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MOLYBDENUM SILYLCYCLOPENTADIENYL AND SILYLALLYL
COMPLEXES AND USE THEREOF IN THIN FILM DEPOSITION

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application Serial No.
61/952,633 filed on 13 March 2014, the entire disclosure of which is incorporated herein
by reference.
FIELD OF THE INVENTION
[0002] The present invention relates to molybdenum (Mo) silylcyclopentadienyl and
silylallyl complexes and methods of preparing thin films by chemical vapor deposition
(CVD) or atomic layer deposition (ALD) using such complexes.
BACKGROUND OF THE INVENTION
[0003] Various organometallic precursors are used to form dielectric thin metal films.
A variety of techniques have been used for the deposition of thin films. These include
reactive sputtering, ion-assisted deposition, sol-gel deposition, CVD (also known as
metalorganic CVD or MOCVD), and ALD (also known as atomic layer epitaxy). The
CVD and ALD processes are being increasingly used as they have the advantages of good
compositional control, high film uniformity, good control of doping, and, significantly,
they give excellent conformal step coverage on highly non-planar microelectronics device
geometries.
[0004] CVD is a chemical process whereby precursors are used to form a thin film on
a substrate. In a typical CVD process, the precursors are passed over a substrate (e.g.,
wafer) in a low pressure or ambient pressure reaction chamber. The precursors react
and/or decompose on the substrate surface creating a thin film of deposited material.
Volatile by-products are removed by gas flow through the reaction chamber. The
deposited film thickness can be difficult to control because it depends on coordination of
many parameters such as temperature, pressure, gas flow volumes and uniformity,
chemical depletion effects, and time.
[0005] ALD is also a method for the deposition of thin films. It is a self-limiting,
sequential, unique film growth technique based on surface reactions that can provide
precise thickness control and deposit conformal thin films of materials provided by
precursors onto substrates of varying compositions. In ALD, the precursors are separated
during the reaction. The first precursor is passed over the substrate producing a
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monolayer on the substrate. Any excess unreacted precursor is pumped out of the reaction
chamber. A second precursor is then passed over the substrate and reacts with the first
precursor, forming a second monolayer of film over the first-formed monolayer of film on
the substrate surface. This cycle is repeated to create a film of desired thickness. ALD
film growth is self-limiting and based on surface reactions, creating uniform depositions
that can be controlled at the nanometer-thickness scale.

[0006] Thin films have a variety of important applications, such as nanotechnology
and fabrication of semiconductor devices. Examples of such applications include
conductive films, high-refractive index optical coatings, corrosion-protection coatings,
photocatalytic self-cleaning glass coatings, biocompatible coatings, dielectric capacitor
layers and gate dielectric insulating films in field-effect transistors (FET), capacitor
electrodes, gate electrodes, adhesive diffusion barriers and integrated circuits. Thin films
are also used in microelectronics applications, such as the high-k dielectric oxide for
dynamic random access memory (DRAM) applications and the ferroelectric perovskites
used in infra-red detectors and non-volatile ferroelectric random access memories (NV-
FeRAMs). The continual decrease in the size of microelectronics components has
increased the need for the use of such dielectric thin films.

[0007] Furthermore, oxides and nitrides of molybdenum have numerous important
applications. For example, molybdenum dioxide (MoQ;) displays unusual metal-like
conductivity and can be applied in hydrocarbon oxidation catalysts, solid oxide fuel cell
(SOFC) anodes, and high capacity reversible lithium ion battery (LIB) anodes. See, for
example, Ellefson, C.A., et al. (2012) J. Mater. Sci., 47:2057-2071. Another example,
molybdenum trioxide (MoQO3) exhibits interesting electrochromic and catalytic properties
and can be applied in nanostructured gas sensors and solid-state lithium ion batteries.
See, for example, Diskus, M., et al. (2011) J. Mater. Chem., 21:705-710. Also, thin films
of transition metal nitrides have long been known to generally possess good mechanical
and chemical stability. Films of molybdenum nitride (MoN and/or MO,N) have been
studied for applications including microelectronic diffusion barriers, high-temperature
superconductors (high-7,), and tribological and protective coatings. See, for example,
Miikkulainen, V., et al. (2007) Chem. Mater., 19:263-2609.

[0008] WO 2013/112383 reports molybdenum allyl complexes and uses thereof in

thin film deposition.
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[0009] Many current molybdenum complexes for use in CVD and ALD do not
provide the required performance to implement new processes for fabrication of next
generation devices, such as semiconductors. More complexes with improved thermal
stability, higher volatility, increased vapor pressures, and increased deposition rates are

needed.

SUMMARY OF THE INVENTION
[0010] In one embodiment, an organometallic complex corresponding in structure to

Formula I is provided:

Formula I
wherein Rl, Rz, R3, R4, RS, R6, R7, RS, R9, and R are independently selected from the
group consisting of hydrogen, alkyl, and trialkylsilyl; and at least one of R!, R% RY, RY,
R’ R% R’ R®, R®, and R" is trialkylsilyl.
[0011] Methods for forming molybdenum-containing films by vapor deposition
processes, such as CVD and ALD, are provided herein using organometallic complexes
corresponding in structure to Formula I.
[0012] Other embodiments, including particular aspects of the embodiments
summarized above, will be evident from the detailed description that follows.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Fig. 1 is a graphical representation of thermal gravimetric analysis (TGA) data
demonstrating % weight loss vs. temperature of Me;SiCpMo(CO),(2-Me-allyl).
[0014] Fig. 2 is a graphical representation of TGA data demonstrating % weight loss
vs. temperature of MesSiCpMo(CO),(2-tBu-allyl).
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[0015] Fig. 3 is a graphical representation of TGA data demonstrating % weight loss
vs. temperature of Me;SiCpMo(CO),(1-MesSi-allyl).
DETAILED DESCRIPTION OF THE INVENTION
[0016] In various aspects of the invention, Mo complexes, such as Mo (II) complexes,
methods of making such complexes, and methods of using such complexes to form Mo,
MoN, Mo;,N, MoN/Mo,;N, MoQO,, MoQO3, and MoQO,/ MoQOj; films are provided.
[0017] In one embodiment, the methods of the invention can be used to create or
grow Mo-containing thin films which display conductive properties.
I. Definitions
[0018] As used herein, the term “precursor” refers to an organometallic molecule,
complex and/or compound which is passed over a substrate to form a thin film by a
deposition process, for example, by CVD or ALD.
[0019] As used herein, the term “vapor deposition process” is used to refer to any
type of vapor deposition technique such as CVD or ALD. In various embodiments of the
invention, CVD may take the form of conventional (i.e., continuous flow) CVD, liquid
injection CVD, or photo-assisted CVD. CVD may also take the form of a pulsed
technique, i.e., pulsed CVD. In other embodiments, ALD may take the form of
conventional (i.e., pulsed injection) ALD, liquid injection ALD, photo-assisted ALD, or
plasma-assisted ALD. The term “vapor deposition process” further includes various
vapor deposition techniques described in Chemical Vapour Deposition: Precursors,
Processes, and Applications; Jones, A. C.; Hitchman, M. L., Eds. The Royal Society of
Chemistry: Cambridge, 2009; Chapter 1, pp 1-36.
[0020] The term “Cp” refers to a cyclopentadienyl (CsHs) ligand which is bound to
molybdenum. As used herein, all five carbon atoms of the Cp ligand are bound to the
metal center in ns—coordination by n bonding, therefore the precursors of the invention are
n complexes.
[0021] The term “allyl” refers to an allyl (CsHs) ligand which is bound to
molybdenum. As used herein, the allyl ligand has a resonating double bond and all three
carbon atoms of the allyl ligand are bound to the metal center in n’-coordination by =
bonding. Therefore, the complexes of the invention are m complexes. Both of these
features are represented by the curved bond. When the allyl portion is substituted by one
R group, R the R® group replaces an allylic hydrogen to become [R*CsH4]; when
substituted with two R groups R* and R®, it becomes [R*R°C;H;] where R* and R® are the
4
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same or different, and so forth. The m allyl complexes embrace all structural isomeric
forms of an allyl group, including but not limited to endo and exo isomers.

[0022] The term “alkyl” refers to a saturated hydrocarbon chain of 1 to about 8
carbon atoms in length, such as, but not limited to, methyl, ethyl, propyl and butyl. The
alkyl group may be straight-chain or branched-chain. “Alkyl” is intended to embrace all
structural isomeric forms of an alkyl group. For example, as used herein, propyl
encompasses both n-propyl and iso-propyl; butyl encompasses n-butyl, sec-butyl, iso-
butyl and tert-butyl. Further, as used herein, “Me” refers to methyl, “Et” refers to ethyl,
“Pr” refers to propyl, “i-Pr” refers to iso-propyl, “Bu” refers to butyl, “s-Bu” refers to tert-
butyl, “s-Bu” refers to sec-butyl, “i-Bu” refers to iso-butyl, and “Np” refers to neo-pentyl.
It should also be noted that C, is intended to refer to an ethyl group, and not dimethyl.
[0023] The term “alkenyl” refers to an unsaturated hydrocarbon chain of 2 to about 8
carbon atoms in length containing at least one carbon-to-carbon double bond. The
alkenyl may be straight-chain or branched-chain. Non-limiting examples include
ethylene, propylene, butylene, and pentenyl. “Alkenyl” is intended to embrace all
structural isomeric forms of an alkene ligand including cis-trans form and E-Z form. For
example, as used herein, 2-butenyl encompasses cis-2-butenyl, trans-2-butenyl, (E)-2-
butenyl and (Z)-2-butenyl.

[0024] The term "alkoxy" refers to --O--alkyl containing from 1 to about 8 carbon
atoms. The alkoxy may be straight-chain or branched-chain. Non-limiting examples
include methoxy, ethoxy, propoxy, butoxy, isobutoxy, tert-butoxy, pentoxy, and hexoxy
[0025] The term “alkynyl” refers to an unsaturated hydrocarbon chain of 2 to about 8
carbon atoms in length containing at least one carbon-to-carbon triple bond. The alkynyl
may be straight-chain or branched-chain. Non-limiting examples include ethynyl,
propynyl, 1-butynyl, 2-butynyl, 1-pentynyl, 2-pentynyl, 3-methyl-1-pentynyl, 3-pentynyl,
I-hexynyl, 2-hexynyl, and 3-hexynyl.

[0026] The term “amino” herein refers to an optionally substituted monovalent

nitrogen atom (i.e., —NR‘RY, where R and R® can be the same or different). Examples of

—g—N(Me)g

amino groups encompassed by the invention include but are not limited to and

—%—N(Et)z —%—N(Et)(Me)
and .
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[0027] The term “aryl” refers to a monocyclic or polycyclic aromatic group, such as,
but not limited to phenyl, naphthyl, thienyl and indolyl.
[0028] The term “‘aryloxy” refers to —O-aryl, such as, but not limited to phenoxy
and napthoxy.
[0029] The term “silyl” refers to a _Siz'7*7} radical, where each of Zl, 7% and Z is
independently selected from the group consisting of hydrogen and optionally substituted
alkyl, alkenyl, alkynyl, aryl, alkoxy, aryloxy, amino, and combinations thereof.
[0030] The term “trialkylsilyl” refers to a _Siz!7*7} radical, wherein Zl, 7%, and Z°
are alkyl, and wherein Z', 7?, and Z’ can be the same or different alkyls. Non-limiting
examples of a trialkylsilyl include trimethylsilyl (TMS), triethylsilyl (TES),
triisopropylsilyl (TIPS) and fert-butyldimethylsilyl (TBDMS).
[0031] Deposition of Mo metal, molybdenum nitrides such as MoN and Mo,N (or
mixtures of such molybdenum nitrides), and molybdenum oxides such as MoQO, and
MoQO; (or mixtures of such molybdenum oxides) is difficult to achieve due to stability
issues, being either unstable or too stable for deposition. The organometallic complexes
disclosed in the embodiments of the invention allow for control of physical properties as
well as provide for increased stability and simple high yield synthesis.

II. Organometallic Complexes
[0032] In a first embodiment, an organometallic precursor is provided corresponding

in structure to Formula I:

Formula I
wherein Rl, Rz, R3, R4, RS, R6, R7, RS, R9, and R are independently selected from the
group consisting of hydrogen, alkyl, and trialkylsilyl; and at least one of R!, R% RY, RY,
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RS, R6, R7, RS, R9, and R'% is trialkylsilyl. It is noted that no stereochemistry is implied or
presented in the structure of Formula I, as described herein.
[0033] The structure of Formula I embraces all variations of stereochemistry. For

example, in one embodiment, Formula I embraces the following structure of Formula A:

Formula A
[0034] Rl, R% R R? RS, R6, R’,R® R’and RIO, at each occurrence, can be the same or
different.
[0035] In one embodiment, up to and including nine of Rl, R, R3 RY, RS, R6, R’, R®,
R’, and R" are hydrogen.
[0036] In another embodiment, eight or nine of Rl, R, R’ RY, RS, R6, R’,R% R’ and
R are hydrogen.
[0037] In another embodiment, at least one of Rl, Rz, R3, R*and R is hydrogen. In a
further embodiment, at least two of Rl, Rz, R3, R* and R’ are hydrogen. In a further
embodiment, at least three of Rl, Rz, R3, R* and R’ are hydrogen. In a further
embodiment, at least four of Rl, Rz, R3, R* and R’ are hydrogen. In a further
embodiment, Rl, Rz, R3, R* and R’ are hydrogen. In a further embodiment, Rz, R3, R*
and R are hydrogen.
[0038] In another embodiment, at least one of R6, R’,R% R’ and R are hydrogen. In
a further embodiment, at least two of R6, R7, RS, R’ and R are hydrogen. In a further
embodiment, at least three of R6, R7, RS, R’ and R are hydrogen. In a further
embodiment, at least four of R6, R7, RS, R’ and R!® are hydrogen. In a further
embodiment, R6, R7, RS, R’ and R are hydrogen. In a further embodiment, R6, R7, R’

and R'® are hydrogen. In a further embodiment, R® R’, R® and R’ are hydrogen.
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[0039] In another embodiment, up to and including nine of Rl, R?, R RY, RS, R6, R,
R® R’, and R" are independently at each occurrence alkyl.

[0040] In another embodiment, at least one of R6, R’, R® R’ and R is alkyl. In a
further embodiment, at least two of R6, R7, RS, R’ and R are alkyl. In a further
embodiment, at least three of R6, R7, RS, R’ and R' are alkyl. In a further embodiment, at
least four of R6, R7, RS, R’ and R are alkyl. In a further embodiment, R6, R7, RS, R’ and
R' are an alkyl. In a further embodiment, R® is alkyl.

[0041] The alkyl groups discussed herein can be C1—Cs-alkyl, Ci—C7-alkyl, Ci—Cs-
alkyl, C;—Cs-alkyl, C;—Cy-alkyl, C;—Cs-alkyl, C;—C;-alkyl or C;-alkyl. In a further
embodiment, the alkyl is C;—Cy-alkyl. In a further embodiment the alkyl is selected from
the group consisting of methyl, ethyl, propyl, isopropyl, butyl, isobutyl, sec-butyl, and
tert-butyl.

[0042] In another embodiment, one or two of Rl, R? R?, RY, RS, R6, R’, R® R’ and
R is trialkylsilyl.

[0043] In another embodiment, two of Rl, R% R, RY, RS, R6, R’, R% R’ and R are
trialkylsilyl.

[0044] In another embodiment, more than two of Rl, R’ R’ RY, RS, R6, R’, R® R’,
and R are trialkylsilyl.

[0045] In another embodiment, one of Rl, R% R3, R, and R’ is trialkylsilyl and one of
R® R’, R® R’ and R' is trialkylsilyl.

[0046] In another embodiment, R' is trialkylsilyl.

[0047] In another embodiment, R" is trialkylsilyl.

[0048] In another embodiment, R' and R'® are trialkylsilyl.

[0049] In another embodiment, two of Rl, R% R3, R, and R’ are trialkylsilyl.

[0050] The trialkylsilyl groups discussed herein can be tri(C;—Cg-alkyl)silyl, tri(C;—
Cy-alkyDsilyl, tri(C;—Cs-alkyl)silyl, tri(C;—Cs-alkyl)silyl, tri(C;—Cy-alkyl)silyl, tri(C;—Cs-
alkylsilyl, tri(C—Cs-alkyl)silyl or tri(C;-alkyl)silyl. In a further embodiment, the
trialkylsilyl is tri(C;—Cy-alkyl)silyl. Again, each alkyl group in the trialkylsilyl can be the
same or different. In a further embodiment, the trialkylsilyl is selected from the group
consisting of trimethylsilyl, triethylsilyl, triisopropylsilyl, and ferz-butyldimethylsilyl.
[0051] In another embodiment, one or two of Rl, R? R?, RY, RS, R6, R’, R® R’ and
R'% is trimethylsilyl.
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[0052] In another embodiment, Rl, R? R’, RY, RS, R6, R’, R®, R’, and R are

independently selected from the group consisting of hydrogen, C;—Csg-alkyl, and tri(C;—

Cs-alkyl)silyl.

[0053] In another embodiment, Rl, R? R’, RY, RS, R6, R’, R®, R’, and R are

independently selected from the group consisting of hydrogen, C;—Cy-alkyl, and tri(C;—

Cs-alkyl)silyl.

[0054] In another embodiment, Rl, R’ R’, RY, RS, RG, R’, R®, R’, and R are

independently selected from the group consisting of hydrogen, methyl, ethyl, propyl,

isopropyl, butyl, isobutyl, sec-butyl, fert-butyl, trimethylsilyl, triethylsilyl,

triisopropylsilyl, and tert-butyldimethylsilyl.

[0055] In another embodiment, R! is trimethylsilyl and R?, R’, R* and R’ are

hydrogen.

[0056] In another embodiment, R! is trimethylsil I; Rz, R? , R4, and R are hydro en;
yisily ydrog

and four or five of R6, R7, RS, R9, and R' are hydrogen.

[0057] In another embodiment, R!is trimethylsilyl; R?, R’ RY, RS, R6, R’,R’, and R

are hydrogen; and R® is selected from the group consisting of hydrogen, methyl, ethyl,

propyl, isopropyl, butyl, isobutyl, sec-butyl, fert-butyl, and trimethylsilyl.

[0058] In another embodiment, R!is trimethylsilyl; R?%, R3 RY, RS, R6, R’ R® and R’

are hydrogen; and R' is selected from the group consisting of hydrogen, methyl, ethyl,

propyl, isopropyl, butyl, isobutyl, sec-butyl, fert-butyl, and trimethylsilyl.

[0059] In one embodiment, Rl, R?, R’, RY, RS, R6, R’, R R’ and R are

independently selected from the group consisting of hydrogen, alkyl, and trialkylsilyl; and

at least one of Rl, Rz, R3, R4, RS, R6, R7, RS, R9, and R'% is trialkylsilyl; wherein, when at

least one of Rl, Rz, R’ , R4, and R’ is trialkylsilyl, then at least one of R6, R7, RS, R9, and

RY is alkyl or trialkylsilyl; and when Rl, Rz, R3, R4, and R® are each hydrogen, then at

least one of R6, R7, RS, R9, and R'® which is not trialkylsilyl is alkyl.

[0060] In another embodiment, R!is trimethylsilyl; R?% R® RY and R are hydrogen;

and four of R6, R7, RS, R9, and R'? are hydrogen.

[0061] In another embodiment, R'is trimethylsilyl; R%, R, RY, R5, R6, R’, R’ and R

are hydrogen; and R® is selected from the group consisting of methyl, ethyl, propyl,

isopropyl, butyl, isobutyl, sec-butyl, fert-butyl, and trimethylsilyl.
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[0062] In another embodiment, R!is trimethylsilyl; R?%, R3 RY, RS, R6, R’ R® and R’
are hydrogen; and R' is selected from the group consisting of methyl, ethyl, propyl,
isopropyl, butyl, isobutyl, sec-butyl, fert-butyl, and trimethylsilyl.

[0063] In one embodiment, Rl, R?, R’, RY, RS, R6, R’, R R’ and R are
independently selected from the group consisting of hydrogen, alkyl, and trialkylsilyl; and
at least one of Rl, Rz, R3, R4, RS, R6, R7, RS, R9, and R'%is trialkylsilyl; wherein, when R!
is trimethylsilyl and Rz, R’ , R4, and R° are each hydrogen, then R6, R7, RS, R9, and R'® are
not each hydrogen; when R' and R® are each trimethylsilyl and R?, R*, and R’ are each
hydrogen, then R® R’, R®, R’, and R are not each hydrogen; when R® is trimethylsilyl
and R6, R7, R’ and R are each hydrogen, then Rl, Rz, R’ , R4, and R® are not each
hydrogen; when R is trimethylsilyl and R® R’, R®, and R’ are each hydrogen, then R,
Rz, R’ , R4, and R’ are not each hydrogen.

[0064] Examples of organometallic complexes corresponding in structure to

Formula I are shown in Table 1.

Table 1

Complexes of Formula I

< ™S < ™S
| |

OC“"MO"”CO OC\\"MO""CO
\Me

A A\

(1) 2)
= ™S =S
I |
OC"“MO;EO ocMoco
-bu
ﬁ\\ ANTMS
3) 4)

10




WO 2015/138390 PCT/US2015/019604

Complexes of Formula I
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Complexes of Formula I

©/TBDMS ©/TBDMS
| |

OC\\\"MO"”ICO oc MO"H/CO
\ t-Bu

ﬁ\\ AN\_-TBDMS
(14) (15)

[0065] In one embodiment, a mixture of two or more organometallic complexes of
Formula I is provided. For example, a mixture of two or more organometallic complexes
from Table 1 is provided, such as, but not limited to mixtures of: complexes 1 and 2;
complexes 1 and 3; complexes 1 and 4; complexes 2 and 3; complexes 2 and 4;
complexes 3 and 4; complexes 1, 2 and 3; complexes 1, 2 and 4; complexes 1, 3 and 4,
complexes 2, 3 and 4; and complexes 1, 2, 3 and 4.

III. Methods
[0066] In another embodiment, methods of forming a molybdenum-containing film
by a vapor deposition process are provided. The methods comprise vaporizing at least one
organometallic complex corresponding in structure to Formula I as disclosed herein. For
example, this may include vaporizing the at least one complex and delivering the at least
one complex to a substrate surface or passing the at least one complex over a substrate
and/or decomposing the at least one complex on the substrate surface.
[0067] In a particular embodiment, the organometallic complexes may be dissolved in
an appropriate hydrocarbon or amine solvent. Appropriate hydrocarbon solvents include,
but are not limited to aliphatic hydrocarbons, such as hexane, heptane, and nonane;
aromatic hydrocarbons, such as toluene and xylene; aliphatic and cyclic ethers, such as
diglyme, triglyme, and tetraglyme. Examples of appropriate amine solvents include,
without limitation, octylamine and N,N-dimethyldodecylamine. For example, the
organometallic complex may be dissolved in toluene to yield a solution with a
concentration of about 0.05 M to about 1M.
[0068] In another embodiment, at least one complex corresponding in structure to
Formula I may be delivered “neat” (undiluted by a carrier gas) to a substrate.
[0069] In one embodiment, the vapor deposition process is chemical vapor

deposition.
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[0070] In another embodiment, the vapor deposition process is atomic layer
deposition.

[0071] The ALD and CVD methods of the invention encompass various types of
ALD and CVD processes such as, but not limited to, continuous or pulsed injection
processes, liquid injection processes, photo-assisted processes, and plasma-assisted
processes. For purposes of clarity, the methods of the present invention specifically
include direct liquid injection processes. For example, in direct liquid injection CVD
(“DLI-CVD”), a solid or liquid complex may be dissolved in a suitable solvent and the
solution formed therefrom injected into a vaporization chamber as a means to vaporize
the complex. The vaporized complex is then transported/delivered to the substrate. In
general, DLI-CVD may be particularly useful in those instances where a complex
displays relatively low volatility or is otherwise difficult to vaporize.

[0072] In one embodiment, conventional or pulsed injection CVD is used to form a
metal-containing thin film by vaporizing and/or passing at least one complex according to
Formula I as disclosed herein over a substrate. For conventional and pulsed CVD
processes, see for example Smith, Donald (1995). Thin-Film Deposition: Principles and
Practice. McGraw-Hill.

[0073] In one embodiment, CVD growth conditions for complexes according to

Formula I include, but are not limited to:

(1) Substrate temperature: 50 -600 °C

(2) Evaporator temperature (Mo Source Temp): 0-200°C

(3) Reactor pressure: 0—100 Torr

4) Argon or Nitrogen carrier gas flow rate: 0 — 500 sccm

(5) Oxygen flow rate: 0 — 500 sccm

(6) Hydrogen flow rate: 0 — 500 sccm

7 Run time: will vary according to

desired film thickness
[0074] In another embodiment, photo-assisted CVD is used to form a molybdenum
containing thin film by vaporizing and/or passing at least one complex according to
Formula I as disclosed herein over a substrate.
[0075] In a further embodiment, conventional (i.e., pulsed injection) ALD is used to
form a molybdenum containing thin film by vaporizing and/or passing at least one
complex according to Formula I as disclosed herein over a substrate. For conventional

13
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ALD processes see, for example, George S. M., et al., J. Phys. Chem., 1996, 100, 13121-
13131.

[0076] In another embodiment, liquid injection ALD is used to form a molybdenum
containing thin film by vaporizing and/or passing at least one complex according to
Formula I as disclosed herein over a substrate, wherein at least one liquid complex is
delivered to the reaction chamber by direct liquid injection as opposed to vapor draw by a
bubbler. For liquid injection ALD process see, for example, Potter R. J., et al., Chem.
Vap. Deposition, 2005, 11(3), 159-169.

[0077] Examples of ALD growth conditions for complexes according to Formula I

include, but are not limited to:

(1) Substrate temperature: 0-400 °C
(2) Evaporator temperature (Mo Source Temp): 0-200°C
(3) Reactor pressure: 0—100 Torr
4) Argon or Nitrogen carrier gas flow rate: 0 — 500 sccm
(5) Reactive gas flow rate: 0 — 500 sccm
(6) Pulse sequence (sec.) (complex/purge/reactive gas/purge): will vary

according to chamber size

(7) Number of cycles: will vary according to desired film thickness
[0078] In another embodiment, photo-assisted ALD is used to form a molybdenum-
containing thin film by vaporizing and/or passing at least one complex according to
Formula I as disclosed herein over a substrate. For photo-assisted ALD processes see, for
example, U.S. Patent No. 4,581,249.
[0079] In another embodiment, plasma-enhanced ALD is used to form molybdenum-
containing thin films by vaporizing and/or passing at least one complex according to
Formula I as disclosed herein over a substrate.
[0080] Thus, the organometallic complexes according to Formula I disclosed herein
utilized in these methods may be liquid, solid, or gaseous. Typically, the organometallic
complexes are liquid or a low-melting solid at ambient temperatures with a vapor
pressure sufficient to allow for consistent transport of the vapor to the process chamber.
[0081] In one embodiment, the organometallic complex according to Formula I is a
solid with a melting point less than or equal to about 50 °C, less than or equal to about 45
°C, less than or equal to about 40 °C, less than or equal to about 35 °C, or less than or
equal to about 30 °C.
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[0082] In one embodiment, the organometallic complexes corresponding to Formula I
as disclosed herein are delivered to a substrate in pulses alternating with pulses of an
oxygen source, such as a reactive oxygen species. Examples of such oxygen source
include, without limitation, H,O, H,O,, O,, ozone, air, i-PrOH, -BuOH or N,O.

[0083] In one embodiment, a Mo, molybdenum nitride (e.g., MoN, Mo,N, or
MoN/Mo,N), and/or a molybdenum oxide (e.g., MoO,, MoQOj3, or MoO,/M00s3) film can
be formed by delivering for deposition at least one complex according to Formula I,
independently or in combination with a co-reactant. The co-reactant may be deposited or
delivered or passed over a substrate, independently or in combination with the at least one
complex. Examples of such co-reactants include, but are not limited to hydrogen,
hydrogen plasma, oxygen, air, water, H,O,, ammonia, a hydrazine, a borane, a silane,
such as a trisilane, ozone or any combination thereof. Examples of suitable boranes
include, without limitation, hydridic (i.e. reducing) boranes such as borane, diborane,
triborane and the like. Examples of suitable silanes include, without limitation, hydridic
silanes such as silane, disilane, trisilane, and the like. Examples of suitable hydrazines
include, without limitation, hydrazine (N.H4) and/or a hydrazine optionally substituted
with one or more alkyl groups (i.e., an alkyl-substituted hydrazine) such as
methylhydrazine, tert-butylhydrazine, N,N- or N,N’-dimethylhydrazine, and the like.
[0084] In a particular embodiment, a co-reactant is used to form a MoO,, MoO3, or
Mo0QO,/MoO; film by delivering for deposition at least one complex according to Formula
I, independently or in combination, with a co-reactant such as, but not limited to air, H,O,
O,, and/or ozone to a reaction chamber. A plurality of such co-reactants may be used.
[0085] In another particular embodiment, a co-reactant is used to form a MoN, Mo;N,
or MoN/Mo,N film by delivering for deposition at least one complex according to
Formula I, independently or in combination, with a co-reactant such as, but not limited to
ammonia, a hydrazine, or other nitrogen-containing compound, such as but not limited to
an amine, to a reaction chamber. A plurality of such co-reactants may be used.

[0086] In another particular embodiment, a co-reactant is used to form a
molybdenum-containing metal film by delivering for deposition at least one complex
according to Formula I, independently or in combination, with a co-reactant such as, but
not limited to H,, a hydrazine, a silane such as trisilane and/or ammonia to a reaction

chamber.
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[0087] In another embodiment, a mixed-metal film can be formed by a vapor
deposition process which vaporizes a complex of Formula I disclosed herein in
combination, but not necessarily at the same time, with a co-complex having a metal
different from molybdenum.

[0088] A variety of substrates can be used in the methods of the present invention.
For example, the complexes according to Formula I as disclosed herein may be delivered
or passed over a variety of substrates such as, but not limited to, silicon such as Si(100),
silicon oxide, silicon nitride, tantalum, tantalum nitride, copper, ruthenium, titanium
nitride, tungsten, and tungsten nitride.

[0089] In particular embodiment, the methods of the invention are utilized for
applications such as dynamic random access memory (DRAM) and complementary metal
oxide semi-conductor (CMOS) for memory and logic applications, on substrates such as
silicon chips.

[0090] Any of the molybdenum complexes described herein may be used to prepare
thin films of molybdenum metal, molybdenum oxides, and/or molybdenum nitrides.
Such films may find application as oxidation catalysts, anode materials (e.g., SOFC or
LIB anodes), conducting layers, sensors, diffusion barriers/coatings, super- and non-super
conducting materials/coatings, tribological coatings, and/or protective coatings. It is
understood by one of ordinary skill in the art that film properties (e.g., conductivity)
depend on a number of factors, such as the metal(s) used for deposition, the presence or
absence of co-reactants and/or co-complexes, the thickness of the film created, the
parameters and substrate employed during growth and subsequent processing.

[0091] Fundamental differences exist between the thermally-driven CVD process and
the reactivity-driven ALD process. The requirements for precursor properties to achieve
optimum performance vary greatly. In CVD a clean thermal decomposition of the
precursor to deposit the required species onto the substrate is critical. However, in ALD
such a thermal decomposition is to be avoided at all costs. In ALD, the reaction between
the input reagents must be rapid at the surface resulting in formation of the target material
on the substrate. However, in CVD, any such reaction between species is detrimental due
to their gas phase mixing before reaching the substrate, which could lead to particle
formation. In general it is accepted that good CVD precursors do not necessarily make
good ALD precursors due to the relaxed thermal stability requirement for CVD
precursors. The Formula I molybdenum precursors described herein possess enough
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thermal stability and reactivity toward select co-reactants to function as ALD precursors,
and they possess clean decomposition pathways at higher temperatures to form desired
materials through CVD processes as well. Therefore, molybdenum complexes described
by Formula I are useful as viable ALD and CVD precursors. Without being bound by
theory, it is believed that the disordered nature of the trialkylsilyl group improves
volatility, compared to equivalent sized alkyl groups and increases the likelihood of
forming a liquid complex, which is most desirable for deposition processes.

EXAMPLES
[0092] The following examples are merely illustrative, and do not limit this disclosure
in any way.
[0093] Unless otherwise noted, all manipulations were performed under an inert
atmosphere (e.g, purified nitrogen or argon) using techniques for handling air-sensitive
materials commonly known in the art (e.g., “Schlenk techniques”).
Example 1: Preparation of Trimethylsilylcyclopentadienyl Molybdenum Dicarbonyl
2-Methylallyl (Me3SiCpMo(CO),(2-Me-allyl)

< '™MS
|

OC\\!'MO"HCO
\Me

A\

[0094] A 5 L 3 neck round bottom flask equipped with magnetic stirrer and condenser
was charged with Mo(CO)es (150 g, 0.568 mol) followed by anhydrous acetonitrile (2 L).

The mixture was refluxed at 90°C for 16-24 hours under a nitrogen atmosphere resulting
in a yellow colored solution. The reaction continued until no more CO gas evolution was
observed in an external oil bubbler. The solution was allowed to cool to room
temperature (RT), and then 1.5 mol equiv. 3-chloro-2-methyl-1-propene (76.8 g, 83 ml,
0.85 mol) was added slowly by syringe to the stirred solution. During the addition, an
orange color was formed and CO evolution was observed. The mixture was stirred
overnight at 60°C. After about 15-20 minutes, a yellow/orange solid began to crystallize
out of the solution. On the next day, the mixture is allowed to cool to RT and then
allowed to settle out for several hours to ensure the product crystallizes as much as

possible. The resulting yellow precipitate was cannula filtered, then washed with
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acetonitrile (200 ml). After drying in vacuo, Mo(CO),(MeCN),(2-Me-allyl)Cl was
obtained as a yellow powder, yielding about 155 g (84%).

[0095] A 1 L round bottom flask was charged with sodium hydride (NaH) (11.5 g,
0.48 mol) in a glove box. Anhydrous tetrahydrofuran (THF) (500 ml) was added and the
suspension was stirred vigorously at 30°C. A dropping funnel was attached under
nitrogen purge, which was then charged with trimethylsilylcyclopentadiene (Me;SiCpH)
(66.3 g, 0.48 mol). The MezSiCpH was then added slowly to the stirred NaH suspension.
Initiation of the reaction in some instances occurred after about 15-20% of the material
was added, but then hydrogen evolution was observed at a steady rate. Once all the
Me;SiCpH was added, the reaction was continued until no further hydrogen evolution
was observed, wherein a clear pale yellow/orange solution (Na[MesSiCp]) was formed.
[0096] In a 5 L round bottom flask, Mo(CO)2(MeCN),(2-Me-allyl)Cl (155 g, 0.477
mol) was charged and anhydrous THF (1.5 L)) was added resulting in an orange solution
to which the solution of Na[Me;SiCp] was added slowly via a cannula over about 1 hour.
The resulting dark red solution was stirred overnight at RT, wherein a pale precipitate of
NaCl formed. The solvent was removed under reduced pressure, and then the residue was
extracted with hexane (2 x 1 L). The resulting yellow/brown colored solution was
filtered by cannula and then the solvent was removed under reduced pressure, wherein a
yellow/brown oil was obtained. The crude material was distilled at 130°C/0.5 Torr,
wherein a yellow/orange liquid/low melting solid was obtained (melting point 30°C).
[0097] Yield of Me;SiCpMo(CO),(2-Me-allyl) = about 100 g (51% from Mo(CO)s).
[0098] 'H NMR (CgD¢):  0.20 (s, 9H, SiMe3), 1.72 (m, 5H, allyl-Me, allyl-H), 2.63
(s, 2H, allyl-H), 2.62 (s, 2H, allyl-H), 4.74 (s, 4H, Cp-H).

[0099] Figure 1 shows a TGA plot of MesSiCpMo(CO),(2-Me-allyl).

Example 2: Preparation of Trimethylsilylcyclopentadienyl Molybdenum Dicarbonyl
2-tert-Butylallyl (Me;SiCpMo(CO),(2-tBu-allyl)
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[00100] A 5L 3 neck round bottom flask equipped with overhead stirrer and condenser
was charged with Mo(CO)¢ (50 g, 0.189 mol) followed by anhydrous acetonitrile (0.7 L).
The mixture was refluxed at 90°C for 16-24 hours under a nitrogen atmosphere resulting
in a yellow colored solution. The reaction continued until no more CO gas evolution was
observed in an external oil bubbler. The solution was allowed to cool to room
temperature (RT), and then 2-bromomethyl-3,3-dimethylbutene (34.0 g, 0.19 mol) was
added slowly by syringe to the stirred solution. During addition, an orange/red color was
formed and CO evolution was observed. The mixture was stirred overnight at 60°C or
until no more CO evolution was observed. No precipitate was obtained from this
reaction. Once completed, the mixture was allowed to cool and then the solvent was
removed under reduced pressure resulting in an orange/brown solid. The orange/brown
solid was dried under vacuum, yielding Mo(CO)>(MeCN),(2-tBu-allyl)Br at about 73 g
(96%).

[00101] A 1 L round bottom flask was charged with sodium hydride (NaH) (4.4 g,
0.183 mol) in a glove box. Anhydrous THF (200 ml) was added and the suspension was
stirred vigorously at 30°C. A dropping funnel was attached under nitrogen purge, which
was then charged with trimethylsilylcyclopentadiene (Mes;SiCpH) (25.3 g, 0.183 mol).
The Me;SiCpH was then added slowly to the stirred NaH suspension. Initiation of the
reaction in some instances occurred after about 15-20% of the material was added, but
then hydrogen evolution was observed at a steady rate. Once all the MesSiCpH was
added, the reaction was continued until no further hydrogen evolution was observed,
wherein a clear pale yellow/orange solution was formed. The resulting solution was then
slowly added by cannula to a solution of Mo(CQO)>(MeCN),(2-tBu-allyl)Br (73 g, 0178
mol) in anhydrous THF (0.5 L)). The resulting dark red solution was stirred overnight at
RT, wherein a pale precipitate of NaCl was formed. The solvent was removed in vacuo,
and then the residue was extracted with hexane (2 x 0.5 L). The resulting dark red
colored mixture was filtered by cannula and then evaporated resulting in a dark red liquid
[00102] The mixture was distilled at 0.5 Torr. Small quantities of white molybdenum
carbonyl based impurities sublimed out at 60-90°C, at which point an orange liquid
distilled out.

[00103] Yield of MesSiCpMo(CO),(2-tBu-allyl) (orange solid, melting point 44-45°C)
= about 35 g (50%).
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[00104] 'H NMR (C¢De): 8 0.19 (s, 9H, MesSi), 1.12 (s, 9H, tBu), 1.53 (s, 2H, allyl-
H), 1.70 (s, 3H, allyl-Me), 2.83 (s, 2H, allyl-H), 4.64 (m, 2H, Cp-H), 4.69 (m, 2H, Cp-H).

[00105] Figure 2 shows a TGA plot of MesSiCpMo(CO),(2-tBu-allyl).

Example 3: Preparation of Trimethylsilylcyclopentadienyl Molybdenum Dicarbonyl
1-Trimethylsilylally (Me;SiCpMo(CO),(1-Me;Si-allyl)

=gl
|

OC\\\'MO"HCO

R-TMS

[00106] A 5 L 3 neck round bottom flask equipped with magnetic stirrer and condenser
was charged with Mo(CO)¢ (60 g, 0.227 mol) followed by anhydrous acetonitrile (0.8 L).

The mixture was refluxed at 90°C for 16 hours under a nitrogen atmosphere resulting in a
yellow colored solution. The reaction continued until no more CO gas evolution was
observed in an external oil bubbler. The solution was allowed to cool to room
temperature (RT), and then 2(1-bromo-2-propen-1-yl)trimethylsilane (44.0 g, 0.19 mol)
was added slowly by syringe to the stirred solution. During the addition, an orange/red
color was formed and CO evolution was observed. The mixture was stirred overnight at
60°C, at which point no more CO evolution was observed. The mixture was allowed to
cool and then the solvent was removed under reduced pressure. The resulting
orange/brown solid was dried under vacuum, yielding Mo(CO),(MeCN),(1-Me;Si-
allyl)Br at 96 g (97%).

[00107] A 1 L round bottom flask was charged with sodium hydride (NaH) (5.5 g,
0.227 mol) in a glove box. Anhydrous THF (300 ml) was added and the suspension was
stirred vigorously at 30°C. A dropping funnel was attached under nitrogen purge, which
was then charged with trimethylsilylcyclopentadiene (MesSiCpH) (31.4 g, 0.227 mol).
The MesSiCpH was then added slowly to the stirred NaH suspension where hydrogen
evolution was observed at a steady rate. Once all the MesSiCpH was added, the reaction
was continued until no further hydrogen evolution was observed, wherein a clear pale
yellow/orange solution was formed.

[00108] The resulting solution was added slowly by cannula to a solution of
Mo(CO),(MeCN),(1-MesSi-allyl)Br (96 g, 0.277 mol) in anhydrous (THF) (0.6 L). The
resulting dark red solution was stirred overnight at RT, wherein a pale precipitate of NaCl
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formed. The solvent was removed under reduced pressure, and then the residue was
extracted with hexane (2 x 0.5 L). The dark red colored mixture was filtered by cannula
and then evaporated resulting in a dark red liquid. The product was distilled at 130°C/0.5
Torr.

[00109] Yield of Me;sSiCpMo(CO),(1-MesSi-allyl) (red/orange solid, melting point
45°C) = 58.5 g (60% from Mo(CO)g).

[00110] '"H NMR (CeDe): & 0.12 (s, 9H, MesSi), 0.25 (s, 9H, Me;3Si), 0.87 (d, 1H, allyl-
H), 0.97 (d, 1H, allyl-H), 2.57 (d, 1H, allyl-H), 3.61 (m, 1H, allyl-H), 4.53 (s, 1H, Cp-H),
4.81 (s, 1H, Cp-H), 4.90 (s, 1H, Cp-H), 5.04 (s, 1H, Cp-H).

[00111] Figure 3 shows a TGA plot of Me;SiCpMo(CO),(1-Me;Si-allyl).

Example 4: Deposition of Molybdenum oxide by Atomic Laver Deposition with

compounds of Formula I, using Ozone as co-reactant

[00112] In all experiments, the Mo source is kept at 90°C with a nitrogen carrier gas
flow of 80 sccms during the experiments. The ozone co-reactant concentration is 260
g/Nm3, at a flow rate of 60 sccms and is pulsed for 1.0 s. In all experiments, the baseline
reactor pressure is between 1.2 and 1.5 Torr. The substrates used are 10 nm SiO; on Si
(Si0, 1K) and hydrogen terminated Si(100) (Si(H-term)). Typical conditions are shown
below:

Substrate temperature: 200°C

Co-reactant: Ozone

Nitrogen purge time: 5.0 s

Pulse train: 1.0 s Mo precursor /5.0 s N, purge / 1.0 s ozone / 5.0 s N, purge

Total cycles: 1000
[00113] XPS spectra and cross sectional SEM micrographs for films deposited on Si
are analyzed. As a measure of uniformity, film thicknesses are measured by cross
sectional SEM at many different points on the substrate.
Example 5: ALD Using (Me3;SiCpMo(CO)>(2-Me-allyl) for Forming a MoQO; Film
[00114] (MesSiCpMo(CO)2(2-Me-allyl) was heated to ~90°C in a stainless steel

bubbler, delivered into an ALD reactor using nitrogen as a carrier gas, and pulsed for ~5
seconds followed by a ~10 second purge at ~250°C to ~350°C. Ozone (O3) was used as
the oxidant and was pulsed for ~10 seconds and purged for ~15 seconds during each
cycle. The substrates used were silicon chips having ~1kA thermal SiO, and thin native
oxide layers, respectively. The ALD conditions are shown below:
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Substrate temperature: ~250°C
Co-reactant: Ozone
N, carrier gas flow rate: ~10 sccm each for (Me;SiCpMo(CO),(2-Me-allyl) and
ozone
Base pressure: ~0.53-0.55 Torr
Ozone pulse peak pressure: ~2.5-2.6Torr
Ozone concentration: ~186-200 g/Nm’
Pulse train: ~5.0 s (MesSiCpMo(CO),(2-Me-allyl) / ~10.0 s N, purge / ~10.0 s
ozone / ~15.0 s N, purge
Total cycles: 200
[00115] Formation of a MoQOs film on the substrates was visually confirmed.
[00116] All patents and publications cited herein are incorporated by reference into
this application in their entirety and for all purposes as if fully set forth herein.
[00117] The words “comprise”, “comprises”’, and “comprising” are to be interpreted

inclusively rather than exclusively.
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WHAT IS CLAIMED IS:

1. An organometallic complex corresponding in structure to Formula I:

10

15

20

R3

R4\@/ R?
5 1

Formula I
wherein
Rl, Rz, R? , R4, RS, R6, R7, RS, R9, and R are independently selected from the
group consisting of hydrogen, alkyl, and trialkylsilyl; and
at least one of Rl, Rz, R’ , R4, RS, R6, R7, RS, R9, and R is trialkylsilyl;
wherein,
when at least one of Rl, Rz, R3, R4, and R’ is trialkylsilyl, then at least one of R6,
R’, R®, R’ and R" is alkyl or trialkylsilyl; and
when Rl, Rz, R3, R4, and R° are each hydrogen, then at least one of R6, R7, RS, R9,
and R'® which is not trialkylsilyl is alkyl.

The organometallic complex of Claim 1, wherein one or two of Rl, Rz, R3, R4, RS,

R® R’, R® R’ and R is trialkylsilyl.

The organometallic complex of Claim 1 or Claim 2, wherein
Rl, Rz, R? , R4, RS, R6, R7, RS, R9, and R are independently selected from the
group consisting of hydrogen, C;—Cs-alkyl, and tri(C1—Cg-alkyl)silyl.

The organometallic complex of any one of Claims 1-3, wherein
Rl, Rz, R’ , R4, RS, R6, R7, RS, R9, and R are independently selected from the
group consisting of hydrogen, C;—Cjy-alkyl, and tri(C1—Cs-alkyl)silyl.

The organometallic complex of any one of Claims 1-4, wherein

Rl, Rz, R? , R4, RS, R6, R7, RS, R9, and R are independently selected from the
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10.

11.

group consisting of hydrogen, methyl, ethyl, propyl, isopropyl, butyl, isobutyl,
sec-butyl, tert-butyl, trimethylsilyl, triethylsilyl, triisopropylsilyl, and fert-
butyldimethylsilyl.

The organometallic complex of any one of Claims 1-5, wherein one or two of R,

R% R, R*, R’ R% R’, R®, R®, and R" is trimethylsilyl.

The organometallic complex of any one of Claims 1-6, wherein R' is

trimethylsilyl and Rz, R3, R4, and R’ are hydrogen.

The organometallic complex of any one of Claims 1-7, wherein
R! is trimethylsilyl;

Rz, R’ , R4, and R’ are hydrogen; and

four of R6, R7, RS, R9, and R are hydrogen.

The organometallic complex of any one of Claims 1-7, wherein
R! is trimethylsilyl;

Rz, R3, R4, RS, R6, R7, R9, and R'® are hydrogen; and

R® is selected from the group consisting of methyl, ethyl, propyl, isopropyl, butyl,
isobutyl, sec-butyl, fert-butyl, and trimethylsilyl.

The organometallic complex of Claim 9, wherein the complex is
= ™S =S
| I
OC“"MO"”CO OC\\I'MO"HCO
Me

5 W N

The organometallic complex of any one of Claims 1-7, wherein
R! is trimethylsilyl;

Rz, R’ , R4, RS, R6, R7, RS, and R’ are hydrogen; and

R'% is selected from the group consisting of methyl, ethyl, propyl, isopropyl, butyl,
isobutyl, sec-butyl, fert-butyl, and trimethylsilyl.
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12.

13.

14.

15.

16.

17.

The organometallic complex of Claim 11, wherein the complex is

< '™S
|

OC\U-MO"IICO
RNTMS

The organometallic complex of Claim 1 or Claim 2, wherein one of Rl, Rz, R3, R4,

and R is trialkylsilyl and one of R®, R, R®, R’, and R is trialkylsilyl.

The organometallic complex of Claim 1 or Claim 2, wherein two of Rl, Rz, R3, R4,

and R’ are trialkylsilyl.

The organometallic complex of Claim 1 or Claim 2, wherein eight of Rl, Rz, R3,

R4, RS, R6, R7, RS, R9, and R' are hydrogen.

A method for forming a molybdenum-containing film by a vapor deposition
process, the method comprising vaporizing an organometallic complex

corresponding in structure to Formula I:

Formula I
wherein
Rl, Rz, R? , R4, RS, R6, R7, RS, R9, and R are independently selected from the
group consisting of hydrogen, alkyl, and trialkylsilyl; and
at least one of Rl, Rz, R3, R4, R5, R6, R7, Rs, R9, and R is trialkylsilyl.

The method of Claim 16, wherein one or two of Rl, Rz, R3, R4, RS, R6, R7, RS, R9,
and R' is trialkylsilyl.
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18.

19.

20.

21.

22.

23.

24.

25.

The method of Claim 16 or Claim 17, wherein Rl, Rz, R3, R4, RS, R6, R7, RS, R9,
and R'® are independently selected from the group consisting of hydrogen, C;—

Cs-alkyl, and tri(C;—Cg-alkyD)silyl.

The method of any one of Claims 16—-18, wherein Rl, Rz, R3, R4, RS, R6, R7, RS,
R’, and R" are independently selected from the group consisting of hydrogen, C;—

C-alkyl, and tri(C;—Cy-alkyl)silyl.

The method of any one of Claims 16—19, wherein Rl, Rz, R3, R4, RS, R6, R7, RS,
R’, and R" are independently selected from the group consisting of hydrogen,
methyl, ethyl, propyl, isopropyl, butyl, isobutyl, sec-butyl, tert-butyl,
trimethylsilyl, triethylsilyl, triisopropylsilyl, and fert-butyldimethylsilyl.

The method of any one of Claims 16-20, wherein one or two of Rl, Rz, R3, R4, RS,
R® R’, R® R’ and R'® is trimethylsilyl.

The method of any one of Claims 16-21, wherein R is trimethylsilyl and R?, R’
R, and R’ are hydrogen.

The method of any one of Claims 16-22, wherein
R! is trimethylsilyl;

Rz, R’ , R4, and R’ are hydrogen; and

four or five of R6, R7, RS, R9, and R' are hydrogen.

The method of any one of Claims 16-23, wherein
R! is trimethylsilyl;

Rz, R3, R4, RS, R6, R7, R9, and R'® are hydrogen; and

R® is selected from the group consisting of hydrogen, methyl, ethyl, propyl,
isopropyl, butyl, isobutyl, sec-butyl, fert-butyl, and trimethylsilyl.

The method of Claim 24, wherein the complex is
‘== oL < R ——cul
| | I

OC\\"MO"”CO OC\\\'MO"”CO OC\\I'MO"'ICO
Me \ tBu

A\ = VY N
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26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

The method of any one of Claims 16-23, wherein
R! is trimethylsilyl;

Rz, R’ , R4, RS, R6, R7, RS, and R’ are hydrogen; and

R is selected from the group consisting of hydrogen, methyl, ethyl, propyl,
isopropyl, butyl, isobutyl, sec-butyl, fert-butyl, and trimethylsilyl.

The method of Claim 26, wherein the complex is
= ™S = ™S
| I
OC\\-'MO"HCO OC\\.-MO'IHCO

2N or RNTMS

The method of Claim 16 or Claim 17, wherein one of Rl, Rz, R3, R4, and R’ is
trialkylsilyl and one of R®, R’, R®, R, and R’ is trialkylsilyl.

The method of Claim 16 or Claim 17, wherein two of Rl, Rz, R3, R4, and R’ are
trialkylsilyl.

The method of Claim 16 or Claim 17, wherein eight or nine of Rl, Rz, R3, R4, RS,
R6, R7, RS, R9, and R are hydrogen.

The method of any one of Claims 16-30, wherein the vapor deposition process is

chemical vapor deposition.

The method of Claim 31, wherein the chemical vapor deposition is pulsed

chemical vapor deposition or continuous flow chemical vapor deposition.

The method of Claim 31, wherein the chemical vapor deposition is liquid injection

chemical vapor deposition.

The method of any one of Claims 16-30, wherein the vapor deposition process is

atomic layer deposition.

The method of Claim 34, wherein the atomic layer deposition is liquid injection

atomic layer deposition or plasma-enhanced atomic layer deposition.
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36.

37.

38.

39.

40.

41.

42.

The method of any one of Claims 16-35, wherein the at least one organometallic
complex is delivered to a substrate in pulses alternating with pulses of an oxygen

source to form a metal oxide film.

The method of Claim 36, wherein the oxygen source is selected from the group

consisting of H,O, air, O,, and ozone.

The method of any one of Claims 16-37, further comprising vaporizing at least

one co-organometallic complex to form a metal oxide film.

The method of Claim 38, further comprising vaporizing at least one co-reactant
selected from the group consisting of hydrogen, hydrogen plasma, oxygen, air,
water, ammonia, a hydrazine, a borane, a silane, ozone and a combination of any

two or more thereof.

The method of Claim 39, further comprising vaporizing a hydrazine as a co-

reactant.

The method of Claim 40, wherein the hydrazine is hydrazine (N,H4) or N,N-
dimethylhydrazine.

The method of any one of Claims 16—41, wherein the method is used for a DRAM
or CMOS application.
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