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METAL COMPLEXES CONTAINING AMIDOIMINE LIGANDS
TECHNICAL FIELD

[0001] The present technology relates generally to metal complexes including at
least one amidoimine ligand, methods of making such metal complexes, and methods of

preparing metal-containing thin films using such metal complexes.
BACKGROUND

[0002] Various precursors are used to form thin films and a variety of deposition
techniques have been employed. Such techniques 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). 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 provide excellent conformal
step coverage on highly non-planar geometries associated with modern microelectronic

devices.

[0003] CVD is a chemical process whereby precursors are used to form a thin film
on a substrate surface. In a typical CVD process, the precursors are passed over the
surface of a substrate (e.g., a 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.

[0004] 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 surfaces substrates of varying compositions. In ALD, the precursors are
separated during the reaction. The first precursor is passed over the substrate surface
producing a monolayer on the substrate surface. Any excess unreacted precursor is

pumped out of the reaction chamber. A second precursor is then passed over the substrate
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surface 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.

[0005] Thin films, and in particular thin metal-containing films, have a variety of
important applications, such as in nanotechnology and the fabrication of semiconductor
devices. Examples of such applications include 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 (FETs), capacitor electrodes, gate electrodes, adhesive diffusion barriers, and
integrated circuits. Dielectric 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 infrared detectors and non-volatile
ferroelectric random access memories (NV-FeRAMs). The continual decrease in the size
of microelectronic components has increased the need for improved thin film

technologies.

[0006] Technologies relating to the preparation of manganese-containing thin
films are of particular interest. For example, manganese-containing films have found
numerous practical applications in areas such as catalysts, batteries, memory devices,
displays, sensors, and nano- and microelectronics. In the case of electronic applications,
elemental manganese metal or manganese nitride films can act as barriers layers such that
they prevent diffusion of copper interconnects into the underlying silicon dioxide substrate
(e.g., self-forming diffusion barrier layers). While barrier layers based on other metal
systems may be employed to inhibit copper atom diffusion, there remain significant
challenges with such systems. For example, tantalum nitride provides a suitable copper
diffusion barrier at film thicknesses greater than about 10 A—a thickness where such films
are continuous—thinner films of tantalum nitride are not continuous, and as such, do not
provide adequate diffusion barrier properties. This is a significant hurdle for smaller node
devices (less than ~32 nm) where thinner diffusion barriers are required. Evidence
suggests that manganese nitride diffusion barriers may be an attractive alternative to
tantalum-based diffusion barriers in the back-end-of-line copper interconnections in next
generation devices. However, there are few examples of manganese precursors which can

provide high quality and/or high purity films of elemental manganese or manganese
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nitride. Potential manganese precursor candidates often suffer from poor vapor pressures
and reaction rates, and/or provide manganese-containing films with undesirable
morphology.  Accordingly, there exists significant interest in the development of
manganese complexes with performance characteristics which make them suitable for use
as precursor materials in vapor deposition processes to prepare manganese nitride and
other manganese-containing films. For example, manganese precursors with improved
performance characteristics (e.g., thermal stabilities, vapor pressures, deposition rates, and
barrier properties of films produced therefrom) are needed, as are methods of depositing

thin films from such precursors.
SUMMARY

[0007] According to one aspect, a metal complex of Formula I is provided:

)

wherein R;, Ry, Ry, and Rs are independently selected from the group consisting of
hydrogen, alkyl, and aryl; M is a metal selected from Groups 7—10 of the periodic table or

is copper; and L comprises at least one ligand.

[0008] In some embodiments of the metal complex of Formula I, M is selected
from the group consisting of manganese, cobalt, nickel, and copper. In particular

embodiments, M is manganese.

[0009] In some embodiments of the metal complex of Formula I, Ry, R,, Ry:, and
Rj are independently selected from the group consisting of hydrogen, C;—Cy-alkyl, and
Cs—Cip-aryl. In particular embodiments, Ry, Ry, Ry-, and R3 are independently selected
from the group consisting of hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl,
tert-butyl, and phenyl. In other embodiments, R, and R,- are each methyl.

[0010] In some embodiments of the metal complex of Formula I, L comprises at

least one monodentate or bidentate ligand. In such embodiments, L. may be, for example,
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an amidoimine ligand, a diazabutadiene (DAD) ligand, an amidinate (AMD) ligand or an

allyl ligand. In one or more embodiments, L is an n3—ally1 ligand.

[0011] According to another aspect, a metal complex of Formula IA is provided:

(IA)

wherein Ry, R;, Ry, R3, Ry, Rs, Rg, and Re: are independently selected from the group
consisting of hydrogen, alkyl, and aryl; and M is a metal selected from Groups 7-10 of the

periodic table or is copper.

[0012] In some embodiments of the metal complex of Formula 1A, M is selected
from the group consisting of manganese, cobalt, nickel, and copper. In particular

embodiments, M is manganese.

[0013] In some embodiments of the metal complex of Formula IA, Ry, R;, Ry, R,
R4, Rs, Rg, and R are independently selected from the group consisting of hydrogen, Ci—
Cy-alkyl, and C¢—Cyg-aryl. In particular embodiments, Ry, Ry, Ry:, R3, Ry, Rs, Rg and R
are independently selected from the group consisting of hydrogen, methyl, ethyl, propyl,
isopropyl, butyl, sec-butyl, fert-butyl, and phenyl.

[0014] In some embodiments of the metal complex of Formula TA, R, Ry, Re, and
Re are cach methyl.

[0015] In some embodiments, the metal complex of Formula IA is a homoleptic

complex, such that Ry = Rs, R, =R, Ry» = Rg, and Rz = Ry.

[0016] According to another aspect, a metal complex of Formula IB is provided:
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(IB)

wherein Ry, Ry, Ry, R3, Ry, Rg, Ro, and Ry are independently selected from the group
consisting of hydrogen, alkyl, and aryl; and M is a metal selected from Groups 7-10 of the

periodic table or is copper.

[0017] In some embodiments of the metal complex of Formula IB, M is selected
from the group consisting of manganese, cobalt, nickel, and copper. In particular

embodiments, M is manganese.

[0018] In some embodiments of the metal complex of Formula IB, Ry, Ry, Ry, Rs,
R7, Rs, Ro, and Ry are independently selected from the group consisting of hydrogen, C;—
Cy-alkyl, and Cs—Cip-aryl. In particular embodiments, Ry, Ry, Ry, R3, Ry, Rs, Ro, and Ryg
are independently selected from the group consisting of hydrogen, methyl, ethyl, propyl,
isopropyl, butyl, sec-butyl, fert-butyl, and phenyl.

[0019] In some embodiments of the metal complex of Formula IB, R, and R, are
each methyl.
[0020] In some embodiments of the metal complex of Formula IB, Rg and Rg are
each hydrogen.
[0021] According to another aspect, a metal complex of Formula IC is provided:
Ry i
Rs—N \N—R
TN, 3
M
/7 \
Ri NYN_RB
Ri2
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1C)

wherein Ry, Ry, Ry, R3, Ryj, Ryp, and Ry3 are independently selected from the group
consisting of hydrogen, alkyl, and aryl; and M is a metal selected from Groups 7-10 of the

periodic table or is copper.

[0022] In some embodiments of the metal complex of Formula IC, M is selected
from the group consisting of manganese, cobalt, nickel, and copper. In particular

embodiments, M is manganese.

[0023] In some embodiments of the metal complex of Formula IC, Ry, R,, Ry, R,
Ri1, Rip, and Ry3 are independently selected from the group consisting of hydrogen, C;—
Cy-alkyl, and C¢—Cyg-aryl. In particular embodiments, Ry, R, Ry-, R3, Ry1, Ryp, and Ry3
are independently selected from the group consisting of hydrogen, methyl, ethyl, propyl,
isopropyl, butyl, sec-butyl, fert-butyl, and phenyl.

[0024] In some embodiments of the metal complex of Formula IC, R, and Ry are

each methyl.
[0025] According to another aspect, a metal complex of Formula ID is provided:

Ro'

RZH

Ri—N N-R
TN 3

(ID)

wherein R;, Ry, Ry, and Rs are independently selected from the group consisting of
hydrogen, alkyl, and aryl; Ry4, Ry, Rys, Rys, and Rye are independently selected from the
group consisting of hydrogen, alkyl, aryl, and silyl; and M is a metal selected from Groups
7—10 of the periodic table or is copper.

[0026] In some embodiments of the metal complex of Formula ID, M is selected
from the group consisting of manganese, cobalt, nickel, and copper. In particular

embodiments, M is manganese.
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[0027] In some embodiments of the metal complex of Formula ID, Ry, R,, Ry, and
Rj are independently selected from the group consisting of hydrogen, C,—Cy-alkyl, Ce—
Cio-aryl; and Ry, Ryg, Rys, Rig, and Ry are independently selected from the group
consisting of hydrogen, C;—Cs-alkyl, C¢—Cjo-aryl, and tri(C;—Cy-alkyl)silyl. In particular
embodiments, R;, Ry, Ry, and Rs are independently selected from the group consisting of
hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, and phenyl; and
Ris, Rig, Rys, Ry, and Rye are independently selected from the group consisting of

hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, phenyl, and

trimethylsilyl.

[0028] In some embodiments of the metal complex of Formula ID, R, and Ry are
each methyl.

[0029] In another aspect, a solvate of any one of the metal complexes of Formulas

I, 1A, IB, IC, or ID is provided. In some embodiments, the solvate includes a solvent
coordinated (ligated) to the metal center of the metal complex. In some embodiments, the

solvate is an ether solvate, an amine solvate or a hydrocarbon solvate.

[0030] Other aspects of the present technology pertain to methods of making the
metal complexes described hercin—including those of Formulas I, TA, IB, IC, or ID,
methods of making intermediates to such metal complexes, and vapor phase deposition
methods employing such metal complexes as precursor materials as to provide metal-

containing films.
BRIEF DESCRIPTION OF THE DRAWINGS

[0031] Fig. 1 illustrates various embodiments of metal complexes of Formula I,

where M is a metal selected from Groups 7-10 of the periodic table or is copper.

[0032] Fig. 2 illustrates various embodiments of ligands, L., which may be bonded

to any one of the metal complexes of Formula I illustrated in Fig. 1, in any combination.
DETAILED DESCRIPTION

[0033] Before describing several exemplary embodiments of the present

technology, it is to be understood that the technology is not limited to the details of
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construction or process steps set forth in the following description. The present
technology is capable of other embodiments and of being practiced or being carried out in
various ways. It is also to be understood that the metal complexes and other chemical
compounds may be illustrated herein using structural formulas which have a particular
stereochemistry. These illustrations are intended as examples only and are not to be
construed as limiting the disclosed structure to any particular stereochemistry. Rather, the
illustrated structures are intended to encompass all such metal complexes and chemical

compounds having the indicated chemical formula.

[0034] In various aspects, metal complexes, methods of making such metal
complexes, and methods of using such metal complexes to form thin metal-containing

films via vapor deposition processes, are provided.

[0035] As used herein, the terms “metal complex” (or more simply, “complex™)
and “precursor” are used interchangeably and refer to metal-containing molecule or
compound which can be used to prepare a metal-containing film by a vapor deposition
process such as, for example, ALD or CVD. The metal complex may be deposited on,
adsorbed to, decomposed on, delivered to, and/or passed over a substrate or surface
thereof, as to form a metal-containing film. In one or more embodiments, the metal

complexes disclosed herein are manganese complexes.

[0036] As used herein, the term “metal-containing film” includes not only an
elemental metal film as more fully defined below, but also a film which includes a metal
along with one or more elements, for example a metal oxide film, metal nitride film, metal
silicide film, and the like. As used herein, the terms “elemental metal film” and “pure
metal film” are used interchangeably and refer to a film which consists of, or consists
essentially of, pure metal. For example, the elemental metal film may include 100% pure
metal or the elemental metal film may include at least about 90%, at least about 95%, at
least about 96%, at least about 97%, at least about 98%, at least about 99%, at least about
99.9%, or at least about 99.99% pure metal along with one or more impurities. Unless
context dictates otherwise, the term “metal film” shall be interpreted to mean an elemental
metal film. In some embodiments, the metal-containing film is an elemental manganese

film. In other embodiments, the metal-containing film is manganese oxide, manganese
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nitride, or manganese silicide film. Such manganese-containing films may be prepared

from various manganese complexes described herein.

[0037] As used herein, the term “vapor deposition process” is used to refer to any
type of vapor deposition technique, including but not limited to, CVD and ALD. In
various embodiments, 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, ie., pulsed CVD. In other embodiments, ALD may take the form of
conventional (i.e., pulsed injection) ALD, liquid injection ALD, photo-assisted ALD,
plasma-assisted ALD, or plasma-enhanced 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.

[0038] The term “alkyl” (alone or in combination with another term(s)) refers to a
saturated hydrocarbon chain of 1 to about 12 carbon atoms in length, such as, but not
limited to, methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, decyl, and so forth.
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 isopropyl; butyl encompasses #-butyl, sec-butyl, isobutyl
and fert-butyl. Further, as used herein, “Me” refers to methyl, “Et” refers to ethyl, “/-Pr”
refers to isopropyl, “-Bu” refers to tert-butyl, and “Np” refers to neopentyl. In some

embodiments, alkyl groups are C;—Cs- or C—Cy-alkyl groups.

[0039] The term “solvate,” in relation to any metal complex described herein,
refers to a metal complex that further includes a stoichiometric or non-stoichiometric
amount of solvent associated with the metal complex. For instance, the solvent may be
covalently bound to the metal center of the metal complex (e.g., as a ligand) or otherwise
associated with the metal complex, such as for example, through non-covalent

intermolecular forces (e.g., as a solvent of crystallization).

[0040] All of the metal complexes disclosed herein comprise at least one
amidoimine ligand. Where a given metal complex comprises more than one amidoimine
ligand, for instance two amidoimine ligands, the amidoimine ligand may be the same or

different at each occurrence. The amidoimine ligand features a formally anionic amine
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group (i.e., an amido group) and a formally neutral imine group, as represented by the

compound of Formula II;

Rz\/
\

R1_N N_R3

(In

wherein R;, Ry, Ry, and Rs are independently selected from the group consisting of
hydrogen, alkyl, and aryl. The amidoimine ligand coordinates to the metal center of the
metal complex through the nitrogen atoms of the amido and imine groups. As further
described herein, the metal complexes may include other ligands bound to the metal
center, in addition to the one or more amidoimine ligands. While not wishing to be bound
by any particular theory, it is believed that such amidoimine ligands will offer benefits of
amido and beta-diimines, such as all nitrogen bonding and metal center stabilization. At
the same time, the amidoimine ligands are thought to be more labile, due to the relatively
weak imine-metal bond. In this regard, metal complexes of such amidoimine ligands are
excellent candidates for preparation of thin metal-containing films in various vapor

deposition processes.

[0041] Therefore, according to one aspect, a metal complex of Formula T is

provided:

wherein R;, Ry, Ry, and Rs are independently selected from the group consisting of
hydrogen, alkyl, and aryl; M is a metal selected from Groups 7—10 of the periodic table or

is copper; and L comprises at least one ligand.

[0042] In some embodiments of the metal complex of Formula I, M is selected
from the group consisting of manganese, cobalt, nickel, and copper. In particular

embodiments, M is manganese.

10
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[0043] In some embodiments of the metal complex of Formula I, Ry, R,, Ry:, and
Rj are independently selected from the group consisting of hydrogen, C;—Cy-alkyl, and
Cs—Cip-aryl. In particular embodiments, Ry, Ry, Ry-, and R3 are independently selected
from the group consisting of hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl,
tert-butyl, and phenyl. In other embodiments, R, and R,- are each methyl.

[0044] In some embodiments, two, three or four of Rj, Ry, Ry, and Rz are
independently alkyl, such as, for example, C;—Cs-alkyl. In a particular embodiment, two,

three, or four of Ry, Ry, Ry, and Rj3 are methyl.

[0045] In some embodiments, at least one of R; and Rj are branched alkyl, for
example, isopropyl or tert-butyl. In other embodiments, R; and R; are each independently
branched alkyl.

[0046] In the metal complex of Formula I, L. comprises at least one ligand, which
may be monodentate, bidentate, or polydentate. Thus, L may represent one, two, three, or
more ligands, each of which may be the same or different at each occurrence, in addition
to the amidoimine ligand explicitly shown in the metal complex of Formula I. The
number of ligands present in a given metal complex, in addition to the amidoimine ligand,
can and will vary depending on various factors, including for example, the identity of the
particular ligands and the identity of the particular metal center. In some embodiments, L
may be, for example, an amidoimine ligand (e.g., a second amidoimine ligand), a
diazabutadiene (DAD) ligand, an amidinate (AMD) ligand, an allyl ligand, or a substituted
derivative of any of the foregoing. In particular embodiments, L is an n’-allyl ligand. In
other embodiments, L is a ligand bound through one or more nitrogen atoms. In yet other
embodiments, the metal center of the metal complex of Formula I is bound only to

nitrogen atoms only.

[0047] According to another aspect, a metal complex comprising two amidoimine

ligands is provided which may be represented by the metal complex of Formula IA:

11
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(IA)

wherein Ry, R;, Ry, R3, Ry, Rs, Rg, and Re: are independently selected from the group
consisting of hydrogen, alkyl, and aryl; and M is a metal selected from Groups 7-10 of the

periodic table or is copper.

[0048] In some embodiments of the metal complex of Formula 1A, M is selected
from the group consisting of manganese, cobalt, nickel, and copper. In particular

embodiments, M is manganese.

[0049] In some embodiments of the metal complex of Formula IA, Ry, R;, Ry, R,
R4, Rs, Rg, and R are independently selected from the group consisting of hydrogen, Ci—
Cy-alkyl, and Cs—Cyo-aryl. In particular embodiments, R;, Ry, Ry, R3, Ra, Rs, Rg , and Re
are independently selected from the group consisting of hydrogen, methyl, ethyl, propyl,
isopropyl, butyl, sec-butyl, fert-butyl, and phenyl.

[0050] In some embodiments of the metal complex of Formula TA, R, Ry, Re, and
Re are cach methyl.

[0051] In some embodiments, the metal complex of Formula IA is a homoleptic
metal complex, such that R; = Rs, R, = Rg, Ry- = Rg:, and R3 = R4. Stated another way,

each amidoimine ligand of the metal complex is the same.

[0052] According to another aspect, a metal complex comprising an amidoimine
ligand and a diazabutadiene ligand is provided which may be represented by the metal

complex of Formula IB;

12
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(IB)

wherein Ry, Ry, Ry, R3, Ry, Rg, Ro, and Ry are independently selected from the group
consisting of hydrogen, alkyl, and aryl; and M is a metal selected from Groups 7-10 of the

periodic table or is copper.

[0053] In some embodiments of the metal complex of Formula IB, M is selected
from the group consisting of manganese, cobalt, nickel, and copper. In particular

embodiments, M is manganese.

[0054] In some embodiments of the metal complex of Formula IB, Ry, Ry, Ry, Rs,
R7, Rs, Ro, and Ry are independently selected from the group consisting of hydrogen, C;—
Cy-alkyl, and Cs—Cip-aryl. In particular embodiments, Ry, Ry, Ry, R3, Ry, Rs, Ro, and Ryg
are independently selected from the group consisting of hydrogen, methyl, ethyl, propyl,
isopropyl, butyl, sec-butyl, fert-butyl, and phenyl.

[0055] In some embodiments of the metal complex of Formula IB, R, and R, are
each methyl.

[0056] In some embodiments of the metal complex of Formula IB, Rg and Rg are
each hydrogen.

[0057] In some embodiments of the metal complex of Formula IB, R; and Ry are

each alkyl, for example, C;—Cs-alkyl.

[0058] According to another aspect, a metal complex comprising an amidoimine
ligand and an amidinate ligand is provided which may be represented by the metal

complex of Formula IC:

13
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M

R»]']_N\\/(
Ri2

N—Rq3

1C)

wherein R;, Ra, Ry, R3, Rii, Rip, and Ry3 are independently selected from the group
consisting of hydrogen, alkyl, and aryl; and M is a metal selected from Groups 7-10 of the

periodic table or is copper.

[0059] In some embodiments of the metal complex of Formula IC, M is selected
from the group consisting of manganese, cobalt, nickel, and copper. In particular

embodiments, M is manganese.

[0060] In some embodiments of the metal complex of Formula IC, Ry, R,, Ry, R,
Ri1, Rz, and Ry3 are independently selected from the group consisting of hydrogen, C;—
Cy-alkyl, and C¢—Cyg-aryl. In particular embodiments, Ry, R, Ry-, R3, Ry1, Ryp, and Ry3
are independently selected from the group consisting of hydrogen, methyl, ethyl, propyl,
isopropyl, butyl, sec-butyl, fert-butyl, and phenyl.

[0061] In some embodiments of the metal complex of Formula IC, R, and R,- are
each methyl.
[0062] According to another aspect, a metal complex comprising an amidoimine

ligand and an n’-allyl ligand is provided which may be represented by the metal complex

of Formula ID:
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wherein R;, Ry, Ry, and Rs are independently selected from the group consisting of
hydrogen, alkyl, and aryl; Ry4, Ry, Rys, Rys, and Rye are independently selected from the
group consisting of hydrogen, alkyl, aryl, and silyl; and M is a metal selected from Groups
7—10 of the periodic table or is copper.

[0063] In some embodiments of the metal complex of Formula ID, M is selected
from the group consisting of manganese, cobalt, nickel, and copper. In particular

embodiments, M is manganese.

[0064] In some embodiments of the metal complex of Formula ID, Ry, R,, Ry, and
Rj are independently selected from the group consisting of hydrogen, C,—Cy-alkyl, Ce—
Cio-aryl; and Ry, Ryg, Rys, Rig, and Ry are independently selected from the group
consisting of hydrogen, C;—Cs-alkyl, C¢—Cjo-aryl, and tri(C;—Cy-alkyl)silyl. In particular
embodiments, R;, Ry, Ry, and Rs are independently selected from the group consisting of
hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, fert-butyl, and phenyl; and
Ri4, Ria, Rys, Ry, and Ry are independently selected from the group consisting of

hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, phenyl, and

trimethylsilyl.

[0065] In some embodiments of the metal complex of Formula ID, R, and Ry are
each methyl.

[0066] In some embodiments of the metal complex of Formula ID, Ry4, Ry, Rys,

Ris, and Rye are each hydrogen, such that the n’-allyl ligand is unsubstituted. In other
embodiments, the 1°-allyl ligand is monosubstituted with an alkyl group, such as a C;—Cy-
alkyl group (i.e., only one of Ris, Ris, Ris, Ris, and Rye is an alkyl group while the
remaining groups are each hydrogen). In yet other embodiments, Ris and Ris are

independently silyl and R;4- and R;¢ are each hydrogen.

[0067] Any of the aforementioned metal complexes disclosed herein, including the
metal complexes of Formulas I, 1A, 1B, IC, or ID, may be provided as solvates. For
example, one or more solvent molecules may be associated with the metal complex, for
instance, by coordination to the metal center as an additional ligand or ligands. As will be
appreciated by those of skill in the art, solvates may be formed in the process of

synthesizing the metal complex, isolation of the metal complex, and/or purification of the
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metal complex. In some embodiments, the solvate is an ether solvate, an amine solvate or

a hydrocarbon solvate.

[0068] The metal complexes of Formulas 1, TA, IB, IC, and ID (and solvated forms
thereof) may be prepared by any number of methods, depending on the identity of the
particular metal complex of interest. In general, the metal complexes may be prepared by
reaction of the ligand of Formula II or conjugate acid thereof with an appropriate metal
salt (e.g., a Group 7-10 metal salt or copper salt), with optional further reaction or co-
reaction with other ligands or ligand precursors. As will be appreciated by those of skill in
the art, the ligand of Formula II may be prepared by the deprotonation of the
corresponding conjugate acid of the ligand of Formula IT with a suitable base such as, for
example, z-butyllithium or sodium hydride. Suitable metal salts include, but are not
limited to metal halides, metal psuedohalides, metal nitrates, metal sulfates, metal
carbonates, metal acetates, metal alkane- or arenesulfonates (e.g., metal triflates, metal
tosylates), metal amides, metal silylamides (e.g., bis(trialkylsilylamido)metals such as
bis(trialkylsilylamido)manganese). In some embodiments, the metal salt is a Group 7-10
metal salt or copper salt. In particular embodiments, the metal salt is manganese salt, such
as manganese(Il) chloride, manganese(Il) bromide, manganese(Il) iodide, manganese(Il)
nitrate, manganese(Il) acetate, manganese(Il) sulfate, manganese(Il) carbonate,
manganese(1l) perchlorate, manganese(1) trifluoromethanesulfonate, or

bis(trimethylsilylamido)manganese.

[0069] As illustrated in Scheme 1, bis(trialkylsilylamido)metals are particularly
useful in the preparation of metal complexes of Formulas I, IA, 1B, IC, and ID; such metal
salts are generally sufficiently basic as to allow for the direct use of the conjugate acid of
the ligand of Formula II (stated differently, the need to pre-form the ligand of Formula II
via deprotonation of the corresponding conjugate acid is obviated). Of course and as will
be appreciated by those of skill in the art, less basic metal salts such as metal halides may
be employed in conjunction with preformed ligand of Formula II (typically as a lithium or

sodium salt).
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Scheme 1
Ry 2
2\/
Ry’ i . . Q
R, 1) bis(trialkylsilylamido)metal R1—N\ /N_R3
\ > M
R1_NH N_R3 / \
2) RNy HN-Rs RN, N-Rq
IR RG
1A
R L)
Ry
L} \
R, Ro 1) bis(trialkylsilylamido)metal R1_N\ /N_Rs
R1_NH \N_R3 2) - > /M\
R7=N.  N-Ryo RNy N R
Li >\_/<
Rg Rg R8 R9
1B
R,'
R2\/
! \
R, Ry 1) bis(trialkylsilylamido)metal R1—N\ /N—R3
> M
Ri—N_ _N—-Ri3 Ri1—=N N-Ry3
NG he
R12 R12
IC
Roa?
2\/
| \
R, Ry 1) bis(trialkylsilylamido)metal R1—N\M NRs
R > . :
R1_NH N_R3 2) R']4 | R'IG
Ris Ris R4 N2l Rie
Ris Rig %" Rig Rig ID
Z =K, MgCl, MgBr, MgX
[0070] The metal complexes described herein are generally synthesized in the

presence of one or more solvents. Examples of suitable solvents include, but are not
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limited to, ethers (e.g., diethyl ether, tetrahydrofuran, 1,2-dimethoxyethane, 1,4-dioxane,

and the like) and aromatic hydrocarbons (e.g., benzene, toluene, and the like).

[0071] The metal complexes described hercin may be isolated from the reaction
mixture from which they are formed and optionally purified using standard techniques
known in the art. Such techniques include, but are not limited to, centrifugation, filtration,
extraction, recrystallization, chromatography, sublimation, distillation, and the like.
Depending on the manner of preparation of a particular metal complex, the identity of
solvent(s) used in the complexation reaction, and the method of isolation and purification,
it is possible that the metal complex may be isolated as a solvated form. For instance, the
metal complexes may be isolated as solvates of any of the aforementioned solvents, or as

solvates of any byproducts formed in the complexation reaction.

[0072] Ligands and ligand precursors (e.g., amidoimine, aminoimine,
diazabutadiene, amidine, amidinate, and allyl ligands or related ligand precursors such as
those shown in Scheme 1) are commercially available or may be synthesized according to
known procedures (e.g., Inorg. Chem. 2009, 48, 7639-7644), or simple modifications such

known procedures which are well within the grasp of the person of ordinary skill.

[0073] Figure 1 illustrates various embodiments of metal complexes of Formula I,
where M is a metal selected from Groups 7-10 of the periodic table or is copper. In some
embodiments, M selected from the group consisting of manganese, cobalt, nickel, and
copper. In particular embodiments, M is manganese. Figure 2 illustrates various
embodiments of ligands, L, which may be bonded to any of the metal complexes of
Formula I illustrated in Figure 1 (in any combination) such as to provide metal complexes

of Formulas IA, IB, IC, and ID.

[0074] The metal complexes provided herein may be used to prepare metal-
containing films such as, for example, elemental manganese and manganese nitride films,
with smooth morphology. Thus, according to another aspect, a method for forming a
metal-containing film by a vapor deposition process is provided, the method employing at
least one of the metal complexes disclosed herein, such as those of Formulas I, TA, IB, IC,
ID, or solvates thercof. The film-forming method may include, for example, (1)

vaporizing the metal complex and (2) delivering and/or exposing the metal complex to a
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substrate surface or passing the metal complex over a substrate surface (and/or

decomposing the one metal complex on the substrate surface).

[0075] A variety of substrates can be used in the deposition methods disclosed
herein. For example, metal complexes as disclosed herein may be delivered to, passed
over, or deposited on a variety of substrates or surfaces thercof such as, but not limited to,
silicon, crystalline silicon, Si(100), Si(111), silicon oxide, glass, strained silicon, silicon on
insulator (SOI), doped silicon or silicon oxide(s) (e.g., carbon doped silicon oxides),
silicon nitride, germanium, gallium arsenide, tantalum, tantalum nitride, aluminum,
copper, ruthenium, titanium, titanium nitride, tungsten, tungsten nitride, and any number
of other substrates commonly encountered in nanoscale device fabrication processes (e.g.,
semiconductor fabrication processes). As will be appreciated by those of skill in the art,
substrates may be exposed to a pretreatment process to polish, etch, reduce, oxidize,
hydroxylate, anneal and/or bake the substrate surface. In one or more embodiments, the

substrate surface contains a hydrogen-terminated surface.

[0076] In certain embodiments, the metal complex may be dissolved in a suitable
solvent such as a hydrocarbon or an amine solvent to facilitate the vapor deposition
process. Appropriate hydrocarbon solvents include, but are not limited to, aliphatic
hydrocarbons, such as hexane, heptane and nonane; aromatic hydrocarbons, such as
toluene and xylene; and 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 metal complex may be
dissolved in toluene to yield a solution with a concentration from about 0.05 M to about 1

M.

[0077] In another embodiment, the at least one metal complex may be delivered

“neat” (undiluted by a carrier gas) to a substrate surface.

[0078] In one embodiment, the vapor deposition process is chemical vapor
deposition.
[0079] In another embodiment, the vapor deposition process is atomic layer
deposition.
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[0080] The ALD and CVD methods 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, plasma-assisted, and plasma-enhanced
processes. For purposes of clarity, the methods of the present technology specifically
include direct liquid injection processes. For example, in direct liquid injection CVD
(“DLI-CVD”), a solid or liquid metal complex may be dissolved in a suitable solvent and
the solution formed therefrom injected into a vaporization chamber as a means to vaporize
the metal complex. The vaporized metal complex is then transported/delivered to the
substrate surface. In general, DLI-CVD may be particularly useful in those instances
where a metal complex displays relatively low volatility or is otherwise difficult to

vaporize.

[0081] In one embodiment, conventional or pulsed CVD is used to form a metal-
containing film vaporizing and/or passing the at least one metal complex over a substrate
surface. For conventional CVD processes see, for example Smith, Donald (1995). Thin-

Film Deposition: Principles and Practice. McGraw-Hill.

[0082] In one embodiment, CVD growth conditions for the metal complexes

disclosed herein include, but are not limited to:

Substrate temperature: 50 — 600 °C

c P

Evaporator temperature (metal precursor temperature): 0 — 200 °C

Reactor pressure: 0 — 100 Torr

/e o

Argon or nitrogen carrier gas flow rate: 0 — 500 sccm

o

Oxygen flow rate: 0 — 500 sccm
f. Hydrogen flow rate: 0 — 500 sccm

g. Run time: will vary according to desired film thickness

[0083] In another embodiment, photo-assisted CVD is used to form a metal-
containing film by vaporizing and/or passing at least one metal complex disclosed herein

over a substrate surface.

[0084] In a further embodiment, conventional (i.e., pulsed injection) ALD is used

to form a metal-containing film by vaporizing and/or passing at least one metal complex
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disclosed herein over a substrate surface. For conventional ALD processes see, for

example, George S. M., et al. J. Phys. Chem., 1996, 100, 13121-13131.

[0085] In another embodiment, liquid injection ALD is used to form a metal-
containing film by vaporizing and/or passing at least one metal complex disclosed herein
over a substrate surface, wherein at least one metal complex is delivered to the reaction
chamber by direct liquid injection as opposed to vapor draw by a bubbler. For liquid
injection ALD processes see, for example, Potter R. 1., er al., Chem. Vap. Deposition,

2005, 11(3), 159-169.

[0086] Examples of ALD growth conditions for metal complexes disclosed herein

include, but are not limited to:

a. Substrate temperature: 0 — 400 °C

b. Evaporator temperature (metal precursor temperature): 0 — 200 °C

¢. Reactor pressure: 0 — 100 Torr

d. Argon or nitrogen carrier gas flow rate: 0 — 500 sccm

¢. Reactive gas flow rate: 0—500 sccm

f. Pulse sequence (metal complex/purge/reactive gas/purge): will vary

according to chamber size

g. Number of cycles: will vary according to desired film thickness

[0087] In another embodiment, photo-assisted ALD is used to form a metal-
containing film by vaporizing and/or passing at least one metal complex disclosed herein
over a substrate surface. For photo-assisted ALD processes see, for example, U.S. Patent

No. 4,581,249.

[0088] In another embodiment, plasma-assisted ALD is used to form a metal-
containing film by vaporizing and/or passing at least one metal complex disclosed herein

over a substrate surface.

[0089] In another embodiment, a method of forming a metal-containing film on a
substrate surface comprises: during an ALD process, exposing a substrate to a vapor phase
metal complex according to one or more of the embodiments described herein, such that a

layer is formed on the surface comprising the metal complex bound to the surface by the
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metal center (e.g., manganese); during an ALD process, exposing the substrate having
bound metal complex with a co-reactant such that an exchange reaction occurs between
the bound metal complex and co-reactant, thereby dissociating the bound metal complex
and producing a first layer of elemental metal on the surface of the substrate; and

sequentially repeating the ALD process and the treatment.

[0090] The reaction time, temperature and pressure are selected to create a metal-
surface interaction and achieve a layer on the surface of the substrate. The reaction
conditions for the ALD reaction will be selected based on the properties of the metal
complex. The deposition can be carried out at atmospheric pressure but is more
commonly carried out at a reduced pressure. The vapor pressure of the metal complex
should be low enough to be practical in such applications. The substrate temperature
should be high enough to keep the bonds between the metal atoms at the surface intact and
to prevent thermal decomposition of gaseous reactants. However, the substrate
temperature should also be high enough to keep the source materials (i.e., the reactants) in
the gaseous phase and to provide sufficient activation energy for the surface reaction. The
appropriate temperature depends on various parameters, including the particular metal
complex used and the pressure. The properties of a specific metal complex for use in the
ALD deposition methods disclosed herein can be evaluated using methods known in the
art, allowing selection of appropriate temperature and pressure for the reaction. In
general, lower molecular weight and the presence of functional groups that increase the
rotational entropy of the ligand sphere result in a melting point that yields liquids at typical

delivery temperatures and increased vapor pressure.

[0091] An optimized metal complex for use in the deposition methods will have all
of the requirements for sufficient vapor pressure, sufficient thermal stability at the selected
substrate temperature and sufficient reactivity to produce a reaction on the surface of the
substrate without unwanted impurities in the thin film. Sufficient vapor pressure ensures
that molecules of the source compound are present at the substrate surface in sufficient
concentration to enable a complete self-saturating reaction. Sufficient thermal stability
ensures that the source compound will not be subject to the thermal decomposition which

produces impurities in the thin film.
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[0092] Thus, the metal complexes disclosed herein utilized in these methods may
be liquid, solid, or gaseous. Typically, the metal complexes are liquids or solids at
ambient temperatures with a vapor pressure sufficient to allow for consistent transport of

the vapor to the process chamber.

[0093] In one embodiment, an elemental metal, a metal nitride, a metal oxide, or a
metal silicide film can be formed by delivering for deposition at least one metal complex
as disclosed herein, independently or in combination with a co-reactant. In this regard, the
co-reactant may be deposited or delivered to or passed over a substrate surface,
independently or in combination with the at least one metal complex. As will be readily
appreciated, the particular co-reactant used will determine the type of metal-containing
film is obtained. Examples of such co-reactants include, but are not limited to hydrogen,
hydrogen plasma, oxygen, air, water, an alcohol, HO,, N,O, ammonia, a hydrazine, a
borane, a silane, ozone, or a combination of any two or more thereof. Examples of
suitable alcohols include, without limitation, methanol, ethanol, propanol, isopropanol,
tert-butanol, and the like. 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,Hi), 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, a hydrazine optionally substituted with one or more aryl
groups (i.e., an aryl-substituted hydrazine) such as phenylhydrazine, and the like.

[0094] In one embodiment, the metal complexes disclosed herein are delivered to
the substrate surface in pulses alternating with pulses of an oxygen-containing co-reactant
as to provide metal oxide films. Examples of such oxygen-containing co-reactants

include, without limitation, H,O, H,O,, O,, ozone, air, i-PrOH, -BuOH, or N,O.

[0095] In other embodiments, a co-reactant comprises a reducing reagent such as
hydrogen. In such embodiments, an eclemental metal film is obtained. In particular
embodiments, the elemental metal film consists of, or consists essentially of, pure metal.
Such a pure metal film may contain more than about 80, 85, 90, 95, or 98% metal. In even

more particular embodiments, the elemental metal film is a manganese film.
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[0096] In other embodiments, a co-reactant is used to form a metal nitride film by
delivering for deposition at least one metal complex as disclosed herein, independently or
in combination, with a co-reactant such as, but not limited to, ammonia, a hydrazine,
and/or other nitrogen-containing compounds (e.g., an amine) to a reaction chamber. A
plurality of such co-reactants may be used. In further embodiments, the metal nitride film
is a manganese nitride film of the formula MnN,, where the variable “x” is in the range of

about 0.1, 0.2, or 0.25 to about 1, 2, 3, or 4, or in the range of about 0.2 to about 2, or in
the range of about 0.25 to about 1.

[0097] In another embodiment, a mixed-metal film can be formed by a vapor
deposition process which vaporizes at least one metal complex as disclosed herein in
combination, but not necessarily at the same time, with a second metal complex

comprising a metal other than that of the at least one metal complex disclosed herein.

[0098] In a particular embodiment, the methods of the present technology 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.

[0099] Any of the manganese complexes disclosed herein may be used to prepare
thin films of manganese metal, manganese oxide, manganese nitride, and/or manganese
silicide. 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-superconducting materials/coatings, tribological coatings, and/or, protective coatings.
It is understood by one of ordinary skill in the art that the film propertics (e.g.,
conductivity) will 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.

[00100] In particular embodiments, deposited elemental manganese or manganese
nitride films can be used as an alternative diffusion barrier in the back-end-of-line copper
interconnections to replace currently used tantalum nitride. The deposition approaches
described herein can be integrated with the deposition of tantalum nitride to generate
manganese-doped tantanlum nitride or tantalum doped with manganese nitride.

Manganese can react with dielectric underlayers to form manganese silicates as the barrier.
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Without being bound to any particular theory of operation, it is believed that the
manganese nitride is not only the diffusion barrier but also promotes the adhesion between
copper and the dielectrics. Therefore, in some embodiments, the methods further

comprise depositing copper over the manganese-containing film.

[00101] Reference throughout this specification to "one embodiment,” "certain

"nn

embodiments," "one or more embodiments" or "an embodiment" means that a particular
feature, structure, material, or characteristic described in connection with the embodiment
is included in at least one embodiment of the present technology. Thus, the appearances

"o on.

of the phrases such as "in one or more embodiments,” "in certain embodiments,” "in one
embodiment" or "in an embodiment" in various places throughout this specification are
not necessarily referring to the same embodiment of the present technology. Furthermore,
the particular features, structures, materials, or characteristics may be combined in any

suitable manner in one or more embodiments.

[00102] Although the present technology herein has been described with reference
to particular embodiments, it is to be understood that these embodiments are merely
illustrative of the principles and applications of the present technology. It will be apparent
to those skilled in the art that various modifications and variations can be made to the
method and apparatus of the present technology without departing from the spirit and
scope of the present technology. Thus, it is intended that the present technology include
modifications and variations that are within the scope of the appended claims and their
equivalents. The present technology, thus generally described, will be understood more
readily by reference to the following examples, which is provided by way of illustration

and is not intended to be limiting.
EXAMPLES

[00103] Unless otherwise noted, all synthetic manipulations are 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 1A: Preparation of complex 1 (a homoleptic complex of Formula IA)
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[00104] To a solution of bis(trimethylsilylamido)manganese (10 g, 0.0266 mol) in
toluene (200 mL) is added (~Bu)NHCMe,CH=N(z-Bu) (10.6 g, 0.053 mol) by transfer
cannula.  The resulting mixture is refluxed for 24 hours. The solvent and
hexamethyldisilazane by-product are then removed under reduced pressure to provide
complex 1 which may be further purified by distillation or sublimation under reduced

pressure.

[00105] The ligand precursor (--Bu)NHCMe,CH=N(#-Bu) can be prepared by a-
bromination of isobutyraldehyde (with for example, 1,4-dioxane-bromine complex)
followed by reaction with excess tert-butylamine in THF. The crude ligand precursor is

isolated and purified using standard techniques.
Example 1B: Preparation of complex 2 (a heteroleptic complex of Formula IA)

M
Me ©
t-Bu—N \N—tB
-Bu N -Bu
Mn

/ '\
t—Bu—N\ N—i-Pr
Me
Me

[00106] To a solution of bis(trimethylsilylamido)manganese (10 g, 0.0266 mol) in
toluene (200 mL) is added (+~Bu)NHCMe,CH=N(z-Bu) (5.3 g, 0.0266 mol) by transfer
cannula.  The resulting mixture is refluxed for 24 hours. The solvent and
hexamethyldisilazane by-product are then removed under reduced pressure. The resulting
intermediate is then dissolved in toluene and treated with (i-Pr)NHCMe,CH=N(z-Bu) (4.9
g, 0.0266 mol)), refluxing for a further 24 hours. The solvent and hexamethyldisilazane
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by-product are then removed under reduced pressure to provide complex 2 which may be

further purified by distillation or sublimation under reduced pressure.

[00107] The ligand precursor (i-Pr)NHCMe,CH=N(#-Bu) can be prepared by o-
bromination of isobutyraldehyde (with for example, 1,4-dioxane-bromine complex)
followed by reaction with excess isopropylamine in THF. Subsequent treatment with
excess fert-butylamine in THF provides the crude ligand precursor which is isolated and

purified using standard techniques.

Example 2: Preparation of complex 3 (a complex of Formula IB)

[00108] To a solution of bis(trimethylsilylamido)manganese (10 g, 0.0266 mol) in
toluene is added (-Bu)NHCMe,CH=N(z-Bu) ligand (5.3 g, 0.0266 mol) by transfer
cannula.  The resulting mixture is refluxed for 24 hours. The solvent and
hexamethyldisilazane by-product are then removed under reduced pressure. Under argon,
the intermediate is dissolved in THF (100 mL) and a solution of Li[(z-Bu)N=CHCH=N(z-
Bu)] (4.7 g, 0.027 mol; prepared from (#~-Bu)N=CHCH=N(#-Bu) and freshly cut Li metal
in THF) in THF (100 mL) is added. The mixture is stirred at room temperature overnight.
The solvent and lithium hexamethyldisilazide by-product are then removed under reduced
pressure to provide complex 3 which may be further purified by distillation or sublimation

under reduced pressure.

Example 3: Preparation of complex 4 (a complex of Formula IC)

M
Me|
tBu—N \N—tB
-Bu=N_ N—tBu
Mn
. 7 Ny
/-Pr—NYN—/-Pr
Me
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[00109] To a solution of bis(trimethylsilylamido)manganese (10 g, 0.0266 mol) in
toluene (200 mL) is added (+-Bu)NHCMe,CH=N(t-Bu) ligand (5.3 g, 0.0266 mol) by
transfer cannula. The resulting mixture is refluxed for 24 hours. The solvent and
hexamethyldisilazane by-product are then removed under reduced pressure. The resulting
intermediate is then dissolved in toluene and treated with (i-Pr)N=C(Me)NH(i-Pr) (3.8 g,
0.027 mol), refluxing for a further 24 hours. The solvent and hexamethyldisilazane by-
product are then removed under reduced pressure to provide complex 4 which may be

further purified by distillation or sublimation under reduced pressure.

Example 4: Preparation of complex 5 (a complex of Formula ID)

[00110] To a suspension of manganese chloride (1 equiv) in THF at -78°C is added
2 equiv of K[CH,C(CH3)CH>] or [CH,C(CH3)CH2]MgBr in THF or diethyl ether. The
mixture is stirred for several hours, until the solid dissolves and a color change is
observed. Then, 1 equiv of (~-Bu)NHCMe,CH=N(t-Bu) ligand is added by syringe and
the mixture allowed to warm to room temperature slowly. The solvent is then removed
under reduced pressure and the residue extracted into hexane. The mixture is then filtered
by cannula and then the solvent removed under reduced pressure to provide complex 5

which may be further purified by distillation or sublimation under reduced pressure.
Example 5: Deposition of elemental manganese metal films

[00111] First, a substrate surface may be placed in an atomic layer deposition
chamber. The substrate surface is then contacted with a manganese precursor, for example
one of manganese complexes 1-5. Excess, unreacted manganese precursor is then purged

from the reaction chamber. Then, hydrogen gas is flowed into the chamber to the
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substrate surface. The manganese precursor, which is bound to the substrate surface,
undergoes reduction, leaving a manganese film which consists essentially of manganese
metal. Excess manganese precursor is then purged from the chamber. The process can be

repeated until a film of desired thickness is achieved.
Example 6: Deposition of manganese nitride films

[00112] First, a substrate surface may be placed in an atomic layer deposition
chamber. The substrate surface is then contacted with a manganese precursor, for example
one of the manganese complexes 1-5. Excess, unreacted manganese precursor is then
purged from the reaction chamber. Then, ammonia gas is flowed into the chamber to the
substrate surface. The manganese precursor, which is bound to the substrate surface,
reacts with the ammonia gas, leaving a film comprising manganese nitride. Excess
manganese precursor is then purged from the chamber. The process can be repeated until

a film of desired thickness is achieved.

[00113] All publications, patent applications, issued patents and other documents
referred to in this specification are herein incorporated by reference as if each individual
publication, patent application, issued patent, or other document was specifically and
individually indicated to be incorporated by reference in its entirety. Definitions that are
contained in text incorporated by reference are excluded to the extent that they contradict

definitions in this disclosure.

[00114] The words “comprise”, “comprises”, and “comprising” are to be interpreted

inclusively rather than exclusively.
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WHAT IS CLAIMED I8S:

I. A metal complex of Formula I:

10

15

20

wherein

Ri, Ry, Ry, and Rj are independently selected from the group consisting of
hydrogen, alkyl, and aryl;

M is a metal selected from Groups 7—10 of the periodic table or is copper; and

L comprises at least one ligand.

The metal complex of claim 1, wherein M is selected from the group consisting

of manganese, cobalt, nickel, and copper.

The metal complex of claim 1 or claim 2, wherein Ry, Ry, Ry, and R; are
independently selected from the group consisting of hydrogen, C,—Cs-alkyl, and
C6—C10—aryl.

The metal complex of claim of any one of the preceding claims, wherein Ry, Ry,
Ry:, and Rj; are independently selected from the group consisting of hydrogen,

methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, zert-butyl, and phenyl.

The metal complex of claim of any one of the preceding claims, wherein R, and

Ry- are each methyl.

The metal complex of any one of the preceding claims, wherein L comprises at

least one monodentate or bidentate ligand.

The metal complex of any one of the preceding claims, wherein L comprises an
amidoimine ligand, a diazabutadiene ligand, an amidinate ligand, or an allyl

ligand.
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8.

9.

10.

11.

12.

13.

14.

15.

The metal complex of any one of the preceding claims, wherein L comprises an

n’-allyl ligand.

A metal complex of Formula [A:

wherein
Ri, Ry, Ry, R3, Ry, Rs, Rg and Re- are independently selected from the group
consisting of hydrogen, alkyl, and aryl; and

M is a metal selected from Groups 7—10 of the periodic table or is copper.

The metal complex of claim 9, wherein M is selected from the group consisting

of manganese, cobalt, nickel, and copper.

The metal complex of claim 9 or claim 10, wherein Ry, Ry, Ry-, R3, Ry, Rs, Rg
and R¢: are independently selected from the group consisting of hydrogen, Ci—
C4—alky1, and C6—C10—aryl.

The metal complex of any one of claims 9-11, wherein Ry, Ry, Ry-, R3, Ry, Rs, Rg
and Re: are independently selected from the group consisting of hydrogen,

methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, ferz-butyl, and phenyl.

The metal complex of claim of any one of claims 9—12, wherein Ry, Ry, Rg, and

Re are each methyl.

The metal complex of any one of claims 9—13, wherein the metal complex is a

homoleptic metal complex.

A metal complex of Formula IB:
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16.

17.

18.

19.

20.

21.

(IB)

wherein
Ri, Rs, Ry, R3, Ry, Rg, Ry, and Ry are independently selected from the group
consisting of hydrogen, alkyl, and aryl; and

M is a metal selected from Groups 7—10 of the periodic table or is copper.

The metal complex of claim 15, wherein M is selected from the group consisting

of manganese, cobalt, nickel, and copper.

The metal complex of claim 15 or claim 16, wherein Ry, Ry, Ry, Rz, R7, Rs, Ro,
and Ry are independently selected from the group consisting of hydrogen, C;—
C4—alky1, and C6—C10—aryl.

The metal complex of any one of claims 15-17, wherein Ry, Ry, Ry, R3, Ry, Rg,
Ry, and Ry are independently selected from the group consisting of hydrogen,

methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, ferz-butyl, and phenyl.

The metal complex of claim of any one of claims 1518, wherein R, and Ry are

each methyl.

The metal complex of claim of any one of claims 15-19, wherein Rg and Ry are

each hydrogen.

A metal complex of Formula IC:
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22.

23.

24.

25.

26.

M

R»]']_N\\/(
Ri2

N—R13

1C)

wherein
Ri, Ry, Ry, R3, Ry1, Ry, and Ry3 are independently selected from the group
consisting of hydrogen, alkyl, and aryl; and

M is a metal selected from Groups 7—10 of the periodic table or is copper.

The metal complex of claim 21, wherein M is selected from the group consisting

of manganese, cobalt, nickel, and copper.

The metal complex of claim 21 or claim 22, wherein Ry, R,, Ro-, R3, Ryq, Ry2, and
Ry are independently selected from the group consisting of hydrogen, C;—Ca-

alkyl and C¢—Cp-aryl.

The metal complex of any one of claims 21-23, wherein Ry, Ry, Ry, R3, Ry, Ry,
and Ry; are independently selected from the group consisting of hydrogen,

methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, fert-butyl, and phenyl.

The metal complex of claim of any one of claims 21-24, wherein R, and Ry are

each methyl.

A metal complex of Formula ID:
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27.

28.

29.

30.

31.

32.

wherein

Ri, Ry, Ry, and Rj are independently selected from the group consisting of
hydrogen, alkyl, and aryl;

Ri4, Rig, Rys, Ry, and Ryg- are independently selected from the group consisting
of hydrogen, alkyl, aryl, and silyl; and

M is a metal selected from Groups 7—10 of the periodic table or is copper.

The metal complex of claim 26, wherein M is selected from the group consisting

of manganese, cobalt, nickel, and copper.

The metal complex of claim 26 or claim 27, wherein

Ri, Ry, Ry, and Rj are independently selected from the group consisting of
hydrogen, C,—Cy-alkyl, C¢—Cy¢-aryl; and

Ri4, Rig, Rys, Ry, and Ryg- are independently selected from the group consisting

of hydrogen, C;—Cy-alkyl, Cs—Cip-aryl, and tri(C;—Cs-alkyl)silyl.

The metal complex of any one of claims 26-28, wherein

Ri, Ry, Ry, and Rj are independently selected from the group consisting of
hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, fert-butyl, and
phenyl; and

Ri4, Rig, Rys, Ry, and Ryg- are independently selected from the group consisting
of hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, terz-butyl, phenyl,
and trimethylsilyl.

The metal complex of claim of any one of claims 26-29, wherein R, and Ry are

each methyl.
A solvate of any one of the preceding claims.

The solvate of claim 30, wherein the solvate is an ether solvate, an amine solvate,

or an aromatic hydrocarbon solvate.
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AMENDED CLAIMS
received by the International Bureau on 19.Mar.2015(19.03.2015).

What is claimed is:

1. A metal complex of Formula I:

wherein

R, Rz, Ry, and Rj are independently selected from the group consisting of alkyl and
aryl; |

M is a metal selected from Groups 7-10 of the periodic table or is copper; and

L comprises at least one ligand.

2. The metal complex of claim 1, wherein M is seleeted from the group consisting of

manganese, cobalt, nickel, and copper.

3. The metal complex of claim 1 or ¢claim 2, wherein R, Ry, Ry, and R; are independently

selected from the group consisting of C1—Cy-alkyl and C¢—C,p-aryl.

4.  The metal complex of any one of the preceding claims, wherein Ry, Ry, Ry, and R are
independently selected from the group consisting of methyl, ethyl, propyl, isopropyl,
butyl, sec-butyl, terr-butyl, and phenyl.

5.  The metal complex of any one of the preceding claims, wherein R, and Ry are each

methyl.

6.  The metal complex of any one of the preceding claims, wherein L comprises at least

one monodentate or bidentate ligand.

7. The metal complex of any one of the preceding claims, wherein L. comprises an

amidoimine ligand, a diazabutadiene ligand, an amidinate ligand, or an allyl ligand.
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8.  The metal complex of any one of the preceding claims, wherein L comprises an n-allyl

ligand.

9. A metal complex of Formula IA:

wherein
Ry, Ry, Ry, Ra, Ra, Rs, Rg and R are independently selected from the group consisting
of alkyl and aryl; and

M is a metal selected from Groups 7-10 of the periodic table or is coppet.

10.  The metal complex of claim 9, wherein M is sclected from the group consisting of

manganese, cobalt, nickel, and copper.

11. The metal complex of claim 9 or claim 10, wherein Ry, Ry, Ro:, R3, Ry, Rs, R and Re

are independently selected from the group consisting of Cj—Cy-alkyl and Ce~C)g-aryl.

12. The metal complex of any one of claims 9-11, wherein Ry, Ry, Ry, R3, Ry, Rs, Rg and
R are independently selected from the group consisting of methyl, ethyl, propyl,
isopropyl, butyl, sec-butyl, fert-butyl, and phenyl.

13.  The metal complex of any one of claims 9—12, wherein Ry, Ry, Rg, and Rg are each

methyl.

14. The metal complex of any one of claims 9-13, wherein the metal complex is a

homoleptic metal complex.
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15.

16.

17.

18.

A metal complex of Formula [B:

(IB)

wherein

Ry, Ry, Ry and Rj; are independently selected from the group consisting of alkyl and
aryl;

R7, Rg, Ry, and Ry are independently selected from the group consisting of hydrogen,
alkyl, and aryl; and

M is a metal selected from Groups 7-10 of the periodic table or is copper.

The metal complex of claim 15, wherein M is selected from the group consisting of

manganese, cobalt, nickel, and copper.

The mectal complex of claim 15 or claim 16, wherein R, R;, Ry and Rj are
independently selected from the group consisting of C,—C4-alkyl and Cs—C,p-aryl; and
R, Ry, Ry, and Ry are independently selected from the group consisting of hydrogen,

C—-Cy-alkyl, and C¢—Cjg-aryl.

The metal complex of any one of claims 1517, wherein R, Ry, Ry and R; are
independently selected from the group consisting of methyl, ethyl, propyl, isopropyl,
butyl, sec-butyl, fert-butyl, and phenyl; and R, Rs, Ry, and Ry are independently
sclected from the group consisting of hydrogen, methyl, ethyl, propyl, isopropyl, butyl,
sec-butyl, tert-butyl, and phenyl.

‘The metal complex of any one of claims 15-18, wherein R; and Ry» are each methyl.
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20.

21.

22.

23.

24.

25.

26.

The metal complex of any one of claims 15-19, wherein Rg and Ry are each hydrogen.

A metal complex of Formula IC:

wherein
Ry, Rz, Ro, Ry, Riy, Ryz, and Ry3 are independently selected from the group consisting
of hydrogen, alkyl, and aryl; and '

M is a metal selected from Groups 7-10 of the periodic table or is copper.

The metal complex of claim 21, wherein M is selected from the group consisting of

manganese, cobalt, nickel, and copper.

The metal complex of claim 21 or claim 22, wherein Ry, Ry, Ry:, Ra, Ry1, Riz, and Ry3
are independently selected from the group consisting of hydrogen, C—C;-alkyl and Ce-
C 10-&1’}’].

The metal complex of any one of claims 21-23, wherein Ry, Ra, Ry, Ry, Rai, Ry, and
R 3 are independently selected from the group consisting of hydrogen, methyl, ethyl,
propyl, isopropyl, butyl, sec-butyl, tert-butyl, and phenyl.

The metal complex of any one of claims 21-24, wherein R and Ry are each methyl.

A metal complex of Formula [D:
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27,

28.

29.

30.

wherein

Ry, Ry, Ry, and Rj are independently selected from the group consisting of alkyl and
aryl;

Ry, Rig, Rys, Ris, and Rm» are independently selected from the group consisting of
hydrogen, alkyl, aryl, and silyl; and

M is a metal selected from Groups 7- 10 of the periodic table or is copper.

The metal complex of claim 26, wherein M is selected from the group consisting of

manganese, cobalt, nickel, and copper.

The metal complex of claim 26 or claim 27, wherein

Ry, Ry, Ry, and Rj are independently selected from the group consisting of C~Cy-alkyl
and C¢—Cjo-aryl; and

Ri4, Ris, Ris, Ris, and Rye are independently selected from the group consisting of

hydrogen, C,—Cy-alkyl, C¢Cio-aryl, and tri(C,—Cy-alkyl)silyl.

The metal complex of any one of claims 26-28, wherein

Ry, Ry, Ry and Rj are independently selected from the group consisting of methyl,
ethyl, propyl, isopropyl, butyl, sec-butyl, fert-butyl, and phenyl; and

Ris, Rig, Ris, Ryg, and Rys are independently selected from the group consisting of
hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, zerz-butyl, phenyl, and
trimethylsilyl.

The metal complex of any one of claims 26-29, wherein R, and R,: are each methyl.
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31.

32.

33.

34,

35,

36.

37,

A solvate of any one of the preceding claims.

The solvate of claim 30, wherein the solvate is an ether solvate, an amine solvate, or an

aromatic hydrocarbon solvate.

A method for forming a metal-containing {ilm by a vapor deposition process, the

method comprising vaporizing at least one metal complex corresponding in structure to

Formula I;
Ry
RZ\, .
\
R1—N\ /N"‘Ra
i
L
M
wherein

Ry, R, Ry, and R3 are independently selected from the group consisting of hydrogen,
alkyl and aryl;
M is a metal selected from Groups 7-10 of the periodic table or is copper; and

L comprises at least one ligand.

The method of claim 33, wherein M is selected from the group consisting of

manganese, cobalt, nickel, and copper.

The method of claim 33 or claim 34, wherein R, Ry, Ry, and Rj are independently

selected from the group consisting of hydrogen, C;—Cy4-alkyl and Cg—Cjp-aryl.

The method of any one of claims 33-35, wherein Ry, R;, Ry, and Rj are independently
selected from the group 'consisting of hydrogen, methyl, ethyl, propyl, isopropyl, butyl,
sec-butyl, ferf-butyl, and phenyl.

The method of any onc of claims 33-36, wherein R, and Ry are each methyl.
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38.

40.

41.

42.

43.

The method of any one of claims 33-37, wherein L. comprises at least one monodentate

or bidentate ligand.

The method of any one of claims 33-38, wherein L comprises an amidoimine ligand, a

diazabutadicne ligand, an amidinate ligand, or an allyl ligand.
The method of any one of claims 3339, wherein I, comprises an 1°-allyl ligand.

A method for forming a mectal-containing film by a vapor deposition process, the
method comprising vaporizing at least one metal complex corresponding in structure to

Formula TA:

wherein
Ry, Ry; Ry, Ry, Ry, Rs, R and Re are independently selected from the group consisting
of hydrogen, alkyl and aryl; and

M is a metal selected from Groups 7-10 of the periodic table or is copper.

The method of claim 41, wherein M is selected from the group consisting of

manganese, cobalt, nickel, and copper.

The method of claim 41 or claim 42, whercin Ry, Ry, Ry, Rs, Ry, Rs, Rg and Ry are
independently selected from the group consisting of hydrogen, Ci—Cy-alkyl and Ce—

Co-aryl.
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44,

45.

46.

47.

48.

49,

The method of any one of claims 4143, wherein Ry, Ry, Ry, Ra, Ry, Rs, Rg and Rg are
independently selected from the group consisting of hydrogen, methyl, ethyl, propyl,
isopropyl, butyl, sec-butyl, tert-butyl, and phenyl.

The method of any onc of claims 41-44, wherein Rz, Rz, Re, and R¢ are each methyl.

The method of any one of claims 41-45, wherein the metal complex is a homoleptic

metal complex.

A method for forming a metal-containing film by a vapor deposition process, the
method comprising vaporizing at lcast one metal complex corresponding in structure to

Formula IB;

(IB)

wherein
Ry, Rz, Ry, R3, Ry, Rg, Ry, and R ¢ are independently selected from the group consisting
of hydrogen, alkyl, and aryl; and

M is a metal selected from Groups 7-10 of the periodic table or is copper.

The method of claim 47, wherein M is sclected from the group consisting of

manganese, cobalt, nickel, and copper.

The method of claim 47 or claim 48, wherein R, R, Ry, R3, Ry, Rg, Re, and Ry are
independently selected from the group consisting of hydrogen, C,—Cs-alkyl, and Ce—
C]()-’dl‘yl‘
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50.

51.

52.

53.

54.

55.

The method of any one of claims 47--49, wherein Ry, Rz, R2r, R3, Ry, Rg, Ry, and Ryg are
independently selected from the group consisting of hydrogen, methyl, ethyl, propyl,
isopropyl, butyl, sec-butyl, fers-butyl, and phenyl.

The method of any one of claims 47-5018, wherein R, and R, are each methyl.
The method of any one of claims 47-51, wherein Rg and Ry are each hydrogen.

A method for forming a metal-containing film by a vapor deposition process, the
method comprising vaporizing the at least one metal complex corresponding in

structure to any one of claims 21--25.

A method for forming a metal-containing film by a vapor deposition process, the
method comprising vaporizing at least one metal complex corresponding in structure to

Formula ID:

(D)

wherein
R}, Ry, Ry and R; are independently selected from the group consisting of hydrogen,
alkyl and aryl;

Ris, Rya, Rys, Ry, and Ry are independently selected from the group consisting of. ...

hydrogen, alkyl, aryl, and silyl; and

M is a metal selected from Groups 7-10 of the periodic table or is copper.

The method of claim 54, wherein M is selected from the group consisting of

manganese, cobalt, nickel, and copper.
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56.

57.

58.

59.

60.

61,

62.

The method of claim 54 or claim 55, wherein

Ri, Rz, Ry, and Rj are independently selected from the group consisting of hydrogen,
C1—C4-alkyl and C¢—Cip-aryl; and

Ris, Rig, Ryis, Ryg, and Rye arc independently selected from the group consisting of -

hydrogen, Ci—Cg-alkyl, Cs—C¢-aryl, and tri(C,~Cq-alkyl)silyl.

The method of any one of claims 54-56, wherein

Ry, Ry, Ry and Rj are independently selected from the group consisting of hydrogen,
methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, and phenyl; and
R, Ria, Ris, Ris, and Rie are independently selected from the group consisting of
hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, fert-butyl, phenyl, and
trimethylsilyl.

The method any one of claims 54—-57, wherein R, and Ry are each methyl.

The method of any one of claims 33-58, wherein the vapor deposition process is

chemical vapor deposition.

The method of claim 59, wherein the chemical vapor deposition is pulsed chemical

vapor deposition or continuous flow chemical vapor deposition.

The method of claim 59, wherein the chemical vapor deposition is liquid injection

chemical vapor deposition.

The method of anv one of claims 33—358. wherein the vanor denosition process is atomic
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56.

57.

58.

59,

60.

61,

63.

64.

The method of claim 54 or claim 55, wherein

Rj, Rz, Ry, and Rj are independently selected from the group consisting of hydrogen,
C-Cy-alkyl and C4—Cip-aryl; and

Ria, Ria, Ris, Rys, and Rye arc independently selected from the group consisting.of -

hydrogen, C;—Cy-alkyl, Ce—Cg-aryl, and tri(C—Cs-alkyl)silyl.

The method of any one of claims 54-56, wherein

Ry, Rz, Ry and R; are independently selected from the group consisting of hydrogen,
methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, rerr-butyl, and phenyl; and
Rua, Rua, Ris, Rys, and Rye are independently selected from the group consisting of
hydrogen, methyl, ethyl, propyl, isopropyl, butyl, sec-butyl, tert-butyl, phenyl, and
trimethylsilyl.

The method of any one of claims 33-58, wherein the vapor deposition process is

chemical vapor deposition.

The method of claim 59, wherein the chemical vapor deposition is pulsed chemical

vapor deposition or continuous flow chemical vapor deposition.

‘The method of claim 59, wherein the chemical vapor deposition is liquid injection

chemical vapor deposition.

The method of any one of claims 33-58, wherein the vapor deposition process is atomic

layer deposition.

The method of claim 62, wherein the atomic layer deposition is liquid injection atomic

layer deposition or plasma-enhanced atomic layer deposition.

The method of any one of claims 33-63, wherein the at least one metal complex is
delivered to a substrate in pulses alternating with pulses of an oxygen source to form a

metal oxide film.
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65.

66.

67.

68.

69.

The method of claim 64, wherein the oxygen source is selected from the group

consisting of HyO, air, O, and ozone.

The method of any one of claims 33-65, 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 thereof.

The method of any one of claims 33-65, further comprising vaporizing a hydrazine as a

co-reactant.

The method of claim 67, whercin the hydrazine is hydrazine (N;Hj) or N.N-

dimethylhydrazine.

The method of any one of claims 33-68, wherein the method is used for a DRAM or

CMOS application.
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