and combinations thereof, wherein the energy is one or more of

thermal, plasma, pulsed plasma, helic&m plasma, high density plasma, inductively coupled plasma,

X-ray. e-beam. photon, remote plasma methods and combinations thereof.

58. The method of claim 53, wherein the step b I'urther comprises introducing into ihc reaction vessel

thc precursor using a stream of camcr gas to deliver a vapor of thc precursor into thc reaction vessck

59. The method ol'laim 53, wherein step b further comprises usc ol' solvent medium
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comprising one or morc of tolucnc, incsitylcnc, isopropylhenxcne, 4-isopropyl tolucnc, Lg-

diisopropylbcnzcnc, octane, dodccanc, L2,4-trimcthylcyclohcxanc, n-butylcyclohcxanc, and

decahydronaphthalcne and combinations thereof.

60. A method for forming a transition metal-containing film on at least one surface of a

substrate coinprising:

a. providing the at least one surface of the substrate in a reaction vessel;

b. forming a transition metal-containing film on the at least one surface by a

deposition process chosen 1'rom a chemical vapor deposition (CVD) process and an atomic layer

deposition (ALD) process using a precursor as a metal source compound for the deposition

process; and

c. using a precursor ol'any ol claims 1-47 as a dopant inaterial.

61. A precursor supply package, coinprising a vessel and the precursor of any of claims 1-47,

wherein the vessel is adapted to contain and dispense the precursor.
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