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LOW TEMPERATURE MOLYBDENUM DEPOSITION ASSISTED BY
SILICON-CONTAINING REACTANTS

INCORPORATION BY REFERERCE
A PCT Request Form is filed concurrently with thus specification as part of the
present application. Each application that the present application claims benefit of or priority
to as identified in the concurrently filed PCT Request Form is incorporated by reference

heremn in its entivety and for all purposes.

FIELD OF THE INVENTION
This mvention pertains o methods of semnconductor deviee manufacturing.
Specifically, erobodiruents of this jovention pertain to deposition of molybdenurs-containing

films in semiconductor processing.

BACKGROUND

In semiconductor device fabrication, deposition and etching techniques are used for
forming patterns of maternials, such as for forming metal lines embedded in dislectric layers.
Some patieming schemes require conformal deposition of materials, where the deposited
laver should follow the contour of proirusions and/or recessed features on the surface of the
substrate. Atomic layer deposition (ALD) is often a preferred method of forming conformal
films on a substrate, because ALD relies on adsorption of one or more reactants {precursors)
to the surface of the substrate, and on subsequent chemical transformation of the adsorbed
layer to the desired material. Because ALD uses sequential reactions that occur on the swrface
of the substrate, that are separated in time, and that are typically Himited by the amount of the
adsorbed reactant, this method can provide thin conformal lavers having excellent step
coverage.

Chemical vapor deposition {CVD) is another deposition method widely used in
semiconductor processing. fn CVD, the reaction oceurs in the volume of the process chamber
and is not limited by the amount of reactants adsorbed to the substrate. As a result, CVD-
depostted films are often less conformal than ALD-deposited films. CVD is typically used in
applications where step coverage is less important.

ALD and CVD may emplov plasma to promote the reactions of the deposition

precursors resulting in the formation of the desired films. The methods that make use of the
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5 plasma are known as plasma eshanced ALD (PEALD) and plasma enhanced CVD (PECVD).
The methods that do not employ plasma are referred to as thermal ALD and thermal CVD.
While ALD and CVD are most commeonly used for deposition of silicon-comtaining
films, such as silicon oxide, stlicon nitride, and silicon carbide, these methods are also
sutiable for deposition of some metals.
10 The background description provided herein s {or the purposes of generally
presenting the context of the disclosure. Work of the presently named inventor, {o the extent
it is described in this background section, as well as aspects of the description that may not
otherwise gualify as prior art at the time of filing, are neither expressly nor impliedly

admitted as prior art against the present disclosure.

SUMMARY

Methods for depositing metallic molybdenum via reduction of molybdenum-
containing precursors at relatively low temperatures of between about 100 and about 500 °C,
are provided. The methods make use of silicon-containing reactants to improve reduction of
20 molybdenum-containing precursors and/or to modulate selectivity of molybdenum
deposition. In some embodiments, the methods are used to deposit molybdenum metal on a
senconductor substrate that mcludes different exposed materials {e.g., exposed metal and
exposed diclectric) For example, molybderum-containing layer roay be substantially noun-
selectively deposited in a recessed feature that has exposed dielectric material at the
25 sidewalls, and an exposed metal at the bottom. Provided molybdenum deposition methods
can be used, for example, n gapfill applications. While provided methods are particularly
useful for depositing molybdenum-containing layers, they can also be used to deposit other

metals that have vaporizable precursors, such as cobalt, rutheniom, and tungsien.
In one aspect, a method of forming a molvbdenum-~contamning laver on a
30 semiconductor substrate is provided. The method mvolves: {a) providing a semiconductor
substrate having a recessed feature to a process chamber; and (b) exposing the semiconductor
substrate to a molybdenum-~containing precursor, a reducing agent, and a silicon-contaimng
reactant at a temperature of between about 100 and abowt 500 °C to reduce the molybdenurn-

containing precursor and form a molybdenum-containing layer on the semiconductor

L
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substrate, wherein the molvbdenum-containing layer comprises a layer of molvbdenum
metal. In some embodiments the formed molvbdenum-containing laver further includes a

layer comprising a sub-layer of molybdenum silicide.
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5 In some embodiments, the molvbdenum-~containing precursor 1s MoXaYm, wherein X
is achalcogen, Yis ahalogen, nis 0, Lor2, and mis 2, 3,4, Sor 6.
Exaraples of suitable molybdenum-containing precursors include MoCls, MoxCli,
Mo(:Ch, Mo(OCl or any combination thereof
In some embodiments, the silicon-containing reactant is SixRy, wherein xis 1-4, v is 4

10— 18, and each R is independently selected from the group consisting of H, a halogen, and an
alkyl. Examples of suitable silicon-containing reactants include silane, chlorosilane,
dichlorosilang, trichlorostlane, tetrachlorosilane, hexachlorodisilane, pentachlorodisilane,
tetrachlorodisilane, trichlorodisilane  dichiorodisilane, chlorodisilane, disilane or any
combination thereof.

15 In one mmplementation, the reducing agent is hydrogen (Hy) and exposure of the
semiconductor substrate to the molvbdenum-containing precursor, the reducing agent, and the
stlicon-containing reactant includes: (i) contacting the semiconductor substrate with the
stlicon-containing reactant for a period of time without delivering the molybdenum-
containing precursor to the process chamber; and (i1} after (1), contacting the semiconductor

20 substrate with the molybdenum-containing precursor and with Hz. In some embodiments the
semiconductor substrate is contacted with the molybdenum-containing precursor without
contemporaneously delivering hydrogen to the process chamber. In other embodiments, the
semiconductor substrate is contemporaneously countacted with the mwolybdenum-containing
precursor and with hvdrogen. In some embodiments the deposition method includes repeating

25 steps {1} and (i), In some embodiments step (1) imcludes sequentially contacting the
sericonductor substrate with the molybdenume-contairung precursor and with hydrogen, and
repeating the sequential contacting with the molybdenum-containing precursor and hydrogen.
In some embodiments the method further includes: {iii} contacting the semiconductor
substrate with the stlicon-countatning reactant after step (1),

30 In some implementations, the reducing agent is hvdrogen (H») and exposure of the

semiconductor substrate to the molybdenum-containing precursor, the reducing agent, and the

silicon-containing reactant includes: contemporaneously contacting the semiconductor
substrate with hydrogen, the molybdenuni-containing precwrsor and the silicon-containing

reactant.

L
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In some implementations, the reducing agent i3 hydrogen (M) and exposure of the
seniconductor substrate to the molvbdenum-containing precursor, the reducing agent, and the
stiicon-containing reactant inchudes: (i) coniacting the semiconductor substraie with hydrogen

and with the silicon-containing reactant coniemporangously; and (i) contacting the
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sermniconductor  substrate wih the  molybdenum-containing  precuwrsor  without
contemporaneously delivering the silicon-coutaining reactant to the process chamber.

In some implementations, the reducing agent is hvdrogen (Hz) and exposure of the
semiconductor substrate to the molybdenum-containing precursor, the reducing agent, and the
sitlicon-containing reactant includes: (1) contacting the semuconductor subsirate with the
molybdenum-containing  precursor and  with the  silicon-containing  reactant
contemporansously, and (i1} contacting the semiconductor substrate wih hvdrogen without
delivering the sificon-containing reactant 1o the process chamber,

In some ernbodiments the recessed feature provided on the semiconductor substrate
includes an exposed silicon-containing dielectric on sidewalls of the recessed feature, and a
metal {eg., tungsien or coball} exposed at a boitom of the recessed feature, wherein the
molybdenum-~-containung laver is deposited both on the bottom of the recessed feature and on
the sidewalls of the recessed features with a selectivity of about 1.3:1 (bottom to sidewalls) or
less. In some embodiments the method mncludes completely filling the recessed feature with
the molybdenum-containing layer, wherein the molybdenums-containing layer comprises a
molybdenum metal laver.

In some embodiments the methods provided herein are integrated with
photolithographic processing. For example, the methods may include the steps oft applying
photoresist to the semiconductor substrate; exposing the photoresist to light; pattermang the
photoresist and fransferring the pattern to the senuconductor substrate; and selectively
removing the photoresist from the semiconductor substrate. For example, such
photolithographic patterning may be used to form recessed features on the substrate prior to
deposition of the molybdenum-containing material.

in another aspect, an apparatus for processing a semiconductor substrate is provided,
where the apparatus includes (a) a process chamber, having a substrate holder for holding the
semiconductor substrate and one or more mnlets for introduction of reactants to the process
chamber; and (b} a controller comprising program mstructions for causing performance of
any of the methods provided herein. For example, program instructions may include
instructions for: on a semiconductor substrate having a recessed feature, causing cortact of
the semiconductor subsirate with a molybdenum-containing precursor, a reducing agent, and
a silicon-containing reactant at a temperature of between about 100 and about 500 °C to form
a layer of molvbdenum-containing material. For example, in some embodiments, the
program mstructions may be configured to cause: {i) contacting of the semiconductor

substrate with a silicon-containing reactant without contemporaneously delivering the
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molybdenum contaiing precursor to the process chamber; and (i) after {i} contacting the
seroiconductor substraie with the molybdenum-~containing precursor and hydrogen. fu some
embodiments the program instructions include instructions configured to cause (1)
contemporaneously contacting the semiconductor substrate with hydrogen and the silicon-
containing reaciant withowt delivering the molvbdenum-containing precursor 1o the progcess
chamber; and (i1} contacting the senmuconductor substrate with the molybdenum-containing
precursor without contemporaneously delivering the silicon-containing reactant to the process
chamber. In some embodiments, the program instructions comprise instructions configured to
cause: (1) contemporaneously contacting the semiconductor subsirate with the molvbdenum-
containing precursor and with the silicon-containing reactant without contemporaneously
dehvering hydrogen to the process chamber, and (i1} contacting the semiconducior substrate
with hydrogen without contemporaneously delivering the silicon-containing reactant to the
process chamber,

in another aspect computer machine readable medium 18 provided that includes code
for causing sieps of any of the methods provided herein. For example, code may be provided
for: on a semiconductor substrate having a recessed feature, causing contact of the
semiconductor substrate with a molvbdenun-containing precursor, a reducing agent, and a
silicon~-containing reactant at a temperature of between about 100 and about 300 °C io forma
laver of roolybdenum-containing material.

in another aspect, a svstem that includes an apparatus described herein and a stepper
is provided.

In another aspect, a method of forming a metal-containing laver (e.g., molybdenum,
tungsten, cobalt, or ruthenium containing laver) on a semiconductor substrate. is provided. In
some embodiments the method includes: (&) providing a semiconductor substrale having a
recessed feature 10 a process charober; and (b) exposing the semiconductor substraie 1o a
metal precursor {e.g., molvbdenum precursor, tingsten precursor, cobalt precursor, or
ruthenium precursor), a reducing agent, and a silicon-containing reactant at a temperature of
between about 100 and about 300 °C to reduce the metal precursor and form a metal-
containing laver on the semiconductor substrate, wherein the metal-containing layer
comprises a laver of metal {e.g, molvbdenum, tungsten, cobalt, or nehenium} in zero
oxidation state. In some embodiments, the metal-contamning laver further includes a layer of
metal silicide {e.g., molybdenum silicide, tungsten silicide, cobalt silicide, or ruthenium

silicide}.
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These and other aspecis of implementations of the subject matier described n this

specification are set forth in the accompanying drawings and the description below.

BRIEF DESCRIPTION OF THE BRAWINGS

Figures 1A-1C illusirate schematic cross-sectional views of a substrale during
deposition of molybdenum-containing films according to an emnbodiment provided herein.

Figure ZA s a process flow diagram for a method of forming molybdenum-containing
films according to an embodiment provided herein.

Figure 2B is a process How diagram for a method of forming molybdenuro-containing
films according to an embodiment provided herein.

Figure 2C is a process flow diagram {or a method of forming mwolybdenum-containing
films according to an embodiment provided herein.

Figure 2D is a process flow diagram for a method of fornming molybdenum-containing
films according to an embodiment provided herein.

Figure 3 15 a process fow diagram for a method of forming molybdenuro-containing
films according to an emnbodiment provided herein.

Figure 4 provides examples of ligands that can be used in molybdenum precursors
according to an ermbodiment provided herein.

Figure 5 provides examples of sulfur-contaiung ligands that can be used
molybdenum precursors according to an embodiment provided herein.

Figwre 6 lists exaroples of molvbdenum precursors according to an embodiment
provided herein.

Figure 7 1s a schematic presentation of an apparatus that is swmitable for depositing
molybdenum-containing films, according to an embodiment provided herein.

Figure 8 shows a schematic view of a mulfi-station processing systerm according {o an
embodiment provided herein.

Figure 9 shows a schematic view of a multi-station processing system according to an
embodiment provided herein.

Figure 10A is an expernimental plot for a comparative example illustrating on-
metal/on-dielectric molybdenum metal deposition selectivity at different temperatures for
silicon-free deposition.

Figure 10B 18 an expenimental plot illustrating on-metal/on-dielectric molvbdenum-
containing layer deposition selectivity at 400 °C for silicon-assisted deposition as a function

of SiHy pre-soak time, in accordance with embodiments presenied herein,
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Methods for depositing molybdenum-containing films on semiconductor substrates at
a relatively low temperature of less than about 550 °C, such as between about 100 °C and
about 500 °C, between about 200 °C and about 450 °C, or between about 375 °C and about
450 °C, are provided. The methods can be used, {or example, to deposit metallic
molybdenum layers and/or molybdenum silicide layers. In some embodiments the methods
are used to form a thin molvbdenum silicide layer on a subsirate, followed by deposition of a
thicker metallic molybdenum laver. Provided methods can be used, for example, for
depositing a blanket molybdenum-containing layer on a planar substrate, for depositing a
conformal molvbdenum-containing layer on a substrate having one or more recessed or
proiruding features, and for filling recessed features with molybdenum-coniaining maierials.

In some embodiments provided methods utilize reduction of a molybdenum-
containing precursor with a reducing ageni, and additionally employ a silicon-containing
reactant to assist in the reduction process. In some embodiments, provided methods wtilize
reduction of a molybdenum-containing precursor with a reducing agent, and additionally
employ a silicon-containing reactant to modulate selectivity of deposition. It was discovered
that silicon-containing reactanis can be used to minimire selectivity of deposition of
molvbdenum~-containung layers on a substrate having different exposed materials, such as
both metallic and dielectric portions. In some embodiments, the use of a silicon-containing
reactant in the deposition process results in a substantially non-selective deposition, whereas
in an absence of the silicon-contaiming reactant, molvbdenum would typically deposit on
exposed metal portions of a subsirate at a substantially higher rate than on dielectric portions.

Provided methods can be used in a vartety of applications including but not limited to
deposition of molybdenurm metal in gapfill applications, formation of conformal metallic
molybdenurs films, formation of molvbdenuro silicide. Exaroples of semiconductor device
structures that can be manufactured using provided methods include back end of the line
(BEOL) metallization structures, front end of the line (FEOL) metallization stractures, logic
metallization structures, and memory structures, such as 3D NAND and DRAM. For
example, provided methods can be used for molybdenum silicide formation in 3D DRAM
structure fabrication, and for molybdenum metallization in buried wordline DRAM. In some
embodiments the methods are used to deposit molvbdenum-containing filins having
thicknesses ranging from between about 0.5 nmto about 4 nim, and can be used for depositing

molybdenum metal in a variety of recessed features, such as features with widths of between
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5 about 1 nm and about 25 nm, depths of between about 30 nm and abowt 200 nm or more and
a vaniety of aspect ratios mcluding high aspect rattos of at least 1011, such as 30:1.

While methods provided herem are primarily lustrated with reference to deposition
of molybdenum-containing layers, they can be used for deposition of other metals that have
vaporizable precursors, such as tungsten, cobalt, and ruthemium. For example, in another

10 aspect, a method of fornung a metal-containing laver (e.g., molvhdenum, tungsten, cobalt, or
ruthenium containing layer) on a semiconductor substrate, is provided. In some embodiments
the method mcludes: (a) providing a semiconductor substrate having a recessed feature 10 2
process chamber; and (b) exposing the senuconductor substrate to a metal precursor {e.g.,
molybdenum precursor, tingsten precursor, cobalt precursor, or nuhenium precursor), a
15 reducing agent, and a silicon-conlaining reactant at a temperature of between about 100 and
about 500 °C to reduce the metal precursor and form a wetal-containing layer oo the
semiconductor substrate, wherein the metal-containing layer cormprises a laver of metal (e g.,
molybdenum, tungsten, cobali, or ruthenium) in zero oxidation state. In some embodiments,
the metal-containing layer further includes a layer of metal sihiade {(eg. molvbdenum

20 stlicide, tungsten silicide. cobalt silicide, or ruthenium silicide).
“Molyhdenum metal” or “metallic molybdenum™ as used herein, refers to material
that consists essentially of molybdenum (Mo) 1o zero oxidation state. Other elements (e.g., C,
N, or O} can be present in molvbdenum metal in small quantities {e.g., with a total content of
less than about 15 atomic %, or less than about 10%, where hydrogen is not imcluded in the
25 calculation). “High purity molybdenum metal” as used herein refers to molybdenum metal
that includes less than about 3% of other elements. such as less than about 1% of other
elements, where hydrogen is not included in the calculation. In some embodiments,
molvbdenum metal deposited by provided methods inclhudes at least a portion that is ai least
about 90% such as at least about 95%, or at least abouwt 99% pure molybdenum, where %

30 refer to weight percent.

Molybdenum silicide (MoSi) refers o a material that consists essentially of
molybdenum and sihcon, where < indicates that the stoichiometry may vary. Other elements
may be present in molybdenum silicide in small quantities, e.g, in an amount of less than

about 10% atomic, where hydrogen is exchuded from the calculation.

L
(9,

The term “semiconductor subsirate” as used heretn refers to a substrate at any stage of
seniconductor device fabrication containing a semiconducior material anywhere within its
structure. It 1s understood that the semiconductor material in the semiconductor substrate

does not need 1o be exposed. Semiconductor wafers having a plurality of layvers of other
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materials (e.g., diclectrics) covering the semiconductor material, are examples of
sermiconductor substraies.  The following detailed descripion assumes the disclosed
implementations are implemented on a semiconducior wafer, such as on a 200 mm, 300 mm,
or 450 mm semiconductor water. However, the disclosed implementations are not so limited.
The work piece may be of various shapes, sizes, and materials. In addition to semiconductor
wafers, other work pieces that mav take advantage of the disclosed iroplementations include
various articles such as printed circuit boards and the hike.

A “reducing agent”, as used herein, refers to a reactant that loses one or more
electrons i a reaction,

“Heteroleptic complexes”, as used herein, refer to compounds that contain at least two
different ligands attached to a metal center.

“Homoleptic complexes™, as used herein, refer to compounds that contain all identical
ligands attached to a metal center.

As used herein, the term “about” means +/-10% of anv recited value, unless
otherwise specified. As used herein, this term modifies any recited value, range of values, or
endpoinis of one or more ranges.

As used herein, the terms “top,” “bottom,” “upper.” “lower,” “above,” and “below”
are used to provide a relative relationship between structures. The use of these terms does
not indicate or require that a particular structure must be located at a particular location in the
apparatus.

“Substantially non-selective deposition” as used hergin refers to deposition, in which
the ratio of deposition rate on a first surface to deposition rate on a second surface
{selectivity} is between about 0.7 and about 1.3. For example, the selectivity of substantially
non-selective deposition may be about 0.9 - 1.1,

The term “silicon-assisied deposition” as used herein refers to deposition that employs
exposure of the substrate to a stlicon-containing reactant in the deposition process. Exposure
of the substrate 1o a silicon-containing reactant, a molybdenum-containing precursor, and a
reducing agent to deposit molvbdenum metal and/or molybdenum silicide 15 an example of a
stlicon-assisted deposition.

The term “silicon-free deposition” as used herein, refers to deposition that does not
make use of silicon-containing reactanis. Exposure of the substrate to a molvbdenum-
contaiming precursor and a reducing agent without exposure to silicon-containing reactant o

depostt molvbdenum metal is an example of a silicon-free deposition.

9
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The terra “sub-layer” as used herein refers {o any portion of a larger layer. For
example, a laver of a molybdenum-containing material may include a sub-laver of
molybdenum metal and a sub-layer of molybdenum silicide.

As used herein, the phrase at least one of A, B, and € should be construed to mean a
logical {A OR B OR )}, using a non-exclusive logical OR, and should not be construed to
mean ‘at least one of A, at least one of B, and at lsast one of C.

The term “acyl,” or “alkanovl,” as used interchangeably herein, represents groups of
I, 2, 3,4, 5,6, 7, 8 or more carbon atoms of a straight, branched, cyclic configuration,
saturated, unsaturated and arormatic, and combinations thereof, or hvdrogen, attached to the
parent molecular group through a carbonvi group, as defined herein.  This group is
exemplified by formyl {(~C{O}H), acetvl (Ac or -C(OMe), propionyl, isobutyvryl, butanovi,
and the like. In some embodiments, the acvl or alkanoyl group 1s -C{O)-R, in which R s
hvdrogen, an aliphatic group, or an aromatic group, as defined herein.

By “alkanovioxy™ is meant an alkanoyl group, as defined herein, attached to the
parert molecular group through an oxy group, as defined heremn. This group 15 exemplified
by acetoxy (-OAc or -OC(OMe). In some embodiments, the alkanoyloxy group is -OC{0}-
R, in which R is hydrogen, an aliphatic group, or an aromatic group, as defined herein.

By “aliphatic”™ is meant a hyvdrocarbon group having at least one carbon atom to 50
carbon atoms {Ciosa), such as one o 25 carbon atoms {Ci.25), or one 1o ten carbon atoms (Cr.
i0). and which includes alkanes {or alkyl), alkenes {or alkenyl), alkvnes (or alkynyl},
including cvclic versions thereof, and fuwther including straight- and branched-chain
arrangements, and all stereo and position isomers as well. An aliphatic group 15 unsubstituted
or substituted, e.g., by a functional group described herein. For example, the aliphatic group
can be substituted with one or more substitution groups, as described herein for alkyl.

By “aliphatic-carbonvl” is meant an aliphatic group that 1s or can be coupled to a
compound disclosed herein, wherein the aliphatic group is or becomes coupled through a
carbonyl group (-C(O}-). In some embodiments, the aliphatic-carbony! group is -C{O)-R, in
which R is an optionally substituted aliphatic group, as defined herein.

By “aliphatic-carbonyioxy” is meant an aliphatic group that is or can be coupled to
a compound disclosed herein, wherein the aliphatic group is or becomes coupled through a
carbonvioxy group (-OC(G}-3  In some embodiments, the aliphatic-carbonyloxy group is
~OC{OR, in which R 1s an optionally substituted aliphatic group, as defined herein.

By “aliphatic-oxy™ is meant an aliphatic group that is or can be coupled 1o a

compound disclosed herein, wherein the aliphatic group i3 or becomes coupled through an
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oxy group (-C(0O)-). In some embodiments, the aliphatic-oxy group 1s -0O-R, in which R is an
optionally substituted aliphatic group, as defined herein.

Bv “aliphatic-oxvcarbonvl™ is meant an aliphatic group that is or can be coupled to
a compound disclosed herein, wherein the aliphatic group is or becomes coupled through an
oxyearbonyl group (<C(OHX0-1  In some embodiments, the aliphatic-oxycarbonyl group is
~C{OYO-R, in whach R 1s an optionally substituted aliphatic group, as defined herein.

By “alkyl-aryl,” “alkenyi-arvl,” and “alkynyl-aryl” is meant an alkyl, alkenvi, or
alkynyl group, respectively and as defined herein, that i3 or can be coupled {or attached) to
the parent molecular group through an aryl group, as defived herein. The alkyl-arvl, alkenyl-
aryl, and/or alkynyl-arvl group can be substituted or unsubstituted. For example, the alkyl-
aryl, alkenyl-aryl, and/or alkynyl-arvl group can be substituted with one or more substitution
groups, as described herem for alkyl and/or arvl. Exemplary unsubstituted atkyl-arvl groups
are of from 7 to 16 carbons {Cr.1s alkyi-aryl), as well as those having an alkyl group with 1 to
6 carbons and an aryl group with 4 to 18 carbons (le, Cig alkyl-Caus arvl). Exemplary
unsubstituied alkenyi-ary] groups are of from 7 to 16 carbons (Croie alkenyi-aryi), as well as
those having an alkeny!l group with 2 to 6 carbons and an aryl group with 4 to 18 carbons
(Le, Cos alkenyi-Cyaz aryl). Exemplary unsebstituted alkynyi-aryl groups are of from 7 1o
16 carbons {Cr.ys alkynyi-aryl), as well as those having an alkynyl group with 2 to 6 carbons
and an aryl group with 4 to 18 carbouns (i.e., Cre alkynyl-Cyas arvl). In some embodiments,
the alkyvl-arvi group is -L-R, in which L is an arvl group or an arylene group, as defined
herein, and R is an alkyl group, as defined herein. In some embodiments, the alkenyl-aryl
group 15 -L-R, in which L 1s an aryl group or an arvlene group, as defined herein, and R is an
alkenyl group, as defined herein. In some embodiments, the alkynvi-arvl group 15 -L-R, m
which L is an arvl group or an arylene group, as defined herein, and R is an alkynyi group, as
defined heren.

By “alkenyl” is meant an unsaturated monovalent hvdrocarbon having at least two
carbon atom to 50 carbon atoms {C:.s0), such as two to 25 carbon atoms {Ca.23), or two to ten
carbon atoms (Cooie), and at least one carbon-carbon double bond, wherein the unsaturated
monovalent hydrocarbon can be derived from removing one hydrogen atom from one carbon
atom of a parent alkene. An alkenyi group can be branched, straight-chain, cvelic (2.g.,
cycloalkenyl), cis, or trans {eg., E or Z}. An exemplary alkenyl includes an optionally
substituted Caos alkyl group having one or more double bonds. The alkenyl group can be
monovalent or multivalent {e.g., bivalent) by removing one or more hydrogens to form

appropriate attachment to the parent molecular group or appropriate attachment between the
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parent molecular group and ancther substitution. The alkenyl group can also be substituted
or unsubstituted. For example, the alkenyl group can be substituted with one or more
substitution groups. as described herein for alkvl, Non-linuting alkenvl groups include allyl
(AL, vinyl €Vi), 1-butenyl, 2-butenvl, and the like.

By “alkoxy™ is meant ~OR, where R is an optionally substituted aliphatic group, as
described heretn. Exemplary alkoxy groups mclude, but are not limited to, methoxy, ethoxy,
n-propoxy, isopropoxy, n-butoxy, t-butoxy, sec-budoxy, n-penioxy, trihalcalkoxy, such as
wriflucromethoxy, eic. The alkoxy group can be substituted or unsubstituted. For example,
the alkoxy group can be substituted with one or more substituiion groups, as described herein
for alkvl. Exemplary unsubstitited alkoxy groups include Ci, Crs. T2, Ciats, Ciag, Cron,
or Ciug alkoxy groups.

By “alkoxyvalky]l” 1s meant an alkyl group, as defined herein, which is substituted
with an alkoxv group, as defined herein. Exemplary unsubstituted alkoxvalkyl groups
include between 2 to 12 carbons {Cr.p» alkoxyalkyl}, as well as those having an alkyl group
with 1 to 6 carbous and an alkoxy group with 1 to 6 carbous (e, Ui atkoxy-Cis alkyD). In
some embodiments, the alkoxvalkyl group is -L-O-R, in which each of L and R 15,
independently, an alkyi group, as defined herein.

]

By “alkoxycarbonyl” is meant ~-C{0)}-OR, where R 15 an opiionally substituted
aliphatic group, as descnibed herein.  In particular embodiments, the alkoxycarbonyl group is
-C(O»0OAL, in which AK is an alkyl group. as defined herein. The alkoxycarbonyi group can
be substituted or unsubstituted. For example, the alkoxycarbonyvl group can be substituted
with one or more substitution groups, as described herein for alkyl, Exemplary unsubstituted
alkoxycarbonyl groups include Czs, (Coe, Cza Con, Crie. Coas, oz, ot Corm
atkoxyearbonyi groups.

By “alkyl” s meant a saturated monovalent hydrocarbon having at least one carbon
atom 1o 50 carbon atoms {Ci-s0). such as one to 23 carbon atoms (C1as), or one to ten carbon
atoms {C1.16), wherein the saturated monovalent hydrocarbon can be derived from removing
one hydrogen atom from one carbon atom of a parent compound {e.g., alkane}. An alkyl
group can be branched, straight-chain, or cyclic (e.g., cycloalkyl} An exemplary alkyl
includes a branched or unbranched saturated hyvdrocarbon group of 1 to 24 carbon atoms,
such as methyl (Me), ethyl {(Et), n-propyl (nPr), iso-propvl (Pr), n-buiyl (nBu), so-butyl
{(iBu), sec-butvl (sBuy), tert-butyl (tBu), penivl {Pe), n-pentyl {(nPe), isopentyl (iPe), s-penty]
(sPe), neopentyl {necPe}, tert-pentyl (tPe), hexyl (Hx), heptvl (Hp), octyl {Oc), nonvi (Nn},

decyl (D), dodecyl, tetradecyl, hexadecyl, eicosyl, tetracosyl, and the hke. The alkyl group
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can also be substituied or unsubstitided. The alkyl group can be monovalent or multivalent
{e.g., bivalent} by removing one or more hydrogens to form appropriate attachment to the
parent molecular group or appropriate attachment between the parent molecular group and
another substitution. For example, the alkvl group can be substituted with one, two, three or,
in the case of alkyl groups of two carbous or more, four substituents independently selected
from the group consisting oft {1} T alkoxy {e.g., -O-R, n which R 15 Cis alkyl); (3) Cis
alkylsalfinyl {e.g., -S{0}-R, in which R is Ci¢ alkyl}; (3) Ci6 alkyisulfonyl (e.g., -SO:-R, 1n
which R is Cig alkyl); (4) amino (e.g., -NRIR?, where each of R! and R? is, independently,
selected from hydrogen, aliphatic, heteroaliphatic, haloaliphatic, halohetercaliphatic,
aromatic, as defined herein, or any combination thereof, or R' and R®, taken together with the
nitrogen atom o which each are attached, can form a heterocyelyl group, as defined herein);
(5) aryl; {6y arvialkoxy {e.g, -O-L-K, 1o which L is alkyl and R is avl);, (7) awvloyl {eg.,
~C{O}R, in which R is arvl); (&) azido {e.g., -N3); {9} cvano (e.g., -CN}; {(10) aldehyde {e.g..
~C(OM); (11) Cag cveloalkyl: {12} halo; {13} heterocyclyl (e.g., as defined herein, such as a
5-, 6~ or 7-membered ring containing one, fwo, three, or four non~carbon heteroatoms); (14)
heterocvelyloxy {eg, -O-R, in which R is heterocyclyl, as defined herein);
(13) heterocyclylovl (eg. -C{O)-R, in which R is heterocyclyl, as defined herem);
{16} hvdroxyl {e.g., -OH); (17} N-protected amino, (18) mitro (e.g., -NOG2); (19) oxo {e.g,
=0}, (203 Cis thicalkvl {e.g., -S-R, in which R is alkyl}; (21) thiol {e.g., -SH); (22) -CO:R!,
where R! is selected from the group consisting of (a) hydrogen, (b} Ci¢ alkyl, (¢} Cuas aryl,
and (d) Cars arvi-Cig alkyl (gg., -L-R, in which L is Cig abkyl and R is Cap aryl); (23)
-C(OWRIR’, where each of R! and R? is, independently, selected from the group consisting
of {a) hyvdrogen, (b} Ci.s alkyl, (¢) Ceus arvl, and (d) Cyo1e arvi-Cie alkyl (e g.. -L-R, in which
L is Cie atkyl and R is Ceas arvl) (24) -SO:RY, where R' is selected from the group
consisting of (a) Cie alkyl, (b) Cas arvl, and (¢} Coap aryl-Cis alkyl (e.g, -L-R, 10 which L
is C1.¢ alkyl and R is Cys aryl)y: (25) -SONR'R?, where each of R* and R? is, independently,
selected from the group consisting of {a) hydrogen, (b} Ci alkyl, {¢) Csas arvl, and (d) Csiz
aryl-Cr alkvi (g, -L-R, in which L is Ci alkyl and R is Caas arvl); and (26) -NRIR?,
where each of R' and R® is, independently, selected from the group consisting of {a)
hydrogen, (b) an N-protecting group, (¢} Cis alkyl, (d) Cos alkenyl, (e) Cas alkynvl, () Caus
aryl, {(g) Cooz arvi-Cig alkyl (&g, ~L-R, in which L 1s Ci6 alkyl and R 15 Cyap arvl), (h) Cas
cycloalkvl, and (i) Caa cycloalkyl-Cis alkyl {e.g., ~L-R, m which L is Cis alkvl and R is Cas
cyvcloalkyl), wherein in one embodiment no two groups are bound to the nitrogen atom

through a carbony! group or a sulforvl group. The alkyl group can be a primary, secondary,
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or tertiary alkyl group substituted with one or more substituents {e.g., one or more halo or
alkoxy}  In some embodiments, the unsubstituted alkyl group is a Cia, Crs, Cio2, Cras, Co-
1%, C1an, or Craq alkyl group.

By “alkylene,” “alkenviene,” or “alkynylene” is meant a muultivalent {e.g., bivalent}
form of an alkyl, alkenyl, or alkynyl group, respectively, as described herein.  Exemplary
alkylene groups include methylene, ethylene, propylene, butylene, etc.  In some
embodiments, the alkylene group is a Cis, Crs, Craz, Cras, Crag, Tia, Trag, oz, Co, Crz,
Cras, Crar, Crao, 08 Caos alkylene group. In other embodiments, the alkylene group is a Caus,
Crs, Comz, Coas, Cras, Cooe. of Ciroe alkenylene or alkynvlene group.  The alkylene,
alkenylene, or alkynylene group can be branched or unbranched. The alkviene, alkenylene,
or alkynylene group can also be substituied or unsubstituted. For example, the alkylene,
alkenylene, or alkynvlene group can be substituted with one or more substitution groups, as
described herein for alkyl.

By “alkylsulfinyl” is meant an allvl group, as defined herein, attached to the parent
molecular group through an -8{0)- group. In some embodiments, the unsubstituted
alkvisulfinvl group is a Cis or Crae alkvisulfinyl group. In other embodiments, the
alkvisulfinvl group is -S{(O)-R, in which R 1s an alkyl group, as defined herein.

By “alkvisulfinvialkyl” is wmeant an alkyl group, as defined herein, substituted by an
alkylsulfinyl group. In some embodiments, the unsubstituted alkyvisulfinylalkyl group 15 a
Coaz or Coog alkylsulfinylalkyl group (e.g., Crs alkvisulfinvi-Cie allyl or Cop alkylsulfinyl-
Ciz alkyl). In other embodiments, the alkyisulfinvialkyl group is -L-S{O}-R, in which each
of L and R s, independently, an alky! group, as defined herein.

By “alkvisulfonyl” is meant an alkyl group, as defined herein, attached to the parent
molecular group through an -850~ group. In some embodiments, the unsubstituted
alkylsulforyl group s a Cis or Cipp alkyvlsulfonyl group.  In other embodipents, the
alkylsulfonyl group is -8O;-R. where R is an optionally substituted alkyi {e.g., as described
herein, including optionally substituted Ci.1z alkyl, haloalkyl, or perfluoroalkyl}.

By “alkylsalfonylalkyl” s meant an alkyl group, as defined herein, substituted by an
alkyisulfony! group. In some embodiments, the unsubstituted alkyisulfonylalkyl group is a
Cop or Czoe akvisulfonylalkyvl group (eg. Cis alkylsulfonyl-Cis alkyl or Cianz
alkyvisulfonyl-Cipp alkyl), Tn other embodiments, the alkylsulfonylaliyl group is ~-L-802-R,
n which each of L and R is, independently, an alkvl group, as defined herein.

By “atkynyl™ is meant an unsaturated monovalent hvdrocarbon having at least two

carbon atom 1o 50 carbon atoms {Ca-se), such as two to 25 carbon atoms (Caas), or two 1o ten
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carbon atoms {Cz.ae), and at least one carbon-carbon friple bond, wherein the unsaturated
mouvovalent hvdrocarbon can be derived from removing one hydrogen atom from one carbon
atom of a parent alkyne. An alkynyl group can be branched, straight-chain, or cvelic {eg.,
cycloalltynyl). An exemplary alkynyl includes an optionally substituted Czo4 alkyl group
having one or more iriple bonds. The alkynyl group can be cvclic or acvelic and is
exemplified by ethyoyl, I-propynyl, and the like. The alkvnyl group can be monovalent or
multivalent {(eg. bivalent} by removing one or more hydrogens to form appropriate
attachment to the parent molecular group or appropriate attachment between the parent
molecular group and another substitution. The alkynyl group can also be substituted or
unsubstituted.  For example. the alkynyi group can be substitited with one or mwore
substitution groups, as described herein for alkyl

By “ambient temperature” is meant a temperature ranging from 16° C to 26° C,
such as from 19° C 10 25° C or from 20° C 10 25° C.

By “amide” is mean -C{ONR'R® or -NHCOR!, where each of R' and R’ is,
independently, selected from hydrogen, aliphatic, hetercaliphatic, aromatic, as defined herein,
or any combination thereof, or where R' and R®, taken together with the nitrogen atom to
which each are attached, can form a heterocyclvl group, as defined herein.

By “aming” is meant -NR'R?, where each of R! and R’ is, independently, selected
from hydrogen, optionally substituted aliphatic, optionally substituted heteroalipbatic,
optionally substituted aromatic, optionally substituted hetercaromatic, optionally substituted
silvl, or optionally substituted silyloxy, as defined herein, or any combination thereof, or
where R! and R?, taken together with the nitrogen atom to which each are attached, can form
a heterocyelyl group, as defined herein. In particular embodiments, each of R’ and R’ is,
independently, H, optionally substituted allyl, optionally substituied alkoxy, optionally
substiuted arvl, optionally substituted aryloxy, optionally substituted alkvl-arvl, optionally
substituted aryl-alkyl, optionally substituted silyl, or optionally substituted sivioxy. In
particular embodiments, R' and R’ can be taken together, with the nitrogen atom to which
cach 13 attached, to form an optionally substituted heterocvelvl

By “aminoalky!” is meant an alkyl group, as defined herein, substituted by an amino
group, as defined herein. In some embodiments, the aminoalkvi group is -L-NR'R?, in which
L is an alkyl group, as defined herein, and each of R! and R’ is, independently, selected from
hyvdrogen, aliphatic, hetercaliphatic, or aromatic, as defined herem, or any combination
thereof. or R and R?, taken together with the nitrogen atom to which each are atiached, can

form a heterocvelyvl group, as defined herein.  In other emabodiments, the aminoalkyt group is
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-L-CONRIRZRY-R®, in which L is a covalent bond or an alkyl group, as defined herein; each
of R' and R? is, independently, selected from hydrogen, aliphatic, heteroaliphatic, or
aromatic. as defined herein, or any combination thereof: or R' and R?, taken together with the
nitrogen atom to which each are attached, can form a heterocyciyl group, as defined herein;
and each of R? and R* ig, independenty, H or alkyl, as defined herein.

By “aminooxy” is roeant an oxy group, as defined herein, substituted by an amino
group, as defined herein. In some embodiments, the aminooxy group is -O-NR'R?, in which
each of R! and R? is, independently, selected from hydrogen, optionally substituted aliphatic,
optionally substituted heteroaliphatic, optionally substituied aromatic, optionally substituted
heteroaromatic, optionally substituted silyi, or optionally substituted silyloxy, as defined
herein, or any combination thereof or R' and R’, taken together with the nitrogen atom to
which each are attached, can form a heterocyely! group, as defined herein.  In particular
embodiments, each of R! and R” is, independently, H, optionally substituted alkyl, optionally
substituted alkoxy, optionally substituted arvl, optionally substituted aryloxy, optionally
substituted alkvl-arvl, optionally substituted arvl-alkvl, optionally substituted silvl, or
optionally substituted silyloxy.

By “aromatic” is meant a cyclic, conjugated group or moiety of, unless specified
otherwise, from § to 15 ring atoms having a single ring {e.g., phenyl} or multiple condensed
rings n which at least ove ring 18 aromatic (e.g., naphthyl, indolyl, or pyrazolopyridinyl); that
15, at least one ring, and optionally multiple condensed rings, have a continuous, delocalized
n-electron svstem.  Typically, the number of out of plane n-elecirons corresponds to the
Huckel rule (4n+2). The pont of attachment to the parent structure tvpically is through an
aromatic portion of the condensed ring system. An aromatic group is unsubstituted or
substituted, e.g., bv a functional group described herein.  For example, the aromatic group
can be substituted with one or more substifution groups, as described herein for altkyvl and/or
arvl.

By “aromatic-carbonyl” is meant an aromatic group that is or can be coupled to a
compound disclosed heremn, wherein the aromatic group is or becomwes coupled through a
carboryl group (-C{(0)-). In some embodiments, the aromatic-carbonyl group 1s -C{O}R, in
which R is an optionally substituted aromatic group, as defined herein.

By “aromatic-carbonyloxy™ is meant an aromatic group that is or can be coupled to
a compound disclosed herein, wherein the aromatic group 1s or becomes coupled through a
carbonyloxy group (-OC{0)-). In some embodiments, the aromatic-carbonyloxy group is

-OC{0)-R, in which R is an optionally substituted aromatic group, as defined herein.
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By “aromatic-oxy” i3 meant an aromatic group that is or can be coupled to a
compound disclosed herein, wherein the aromatic group is or becomes coupled through an
oxy group {-0-). In some embodiments, the aromatic-oxy group is ~O-R, in which R is an
optionally substituted aromatic group, as defined herein.

By “aromatic-oxycarbonyl” is meant an aromatic group that is or can be coupled to
a compound disclosed herein, wherein the aromatic group 1s or becomes coupled through an
oxycarbonvi group (-C{(G¥G-). In some embodiments, the aromatic-carbonyl group is
-C(O)0-R, in which R is an optionally substituted aromatic group, as defined herem.

By “aryl” 1s meant an aromatic carbocvchic group comprismg at least five carbon
atoms to 15 carbon atoms {Cs.is), such as five to ten carbon atoms {Cs.i0), having a single
ring or muliiple condensed rings, which condensed rings can or may not be aromatic
provided that the poing of attachment to a remaining postiion of the compounds disclosed
herein 1s through an atom of the aromatic carbocyclic group. Arvl groups may be substituted
with one or more groups other than hydrogen, such as aliphatic, heteroaliphatic, aromatic,
other funciional groups, or anv combination thereof Exemplary aryl groups include, but are
not limited to. benzyl, naphthalene, phenyl, biphenyl. phenoxybenzene, and the like. The
term aryl also includes heteroarvi, which is defined as a group that contains an aromatic
group that has at least one heteroatom incorporated within the ring of the aromatic group.
Examples of heteroatoms include, but are not himited to. nitrogen, oxygen, sulfur, and
phosphorus.  Likewise, the term non-hetercarvl, which is also included in the term aryl,
defines a group that contains an aromatic group that does not contain a heteroatom. The aryl
group can be substituted or unsubstituted. The arvl group can be substituted with one, two,
three, four, or five substituents independently selected from the group consisting of: (1} Cis
alkanoyl (e.g., -C{O)}-R, in which R is Cy.s alkyly, (23 Cie atkyl; (33 Cie alkoxy (e.g., -O-R,
i which Ris Cre alkyl); (4) Cig alkoxy-Cis alkyl {e.g., -L-0O-R, in which each of L and R 15,
independently, Cig alkyl), (53 Cis alkylsulfinyl {e.g, -S{O}-R, in which R 15 Ci¢ alkyl};
(63 Ci alkvisulfinyi-Crs alkyl {e.g., -L-S(03-R, in which each of L and R is, independently,
Cis alkyly, (7) Cis alkyvlsulforvl {eg, -80:-R, i which R i3 Cie akvl), (8) Cis
alkyisulfonyl-Cis alkyl {e.g, -L-802-R, in which each of L and R is, independently, Ci¢
atlyl); (9) arvl; (10) amino {e.g., -NR'R?, where each of R! and R? is, independently, selected
from hydrogen, aliphatic, hetercaliphatic, haloaliphatic, haloheteroaliphatic, aromatie, as
defined herein, or any combination thereof or R' and RZ, aken together with the nitrogen
atom to which each are attached, can form a heterocyelyl group, as defined herein); (11) Cis
aminoalkyl {e.g., -LLNRIR? or -LACINRIRHRHY-RY, in which LY is Cre alkyl; L2 is a
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covalent bond or Cre alkyl: each of R! and R? is, independently, selected from hydrogen,
aliphatic, heteroaliphatic, haloaliphatic, haloheteroaliphatic, aromatic, as defined herein, or
any combination thereof, or R! and R?, taken together with the nitrogen atom to which each
are attached, can form a heterocyclyl group, as defined herein: and each of R’ and R* is,
independently, H or Cie alkyvl): (12) heteroarvl; (13} Caugs arvi-Crs alkyl (e g, -L-R, in which
Las Crg alkyl and R s Cyas aryl); (14) arviovl {e.g., ~-C{O}-R, in which R s arvl); (15) azido
{e.g., -Nzy; {16} cyano {e.g., -CN); {17) C1s azidoalkyl (e.g., -L-Ns, in which L is Ci allvl};
(18} aldehyde (e.g., -C(OH), (19) aldehvde-Cis alkyl (eg., -L-CIOMH, tn which L s Cis
alkyly; (203 Csp cveloalkyl; (21) Cas cycloalivl-Cre alkyl (e.g., -L-R, in whach L 15 Crg alkyl
and R is Css cycloalkyly; (22) halo; (23) Cis hatoalkyl (e.g.. -L'-X or -LEACOORN-R% 1n
which L is Cig alkvl: L7 is a covalent bond or Cis alkyl; X is fluore, bromo, chioro, or todo;
and each of R! and R? is, independently. H or Cre alkvl): (24) heterocyelyl (e.g., as defined
herein, such as a 5-, 6- or 7-membered ring containing one, two, three, or four non-carbon
heteroatoms), (25) heterocyclyloxy {e.g., -0O-R, in which R is heterocvelyl, as defined
herem), (26) heterocyclylovl {e.g.. ~-C{O)-R, in which R is heterocvelyl, as defined herein);
{(27) hydroxy! (-OH); (28) Ci.s hvdroxyalkyl (e.g., -L'-OH or -L2-C(OH)®)-R’, in which L'
is Crs atkyl; L is a covalent bond or alkyl; and each of R! and R? is, independently, Hor Cr6
atkyl, as defined herein), {29) nitro; (30) C s mitroalkyl {e.g., -L-NO or -L2CONOHR R
in which L' is Cis alkyl; L7 is a covalent bond or alkyl; and each of R' and R? is,
independently, H or Ci alkyl, as defined herein); (31} N-protected amino; (32} N-protected
amino-Crg alkvl (33} oxo {e.g., =0}, (34} Cis thioalkyl e.g., -5-R, in which R 1s T4 alkyly;
(35) thao-C1 alkoxy-Cis alkvl {e.g., ~-L-8-R, in which each of L and R 15, independently, C1s
alkyh); (36) -(CH)COHR', where r is an integer of from zero to four, and R' s selected from
the group consisting of (a) hydrogen, (b} C1 alkyl, (¢} Cyaups aryl, and {d} Caas aryl-Cig alkyl
{e.g, -L-R, in which L is Ci6 alkyl and R is Caas aryl); 37) «(CH)CONRIR?, where 1 1s an
integer of from zero to four and where sach R' and R’ is independently selected from the
group consisting of (a) hvdrogen, {b) Cis alkyl, (¢} Cais aryl, and (d) Cus arvi-Cis alkyl
{eg., -L-R, n which L 15 Cis alkyl and R is Caupp arvi); (38) C{CHNSORE where 1is an
integer of from zero to four and where R’ is selected from the group consisting of {a} Cis
atkvl, (b) Caas aryl, and (¢} Cos aryi-Crs alkyl (g, -L-R, in which L is Cis alkvl and R is
Caas arvl): (39) -(CH).SONRIR?, where r is an integer of from zero to four and where each
of R! and R? is, independently, selected from the group consisting of (a) hydrogen, (b) C1s
alkyl, (¢} Cy-ts arvl, and (d) Caas arvi-Crs alkyl {e.g., -L-R, in which L 15 C16 alkyl and R is

Caas aryly; (40) -(CH2INRIR?, where 1 is an integer of from zero to four and where each of
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R and R? is, independentlv, selected {rom the group consisting of {a) hvdrogen, (b) an N-
protecting group, {¢) Cis alkyl, (d) Cos alkenyl, () Cow alkvoyl, () Coag arvl, {g) Caas aryl-
Ciealkyl (e, -L-R, in which L is C1 alkyl and R is Cyas arvl). (h) Cag cycloalkyl. and ()
(Csg cycloalkyl-Crs alkyl (e.g., -L-R, in which L i3 Cis alkyl and R is Csx cycloalkyl),
wheretn in one embodiment no two groups are bound to the nitrogen atom through a carbonyl
group or a sulfonyl group, (41) thiol {e.g.. ~-SH), (42) perfluorcalkyl (e.g., ~(CF:3.LF3, in
which n is an integer from 0 to 10); (43} perfluorcalkoxy (eg., ~O~(CF2).{Fs, in which n is
an nteger from O to 10); (44} aryloxy {e.g., ~O-R, in which R 15 arvl); (45) cycloalkoxy {e.g.,
-0-R, o which R 1s cveloalkyl); (46) cycloalkylatkoxy (e.g., ~O-L-K, in which L 15 alkyl and
R is cycloalkyl);, and (47) arvlalkoxy {e.g., -O-L-R. in which L is alkyl and R is arvl) In
particular embodiments, an unsubstituted arvi group 1s a Cuar, Caae, Caa, Caan, Coas, Tsoig,
Co-12, ot Couro aryl group.

By “arvl-alkyl” “aryl-alkenvl” and “aryl-alkvnvl” is meant an aryl group, as
defined herein, that is or can be coupled {or aitached) to the parent molecular group through
an atkyl, alkenvl, or alkvnyl group, respectively, as defined herein.  The arvl-alkyl, arvl-
alkenyl, and/or aryl-alkynyl group can be substituted or unsubstituted. For example, the aryl-
alkvl, arvi-alkenyl, and/or arvi-alkynyl group can be substitited with one or more substitution
groups, as descnibed herein for aryl and/or alkyl., Exemplary unsubstituted arvi-alkvl groups
are of frorn 7 to 16 carbons (Crs arvi-alkyl), as well as those having ao arvl group with 4 1o
I8 carbons and an alkyl group with 1 to 6 carbons {ie, Cuas arvl-Cis alkyl), Exemplary
unsubstituied arvi-alkeny] groups are of from 7 to 16 carbons {Cr.is aryi-alkenyl), as well as
those having an aryl group with 4 o 18 carbons and an alkenyl group with 2 to 6 carbons
(i.e, Cias aryl-Cas alkenyly. Exerplary unsubstituted arvi-alkynyl groups are of from 7 to
16 carbons (Cr.is aryl-alkynyl), as well as those having an arvl group with 4 to 18 carbons
and an alkvnyl group with 2 to 6 carbons (e, Ciw avl-Cis alkvnyl). o sowe
embodiments, the aryi-alkyl group s -L-R, in which L is an alkyl group or an alkviene group,
as defined herein, and R is an aryl group, as defined herem. In some embodiments, the arvi-
atkenyl group s -L-R, in which L is an alkenvyl group or an alkenylene group, as defined
herein, and R is an aryl group, as defined herein. In some embodiments, the aryl-alkynyl
group is -L-R, in which L is an alkyny! group or an alkynylene group, as defined herein, and
R is an arv] group, as defined herein.

By “arviene” 1s meant a multivalent {e.g., bivalent) formo of an aryl group, as
described herein. Exemplary arylene groups include phenylene, naphthylene, biphenyiene,

triphenviene, diphenvl ether, acenaphthenviene, anthrylene, or phenanthiviene. In some
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embodiments, the arviene group 18 8 Caas, Caora, Caaz, Caao, Toax, Coua, Con, o Coio
arylene group. The arviene group can be branched or unbranched. The arvlene group can
also be substituted or unsubstituted. For example, the arvlene group can be substituted with
one or more substitution groups, as described herein for aryl.

By “arylalkoxy” is meant an arvl-alkyl group, as defined herein, attached to the
parent molecular group through an oxygen atorn.  In some embodiments, the arvlalkosy
group is --L-R, in which L is an alkyl group, as defined herein, and R is an arvi group, as
defined herein.

By “arvloxy” is meant ~OR. where R is an optiovally substituted arvl group, as
described herein.  In some embodiments, an unsubstituted arvioxy group is a Csag or Ceas
aryloxy group. In other embodiments, R is an aryl group that is optionally substituted with
alkyl, alkanovl, amano, hvdroxyl, and the like.

By “arvloxycarbonyl” is meant an arvloxy group, as defined herein, that is attached
to the parent molecular group through a carbonyl group. In some embodiments, an
unsubsiituied arvioxycarbonyl group 15 a8 Csav awvloxyvearbomyl group. In other
embodiments, the arvloxyearbonyl group 1s -C{O)Y0-R, in which R 15 an arvl group, as
defined herein.

By “arvloy]” is meant an aryl group that s attached 1o the parent molecular group
through a carbonyl group. In some embodiments, an unsubstituied arviovl group 1s a Cran
arvioyl or Cs.ie aryloyl group. In other embodiments, the arvioyl group is -C{0}-R, in which
R is an arv] group, as defined herein.

By “arviovioxy” is meant an arviovl group, as defined herein, that 15 attached to the
parent molecular group through an oxy group. In some embodiments, an unsubstituted
aryloyloxy group is a Cs.pe arviovioxy group. In other embodiments, the arvioyloxy group is
~OC(O-R, in which R is an arvl group, as defined herein.

By “azido” is meant an -Ns group.

By “azidoaltky!” is meant an anido group attached to the parent molecular group
through an alkyl group, as defined herein. In some embodiments, the azidoatky! group is -L-
N3, in which L s an alkyl group. as defined herein.

By “azo” is meant an -N=N- group.

By “carbamoyl” i1 meant an amino group attached io the parent molecular group
through a carbonyl group, as defined herein.  In some embodiments, the carbamovl is
-C(ONR'R? group, where each of R' and R? is, independently, selected from hydrogen,

optionally substituted aliphatic, optionally substituted hetercaliphatic, optionally substituted

20



10

20

30

L
(9,

WO 2023/114648 PCT/US2022/080863

aromatic, optionally substituted heteroaromatic, optionally substituted silyl, or optionally
substituted silyloxy, as defined herein, or any combination thereof: or where R! and RZ, taken
together with the nitrogen atom to which each are attached, can form a heterocyclyvl group, as
defined herein.

By “carbamoyloxy” is meant a carbamovl group, as defined herein, attached to the
parent molecular group through n oxy group, as defined herein. In some embodiments, the
carbamoyl is -OC{OINR'R? group, where each of R' and R? is, independently, salected from
hydrogen, optionally substituted aliphatic, optionally substitted heteroaliphatic, optionally
substituted aromatic, ophionally substituted heteroaroroatic, optionally substituted silvl, or
optionally substituted silvioxy, as defined herein, or any combination thereof, or where R!
and R?, taken together with the nitrogen atom to which each are attached, can form a
heterocyclyl group, as defined herein

By “carbonimidovl” is meant a -C{NR}~ group. In some embodiments, R is selected
from hydrogen, optionally substituted aliphatic, optionally substituied heteroaliphatic,
optionally substituted aromatic, optionally substituted hetercaromatic, optionally substituted
stivl, optionally substituted alkyl, optionally substituted aryl, optionally substituted alkyi-arvi,
or optionally substituted arvi-alkvl, optionally substituted silyloxy, as defined herein, or any
combination thereof.

By “carbonvi” is meant a ~C{0}- group, which can also be represented as >C=0,

By “carboxyl” is meant a -CO;H group or an anion thereof.

By “catalyst” i meant a compound, usually present in small amounts relative to
reactants, capable of catalyzing a synthetic reaction, as would be readily undersiood by a
person of ordinary skill in the art. In some embodiments, catalysts may include transition
metal coordination complex.

By “cyanato” s meant a ~-OCN group.

By “cyvano™ is meant a -UN group.

By “cvecloaliphatic” is meant an aliphatic group, as defined herein, that is cyclic.

By “cycloalkoxy”™ 13 meant a cycloalkyl group, as defined herein, attached to the
parent molecular group through an oxygen atom. In some embodiments, the cycloatkoxy
group is -O-R, in which R 18 a cycloalkyl group, as defined herein.

By “cycloalkylalkoxy”™ 15 meant a ~-0-L-R group, in which L 1s an alkvl group or an
alkylene group, as defined herein, and R 1s a eycloalkyl group, as defined heremn.

By “cveloalkyl™ is meant a monovalent saturated or unsaturated non-aromatic cvelic

hydrocarbon group of from three to eight carbons, unless otherwise specified, and i3
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exemplified by cyclopropyl, ecyclobuivl, cyclopentyl, cyclohexyl, eycloheptyl,
bicyclof2.2.Lhepivl], and the hike.  The cycloalkyl group can also be substituted or
unsubstituted.  For example, the cycloalkyl group can be substituted with one or more groups
including those described herein for alkyl. Further, cycloalkyl may include one or more
double bonds and/or triple bonds.

By “cyvcloheteroaliphatic” is roeant a heteroaliphatic group, as defined herein, that is
cyclie.

By “disilanyl” i3 meant a group containing an Si-St bond. In some embodiments,
the disilanyl group is a -SIRMIRS-SIRPRMRS or -SIRSRSLGIRE R group, in which each
of R¥, RY RS R™ and R is, independently, H, optionally substituted aliphatic. optionally
substituted  heteroaliphatic, optionally  substituted aromatic, optionally  substituted
heteroaromatic, or optionally substituted aromno.

By “disulfide” is meant -SSR, where R is selected from hydrogen, aliphatic,
heteroaliphatic. haloaliphatic, haloheteroaliphatic, aromatic, as defined herein, or any
combination thereof

By “electron-donating group”™ is meant a functional group capable of donating at
least a portion of ifs electron density into the ring to which it is directly attached, such as by
resonance.

By “electron-withdrawing group” is meant a functional group capable of accepting
electron density from the ring to which it is directly attached, such as by inductive electron
withdrawal.

By “hale” is meant F, Cl, Br, or L

By “chalcogen” 1s meant, O, 8, Seor Te.

By “haloaliphatic” is meant an aliphatic group, as defined herein, in which one or
more hydrogen atoms, such as one to 10 hydrogen atoms, mdependently is replaced with a
halogen atom, such as fluoro, bromo, chloro, or 1odo.

By “haloalkyvl™ is meant an alkyl group, as defined hercin, where one or more
hydrogen atoms, such as one to 10 hvdrogen atoms, independently i3 replaced with a halogen
atom, such as fluoro, bromo, chloro, or iodo. In an independent embodiment, haloalkyl can
be a -CX5 group, wherein each X independently can be selected from fluoro, bromo, chloro,
oriodo. In some embodiments, the haloalkyl group is -L-X, in which L is an alkyl group, as
defined herein, and X 1s fluoro, bromo, chloro, or iodo. In other embodiments, the haloalky]

group is -L-CXO(RY-R?, in which L is a covalent bond or an alkyi group, as defined herein;
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X is fluoro, bromo, chloro, or iodo; and each of R and R? is, independently, H or alkyl, as
defined herein.

Bv “halohetercaliphatic” is meant a heteroaliphatic, as defined herein, in which one
or more hydrogen atoms, such as one to 10 hydrogen atoms, independently is replaced with a
halogen atom, such as fluoro, bromo, chloro, oriode.

By “heteroaliphatic” s meant an aliphatic group, as defined herein, mncluding at
lzast one hetercatom to 20 heteroatoms, such as one to 15 hetercatoms, or ong {o 3
hetercatoms, which can be selected from, but not limited to oxygen, nitrogen, sulfur, silicon,
boron, selemium, phosphorous, and oxidized forms thercof within the group. A
heteroaliphatic group 15 unsubstitited or substituted. e.g., by a functional group described
herein.  For example, the heteroaliphatic group can be substituted with one or more
substitution groups, as described herem for alkvl

By “heteroaliphatic-carbonyl” is meant a heteroaliphatic group that is or can be
coupled to a compound disclosed herein, wherein the hetercaliphatic group is or becomes
coupled through a carbonyl group (-C{0}-). In some embodirnents, the heteroaliphatic-
carbonyl group is -C{0)-R, in which R is an optionally substituted hetercaliphatic group, as
defined herein.

By “heterpaliphatic-carbonvioxy™ 18 meant a heteroaliphatic group that is or can be
coupled to a compound disclosed herein, wherein the heteroaliphatic group is or becomes
coupled through a carbonyloxy group (-OC(0)-). In some embodiments, the heteroaliphatic-
carbonyloxy group is -0C(O)-R, in which R is an optionally substituted heteroaliphatic
group, as defined herein.

By “heteroaliphatic-oxy” 15 meant a heteroaliphatic group that is or can be coupled
to a compound disclosed herein, wherein the heteroaliphatic group is or becomss coupled
through an oxy group (-C(0)-). In some embodiments, the heteroaliphatic-oxy group s -O-
R, in which R is an optionally substituted hetercaliphatic group. as defined herein.

By “heteroaliphatic-oxycarbonyl” is meant a heteroaliphatic group that is or ¢an be
coupled to a compound disclosed herein, wherein the heteroaliphatic group is or becomes
coupled through an oxyecarbonyl group (-C(O)YO-) in some embodiments, the
heteroaliphatic-oxycarbonyl group is -C{O)O-R, in which R is an optionally substituted
heteroaliphatic group, as defined herain,

By “heteroalkyl,” “heteroalkenyl,” and “heteroalkyvovl™ is meant an alkyl, alkenyl,
or alkynvl group (which can be branched, straight-chain, or cyclic), respectively, as defined

herein, inchuding at least one heteroatom to 20 heteroatoms, such as one 1o 15 heteroatoms, or
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5 oneto S heteroatoms, which can be selected from, bui not limited to, oxygen, nitrogen, sulfix,
silicon, boron, selenium, phosphorous, and oxidized forms thereof withan the group.

o

By “heteroalkylene,” “heteroalkenylene,” and “hetercalkynylene” is meant a

multivalent {e.g., bivalent} form of a heteroalkyl, hetercalkenyl, or heteroalkynyl group,
respectively, as described herein,

10 By “heteroaromatic” is meant an aromatic group, as defined herein, including at
least one heteroatom to 20 heteroatoms, such as one to 15 heteroatoms, or one fo 3
hetercatoms, which can be selected from, but not limited to oxygen, nitrogen, sulfur, silicon,
boron, selemium, phosphorous, and oxidized forms thercof within the group. A
heteroaromatic group is unsubstituted or substituted, e.g., by a functional group described

1S herein. For example, the heteroaromatic group can be substiiuted with one or more
substitution groups, as described herein for alkvl and/or arvl.

By “heteroaromatic-carbonyi” is meant a heteroaromatic group that is or can be
coupled to a compound disclosed herein, wherein the heteroaromatic group is or becomes
coupled through a carbonyl group (<C{0O})-).  In some embodiments, the heteroaromatic-

20 carbonyl group is -C{0)-R, in which R is an optionally substituted heteroaromatic group, as
defined herein.

By “heteroaromatic~carbonyloxy™ i1s meant a heteroaromatic group that is or can be
coupled to a compound disclosed herein, wherein the hetercaromatic group s or becomes
coupled through a carbonyioxy group (-OC(0}-}.  In some embodiments, the hetercaromatic-

25 casbonvioxy group is -OC(O)-R, in which R is an optionally substiiuted hetercaromatic
group, as defined herein.

By “heteroaromatic-oxy™ 1§ meant a heteroaromatic group that is or can be coupled
to a compound disclosed herein, wherein the hetercaromatic group is or becomes coupled
through an oxy group (-0-). In some embodiments, the heteroaromatic-oxy group 1s -O-R, in

30 which R is an optionally substituted hetercaromatic group, as defined herein.

By “hetercaromatic-oxycarbonyl”™ is meant a heterocaromatic group that is or ¢an be
coupled to a compound disclosed herein, wherein the heteroaromatic group i3 or becomes
coupled through an oxyecarbonyl group (-C(O)YO-) in some embodiments, the

heteroaromatic-carbonyvl group is -C{O)-R, in which R s an optionally substituted

L
(9,

hetercaromatic group, as defined herein.
By “heteroarvl” 15 meant an arvl group including at least one heteroatom to six
heteroatoms, such as one to four heteroatoms, which can be selected from, but not limited to,

oxygen, nitrogen, sulfin, silicon, boron, selemum, phosphorous, and oxidized forms thereof
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5 within the ring.  Such heteroaryl groups can have a single ring or multiple condensed rings,
where the condensed rings may or may noi be aromatic and/or contain a heteroatom,
provided that the point of attachruent is through an atom of the aromatic heteroaryl group.
Heteroaryl groups may be substituted with one or more groups other than hyvdrogen, such as
aliphatic, heterocaliphatic, aromatic, other functional groups, or any combination thereof. An

10 exemplary heteroaryl includes a subset of heterocvelvl groups, as defined herein, which are

aromatic, 1.e., they contain 4n+2 pi electrons within the mono- or multicvelic ring system.

By “heteroarvieng” i1 meant a multivalent {e.g., bivalent} form of a heteroarvl
group, as described herein

By “heteroatom”™ 15 meant an atom other than carbon, such as oxygen, nitrogen,

1S sulfur, silicon, boron, selenium, or phosphorous. In particular disclosed embodiments, such

as when valency constramis do not permit, a heteroatom does not include a halogen atom.

By “heterocyelvl” is meant a 5-, 6- or 7-membered ring, unless otherwise specified,
containing one, two, three, or four non-carbon heteroatoms {(e.g., independently selected from
the group consisting of mitrogen, oxygen, phosphorous, sulfur, or halo). The S-membered

20 ring has zero to two double bonds and the 6- and 7-membered rings have zero to three double

bonds. The term “heterocyelvl” also includes bicvelic, tricvclic and tetracvelic groups in
which any of the above heterocyclic rings is fused to one, two, or three rings independently
selected from the group consisting of an arvl ring, a cyclohexane ring, a cyclohexene ring, a
cvclopentane ring. a cyclopentene ring, and another monocyclic heterocyclic ring, such as
25 indolyl, quinolyl, isoquinolyl, tetrahydroquinolyi, benzofuryl, benzothienyl and the like
Heterocyches include thiranyl, thietanyl, tetrabyvdrothienyl, thianyl, thiepanyl, aziridinyl,
aretidinyl, pyrrolidinyl, pipenidinyl, azepanyl, pyrrolyl, pyrrolinyl, pyrazolyl, pyrazolinyl,
pyrazolidinyl, imidazolyl, imidazolinyl, imidazolidinyl, pyridyl, homopiperidinyl, pyrazinyl,
piperazinvl, pynnudinyl, pyridazinyl, oxazolvl, oxazolidinvl, oxazolidonvl, isoxazolyl,
30 isoxazolidiniyl, morpholinyl, thiomorpholinvl, thiazolyl, thiazolidinvl, isothiazolyl,

isothiazolidinyl, indolvi, gquinolinyl, isoquinolinyl, benzimidarolyl, benzothiazolyl,

benzosazolvl, furyl, thienyl, thiazolidinyl, isothiazolyl, isoindazoyl, triazolyl, tetrazolyl,
oxadiazolyl,  wuricyl,  thiadiazolyl,  pynmudyl, tetrahydrofuranyl,  dihydrofuranyi,

dihydrothienyl,  dihydroindolyl, tetrahydroquinolyl,  tetrahydroisoquinclyl,  pyranvi,

L
(9,

dihydropyvranyl, tetrahydropyranyvi, dithiazolyl, dioxanyvl, dioxinyl, dithianyl, trithianyi,

oxazinyl, thiazinyl, oxothiolanyl, triazinyvl, benzofuranyi, benzothienyl, and the hike.
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By “heterocvelyloxy™ is meant a heterocvelyl group, as defined herein, atiached to
the parent molecular group through an oxyvgen atom.  In some embodiments, the
heterocyclyloxy group is ~0-R, i which R is a heterocyelyl group, as defined herein.

By “heterocyclyloyl” is meant a heterocyclyt group, as defined herein, attached to
the parent mwolecular group through a carbonyl group.  In some embodiments, the
heterocyclyloyl group is ~-C{O}-R, in which R i3 a heterocyclyl group, as defined herein.

By “hydrazino” is meant -NRU.NRPRY, where each of R, R’ and R¥ is,
independently, selected from hydrogen, optionally substituted aliphatic, optionally substituted
hetercaliphatic, optionally substituted aromatic, optionally substituted heteroaromatic,
optionally substituted silyl, or optionally substituted silyloxy, as defined herein, or any
combination thereof. or where a combination of R! and R? or a combination of R? and R,
taken together with the rutrogen atom to which each are attached, can form a heterocyclyl
group, as defined herein. In some embodiments, each of R', R%, or R is, independently, H,
optionally substituted alkyl, optionally substitited arvl, optionally substituted alkyl-aryl, or
optionally substituted aryl-alkyl. In particular embodiments, R? and R can be taken together,
with the nitrogen atom to which each is attached, to form an optionally substituted
heterocvclyl.

By “hydroxy!” is meant ~-OH.

By “hydroxvalkyl” is meant an alkvl group, as defined herein, substifuted by one to
three hydroxyl groups, with the proviso that no more than one hydroxyl group may be
attached to a single carbon atom of the alkyl group and i3 exemplified by hydroxymethyl,
dibydroxyvpropyvl, and the like. In some embodiments, the hydrosyalkyl group is -L-OH, in
which L is an alkyl group. as defined herein. In other embodiments, the hydroxyalky! group
is -L-C{OH}RH-R?, in which L is a covalent bond or an alkvi group, as defined herein, and
each of R and R? is, independently, H or alkyl, as defined herein.

By “imdovl” is meant a moiety including a carboninudovl group. In some
embodiments, the imidovl group is CONR)R?, in which each of R and R? is, independently,
selected  from hvdrogen, optionally substituted aliphatic, optionally  substituted
heteroaliphatic, optionally substituted aromatic, optionally substituted heteroaromatic,
optionally substituted silyl, optionally substituted alkvl, optionally substituted aryl, optionally
substituted alkyl-aryl, or optionally substitited aryl-alkyl, optionally substituied silvioxy, as
defined herein, or any combination thereof. In other embodiments, the imidoyi group is -
CONRDH, -CONRHRA or -CONRMDHR™, in which R’ is hvdrogen, optionaily substituted

aliphatic, optionally substituted hetercaliphatic, optionally substituted aromaiic, optionally
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substituied heteroaromatic, optionally  substitted silyl, optionally substituted alkyl,
optionally substituted arvl, optionally substituted alkyl-arvl, or optionally substituted aryl-
alkyl, or optionally substituted silvloxy; R® is an optionally substituted alkyl or an optionally
substituted aliphatic; and R is an optionally substituied aryl or an optionally substituted
aromatic.

By “mmuno” 1s meant a -NR- group. In some embodiments, R is selected from
hydrogen, optionally substitited aliphatic, optionally substituted hetercaliphatic, optionally
substituted aromatic, or optionally substituted heteroaromatic. In particular embodiments, R
is H, optionally substituted alkyl, optionally substituted alkoxy, optionally substituted arvl,
optionally substituted arvioxy, optionally substituted alkyl-arvl, or optionally substituted aryl-
alkyl

By “isocyanato” 1s meant a ~-NCO group.

By “isocyano” is meant a -NC group.

By “ketong” is meant ~C{{HR or a compound including such a group, where R is
selected from aliphatic, heteroaliphatic, aromatic, as defined herein, or any combination
thereof. An example of a ketone can include RIC{O)R, in which each of R and R' is,
independently, selected from aliphatic, haloeliphatic, halcheteroaliphatic, heteroaliphatic,
aromatic, aliphatic-aromatic, heteroaliphatic-aromatic, as defined herein, or any combination
thereof.

By “nitro” s meant an -NO; group.

By “nitroalkyl” is meant an alkyvl group, as defined herein, substituted by one to
three mitro groups. In some embodimends, the nitroalkyl group is -L-NG, v which L s an
atky!l group, as defined herein. In other embodiments, the nitroatkyl group is -L-CNOXR')-
R? in which L is a covalent bond or an alkyl group, as defined herein, and each of R! and R?
s, independently, H or alkyl, as defined herein.

By “ox0” is meant an =0 group.

By “oxy” is meant -0~

By “perfluoroalkyl” is meant an alkyl group, as defined berein, having each
hydrogen atom substituted with a fluorine atom. Exemplary perfluoroalkyl groups include
trifluoromethyl, pentafluorcethvl, etc. In some embodiments, the perfluorcalkyl group is
~{CF2)aCF3, in which n is an integer from O {0 10,

By “perfluorcalkoxy” s meant an alkoxy group, as defined heremn, having each
hydrogen atom substituted with a fluorine atom.  In some embodiments, the perfluoroalkoxy

aroup i3 ~O-R, in which R is a perfluorcalky] group, as defined herein.

Y
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5 By “salt” is meant an ionic form of a compound or structure {e.g., any formulas,
compounds, or corapositions described herein), which mncludes a cation or amon compound
to form an electrically neutral compound or structure. The salts can be prepared in situ
during the final isolation and purnification of the compounds of the invention or separately by
reacting the free base group with a suitable organie acid (thereby producing an anionic salt}

10 or by reacting the acid group with a suitable metal or orgamc salt (thereby producing a

cationic sali}. Representative anionic salts include acetate, adipate, alginate, ascorbate,
aspariate, benzenesulfonate, benzoate, bicarbonate, bisulfate, bitartrate, borate, bromide,
butyrate, camphorate, camphorsulfonate, chloride, citrate, cyclopentanepropionate,
digluconate. dihydrochloride, diphosphate, dodecylsulfate, edetate, ethanesuifonate,
15 fumarate, glucoheptonate, gluconate, glutamate, glveerophosphaie, hemisulfate, heptonate,
hexanoate,  hyvdrobromude,  hydrochlonde,  hydroiodide,  hvdroxvethanesulfonate,
hydroxynaphthoate, iodide, lactate, lactobionate, laurate, lauryl sulfate, malate, maleate,
malonate, mandelate, mesylate, methanesulfonate, methvibromide, methylnitrate,
methvisulfate, mucate, 2-naphthalenesulfonate, nicotinate, nitrate, oleate, oxalate, palmitate,
20 pamocate, pectinate, persulfate, 3-phenylpropionate, phosphate, picrate. pivalate,
polygalacturonate, propionate, salicylate, stearate, subacetate, succinate, sulfate, tannate,
tartrate, theophyllinate, thiocvanate, triethiodide, toluenesulfonate, wndecanoate, valerate
salts, and the like. Representative cationic salts include metal salts, such as alkali or alkaline
earth salts, e.g., barium, calctum {e.g., calcium edetate), hithium, magnesium, potassium,
25 sodium, and the like; other metal salts, such as alunmunum, bismuth, iron, and zingc: as well as
noRtoXic ammoenium, quaternary anunonium, and anuno cations, ncluding, but not hmited to
ammonium, ietramethylammonium, tetrasthylammonium, methylamine, dimethvlamine,
trimethylamine, triethylamine, ethylamine, pyridinium, and the like. Other cationic salts
wnelude  organic  salts, such as  chioroprocaine, choline, dibenzylethylenediamive,

30 diethanolamine, ethylenediamine, methviglucamine, and procaine. Yet other salis include

ammonium, sulfonium, sulfoxonium, phosphonium, iminium,  imidazolium,

benzimidazolium, amidinium, guanidinium, phosphazinium, phosphazenium, pytdinium,
etc.. as well as other cationic groups described heremm (eg., optionally substituted

isoxazolium, optionally substituted oxaroliom, optionally substituted thiazolium, optionally

)

35 substituted pyrrolium, optionally substituted furanium, optionally substituted thiophenium,
optionally substituted imidazolium, optionally substituted pyrazolium, optionally substituted
isothiazolium, optionally substituted triazolium, optionally substituted tetrazolium, optionally

substitied  furazanium, optionally  substinded  pyridinium,  optionally  substituted
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pvrimidinium, optionally substituted pyrazinium, optionally substituted triazinium, optionally
substituied tetrazinium, optionally  substituted pyndazinium, optionally  substituted
oxazinium, optionally substituted pyrrolidinium, optionally substituted pyrazolidinium,
optionally substitited tmidarzolinium, optionally substituted isoxazolidinium, optionally
substituted  oxazolidimum, optionally substituted piperazinium, optionally  substituted
pipenidimium, optionally substituted morpholiniumn, optionally substiuted  azepanium,
optionally substitited azepinium, optionally substituted mdoliom, optionally substituted
isoindobium, optionally  substituted indolizinium, optionally  substitted  indazolium,
optionally substituted benzimidazolium, optionally substituted isoquinolinurs, optionally
substituted quinolizinium, optionally substituted dehydroquinolizinium, optionally substituted
quinolinium, optionally substituted 1somdolinium, optionally substituted benzinmidazolinium,
and optionally substituted purinium).

By “silyl” is meant a -SiIR'R’R’ or -SiR'R*- group. In some embodiments, each of
R!, R? and R’ is, independently, H, optionally substituted aliphatic, optionally substituted
heteroaliphatic, optionally substituted aroroatic, optiovally substituted heteroaromatic, or
optionally substituted amino. In particular embodiments, each of RY R% and R® is,
independently, H, optionally substituted allyl, optionally substituied alkoxy, optionally
substituted arvl, optionally substituted arvioxy, optionally substituted alkvi-aryl, optionally
substituted arvi-alkyl, or optionally substituted amino. In other embodiments, the silyl group
15 ~SHR){ORW(NR, ). in which each R is, independently, H, optionally substituted aliphatic,
optionally  substituted hetercaliphatic, optionally  substituted aromatic, or optionally
substituied hetercaromatic, each of a, b, and ¢ > 0, and a + b + ¢ = 3. In particular
embodiments, each R is, independently, H, optionally substituted alkyl, optionally substituted
aryl, optionally substituted alkyl-aryl, or optionally substituted arvi-alkyl.

By “silyloxy” is meant -OR, where R 15 an optionally substituted silyl group, as
described herein. In some embodiments, the silvloxy group is -0-8iR'R*R’, in which each of
RY R? and R7 is, independently, H. optionally substituted aliphatic, optionally substituted
heteroaliphatic, optionally substituted aromatic, optionally sobstitated hetercaromatic, or
optionally substituted amino. In particular embodiments, each of R' R’ and R® is,
independently, H, optionally substituted allyl, optionally substituied alkoxy, optionally
substituted aryl, optionally substituted aryloxy, optionally substituted alkvi-arvl, optionally
substituted arvi-alkvl, or optionally substituted amino. In other embodiments, the silvloxy
group is -O-SHR){OR{NR2)., in which each R is, independently, H, optionally substituted

aliphatic, optionally substituted heteroaliphatic, optionally substituted aromatic, or optionally

29
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substituied heteroaromatic, each of a, b, and ¢ > 0, and a + b + ¢ = 3. In parbicular
embodiments, each R is, independently, H, optionally substituted alkyl, optionally substituted
aryl, optionally substituted alkyl-arvl, or optionally substituted arvi-alkyl

By “sulfinyi” is meant an -8{0)- group.

By “eulfo” is meant an -S{(OLOH group.

By “sulfonyl” or “sulfonate” is meant an -8{0):- group or a ~-SHR, where R 13
selected from hydrogen, aliphatic, hetercaliphatic, haloaliphatic, haloheteroaliphatic,
aromatic, as defined herein, or any combination thereof

By “thioalky]l” 15 meant an alkvl group. as defined beremn, atiached to the parent
molecular group through a suifur atom.  Exemplary unsubstituted thioalkyl groups include
Cis thicalkyl. In some embodiments, the thioalkyl group is -S-R, in which R is an alkyl
group, as defined herein.

By “thiol” is meant an -SH group.

A person of ordinary skill in the art would recognize that the definitions provided
above are not intended 1o include iropermissible substitution patierns (e.g., roethyl substituted
with 5 different groups, and the like) Such impernussible substitution patterns are easily
recognized by a person of ordinary skill in the art.  Any functional group disclosed herein
and/or defined above can be substituted or unsubstituted, unless otherwise indicated therein.

Other features and advantages of the mmvention will be apparent from the following
description and the claims.

Embodiments

In some embodiments, the deposition method involves: providing a semiconductor
substrate having a recessed feature to a process chamber; and exposing the senuconductor
substrate to a molybdenum-containing precursor, a reducing agent, and a silicon-containing
reactant at a temperature of between about 1060 °C and about 300 °C to form a molybdenum-
containing laver on the semiconductor substrate, where the molvbdenum-containing laver
includes a layer of molybdenum metal, or a layver of molvbdenum silicide or a combination of
a layer of molybdenum metal and a layer of molybdenum silicide. In some implementations,
the deposited molybdenum-containing layer includes both molybdenum silicide {e.g, formed
in the beginning of deposition at an interface with other layers of the substrate} and
molybdenum metal {eg, deposited afler mwolybdenum silicide has formed) In some
embodiments the deposition is conducted at a temperature of between about 200 °C and about
450 °C, such as at between about 375 °C and 450 °C. The pressure during deposition can

range, for example, between about 0.1 torr and about 100 torr, such as between about 10 tosy
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and about 100 torr, The deposition can be performed v a CVD or ALD process chamber {or
multiple process chambers), and does not require activation of reactants with a plasma (e,
the entire deposition can be performed thermally). The molybdenum-containing precursor {or
partially reduced molybdennm-containing precursor) during deposition is reduced by the
redacing agent (e.g., to molvbdenum wmetal), whereas the role of the slicon-containing
reactant 1s at least one of faclitating the reduction reaction (e.g, by reducing the
molybdenum in the precursor to a lower oxidation state) and modulating the selectivity of
deposition. In some embodiments, the silicon~containing reactant both facilitates the
reduction and modulates the selectivity of deposition.

While provided method can be used on a variety of substrates, in some embodiments
the method 1s used on substrates having recessed features that have different exposed
materials at sidewalls and at the bottom. For exarmple, in some embodiments the substrate has
a recessed feature with an exposed metal on the bottom and with exposed dielectric on the
sidewalis. Figure 1A illustrates a schematic cross-sectional view of a portion of such
substrate provided for deposition of molybdenum metal. The substrate has a recessed feature
101 formed in a layer of dielectric 103, where at the bottom of recessed feature 101, a layer
of metal 105 is exposed. The dielectric layer 103 may include, for example, a silicon-
contairing dielectric, such as silicon oxide, silicon nitride, silicon oxynitride, stlicon carbide,
stlicon oxycarbide and the like. The layer of metal 105 may include, for example, tungsten,
copper. cobalt, molvbdenum, ete. In one example, the dieleciric material in dielectric layer
103 is silicon oxide and the metal laver 105 is a fungsten layer. While provided methods can
be used for deposition of molvbhdenum-containing materials in a variety of different recessed
features, thev are particularly useful for deposition in features with aspect ratios of at least
about 10:1, such as at least 301, or at least 50:1, as it i3 difficult to deposit molybdenum in a
conforroal manner at low temperature in high aspect ratio features. The methods can be used
for deposition of conformal thin molybdenum-containing layers (e.g., 1-10 nm thick) and/or
for filling recessed features with molvbhdenum metal, e g, using a conformal fill.

When molvbdenum is deposited in an absence of a silicon-containing reactant, it
would predominantly deposit on the metal layer, rather than on the dielectric layer, thereby
leading to non-conformal coverage. For example selectivity of molybdenum metal deposition
of 10 and higher (referring to on-metal deposition rate to on-dielectric deposition rate ratio) ts
observed at 375 °C, leading to thick bottom coverage and thin sidewall coverage. While the
deposition selectivity can be reduced by raising deposition temperature to 500 °C or more, it

is noted that molybdenum metal deposition at lngh temperatures is often not desived due to
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thermal budget constraints. Iniroduction of a silicon-containing reactant was found to
dramatically lower the deposttion selectivity at lower temperatures of about 450 °C or less,
such as at temperatures of between about 375 °C and about 450 °C, thereby providing an
avenue for conformal deposition of molybdenum-containing layers at relatively low
teroperatures. In some embodiments, jo order to achieve the desired selectivity loss, the
substrate is exposed to a silicon containing reactant prior to contact with the molybdenun-
containing precursor. For example, the substrate may be exposed to a silicon-containing
reactant for at least about 10 seconds, such as at least about 18 seconds to alfow for surface
modification. In some embodiments the exposure to silicon-containing reactant and the
molybdenum-containing precursor is sequential. The structure formed after substantially non-
selective deposition of molybdenum, according to methods provided herein, is shown in
Figure 2B, Afler the substrate is exposed o a molybdenum-containing precursor, a reducing
agent, and a silicon-containing reactant, a substantially conformal layer of molvbdenum-
containing matenial 107, is formed, where the molybdenurn-containing material 107 includes
rooly bdenum metal, molybdenuro silicide or a combination thereof. In some embodiments the
molybdenum-containing layer 107 includes a molybdenum metal layer and a molvbdenum
silicide sublayer, where molybdenum silicide sublayer is formed at an interface between the
substrate dielectric laver 103 and a molvbdenurn metal laver, and between the substrate metal
layer 105 and the molybdenum metal layer. The process may then follow to fill the recessad
feature 101 with a molybdenum-containing faver 109, In some embodiments, the
molybdenum-containing laver 109 is molvbdenum metal, which may be depostied using
methods provided herein by exposing the semuconductor substrate fo a molvbdenum-
containing precursor, a reducing agent, and a silicon-containing precursor. In other
embodiments the bulk of molybdenum-containing laver 109 1s molvbdenom metal deposited
without addition of silicon-containing reactants and involves exposure of the substraie to
molybdenum-containing  precursor and a silicon-comtaining reactant in a silicon-free
deposttion.

The selectivity reduction in some ersbodiments is due to direct modification of the
substrate surface by the silicon-containing reactant. For example, when the dielectric layer
103 is a silicon-containing dielectric, such as silicon oxide, the silicon-containing reactant can
modify the dielectric to form Si-H and/or Si-OH bonds, which may serve as nucleation sites
for molybdenum-containig layer deposition, thereby increasing deposition rate on the

sidewalls and reducing on-dielectric/on-metal deposition selectivity.
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5 While the illustrated example referred (o reduction of selectivity achieved by silicon-
assisted deposition, the provided methods are not limited by this advantage In some
embodiments, silicon-assisted deposition is used to assist the reduction process without
regard to selectivity.

The process of depositing molvbdenum-containing layers with addition of silicon-

10 contaimng reactanis, provided herein, can be carried out using a vanety of processing

sequences. In some, CVD-type implementations, the molvbdenum-containing precursor, the
reducing agent, and the silicon-containing reaciant are flowed into the process chamber
contemporancously (such that there is at least some overlap 1o time during flow of all three
components), and are allowed to mix in the process chamber. In other, ALD-type
1§ implementations at least two components of the three (of the silicon-containing reactant, the
molybdenum-containing precursor, and the reducing agent) are not flowed into the process
chamber contemporaneously (such that there is no overlap in delivery time}) These
implementations may include several substrate exposure phases forming a single deposition
cycle, where the deposttion cvcle 1s repeated as many fimes as needed to deposit a

20 molvbdenum-containing layer of desired thickness.

In some embodiments the process is carried out such that the silicon-containing
reactant and the molybdenur-containing precursor are not delivered {0 the process chamber
contemporaneously. In some embodiments the process is carried out such that the silicon-
contairing reactant and the reducing agent are not delivered to the process chamber

25 contemporaneously. In some embodiments the process is carried out such that the

molybdenum-contamning reactant and the reducing agent are not delivered to the process
chamber contemporanecusly. In some embodiments the process is carried out such that the
silicon-containing reactant, the molvbdenum-containing reactant and the reducing agent are
each delivered fo the process chamber without temporal overlap.

30 One impementation of a deposition process is ilustrated in Figure 2A. The illustrated

process is particularly useful for modulating selectivity of deposition on the substrate,

because it starts with exposure of the substrate (e.g., of a subsirate having exposed metal and
dielectric such as shown in Figure 1A) to the silicon-containing reactant, where the silicon-

containing reactant can modify the surface of the substrate. Referring to Figure 2A, the

)

35 process starts in 201 by exposing the semiconductor subsirate to a silicon-containing reactant.
In some embodiments, step 201 involves delivering the silicon-containing reactant to the
process chamber without contemporaneously delivering the molybdenum-containing

precursor to the process chamber. A reducing agent may be optionally delivered to the
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process chamber contemporaneously with the silicon-containing reactant at this stage. The
substrate, in some erobodiments, is allowed to be exposed to the silicon-containing reactant
for some time, such as at least about 10 seconds, such as at least about 15 seconds, at least
about 20 seconds, or at least abowt 30 seconds to allow surface modification to take place.
Next, in step 203 the substrtate 1s exposed to a molybdenum-containing precursor. In the
iustrated embodiment, the molybdenum-containing precursor is delivered to the process
chamber while there is no contemporaneous delivery of the silicon-containing reactant at this
stage. A reducing agent may be optionally delivered contemporanecusly with the
rooly bdenum-containing precursor in step 203, Next, in step 205, the substrate i1s exposed to a
reducing agent to reduce the molybdenum-containing precursor. In the depicted example, in
this stage, the reducing agent is delivered to the process chamber without contemporanecusly
delivering the molvbdenum-containig precursor and without contemporaneously delivering
the silicon-contaiming reactant. The completion of steps 201-205 constituies one deposition
cvele. As shown in step 209, the steps 201-205 are then optionally repeated {e.g., at least 5
times, at least 10 times, or at least 100 timnes) and/or only silicon-free steps 203-205 are
repeated {e.g., at least 5 times, at least 10 times, or at least 100 times) unil a molybdenum-
containing layer of desired thickness is formed. In some embodiments, after the initial one or
more cycles of steps 201-205 are performed, only cycles of steps 203-205 are repeated, and
the slicon-contatning precursor exposure step 201, 1s jnserted after a pre-determuined vumber
of cycles, eg., after each 5 cycles or after each 10 cycles. In one example of the
implementation of the process of Figure 24, the deposition involves: starting delivery of the
silicon-containing reactant to the process chamber without delivenng the reducing agent or
molybdenum-containing precursor; after a period of flow, stopping delivery of the silicon-
containing reactant; after delivery of the silicon-containing reactant is stopped, starting
dehvery of the nwolybdenurs-containing precursor; then stopping delivery of the
molybdenum-containing  precursor; starting delivery of the reducing agent and stopping
delivery of the reducing agent. In a modification of this implementation, the reducing agent is
allowed to flow contemporaneously with the molybdesum-containing precursor and
continues to flow to the process chamber after the delivery of the molybdenum-containing
precursor is stopped.

Another embodiment of the deposition process s tliusirated by the process flow
diagram shown in Figure 2B. In this iroplementation the process includes step 209, 1o which
the substrate is exposed to the reducing agent and the silicon-containing reactant. In this step

the reducing agent and the silicon-containing reactant are delivered conternporaneously into
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the process chamber in an absence of delivery of the molybdenum-containing precursor.
Next, 10 step 211 the substrate 15 exposed to the molvbdenum-containing precursor with or
without contemporaneous exposure to the reducing agent. In the depicted illustration, step
211 1s conducted without contemporaneous exposure of the semiconductor substrate to the
sitlicon-containing reactant. In other embodiments, the silicon-containing reactant may be
dehvered during step 211 as well. Next, in step 213, steps 209-211 which constitute one
deposition cycle are repeated as many times as needed to form a molvbdenum-containing
laver of desired thickness.

In some embodiments the silicon-containing reactant 1s delivered contemporancously
with the molyvbdenum-containig precursor. This is illustrated by the process diagram shown
in Figure 2C. This process begins in step 215 by exposing the semiconductor substrate to the
molybdenum-containing precursor and the silicon-containing reactant. For examople, the
molybdenum-containing  precursor  and  the silicon-containing reactant can  be
contemporansously delivered to the process chamber housing the substrate. Step 215 can be
conducted with or without coutersporancous delivery of reducing agent. Next, n step 217,
the semiconductor substrate is exposed {o a reducing agent. The reducing agent can be
delivered fo the process chamber with or without contemporaneous delivery of the silicon-
containing reactant, and with or without contemporaneous delivery of the wolvbdenum-
contairang precursor. Next, in step 219, steps 215-217 are repeated as roany fumes as needed
to form a molybdenum-containing film of a desired thickness.

1t is noted that all provided processes may optionally include purging steps after any
of the exposure steps to remove undesired reactants and/or byproducts from the process
chamber. In some embodiments purging is conducted by flowing an inert gas {e.g., argon,
helium, nitrogen, eic.}. In other embodiments, no dedicated purging steps with an inert gas
are used, and purging is conducted by flowing the reducing agent {e.g., hvdrogen). It is noted
that the order of exposure steps can be switched as desired, although m some
implementations it is preferable to expose the substrate containing an exposed dielectric laver
and a metal laver to the silicon-contamning reactant prior o exposure to molvbdemm-
containing precursor in order to modify the surface of the substrate and achieve desired
selectivity loss.

In some embodiments, the exposure to the silicon-containing reactant 1s used after
one or more silicon-free deposition cveles have been performed. For example, a
molybdenum-containing layer may be deposited as shown in the process flow diagram of

Figure 2D, In step 221 the semiconductor substrate is exposed (o a molybdenum-containing
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precursor and in step 223 the semiconductor substrate is exposed {o the reducing agent. Both
of these steps are performed in an absence of a silicon-containing reactant and constitute one
silicon-free molybdenum metal deposition cycle. In step 225, steps 221-223 are repeated to
perform a pharality of deposition cycles while inserting exposure of the substrate to a silicon-
contaiming reactant after a pre-determined number of silicon-free molubdenum metal
deposition cvcles. For example, the substrate may be exposed (o the silicon-containing
reactant as a single exposure after every 5, 10, 20, or 50 silicon-free deposition cvcles.
Alternatively, one or more silicon-assisted deposition cvcles, such as any of illustrated in
Figures 2A-2C, may be inserted after a predeternuned number of sihicon-free cycles,

In some embodiments, the molybdenwm-contaiming layer deposition involves
depositing molybdenum-containing material {e.g., molubdenum silicide and/or molybdenum
metal) using silicon-assisted deposition as described herein, followed by deposition of
molybdenum metal using silicon-free deposition. For example, 2 - 2,000 silicon-assistad
deposition cyvcles may be followed by 2 - 2,000 silicon-free deposition cycles. In some
embodiments this process flow is used to deposit a molybdenuro-contaiming layer that
includes a molybdenum silicide laver at an mterface with a silicon-containing dielectric and
then form a molybdenum metal fayer over the molybdenum silicide layer. The molvbdenum
sitlicide layer of the molvbdenum-containing laver may be deposited using silicon-assisted
deposition, and the molybdenurn wetal layer of the molybdenuro-containing laver may be
deposited using silicon-free deposition.

In some embodiments different molybdenum-containing precursors are used for
silicon-assisted and silicon-free deposition. In one implementation, molybdenum silicide
and/or molybdenum metal is first deposited using molybdenum pentachioride (MoCls) as a
molybdenum-containing precursor in a silicon-assisted deposition, according to any of the
methods provided o Figures 2A-2D. This s {ollowed by depositing molvbdenum roetal in a
stlicon free deposition using a different molvbdenum-containing precursor (e.g., MoQ-(Cl).
This process flow is illustrated in the process flow diagram of Figure 3. In step 301 the
substrate 1s exposed to a molvbdenum-containing precursor, a reducing agent, and a silicon-
containing reactant to deposit the molybdenum-containing layer. For example, 2-2,000 cycles
of silicon-assisted deposition may be conducted. The process then follows in step 303 by
exposing the substrale (o a different molybdenum-containing precursor and a reducing agent
in an absence of a silicon-containing reactant fo deposit a laver of molvhdenum metal in
stiicon-free deposition. For example, 2 -~ 2,000 silicon-free deposition cveles may be

performed in step 303
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5 Silicon-coniaining reactant
The silicon-containing reactant can serve a variety of purposes and may have different
structures. In some embodiments the silicon containing reactant is assisting in the reduction
of the molybdenum-containing precursor, such as it may reduce Mo(V} in a molybdenum-
containing precursor o Mo(IV) or Mo(H) For example, the silicon-containing reactant can
10 be used to reduce MoCls molybdenum-~containing precursor to MoCls or Mo(ls, before it is
fully reduced to molybdenum metal by the reducing agent. Silicon-containing reactants with
Si-H and/or $i-8i bonds are particularly usefud as reduction assisting reactants. In some
embodiments, the silicon-containing reactant serves as a scavenger of halogen ligands that
need to be removed when the molvbdenum containing precursor includes molybdenum-
15 halogen bonds. As halogen ligands are typically removed as hydrogen halides (HCl, HBy,
etc.), when hydrogen is used as a reducing agent, the additional scavenging of halogens by
stlicon-containing precursors will assist in the halogen ligand removal. Silicon-containing
precursors with Si-H and/or Si-Si bonds are suitable for this purpose. Finally, the silicon-
containing reactants can be used to modify the surface of the substrate jo order to modulate
20 deposition selectivities. For example, the silicon-containing reactant may modify the surface
of dielectrics {e.g.. silicon-containing dielectrics} to facilitate subsequent nucleation of
molvbdenum on these surfaces. This may mvolve formation of Si-H and Si-OH bonds on the
dielectric surface. Silicon-containing precursors containing Si-H bonds and $1-8t bonds can

be used for surface modification purposes.

25 In some embodiments, silicon-containing reactant has a struciure of formula (I}
SiRy. (B

wherein ¥ is 1-4, v 15 4 — 18, and each R is independently selected from the group consisting

of H, a halogen, and an alkyl. In some embodiments, each R is independently selected from

the group consisting of H and a halogen (e.g., F, CL, Br or 1), where halogens may be same or
30 different.

In some embodiments the silicon-containing reactant is a silane, such as stiane (SiHy),
distlane (81,He). In some embodiments the silicon~-containing reactant is a halosilane, such as
monochiorositiane  (SiH:(l),  dichlorosilane  (SiHoCh),  trichlorosilane (SiHCIs),
tetrachlorosilane  (SiCly), hexachlorodisilane (Si2Cle), pentachlorodisilane  (8izHCls),

tetrachlorodisialne  (SiFLCL),  trichlorodisilane  (SiaF;Ch),  dichloredisilane  (SiHLChy),

L
(9,

monochlorodisilane  (Si:HsCH, monobromosilane (SiHzBr), dibromorosilane (SitHxBr)

tribromosilane  (SiHBr:),  tetrabromosilane  (S5iBre), hexabromodisilane  {Si2Brs),
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5 pentabromodisilane (SLHBrS), tetrabromodisilane (8i:HzBre), tnbromodisilane {(SixH:Brs),
dibromodisilane (S12HaBr).and monobromodisilane (Si2HsBr).

In some implementations the silicon-containing reactant comprises silane,
chlorostiane, dichlorosilane | trichlorosilane, tetrachlorosilane, hexachlorodisilane,
pentachlorodisilane, tetrachlorodisilane, trichlorodisilane dichlorodisilane, chlorodisilane,

10 disilane or any combination thereof
In some embodiments the silicon-containing reactant does not inchude carbon atoms,
because carbon-free reactants may be particalarly useful for deposition of high purity
rooly bdeoum metal with low carbon content. In other erubodiuents, carbon atoms may be
present. For example, in some embodiments, the silicon-containing reactant may include one
15 alkyl, alkenvl, alkynyl substituents and combinations thereof.
in some embodiments, the sthcon-containing reactant includes a structure of formula
()
Si{R%  (d),
wherein at least one R includes a carbon atom.  In other embodiments, at least one R
20 includes a heteroatom (e g, nitrogen, oxvgen, and/or silicon). In vet other embodiments, at
east one R’ inchudes a carbon atom and a heteroaiom {e.g., nitrogen, oxygen, and/or silicon).
In particular embodiments, R’ does not include a halogen atom.
In other embodiments, the silicon-containing reactant mcludes a structure of forroula
(¥1E):
25 (R'y:Si-[L-8iRp]-R" (I,
wherein at least one R’ includes a carbon atom and L. is a linker. To some embodiments, at
feast one R’ includes a heteroatom {(e.g., nitrogen, oxygen, and/or silicon). In vet other
embodiments, at least one R’ includes a carbon atom and a heteroatom {(g.g., nitrogen,
oxvgen, and/or sthcon). In particular emboduments, R" does not include a halogen atom.
30 For formula (I}, non-limiting hinkers for L include a covalent bond, oxy (-0-),
carbonyl (~C{{03-), optionally substituted carboninudoy! (eg., -C{NR}-}, optionally
substituied 1mino {(e.g, -NR-}, an optionally substituted alkylene, optionally substituted
heteroalkylene, optionally substitited arylene, and the like.

For any formula herein (eg., for formula (I) or (I, R’ can be H, aliphatic,

L
A

heteroaliphatic, aromatic, hetercaromatic, amino, hyvdrazino, azido, hydroxyl, siiyl {eg,
amunosilvl, alkoxysilvl, and the like), silvlioxy {e.g., aminosilvloxy, alkoxvsilvlioxy, and the
like}, cyanato (-OCN), isocyanato (~-NCO), cvano (<CN}, or isocyano (-NC), in which any of

these may be optionally substituted.
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In particular embodiments, af least one, two, three, four, or more R’ in any formula
heremn (e.g., for formula () or (JIE)) ncludes an optionally substituied aliphatic. Non-
linuting aliphatic groups include alkyl, alkenyl, or alkynyl, including linear, branched, cyclic,
saturated, or unsaturated forms thereof. Such groups can be unsubstituted or substituted, such
as with one or more substituents described herein for alkyl. Further examples of aliphatic
groups include methyl (Me), ethyvl (ED), propyl (Pr), iso-propvl (iPr), cyclopropyl (cPr). butyl
(Buj, sec-butvl (sBu}, iso-butyl (iBu), terit-butyl (iBu}, pentyl (Pe}, teri-peniyl {iPe), allvl
(AlD, vinvl (V1), ethyayl, and the like.

In some erabodirnents, at least one, two, three, four, or more R’ 1n any formula herein
{e.g.. for formula (11} or (M) includes an optionally substituted heteroaliphatic. A
heteroaliphatic group can include any including one or more carbon atoms and one or more
heteroatoms (e.g., oxvgen, nitrogen, and the like).

Non-limiting heteroaliphatic groups includes aliphatic-carbonyl {e.g.. alkanovl or -
COR™), aliphatic-carbonyloxy {e.g., alkanovloxy or -OC(0ORAY), aliphatic-oxy (e.g.,
alkoxy or -ORAY), aliphatic-oxycarbonyl {e g.. alkoxyearbonyl or -C(CIOR™), amine (eg., -
NRMRNY, aromatic-carbonyl {e.g., aryloyl or -C{OR™)., aromatic-carbonyloxy (e.g.,
aryloyloxy or -OC(QIR?), aromatic-oxy (.., aryloxy or -ORA), aromatic-oxycarbonyi (e.g.,
aryloxyearbonyl or ~C{OYOR™), imidoy] (e.g., -CONRYHH, -CNRYHRAE, or -CNRNORAY,
carbamoyl (e.g., -C(ONRMR™), carbamoyloxy {e.g.. ~OCIOINRY'R™Y, carboxyl (-CO-H),
formyl (-C{OMH), heteroaromatic, heterocyclyl {e.g., optionally substituted furanvl,
tetrahvdrofuranyl, pyrrolidinyl, pyrrolyl, imidarolyl, pyrazolvl, tnazolyl, piperidinyl,
pyridiny, pyrimidinvl, pyridazinyl, pyrazinyl, oxazolvl, morpholinvl, and the hike), hydrazine
(e.g.. -NRVNRNVRMY silyl (e.g., -SiRMRYRY), and silvloxy (e.g., ~-O-SiRSRPRYY. Each
of these groups can be optionally substitited with any substituent described herein (eg., as
described herein for alkyl). Heteroaliphatic groups can include linear, branched, cyelic {e.g.,
heterocyclyl}. saturated, or unsaturated forms thereof.

Heteroaliphatic groups can include R and/or R moieties. In some embodiments,
R™ s optionally substituted aliphatic, optionally substituted heteroaliphatic, optionally
substituted alkyl, optionally substitited alkenvl, optionally substituted alkvoyl, optionally
substituted  cvcloalkyl, optionally substiited hetercalkyl, optionally  substituted
heteroatkenyl, optionally substituted heteroalkynyl, or optionally substituted heterocyelyl. Tn
other embodiments, R is optionally substituted aromatic, optionally substituted

heteroaromatic, optionally substituted aryl, or optionally substituted heteroarvl.
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Nitrogen-containing groups (e.g., amino, imidoyl, etc.) can include RN, R and/or
R™ moieties attached to a nitrogen aton. In some embodiments, each of RM, R™, and RV
is, independently, H, optionally substituted aliphatic, optionally substituted hetercaliphatic,
optionally substituted aromatic, optionally substituted heteroaromatic, optionally substituted
silyl, or optionally substituted silvloxy. In particular embodiments, RN and R™ or R™? and
B™ can be taken together, with the pitrogen aiom to which each is aitached, to form an
optionally substituted heterocyclyl. Such nitrogen-containing groups can be included within
other moieties, such as within sily] or silyloxy groups.

Silicon-containing groups (e.¢.. silyl, ete.} can include B3, R>, and/or R™ attached
to a silicon atom.  In some embodiments, each of RY, R¥ and R is, independently, H,
optionally substituted aliphatic, optionally substituied heteroaliphatic, optionally substituted
aromatic, optionally substituted heteroaromatic, or optionally substituied amino.  Such
stlicon-containing groups can be included within other moieties, such as within amino
2r0ups.

frn some embodiments, the suyl group is an alkylsilyl group having one or more
aliphatic groups attached to the silicon atom.  In one instance, the alkylsilyl group is -
Si(R){R™ ), in which R is, independently, H, aromatic, heteroaromatic, amino, hydrazino,
azido, hvdroxyl, sibvl (eg, aminosilvl alkoxysilyl, and the like), silvioxy {(eg,
amanosilvioxy, alkoxysilyloxy, and the like), cyanato, isocyanato, cvano, or isocvano, in
which any of these may be optionally substituted; R%" is optionally substituted aliphatic,
optionally substitited hetercaliphatic, optionally substituted alkyl, optionally substituted
alkenyl, optionally substituted alkynyl, optionally substituted cycloalkyl, optionally
substituted  heteroalkyl, optionally substituted hetercalkenvl, optionally substituted
heteroalloynyl, or optionally substituted heterocyclyl, a> 0, b > 1; and a + b= 3. Yet gther
non-Himiting alkylsilvl groups include -SiH R, -SiR[R™ Y, or -Si[R™5, in which R is any
provided herein.

In some embodiments, the silyl group is an alkoxysilyl group having one or more
aliphatic groups attached to the silicon atom by way of an oxy (-O-} group. In one instance,
the alkoxylsilyl group is -SHR)(OR™), in which R is, independently, H, aromatic,
heteroaromatic, aming, hydrazine, azide, hydroxyl, silyl {e.g., aminosilyl, alkoxysilyl, and the
like), stiyloxy {e.g., aminosilvioxy, altkoxysilyioxy, and the like), cyanato, isocvanato, cyano,
or isocyano, in which any of these may be optionally substituted; R is optionally substituted
aliphatic, optionally substituted heteroaliphatic, optionally substituted allyl, optionally

substituied alkenyl, optionally substituted alkvovl, optiovally substituted cvcloalkyl,
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optionally substituted heteroalkyl, optionally substituted hetercalkenyl, optionally substituted
heteroaltkyuyl, or optionally substituied heterocvelvl;a > 0;b> L anda+ b =3, Yet other
non-limiting alkoxysilyl groups include -SiHAOR], -SiHIORN, or -Si{OR™ 5, in which
R is any described herein.

In other embodiments, the syl group is an arvisilvl group having one or more
aromatic groups atiached to the silicon atoro. o one instance, the arvisilvl group 1s -
SRR ), in which R is, independently, H, aliphatic, heteroaliphatic, amino, hydrazino,
azido, hydroxvl, silvl {eg., aminosilyl, alkoxysilyl, and the hike), siyloxy {eg,
aminosilyloxy, alkoxysilyloxy, and the like), cyanato, isocvanato, cyvano, or isocyano, n
which any of these may be optionally substituted; R™ is optionally substituted aromatic,
optionally subsiituied hetercaromatic, optionally substituied arvl, or optionally substituted
heteroarvl a > 0; b > 1; and a+ b =3 Yet other non-limiting arvisilvl groups include
SSHHRRY -SIH{RA ], or -8i{RAs, in which R? is any described herein.

In yet other embodiments, the silyl group is an aryloxysilyl group having one or
more aromatic groups attached to the silicon atom by way of an oxv (~-O-) group. In one
instance, the arylsilyl group is -Si{R}{(OR™), in which R is, independently, H, aliphatic,
heteroaliphatic, amino, hydrazing, arido, hydroxyl, silyl {e.g., aminosilvl, alkoxysilyl, and the
like), silyloxy {e.g., aminosilvioxy, alkoxyseiiyloxy, and the like), cyanalo, isocvanato, cvano,
or isocyano, in which any of these may be optionally substituted; R is optionally substituted
aromatic, optionally substituted hetercaromatic, optionally substitited aryl. or optionally
substituied hetercaryl, a > 0; b>1; and a+ b =3, Yet other non-limiting aryloxysilyl groaps
include -SiHL{ORM], -SiH[ORM]a, or -SiJORA 5, in which R4 is any described herein.

A silvl group can also include an aminosilyl having one or more optionally
substituted amino groups attached to the silicon atom. In one instance, the aminosilyl group
is -SHRLMNRMR™Y, in which R is, independently, H, aliphatic, heteroaliphatic, aromatic,
hetercaromatic, hvdrazino, azido, hydroxyl, silvl {e.g, aminosilyl, alkoxysilvl, and the like},
stiyloxy {e.g., aminosilvloxny, alkoxysilvioxy, and the like), cvanato, isocvanato, cvano, or
isocyano, in which any of these may be optionally substituted; each of R™ and RN is,
independently, H. optionally substituted aliphatic, optionally substituted heteroaliphatic,
optionally substituted aromatic, optionally substituted heteroaromatic, optionally substituted
stiyl, or optionally substituted silvioxy, in which RN and R™ can be taken together, with the
nitrogen atom to which each 1s attached, to form an optionally substituted heterocyelyl; a >
0, b>1;and a + b =3 Yet other non-limiting embodiments of aminosilyl groups include

SELINRVR™L SSHRANRYRT] SHRABINRVR®], -SIH[NRVRM,
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SSHRAYINRNMRN,, or -SINRMRM ), such as -SiFR{NHy|, -SiIHRANHL|, -SHRALINHL ],
SSTH[NHRAS], -STHRANER, -SHRMLINHRAN], -SiHNRAY L -SIHRANR )R],
SSHRAMDINEM L -SiHINHzL,  -SIRMINH2L,  -SIHINH®RMh,  -SiRANHERM)),
SSTHINHRAMINHG],  -SIRWNHERMNHzL  -SiHNRY R, -SIRMNER )b,
SSIHNRALINHL, -SIRANRALINHL,  -SiNHap,  -SHNRMRIINH L,
SSHNRAYLINHL -SINRM Y], -SIINHRAYIINEL, -SHNHERAYLINHL]L
SSHNHRY Y, -SiINHERAYHNER), b, -SHNHERLINRA),L, and the like, in which R

is optionally substituted aliphatic, hetercaliphatic, alkyl, alkenvl, alkynyl, or alkoxy; and each
of RN and R™ is any described herein.

In some embodiments, the silyl group is ~SH{R)(ORWBNR). in which each R is,
independently, H, aliphatic, heteroaliphatic, aromatic, heteroaromatic, amino, hydrazino,
azido, hydroxyl, silvl, silyloxy, cyanato, isocyanato, cyano, or isocvano, in which any of
these may be optionally substituted; each R is, independently, H, optionally substituted
aliphatic, optionally substituted heteroaliphatic, optionally substituted aromatic, or optionally
substituted heteroaromatic; each of a, b, and ¢ > 0, and a + b + ¢ = 3. In particular
embodiments, each R is, independently, H, optionally substituted alkyl, optionally substituted
aryl, optionally substituted alkyl-aryl, or optionally substituted arvi-alkyl.

In other embodiments, any of the sivl groups herein can be attached to the parent
compound through an oxy bond  In some embodiments, the silvioxy group 15 -O-
SHRWORW(NR),, in which each R is, independently, H, aliphatic, heteroaliphatic,
aromatic, heterocaromatic, amino, hydrazino, azido, hydroxyl, silvl, silvloxy, cyanato,
isocvanato, cyano, or isocyano, in which any of these may be optionally substituted; sach R
1s, independently, H, optionally substituted aliphatic, optionally substituted hetercaliphatic,
optionally substituted aromatic, or optionally substituted heteroaromatic; each of a, b, and ¢ >
O;and a+ b+ ¢ =3 [oparticular emboduments, each R is, independently, B, optionally
substituted alkyl, optionally substituted aryl, optionally substituted alkyvi-aryl, or optionally
substituted arvl-alkyi. Yet other non-limiting silvioxy groups include -O-Si{R}{R™}y, -O-
SHRI(ORM), -0-SiR)(RMp, -O-SiH{RIAORM ), -O-Si(RNRYR™y, in which R is,
independently, H. aromatic, hetercaromatic, amino, hydrazing, azido, hydroxvl, silvl {e.g.,
aminosilvl, alkoxysilyl, and the like), silyloxy {(e.g., aminosilyloxy, alkoxysilvioxy, and the
like), cyanato, isocvanato, cyano, or isocvano, in which any of these may be optionally
substituted; R is optionally substituted aliphatic, optionally substituted hetercaliphatic,
optionally substituted alkyl, optionally substituted alkenyl, optionally substituted alkynyl,

optionally substituted cvcloalkyvl, optionally substituted heteroalkyl, optionally substituted
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hetercalkenyl, optionally substituied heteroalkynyl, or optionally substituted heterocvelyl;
R is optionally substituted aromnatic, optionally substituted heteroaromatic. optionally
substituted aryl, or optionally substituted heteroaryl; each of R™' and R™ is, independently,
H, optionally substituted aliphatic, optionally substitited heteroaliphatic, optionally
substituted aromatic, optionally substituled heteroaromatic, optionally substituted silyl, or
optionally substituted silyloxy, in which R™ and R™ can be taken together, with the nitrogen
atom to which each is attached, to form an optionally substituted heterocyclyl, a> 0, b > 1,
and a + b = 3 Yet other non-hmiting silvioxy groups include alkyisiyloxy (eg.,
-O-SiHLRAE, -O-SIHIRAY,, or -O-Si{R™h):  alkowvsilvloxy (eg. -O-SiHR[ORA,
-0-SIH[ORM):, or -O-Si{ORM); arvisilyloxy (eg, -O-SiHR™., -O-SiH{RYh, or
-0-Si{R ) or arvloxysilyloxy {e.g., -O-SiIHL[ORA], -O-SiHIORA,, or -O-Si[ORM]). In
some embodiments, the silyl group is aminosilyvioxy {eg., -O-SiH2[NRMRM]
SO-SIHRMNRYRM, -O-SiRABINRYIRY ] -O-SiHINRY R, -O-Si RN INRN RN
or -O-SIINRNVRN ).

Silyl and silvloxy group can bave a roixed combination of aliphatic and aromatic
groups. In one instance, the silyl group is -SHRJ(RM RN or -Si{R)(ORMR(ORM). in
which R 1s, independently, H, aromatic, heteroaromatic, amino, hvdrazino, azido, hydroxyl,
syl {e.g., amunosilvl, alkoxysilvi, and the hike), silvloxy {e.g., amunosilvioxy, alkoxysilyvloxy,
and the like), cvanato, isocvanato, ¢yano, or isocvano, m which any of these may be
optionally substituted; R*" is optionally substituted aliphatic {e.g., optionally substituted

alkyl) or optionally substituted hetercaliphatic {e.g., optionally substituted alkoxy or

&0

optionally substituted amino), R is optionally substituted aromatic or optionally substituted

heteroaromatic; eachof a, b, andc>0;anda+ b+ ¢c=3.

In anocther instance, the silyl group is -SHRLINR™), -SH{RL(NRAMRAY, or
SSHRL(NR 20, in which R is, independently, H, aromatic, heterogromatic, amino,
hydrazino, azido, hydroxvl, silyl (e g, anunosilyl, alkoxysilyl, and the hike), silvloxy (e.g.,
aminosilyloxy, alkoxysilyloxy, and the like), cyanato, isocyanato, cyano, or isocyano, in
which any of these may be optionally substituted: each of RN and R™ is, independently, H,
optionally substituted aliphatic, optionally substituted hetercaliphatic, optionally substituted
aromatic, optionally substitited hetercaromatic, optionally substituted silyl, or optionally
substituted silyloxy, in which R™ and R™ can be taken together, with the nitrogen atom to
which each is attached, to form an optionally substituted heterocyelyl, each of aand b > 0

anda+b=3
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i vel another instance, the silyloxy group is  -O-SiRLRARRYM),
~O-SIH{RI{ORMORY ), -O-SHRJINRA ), -O-StRBINRM R, or ~O-Si(RIANR ), in
which B, R4 and R are any described herein; and a, b, and ¢ are any described herein.

In some embodiments, at least one, two, three, four, or more R’ in anv formula
herein {(eg, for formula (I} or (1)) includes an optionally substituted aliphatic-oxy,
heteroaliphatic-oxy, aromatic-oxy, or heteroaromatic-oxy. For instance, R can be ~O-R, in
which R 15 optionally substituted aliphatic {e g, alkyl, alkenyl, alkynyl, cvcloalkyl,
cycloalkenyl, or cycloalkynyl), optionally substituted heteroaliphatic (e.g., heteroalkyl,
heteroalkenyl, heteroalkynyl, or heterocvelyl), optionally substituted aromatic {e.g., arvl),
optionally substituted hetercaromatic {e.g., hetercaryl), optionally substituted aliphatic-
carbonyl (e g., alkanoy} or -C{ORAY in which RA* is optionaily substituted aliphatic or any
described herein), optionally substituted silyl {e.g.. -SiRMRMR> or -SH{R {ORW(NR2 ).
including any described herein), or optionally substituted amine (e.g., -NRYR™ mcluding
any described herein).

In particular embodiments, at least one, two, three, four, or more R in any formula
herein (e.g, for formula (1) or (f)) includes an optionally substituted aromatic or optionally
substituted heferoaromatic.  Non-limiting aromatic and hetercaromatic groups include
phenyl, benzyl, naphthvl, furanyl, pyrrolyl, umdazolyl, pyrazolvl, triazolvl, pyridinvi,
pyrimidinyl, pyridazinyl, pyraziovl, oxazolvl, and the like.

In particular embodiments, at least one, two, three, four, or more R’ in any formula
herein {e.g., for formula (F) or (I6)} includes an optionally substituted amino {e.g., ~-NH»,
NRMH, or -NRNMRMY 1o particular erabodiments, each of R and R™ is, independently,
H, optionally substituted aliphatic, optionally substituted heteroaliphatic, optionally
substituted aromatic, optionally substituted hetercaromatic, optionally substituted amino,
hydroxyl, optionally substituied alkyl, optionally substituted alkoxy, optionally substituted
arvl, optionally substituted aryloxy. optionally substituted alkyl-aryl, opticnally substituted
arvi-alkyl, optionally substituted sifyl, or optionally substituted silyloxy. In particular
embodiments, R™ and R can be taken together, with the nitrogen atom to which each is
attached, to form an optionally substituted heterocyelyl.

Non-limiting instances of R™ and R™ can include H, aliphatic, alkyl (eg., -R™),
alkenyl, alkynyl, aliphatic carbonyvi {e.g., alkanoyl or -C(OWRAY), aliphatic-carbonyioxy (e.g.,
alkanoyloxy or -OC(OIR™Y), aliphatic-oxy (e.g., alkoxy or ~-OR"), aliphatic-oxycarbonyl
{e.g., alkoxycarbonyl or -C{OYOR™), amino (e.g., -NR», in which each R is, eg., H,

optionally substituted aliphatic, optionally substituted hetercaliphatic, optionally substituted
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aromatic, or optionally substituted heteroaromatic), aromatic (e.g., aryl or -R*), aromatic-
carbonyi {e.g., arvioyl or -C(OIRM), aromatic-carbonyloxy (e.g., arviovioxy or -OC(ORAD,
aromatic-oxy {e.g. arvioxy or -OR™), aromatic-oxyecarbonyl (e.g., aryloxyearbonyl or
-CEOYORM), imidovi (e.g., -CONRIH, SCINRIRA¥, or -C(NRJR™, in which each R is, e. g, H,
opiionally substituted aliphatic, optionally substituted heteroaliphatic, optionally substinsted
aromatic, or optionally substituted heteroaromatic), carbamovl {e.g., -C{OINR,, in which
each R is, eg., H, optionally subsiituted aliphatic, optionally substitted heteroaliphatic,
optionally substituted aromatic, or optionally substituted heteroaromatic), carbamovioxy
{e.g., ~OC{OINR,, in which each R 15, e.g, H, opticnally substituted aliphatic, optionally
substituted heteroaliphatic, optionally substituted aromatic, or opiionally substifuted
heteroaromatic), carboxyl (-CO.H), formyl ((C{OMH), heteroaromatic, heterocvelyl (eg.,
optionally substituted furanvl, tetrahvdrofuranyl, pyrrolidinyvl, pyrrolvl, imidazolyl, pyrazolyl,
triazolyl, piperidinyl, pyridinyl, pyrimidinyl, pyndazinyl, pyrazinyl, oxazolvl, morpholinyl,
and the like), hydroxyl (-OH), silvl {e.g., -SiR>RMR™ or -Si(R){ORWNR2)), and silyloxy
(e.g.. -O-SiRMRSIRS or -O-SH{R I(ORMNR2). For any of these groups, where indicated,
RA RA BB RS R R, a, b, and ¢ can be any described herein.

Yet other non-limiting amino groups include -NHj, -NHMe, -NMe,, -NHEL,
~NMeEt, ~-NEL, -NHnPr, -NMenPr, -NnPr, -NHiPr, -MNMeiPr, -NiPr,, -NHsBy, -NMesBu,
~NsBup, ~-NHtBu, -NMetBu, -NiBuy, -NfSiHz}.. -N{Si(Me)l., -N[Si{(Et)s], -NH{SiH:l
-NH{Si{Me}s]. -NH{Si(Bt)]. -NMe{SiH;]. -NMe[Si(Me):], -NMe[Si{Et)s], -N|SiHMels,
N{SiHMesl, -NISiFLEt, -N[SiHEGLL, -N{SiHMeEt]h, -NH[SHMe], -NH|SiHMe],
-NHISiH:Et], -NH|[SiHERD, -NHISiHMeEt], -NMe[SiHaMe], -NMe[SiHMe],
-INMefSiH:Et], -NMelSiHERL |, -NMe|SiHMeEt], and the like.

In particular embodiments, at least one, two, three, fouwr, or more R in any formula
heremn {e.g., for fornuda (B) or (YD) includes an optionally substituted hydrazine {eg.,
NH-NH:z or -NRIVNR™RY)Y In particular embodiments, each of RN, R™, and R is,
independently, H, optionally substituted aliphatic, optionally substituted heteroaliphatic,
optionally substituted aromatic, optionally substituted hetercaromatic, optionally substituted
amino, hydroxyl, optionally substitited alkyl, optionally substituted alkoxv, optionally
substituted arvl, optionally substituted aryloxy, optionally substitited alkvi-aryl, optionally
substituted arvi-alkyl, optionally substituted silyl, or optionally substituted silvioxy. In
particular enbodiments, RN and R™ or R and R™ can be taken together, with the nitrogen

atom to which each is attached, to form an optionally substituted heterocyelyl. Yet other

45



10

20

30

WO 2023/114648 PCT/US2022/080863

non-limiting hydrazino groups include -NH-NH, -NMe-NH,, -NH-NHMe, -NH-NMe;,
NMe-NMes, -NEt-NH,, -NH-NHEL, -NH-NE(,, -NMe-NEL, and the like.

in some embodimenis, at least one, two, three, four, or more R’ in any formula
herein {e.g., for formmla (Bf) or (1)) includes an optionally substituted silyl. In one
embodiment, silvl is -SIRMRMRY in which each of R¥, R®, and R> is, independently, H,
optionally substituted aliphatic, optionally substituted heteroaliphatic, optionally substituted
aromatic, optionally substituted hetercaromatic, optionally substituted amino, optionally
substituied hydrazino, azido, hydroxyl, optionally substituied silyvi, optionally substituted
silyloxy, optionally substituted alkyl, optionally substituted alkenyl, optionally substituted
alkynyl, optionally substitted alkoxy, optionally substituted hetercalkyl, optionally
substituted  hetercalkenyl, optionally substitited heteroalkynyl, optionally  substitited
heterocyelyl, optionally substituted arvl, optionally substituted arvloxy, cyvanato, isocyanato,
cvano, isocvano, and the like. Non-limiting silvl groups include any described herein, such
as SRR, -SHR(ORM), -SHRBERY,  -SHRLORM,  -SHR)ANRNRM ),
SIRV(ORW(NR2), and the Hike. Yet other non-liriting silvl groups include -SiHs, -8iH:Me,
-SiHMey, -SiMes, -Si{OH);, -SiHxOMe), -SiH{OMe), -Si{{OMe);, -SiHa(NH:),
SSIHMe(NHz), -SiMex(NFL), -SiH(NHL), -SiMe(NHa), -SiNH), -SiHa(NMes),
-StHa(NMen), -SiHMe(NMez), -SitMeh{NMes)s, ~SiMe(NMez ), -SiiNMexk, ~-SiHx(NHMe},
~-SiHMe(NHMe), -SiH(NHMe), -SiMe(NHMe), -Si(NHMe}s, and the like.

In other embodiments, at least one, two, three, four, or more R’ m any formula
herein (e.g., for formuala (M) or (1)} includes an optionally substituied silvioxy. Non-
limiting silyloxy groups include any described herein, such as -O-Si(R)LR*h. -
O-SH{R(ORN ), -O-Si(R)(Rh,  -O-SURORN),  -O-SiRL(NRMR¥),  -O-
SHR(ORWNR ), and the like. Yet other non-limiting silvioxy groups include -0-8iHs,
-0-SiHMe,  -O-SiHMe;,  -0-SiMes,  -0-Si(OH),  -O-8iH{OMe), -O-SiH(OMe),,
-0-Si{OMe)s,  -0O-SiHxNHz),  -O-SiHMe(NHz),  -O-SiMex(NH),  -O-SiH{NH).
-0-SiMe(NHp, -O-Si(NHzp, -O-SiH(NMey), -O-SiHb(NMes), -O-SiHMe(NMes),
-0-Si{Men(NMex )k, -O-SiMe(NMe),, ~-G-S1i(NMey)s, ~O-SiH:(NHMe}, ~0O-SiHMe(NHMe),
~-O-SiH{NHMe), -O-SiMe(NHMe), -O-Si{NHMe)s, and the like.

In yet other embodiments, at least one, two, three, four, or more R’ in any formula
herein (e.g., for formuda (X8} or (FIL}) includes azido (-N3), hydroxyl (-OH}, cvanato (-<OCN),

isocyanato (-NCQO), cvano (<CN), and/or isocvano (-NC).
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The organic silicon-containing precursor may be selected from the group consisting
of silane, distlane, frisilane, tetrasilane, amune-substituted versions of any of the foregoing
stlanes, and trisilviamine.

Examples of inorganic silicon-containing reactants include, but are not himited to,
silanes, polysilanes, halosilanes, and aminosilanes. A silane coutains hvdrogen and/or carbon
groups, but does not contain a halogen. A polysilane may have the formula (Hi81-(SiHa)u
-SiHs), where n> 1. Examples of silanes include silane (8iHy), disilane {SizHg), trisilane,
tetrastiane and organo stlanes such as methyisilane, ethylsilane, isopropyisilane, t-butvisilane,
dimethvlsilane, diethylsilane, di-t-butvisilane, allvlsilane, sec-butyislane, thexylsilane,
iscamylsilane, t-butvidisdlane, di-t-butvldisilane, tetra-ethyl-ortho-silicate (also known as
tetra-sthoxy-silane or TEQS} and the like.

An aminosilane includes at least one nitrogen atom bonded to a silicon atom, but
may also contain hydrogens, oxvgens, halogens and carbons. Examples of aminosilanes are
mono-, di-, i~ and tetra~-aminosilane (H:SWNHzY, HoSi(NH> ), HSIINH:): and Si(INHz),
respectively), as well as substituted mono-, di-, tri- and tetra-aminosilanes, for example, t-
butylaminosilane, methylanunosilane, tert-butylsilanamine, bis{tertiarvbutvianinolsiiane
(SIFHLINHC(CH: s  (BTBAS), tert-butyl silylcarbamate, SiH{CH}-{N{CH;3)), SiHCI-
(N{CHsnn, GuCH:pNH), didsec-butvlanuno)silane (DSBAS), di(isopropyvlamido)silane
(DIPAS), bis{diethylaminojsilane (BDEAS), and the like. A further example of an
aminosilane 1s trisilylamine (N{(8iH3):).

Examples of silicon-containing reactants include siloxanes, alkyl silane or
hydrocarbon-substituted silane, or a nitrogen-containing  carbon-contamning  reactant.
Examples of siloxanes include  2.4.68-tetramethyleyclotetrasiloxane (TMCTS),
heptamethyleyclotetrasiloxane  (HMCTS),  silsesquioxane,  disiloxanes, such  as
pertamethyidisiloxane (PMDSO) or tetrarvethyldisiloxane (YMDSO), and trisiloxanes such
as hexamethyitrisitoxane or heptamethyltrisiloxane.  Alkyl stlanes include a central silicon
atom with one or more alkyl groups bonded to it as well as one or more hvdrogen atoms
bonded to it. In some embodiments, any one or more of the alkyl groups contain 1-5 carbon
atoms. The hydrocarbon groups may be saturated or unsaturated (e.g., alkene {e.g., vinvil),
alkyne, and aromatic groups). Examples include but are not limited to trimethylsilane (3MS),
trigthyviciiane, pentamethy! disilamethane {({CHpSt-CHL-SY{CH3)3), and  dimethylsilane
(2MS). Additionally, disilanes, trisilanes, or other higher silanes may be used in place of
monosilanes. In some embodiments, one of the silicon atoms can have a carbon-containing

or hydrocarbon group attached 1o i1, and one of the silicon atoms can have a hydrogen atom
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5 attached to it. Example carbon-containing reactants including a nitrogen include methyl-
substituted disilazanes and trisilaranes, such as tetramethvidisilazane and hexaroethyl
tristlazane.

Yet other examples of organie silicon-containing reactants can inchide stioxanes
such as cyclotetrasiloxangs  such  as  heptamethyleyclotetrasifoxane (HMCTS) and

10 tetrarsethyleyvclotetrasiloxane.  Other cyclic stloxanes can also include but are not Liroited to

cyvclotristioxanes and cyclopentastioxanes. (ther examples of suitable precursors inchude
linear siloxanes such as, but pot himited to, disiloxanes, such as pentamethyidisiloxans
(PMDSO), tetramethyldisiloxane (TMDSO), hexamethyl trisloxane, and heptarethyl
tristloxane.  For undoped silicon carbide, examples of suitable precursors include
1S monosilanes substituted with one or more alkyl, alkene, and/or alkvne groups containing,
e.g., 1-5 carbon atorws. Examples include but are not hnuted to trimethyisilane (3MS),
dimethvisilane (2MS), triethvisilane (TES), and pentamethvidisilamethane. Additionally,
disilanes, trisifanes, or other higher silanes may be used in place of monosilanes. An example
of one such dislane from the alkyl silane class is hexamethyldistlane (HMDS).  Another
20 example of a distlane from the alkyl silane class can include pentamethyldistlane (PMDS).
(ther types of alkyl silanes can include allylcarbosiianes, which can have a branched
polymeric structure with a carbon bonded to a silicon atom as well as alkvl groups bonded to
a silicon atom. Examples nclude dimethyl trumethylsilyl rethane (DTMSM) and is-
dimethylsilyl ethane (BDMSE)  Examples of other suitable precursors include, eg.,

25 alkyldisitazanes and possibly compounds including amino (-NH>2) and alkyv] groups separately

bonded to one or more silicon atoms.  Alkyldisilazanes include silizanes and alkyl groups
bonded to two silicon atoms. An example includes 1,1,3.3-tetramethyldisilazane (TMDSN}.

In the Si-containing reactants described herein, different kinds of R’ can be attached
to the siicon atom.  Further St-countaiming precursors are described herein,

30 Aminosilanes

A silicon-containing reactant can include one or more optionally substituted amino
aroups, thereby providing a noo-limiting amino silane. In one embodiment, the precursor has

a formula of (R)4xS1{NR"2}x, wheretr:

xis i, 2,3, or4d;

L
A

each R’ is, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonylioxy,
ahphatic-oxy, aliphatic-oxvcarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonyloxy, hetercaliphatic-oxy, hetercaliphatic-oxyearbonyl, aromatic,

aromatic-carbonyl, aromatic-carbonyloxy, aromatic~-oxy, aromatic-oxycarbonyl,
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heterparomatic, heteroaromatic-oxy, amino, hyvdrazino, azido, hvdroxyl, sivl, silvioxy,
cyanato, isocyanato, cyano, or isocyano, in which any of these may be optionally substituted;
and

each R” is, independently, H, aliphatic, heteroaliphatic, aromatic, hetersaromatic, or
amino, w which any of these may be optionally substituted; or optionally in which two R”
can be taken together, with the nitrogen atom to which each s atiached, to form an optionally
substituted heterocyclyl.

In another embodiment, the precursor has a formula of {(R”NERDS-L-8iR)s.
(NR"2)x, whereirt

each x is, independently, 0, 1, 2, or 3;

L is a linker, such as a covalent bond, optionally substituted aliphatic, optionally
substituted  hetercaliphatic, optionally  substituted aromatic, optionally  substituted
heteroaromatic, oxy {-0-), imino, or silyl;

gach R’ is, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyloxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonylioxy, hetercaliphatic-oxy, hetercaliphatic-oxycarbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxyvearbonyvi,
heteroaromatic, heteroaromatic-oxy, amino, hvdrazino, azido, hydroxyl, silvl, silvioxy,
cyanato, isocvanato, oyano, or isocyano, in which any of these may be optionally substituted;
and each R” is, independently, H, aliphatic, heteroaliphatic, aromatic. hetercaromatic, or
amino, in which any of these may be optionally substituled; or optionally i which two R”
can be taken together, with the nitrogen atom to which each is attached, to form an optionally
substituted heterocvelvl

In particular embodiments, L is optionally substituted imino, such as -NR-, in which
R is H, optionally substituted aliphatic, optionally substituted alkyl, optionally substituted
alkenyl, optionally substituted alkvnyl, or optionally substituted aromatic.  In other
embodiments, L is optionally substituted sifyl. such as -SiRo-, in which each R s,
independently, H, optionally substituted aliphatic, optionally subsiituted alkyl, optionally
substituted alkenvl, optionally substituted alkynyl, or optionally substituted aromatic.

In one instance, at least one x is not 0. In another embodiment, x can be 0 (e.g., ifL
includes a carbon atom or a heteroatom}. In yet another embodiment, x is 0; and/or L
includes  optionally  substituted aliphatic, optionally  substituted alkylene, optionally
substituted  alkenvlene, optionally substituted alkynylene, optionally substituted

heteroaliphatic,  optionally  substitted  heteroalkylene,  optionally  substituted
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hetercalkenviene, opiionally substituted hetercalkynylene, optionally sabstituted aromatic,
optionally substituted arylene, optionally substituted heteroaromatic, optionally substituted
heteroarviene, oxy (-0-), imino, or silyl

In particular embodiments, at least one R’ or R” 1s not H. The precursor can have
any useful combination of R’ groups and amino groups (NR”";) attached to one or more silicon
atoms,

In some embodiments, R’ is H, optionally substituted amino (e g., -NRu}, aliphatic-
oxy {eg., alkoxy or -OR), aliphatic-carbonyl (e.g, alkanovl or -C{O)R), aliphatic-
carbonyloxy {e.g., alkanovioxy or -OC{O}R}, aliphatic-oxycarbonyl {e.g., alkoxycarbonyl or
~-C{OMORY, siyl (eg. -SiRs) aliphatic-oxy-silvl {eg, alkoxysiivl or -Si{RpL{OR)),
aminosilvl (e.g., -SURRNRap), silvioxy {eg, -0-8iR3), aliphatic-oxy-silyloxy (eg.,
alkoxysilyloxy or ~0-Si{R).(OR)p), anunosiyioxy (e.g., -O-SR}{NRu}k), aromatic {eg.,
arvl), aromatic-oxy {e.g , arvloxy or -OR), hvdroxyl (-OH), formyl (-C{O}H), and the like. In
particular embodiments, each R is, independently, H, optionally substituted aliphatic,
optionally substituted alkyl, optionally substituted alkenyl, optionally substituted alkynyl,
optionally substituted hetercaliphatic, optionally substituted aromatic, optionally substituted
aryl, and optionally substitited hetercaromatic; a > 0. b > 1, and a + b = 3. In some
embodiments, two R groups can be taken together, with the mitrogen atom to which each 1
attached, to form an optionally substituted heterocyelyl. In other embodiments, each R 15,
independently, H, optionally substituted alkvl, optionally substituted alkenyl, optionally
substituied alkynyl, or optionally substituted arvl.

In other embodiments, R” is H, optionally substituted aliphatic, optionally
substitted heteroaliphatic, optionally substituted alkyl optionally substituted silyl, or
optionally substituted silyloxy. In some embodiments, R” is optionally substituted alkvi (..,
Me, Et, nPr, iPr, sBu, or tBu). I other embodiments, R” is -SiR’s, -SiRs, -Si{R)(ORM,
SHROR),  -SHRANRb,  -SHRLNR)s,  -SUR{ORBNR):,  -Si(R)LORB{NR2)..
-0-SiR5, -0-8iRs, -O-Si(R%(OR}, -O-Si{(R)LOR), -O-SiRL(NRak, -O-Si{R)(NRzk,
-O-SH{R B{ORMINR )., or -O-Si{RI(ORK(NR2) in which each R is, independently, H,
aliphatic, heterpaliphatic. aromatic, heteroaromatic, amino, hydrazino, azido, hydroxyl, silyl,
siiyloxy, cvanato, isocyanato, ¢yano, of isocvano, in which any of these may be optionally
substituted, each R i3, independently, H, optionally substituted aliphatic, optionally
substituted heteroaliphatic, optionally substituted aromatic, or optionally  substituted

heteroaromatic; each ofa, b,and ¢ >0, anda+ b +¢c=3ora+ b =3 (if ¢ is not present). In
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particular embodiments, R is H, optionally substituied alkyl, optionally substituied alkenvi, or
optionally substituted alkynyl

The silicon-containing reactant can include at least one R’ group attached to the
silicon atom. In one embodiment, the precursor has a formwla of (R7(H);Si{NR ).,
wheretn R and R” can be any described herein, and wherein x is 1, 2, or 3. In ancther
embodiment, the precursor has a formula of (RH{H)SUMNR™:), wherein R’ and R” can be any
described herein. In one embodiment, the precursor has a formula of (ROFDSI(NR"),,
wherein R’ and R” can be any described heremn. In another embodiment, the precursor has a
forranla of (R {H)SUNR™), wherein R and R” can be any described herein.  In yet another
embodiment, the precursor has a formula of (R'1:81{NR"), wherein R and R” can be any
described herein. In one embodiment, the precursor has a formula of (R'1:81(INR”,), wherein
R’ and R” can be any described herein.

The silicon-containing reactant can lack an R’ group attached to the silicon atom. In
one embodiment, the precursor has a formuia of (H)Si{INR"z),, wherein each R” can
independently be any described herein, and wherein x i3 1, 2, 3, or 4. In another
embodiment, the precursor has a formula of Si(NR”; ), wherein each R” can independently be
any described herein.  In particular embodiments, each R” is, independently, aliphatic,
heteroaliphatic, aromatic, or heteroaromatic.

The silicon-containing reactant can include one or more hvdrogen atoms attached fo
the silicon atom. In one embodiment, the precursor has a formula of (H:Si{NR":) or
(HRSHNR ) or (H)SINR" i, wherein each R” can independently be any described herein,
In particular embodiments, each R” is, independently, aliphatic, heteroaliphatic, aromatic,
heteroaromatic, or anuno, in which any of these may be optionally substituted.

The silicon-containing reactant can include a heterocyclyl group having a nitrogen
atom.  In one embodiment, the formula has a formula of H:;Si-Het, m which Het 15 an

optionally substitited heterocyelyl including at least one nitrogen atom.  In particular

embodiments, the precursor has a formuda of HSSE“N@)”, in which the heterocyclyl group
can be optionally subsiituted {e.g., with any substituent described herein as a substition for
alkyl), and wherein n is 1,2, 3, 4, or 5. In one embodiment, the formula has a formula of
R:8i-Het, in which Het is an optionally substituted heterocyclyl including at least one

pitrogen atom, and each R’ can independently be any described herein.  In particular

. ‘ R;Sim(}) o
embodiments, the precursor has a formula of " in which the heterocyclyl group
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can be optionally sabstituted (e.g., with any substituent described herein as a substitution for
atkyly; each R’ can independently be any described herein; and whereinnis 1,2, 3,4, or 3.

In some instances, the silicon-contaming reactant can have two or more silicon
atoms, in which the precursor can include a 5i-81 bond. In a particular embodiment, the
precursor has a formuda of (R7NJGR Y 8-81(R 1 d{NR ")y, wherein R and R” can be any
described herein.  In one embodiment, the silicon-containming reactant has a formula of
(R7NMR PSI-SHR1(NR";), wherein R’ and R” can be any described herein.  In another
embodiment, the silicon~containing reactant has a formula of (R7NR(RISI-SH{RINR ),
wherein R’ and R” can be anyv described berein. In yet another embodiment, the silicon-
containing reactant has a formula of (R7HNBSI-SYNR™);, wherein each R" can
independently be anv described herein.

The silicon~contaiming reactant can include differing groups attached to the silicon
atoms. In one instance, the precursor has a formula of (R"N)RN«81—8iHs, wherein R’ and
R” can be anv described herein.

A linker can be present between two silicon atoms. In one instance, the silicon-
containing reactant has a formula of (R"NN(R . SI-NR-SUR(NR" ), wherein R” and
R" can be any described herein, and in which R is H, optionally substituted aliphatic,
optionally substituted alkyl, optionally substituted alkenvl, optionally substitited alkynvl, or
optiovally substituted aromatic. In another nstance, the silicon-containing reactant bhas a
formula of (R Ny {H) . Si—NR-S1{H ) ANR" ), wherein R, R', and R” can be any described
herein.

The silicon~contaiming reactant can include a combination of R’ groups with a linker
having a hetercatom. In one instance, the silicon-containing reactart has a formmula of
(R1:8i—-NR~-Si{R')3, wherein R and R’ can be any described herein. In another instance, the
precursor has a formula of (R 1:S1—L—-81(R");, wherein L and R’ can be any described herein,
In particular embodiments. L 15 oxy (-0-), optionally substituted mmino {e.g, -NR-}, or
optionally substituted silvi (g.2., -SiR3-).

The silicon-containing reactant can mclude any useful combination of R” and NR™
groups in combination with two silicon atoms. In one instance, the precursor has a formula

of (R"NHR RSI—L—SI{R p{NR":}, wherein L, R', and R” can be any described herein.
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The silicon-containing reactant can include heterocyclic groups including the silicon

and nitrogen atoms. In one embodiment, the precursor has a formula of R A
wherein R and R” can be any described herein, and whereinnis 1, 2, 3, or 4.

fn another erbodiment, the silicon-containing reactant has a formula of
R «i’if’ B
R’“S}'S\i“R‘

RN R " i i nnis 12,3
n , wheretn R and R” can be any described herein, and whereinnis 1, 2, 3, or 4.

R

giTN,

Si D
N\
-

In yet another embodiment, the precursor has a formuila of 3, in which each R” can
independently be anv described herein; and whereinn is 1,2, 3, or 4.

R
§

R Zsj\g}\j& ) 0
In another embodiment, the silicon-containing reactant has a formula of R

whereitn R’ and R” can be any described herein, and whereinnis 1, 2, 3, or 4. In yet another

NRH Np\”
oy ¢ Tl
Rv-N___!SimS‘:___N n

"“JNWN\R"
embodiment, the silicon-containing reactant has a formula of o , wherein R”

can independently be any described herein, and whereinnis 1, 2, 3, or 4.

In any silicon-contauung reactant herein, two R” can be taken together, with the
nitrogen atom to which each is attached, to form an optionally substituted heterocyelvl

Silicon-containing  reactants can include any of the following, eg.,
(RAOSIHNHINRAS ), (RASHINRAG),  (RALSIINHRN R, (RAH)SHNHRA),,
(RA81(NRAS), (RABSIINHRAY), HpSiNHR A ), (RAYH)SHINR M, ), HSHINHHNRY ),
HSINRM, ), SINRAN,  (ROGEDSINR"),  (RRSINRY ), (ROSHNTSIH ),
(ROLSUNISIR B, or (R'BSHUNHRAY). In some embodirnents, each of R’ and R”,
independently, can be any described herein {e.g., H, optionally substituted aliphatic,
optionally substituted heteroaliphatic, optionally substituted alkyl, optionally substituted
alkenyl, or optionally substituted alkvnvl). In other embodiments, each R i

independently, H, optionally substituted aliphatic, optionally substituted heteroaliphatic,
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optionally substituted alkyl, optionally substituted alkenyl, or optionally substituted alkynyl
Tt particular embodiments, R** is methyl (Me), ethyl (Et), n-propyl (nPr). iso-propyl (iPr), n-
butyl (nBu), sec-butyl (sBu), iso-butyl (iBu), tert-butyl (iBu), and the hike.

Non-limiting examples of silicon-containing reactant imclude any of the following:

methylaminotrimethylsilane (SiMez[NHMel}; dimethylaminodimethylsilane
{(SiMe:HINMe ) dimethvlaminotrimethyisilane {(SiMea[NMe:i):

dimethylaminodiethylsilane {(SiHEG[NMe: |}  dimethylaminoiriethyvisilane (SiEt:{NMezj)
ethylmethylaminodimethylsilane  (StHMe[NMeEt]),  sthvimethylaminotrimethyisilane
(SiMes[NMeEt]); ethyvimethylaminodiethyisilane {(SiHELINMeEL]);
ethvimethylaminotriethvisilane (SiEt:{NMeEt]}; diethylaminomethylsilane (SiHMe[NEDL});
diethylamincethvisiane  (SIFLEHNEWL]),  ethylamunotrimethylsilane  (SiMe:[NHEt]);
diethylanunodimethylsilane  (SiHMex[NER]),  diethylaminodiethylsilane  (SiHER[NER]):
digthviaminotrimethyisilane (SiMes{NEG]), diethylaminoiriethvisilane (SiEG{[NE@]):;  iso-
propvlaminodimethyisilane (SiHMez|NHiPri}; iso-propylaminotrimethyisilane
{(SiMe[NHIiPr); iso~-propylanminodiethylsilane (SIHEGLINHIPr); iso-
propvlaminctriethylisilane (SIEGINHiPr]), di-isopropylaminotrimethylsilane (SibdMes{NiPni);
di-iso-propylaminosifane (StH:|NiPr], CsH NSy, or DIPASY; di-iso-
propylanminomethylsilane {(StHMe[NiPrd); di~isopropylamunodimethyvisilane
(SiHMe:[NiPr2]y,  di-isopropylanunodiethylsitane  (SiHEL{NiPnl)y  di-isopropylamino

triethylslane  (SiEGINiPrz]),  n-propylaminotrimethvisiiane (SiMes[NHnPri)  di-sec-

butylaminosilane {SiH:[NsBu] or DSBAS); di-sec-butylaminomethylsilane
{(8iH:Me[NsBuzl); iso-butylaminotrimethylisilane {8iMes[NHiBul), n-
butylaminotrimethylsiiane {SiMe:[NHnBul); teri-butviaminodimethylsilane
(SiHMex[NHtBul); tert-butylaminotrimethylsilane {SiMes|NHiBul); tert-

butylanunodicthylsilane  (StHEGINHBu),  tert-butylanmunotiriethyisilane  (SiEGINHBu):
dicyclohexviaminosilane (SiH:[NCy:]. 1o which Cy is cvclohexyly N-propylisopropyl
aminosilane {(SiHs{NiPmPr]), N-methylceyclohexyviaminosilane (SiH:NMeCy{), N-gthyl
cyclobexylaminosilane (SIH:[NEICY D, allviphenylammosilane (SiH:NAHPR]), N-isopropyl
cyclohexylamunosiane  (SiHs[NiPrCy]),  allylevclopentylaminosilane  (SiH:[NAHCpf);
phenylcyclohexviaminosilane {SIFL{NPhCY]Y; cvelohexylaminotrimethyisilane
{SiMesNHCy ], in which Cyv is cyclohexyl); pyrrolyltrimethyisiiane (SiMes[NHPy ], in which
Py 1s pyirolyl); pyrrolidinotrimethylsilane (SiMes[NHPyrl, 1n which Pyr is pyrrolidinyt);

piperidinotrimethylsilane  (SiMe:[NHPip] in which  Pip 18 piperidinyl);

piperazinotrimethvisilane {SiMes|NHPz],

in which Pz i3 piperazinyl),
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imidazolyltrimethylsifane {SiMes|NHIm], in  which Im is wnidarolyly,
hs{dimethylanuno)silane (SitH{NMex]z or BDMAS), bis{dimethylamine) methylsilane
(S8iMeH{NMe»]); bis(dimethvianmino}dimethyisilane (SiMes|NMez]: or BDMADMS);

bis(dimethylaminoydiethyisilane (SIER{NMej),  bis{(dimethylaming}) methylvinylsilane

{(SiMeVi[NMes ], bis{ethvlamine dimethylsilane (SiMex[NHE):
bis{ethvlmethyvlamino)silane {(SiHL[NMeEt]h); bis{ethylmethylamuno)dimethylisilane

(SiMexNMeEt]: 1 bis{ethylmethylaminodiethylsilane (SiEG]NMeEt]:);
bis(ethylmethvlamino)  methvivinyleilane (SiMeVi{NMeEt]),  bis(diethvlamino)silane
(SiHL[NER], CsHnMNaSy, or BDEAS): bis(diethylamino)dimethylsilane  (SiMe:[NEQD);
his{diethylamino)methylvinylsilane (SiMeViNEnh D) bis{diethylanunodiethylsilane
(SIELINER]D), bis{iso-propylaming) dimethylsilane (SiMe[NHiPria) bis{iso-
propylamino)diethylsitane {SIEL[NHiPri); bis(iso-propylaminoymethylvinylsilane
(SiMeVi{NHiPr:); bis{di-iso-propviamino)silane (StH>[NiProbo); bis{di-iso-
propvlaminoidimethylsilane  {(SiMex[NiPrjz),  bis{di-isc-propylamingy  diethylsilane
(SiEL[NiPr2); bis{di-iso~propylamino)methyvinylsitane {(SiMeVifNiPrab);
bis{methylamino)silane (SiH[NHMe}), bis(sec-butylanunolsilane (SiH»[NHsBulz); bis{sec-
butylaminoymethyisilane {SiHMe{NHsBuj:§;
(SIHENHsBuy),  bis(tert-butylamino)silane  (SiHLINHBal:  or  BTBAS),  bis{tert-
butylamunojdimethylsilane (StMex{NHBulyy,  bis(tert-butylanuno)  methylvioyisilane

(SiMeVi{NHtBu)): bis{tert-butylaminojdiethyisiiane {SiEf[NHiBul): bis(1-

bis{sec-butylaminojethvisilane

imidazolyl}dimethylsilane {SiMeaiIm]a, in which Im is wmdarolyly,
ins{dimethylammo)silane  (SiH[NMexls or 3DMAS),  tris(dimethvlaminolphenylisilane
(SiPhfNMe:]s); tris{dimethylamino) methylsilane {8iMefNMex}s);
tris{dimethylaminc)ethylsilane (SiEt{NMe:]:): tris{ethylmethylaminoisilane (SiH{NEtMe]s);
tris{diethvlaminojsilane (SIH{NEG ) tnsiso-propylanmino)silane (SIH[NHiPr]z, CoHasNaSy,
or TIPAS) tris{dimethyvlaminosilylamide (SifNMe>}3{NH:1). tetrakis(dimethylanino)silane
(SifNMezlay, tetralis{ethyvimethviaminolsilane (Si{NEtMels); tetrakis{diethylamino)silane
(8iNEt);  1,2-diethyi-tetrakis{diethylamino)  distlane ({ELNLES-SIENELL)Y,  1.2-
dimethyi-tetrakis{dimethylamino)disilane  ({MeNpMeSi—SiMe[NMealzy,  1,2-dimethyl-
tetrakis(diethylaminojdisilane {{ECLN]MeSi—SiMe[NEt:]2);  hexakis(methylamine)disilane
{({MeHN:8i-8i{NHMel:); hexakis{ethylaminojdisilane ({EHNLS-SiNHE]s);
hexakis{dimethviaminodisilazane (MeaN-Si[NMe:|:—Si[NMe2 |- NMey), and the like.
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{socyanato silanes
A silicon-containing reactant can include one or more isocyanato groups, thereby

providing a non-limiting isocyanato sitlane. In one embodiment, the silicon-containing
reactant has a formula of (RN)uuSINCO)y, wherein:

xis 1,2, 3, or4; and

sach R’ i3, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyloxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonyloxy, hetercaliphatic-oxy, heteroaliphatic-oxycarbonyl, aromatic,
aromatic-carbonyi, aromatic-carbonyioxy, aromatic-oxy, aromatic-oxycarbonvl,
heteroaromatic, heteroaromatic-oxy, amwno, hydrazino, azmdo, hvdroxyl, silvl, sidyloxy,
cvanato, isocyanato, ¢yano, or isocyano, in which any of these may be optionally substituted.

in another embodiment, the silicon-containing reactant has a formula of
(RSINCORNR )y, wherein:

xis |, 2 3, ord;

each of v and 7 is, independently, 0, 1, 2, or 3;

X+yt+z=4;

each R’ 1s, independently., H, aliphatic, aliphatic-carbonyl, aliphatic-carbonvioxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonyioxy, hetercaliphatic-oxy, hetercaliphatic-oxvearbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyioxy, aromatic~oxy, aromatic-oxycarbonyl,
heteroaromatic, heteroaromatic-oxy, amino, hydrazino, azido, hydroxyl, silyl silvloxy,
cyanato, isocyanato, cvano, of isocyang, in which any of these may be optionally substituted;
and

each R” is, independently, H, aliphatic, heteroaliphatic, aromatic, heteroaromatic, or
amino, in which any of these may be optionally substituted; or optionally in which two R”
can be taken together, with the nitrogen atom to which each is attached, to form an optionally
substituied heterocyelvl

In yet another embodiment, the silicon-containing reactant has a foromda of
(NCOLR 13x81-L-SUR B(NCO )k, wherein:

each x s, independently, 0, 1, 2, or 3;

L is a linker, such as a covalent bond, optionally substituted aliphatic, optionally
substituted alkviene, optionally substituted alkenylene, optionally substituted alkynylene,

optionally  substituted hetercaliphatic, optionally substituied heteroalkviene, optionally
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substituied heteroalkenylene, optionally substiiuted heteroalkynylene, optionally substituted
aromatic, optionally substituted aryiene, optionally substituted heteroaromatic, optionally
substituted heteroarviene, oxy (-0-), imino, or silvl; and

each R’ 15, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyloxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heterpaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonvioxy, heteroaliphatic-oxy. heteroaliphatic-oxycarbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxycarbonyl,
heterparomatic, hetercaromatic-oxy, amino, hvdrazino, azido, hvdroxyl, syl silvioxy,
cyanato, isocyanato, cvano, or 1socyano, in which any of these may be optionally substituted,

In some embodiments, R’ is H, optionally substituted amine {e.g., -NR»), aliphatic-
oxy {(eg., alkoxy or -0OR), aliphatic-carbonyl {eg., alkanovl or -C{O)R), ahphatic-
carbonvloxy {(e.g.. alkanovioxy or ~OC(O)R), aliphatic-oxycarbonyl (e.g., alkoxvcarbonyl or
~C(OYOR), silyi {eg, -SiRs), aliphatic-oxy-silyl {eg. alkoxysilyl or -Si{R)}{(OR}),
aminosilyl {e.g., -Sy{R)(NR2}p), silyloxy (e.g., -0-SiR;), aliphatic-oxy-silyloxy (eg,
alkoxysilvloxy or -O-8i{RL(OR)), aminosilvioxy (e.g, -O-Si(R)(NRak), aromatic {e.g,
aryl}y, aromatic-oxy {e.g.. aryloxy or -OR}, hvdroxyl (-:OH), formyl (-C{OH}, and the like. In
particular embodiments, each R is, independently, H. optionally substituted aliphatic,
optionally substitited alkyl, optionally substituted alkenyl, optionally substitited alkyvnyvl
optionally substituted hetercaliphatic, optionally substituted aromatic, optionally substituted
arvl, and optionally substituted hetercaromatic; 2 > 0; b > 1; and a + b = 3. In some
embodiments, two R groups can be taken together, with the nitrogen atom to which each is
attached, to forro an optionally substituted heterocyelvl  In other embodiments, each R s,
independently, H, optionally substituted alkyl, optionally substituted alkenyl, optionally
substituted alkvnvl, or optionally substituted aryl.

In other embodiments, R” is H. optionally substituted alipbatic, optionally
substituted hetercaliphatic, optionally substituted alkyl, optionally substituted silyl or
optionally substituted silvioxy. In some embodiments, R" is optionally substituted alkvi{eg.,
Me, Et, nPr, iPr, sBu, or tBu). In other embodiments, R” is -SiR’s, -8iRa, -Si{R){OR ),
SSiHRIAORY, -Si{R)MNRak.,  -Si(R)a(NRok, -SiR(ORBNR2), -SiR(ORRp(NR:),
-0-8iR5, -0-SiRz, -O-SiR)LOR), -O-Si{RI(ORp, -O-Si{R)a(NR2b, -O-Si(R3(NR2,
~O-SHRUORBNR )., or -O-Si(RL{ORRBNR2) in which each R is, independently, H,
ahphatic, heteroaliphatic, aromatic, hetercaromatic, amino, hydrazino, azido, hvdroxyl, silvl,
stivioxy, cyanato, isocyanato, cvano, or isocyano, in which any of these may be optionally

substituied, each R is, independently, H, optionally substituted aliphatic, optionally
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substituied heteroaliphatic, optionally substited aromatic, or optionally substituted
heteroaromatic; each of a, b,andc> 0 anda+b+c=3ora+b=3 (if ¢ is not present). In
particular embodimentis, R is H, optionally substituted alkyl, optionally substituted alkenvi, or
optionally substituted alkynvh

Silicon-containing  reactants  can  include any  of the following, eg.,
(ROSUNCOMNR 1), (R pSIINCOMNR"), (R pSIINCONNISIR:]), or tetraisocvanatosilane
(SiINCOl4). In some embodiments, each of R and R”, independenily, can be any described
herein (e.g., H, optionally substituted aliphatic, optionally substituted heteroaliphatic,
optionally substituted alkyl, optionally substituted alkenyl, or optionally substituted alkvnyl).
In other embodiments, each R is, independently, H, optionally substituted aliphatic,
optionally substituted heteroaliphatic, optionally substituted alkyl, optionally substitided
alkenyl, optionally substituted alkynyl, optionally substituted alkoxy. optionally substituted
aromatic, optionally substituted heteroaromatic, optionally substitited arvl, or optionally
substituted heteroaryl.
Azido silanes

A silicon-containing reactant can mnclude one or more aznido groups, thereby providing
a non-limiting azido silane. To one embodirnent, the precursor has a formaula of

(R 3axSit{N3 ), wherein:

xis 1,2, 3, or4; and

gach R’ is, independently, H, aliphatic, aliphatic~carboryl, asliphatic-carbonyloxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonvioxy, heteroaliphatic-oxy, hetercaliphatic-oxycarbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyioxy, aromatic-oxy, aromatic-oxyearbonyi,
heteroaromatic, heteroaromatic-oxy, amino, hvdrazine, azido, hydroxyl, silyl, silvloxy,
cyvanato, isocyanato, cyano, or isocyano, in which any of these may be optionally substituted.

In another embodiment, the silicon-containing reactant has a formula of
(R3S51(N33{NR "2}y, wherein:

xis 1,2, 3, ord;

each of v and 7 15, mdependently, 0, 1, 2, or 3;

x+ytz=4;

each R’ is, independently, H, aliphatic. aliphatic-carbonyl, aliphatic-carbonyloxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,

heteroaliphatic-carbonyioxy, heteroaliphatic-oxy, hetercaliphatic-oxvearbonyl,  aromatic,
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aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxycarbonyl,
heteroaromatic, heteroaromatic-oxy, avuno, hvdrazino, azido, hvdroxyl, siyl, silvloxy,
cyanato, isocyanato, cvano, or isecyano, in which any of these may be optionally substituted;
and

each R” i3, independently, H, aliphatic, heteroaliphatic, aromatic, heterparomatic, or
amno, in which any of these may be optionally substituted; or optionally in which two R”
can be taken together, with the nitrogen atom to which each is aitached, to form an optionally
substituied heterocyclvl.

In vet another embodiment, the silicon~-containing reactant has a formula of (N33R
B1—L—81(R }1.(N3 ), wherain:

each x 15, independently, 0, 1, 2, or 3;

L is a hinker, such as a covalent bond, optionally substituted aliphatic, optionally
substituted alkviene, optionally substituted alkenviene, optionally substituted alkynylene,
optionally substituited hetercaliphatic, optionally substituted hetersalkylene, optionally
substituied heteroalkenylene, optionally substituted heteroalkynylene, optionally substituted
aromatic, optionally substituted arviene, optionally substituted heteroaromatic, optionally
substituted heteroarviene, oxy (-0}, imino, or silyl; and

each R’ 15, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyloxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
hetercaliphatic-carbonvioxy, hetercaliphatic-oxy, hetercaliphatic-oxvearbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxycarbonyl,
heteroaromatic, heteroaromatic-oxy, amino, hvdrazino, azido, hvdroxvl, syl silvioxy,
cyanato, 1socyanato, ¢yano, or isocyano, in which any of these may be optionally substituted.

In some embodiments, R is H, optionally substituted amino {e.g., -NR»), aliphatic-
oxy {(eg., alkoxy or -OR), aliphatic-carbonyl {e.g. alkanovl or -C{O)R), ahphatic-
carbonvloxy (e.g.. alkanovioxy or -OC{O)R). aliphatic-oxycarbonyi (e.g., alkoxycarbonyl or
-C{(OYOR), silyl {eg. -SiRa:), aliphatic-oxy-silyl {(e.g. alkoxysiiyl or -Si{R}{OR}},
aminosilyl {eg, -Si{R)(NR2)u), sivloxy (eg, -0-SiRs), aliphatic-oxy-silyloxy (eg,
alkoxysilyloxy or -0-Si(R)(OR}), aminosilyloxy {e.g., -O-Si{R}(NRokw}. aromatic {e.g,
aryly, aromatic-oxy {e.g., aryloxy or -OR}, hvdroxyl (<(OH), formyi (+C(OH), and the like. In
particular embodiments, each R s, independently, H, optionally sobstituted aliphatic,
optionally substituted alkyl, optionally substituted alkenyl, optionally substituted alkvnyvl,
optionally substituted hetercaliphatic, optionally substituted aromatic, optionally substituted

arvl, and optionally substituted hetercaromatic; a > 0, b 2> 1, and a + b = 3. In some
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embodiments, two R groups can be taken together, with the nitrogen atom to which each is
attached, to form an optionally substituted heterocyelyvl. In other embodiments, each R i,
independently, H, optionally substituted alkyl, optionally substituted alkenvl, optionally
substituted alkvnyl, or optionally substituted aryl.

In other embodiments, R” is H, optionally substituted aliphatic, optionally
substituted heteroaliphatic, optionally substituted alkyi, optionally substituted syl or
optionally substituted silvloxy. In some embodiments, R” is optionally substituted alkyl {e.g.,
Me, Et, nPr, iPr, sBu, or tBu). In other embodiments, R” is -8iR’s, -8iR3, -Si{R){OR ),
SSIRN(OR),  -SHRDNRb,  -SiHRLNR  -SifR(ORMNR ), -SHE)(ORRNR),
-0-8iR5, -0-8iRa, -O-SH{R)LOR), -O-Si{R}(OR). -O-Si{R)a(NRb. -O-Si(R}(NRo s,
-O-SIHRUORBNR )., or -O-Si{RL{ORRNR:): in which each R is, independently, H,
aliphatic, heteroaliphatic, aromatic, heteroaromatic, amino, hydrazine, azido, hydroxvl, silyi,
silvloxy, cyanato, isocyanato, cvano, orf isocvano, in which any of these may be optionally
substituted;, each R is, independently, H., optionally substituted aliphatic, optionally
substituted heteroaliphatic, optionally substifuted aromatic, or optionally substituted
heteroaromatic; each of a, b,and c > 0, anda+b+c=3ora+ b =3 (if ¢ is not present). In
particular embodiments, R is H, optionally substituted alkyl, optionally substituted alkenyl, or
optionally substituted alkynyl

Silicon-containing reactants can joclude any of the following, eg., (R):SuNz),
(RSi(Ns)e, (RSN}, or SHN3HNR":3.  In some embodiments, each of R” and R”,
independently, can be any described herein {e.g., H, optionally substituted aliphatic,
optionally substituted heteroaliphatic, optionally substituted alkyl, optionally substituted
alkenyl, or optionally substituted alkynyl). Non-linuting examples of precursors also include
tris{dimethylaminoisilylazide ([Me:N|:SiNsY,  di-tert-butyl  diazidosilane  ((BwSi{Ns)p);
ethylsilicon triazide (BiS1(N3k); and the like.

Hydrazino silanes

A silicon-containing reactant can include one or more optionally substituied
hydrazino groups, thereby providing a non-limiting hydrazino silane. In one embodiment,
the precursor has a formuda of (R SI{NR-NR )., wherein:

xis i, 2, 3 014

each R’ is, independently, H, aliphatic. aliphatic-carbonyl, aliphatic-carbonyloxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,

heteroaliphatic-carbonyioxy, heteroaliphatic-oxy, hetercaliphatic-oxvearbonyl,  aromatic,
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aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxycarbonyl,
heteroaromatic, heteroaromatic-oxy, avuno, hvdrazino, azido, hvdroxyl, syl silvioxy,
cyanato, isocyanato, cvano, or isecyano, in which any of these may be optionally substituted;
and

each R” i3, independently, H, aliphatic, heteroaliphatic, aromatic, heterparomatic, or
amno, in which any of these may be optionally substituted; or optionally in which two R”
can be taken together, with the nitrogen atom to which each is aitached, to form an optionally
substituied heterocyclvl.

In another embodiment, the precursor has a formoula of (NR7-NR"{R'}:.Si—-L—-S1
(R BR(NR-NR" )y, wherein:

each x 15, independently, 0, 1, 2, or 3;

L is a hinker, such as a covalent bond, optionally substituted aliphatic, optionally
substituted  hetercaliphatic, optionally  substituted aromatic, optionally  substituted
heteroaromatic, oxy {~O-), imino, or silyl;

gach R’ i3, independently, H, aliphatic, aliphatic~carbonyl, aliphatic-carbonyioxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonvloxy, heteroaliphatic-oxy, heteroaliphatic-oxycarbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyioxy, aromatic-oxy, aromatc-oxyvearbonyl,
heteroaromatic, hetercaromatic-oxy, amno, hydrazino, azmdo, hvdroxyl, silvl, siyloxy,
cyvanato, isocvanato, cyano, or isocyvano, in which any of these may be optionally substituted;
and

each R” 15, independently, H, aliphatic, heteroaliphatic, aromatic, hetercaromatic, or
amino, inr which any of these may be optionally substitited; or optionally in which two R”
can be taken together, with the nitrogen atom to which each is attached, to form an optionally
substituted heterocychyl

In vet another embodiment, the precursor has a formula of (R SH{NR"-L-NR™ ),
wherein: x 18 1, 2, 3, or 4; and each L, R’, and R" can be anv described herein.

o particular embodiments, L is optionally substituied iuino, such as -NR-, in which
R 18 H, optionally substituted aliphatic, optionally substitited alkyl, optionally substituted
alkenyl, optionally substitted alkynvi, or optionally substituted aromatic. In other
embodiments, L is oplionally substituled silyl, such as -8iRz-, in which each R is,
mndependently, H, optionally substituted aliphatic, optionally substituted alkyl, optionally
substituted alkenyl, optionally substituted alkynyl, or optionally substitited aromatic. In yet

other embodiments, L is -NR-NR-, in which R i3 any described herein {e.g., R is H,
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optionally substituted aliphatic, optionally substituted alkyl, optionally substituted alkenyl,
optionally substituted alkynyl, or optionally substituted aromatic).

In one instance, at least one x 1s not 0. In another embodiment, x can be 0 {e.g.. if L
includes a carbon atom or a heteroatom}. In yet another embodiment, x is 0; and/or L
includes optionally  substitted  aliphatic, optionally  sobstituted alkyvlene, optionally
substituted  alkenylene, optionally  substituted alkynvlene, optionally  substituted
hetercaliphatic,  optionally  substituited  hetercalkvlens,  optionally  sebstituted
heteroalkenviene, optionally substituted heteroalkynylene, optionally substituted aromatic,
optionally substituted arylene, optionally substituted heteroaromatic, optionally substituted
heteroarviene, oxy (-0}, imino, or silyl

The silicon-containing reactant can include any useful combination of R’ and
hydrazino groups. In one erobodiroent, the precursor has a formula of (R"BSiICNR”-L-NR"2)
or (R'BSH{INR"-NR™), wherein L, R’, and R” can be any described herain.

The silicon-containing reactant can include a phwrality of hvdrazino groups. In one
embodiment, the precursor has a formula of (RMSiNR-L-NRM ), (R pSUNR"-NR™),, or
(R 1pSINH-NHR "), wherein L, R', and R” can be any described herein.

The silicon-containing reactant can include at least two silicon atoms. In one
embodiment, the precursor has a formuida of NR-NR"YRY:Si-SuRANR-NR™), wherein

cach R’ and R” can be any described heremn.

Non-limiting silicon-containing reactants can include bis(tert-
butythydrazino)diethylsilane {SIEGNH-NHiBup); tris{dimethylhydrazinojsilane

{(SiH[NH-NMezl3); and the like.
Siloxanes and derivatives thereof

A silicon-contaiming reactant can include one or more aliphatic-oxy, aromatic-oxy
groups, and/or oxy groups, thereby providing a siloxane or a derivative thereof having one or
more S$1-0, 0-81-0, or 8i-0-51 bonds. In one embodiment, the precursor has a formula of
(R u~SHOR™),, wherein:

xis 1,2, 3, ord;

each R’ 15, independently, H, aliphatic, aliphatic-carbonyl, aliphatic~carbonyioxy,
ahiphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
hetercaliphatic-carbonvioxy, heteroaliphatic-oxy, hetercaliphatic-oxvearbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxycarbonyl,

heterparomatic, hetercaromatic-oxy, amino, hvdrazino, azido, hvdroxyl, syl silvioxy,
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cvanato, isocvanato, ¢yand, or isocyane, in which any of these may be optionally substituied;
and

each R” is, independently. H, aliphatic, heteroaliphatic, aromatic, heteroaromatic,
stlyl, or silyloxy, in which any of these may be optionally substituted.

In another embodiment, the silicon-containing reactant has a formula of (R"0)(R' ).
S=L=81{RY3.{OR™)x. wheremn:

each x is, independently, 0, 1, 2, or 3;

L is a linker, such as a covalent bond, optionally substituled aliphatic, optionally
substituted  hetercaliphatic, optionallv  substituted  aromatic, optionally  substituted
heteroaromatic, oxy {~O-), imino, or silyl;

each R’ is, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonylioxy,
ahphatic-oxy, aliphatic-oxvycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonvloxy, heterocaliphatic-oxy, hetercaliphatic-oxycarbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxycarbonyl,
heteroaromatic, heteroaroratic-oxy, avuno, hydrazino, azido, bvdroxyl, syl silvioxy,
cyanato, isocyanato, cyano, or isocyano, in which any of these may be optionally substituted;
and

each R” i3, independently, H, aliphatic, heteroaliphatic, aromatic, heterovaromalic,
silyl, ot silyloxy, in which anv of these may be optionally substuuted.

in particular embodiments, L is optionally substituted inmino, such as -NR-. in which
R is H, optionally substituted aliphatic, optionally substituted alkyl, optionally substituted
alkenyl, optionally substitied alkvnvl, or optionally substituted aromatic.  In other
embodiments, L is optionally substituted silyl, such as -SiR:-, in which each R s,
independently, H, optionally substituted aliphatic, optionally substituted alkvi, optionally
substituted alkenyl, optionally substituted alkynyl, or optionally substituted aromatic. In
other embodiments, L 1s —O—L'—0—, in which L' is optionally substituted aliphatic, optionally
substituted hetercaliphatic, optionally  substituted aromatic, optionally  substituted
heteroaromatic, optionally substituted silyl €e.g., -SiRa-), optionally substituted alkvlene {e.g.,
~{CHa)e-, 1n which n is | o 6}, optionally substituted arylene, and the like. In vet other
embodiments, L i3 oxy.

In one instance, at least one x 18 not 0. In another embodiment, x can be @ (eg., ifL
meludes a carbon atom or a heteroatom).  In yet another embodiment, x 15 0; and/or L
includes  optionally  substituted aliphatic, optionally substituted alkylene, optionally

substitied  alkenvlene, optionally  subsiituted  alkvnyvlene, optionally  substituted
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heterpaliphatic,  optionally  substitted  heteroalkylene,  optionally  substituted
heteroalkenviene, optionally substituted heteroalkynylene, optionally substituted aromatic,
optionally substituted arviene, optionally substituted heteroaromatic, optionally substituted
heteroarviene, oxy (-O-}, iming, or sifyl.

In some embodiments, R’ is H, optionally substituted aminoe (e.g., -NR»), aliphatic-
oxy (eg., alkoxy or -0OR), aliphatic-carbonyl {e.g. alkanovl or -C{O)R), ahphatic-
carbonvloxy {e.g.. alkanovioxy or -GC{O)R), aliphatic-oxycarbonyl (e.g., alkoxycarbonyl or
-C(OYOR), silvl {eg. -SiR3), aliphatic-oxy-silyl (e.g, alkoxysilyl or -Si{R}.{OR}},
aminosilvl (e.g, -SIR)MNRzp), siyloxy (eg, -~0-SiRs), aliphatic-oxy-silvloxy {eg,
alkoxysilyloxy or -0-Si{R),(OR})., aminosilyioxy {e.g., -O-Si{R}(NRok}. aromatic {e.g,
aryl), aromatic-oxy {e.g.,, arvloxy or -OR}, hvdroxyl (<OH), formyl («C(OMH), and the like. In
parficular embodiments, each R 15, independenily, H, optionally substituted aliphatic,
optionally substituted alkyl, optionally substituted alkenyl. optionally substituted alkvnyl,
optionally substituted heteroaliphatic, optionally substituted aromatic, optionally substituted
aryl, and optionally substifuied hetercaromatic; a > 0, b > L, and a + b = 3. In some
embodiments, two R groups can be taken together, with the niirogen atom to which each is
attached, to form an optionally substituied heterocyclyl. In other embodiments, each R is,
independently, H, optionally substituted alkyl, optionally substituled alkenvl, optionally
substituted alkynvl, or optionally substituted aryl.

In other embodiments, R” is H. optionally substituted aliphatic, optionally
substituied hetercaliphatic, optionally substituted alkyl, optionally substituted silvl, or

i

optionally substituted silvioxy. In some embodiments, R” is optionally substituted alkvl {e.g.,
Me, Et, nPr, iPr, sBu, or tBu). In other embodiments, R” is -8iR’, -8iRs, -Si{R{OR),
“SHR)A(OR), -SH{R)(NRudp, -Si{R)(NR2b, -Si{R)(ORBMNR2Ye, -SHRLORMNR:),
-0-SiR5, -0-8iR3, -O-Si{RIL(OR). -O-Si{R}(ORY, -O-Si(RN(NRpb, -O-8i(R)MNRok,
-O-SHRL{ORB(NR)e, o -O-Si{RL(ORWNR ) in which each R is. independently. H,
aliphatic, hetercaliphatic, aromatic, heteroaromatic, amino, hydrazino, azido, hydroxvi, silyl,
silyloxy, cvanato, isocyvanato, cvano, or isocyano, in which any of these may be optionally
substituted; each R is, independently, H, optionally substituted aliphatic, optionally
substituted heteroaliphatic, optionally substituted aromatic, or optionally  substituted
heteroaromatic, each of a, b,and c > 0, anda+ b+ c=3 ora+ b =3 {if ¢ is not present). In
particular embodiments, R is H, optionally substituted alkyl, optionally substituted alkenvl, or

optionally substituted alkynyl.
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The silicon-containing reactant can include one or more hvdrogen atoms attached to
the silicon atom. In one embodiment, the precursor has a formula of H3Si{OR™), HoSi{(OR"),
or HS1{OR" )3, wherein each R” can independently be any described herein.

The silicon-containing reactant can include any combination of R’ and OR” groups
within the precussor.  In one embodiment, the precursor has a formula of (R'3:Si{(OR™),
(R'pSHOR™ ), or (ROSHOR™;, wherein each of R’ and R can independently be any
described herein. The precursor can include alkyl groups, such as in the precursor having a
formula of RARSIHORAY), R™RSHOR), or (R™ISI(ORMY;, in which R is optionally
substituted atkyl.

In some instances, the silicon-containing reactant can have two or more siicon
atoms, in which the precursor can include a 8i-81 bond  In a particudar embodiment, the
precursor has a formula of (R7OL{R 1:481-SURY{OR"), whersin R’ and R” can be any
described  herein. In one embodiment, the precwrsor has a formula of
(REOMR81-S1{R1(0OR"), wherein R’ and R” can be any described herein.

The silicon-containing reactant can include a combination of R’ groups with a linker
having a heteroatom. In one instance, the precursor has a formula of (R):81-0-81(R)s,
wherein R’ can be any described herein. In ancther insiance, the precursor has a formula of
(R ):81-0-L-0-Si{R)3, wherein L and R’ can be any described herein.  In vet another
instance, the precursor has a formula of (R':S8i—{0O8iR":),—R’, wherein R’ can be any
described heremn; and m which z1s 1, 2, 3, 4, or more. In another mstance, the precursor has
a formuda of (R1S1-{OSi1R)-R'], wherein R’ can be any described herein; x i 1, 2, 3, or
4:and 718 1, 2, 3, 4, or more.

The silicon-containing reactant can include any useful combination of R’ and OR”
groups in combination with two silicon atoms. In one instance, the precursor has a formula
of (R"ORY3481-0—SuR V2 {OR"), wherein R" and R” can be any described herein. In
another instance, the precursor has a formula of (R"O)(R 81— 0—-L'—0—S1(R 1 {ORM)
wherein L', R', and R” can be any described herein.

Noun-limtting  silicon-containing reactants can  include methoxvdimethylsilane
(SiHMex[OMel),  ethoxvdimethylsilane  (SiHMex[OEt]);,  iso-propoxydimethyisilane
(SiHMex[OiPri)y;  t-butoxvdimethylsilane  (SiHMe:{OtBu),  t-pentoxydimethvisilane
{(SiHMex[OtPe]); phenoxydimethyisilane {SiHMex[OPhiy; acetoxydimethylsilane
(SiHMe[OAchH: methoxytrimethylsifane {SiMe:[OMe]); sthoxytrimethylsilane
(SiMes{OEL); iso-propoxytrimethylsifane (SiMes{nPri); t-butoxytrimethylsilane
(8iMe:{OtBul); t-pentoxytrimethylsilane {(SiMes]{OtPe}); phenoxyirimethylsilane
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(8iMe:[OPhY); acetonyinmethylsilane (SiMes{OAc);, methoxvtriethylsitane (SiE:{OMel;
ethoxyiriethyisilane {SiE{OEH): iso-propoxy tristhylsilane (SiEGOPr): i~
butoxytriethvisilane {SiEt:{OtBul); t-pentoxytriethyisilane {SiEt:[OtPe});
phenoxviriethylsilane (SiEGJOPh); acetoxviriethylsilane (SiEt:{OAc)), dimethoxysilane
(SiH:[OMe]), diethoxysilane (SiFHL[OEt]), di-iso-propoxysilane (SiFL{OPr),  di-tert-
butoxysilane (SiH:[0tBuly or DTBOS), di-teri-pentoxysilane (SiH-[OiPe]y or DTPOS);
diacetoxysilane {SiHL{OACh): dimethoxydimethylsilane {SiMes|OMels};
digthoxydimethyisilane (SiMe [OEL]); diciso-propoxydimethyisiiane {(SiMex[OPry); di-tert~
butoxydimnethyvisiane (SiMe[OBul:); diacetoxydimethvisilane (SiMex[OAch), dimethoxy
diethvisilane {(SiER{OMe)y); diethoxydiethylsilane (S1ELJOEL)): di-iso-propoxvdiethyisilane
{(SIELIOPrh); di-tert-butoxydiethylsilane (SELIOBUL), diacetoxydiethylsilane
{(S1IER[OAch),  dimethoxvdiphenyisilane  (SiPho{OMel),  dimethoxydi-iso-propylsilane
(StiPr]:[OMe)r);  diethoxydi-iso-propvisilane  (SifiPrh|{OFEt]:);  di-iso-propoxydi-iso-
propvisilane {SiiPThfOiPrlzy; di-tert-bwtoxydi-iso-propylsilane (SifiPr{2f OtBulz}

diacetoxydi-iso-propyisiiane (SiiPrfOAch); dimethoxymethylvinylsilane
{(8iMeVi[OMe]); diethoxymethylvinylsilane {SiMeVi[OEth); di-iso-
propoxy methylvinyisilane {(8iMeVijOiPriz); di-tert-butoxymethylvinvisilane

(SiMeVi|OtBu)y), diacetoxymethyvivinyisilane (SiMeVi{QAch); triethoxysilane (SIH{OEL;
or TES), inmethoxvethvisilane (SiEfOMels), iricthoxymethylsilane  (SiMe[OFEt]:);
triethoxvphenvisilane  (SiPh{OEt]:)  tetramethoxysilane  (Si{OMels);  tetracthoxvsilane
(SOEtly or TEOQS): tetra-n-propoxyvsilane (SH{OnPris); tetra-iso~-propoxysilane (SifGiPrley;
tetra-n-butoxysilane ($i{OnBuls); tetra-t-butoxysilane (SifOiBuls); tetramwethyldisitoxane
(OfSiHMe:]»  or TMDO), hexamethyldisiloxane {(O[{SiMesh);, hexaethyldisiloxane
(OfSiEf]:). hexapropyldisiloxane  (O[SiPr:}z).  hexaphenvidisiloxane  (OfSiPhsb);
hexamethylirisiloxane (Me,SiH-0O-81Me»~-0-8iHMe:); and the like.
Mixed silanes including oxyzen and nitrogen

A silicon-contamning reactant can include one or more optionally substituted anuno
groups with either aliphatic-oxy or aromatic-oxy groups, thereby providing a non-limiting
mixed sifane.  In one embodiment, the precursor has a formula of (R)SH{OR"I(NR 1)y,
wherem:

each of x and v s, independently, 1, 2, 3, or 4;

zis 0, 1, or2;

X -+ v A= 4’
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gach R’ is, independently, H, aliphatic. aliphatic-carbonyl, aliphatic-carbonyioxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonyloxy, hetercaliphatic-oxy, hetercaliphatic-oxycarbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, Aromatic-oxy, aromatic-oxyvearbonvi,
heteroaromatic, heteroaromatic-oxy, amino, hydrazino, azido, hydroxyl, silvl, sibvioxy,
cyanato, isocyanato, cvano, or isocyano, in which any of these may be optionally substituted;

gach R is, independentiy, H, aliphatic, heteroaliphatic, aromatic, heteroaromatic, or
aming, in which any of these may be optionally substituied:; or optionally in which two R”
can be taken together, with the nitrogen atom to which each 15 attached, to form an optionally
substituted heterocyelyl; and

each R” i3, independently, H, aliphatic, heteroaliphatic, aromatic, hetervaromatic,
silyl, or silvioxy, in which any of these mav be optionally substituted.

In another embodiment, the precursor has a  formula of
(R NI RO (R ES-L-SH{R IAOR (NR )y, wherein:

cach of x and v is more than 8 {e.g.. | or 2};

zistorl;

Xx+ytz=3;

L is a hinker, such as a covalent bond, optionally substituted aliphatic, optionally
substuuted alkvlene, optionally substituted alkenvlene, optionally substituted alkyoylene,
optionally substitited heteroaliphatic. optionally substituted hetercalkviene, optionally
substituied heteroalkenylene, optionally substiiuted heteroalkynylene, optionally substituted
aromatic, ophionally substituted aryiene, optionally substituted heteroaromatic, optionally
substituted heteroarviene, oxy {-O-}, imino, or silyl;

each R’ is, independentlv, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyloxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
hetercaliphatic-carbonvioxy, heteroaliphatic-oxy, hetercaliphatic-oxycarbonyl,  aromatic,

aromatic-carbonyl aromatic-carbonylioxy, aromatic-oxy, aromatic-oxycarbonyl,

hetercaromatic, heteroaromatic-oxy, amino, hvdrazino, azido, hvdroxyl, sivl, silvloxy,
cyanato, isocyanato, ¢yano, or isocyano, in which any of these may be optionally substituted;
each R” 15, independently. H. aliphatic, hetercaliphatic, aromatic, hetercaromatic, or
ammno, in which any of these may be optionally substituted; or optionally in which two R”
can be taken together, with the nitrogen atom to which each is attached, to form an optionally

substituted heterocyclvl, and

[ox}
~~1
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each R™ 1, independently, H, aliphatic, hetercaliphatic, aromatic, heteroaromatic,
silvl, or silyloxy, in which any of these may be optionally substituted.

Non-limiting examples of R’, R", and R” are described herein, e.g., such as for amino
silane, siloxane, or derivatives thereof

The silicon-containing reactani can include any combination of R, NR”;, and QR”
groups. In one embodiment, the precursor has a formula of (ROSWOR"R{NR") or
(R'LSIOR")R(NR": ), wherein each of R', R, and R” can independently be any described
herein.  In other embodiments, the precursor has a formula of (R ):SIOR™N{SIR:2),
wherein ecach of R and R” can independenily be anv described herein; and R g,
independently, H, optionally substituted aliphatic, optionally substituted heteroaliphatic,
optionally substituled aromatic, or optionally substituted hetercaromatic.

The silicon~containing reactant can include only amino and oxy-containing groups
attached to the silicon atom In one embodiment, the precursor has a formula of
SHOR"BINR™)Y, SH{OR"L(NR™), or SH{OR"YINR™ ), wherein each of R” and R can
independently be any described herein,

Non-himiting  silicon-containing  reactants can include, eg., diethoxy(iso-

propylaming)siiane (SIH[NHiPrifOEt]:); disthoxv{tert-butylamino)silane
(SIHINHBul{OFEthY,  dicthoxy(tert-pentvlaminoisilane (SIHINHiPe]{OELL), ditert-
butoxy(methylamino)silane (SIH[NHMel[OtBul): di-tert-butoxy{ethyvlamino)silane

(SIHINHEH[OtBu)y), di-tert-butoxyv{iso-propylamine)silane (SiH{NHiPr{{OtBuly);, di-tert-
butoxy{n-butvlaminoisilane  (SIH[NHnBul{OtBul:),  di-lert-butoxy(sec-butvlaming)silane
{(SiH[NHsBul[OBul:);, di-tert-butoxy(iso-butylanuno)silane (SIHINHiBuliQtBul:), di-tert-
butoxy(tert-butylamino) silane (SIH{NHtBul{OtBuly), di-tert-pentoxy{methviamine} silane
(SiH[NHMel[OtPeh),  di-tert-pentoxy{ethylamino)silane  (SIH[NHEf]{(wPe]y),  di-tert-
pentoxy{iso-propyianunojsilane  (StHINHiPr[{OtPe]y); di-tert-pentoxy(n-butylanino)silane
(StH[NHnBul{OtPels); di-tert-pentoxy(sec-butviaminojsitane (StH[NHsBul[GtPels): di-tert-
pentoxy(iso-butylamine) silane (SIH[NHiBul{OtPely); di-tert-pentoxy{tert-butylamino)silane
(SiH[NHBu]{GtPeh), dimethoxy{phenvimethyvlamino)silane {SIH{NPhMe[[OMela),
diethoxy{phenyimethviamino)silane (SiH[NPhMel{OELh);
dimethoxv(phenyimethylamino ymethvisilane {(SiMefNPhMe]{OMel2), diethoxy
{phenyimethylamino)methylsilane (SiE{NPhMelJOFEL]); and the like.
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Sitvi amines

A silicon-containing reactant can include one or more optionally substituted silyl
groups attached 1o a mtrogen atom, thereby providing a non-limiting silvl amine. In one
embodiment, the precursor has a formula of (R"):yN{SiR 3}y, wherein:

vis 1, 2, or 3;

gach R’ i3, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyloxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic~-carbonyl,
heteroaliphatic-carbonyloxy, hetercaliphatic-oxy, heteroaliphatic-oxycarbonyl, aromatic,
aromatic-carbonyi, aromatic-carbonyioxy, aromatic-oxy, aromatic-oxycarbonvl,
heteroaromatic, heteroaromatic-oxy, amwno, hydrazino, azmdo, hvdroxyl, silvl, sidyloxy,
cyvanato, isocvanato, ¢yano, ofr isocyvano, in which any of these may be optionally substituted;
and

"

gach R” 15, independently, L, aliphatic, heterocaliphatic, aromatic, heteroaromatic,
amino, silyl, or silyloxy, in which any of these may be optionally substituted; or optionally in
which two R” can be taken together, with the nitrogen atom to which each is aitached, to form
an optionally substituted heterocyclyl.

in another embodiment, the silicon-containing reactant has a formula of (R'5813(R"p.
yN=E-N{R"}2.,(S1R 3}y, wherein:

gach v 18, independently, 0, 1, or 2;

L 15 a hinker, such as a covalent bond, optionally substituted aliphatic, optionally
substituted  heteroaliphatic, optionally  substituted aromatic, optionally  substifuted
heteroaromatic, oxy {-0-), imino, or silvl;

each R’ is, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonvioxy,
aliphatic-oxy. aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonvioxy, heteroaliphatic-oxy, hetercaliphatic-oxvearbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxycarbonyl,
heteroaromatic, heteroaromatic-oxy, avuno, hvdrazino, azido, hvdroxyl, siyl, silvloxy,
cyanato, isocyanato, cvano, of isocyano, in which any of these may be optionally substituted;
and

each R” 1s, independently, H, aliphatic, heteroalipbatic, aromatic, heteroaromatic, or
amino, in which any of these may be optionally substituted: or optionally in which two R”

can be taken together, with the nitrogen atom to which each is aitached, to form an optionally
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substituted heterocyclyl, optionally in which N-L-N, taken together, forms a multivalent
heterocyclvl group.

in one instance, at least one v is not 0. In another embodiment, v can be 0 (eg., if L
includes a carbon atom or a heteroatom}. In yet another embodiment, v is 0; and/or L
includes optionally  substitited  aliphatic, optionally  sobstituted alkyvlene, optionally
substituted  alkenylene, optionally substituted alkynvlene, optionally  substituted
hetercaliphatic,  optionally  substituited  hetercalkvlens,  optionally  sebstituted
heteroalkenviene, optionally substituted heteroalkynylene, optionally substituted aromatic,
optionally substituted arylene, optionally substituted heteroaromatic, optionally substituted
heteroarviene, oxy (-0O-), mmino {e.g., -NR- or -N{8iR:}-}, or silyl {e.g, -SiR:-}), as well as
combinations thereof {e.g., -SiRa-NR-, -NR-8iR;-, -SiR2-NR-SiR»-, and the like). In
parficular embodiments, each R 15, independenily, H, optonally substituted aliphatic,
optionally substituted alkyl, optionally substituted alkenyl. optionally substituted alkvnyl,
optionally substituted heteroaliphatic, optionally substituted aromatic, optionally substituted
aryl, and optionally substituted heteroaromatic.

I some embodiments, R is H, optionally substituted amine (e g., -NR»), aliphatic-
oxy (eg. alkoxy or -0OR), aliphatic-carbonyl {eg., alkanovl or -C{(OR}, aliphatic-
carbonvloxy {(e.g., alkanoyioxy or ~OC{O)R), aliphatic-oxycarbonyl (e.g., alkoxycarbonyl or
~C(OYOR), silyl {eg. -SiRs or -SiKR:-L-SiRs), aliphatic-oxy-silvl {e.g., alkoxysilyl or
~SURL{OR ), amunosilvl (eg, -SURNRop), silyloxy (eg, -O-8iRs), aliphatic-oxy-
silyloxy {e.g.. alkoxysilyloxy or -0-Si(R){OR)}, aminosilyloxy {e.g., ~O-Si{R}(NRz}},
aromatic {e.g., arvl), aromatic-oxy {e.g., arvioxy or -OR), hydroxyl (-OH), formyl ((C(OH),
and the like. In particular embodiments, each R is, independently, H, optionally substituted
aliphatic, optionally substituted alkyl, optionally substituted alkenyl, optionally substitited
alkyoyl, optionally substituted hetercaliphatic, optionally substifuted aromatic, optionally
substituted aryl, and optionally substitited heteroaromatic; a > 0; b> l;anda+b=3 In
some embodiments, two R groups can be taken together, with the nitrogen atom to which
each is attached, to form an optionally substituted heteroeyclyl. In other embodiments, each
R 1s, independently, H, optionally substituted alkyl, optionally substituted alkenyl, optionally
substituted alkvovi, or optionally substituted arvl. L can be any useful linker {e.g., a covalent
bond, optionally substituted alkylene, optionally substituted heteroalkylene, oxy, imino, silvl,
or the like).

In other embodiments, R” is H, optionally substituted aliphatic, optionally

substituted heteroaliphatic, optionally substituted alkyl, optionally substiuted silyl, or
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optionally substituted silvioxy. In some embodiments, R” is optionally substituted alkyl (e g,
Me, Et, nPr, iPr, 5By, or tBu). In other embodiments, R” is -SiR’s, -8iRa, -Si(R(OR s,
SSiR)A(ORY,  -SHR)(NRzk, -SiR)(NRk. -Si{R)(ORMNRzY, -SH{EL{ORRNR:),
-0-8iR5, -0-SiRs, -O-Si(R}{OR), -O-Si{R}(ORp, -0-SiR){NR2), -O-Si(R){NR),
-O-SIHRMORBNR )., or -O-SH{R{ORRNR2): in which each R is, independently, H,
ahphatic, hetercaliphatic, aromatic, hetercaromatic, anuno, hydrazino, azido, hydroxyl, silyl,
stiyloxy, cyanato, isocyanato, cvano, of isocyano, in which any of these may be optionally
substituted, each R is, independently, H, optionally substituted aliphatic, optionally
substituted heteroaliphatic, optionally substituted aromatic, or optionally  substituted
heteroaromatic; each of a, b,and c > 0, anda+b+c =3 ora+ b =3 (if ¢ is not present). In
particular embodiments, R is H, optionally substituted alkyvl, optionally substituted alkenyl, or
optionally substituted alkvnvl

The silicon-containing reactant can include at least one R” group attached to the
nitrogen atom. In one embodiment, the precursor has a formula of (RMN{SIRs) or
{(R"pN{SIR"3), wherein R’ and R” can be any described herein.  In another embodiment, the
precursor has a formula of (R"LN(SiH3) or (RMIN{SiHs),, wherein R” can be any described
herein. In particular embodiments, R’ is optionally substituted alkyl, amino, or alkoxy: and
R” is optionally substituted alkyl or amino, optionally wherein two R” are taken together,
with the nitrogen atom to which each are attached, to form a heterocycelyl

The silicon-containing reactant can include at least one hydrogen atom attached to the
nitrogen atom. In one embodiment, the precursor has a formula of (HIN(SIR'3),, wherein R’
can be any described herein.  In another embodiment, the precursor has a formula of
(HIN(SiR™5p, wherein R®" can he optionally substituted aliphatic, optionally substituted
alkvl, optionally substituted alkenyl, or optionally substituted alkynvi

The silicon-contaiming reactant can include thuee silicon atoros attached to the
nitrogen atom.  In one embodiment, the precursor has a formula of N{SiR':}:, wherein R’ can
be any described herein. In ancther embodiment, the precursor has a formula of
N{SIH SR 3}, wherein R’ can be any described herein.  In vet another embodiment, the
precursor has a formula of N{SiH:}SiR™:). wherein R™ can be optionally substituted
aliphatic, optionally substituted atkvl, optionally substituted alkenvl, or optionally substitited
alkynyl.

The silicon~-containing reactant can have two or more nitrogen atoms, in which the
precursor includes a N-N bond.  In one instance, the precursor has a formula of

(R3S pN~IN{8iR '3}z, wherein R’ can be any described herein.
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A linker can be present between nitrogen atorms. Tn one instance, the precursor has a
formula of (R&SSHRIN-L-MNRSIR D) or (R581N-L-MN(SiR s}, wherein R and R” can
be any described herein. In some embodiments, L is a covalent bond, optionally substituted
alkviene, optionally substituted heteroalkylene, -0-, -SiRz-, or -Si-  In particular
embodiments, at least one of R” is not H. In another instance, the precursor has a formula of
(HiSIHRMIN-L-N{R"}SiH3), wherein R” can be any described herein,

The linker can include a silicon atom. In one instance, the precursor has a formula
of (R 581N~-SiR - N{8iR"1):, wherein R’ can be any described herein. In another instance,
the precursor has a formula of (RSO{R"IN=SIR-N{R" Y8R or (R38IpN-SiR-N{R" ),
wherein R and R” can be any describad herein.

The linker can include a SiH» group. In one instance, the precursor has a formula of
(R3S pN-SH-N(SIR 3, whersin R’ can be any described herein. In another instance, the
precursor has a formuda of (RHGSOHN-SH;-NH{8iR "3} or (R'381):N-S8iH>,—N(R"};. wherein
R’ and R” can be any described herein.

A plurality of nitrogen- and silicon-containing mwoteties may be present within the
precursor. In one embodiment, the precursor has a formula of (R3SI{RMIN-SIRH-NR" -
SiRY-N{R"¥S1R's), wherein R and R” can be any described herein.

MNon-himiting  precursors  can include,  eg, 1,13 3-tetramethyidisilazane
(NH[SiHMex], or TMDS), 1.1,2.3.3-pentamethyidisitazane (NMe[SiHMe»]s), 1,1,1,3,3.3-
hexamethvldistiazane (NH[SiMe:}: or HMDS}) heptamethyidisilazane (NMe[SiMesiz):

1,1,1,3,3 3-hexamethvi-2-ethyidisiiazane (NEt{SiMea]z): 1,1,1,3,3,3-hexamethyl-2-
isopropyldisilazane {(Ni1Pr{SiMeala); 1,1,1,3,3,3-hexacthyl-2-sopropyidisilazane

(NiPr[SiEt ], 11,3, 3tetramethyl-2-isopropyvldisiiazane (NiPr{SiHMes|); 1,1.3 3-tetracthyl-
2-isopropyldisilazane (Nifr [SiHELD) 13-dicthyltetramethyidisilazane (NH{SiMexEth);
£.1,3,3-tetracthyldisilazane (NH[SIHEG ) 1,1,3.3-tetracthyi-2-methyldisilazane
(NMe[SiHEb ),  1,1.1,3,3 3-hexaethyldisilazane (NH[SiEt:]2);  1.1,1,3.3,3-hexacthvi-2-
methyldistlazane (NMefSiEt)  1,1.1.2.3,3,3-heptacthvidisifazane (NESiEt:]);, 1.2.3-
frimethyltrisilazane (NISiFLMela): nonamethyltrisiazane (NISiMesa), di-iso~
propvisilviamine  (NiPn{SiHsl), diethvisilviamine (NER[SiH5]), diisopropvisilylamine
(NiPr2fSiH:]) di-sec-butylsilviamine (NsBw[SiH:}): di-tert-butvisilviamine (NiBwiSiHsi):
disilvimethylamine (NMefSiHs ), disilylethylamine (NE{SiHsh),  disibvlisopropylamine
{(NPrfSiHs ) disibyl-tert-butylamine (NtBu[SiH: 1) bis{tnmethylsilyv]) amine (NH[SiMealo);
bistriethylsilyllamine (NH|SiEts |2); and the like.
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Silazanes and derivaiives thereof

A silicon-containing reactant can include one or more amino, silvi, and/or imino
groups, thereby providing a silazane or a dertvative thereof having one or more Si-N, N-Si-N,
S1-N-81, N-81-8t, or N-8i-N-8i bonds. In one embodiment, the precursor has a formula of

(R"32,N{SiR"»~L~SiR 1}y, wherein:

visi, 2, or 3;

L 15 a linker, such as a covalent bond, optionally substituted aliphatic, optionally
substituted  hetercaliphatic, optionallv  substituted aromatic, optionally  substituted
heteroaromatic, oxy {-0-), imino, or silvl, as well as combinations thereof;

each R’ is, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyioxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonyvioxy, heteroaliphatic-oxy, hetercaliphatic-oxvearbonvl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxycarbonyl,
heteroaromatic, heteroaromatic-oxy, amino, hydrazino, azido, hydroxyl, syl silyvloxy,
cyanato, isocyanato, cvano, or isocyand, it which any of these may be optionally substituted;
and

each R” i, independentlyv, H, aliphatic, heteroaliphatic, aromatic, hetercaromatic,
amino, syl or silyloxy, in which any of these may be optionally substituted; or optionally in
which two R” can be taken together, with the nitrogen atom to which each is attached, to form
an optionally substituted heterocyclvl

In ancther embodiment, the silicon-containing reactant has a formula of (R")s.
yN{BIR;-L-8iR»~NR":}y, wherein v is 1, 2, or 3; and each of L, R, and R” can be any
described herein.

In yet another embodiment, the silicon-contamning reactant has a formula of (R"):s.
yN{SIR>~L~NR"z}y, wherein v is 1, 2, or 3; and each of L, R’, and R” can be any described
herein.

in one embodiment, the silicon-containing reactant has a formula of

{R ) 4xSHNR"L-8iR':), wherain:

xis k2,3, 0r 4

L is a hinker, such as a covalent boud, optionally substituted ahiphatic, optionally
substituted heteroaliphatic, optionally  substituted aromatic, optionally  substituted

heterparomatic, oxy {~-0-}), imino, or silyl, as well as combinations thereof]
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each R’ is, independently, H, aliphatic, aliphatic-carbonvi, aliphatic-carbonyloxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonyloxy, hetercaliphatic-oxy, hetercaliphatic-oxycarbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, Aromatic-oxy, aromatic-oxyvearbonvi,
heteroaromatic, heteroaromatic-oxy, amino, hydrazino, azido, hydroxyl, silvl, sibvioxy,
cyanato, isocvanalo, cyano, or isocyano, in which any of these may be optionally substituted;
and

gach R” is, independently, H, aliphatic, hetercaliphatic, aromatic, heteroaromatic,
amino, sityl, or stlyloxy, in which any of these may be optionally substituted: or optionally in
which two R” can be taken together, with the nitrogen atom to which each is attached, to form
an optionally substituted heterocyclyl.

In another embodiment, the silicon-containing reactant has a formula of
(R NYSiR»—L),—SiR's, wherein z 15 1, 2, or 3; and each of L. R’, and R” can be any
described herein.

In some embodiments, L includes optionally substituted aliphatie, optionally
substituted alkviene, optionally substituted alkenviene, optionally substituted alkynylene,
opttonally  subsiituted heteroaliphatic, optionally substituted hetercallylene, optionally
substituted heteroalkenvlene, optionally substituted heteroalkvnviene, optionally substituted
aromatic, optionally substituted arviene, optionally substituted heteroaromatic, optionally
substituted heteroarvlene, oxy (-0-}, imino {e.g., -NR- or -N{8iRs}-}. or silyl {e.g., -8iR>-}, as
well as combinations thereof {e.g., ~-SiR3-NR-, -NR-SiR»-, -SiR»-NR-8iR,-, and the like}). In
particular embodiroents, each R is, wndependently, H, optionally substituted ahiphatic,
optionally substituted alkyl, optionally substituted alkenyl, optionally substitted alkynvi
optionally substituted hetercaliphatic, optionally substituted aromatic, optionally substitited
aryl, and optionally substituted heteroaromatic.

In some embodiments, R’ is H, optionally substituted anuno {e.g., -NR:). aliphatic-
oxy {eg. alkoxy or -OR), aliphatic-carbonvl (e.g. alkanovl or -C{O)R), aliphatic-
carbonyvloxy {e.g., alkanovioxy or -OC{O}R), aliphatic-oxycarbonyl (e.g., alkoxycarbonyl or
~-C{OMORY, silvl {eg, -SiRs or -SiR»-L-SiRs), aliphatic-oxy-siiyl {e.g., alkoxysilyl or
-Si{R){OR}), ammnosilvl {e.g., -SHR(NRk) silyloxy {eg, -0-SiRs3), aliphatic-oxy-
silyloxy {e.g., alkoxysityloxy or -O-Si{R}L{OR}), aminosilyloxy (eg., ~G-Si(R)ANR2h),
aromatic {e.g., aryl), aromatic-oxy {e.g., arvioxy or ~-OR), hydroxyl (-OH}, formylt (-C{OH),
and the like. In particular embodiments, each R is, independently, H, optionally substituted

aliphatic, optionally substituted alkyl, optionally substituted allkenyl, optionally substituted
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alkynyl, optionally substituted heteroaliphatic, optionally sabstituted aromatic, optionally
substituied aryl, and optionally substifuted heteroaromatic; a 2 0 b> L anda+b =3 In
some embodiments, two R groups can be taken together, with the mitrogen atom to which
each is attached, to form an optionally substituted heterocyclvl. In other embodiments, each
R i3, independently, H, optionally substituted alky], optionally substituted alkenyl, optionally
substituted alkvnyl, or optionally substituted arvl. L can be any useful linker {e.g., a covalent
bond, optionally substitited alkviene, optionally substituted hetercalkyiene, oxy, imino, silyl,
or the like}.

"

In other embodiments, R” i35 H, optionally substituted aliphatic, optionally
substituted heteraliphatic, optionally substituted alkyl optionally substituted silyl, or
optionally substituied silvloxy. In some embodiments, R” is optionally substituted alkyl (e g,
Me, Et, nPr, iPr, sBu, or tBu). In other embodiments, R” is -8iR’s, -SiRs, -Si{R)(OR M,
-SIRM(OR),  -SHRDNRu,  -SiRLINR)s,  -SiRJ(ORBNR):,  -SH{RI(ORBNR),
-0-SiR5, -0-8iR:, -0-SHR){(ORY¥, -O-SiR)(OR)p, -O-SiRNRojp, -O-Si{R)(NRuk,
~0-SHR WMORM(NR)., or -O-SHRR(ORB(NR2) in which each R is, independently, H,
aliphatic, heteroaliphatic. aromatic, heteroaromatic, amino, hydrazino, arnido, hydroxyl, silyl,
siiyloxy, cvanato, isocyanato, ¢yano, of isocvano, in which any of these may be optionally
substituted;, each R i3, independently, H, optionally substituted aliphatic, optionally
substituted heteroaliphatic, optionally substituted aromatic, or optionally substituted
hetercaromatic; each of a. b,andc > 0, anda+b+c=3ora+b =3 (if ¢ is not present). In
particular embodiments, R is H, optionally substituied alkyl, optionally substituied alkenvi, or
optionally substituted alkynvl

The silicon-containing reactant can include one or more disitfany! groups and amino
groups. In one embodiment, the precussor has a formula of R";N-8iR",—8iR’s, wherein L, R,
and R” can be any described herein. In other embodivoents, the precursor has a formula of
R"N—-SiH,—S1H3, wherein R” is anv described herein. In another embodiment, the precursor
has a formula of (R"k N—(SiR';-S1R's)y, wherein v, R’, and R” can be any desciibed herem.
In yet another embodiment, the precursor has a formula of (R"haN-(SiHx-SiHs )y, wherein v
and R” can be any described herein

The silicon-containing reactant can inclhude a bivalent disilanyl group. In one
embodiment, the precursor has a formula of R7N-8iR,~SiR»~L~-NR";, wherein L, R/, and
R" can be any described herein. In another embodiment, the precursor has a formula of

R"N-8iR":-8iR';-NR":, wherein R’ and R” can be any described herein.
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A linker L can be present between two silyl group. In one embodiment, the

and R” can be any described herein. In anocther embodiment, the precursor has a formula of
RMN-SIR-L~8iRH>-NR";, wherein L, R’ and R” can be any described herein. In yet
another embodiment, the precursor has a formula of (R") 5y N-(8iR"~L~SiH;3)y, wherein v, L,
R, and R” can be any described herein,

The silicon-containing reactant can include —8iHs as the silyl group. In one
embodiment, the precursor has a formuda of R"N-SiH,~8iH;, wherein R” can be any
described  herein. Io  another ewmbodiment, the precursor has a forowla of
(RMN—(SiH>—L—SiHz) or (R"pN—(SiH,—L—8iH;z), wherein L and R” can be any described
herein,

The silicon-containing reactant can include a silyl-substituted amino group, such as,
e.g, -NR"-8iR's, in which R’ and R” can be any described herein. In one embodiment, the
precursor has a formula of

(RaxSINR"S1R 33 or (R)exSUNH-SIR 3}, wherein x s 1, 2, 3, or 4; and in which
R’ and R” can be any described herein. o another embodiment, the precursor has a formula
of HuSi(NR"SiR": )3, wherein R” and R” can be any described herein.

The silicon-containing reactant can inclade a bis-trisilylamino group, such as, eg., -
N(SiR3) nt which R’ can be anv described herein. In one embodiment, the precursor has a
formula of R7;N-SiR:—N(SiR's), in which R’ and R” can be anv described herein. In
another embodiment, the precursor has a formula of R";N-81H,~N{SiHa)s, in which R’ can
be any described herein.  To vet avother embodiment, the precursor has a formula of
(R8N SIR N8R Y ASiR's), wherein 718 0, 1, 2, or 3; and in which R’ and R” can be
any described herein.

The silicon-contaiung reactant can include a linker L. disposed between a silicon
atom and a nitrogen atom. In one embodiment, the precursor has a formula of
R"N-SiR»~L~NR",, wherein L, R’, and R” can be any described herein.

The silicon-containing reactant can include a hnker L disposed between two
nitrogen  atoms. In one embodiment, the precursor has a formula of
R:81-8iR-NR—L-NR"-8iR:-8iR’s, wherein L, R’, and R” can be any described herein.

The linker can include a silvliimine group, such as, e.g., -N{8iR'3)~, in which R’ can
be any described herein. In one embodiment, the precursor has a formula of
R7NSIR 2 -N{SIR'3)|SiR’s or R"N—|N(SIR'3)|,~SiR's, in which z is 1, 2, 3, or more; and

wherein R and R” can be any described herein,
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The hinker can include both a silyl group and an imino group. In one embodiment,
the precursor has a formula of RMN-[SIR,-NR"E-SIR, mt which 7 18 1, 2, 3, or more; and
wherein R" and R” can be anv described herein.

Non-limiting silicon-containing reactants include, e.g., di-iso-propylaminodisilane

{{iPr:Ni-SiH2-SiHz); di~sec-buiylaminodisilane ([sBuN-SiH-SiH3);
methyleyclohexylanunodisitane {(IMeCyNi-SiH»-SiH;3); methyiphenylaminodisilane

{({MePhN|-8iH-SiHs): piperidinodisilane; 3,5-dimethylipiperidinodisilane; di-iso-
propviaminotrislyiamine (iPryN]-SiHL-N{SiH ), disthviaminotnsilylamine (JEGN|-SiH-
NISiH:}): iso-propylaminotnsilylamine (HPrHN]-SiH-N{SiHz ) and the like.

Mixed amines including silicon and oxygen

A silicon-containing reactant can include one or more amino groups substituted with a
stiyl group, thereby providing a non-limiting mixed amine. In one embodiment, the precursor
has a formula of (R, N{SKOR™ LR 500y, wherein

each of x and v is, independently, 1, 2, or 3;

each R’ is, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyioxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heterpaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonvioxy, heteroaliphatic-oxy, heteroaliphatic-oxycarbony], aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxvearbonyl,
heteroaromatic, heteroaromatic-oxy, amino, hyvdrazino, azido, hvdroxvl, silyl silyloxy,
cyanato, isocyanato, Cvano, or 18ocyano, in which any of these may be optionally substituted;

each R” is, independently. H, aliphatic, hetercaliphatic, aromatic, hetercaromatic, or
amino, it which any of these may be optionally substitted; or optionally in which two R”
can be taken together, with the mitrogen atom (o which each is atiached, to form an optionally
substituted heterocyelyl; and

gach R™ is, independently, H, aliphatic, heteroaliphatic, aromatic, heteroaromatic,
silyl, or silyloxy, in which any of these may be optionally substituted.

Non-timtting examples of R, R”, and R” are described herein, e.g., such as for amuno
stlane, siloxane, silyl amine, or derivatives thereof.

The silicon-containing reactant can include any combination of R” groups and silicon-
comtairang  groups. In one ercbodument, the precursor has a formwula of (R™a
JNESIHORMLRM (1 or (RN {SIH{OR,R . in which R”, x, and v is any described
herein; and whergin R™* is H, optionally substitnted aliphatic, or optionally substituted

heteroaliphatic. In particular embodiments, R is H, optionally substituted alkyl, optionally
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substituted atkvlene, or optionally substituted alkynvl. In other embodiments, the precursor
has a formula of (RN [SHORMWHi4]y or (R7 sy NISHORMHRAY,. in which R”, R,
x, and v is any described herein.

The silicon-containing reactant can inchide two silicon-containing groups. In one
embodiment, the precursor has a formuia  of  (RON[SHORMERM4  or
(RANISHORAMRANS Lo, in which R”, R™ x, and v is any described herein. In particular
embodiments, x is 1 or 2.

The silicon~containing reactant can include a hydrogen atom attached to the nitrogen
atom. In one embodiment, the precursor has a formula of (H)ay N{SI(ORMLRA5, L or (H)s-
GNESIHORM L Hindy or (H:NISHORMH(RMY,. in which R*| x, and v is any described
herein. In particular embodiments, x i3 | or 2.

Mon-himiting  silicon-containing reactant include, eg., bis{(dimethoxvsidyDamine

(NH[Si{OMe)HDb): bis(diethoxysilvl)amine (NH[Si{(OEt:Hb); N-ig0-
propylbis{diethoxysilyljamine (NiPr{Si(OEiRH), bis{methoxymethylsilyllamine
(NH[S{OMe)MeH ) tris{dimethoxysilyl) anune (N[S1{OMe)H]s);
tris{methoxymethylsiivlamine (NISH{OMe}MeH}a): tris{diethoxysiyl) amine

(NISI{OELH), tns(trimethoxysilyDamine (N[Si{OMe)s1s); and the like.
Cyelic silazanes

A silicon-containing reactant can include a cyclic group having one or more nitrogen
atoms. In one embodiment, the precursor has a formula of [NR"—(81R":}.],, wherein:

zis 1,2, 3,4, 5, or more;

nis i, 2 or3;

each R’ 15, independently, H, aliphatic, aliphatic-carbonyl, aliphatic~carbonvioxy,
aliphatic-oxy. aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonvioxy, heteroaliphatic-oxy, hetercaliphatic-oxvearbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxycarbonyl,
heteroaromatic, heteroaromatic-oxy, avuno, hyvdrazino, azido, hvdroxyl, syl silvioxy,
cyanato, isocyanato, cvano, of isocyano, in which any of these may be optionally substituted;
and

each R” is, independently, H. aliphatic, heteroaliphatic, aromatic, heteroaromatic,
amino, syl or silyloxy, in which any of these may be optionally substituted; or optionally in
which two R” can be taken together, with the nitrogen atom to which each is attached, to form

an optionally substituted heterocyclvl
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5 In one embodiment, the silicon-containing reactant has a formula of
[NR"{S1R" 2}~ L~(SiR 1 }s]., wherein:
zis 1,2, 3,4, 5, or more;
each n is, independently, 1, 2, or 3;
each L is, independently, a linker, such as a covalent bond, optionally substituted
10 aliphatic, optionally substituted heteroaliphatic, optionally substituted aromatic, optionally
substituted hetercaromatic, oxy (-0-}, imino, or silyl, as well as combinations thereof:
gach R’ i3, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyioxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonyloxy, hetercaliphatic-oxy, heteroaliphatic-oxycarbonyl, aromatic,
1S aromatic-carbonyl, aromatic-carbonyioxy, aromatic-oxy, aromatic-oxyvearbonyl,
heteroaromatic, hetercaromatic-oxy, ammno, hvdrarine, asdo, hvdroxyl, silyl, sivioxy,
cyanato, isocvanato, ¢yano, or isocvano, in which any of these may be optionally substituted;
and
gach R” i3, independently, H, ahliphatic, hetercaliphatic, aromatic, heteroaromatic,
20 amino, silvl, or silyloxy. in which any of these may be optionally substituted; or optionally in
which two R” can be taken together, with the nitrogen atom to which each is attached, to form
an optionally substituted heterocyclyl.
In another ersbodiment, the silicon-containing reactard has a formoula of
[NR"—L—NR"—(SiR'2)],. wherein: z1s 1, 2, 3, 4, 5, or more; each n is, independently, 1, 2, or
25 3; and in which R” and R” can be any described herein,
o vet another embodiment, the precursor has a formula of [L—{8iR'2)u}., whereint
zis 1, 2, 3,4, 5, or more; each n is, independently, 1, 2, or 3; L is imuno {a.g., -NR-),
optionally  substitited aliphatic, optionally substitited heteroaliphatic, or combinations
thereof, and ju which R’ can be any described herein. In particular embodiments, it L does

30 not include a heteroatom, then R’ includes one or more heteroatoms {e.g.. nitrogen atoms}.

| SN
si. D)
RN

In one embodiment, the silicon-containing reactant has a formula of R
wherein R and R” can be any described herein, and whereinnis 1, 2, 3, or 4.
In  another embodiment, the silicon-contaiming reactant has a formula

R
N

R e
i )
of R \P

n . ) . . . . -
, wherein R" and R” can be any described herein, and whereinnis 1, 2, 3, or 4.
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In vet another embodiment, the silicon-containing reactant has a formula of

R
i

R)”O\(\/N
il
R.HD/Q \y

In particular emsbodiments, each R” is, mmdependently, H, aliphatic, heteroaliphatic, aromalic,

n ) " . . . s -
, wherein R” and R” can be any described herein, and whereinnis 1, 2, 3, or 4.

hetercaromatic, silvl, or silvloxy, in which any of these may be optionally substituted.
. ‘ g2t

In one embodiment, silicon-containing reactant has a formula ofR ,
wherein R can include a hetercatom {e.g., a nitrogen atom, such as in opiionally substituted
anuno, azido, isocvanato, or optionally substituted hydrazing), and whereinnis 1, 2, 3, or 4.

In some embodiments, L includes optionally substituted aliphatic, optionally
substituied alkyviene, optionally substituted alkenviene, optionally substituted alkynylene,
optionally substituted hetercaliphatic, optionally substituted heteroalkvlene, optionally
substituted heteroalkenylene, optionally substituted hetercalkyvnylene, optionally substituted
aromatic, optionally substituted arviene, optionally substituted heteroaromatic, optionally
substituted heteroarviene, oxy (-0-}, imino {(e.g., -NR~ or -N{SiR1)-}, or silyvl {e.g., -SiR»-}, as
well as combinations thereof {e.g.. -SiR-NR-, -NR-8iR»-, -8iR»-NR-8iRs-, and the like). In
particular embodiments, each R s, independently, H, optionally substituted aliphatic,
optionally substituted alkyl, optionally substituted alkenyl, optionally substituted alkynyl,
optionally substituted heteroaliphatic, optionally substituied aromatic, optionally substituted
aryl, and optionally substituted hetercaromatic.

In other embodiments, L is an optionally substituted alkyvlene, and at least one R/
ncludes an optionally substituted heteroaliphatic, optiovally substituted amino, optionally
substituted aliphatic-oxy, or optionally substituted alkoxy.

In some embodiments, each R’ is, independently, H, optionally substituted aliphatic,
optionally substituted alkyl, optionally substituted alkenyl, optionally substituted alkynyl,
optionally substituted aromatic, or optionally substitited aryl. In other embodiments, each R’
is, independently, optionally substituted heteroaliphatic, optionally substituted amino, or
optionally substituted alkoxy.

In other embodiments, each R” 15, independently, H, optionally substituted aliphatic,
optionally substituted alkyl, optionallv substituted alkenyl. optionally substituted alkynyl,
optionally substituted sivi, optionally substituted amino, optionally substituted aromatic,
optionally substituted aryl, optionally substituted heteroaromatic, or optionally substituted

heteroarvl.
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Non-himiting  silicon-containing reactants include 1.3.3-trimethvicyelodisilazane
{((NH-SiMe JINH-SiMeH 1) hexamethvlcyclotrsilazane {(INH~-8iMezls),
octamethylcvclotetrasilazane (INH—SiMez 4}, and the like.

Cyclic siloxanes
A stlicon-containing silicon-containing reactant can nclude a cyclic group having one

or more oxygen atoms. In one embodiment, the precursor has a formula of [L-{SiR"}]

wherein:

zis 1,2, 3,4, 5, or more;

nis t, 2, or 3;

L is an oxygen-containing linker {e.g., oxy or heteroalkvlene); and

each R’ 15, mdependently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyloxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonyloxy, heteroaliphatic-oxy, heteroaliphatic-oxycarbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxyvearbonyl,
heteroaromatic, heteroaromatic-oxy, amuno, hvdrazino, azido, hydroxyl, silyl, silvioxy,
cyanato, 1socyanalo, cyano, or isocvano, in which any of these may be optionally substifuted.

In one embodiment, the silicon-containing reactand has a formula of
[O—L'—0—{SiR2)u},, wherein:

zis 1, 2. 3,4, 5, or more;

nis i, 2, or 3;

each L' 1s, independently, a hinker, such as optionally substituted aliphatic, optionally
substituted  hetercaliphatic, optionally substituted aromatic, optionally  substituted
heteroaromatic, optionally substituted silvi {e.g., ~SiRs-}, optionally substituted alkviene {(e.g.,
~{CHz)~. in whichn is 1 to 6}, and optionally substituted arvlene; and

in which R’ 1s any described herein.

In another embodiment, the silicon-containing reactant has a formula of

[O—(SiR ) L—(S1R" 2], wherein:

zis 1,2, 3,4, 5, or more;

each n 15, independently, 1, 2, or 3;

each 1 15, independently, a linker, such as a covalent bond, optionally substituted
aliphatic, optionallv substituted heteroaliphatic, optionally substituted aromatic, optionally
substituted hetercaromatic, oxy (-0O-), imino, or sityl, as well as combinations thereof, and

1 which R’ i3 any described herein.
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In vet another embodiment, the silicon-containing reactant has a formuda of
[L-(SiR )], wherein:
zis 1, 2, 3, 4, 5, or more; each n 1is, independently, 1, 2, or 3; L is oxy {-0-),
optionally substitited aliphatic, optionally substituted hetercaliphatic, or combinations
thereof, and i which R’ can be any described herein. In particular embodiments, if L. does

not include a heteroatom, then R’ includes one or more hetercatoms {e.g.. oxvgen atoms),

R
:;Sai \?3,1
In one embodiment, the silicon-containing reactant has a formula of R o

whersin R’ can be any described herein, and whereinnis 1,2, 3, or 4.

In  another embodiment, the silicon-contaimng reactant has a formula

R"\. /’0 1
Si i
r-SD

In vet another embodiment, the silicon-conmtaining reactant has a formula of
RHIO\ /O
R”,D/S!\P)

particular embodiments, each R” 15, independently, H, aliphatic, heteroaliphatic, aromatic,

. wherein R and R” can be any described herein, and whereinnis 1, 2, 3, or 4,

n . . : . : : a
, wherein R” can be any described herein, and wherein nis 1, 2, 3, or 4. In

heteroaromatic, silyl, or silvloxy, in which any of these may be optionally substituted.
| . =g

In one embodiment, the silicon-containing reactant has a formula of R
wherein R’ can include a heteroatom (e.g., an oxvgen atom, such as in optionally substituted
aliphatic-oxy, aliphatic-oxycarbouyl, aliphatic-carbonyl, aliphatic-carbonvioxy, optionally
substituted alkoxy, optionally substitited alkoxvearbonyl, optionally substitited alkanoyl,
optionally substituted alkanovioxy, and the like}, and whereinn is 1, 2, 3, or 4.

In some embodiments, each R’ is, independently, H, optionally substituted aliphatic,
optionally substituted alkyl, optionally substituted alkenyl, optionally substitited alkvnvi
optionally substituted aminoalkyl, optionally substituted aromatic, or optionally substituted
aryl. In other embodiments, each R is, independently, optionally substituied heteroaliphatic,
optionally substituted amuno, or optionally substituted alkoxy.

Non-limiting sticon-containing reactants mclude, eg.,
tetramethylevclotetrasiioxane  (JOSiHMels or TMCTS), hexamethyleyclotetrasiloxane
({OSiMe,OSiHMe]» or HMUTS), octamethylcyclotetrasiloxane (JOSiMenls, CaHa048i4, or

OMCTS), decamethylcvclopentasiloxane (JOStMenls or CioHio0s81s), 2-dimethviamino-
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2,4,4.6,6-pentamethvicyclotngiloxane  {JOSiMexp[OSiMe(NMe)}),  Z-dimethylamino-
2,4.4,6,6,8 8-heptamethyicyclotetrasiioxane ((OSiMex E{OSiMe(INMez)]): and the hike.
Amino sifoxane and derivatives thereof

A silicon-contaming reactant can include siloxane or a denvative thereof and having
one or more aming substitutions, thereby providing a siloxane or a derivative thereof having
one or more 8i-0, 0-81-0, or 8i-0-8i bonds and having one or more ~-NR, substitutions. In
one embodiment, the precursor has a formula of (R™: N[SiRH»—(08iR )R]y, wherein:

vis i, 2, or3;

#is 1, 2, 3, or more;

each R’ is, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyioxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonyvioxy, hetercaliphatic-oxy, hetercaliphatic-oxvearbonvl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxycarbonyl,
heteroaromatic, heteroaromatic-oxy, amino, hydrazino, azido, hydroxyl, syl silyvloxy,
cyanato, isocyanato, cvano, or isocyand, it which any of these may be optionally substituted;
and

each R” is, independently, H, aliphatic, heteroaliphatic, aromatic, hetercaromatic, or
amino, n which any of these may be optionally substituted: or optionally in which two R”
can be taken together, with the nitrogen atom to which each is attached, to form an optionally
substituted heterocyelvl.

In another embodiment, the silicon-contaiming reactant has a formula of {(R")s.
yN[(S1R:—0),~SiR 3}y, wherein R, R", v, and z can be any described herein.

The silicon-containing reactant can include an optionally substituted amino group
with an optionally substituted silyl group. In one embodiment, the precursor has a formula of
RMN-SiR (0S8R 2),~R' or R"N-SiRH»-0-8iR’;, wherein R, R", and z can be any
described  herein. In  another erbodiment, the precarsor has a formula of
R"MN(SIR»—0),~8iR"3, wherein R', R”, and z can be any described herein,

The silicon-containing reactant can include two optionally substituted amino group.
In one embodiment, the precursor has a formuda of R"N-SiR (OS8R 2),~NR":, wherein R/,
R”, and z can be any described herein

In some embodiments, R’ is H, optionally substituted aliphatic, optionally
substituted alkyl, optionally substituted alkenyl, or optionally substituted alkvnyl. In other

embodiments, R” i3 H, optionally substituted aliphatic, optionaily substituted alkyvl, optionally
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substituted alkenyl, or optionally substituted alkvoyl. In particular embodiments, z1s 1, 2, or
3.

Non-limiting silicon-contaiming  reactant can include, eg., 1-dimethylamino-
pentamethyldisiloxane  {(MeN—SiMe,—08iMe:),  1-diethylamino-pentamethyidisiloxane
(EtzN-SiMe—~0OSiMes);

1-ethvlmethylamino-pentamethyldisiloxane (EiMeN-SiMe—OSiMes); 1.3-
bis(dimethylamino) tetramethyldisiloxane {Me:N~-SiMer-O8iMe:—NMez); i-
dimethylamino-heptamethyltrisiloxane {(MesN-SiMex-{OSiMez [r-Mey; 1,5~

his{dimethylanuno) hexamethvlirisiloxane (MeN—8iMex—[OSiMer [h,—NMe: ) and the hike.

Silanols, including aflyl silanols or affoxy sifanols

A stlicon-containing reactant can include one or more hydroxyl groups, thereby

providing a2 non-limiting stlanol.  In one embodiment, the precwrsor has a formula of
(R4S OH),, wherein:

xis |, 2, 3, or4; and

each R’ is, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyioxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heterpaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonvioxy, heteroaliphatic-oxy, heteroaliphatic-oxycarbonyl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxvearbonyl,
heteroaromatic, heteroaromatic-oxy, amino, hyvdrazino, azido, hvdroxyl, silvl, siyloxy,
cyanato, isocyanato, cvano, or 1socyano, in which any of these may be optionally substituted,

In other embodiments, the precursor has a formula of (RLSUOHWOR" ), wherein

xis 1,2, 3, ord;

each of v and 7 18, independently, 0,1, 2, or 3;

Xx+yt+tz=4;

gach R’ is, independently, H, aliphatic. aliphatic-carbonyl, aliphatic-carbonyioxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl,
heteroaliphatic-carbonyloxy, hetercaliphatic-oxy, heteroaliphatic-oxycarbouyl, aromatic,
aromatic-carbonyl, aromatic-carbonyloxy, aromatic-oxy, aromatic-oxyearbonyvi,
hetercaromatic, hetercaromatic-oxy, amino, hydrazino, azido, hydroxyl, silvl, silviexy,
cyanato, isocvanato, oyano, or isocyano, in which any of these may be optionally substituted;
and

n

gach R” is, independently, H, aliphatic, hetercaliphatic, aromatic, heteroaromatic,

silvl, or silyloxy, in which any of these may be optionally substituted.
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The silicon-coniaining reactant can have one hydroxyl group. In one embodiment, the
precursor has a formula of (R)1:S1{OH), o which each R’ can be any described herein. In
another embodiment, the precursor has a formula of S{OH}OR™)s, in which each R" can be
any described herein. In particular embodiments, R” is optionally substituted alkyvl (e.g., Me,
Et, nPr, 1Pr, sBu, or {Bu), in which the optionally substituted alkyl is linear, branched,
substituted, or unsubstifuted.

Non-fimiting  silicon-containing  reactant  include, eg., tri(t-butoxyv)silanol
{(SIOHIOBu), tinft-pentoxysilanol (JiOH[GPe]s); and the like.

Carbonyloxy silanes

A silicon-contairung reactant can include one or more optionally substituted aliphatic-
carbonyloxy groups, thereby providing a non-limiting carbonyloxy silane. In one
embodiment, the precursor has a formula of (R "uxSi{GC(0)-R™)., wherein:

xis §, 2,3, or4;

each R’ 18, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-oxy, aliphatic-
oxycarbonyl, heteroaliphatic, heteroaliphatic-carbonyl, heteroaliphatic-oxy, hetercaliphatic-
oxvearbonyl,  aromatic,  aromatic-carbonyl,  aromatic-oxy,  aromatic-oxyearbonyl,
heteroaromatic, heteroaromatic-oxy, amino, hyvdrazine, asmido, hvdroxyl, silvl siyloxy,
cyanato, isocvanato, ¢yano, or isocyvano, in which any of these may be optionally substituted;
and

each R™ 15, mndependently, H, aliphatic, heteroaliphatic, aromatic, heteroaromatic,
amino, or aminooxy, in which any of these may be optionally substituted.

In another embodiment, the silicon-containing reactant has a formula of (R™-
C{ONYO R 1S L-SHR Y OC(O3-R™), wherein

each x is, independently, 0, 1, 2, or 3;

L is a linker, such as a covalent bond, optionally substituted aliphatic, optionally
substituded  hetercaliphatic, optionally  substituled aromatic, optionally  substituted
heteroaromatic, oxy {~0-), imuno, or silyl;

each R’ 1s, independently, H, aliphatic, aliphatic-carbonvl, aliphatic-oxy, aliphatic-
oxyearbonyl, heteroaliphatic, heteroaliphatic-carbonyl, heteroaliphatic-oxy, heteroaliphatic-
oxyearbonyl,  aromatic,  aromatic-carbouyl,  aromatic-oxy,  aromatic-oxvearbonvl,
hetercaromatic, heteroaromatic-oxy, amino, hvdrazine, azide, hvdroxyl, silyl, sibyloxy,
cvanato, isocvanato, ¢yano, of isocvano, in which any of these may be optionally substituted;

and
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each R™ is, independently, H, aliphaiic, betercaliphatic, aromatic, heteroaromatic,
amino, or aminooxy, in which any of these may be optionally substituted.

in some embodiments, R’ is H, optionally substituted amino {e.g., -NR»), aliphatic-
oxy (eg., atkoxv or -0OR), aliphatic-carbonyl {eg., alkanoyl or -C{(O)R), aliphatic-
oxycarbonyl {e.g., alkoxycarbonyl or -C{QYOR), silvl {e.g., -SiR3), aliphatic-oxy-silyl (e.g.,
alkoxysilyl or -SH{R)(OR))., aminosilvl {eg, -SiREINRo), silyloxy {(eg., ~0-SiRa),
aliphatic-oxy-silyloxy {e.g., alkoxysilyloxy or -O-S{{R)}{0R}), aminosilvioxy {eg., -
OG-SR LNR. ), aromatic (&.g., aryl), aromatic-oxy {e.g., arvioxy or -OR}, hydroxyl (~OH),
forravl (<C(OMH), and the like. In particular erabodiments, each R is, independently, H,
optionally substituted aliphatic. optionally substituted alkyl, optionally substituted alkenyl,
optionally substituted alkynyl, optionally substituted hetercaliphatic, optionally substituted
aromatic, optionally substituted arvl, and optionally substituied heteroaromatic; a > 0 b 2> 1]
and a+ b =3. In some embodiments, two R groups can be taken together, with the nitrogen
atom to which each is attached, to form an optionally substituted heterocyclyl  In other
embodiments, each R s, independently, H, optionally substituted alkyl, optionally substituted
alkenyl, optionally substituted alkynyl, or optionally substituted arvlh

In some embodiments, R™ is H, optionally substituted alkyl, optionally substituted
alkenyl, optionally substituted alkyvnvl, optionally substituted alkoxy, optionally substinsted
aryloxy, optionally substituted anuno, or optionally substituted aminooxy.

Non-limiting  silicon-containing reactands include those having a formula of
(R'LSHOC({0)R), wherein R and R™ can be any described herein,
Molybdenum-containing Precursor

Generally, molybdenum-containing precursors can include molybdenum in a wide
range of oxidation states ranging from O to +6. In some embodiments, molybdenum
comapounds with molybdenum in low oxidation states +3, +4 and +$ are preferred. Provided
methods are particularty useful for depositing molybdenum-containing materials from
halogen-containing molybdenum-containing compounds, because silicon-containing reactants
can assist in halogen scavenging, but halogen-tree molybdenurn-containing precursors can be
used as well. Suitable molybdenum-containing precursors include molybdenum halides and
oxyhalides, such as fluorides, chlorides, bromides, oxyfluorides, oxychiorides, and
oxvbromides where molybdenum may be in any of the oxidation states from +2 to +6.
Examples of suitable balogen-free molvbdenum~-contairung precursors include halogen-free

organometallic molybdenum-containing precursors, such as bis{ethylbenzeneymolybdenum.
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5 In order to maintain appropriate volatility, in many embodiments discussed herein, the
precursors having roolecular weights of less than about 450 g/mol, such as less than about
400 g/mol are selected.
In some embodiments the molybdenum containing precursor has a formula MoX, Y,
wheretn X i3 a chalcogen {e.g., oxygen or sulfur), Y is a halogen {e.g., fluorine, chlorine,
10 bronune, or jodine), nis O, 1, or 2 and mis 2, 3, 4, 5, or 6. Examples of halogen-containing
molybdenum-containing precursors include without limitation MoCls, MoxCh, MoOh(Cly,
and MoQCly. Another example of 8 halogen-containing molybdenum-containing precursor is
MoFs.
In some embodiments molybdenum-containing precursor includes carbonyl lgands,
15 Example of a carnyl-containing precursor is Mo(CO)s.
Halide-containing heteroleptic molybdenum compounds
in one aspect, halide~-contamning heteroleptic molybdenum compounds are used as
precursors for deposition of molvbdenum-containing films, such as for deposition of
molybdenum metal. In one embodirnent, the precursor is a compound that includes
20 molyhdenum, at least one halide forming a bond with molybdenum, and at least one organic
ligand having any of the N, O, and 8 elements, where an aiom of any of these elemenis forms
a bond with molvbdenom.  Examples of suitable organic ligands that provide nitrogen or
oxvgen bonding nclude ammdinates, amidates, iminopyrrolidinates, diazadicues, beta-imino
amides, alpha-imine alkoxides, beta-amino alkoxides, beta-diketiminates, beta-ketoiminates,
25 beta-diketonates, amines, and pyrazolaies. Examples of suitable organic ligands that provide
sulfur bonding mclude thioethers, thiolates, dithiolenes, dithiolates, and o~-imunoe thiolenes.
These ligands may be substituted or unsubstituted. In some embodiments, these ligands
include one or more substituents independently selected from the group consisting of H,
alkyl, Juorcalkyl, alkvisivl, alkylaroine, and alkoxy substituents. The organic ligands can be
30 newtral or antonic {e.g.. monoanionic or dianionic), and molybdenum can be in a variety of
oxidation states, such as +1, +2, +3, +4_+5§, and +6.
Struchures of exemplary suitable N and/or O containing organic ligands 1-17 are
shown in Figure 4, and structures of exemplary suitable S-containing organic ligands 18-26

are shown in Figure S, where each R is independently selected from H, alkyl, flucroalkyl,

L
(9,

alkylsilvl, alkylamino, and alkoxy. In some embodiments, each R is independently selected
from H, alkvl, and fluorcalkyl. Tn sorme embodiments each R is independently selected from
H, methyl, ethyl, n-propyl, isopropvl, isobutyl, n-butyl, sec-butvl, #butvl, pentyl, hexvl

cvclopropyl, cvelobutyl, cyclopentyl, cvclohexyl, cyclopropylmethyl, cvelopropvlethyl,
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cvclopropyipropyvl, cvelobutyimethyl, and cyclobutviethyl In some embodiments each R i3
an independently selected alkyl. In some embodiments ligands with branched alkvl
substituents, such as isopropyl, and isobuty! are preferred. because such ligands provide more
volatile molybdenum precursors.

In some embodiments, at least one organic ligand in the precursor is an amine.
Surtable amines melude umdentate amines (e.g., monoalkylamines, dialkvlamines), bidentate
amines {e.g., unsubsiituted or N-alkvl substitted ethylenediamines), and amines of higher
denticities {(e.g., substituted or unsubstituted diethylensiriamine) An example of a
roovodentate amine is anvuoe 1, shown in Figure |, where at least one R 15 an alkyl or
fluorcalkyl, and each R is independently selected from the group consisting of H, alkyl, and
fluoroaltkyl. In some embodiments at least one R is an alkyl, and each R is independently
selected from H, and an alkyl. In some emboduments, the at least one orgamic higand s an
amide, such as a monoanionic amide 16, wherein at least one R is an alkyl or fluorcalkyl, and
each R is independently selected from H, alkyl, and a fluorcatkyvl In some embodiments, the
at least one organic ligand is an imide, such as a dianionic imide 17, wherein R 15 an alkyl or
fluorcalkyl. While in general inude-containing precursors can be used for deposition of a
variety of molybdenum-contamning films {including molvbdenum metal}, in some
embodiments they are more preferred for deposition of molybdemmn nitride and moelvbdenom
carbonttnide, as they form strong molyvbdenum-nitrogen bounds, and can serve as sources of
nitrogen for the resuliing film. in some embodiments, at least one organic ligand in the
precursor is an amidinate. An example of an amidinate is an amidinate 2 shown in Figure 4,
where each R 1s independently selected from H, alkyl, and Buorcalkyl. Amidmate 2 is a
monoanionic ligand that can form two molybdenume-nitrogen bonds, serving as a bidentate
ligand.

In some embodiments, at least one organic ligand n the precursor 1s an amidate. Ao
example of an amidate is an amidate 3 shown in Figure 2, where each R is independently
selected from H, alkyl, and fluorcalkyl. Amidate 3 is a monoanionic ligand that can form one
moly bdenum-nitrogen, and one molyvbdenam-oxygen bond, serving as a bidentate ligand.

In some embodiments, at least one organic ligand in the precursor is a diazadiene.
Examples of diazadienes are 1 4-diazabuta-1,3-dienes (BAD} 5, 6, and 7, where each R is
independently selected from H, alkyl, and fluorcalkyl. An interesting property of this ligand
is that it can exist in neutral form 3, monoanionic radical form 6, and dianionic form 7. Due

to redox activity of monoanionic (radicaly form 6, it can be relatively easily removed during
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deposttion making complexes of BAD 6 particularly useful for deposition of molybdenum
metal and lagh purity molybdenum metal. DAD ligands §, 6, and 7 can serve as bidentate
ligands, each forming two molybdenum-nitrogen bonds. In some embodiments the
molybdenum precursor includes DAD ligand 5, 6, or 7 as an organic higand, where each R is
independently selected from methyl, ethyl, propyl, isopropvl, n-butyl, isobutyl, sec-butyl and
~butyl.

In some embodiments, the at least one organic precursor is an iminopvrrolidinate
{such as an wmnopyrrolidinate 4, where each R is independently selected from H, alkvi, and
fluoroalkyl), a beta-imnimo amide (such as beta~imino anude 8, where each R is mdependently
selected from H, alkyl, and fluoroalkyl), an alpha-imino alkoxide {such as an alpha-imino
alkoxide 9, where each R is independently selected from H, alkyl, and fluoroalkyly, a beta-
diketiminate (such as an beta-diketiminate 10, where each R is independently selected from
H, alkvl, and fluoroalkyl), a beta-ketoiminate (such as beta-ketoiminate 11, where each R is
independently selected from H, alkyl, and fluoroalkyl), a beta-diketonate 12 {such as beta-
diketonate 12, where each R is independently selected from H, alkvl, and fluorcalkyl), a
pyrazolate (such as pyrazolate 13, where each R is independently selected from H, alkyl, and
Huorcaltkyl), a beta-amincalkoxide (such as beta-aminoalkoxide 14, where each R 1
independently selected from H, alkyl, and fluorcalkyl), or a guadinidate 15 (such as
guadinidate 15, where each R is independently selected from H, alkyl, aod Juoroalkyl).
These are monoanionic ligands that are capable of binding to molybdenum in bidentate
manner.

In some embodiments, the at least one organic precursor is a sutfur containing ligand
that 1s capable of forming molvbdenum-sulfur bond. In some embodiments the at least one
organic ligand in the precursor is a thisether. The term “thioether” is used herein broadly to
include to include both unidentate and multidentate (e.g. bidentate of fridentate) thioethers, as
well as ligands that contain both thioether and thiolate (or other) moieties. An example of a

unidentate thioether is dialkvisulfide R»5, where each R is an alkvl, such as dimethylsulfide,

dicthvisulfide, diisobuty! sulfide, and the like. An example of a multidentate thiocether ligand
that also includes thiolate moieties is (SCH2CH>SCHCHL8Y An example of a monodentate
thioether is thiogther 18, shown in Figure 5, where each R is independently selected from the
group consisting of alkyl, and fHuoroalkyl. In some embodiments each R is independently
selected from the group consisting of methyl, ethyl, n-propyl, 1soropvl, n-butyl, isobulyl, sec-
butyl, and /~butyl. In some embodiments, the at least one organic ligand is a thiolate, such

as a monoantonic thiolate 19, wherein R is an alkyl or fluoroalkyl. For example, R can be
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methyvl, ethyl, #-propyl, isoropyvl, #m-butvl, sec-butyl, isobutyl, or #botyl In some
embodiments the theolate 15 a dithiolate, such as dianionic alpha-dithiolate 24, (where each R
is mdependently selected from H, alkyl, and fluorcalkyl} or dianionic beta-dithiolate 23
(where each R is independently selected from H, alkvi, and fluorcaliyly. Dithiolates are
capable of forming two molybdenum-sulfur bonds with molvbdenum.

in some embodiments, the at least one organic ligand in the precursor s a dithiolene.
Examples of dithiolenes are structures 28, 21, and 22, where each R is independently selected
from H, alkyl, and Buorcalkyl. This ligand (similasly to DAD) can exist in a neutral form 20,
monoanionic radical form 21, and diamonic form 22 Due to redox activity of the
monoanionic radical form 21, it can be relatively easily removed during deposition and
reduction of molybdenum precursor, making complexes of dithiolene 21 particudarly useful
for deposition of molybdenurn metal and high punity molvbdenum metal. Dithiolene ligands
20, 21, and 22 can serve as bidentate ligands, each capable of forming two molybdenum-
sulfur bonds. In some embodiments the molybdenum precursor includes dithiolene ligand 20,
21, and/or 22 as av organic higand, where each R is independently selected from methyl,
ethvl, propyl, isopropyl, n-butyl, sec-butyl, isobutyl, and r-butyl.

In some embodiments, the at least one organic ligand in the precursor is an alpha-
mmnothiolene, such as structure 23, where each R 15 independently selected from H, alkyl,
and fluoroalkyl. In some embodiments each R substituent at the carbon atoms is
independently selected from H, alkyl fluoroalkyl, alkyvlsilyl, alkvlamino, and alkoxy
substituents, while R substituent at the nitrogen is independently selected from an alkyl and
fluoroalkyl In some embodiments R substituent at the mitrogen 15 independently selected
from methyl, ethyl, propyl, isopropyvl, n-butyl, sec-butyl, isobutyl and -butyl. This ligand
(simifarly to DAD, and dithiolene} has a monoanionic radical form, as shown in structure 23,
is redox-~active, and easily rernovable during reduction processes.

In some embodiments the precursor 15 a compound having a formula Mo (L)
where m is selected from 1-4, n is selected from 1-3, each X is a halide independently
selected from F, CL, Br, and I and each L is an organic ligand as described above, eg., a
ligand independently selected from amidinates, amidates, iminopyrrolidinates, diazadienes,
beta-imino amides, alpha-imino alkoxides, beta-amino alkoxides, beta-diketiminates, beta-
ketouminates, beta-diketonates, amines, and pyrazolates, thioethers, thiolates, dithiolenes,
dithiolates, and a-imnine thiolenes. Tn some embodimoenis in the named ligands each R 1

independently selected from H, alkyl, and fluoroaliyl.
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In some embodiments L is a bidentate ligand. Examples of suitable molybdenum-
containing precursors of formula MofL)Cly, that utilize bidentate ligands are shown in Figure
6. These are Mo(V} compounds and include an amidinate molybdenum complex 27, a DAD
complex 28, a beta-diketiminate complex 29, a pyrazolate complex 30, an amidate complex
31, a beta-imine amide complex 32, a beta-ketoiminate complex 33, a beta-amino alkoxade
cormaplex 34, an vmunopyvrrolidinate complex 35, an alpha-iroine alkoxide complex 36, and a
beta-diketonate complex 37.

The heteroleptic complexes with molvbdenum-halide bonds and organic ligands
described herein can be synthesized using a reaction of molybdenum halide starting materials
with the compounds comprising organic higands in neutral or anionic form. For example,
molvbdenum{V} precursors may be prepared using MoCls as a starting material. Mo(TH}
precursors may be prepared using MoXG(YHF): as a starting material, where X 15 selected
from chioride, bromide, and iodide, and THF is tetrahvdrofuran. The starting maternials can be
treated with the ligand in a neutral or anionic form {e.g. a salt, such as lithium or sodiun salt},
to forro the beteroleptic complexes described herein.

The heteroleptic molybdenum compounds containing molybdenum-halide bonds and
organic ligands described herein can advantageously provide high purity moly bdenum metal
in CVD-type and ALD-type deposition methods provided herein. Further, the use of these
compounds can be associated with reduced etching of the substrate materials as compared
with conventional homoleptic molvbdenum halides. These advantages are described for
iHlustration purposes and do not lunit the use of these compounds solely to molybdenum
metal deposition or to deposition on efching-sensitive subsirates.

in some embodiments, when deposition is conducted on fluorine-sensitive materials
{(e.g., silicon-containing materials) the precursors are selected to be fluorine free, e.g., include
any of the Cl, Br, and 1 as the halides in the coroplex. Further, the use of compounds with
fluoroalky! substituents may be avoided in these embodiments.

Sulfur-containing molybdenum compounds

In one aspect, sulfur-containing molybdenum compounds are used a3 molybderum-
containing precursors for deposition of molybdenum-containing films, such as for deposition
of molvbdenum metal and molybdenum silicide. In some embodimenis, the molybdenum
compounds include molvbdenum, and at least one sulfur-containing ligand providing
molvbdenum~-sutfur bonding. Molyvbdenum precursors which are based on sulfur-containing
ligands can be used to deposit molvbdenum-contaming films which are substantially free of

impurities due {o the ease of removal of sulfur impurities compared to oxvgen, carbon, and

a1
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5 nitrogen umpuriiies. In some embodirnents, the molvbdenum compounds do not include
molybdenum-carbon bonds and/or do not nclude molybdenum-oxygen double bonds. In
some embodiments the molvbdenum compounds do not mclude molvbdenum-nitroge
double bonds. In some embodiments in the provided molybdenum precursors molybdenum
forms bonds only with sulfur atoms,

10 Examples of suttable sulfur-containing ligands that provide sulfur bonding include
thioethers, thiolates, dithiolenes, dithiolates, thiocarbamates, and g-imino thiolenes. The
ligands can include one or more substituents independently selected from the group
consisting of H, alkyl, Huorcalkyl, alkvlsilyvl, alkvlamino, and alkoxy substitueots. The
ligands can be neutral or antonic {e.g., monoanionic or diantonic), and molybdenum can be in

1S avariety of oxidation states, such as 0, +1, +2, +3, +4, +5, and +6.

In some embodiments the sutfur-containing ligands are ligands 18-25 shown in Figure
5, where R substituenis are as previously described. Examples of suitable molybdenum
precursors include molybdenum thiolates Mo(SR}s, wherein R is an alkyl, e.g., methvl, ethvl
propyvl,  butvl.  In one specilic example, the precursor s teirakis{fert-

20 buvlthiolatoymolvbdenum{IV): Mo{SR)4, wherein R is f-butvl. Another example of suitable

molybdenum PrECUSOLS are molvbdenum thiocarbamates, such as

tetrakis{diethyldithiocarbamatoymolybdemm(IV):

8 R
Mo| N
S R 4

where each R is independently selected from alkvl {e.g., ethyl, methyl, propyl, buivl), and

3]
W

fluorcaltkyl  {eg. CF3) In one specific example the precursor s
tetrakis{diethyldithiocarbamato ymoly bdenum{IV}

In some embodiments dithiolene complexes of molvbdenum are provided, where
dithiolene may be in any of a neutral form 20, anton-~radical form 21, and dianionic form 22,
where each R is independently H, aikvl or fluoroalkyl.

30 Dithiolene complexes are redox-active and can support molybdenum in a variety of

oxidation states. Redox reactions of dithiolene ligands 20, 21, and 22 are shown in Equation

i
Sy R . 8._R . 8LR
e )| =tfee | (Equation 1)
= e ‘ - -
87 R 87 R 37 "R
20 21 2z
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in one implementation, the precursor is Mo{21)s, where each R in 21 is independently
selected from H, alkyl, and fluoroalkyl. For exarople, R may be methyl, ethyl, CF3, ete. This
is a homoleptic Mo(IIl) compound contamming exclusively molybdenume-sulfur bonds.

in some embodiments, the ligands may provide nitrogen bonding in addition to sulfur
bonding. One example of such ligand is alpha~iminothiolene 23, which 1s a redox-active
radical anton ligand that can exhibit bebavior simular to that of thiolenes. In some
embodiments the precursor is Mo(HI) compound Mo(23}s, where each R in compound 23 is
independently selected from H, alkyl, and fluorcalkyl.

In some embodiments, the precursor is Mol compound, where ni1s from 2 to 6, and
L is a sulfur-containing ligand, such as any of the sulfur-containing ligands described herein.
In some embodiments each L is the same sulfur-containing ligand. In other embodiments the
precursor may nclude different sulfur containung ligands L. Examples of precursors include
Mo{19)2, Mo{19}:, Mo(19, Mo(19)s, Mo(19s, Mo(193:(18)z, Mo(191:(18), Ma(19){18),
Mo{21}:, Mo{203 2132, Mo(22):, Mo{21X22), Mo{2022}2, Mo{23}:, Mo{24):, Mo(25):. The
sulfur-containing mwolybdenum compounds described herein can be svnthesized using a
reaction of molybdenum halide starting materials with the corapounds comprising organic
sulfur-containing ligands in neutral or anionic form. For example, molybdenom{V}
precursors may be prepared using MoCls as a starting material. Mo(H) or Mo(IV) precursors
may be prepared using corresponding halides or MoXa{L): or MoXy(l)» as a starting
material, where X is selected from chlonde, bromide. and iodide, and L is a neutral Lewis
base such as tetrahydrofuran or diethyl ether. The starting materials can be treated with the
desired sulfur-containing ligand in a neutral or amonic form {e.g. a salt, such as hithium or
sodium salt), to form the sulfur-containing complexes described herein,

In one example, Mo{IV) thiolato complexes are prepared by reaciing molybdenum
tetrachloride with lithiuro thiolates. For exarople MoCly can be reacted with /~BuSLi in 1,2-
dimethoxythane solvent to form Mo(/~-BuS}s compound.

g-Iminothiolene ligands can be prepared from the corresponding a-iminoketone by
thionation using a suitable reagent such as Lawesson’s reagent. The radical anionic form of
the a-iminothiclene can be prepared subsequently by treatment with an alkali metal. such as
lithium. The resulting ligands and ligand salts can be reacted with molybdenum halides to
form o-iminothiolene-containing molybdenum compounds.

Molybdenum complexes can also be prepared using compounds, where molvbdenum
is in a zero oxidation state, such as molyvbdenum hexacarbonyl. The starting material can be

treated with a neutral ligand, such as a thioether (dialkylsulfide), to induce redox neuiral
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ligand exchange. The zero valent starting roaterial can also be treated with a ligand precwrsor,
such as bis{diethylthiocarbamovhydisulfide or bis(trifluoromethyl)~-1,2-dithuete, to induce
oxidative addition and form the sulfur-containing complexes described herein.

The reactions may be conducted in a variety of non-protic solvents. For example the
reaction may be conducted in an ether solvent, such as tetrahydrofuran, 2-
methvlitetrahvdrofuran, diethyl ether, methyl-tert-butyl ether, 12-dimethoxyethane, m a
hvdrocarbon solvent such as toluene, benzene, heptane, hexane, pentane, or in a halocarbon
solvent such as  chlorobenzene, dichlorobenzens, Huorobenzene, difluorobenrene,
dichloromethane, chioroform, etc. The reactions can be conducted in a wide temperature
range depending on the boiling point of the solvent and on solubility of the products. In some
embodiments, the starting materials, reaction intermediates, and the desired products are
unstable toward moisture and oxygen. Accordingly, the reaction process should be conducted
using anhvdrous and air-free conditions using a protective inert gas, such as nitrogen or
argon.

i 4-Diazabutadiene (DAD) Containing Precursors

in another aspect, DAD-containing molybdemun-containing precursors are provided.
DAD can bind to molybdenum in #is neuiral form 5, in its radical-anionic form 6, and in its
dianionic form 7. In some embodiments, homoleptic DAD complexes are provided of
formula Mo(DAD M, where m s from 1 1o 3, and each DAD is independently selected from
newtral DAD 3, radical-amionic DAD 6, and dianionic DAD 7. The oxidation state of
molybdenum in these complexes can range from ¢ {o +6. Non-limiting examples of suitable
homoleptic DAD complexes mnclude tnis-DAD Mol precursor Mo(6)s, bis-DAD MoflV)
precursor Mo(7):, bis-DAD Mo(ll} precursor Mo{6X7}). and bis-DAD Mo(ll) precursor
Mo{6).

in some embodiments bomoleptic DAD complexes are prepared using a reaction
between molvbdenum halide and a source of DAD ligand in the required electronic
configuration. For example, tris-DAD Mo} precursor Mo{6): can be synthesized by
reacting MoCls with three equivalents of the radical anion form of the DAD ligand, which
can be prepared from the neutral form of the DAD ligand by treatment with an alkali metal,

such as hithium, in a solvent, such as THF, as shown in Equation 2

R R R
N P N - N
3 equiv, T Jeguiv b A Bquiv. i MoCl(THF), . thio
g THF AN N THE A N
) ) i
R R R 3 '
{Equation 2}
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In some embodiments, heteroleptic DAD-containing molybdenum compounds are
provided. Tn some implementations the precursor includes molybdenum, at teast one DAD
ligand bound to molybdenum, and at least one second ligand, wherein the DAD may be
peutral BAD 6, radical anionic DAD 7, or dianionic DAD &, and the second ligand is
independently selected from anionic higands and neulral ligands. In some embodiments the
precursor does not contain CO higands as the only second ligands. In some embodiments the
precursor is Mo(DAD)W{L)n(X}p, where L is a neutral Lewis base ligand and each L is
independently selected from €O, an amine, a phosphine, a thioether, a nitrile, and an
isomtrile, and X 15 an anjonic Higand, and each X is independently selected from a halide, an
alkyl, an allvl, and a cyclopeniadienyl, and miis 1-3, nis 0-4, and p is 0-4. Nitriles are RCN
compounds, where R is an alkyl. Isonitriles are RNC compounds, where R is an alkyl. Other
suttable anjonic ligands include alkoxides, anudes, imides, and any other anionic higands that
include a donor atom chosen from C. N, O, B, §, 81, Al and P.

Examples of heteroleptic DAD-containing precursors include without limitation
Mo(73R(RCNYCL Mo(Th{RNCYCL, Mo(8}CO)s;, Mo(oy(13)CL Mo(6)(18)Clh. Mol(6nCl,
Mo{63(14), Mo{6)2(19). Mo(6)(24).

Heteroleptic DAD-containing precursors can be prepared by sequential salt metathesis
reactions in one pot or using multiple steps. Molvbdenum halide starting materials such as
Mo(V), Mo(IV), or Mo(Ill} halides can be treated with aniomic forms of a DAD higand or
other andonic ligands. Neutral Lewis base ligands can be exchanged using thermal treatment
or photoexcitation.

Heteroleptic DAD-containing precursors can also be prepared using a zero valent
molybdenum starting material, such as molybdenum hexacarbonyl, which can undergo
oxidative addition with redox active ligands, such as DAD ligands.

in some embodiments, the precursors containing radical anionic DAD ligand 8 are
particularly preferred for deposition of molvbdenum metal and high purity molybdenum
metal. In the radical anionic form 7, the DAD ligand is electronically coupled to vacant
molybdeoum d-orbitals and s believed {0 serve as a source of electrons which reduce the
molybdenum itons to the zerovalent metallic state. After igand-to-metal electron transfer, the
volatile, neutral DAD ligand 6 can be purged away from the molybdenum metal growth
surface. Since the DA ligand can be removed intact from the growth surface, incorporation
of impurity elements such as C and N are reduced when using DAD precursors as compared

to other metalorganic precursors. Therefore, molybdenum precursors containing radical
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anionic DAY ligands can be used for depostiing high purity molvbdenum metal at low
femperatures.
Di-Molybdenum Precursors

in another aspect, precursors for deposition of molybdenum-containing films are di-
molybdenum compounds containing a molybdenum-molybdenum bond {e.g.. a muliiple
molybdenum-molybdenurn bond, such as a double bond, or any nuliiple bond with a bond
order of 2-5). Such precursors are particulasly useful for deposition of molybdenum metal
and high purity molybdenum metal because it is easier {0 reduce such compounds to metallic
rooly bdeoum thao reany mononuclear molybdenum compounds.

in some embodiments, a precursor for deposition of molybdenum-comtaining films is
provided, wherein the precursor is MozLy, wherein each L is independently selected from
anudate, amidinate, and guanidinate ligands, n 18 2-5, and where the precursor includes a
multiple molybdenum-molybdenum bond. In some embodiments each L 15 independently
selected from an amidinate ligand 2, amidate ligand 3, and a guanidinate ligand 15, wherein
cach R in the amidinate, anudate, and guanidinate 1s independently selected from H, alkyl,
fluorcalkyl, alkylsilyl, alkyianuno, and alkoxy substituents. In some embodiments each R is
independently selected from H, alkyl, and fluoroalkyl In some embodiments each L is an
ammdinate and the precursor has a formula Moa{(L)s or Mo(L)s. In some embodiments each L
is an anmidingte and the precursor has a formula Mox(L): or Mo:{(L)e. In some embodiments
each L is a guanidinate and the precursor has a formula Mox(L)s or Moo(L}y In these
complexes molybdenum has a low oxidation state 2+ {(in MoxL}) and 3+ in (Mox{L))
making these complexes particularly suitable for facile reduction to molybdenum metal.

One exemplary structure of an amidate paddlewheel di-Mo (i1} precursor having a

quadruple molvbdenum-molybdenum bond is shown by structure 38.

Mo(l) amidate precursor 38
In some embodiments each of R and R’ is independently selected from alkyls. such as
methvl, ethyl, isopropvl, and ~butyl. In some embodiments one, two, three or four anmudate

ligands in 38 may be substituted by amidinate or guanidinidate hgands.
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5 Di-molybdenam precursors described herein can be synthesized using dimolybdemm
{etraacetate as a starting matenal by treatment with a ligand salt such as lithium amidate.
Cobalt precursors

{Cobalt metal can be deposited using a variety of cobalt precursors, where cobalt mav
be in +1, +2 or +3 oxidation states. Examples of cobali precursors inchide cobalt acetate,

10 cobalt acetvlaceionates (e.g., cobalt (111 is(acetylacetonate)), cobalt amidinates (e.g., bis(N-

t-buty - -ethy ipropanimidamidatojeobalt(il),) cobaltocene, and carbonyi-containing cobalt
precursors {e.g., cobalt tricarbonyl nitrosyl, and cyvclopentadienyicobalt dicarbonyl). An
example of a halogen-containing cobalt precursor 15 CoCL{TMEDA), where TMEDA
is NN,V N'-tetramethylethylenediamine.

1S Ruthenium precarsors

Rutheniumn metal can be deposited, for exarople, using vaporizable ruthenium

PTECUTSOLS, such as bis{ethylcy clopentadienylnthenium(il},

bis(pentamethyleyclopentadienyiruthenium, ruthenocene, and cvclopentadienyi-

propvicyclopentadienyiruthenium(i).

20 Tunpsien precursors

Tungsten can be deposited using a variety of volatile precursors. In some
embodiments halogen-contaiming tungsten precursors, such as WHal,, where Hal is a halogen
{e.g., F, (1, Br, and/or 1) and < 15 from 2 1o 6, are used. In some embodiments tungsten
chioride is used Tungsten chloride includes tungsten pentachloride (WCls), tungsten
25 hexachloride (WCls), tungsten i{etrachlonide (WClL), tungsten dichlonde (WCh), and
mxtures thereof. In other examples tungsien fluoride, such as tungsten hexafluoride may be
used.
Reducing agent
A number of reducing agents can be used for deposition of jwolybdenunm-containing
30 films or other metal-containing films provided herein. In some embodiments the reducing
agent 1s selected such that it is capable of reducing the molybdenum-containing precursor to
molybdenum metal, or any other metal precursor to a metal in zero oxadation state. In some
embodiments, partial reduction of the molybdenum-containing precursor {or other metal

precursor) may be carried owt by the silicon-containing reactant, and the reducing agent

L
(9,

functions 1o reduce the partially reduced molybdenum-containing precursor to molvbdenum
metal {or other metal precursor to metal). For exarople, the sihcon-containing reactant may
reduce Mo(V) precursors, such as MoCls to Mo{IV) or Mo(lH) state, such as MoCls or

MoClz. The reducing agent then would reduce these partially reduced precursors further to
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5 molybdenum metal. Examples of suitable reaciants for forming molvbdenum metal include
hydrogen (Hz), aromonia (NH3), hydrazine (NaHy), ao amine, diborane (B:He), silane (8iHy),
disilane (SizHg), an alcohol, hydrogen sulfide (H»8), a thiol, and combinations thereof In
some embodiments the reducing agent 1s hvdrogen. It is noted that when the reducing agent is
a silicon~coniaining compound (e.g., silane), the silicon-containing reactant can siill be
10 emploved for surface modification. For example, the deposition process may involve
exposing the substrate to a silicon-containing reactant for a period of time {e.g., at least 10
seconds or at least 13 seconds) to modify a surface of a substrate containing an exposed metal
laver and an exposed diclectnie layer, followed by exposure to the silicon-containing reducing
agent and a molvbdenum-containing precursor. In some embodiments the silicon-containing
15 reactant and the silicon-containing reducing agent are different.
APPARATUS

The deposition methods described herein can be carried out in a vaniety of
apparatuses. A suitable apparatus includes a processing chamber having one or mwore
inlets for introduction of reactanis, a substrate holder 1n the process chamber configured

20 to hold the substrate in place during deposition, and. optionally. a plasme generating
mechanism configured for generating a plasma in a process gas. The apparatus may
include a controller having program instructions configured to cause performance of any
of the method steps described herein. The deposition methods described herein may be
carried out it corresponding ALD and CVD apparatuses available from Lam Research

25 Corp. of Fremont, CA, such as Altus®, Vector®, and Striker® tools.

For example, in some embodiments the apparatus includes a controller having
program instructions that include mstructions for: causing exposure of a semiconductor
substrate to a silicon-contaning reactant, a molybdenum-containing precursor, and a reducing
agent at a temperature of between about 100 °C and about 300 °C in any of the process

30 sequences described herein to deposit molybdenum metal and/or molybdenum silicide. The

controller may inchude program instructions for causing any of the methods described herein.
An example of a deposition apparatus suitable for depositing molybdenum-
containing films using provided methods is shown in Figure 7. Figure 7 schematically shows

an embodiment of a process station 700 that may be used to deposit material using atomic
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laver deposition (ALD) and/or chemical vapor deposition (CVD), either of which may be
plasma enhanced. For siraplicity, the process station 700 is depicied as a standalone process
station having a process chamber body 702 for maintaining a low-pressure environment.

However, it will be appreciated that a plurality of process stations 700 may be included in a
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common process tool environment.  Further, it will be appreciated that, in some
embodiments, one or more hardware parameters of process station 700, mcluding those
discussed in detail below, may be adjusted programmatically by one or more computer
controllers.

Process station 700 fhadly cormmunicates with reactant delivery system 701 for
delivering process gases to a distribution showerhead 706, Reactant delivery systern 701
includes a mixing vessel 704 for blending and/or conditioning process gases for delivery to
showerhead 706. One or more mixing vessel inlet valves 720 may control introduction of
process gases to ruxing vessel 704, Suvularly, a showerhead inlet valve 705 may conitrol
introduction of process gasses to the showerhead 706.

Some molvbdenum-containing precursors may be stored in solid or liquid form
prior to vaporization and subsequent delivery to the process station. For example, the
embodiment of Figure 7 includes a vaporization point 703 for vaporizing solid reactant to be
supplied to mixing vessel 704. In some embodiments, vaporization point 703 may be a heated
vaporizer. In some embodiments a flow of an inert gas is passed over the heated sohd
molybdenum precursor, or bubbled through the heated liquid molvbdenum precursor, under
sub-atmospheric pressure, and carries the precursor vapor to the process chamber. The
precursor vapor produced from such vaporizers may condense in downstream delivery
piping. Exposure of incompatible gases 1o the condensed reactant may create small particles.
These small particles may clog piping, impede valve operation, contaminate substrates, efc.
Some approaches to addressing these issues involve sweeping and/or evacuating the delivery
mping to remove residual reactant. However, sweeping the delivery piping may increase
process station c¢vcle time, degrading process station throughput  Thus, i some
embodiments, deliverv piping downstream of vaporization point 703 may be heat fraced. In
some examples, mixing vessel 704 may also be heat traced.  In one von-limiting example,
piping downstream of vaporization point 703 has an increasing temperature profile extending
from approximately 100°C to approximately 200°C at mixing vessel 704

Showerhead 706 distributes process gases toward substraie 712, In the embodiment
shown in Figure 7, substrate 712 is located beneath showerhead 706, and is shown resting on
a pedestal 708, It will be appreciated that showerhead 706 may have any suitable shape, and
may have any suiiable number and arrangement of ports for disiributing processes gases 1o
substrate 712, While not explicitly shown, in some embodiments the showerhead 706 15 a
dual plenum showerhead that includes at least two types of conduis, where the first type of

conduit is dedicated to delivery of molvbdenum-containing precursor vapor, and the second
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type of condwnt 1s dedicated to delivery of the second (or other) reactant. In these
embodiments the molybdenum-containing precursor and the reactant are not allowed to mix
in the conduits prior to entry to the process chamber, and do not share the conduits if
delivered to the chamber consecutively.

In some embodiments, a microvolume 707 1s located beneath showerhead 706
Performing an ALD and/or CVD process in a nucrovolume rather than in the entite volume
of a process station may reduce reactant exposure and sweep times, may reduce times for
aliering process conditions {e.g., pressure, femperature, etc.), may hmit an exposure of
process station robotics to process gases, ete. Example microvolume sizes include, but are
not hinited to, volumes between 0.1 liter and 2 hiters.  This microvolume also impacts
productivity throughput. While deposition rate per cycle drops, the cycle time also
simultaneously reduces. In cerfain cagses, the effect of the latter 1s dramatic enough {o improve
overall throughput of the module for a given target thickness of film.

In some embodiments, pedestal 708 may be raised or lowered to expose substrate
712 to microvolume 707 and/or to vary a volume of microvolume 707, For example, in a
substrate transfer phase, pedestal 708 mayv be lowered to allow substrate 712 to be loaded
onto pedestal 708, During a deposition process phase, pedestal 708 may be raised to position
substrate 712 within mucrovolume 707, In some embodiments, microvolume 707 may
completely enclose substrate 712 as well as a portion of pedestal 708 to create a region of
high flow impedance during a deposition process.

Optionally, pedestal 708 may be lowered and/or raised during portions the
deposition process to modulate process pressure, reactani concentration, etc., within
microvolume 707. In one scenario where process chamber body 702 remains at a base
pressure during the deposition process, lowering pedestal 708 mav allow mucrovolume 707 to
be evacuated. Example ratios of mucrovolume to process chamber volume include, but are
not limited to, volume ratios between 1:700 and 1:10. It will be appreciated that, in some
embodiments, pedestal height mav be adjusted programmatically by a suitable computer
controller.

While the example microvolume variations described herein refer to a height-
adjustable pedesial, it will be appreciated that, in some embodiments, a position of
showethead 706 may be adjusied relative to pedestal 708 to vary a volume of microvolume
707, Further, it will be appreciated that a vertical position of pedestal 708 and/or showerhead
706 may be varied by any suitable mechanism within the scope of the present disclosure. In

some embodiments, pedestal 708 may inclode a rotational axis for rotating an orientation of
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5 substrate 7i2. 0t will be appreciated thal, i some embodiments, one or more of these
example adjustmenis may be performed programymatically by one or more suitable compute
controilers.

Returning to the embodiment shown in Figure 7, showerhead 706 and pedestal 708
electrically communtcate with RF power supply 714 and matching network 716 for powering

10 a plasma.  In other embodiments apparatuses without a plasma generator are used for
depositing molybdemum-containing films using provided methods. In some embodiments, the
plasma energy may be controlied by controlling one or more of a process station presswre, a
gas concentration, a radie frequency (RF) source power, an RF source frequency, and a
plasma power pulse timing. For example, RF power supply 714 and matching network 716

15 may be operated at any suitable power o form a plasma having a desired composition of
radical species. Likewise, RF power supply 714 may provide RF power of any suitable
frequency. In some embodiments, RF power supply 714 may be configured to control high-
and low-frequency RF power sources independently of one ancther. Example low-frequency
RF frequencies may include, but are vot hirotted to, frequencies between 50 kHz and 700 kHz.

20 Example high-frequency RF frequencies may include, but are not himited to, frequencies
between 1.8 MHz and 2.45 GHz It will be appreciated that any suitable parameters may be
modulated discretely or continuously to provide plasma energy for the surface reactions. In
one non-limiting example, the plasma power mayv be intermitientlv pulsed to reduce ion
bombardment with the substrate surface relative o continuously powered plasmas.

25 In some embodiments, the plasma may be monitored in-situ by one or more plasma
monitors. In one scenario, plasma power may be monitored by one or more voltage, current
sensors fe.g, VI probesy. In another scenario, plasma density and/or process gas
concentration may be measured by one or more optical emission spectroscopy sensors {OES).
In some ermnbodiments, one or oore plasroa parameters may be progranunatically adjusted

30 based on measurements from such in-situ plasma monitors. For example, an OES sensor may

be used in a feedback loop for providing programmatic control of plasma power. It will be

appreciated that, in some embodiments, other monttors may be used to monitor the plasma
and other process characteristics. Such monitors may include, but are not limited to, infrared

(IR} monitors, acoustic monttors, and pressure transducers.
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In some embodiments, the plasma may be controlled via inpul/output control JOC)
sequencing mstructions.  In one example, the instructions for setting plasma conditions for a
plasma process phase may be included in a corresponding plasma activation recipe phase of a

deposition process recipe.  In some cases, process recipe phases may be sequentially
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arranged, so that all instractions for a deposition process phase are executed concurrently
with that process phase. In some embodiments, nstructions for setiing one or more plasma
parameters may be included in a recipe phase preceding a plasma process phase.  For
example, a first recipe phase may inchude instructions for setting a flow rate of an mert and/or
a reaciant gas, instructions for seiting a plasma generator to a power set poini, and time delay
instructions for the first recipe phase. A second, subsequeni recipe phase may mclude
instructions for enabling the plasma generator and time delay instructions for the second
recipe phase. A third recipe phase may include instructions for disabling the plasma
generator and fime delay instructions for the third recipe phase. It will be appreciated that
these recipe phases may be further subdivided and/or iterated in any suitable way within the
scope of the present disclosure,

In some embodiments, pedestal 708 may be temperature controlled via heater 710.
Further, in some embodiments, pressure control for deposition process station 700 may be
provided by butterfly valve 718, As shown in the embodiment of Figure 7, butterfly valve
718 throttles a vacuum provided by a downstrearn vacuum pump (not shown). However, in
some embodiments, pressure control of process station 700 may also be adjusted by varying a
How rate of one or more gases introduced to process station 700.

Figure 8 shows a schematic view of an embodiment of a multi-station processing
tool 800 with an inbound load lock 802 and an outbound load lock 804, either or both of
which may comprise a remote plasma source. Such tool may be used for processing the
substrates using the methods provided herein. A robot 806, at atmospheric pressure, i3
configured to move wafers from a cassette loaded through a pod 808 into inbound load lock
802 via an atmospheric port 810, A wafer is placed by the robot 806 on a pedestal 812 in the
inbound load lock 802, the atmospheric port €10 is closed, and the load lock s pumped
down. Where the inbound Ioad lock 802 comprises a remote plasma source, the wafer may be
exposad to a remote plasma treatment in the load lock prior o being iniroduced into a
processing chamber 814, Further, the wafer also may be heated in the inbound load lock 802
as well, for example, to remove moisture and adsorbed gases. Next, a chamber transport port
816 1o processing chamber 814 is opened, and another robot (not shown} places the wafer
into the reactor on a pedestal of a first station shown in the reactor for processing. While the
embodiment depicted in Figure 8 includes load locks, it will be appreciaied that, in some
embodiments, direct entry of a wafer into a process station may be provided.

The depicied processing chamber 814 comprises four process stations, numbered

from 1 to 4 in the embodiment shown in Figure 8. Each station has a heated pedestal (shown

102



i

2

30

L

0

0

(9,

WO 2023/114648 PCT/US2022/080863

at 818 for station 1), and gas line inlets. It will be appreciated that in some embodiments,
each process station may have different or multiple purposes. While the depicted processing
chamber 814 comprises four stations, it will be understood that a processing chamber
according to the present disclosure may have any suitable number of stations. For example, in
some embodiments, a processing chamber may have five or more stations, while in other
embodiments a processing chamber may have three or fewer stations.

Figure & also depicts an embodiment of a wafer handling system 890 for
transferring wafers within processing chamber 814, In some embodiments, wafer handling
systern 890 may transfer wafers between various process stations and/or between a process
station and a load lock. B will be appreciated that any suitable wafer handling svstermn may be
employed. Non-limiting examples include wafer carousels and wafer handling robots. Figure
§ also depicts an embodiment of a system coniroller 830 emploved to control process
conditions and hardware states of process tool 800. System controller 830 may include one or
more memory devices 856, one or more mass storage devices 854, and one or more
processors 852, Processor 852 may ioclude a CPU or computer, analog and/or digual
input/output connections, stepper motor controlier boards, etc.

In some embodiments, system controller 850 controls all of the activities of process
tool 800, Svstem controller 850 execuies system control software 858 stored in mass storage
device 854, loaded into memory device 856, and executed ou processor 852, System control
software 858 may include instructions for controlling the timing, mixture of gases, chamber
and/or statton pressure, chamber and/or siation temperature, purge conditions and timing,
wafer teroperature, RF power levels, RF frequencies, substrate, pedestal, chuck and/or
susceptor position, and other parameters of a particular process performed by process tool
800. Svstem control software 858 may be configured in any suitable way. For example,
various process tool component subroutines or conirol objects may be wrilten to control
operation of the process tool componenis necessary to carry out various process tool
processes in accordance with the disclosed methods. System control software 858 may be
coded in any switable computer readable programming fanguage.

In some embodiments, system control software 858 may include mput/output
control (10C) sequencing instructions for controlling the various parameters described above.
For example, each phase of an ALD process may include one or more instructions for
execution by system controller 830, The mstructions for setting process condifions for an
ALD process phase may be included in a corresponding ALD recipe phase In some

embodiments, the ALD recipe phases may be sequentially arranged, so that all mnstructions
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5 for a ALD process phase are executed concurrently with that process phase.

Other computer software and/or programs stored on mass storage device 854 and/or
memory device 836 associated with system controller 850 may be emploved in some
embodiments. Examples of programs or sections of programs for this pwrpose include a
substrate positioning program, a process gas control program, a pressure control program, a

10 heater condrol program, and a plasma control program.

A subsirate positioning program may include program code for process tool
components that are used to foad the substrate onto pedestal 818 and to control the spacing
between the substrate and other paris of process tool 800,

A process gas comnttrol program may include code for controlling gas composition

15 and flow rates and optionally for flowing gas into one or more process stations prior to
deposition i order to stahilize the pressure in the process station. The process gas control
program may include code for controlling gas composition and flow rates within any of the
disclosed ranges. A pressure control program may include code for controlling the pressure
in the process station by regulating, for exarmple, a throttle valve 1 the exhaust system of the

20 process station, a gas flow into the process station, etc. The pressure control program may
include code for maintaining the pressure in the process station within any of the disclosed
pressure ranges.

A heater control progrars may nclude code for coutrolling the current to a heating
unit that 15 used to heat the substrate. Alternatively, the heater control program may countrol

25 delivery of a heat transfer gas {such as helium) {o the subsirate. The heater control program
may include instructions to maintain the teroperature of the substrate within any of the
disclosed ranges.

A plasma control program may Include code for setting RF power levels and
frequencies applied to the process elecirodes in one or more process stations, for example

30 using any of the RF power levels disclosed herein. The plasma control program may also

include code for controlling the duration of each plasma exposure.
In some embodiments, there may be a user mterface associated with system
controller 30, The user interface may include a display screen, graphical software displays

of the apparatus and/or process conditions, and user input devices such as pointing devices,

L
A

keyboards, touch screens, microphones, eic.
In some embodiments, parameters adjusted by systern condroller 850 may relate to
process conditions. Non-limiting examples include process gas composition and flow rates,

temperature, pressure, plasma conditions {such as R¥F power levels, frequency, and exposure
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5 time), etc. These parameters may be provided 1o the user in the form of a recipe, which may
be entered utilizing the user interface.

Signals for monitoring the process may be provided by analog and/or digital mput
connections of system controller 850 from vartous process tool sensors. The signals for
controlling the process may be output on the analog and digital ouiput connections of process

10 teol 800. Non-limiting exaroples of process tool sensors that may be muonttored include rass
flow controllers, pressure sensors (such as manomesters), thermocouples, eic. Appropriately
programmed feedback and control algorithms may be used with data from these sensors to
reaintain process condiions.

Any suitable chamber may be used to implement the disclosed embodiments.

15 Example deposition apparatuses include, but are not limited to, apparatus from the Altus®
product family, available from Lam Research Corp., of Fremont, California, or any of a
variety of other cormamercially available processing systems. Two or more of the stations may
perform the same fimctions. Similarly, two or more stations may perform different functions.
Each station can be designed/configured to perforro a particular function/method as desired.

20 Figure 9 is a block diagram of a processing system suitable for conducting thin film
deposition processes in accordance with certain embodiments. The system 900 includes a
transfer module 903, The transfer module 903 provides a clean, pressurized environment 1o
vunimize risk of contamivation of substrates being processed as they are moved between
various reactor modules. Mounted on the transfer module 903 are two nwlti-station reactors

25 909 and 910, each capable of performing atomic layer deposition {ALD} and/or chemical
vapor deposition (CVD) according to cerfain embodiments.  Reactors 909 and 910 may
include multiple stations 911, 913, 915, and 917 that may sequentially or non-sequentially
perform operations in accordance with disclosed embodiments. The stations may include a
heated pedestal or subsirate support, one or more gas inlets or showerhead or dispersion plate.

30 Also mounted on the transfer module 903 may be one or more single or nwilti-

station modules 907 capable of performing plasma or chemical {non-plasma} pre-cleans, or
any other processes described in relation to the disclosed methods. The module 907 may in

some cases be used for various freatments to, for example, prepare a substrate for a

deposition process. The module 907 may also be designed/configured to perform various
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other processes such as etching or polishing. The system 900 also includes one or more
wafer source modules 901, where wafers are stored before and after processing.  An
atmospheric robot (not shown) in the atmospheric transfer chamber 919 may first remove

wafers from the source modules 901 to loadlocks 921, A waler transfer device (generally a
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5 robot arm unit) in the transfer module 903 moves the wafers from loadlocks 921 o and
among the modules mounted on the transfer module 903.

In vanous embodiments, a system controller 929 is emploved to control process
conditions during deposition. The controlier 929 will typically include one or more memory
devices and one or more processors., A processor may include a CPU or computer, analog

10 and/or digital input/output connections, stepper motor controller boards, eic.

The coniroller 9292 may control all of the activities of the deposition apparatus. The
systern controller 929 executes system control software, including sets of instructions for
controlling the tinung, mixtire of gases, chamber pressure, chamber temperature, wafer
emperature, radio frequency (RF) power levels, wafer chuck or pedestal position, and other

1S parameters of a particular process. Other computer programs stored on memory devices
associated with the controtler 929 may be employed in some embodiments.

Typically there will be a user interface associated with the controller 929, The user
interface may include a display screen, graphical software displavs of the apparatus and/or
process conditions, and user input devices such as pointing devices, kevboards, touch screens,

20 microphones, etc.

System control logic may be configured in any suitable way. In general, the logic
can be designed or configured i hardware and/or software. The instructions for conirolling
the drive circutry may be hard coded or provided as software. The instructions mav be
provided by “programming.” Such progranuming is understood to include logic of any form,

25 including hard coded logic m digital signal processoss, application-specific integrated
cicutts, and other devices which have speaific algorithms implemented as hardware
Programmung is also understood to include software or firmware instructions that may be
executed on a general purpose processor. System control sofiware may be coded in any
sutiable computer readable programmung language.

30 The computer program code for controlling the silicon-containing reagent flow,

reducing agent flow, and metal-containing precursor flow, and other processes in a process
sequence can be written in any conventional computer readable prograrmuming language: for
example, assembly language, C, C++, Pascal, Fortran, or others. Compiled object code or

script is execuied by the processor to perform the tasks identified in the program. Also as
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indicated, the program code may be hard coded.
The controller parameters relate to process conditions, such as, for example, process
gas composttion and flow rates, temperature, pressure, cooling gas pressure, substrate

temperature, and chamber wall temperature. These parameters are provided to the user in the
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form of a recipe, and may be entered utilizing the user interface. Signals for monttoning the
process may be provided by analog and/or digital input connections of the system condroller
929, The signals for controlling the process are outpui on the analog and digital output
connections of the deposition apparatus 900.

The sysiem software may be designed or configured in many different ways. For
example, varous chamber component subroutines or control objects may be written to
control operation of the chamber components necessary 1o carry out the deposition processes
{and other processes, in some cases) in accordance with the disclosed embodiments.
Examples of prograros ot sections of programs for this purpose 1nclude substrate positioning
code, process gas conirol code, pressure control code, and heater control code.

In some implementations, a controfler 929 is part of a system, which may be part of
the above-described examples.  Such sysiems can mnclude semiconductor processing
equipment, including a processing tool or tools, chamber or chambers, a platform or
platforms for processing, and/or specific processing components (a wafer pedestal, a gas flow
systern, etc.).  These systerns may be integrated with electronics for controlling thew
operation before. during, and after processing of a semuconductor wafer or substrate. The
electronics may be referred fo as the “controller,” which may control various components or
subparts of the systern or systems.  The controller 929, depending on the processing
requirements and/or the type of svstem, may be programmed to control any of the processes
disclosed herein, including the delivery of processing gases, temperature setiings {e.g.,
heating and/or cooling), pressure seitings, vacuum settings, power settings, radic frequency
{RF} generator settings in some svsterns, RF matching circuif settings, frequency settings,
flow rate settings, fluid delivery settings, positional and operation settings, wafer transfers
into and owt of a tool and other transfer tools and/or load locks connected to or interfaced
with a specific system,

Broadly speaking. the coniroller may be defined as electronics having various
integrated circuits, logic, memory, and/or software that receive instructions, issue
instructions, control operation, enable cleaning operations, enable endpoint measurements,
and the like. The integrated circuits may include chips in the form of firmware that store
program instructions, digital signal processors (BSPs), chips defined as application specific
integrated circuits {ASICs), and/or ong or more microprocessors, or microconirollers that

execute program instructions {e.g., software). Program mstructions may be instructions

communicated 1o the coniroller in the form of various individual settings {or program files),

defining operational parameters for carrying out a particular process on or for a
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sericonductor wafer or to a svstem. The operational parameters may, in some embodiments,
be part of a recipe defined by process engineers to accomplish one or more processing steps
during the fabrication of one or more layers, materials, metals, oxides, silicon, silicon
dioxide, surfaces, circuits, and/or dies of a wafer.

The controller, in some tmplementations, may be a part of or coupled to a computer
that is integrated with, coupled to the svstem, otherwise networked o the svsiem, or a
combination thereof. For example, the controller may be in the “cloud” or all or a part of a
fab host computer system, which can allow for remote access of the wafer processing. The
computer may enable remote access to the system to monitor current progress of fabrication
operations, examine a history of past fabrication operations, examine trends or performance
metrics from a plurality of {abrication operations, to change parameters of current processing,
to set processing steps to follow a current processing, or to start a new process. In some
examples, a remote computer {e.g. a server) can provide process recipes {0 a system over a
network, which mav include a local network or the Internet. The remote computer may
include a user interface that enables entry or programuning of parameters and/or setiings,
which are then communicaied to the system from the remote computer. In some examples,
the controller receives instructions in the form of data, which specify parameters for each of
the processing steps to be performed during one or more operations. It should be understood
that the parameters may be specific o the type of process 1o be performed and the type of tool
that the controller is configured to interface with or control. Thus, as described above, the
controller may be distributed, such as by comprising one or more discrete controllers that are
networked together and working towards a common purpose, such as the processes and
controls described herein.  An example of a distributed controlier for such purposes would be
one or more integrated circuits on a chamber in communication with one or more integrated
circuits located remotely {such as at the platform level or as part of a remote computer) that
combine to control a process on the chamber.

Without Hmitation, example systems may include a plasma etch chamber or module,
a deposition chamber or module, a spin-rinse chamber or wodule, a metal plating chamber or
module, a clean chamber or module, a bevel edge etch chamber or module, a physical vapor
deposition {PVD) chamber or module, a chemical vapor deposition {CVD) chamber or
module, an atomic layer deposition {ALD) chamber or module, an atomic layer etch {(ALE)
chamber or module, an ton implantation chamber or module, a track chamber or module, and
any other semiconductor processing systems that may be associated or used in the fabrication

and/or manufacturing of semiconductor walers,
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As noted above, depending on the process step or steps to be performed by the tool,
the controller muight conmumunicate with one or more of other tool circuits or modules, other
tool components, cluster tools, other tool interfaces, adjacent tools, neighboring tools, tools
located throughowt a factory, a main computer, another controller, or tools used in material
transport that bring containers of wafers o and from tool locations and/or load ports i a
semiconductor manufacturing factory.

FURTHER IMPLEMENTATIONS

The apparatus and processes described herein may be used in conjunction with
lithographic patterning tools or processes, for example, for the fabrication or manufacture of
semiconductor devices, displays, LEDs, photoveltaic panels, and the like. Typically, though
not necessarily, such apparaius and processes will be used or conducted together in a
comamon fabrication facility. Lithographic patterning of a {ilm typically comprises some or
all of the following steps, each step enabled with a number of possible tools: {1) application
of photoresist on a work piece, i.e., a substrale, using a spin-on or spray-on tool; (2) curing
of photoresist using a hot plate or fumace or UV curing tool; (3) exposing the photoresist to
visible or UV or x-ray light with a tool such as a wafer stepper; {4) developing the resist so as
to selectively remove resist and thereby patiern it using a tool such as a wet bench, (5}
transferring the resist pattern into an underlying film or work piece by using a dry or plasma-
assisted etching tool; and (6) removing the resist using a tool such as an RF or microwave
plasma resist stripper.
Experimental Examples

Examople 1 {comparative). Molybdenum metal was deposited on a dielectric (silicon
oxide) and on a metal {fow fluorine tungsten} using a sequence of silicon-free deposition
cycles. Each cvele included a first exposure phase, where MoCls and hydrogen were
dehvered to the process chamber and were allowed to contact the substrate) and a second
exposure phase, where hydrogen was delivered to the process chamber in an absence of
molybdenum precursor delivery. The depositions were conducted by performing 200
deposition cycles at different temperatures ranging {rom 375 °C to 500 °C. Thickness of
deposited molybdenum was measured by XRF (X-ray fluorescence}. Figure 10A provides a
plot tllustrating molybdenum thickness obtained af each temperature. The upper point for
each temperature refers to deposttion on tungsten. The lower point for each temperature
refers to deposition on dielectric. At all temperatures the deposited thickness on tungsten is
greater than on dielectric. It can be seen that on-metal/on-dielectric selectivity {the ratio of

molybdenum thickness deposited on tungsten o a thickness deposited on diglectric} is very
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high at temperatures fower than SO0 °C, reaching 13 at 373 °C. The selectivity is reduced
with increasing temperatures and selectivity of 1.3 is achieved at 300 °C. This plot lustrates
that at temperatures of less than 500 °C, selectivities of lower than 1.3 could not be achieved.
Example 2. In accordance with embodiments provided herein, silicon-assisted
deposition of molybdenum-containing material was conducted on fungsten and on silicon
oxide at 400 °C. Each cycle of silicon-assisted deposition included three phases. In a first
phase, sifane (SiH4) was delivered to the process chamber and the subsirate was allowed to
contact silane for a pre-determuned time (ranging from 10 to 30 seconds) in an absence of
hydrogen delivery and in an absence of molybdenum precursor dehivery. This phase is
referred to as silane pre-soak. In a second phase, MoCls, and H» were delivered to the process
chamber contemporaveocusly and aliowed to contact the substrate. In a third phase, Hx was
delivered to the process chamber without comtemporaneous delivery of a molybdenum
precursor. The deposition was conducted by performing 200 cycles of silicon-assisted
deposttion, where each cycle mncluded a silane pre-soak phase, a molyvbdenum precursor with
hydrogen delivery phase, and hydrogen delivery phase. The thicknesses of the resulting
molybdenum-containing {ilms were measured by XRF. Figure 10B is a plot illustrating the
thicknesses of the molybdenum-containing material deposited on tungsien and on silicon
dioxide for different durations of silane pre-soak. The upper points refer to deposition on
tungsten. The lower points refer to deposition on sificon dioxide. It can be seen that pre-soak
times of less than 15 seconds did not lead to significant on-metal/on-dielectric selectivity
loss, whereas for the pre-soak duration of 15 seconds and 30 seconds the selectivities
werel 33 and 1.20, respectively. It is noted that such low selectivities were not attainable at a
low temperature of 400 °C using silicon-free deposition. This example illustrates selectivity

loss obtained at low temperatures using silicon-assisted deposition provided herein,
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CLAIMS

Whar is claimed is:

1. A method of forming a molybdenum-containing layer, the method comprising:

{a) providing a semiconductor subsirate having a recessed featwre {0 a process
chamber, and

(b} exposing the semiconductor substrate to a molybdenum-containing precursor, a
reducing agent, and a sitlicon-containing reactant at a temperature of between about 100 and
about 300 °C to reduce the molybdenum-containing precursor and form a molybdenum-
containing laver on the semiconductor substrate, wherein the molybdenum-containing layer

comprises a layer of molybdenum metal,

2. The method of clatim 1, wherein the molvbdenunm-containing layer further

comprises a sub-laver of molybdenum silicide.

3. The method of any of claims 1-2, wherein the molybdenum-containing
precursor is MoX, Y, wherein X is a chalcogen, Yis ahalogen. nis 0, 1, or 2, and mis 2, 3,

4. 5or6.

4. The method of any of claims 1-2, wherein the molyvbdenum-containing
precursor comprises MoCls, MoyClis, Mo(O:Cly, MoOCL, bis{ethyibenzeneymolybdenum or

any combination thereof

5. The method of anv of clairns 1-2, wherein the silicon-containing reactant is
SRy, wherein x 15 I-4, v 18 4 — 1§, and each R 15 independently selected from the group

consisting of H, a halogen, and an alkyl

6. The method of any of claims 1-2, wherein the silicon-containing reactant
comprises silane, chlorosilane, dichiorosilane , trichlorosilane, tetrachlorostlane,
hexachlorodisilane, pentachlorodisilane, tetrachlorodisilane, trichlorodisiiane

dichlorodisilane, chlorodisilane, disilane or any combination thereof
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7. The method of any of claims 1-2, wherein (b) comprises:

(1) contacting the semiconductor substraie with the silicon-contairung reactant for a
period of time without contemporaneously delivering the molybdenum-containing precursor
to the process chamber; and

(it} after (1), contacting the semiconductor subsirate with the molybdenum-containing

precursor and with the reducing agent.

3. The method of claim 7, wherein (if} comprises contacting the semiconductor
substrate with the moolyhdenum-containing precursor without contemporaneously delivering

the reducing agent to the process chamber.

9. The method of clasm 7, wherein (i) comprises contemporaneously contacting
the semiconductor substrate with the molvbdenum-containing precursor and with the

reducing agent.

10, The method of claim 7, further comprising repeating steps (i} and (i),

1t The method of claim 7, wherein (1) comprises sequentially contacting the
semiconductor substrate with the molybdenum-containing precursor and with the reducing
agent, and repeating the sequential contacting with the molybdenum-containing precursor and
the reducing agent, further comprising (ii1) contacting the semiconductor substrate with the

silicon-containing reactant after (it). .

12, The method of any of claims 1-2, wherein (b} comprises contemporaneously
contacting the semiconductor substrate with the reducing agent. the roolybdenum-containing

precursor and the silicon-containing reactant.

13 The method of claim 1, wherein (b} comprises:

{1} contacting the semiconductor substrate with the reducing agent and the silicon-
containing reactant coniemporaneously; and

(it} contacting the semiconductor substrate wib the molybdenum-contamning precursor

without contermporaneously delivering the sihicon-containing reactant to the process chamber.
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14, The method of claim 1, wherein {b) comprises:

(1) contacting the semiconductor substrate with the molybdenum-~-containing precursor
and the silicon-containing reactant contemporaneously; and

{(iti} contacting the semiconductor substrate wih the reducing agent without

contemporanesusly delivering the silicon-containing reactant {o the process chamber,

15. The method of claim 1, wherein the recessed feature provided in {a} comprises
an exposed silicon-contaimng dielectric on sidewalls of the recessed feature, and a metal
exposed at a bottom of the recessed feature, wherein the molybdenume-containing laver is
deposited both on the botiom of the recessed feature and on the sidewalls of the recessed

features with a selectivity of about 1.3:1 {bottom to sidewalls) or less,

16, The method of claim 1, wherein (b) comprises completely filling the recessed
feature with the molybdenum-contaming layer, wherein the molybdemum-containing laver

comprises a molybdenurn metal laver,

17. The method of claim 1, wherein the reducing agent is selected from the group
consisting of hydrogen (Hy), amwnonia (NH;), hydrazine (N>Ha), an amine, diborane (BoHg),

stlane {S1H4), disilane (81,Hs), an alcohol, hydrogen sulfide (H»8), a thiol, and combinations

thereof.
18. The method of claim 1, wherein the reducing agent comprises hvdrogen (Ho).
19 An apparatus for processing a semiconductor substrate, the apparatus
corprising:

{a) a process chamber, having a substrate holder for holding the semiconductor
substrate and one or more inlets for introduction of reactants to the process chamber; and
(b} a controller comprising program nstructions for:
on a seniconductor subsirate having a recessed feature, causing contact of the
semiconductor substrate with a molvbdenum-containing precursor, a reducing agent, and a
silicon-containing reaciant at a temperature of between about 100 and about 300 °C to form a

laver of molyhdenum-containing matenal.
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20. The apparatus of claim 19, wherein the program insiructions comprise
instructions configured to cause;

(i) contacting of the semiconductor substrate with the silicon-containing reactant
without contemporaneously delivering the molybdenum-containing precursor to the process
chamber; and

(i1} after () contacting the sermiconductor substrate with the rolybdenum-containing

precursor and the reducing agent.

21, The apparatus of clairo 19, wherein the program wsiructions comprise
instructions configured to cause:

(1) contemporaneously contacting the semiconductor substrate with hydrogen and the
silicon-containing  reactant without contemporanecusly  delivering the molvbdenum-
contaiming precursor to the process chamber; and

(i} contacting the semiconductor substrate with the molvbdenum-containing
precursor without conteroporaneously delivering the silicon-containing reactant to the process

chamber.

22. The apparatus of claim 19, wherein the program instructions comprise
instructions configured to cause:

(i) comtemporaneously contacting the semiconductor substrate with the molybdenum-
containing  precursor and the silicon-comtaining reactant without contemporancously
delivering hvdrogen to the process chamber; and

(it} contacting the semiconductor substrate with hydrogen without contemporaneously

delivering the stlicon-containing reactant o the process chamber.

23. A method of forning a metal-containing layer, the method comprising:

(a) providing a semiconductor substrate having a recessed feature to a process
chamber; and

{b} exposing the seniconductor substrate to a metal precursor, a reducing agent, and a
silicon-containing reactant at a temperature of between about 100 and about 500 °C to reduce
the metal precursor and form a metal-containing laver on the semiconductor substrate,

wherein the metal-containing fayer comprises a laver of metal in zero oxidation state.
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24, The method of claim 23, wherein the metal-contaming laver further comprises

alaver of metal silicide.
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