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THERMAL FILM DEPOSITION

INCORPORATION BY REFERENCE
[6688] A PCT Request Form is filed concurrently with this 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 herein in their
entireties and for all purposes.
BACKGROUND
[6661] Semiconductor fabrication processes involve depesition of silicon-containing materials,
including silicon oxide materials. It is challenging to deposit silicon oxide into large features while
maintaining high throughput and conformality using some techniques.
[0002] Semiconductor processing involves thin film deposition using certain atomic layer
deposition precursors. In some processes, gapfill applications may be relevant. However, some
gapfill processes may result in the formation of seams, or may cause densification, bending, poor
cross-linking, or generally lower guality films.
18663} The background description provided herein is for the purposes of generally presenting
the context of the disclosure. Work of the presently named inventors, fo the extent it is described
in this background section, as well as aspects of the description that may not otherwise qualify as
prior art at the time of filing, are neither expressly vor impliedly admitted as prior art against the
present disclosure.
SUMMARY
[66064] One aspect involves a method of processing a substrate, the method including: (a)
introducing a deposition precursor to a process chamber housing the substrate; (b) introducing a
plasma to the process chamber, the plasma being generated from igniting a reactant to form a
reactant plasma ambient in the process chamber; and {¢) while the reactant plasma ambient is in
the process chamber, introducing the deposition precursor to the process chamber to form at least
a partial film on the substrate.
[8865] In various embodiments, the plasma is generated by introducing the reactant to the
process chamber and igniting the reactant in situ.
[00606] 1o various embodiments, the method further includes (d) when introducing the deposition
precursor to the process chamber, introducing the reactant to the process chamber.
(88671  In various embodiments, the method further includes repeating (a) and (b) in cycles.
[0008] Another aspect involves method of processing a substrate, the method including: (a)

introducing a deposition precursor to a process chamber housing the subsirate; (b) introducing &
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plasma to the process chamber, the plasma being generated from igniting a reactant to form a
reactant plasma ambient in the process chamber; and {¢) during the introducing of the deposition
precursor to the process chamber, introducing the reactant to the process chamber to form at least
a partial film on the substrate.

186691  In various embodiments, the deposition precursor 18 introduced thermally n at least one
of (a) and (b).

[8616] In vanous embodiments, the method further includes partially purging the process
chamber after (b} and before {¢).

{661} In various embodiments, the method further includes purging the process chamber after
{a} and before {b}.

(8012} In various embodiments, the plasma is generated remotely.

[8613] In various embodiments, the plasma is generated in situ,

[6614] Another aspect involves a method of processing a substrate, the method including: (a)
introducing a deposition precursor {0 a process chamber housing the substrate; (b) optionally
purging the process chamber; {(¢) introducing a plasma generated from igniting a reactant to form
a reactant plasma ambient and form a partial filro on the substrate; (d) optionally partially purging
the process chamber; (e} introducing the deposition precursor to the process chamber while the
reactant plasma ambient 13 maintained in the process chamber to form additional film on the
substrate; and (£} optionally purging the process chamber.

[8615] Another aspect involves a method of processing a substrate, the method including: (a)
introducing a reactant to a process chamber housing the substrate at a first flow rate; (b} generating
a plasma by igniting the reactant; and {c) change flow rate of the reactant and introduce a
deposition precursor to the process chamber to cause the reactant to react with the deposition
precursor to form a film on a surface of the substrate.

[8616] Another aspect involves a method of processing a subsirate, the method including: (a)
introducing a reactant to a process chamber housing the substrate; (b) generating a plasma by
iguiting the reactant; and (¢} while the reactant is continuously wntroduced, introducing a deposition
precursor to the process chamber to react the deposition precursor with the reactant to form a film
on & surface of the substrate.

[8617}  Anocther aspect involves a method of processing a subsirate, the method including: (a)
introducing a reactant to a process chamber housing the substrate; (b) generating a plasma by
igniting the reactant; {c} stopping generation of the plasma; and (d) after stopping the generation

of the plasma, introducing both the reactant and a deposition precursor to the process chamber to
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react the deposition precursor with the reactant to form a film on a surface of the substrate.
18618} In various embodiments, the deposition precursor is silicon-containing precursor. For
example, in some embodiments, the silicon-containing precursor is an aminosilane,
[6619}] In various embodiments, the process chamber includes a pedestal holding the substrate,
and the pedestal 1s heated to a temperature of at least about 500°C.
{80261 In various embodiments, the deposition precursor is introduced in at least one operation
without igniting a plasma.
[8628} In various embodiments, the reactant is an oxidizer.
(80622} One aspect involves a method for processing substrates, the method including
pyrolyzing a deposition precursor on a surface of a substrate to form a pyrolyzed film, and
exposing the pyrolyzed film to a first plasma to form a deposited film. In various embodiments,
the pyrolyzing is performed by heating the substrate to a temperature sufficient to cause pyrolysis
of the deposition precursor; and exposing the surface of the substrate to the deposition precursor.
10623} In various embodiments, the pyrolyzing and the exposing of the pyrolyzed film are
performed in a process chamber having a chamber pressure of about 10 Torr to about 60 Torr,
[8624] In various embodiments, exposing the pyrolyzed film to a plasma includes exposing the
pyrolyzed film fo an inert gas plasma and then exposing the pyrolyzed film to an oxygen-
containing or nitrogen-containing plasma.
186251  In various embodiments, the method also includes repeating pyrolyzing the deposition
precursor and exposing the pyrolyzed film to the plasmas.
[6626] Another aspect involves a method for processing substrates, the method including:
setting a temperature of a heatable pedestal holding a substrate to a first temperature; exposing the
substrate to a deposition precursor having a pyrolysis temperature that is less than the substrate
temperature while the pedestal is heated to the first temperature in a plasma-free environment;
stopping exposure of the deposition precursor; and after stopping exposure of the deposition
precursor, exposing the substrate to a first plasma to form a deposited film.
186277  In various embodiments, the deposition precursor s di{isopropylamino)silane.
[0028] In various embodiments, the deposition precursor is bis{tertiarybutytamino)silane.
[862%] In various embodiments, the method also includes exposing the pyrolyzed film to a
second plasma.
[80638] In various embodiments, the first plasma is generated by igniting an inert gas and the
deposited film is densified. In some embodiments, the inert gas ts one or more of hydrogen,

helium, argon, nitrogen, and xenon.
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{0631} In various embodiments, the first plasma is generated by igniting an oxygen-containing
or nitrogen-containing gas and the deposited film is an oxide or nitride. In some embodiments,
the second plasma is generated by iguiting an oxygen-containing ot nitrogen-containing gas and
the deposited film s an oxide or nitride.

196321 In various embodiments, the oxygen-containing gas 1s one or more of oxygen, nitrous
oxide, carbon dioxide, ozone, and peroxides.
[8633] In various embodiments, the nitrogen-containing gas is one or more of nitrogen gas and
ammonia.
(8034} Anocther aspect involves an apparatus for processing substrates, the apparatus including:
one of more process chambers, each process chamber including a heated pedestal; one or more gas
inlets into the process chambers and associated flow-control hardware; a plasma generator; and a
controlier having at least one processor and a memory, whereby the at least oue processor and the
memory are communicatively connected with one another, the at least one processor is at least
operatively counecied with the flow-control hardware, and the memory stores computer-
executable instructions for controlling the at least one processor to at least control the tlow-control
hardware to: cause heating of the pedestal; cause introduction of a deposition precursor to the one
or more process chambers for a duration sufficient to cause pyrolysis of the pyrolysis precussor on
a substrate on the pedestal when heated without igniting a plasma; cause generation of an inert gas
plasma; and cause generation of a plasma using an oxygen-containing or nitrogen-containing gas.
[8035] In various embodiments, the instructions further cause the pedestal to be heated to a
temperature of at least 400°C.
[8636] In various embodiments, the instructions further cause repeating of introduction of the
deposition precursor and generation of the plasra using an oxygen-coutaining or nitrogen-
containing gas in temporally separated pulses.
[8637] In various embodiments, the instructions further cause repeating of introduction of the
deposition precursor and generation of the inert gas plasma.
[8638] In various embodiments, the plasra generator generates plasmas within one of the one
or more process chambers,
180391 These and other aspects are described further below with reference to the drawings.
BRIEF DESCRIPTION OF THE DRAWINGS
[0640] Figures [A-1C are process flow diagrams depicting operations that may be performed in
accordance with certain disclosed embodiments.

[8041] Figure 1D is a process flow diagram depicting operations performed in accordance with
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certain disclosed embodiments.
18642} Figure 1E shows two schematic itlustrations of features before and after oxidation.
[00843] Figure 2 is a schematic diagram of an example process chamber for performing certain
disclosed embodiments.
[8644] Figure 3 is a schematic diagram of an example process tool for performing certain
disclosed embodiments.
[8045] Figure 4 is a schematic diagram of an exarmple process tool for performing certain
disclosed embodiments.
[6646] Figure 5A is a graph showing wet etch rate versus stress for various silicon oxide films
deposited using certain disclosed embodiments.
10647} Figure 5B is a graph showing the RF power used during conversion versus the stress for
various silicon oxide films deposited using certain disclosed embodiments.
[6648] Figure ¢ is an FTIR of films deposited using certain disclosed embodiments.

DETAILED DESCRIPTION

{06491  In the following description, numerous specific details are set forth to provide a thorough
understanding of the presented embodiments. The disclosed embodiments may be practiced
without some or all of these specific details. In other instances, well-known process operations
have not been described in detail to not unnecessarily obscure the disclosed embodiments. While
the disclosed embodiments will be described in conjunction with the specific embodiments, 1t will
be understood that it is not intended to limit the disclosed embodiments.
(8658} Semiconductor fabrication processes often involve various deposition processes.
[806581] Semiconductor processing involves deposition of films inte features of varying
topography, which may include high aspect ratio features and horizontal features. Some
deposition techniques may cause the formation of a seam in features due to the smali size of the
feature opening. The formation of the seam may cause the density of the film waterial in that
region to be reduced compared to the density of the film in the rest of the deposited material.
{86521 For example, sometimes, atomic layer deposition {ALD)} 1s used to deposit material info
features with amall feature openings.
[8653] In some implementations, semiconductor fabrication processes may involve deposition
of material into large gaps, which may be performed by chemical vapor deposition (CVI) or
plasma-enhanced CVD (PECVD). Large gaps may be defined as being greater than about 0.5 pm
to about 1 pm wide and having low aspect ratios, such as less than about 15:1 or less than about

10:1 or less than about 5:1 or fess than about 3:1. In some applications, such as formation of 3D-



10

52

g

WO 2023/163950 PCT/US2023/013525
NANID siructures, scaling such lower aspect ratios may increase and void-free deposition into large
gaps becomes challenging. One method for depositing films in such way to avoid formation of
voids is by performing atomic layer deposition (ALD).

[6654] ALD is a technique that deposits thin layers of material using sequential self-limiting
reactions.  ALD processes use surface-mediated deposition reactions to deposit films on a
layer-by-layer basis in cycles. As an example, an ALD cycle may include the following
operations: (1} delivery/adsorption of a precursor, (it} purging of precursor from the chamber, (i11)
delivery of a second reactant and optionally ignite plasma, and (iv) purging of byproducts from
the chamber. The reaction between the second reactant and the adsorbed precursor to form a film
on the surface of a substrate affects the film composition and properties, such as nonuniformity,
stress, wet etch rate, dry etch rate, electrical properties {e.g., breakdown voltage and leakage
current}, ete. In ALD deposition of silicon oxide films, this reaction involves reacting oxygen
plasma with carbon and nitrogen to form a gaseous species; oxidizing silicon to silicon oxide;
elimivating trace carbon, nitrogen, and hydrogen impurities; and increasing bonding and
densification of the film.

[8635] Unbke a chemical vapor deposition (CVD) technique, ALD processes use
surface-mediated deposition reactions to deposit {ilms on a layer-by-layer basis. In one example
of an ALD process, a substrate surface that includes a population of surface active sites 18 exposed
to a gas phase distribution of a first precursor, such as a silicon-containing precursor, in a dose
provided to a chamber housing a substrate. Molecules of this first precursor are adsorbed onto the
substrate surface, including chemisorbed species and/or physisorbed molecules of the first
precursor. kt should be understood that when a compound is adsorbed onto the substrate surface
as described herein, the adsorbed layer may include the compound as well as derivatives of the
compound. For example, an adsorbed layer of a silicon-containing precursor may include the
silicon-containing precursor as well as derivatives of the silicon-containing precursor. After a first
precursor dose, the chamber is then evacuated to remove most or all of first precursor remaining
i gas phase so that mostly or only the adsorbed species rematn. In some implementations, the
chamber may not be fully evacuated. For example, the reactor may be evacuated such that the
partial pressure of the first precursor in gas phase is sufficiently low to mitigate a reaction. A
second reactant, such as an oxygen-containing gas, is introduced to the chamber so that some of
these molecules react with the first precursor adsorbed on the surface. In some processes, the
second precursor reacts tmmediately with the adsorbed first precursor. In other embodiments, the

second reactant reacts only after a source of activation is applied temporally. The chamber may
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then be evacuated again to remove unbound second reactant molecules. As described above, in
some embaodiments the chamber may not be completely evacuated. Additional ALD cycles may
be used to build film thickness.
[6056] In some implementations, the ALD methods include plasma activation. As described
herein, the ALD methods and apparatuses described herein may be conformal film deposition
(CFD) methods, which are described generally in U8, Patent Application No. 13/084,399 (now
U.S. Patent No. 8728,936), filed Apnil 11, 2011, and titled “PLASMA ACTIVATED
CONFORMAL FILM DEPOSITION,” and in U K. Patent Application No. 13/084,305, filed April
11, 2011, and utled “SILICON NITRIDE FILMS AND METHODS,” which are herein
incorporated by reference in their entireties.
10637} However, while ALD or plasma-enhanced ALD (PEALD) may be used, the overall
process may be slower than desired for practical implementations and due to the stow throughput,
can be expensive. Such processes may also use high amounts of chemistry and might not
necessarily be industrially feasible. While some techuiques that incorporate thermal CVD with
radic frequency (RF) plasma densification may be used, such processes might not necessarily be
implementable at higher aspect ratios or o features with reentrancy in the sidewall profile, and
thus may still result in small voids. It may be desirable to perform a deposition process that is not
only cheaper {due to the thickness of films that are deposited, such as on the order of at least about
1w} but also results in few or 1o voids.
[0058] Because ALD deposits conformally, eventually, during deposition of material in features
having small feature openings, when the film grows on sidewalls of the features, the exposed
surface of the film on both sidewalls will meet in the center of the feature, causing a seam to be
formed because no additional deposition precursors of reactants can fit in the small space between
the two sidewall growths. While techniques for surface treatments or other deposition methods
could be used to try to mitigate the formation of seams, as devices shrink, it becomes increasingly
challenging to fill small features without forming any seams.
186581 Provided herein are methods and apparatus for depositing superconformal filims having
a high deposition rate using a thermal CVD-enhanced ALD. Certain disclosed embodiments
involve overlapping introduction of oxidizing reactants and a precursor reactant in the absence of
a plasma within a PEALD cycle. Due to the conformality of the thermal CVD and
superconformality of the PEALD, the process is capable of filling medium aspect ratio and high
aspect ratio features with tunable conformality to meet gapfill requirements and fill structure void-

free. Certain disclosed embodiments may be suitable for depositing films into large gaps, such as
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3D-NAND staircase fill where the films deposited fill medium aspect ratic features (about 3:1 to
15:1 or higher) with thick films (usually greater than about | um or as thick as about 3-4 pm).
Certain disclosed embodiments address challenges associated with using PECVD or PEALD or
ALD alone, as PECYD may cause formation of voids, ALD may be too slow and expensive to be
used to deposit such thick oxide films, and PEALD 13 also expensive with slow throughput and
high chemistry usage.

180667 Certain disclosed embodiments involve thermal CVD followed by densification using a
plasma. Plasma densification after thermal CVD is further described in PCT Application No.
PCT/US21/42562 filed on July 21, 2021 titded “CONFORMAL THERMAL CVD WITH
CONTROLLED FILM PROPERTIES AND HIGH DEPOSITION RATE” which 1s incorporated
by reference in its entirety.

(8061} Certain disclosed embodiments may be used to deposit material in features having higher
aspect ratios or in features with reentrancy in the sidewall profile without forming voids.

(88621 Certain disclosed embodiments involve a process which utilizes conformal thermal CVD
within a PEALD cycle to enhance the deposition rate and increase precursor utilization to lower
the overall cost of the process while forming void-free high quality gapfill films. The
superconformality and film properties are tunable. During a PEALD cycle, when the plasma
conversion operation is performed, the oxidizing agent may still be present while precursor is
subsequently introduced, such that a CVI-like reaction cccurs when the deposition precursor is
reintroduced. At high temperature (such as at least about S00°C), this will create a thermal CVD
reaction. Combined with the rest of the PEALD cycle, this allows for a PEALD process which is
enhanced by some thermal CVD component. This process is suitable for high aspect ratio features.
it could also be applied for other applications where a high deposition rate, low cost ALD type
film 15 used with controllable properties. It could also be used in hybrid films such as combined
with ALD, PECVD, thermal CVD with plasma densification, and other deposition technigques.
[6063] Certain disclosed embodiments can be used in combination with etch operations in a dep-
etch-dep process to fill small features.

1806417 The use of thermal CVD due to overlap of oxidizer and precursor to enhance the dep rate
of a PEALD process while maintaining high step coverage for superconformal gapfill has
advantages over some deposition technigues because high quality films can be deposited
conformally with a high deposition rate. This results in greater throughput while still maintaining
formation of high quality films.

[8065] Figure 1A shows a process flow diagram depicting operations that may be performed in
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accordance with certain disclosed embodiments. Processes in Figure 1 may be performed at
temperatures of at least about 500°C, or at least about 550°C, or at least about 650°C. ¥t will be
understood that substrate temperature as used herein refers to the temperature that the pedestal
holding the substrate is set at and that in some embodiments, the substrate when provided to the
process chamber on the pedestal may be heated to the desired substrate temperature prior to
processing the substrate. In some embodiments, the substrate temperature may also depend on the
pressure of the process chamber in which the substrate is housed. The substrate temperature may
be the same throughout operations 102-112 as described herein,

[8066] In an operation 102, a substrate is provided to a process chamber. In various
embodiments, the process chamber is a single-wafer chamber. In some embodiments, the process
charber 15 a station within a multi-station chamber. Process conditions described herein are
suttable for a single-water chamber,

[6667] The process chamber may be set to a chamber pressure about 5 mTorr to about 25 Torr
or about 0.5 Torr to about 25 Torr. Such chamber pressures may be used throughout operations
104-116 as described herein. In some embodiments, chamber pressure may be different during
different operations. The chamber pressure may also depend on the chemisiries selected for
various operations described herein.

(0668} The substrate may be any suitable substrate. The substrate may be a silicon wafer, e.g.,
a 200-mm wafer, a 300-mm wafer, including wafers having one or more layers of material, such
as dielectric, conducting, or semi-conducting material deposited thereon. Non-limiting examples
of under layers include dielectric layers and conducting layers, e.g., silicon oxides, silicon nitrides,
silicon carbides, metal oxides, metal nitrides, metal carbides, and metal layers. In some
embodiments, the substrate includes silicon oxide and silicon. In some embodiments, the substrate
includes a partially fabricated 3D-NAND structure.

[8669] In some embodiments, the feature(s) may have an aspect ratio of at least about 1.1, at
least about 2:1, at least about 4:1, at least about 6:1, at least about 10:1, or at least about 20:1, or
at least about 50:1, or at least about 100:1, or at least about 150:1, or at least about 200:1, or higher.
The feature(s) may also have a dimension near the opening, e.g., an opening diameter or line width
of between about 10 nm to 500 nm, for example between about 25 nm and about 300 nm.
Disclosed methods may be performed on substrates with feature(s) having an opening less than
about 150 nm. A via, trench or other recessed feature may be referred to as an unfilled feature or
a feature. According to various embodiments, the feature profile may narrow gradually and/or

include an overhang at the feature opening. A re-entrant profile is one that narrows from the
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bottem, closed end, or interior of the feature to the feature opening. A re-entrant profile may be
generated by asymmetric etching kinetics during patterning and/or the overhang due to non-
conformal film step coverage in the previous filim deposition, such as deposition of a diffusion
barrier. In various examples, the feature may have a width smaller in the opening at the top of the
feature than the width of the bottom of the feature. Ovne or more features may have a high aspect
ratio, which is defined as having an aspect ratio of greater than about 100:1 or greater than about
150:1 or greater than about 180:1.

[8¢78]  In some embodiments, the substrate may be partially fabricated for forming a memory
device. In some embodiments, exposed regions of the substrate include silicon-containing
surfaces, including but not hmited to low-k dielectric material, silicon oxide, siticon nitride, silicon
oxynitride, silicon oxycarbide, silicon carbonitride, and silicon carbide,

[0678] Iv an operation 104, a deposition precursor is introduced. This may be referred to as a
“dose.” In various embodiments, the deposition precursor is introduced thermally. Certain
disclosed embodiments may be used with a wide variety of deposition precursors, including but
not limited to silicon-containing precursors, such as aminosilanes. In various embodiments, the
deposition precursor 13 a silicon-containing precursor.

(8672} In various embodiments, the silicon-containing precursor is a silane. Non-limiting
examples of silanes that may be used include but are not limited to substituted and unsubstituted
silanes, halosilanes, aminosilanes, organosilanes, alkylsilanes, alkylaminosilanes, and
alkyihalosilanes. Additional examples of silicon-containing precursors are included elsewhere
herein such as in the Definitions and Precursors section

(8673} The aminosilane precursor is introduced to provide a precursor for forming the film. In
some embodiments, the aminosilane precursor is diisopropylaminosilane (DIPAS).

18674} The aminosilane includes at least one nitrogen atom bonded to a silicon atom, but may
also contain hydrogens, oxygens, and carbons. Examples of aminosilanes ate mono-, di-, tri- and
tetra~-aminosilane (H3SiNHz)s, HaSi(NH2 )y, HSi(NH2): and Si(INHa )4, respectively), as well as
substituted wmono-, di-, tri- and  tetra-aminostlanes, for example, t-butylaminosilane,
methylaminosilane, fert-butyisilanamine, bis(tertiarybutylaminoisilane  (SIH:(NHC({CH:i)
{(BTBAS), tert-butyl silylcarbamate, SiH{CH3-{N{CHzy)o, SiHCIH{N(CHzx), (S1{CH3pNH)s,
di{sec-butylamino)silane (DSBAS), di(isopropylamido)silane (DIPAS), bis(diethylamino)silane
{(BDEAS), and the like. A further example of an aminosilane is trisilylamine (N{SiH;}3).

18875 Operation 104 is performed thermally. In various embodiments, operation 104 is

performed in a plasma-free environment. In various embodiments, operation 104 is performed
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without igniting a plasma. In various embodiments, operation 104 is performed without generating
a plasma.

[0676] Operation 104 may be performed in a temporally separated pulse, separate from other
operations in Figure 1. In some embodiments, operation 104 is performed for a duration of about
0.1 second to about 2 seconds, or about .5 second io about 2 seconds, or about ¢.1 second o about
0.5 second, or about 0.1 second to about 0.3 second. In various embodiments, the deposition
precursor is flowed at a flow rate of at least about 500 scem or at least about 750 scom or about
900 scem for a 4-station process chamber. The deposition precursor may be flowed with a carrier
gas which may be an inert gas. In various embodiments, the deposition precursor may be argon,
nitrogen, helium, hvdrogen, and combinaticns thereof.

186771 In operation 106, the process chamber is optionally purged. Operation 106 involves
stoppiog flow of the silicon-containing precursor and introducing flow of au inert gas or a purge
gas to remove excess silicon-containing precursor molecules that are not adsorbed onto a surface
of the substrate or silicon-containing precursor molecules in a processing region of the process
chamber over the substrate in gas phase.

[8678] Example inert or purge gases include but are not limited to nitrogen gas and argon. Flow
rate of the inert or purge gas during operation 106 is about 1000 scem to about 40000 scom for a
single-wafer chamber. Introduction of the inert or purge gas may be performed for a duration of
about 0.1 second to about 10 seconds or about 0.1 second to about 0.5 second. During operation
106, the chamber pressure may be about 0.5 Torr to about 22 Torr. In some embodiments, a lower
pressure may be used 10 purge more effectively. For example, in some embodiments, a pressure
of fess than about 0.1 Torr or about 0.1 Torr may be used. In some embodiments, the chamber
pressure during operation 106 is the same as the chamber pressure used during operation 104, In
one example, nitrogen gas is intreduced at a flow rate of about 10000 scem for about 10 seconds
at a chamber pressure of about 9.5 Torr. The flow rate, duration, and chamber pressure may
depend on the precursor used in operation 106, Operation 106 is performed without igniting a
plasma. Operation 106 is performed o a plasma-free environwent. In various embodiments,
introduction of the deposition precursor may cause the deposition precursor to adsorb or chemisorb
onto a surface of the substrate.

[8¢79] In an operation 108, the substrate is exposed to a plasma generated from a reactant. In
some embodiments, the reactant is introduced to the process chamber and the plasma is generated
in the process chamber. During plasma exposure, the reactant gas may be flowed with one or more

inert gases or one or more carrier gases. Example inert gases include hydrogen, helium, argon, and
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XE0on.
18680} In various embodiments, the reactant is an oxygen-containing gas or an oxidizer.
Oxygen-containing gases may be used to ignite the plasma, forming an oxidizing plasma.
Oxidizers may be used to oxidize the adsorbed or chemisorbed deposition precursor to form silicon
oxide. Example oxidizing gases include oxygen, nitrous oxide, carbon dioxide, carbon monoxide,
ozone, and peroxides. In some embodiments, a mixture of oxidizing gases may be used, such as
a mixture of one or more of oxvgen, nitrous oxide, carbon dioxide, carbon monoxide, ozone, and
peroxides. In some embodiments, a mixture of oxidizing gases may also include an inert gas, such
as argon.

18688} Operation 108 may be performed for a duration of about 0.1 second to about 3 seconds,
or about 0.1 second to about 1 second, or about 0.1 second to about 0.6 second, or about 0.1 second
to about 0.3 second. Example flow rates of an oxidizer that roay be suitable for a 4-station chamber
are about 500 scem to about 30 L, orabout 1 L to about 5 L.

{86821 The plasma generated from a reactant may be generated in a remote plasma generator, or
may be generated in sity, or in the chamber. “In situ” may refer to being performed in the same
chamber. In various embodiments, the plasma 18 generated using a dual frequency plasma that
includes high frequency (HF) radio frequency (RF) plasma and low frequency (LF} RF plasma.
In some embodiments, only HFRF plasma is used. In some embodiments, only LFRF plasma is
used. HFRF may be generated at a frequency of 13.6 MHz.  Example plasma power ranges for
HFRF include sbout O kKW to about 6 kW for a 4-station chamber. Example plasma power ranges
for LFR¥ include about O kW to about 5 kW for a 4-station chamber. In some embodiments, using
a higher plasma power may result in more sputtering-like effect at or near the top of the substrate
surface.

18083} When the reactant gas is ignited in a plasma, a plasma species is generated. In various
embodiments, the plasma species generated formed a reactant plasma ambient in the process
chamber in a processing region above a substrate surface. In some embodiments where plasma is
generated remotely, the plasma species is introduced to the process chamber to the processing
region above a substrate surface. In some embodiments where plasma is generated in sity, the
plasma species is generated in the processing region above a substrate surface. In embodiments
where a deposition precursor was previously introduced and has adsorbed or chemisorbed onio a
substrate surface, the adsorbed or chemisorbed deposition precursor reacts with the plasma species
to generate at feast a portion of a film on the substrate surface. In some embodiments, the film

formed on the subsirate surface is silicon oxide.
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100841 In some embodiments, after operation 108, the plasma is turned off In some
embodiments, the reactant flow s turned off after operation 108. In some embodiments, the
reactant flow is diverted completely after operation 108 to stop flow into the process chamber. In
some embodiments, the reactant flow is reduced after operation 108 to reduce flow into the process
chamber, but flow 1s vot completely turned off. In some embodiments, both the reactant flow is
reduced and the plasma is turned off after operation 108. In some embodiments, after operation
108, some residual amount of the reactant may still be flowed to the process chamber. In some
embodiments, the residual amount of reactant flowed to the process chamber is flowed thermally,
or without a plasma, or without igniting a plasma, or may have little to no plasma species.

180851 In various embodiments, operations 104 and 108 may constitute one ALD cycle. In
various embodiments, operations 104, 106, 10§, and 110 may constitute one ALD cycle. In some
embodiments, operation 104 is performed prior to operation 108, In some embodiments, operaticn
108 1s performed prior to operation 104. In some embodiments, operations 104 and 108 may be
repeated in multiple operations.  In sorme embodiments, operations 104-110 may be repeated in
multiple operations. In some embodiments, operations 104 and 108 may be repeated in multiple
operations prior to performing operation 1124, In some embodiments, operations 104-110 may
be repeated in multiple operations prior to performing operation 112A.

[8686] In operation 110, the process chamber is optionally partially purged. In various
embodiments, operation 110 is optional. In various embodiments, operation 110 is performed
after operation 108, In certain disclosed embodiments, the process chamber is partially purged.
[6687] Partial purging refers to purging under process conditions that leaves at least some
residual reactants, reactant plasma ambient, or plasma species from operation 108 in the process
chamber after operation 110 is perforrned. Partial purging may result in some species left in the
processing region that reacts with a deposition precursor if it is later introduced in repeated cycles.
[0088] The process conditions that may be modulated to achieve this effect include but are vot
timited to: reducing purge time, changing purge gas flow rate(s), not evacuating the chamber,
changing the duration 1o which the chamber is evacuated, eliminating purging as an operation
partially or completely, and changing partial pressure of one or more purge gases. In some
embodiments, purging i1s not performed. Where purging is performed, example purge times
include but are not limited to: about 0 second to about 1 second; or about 0.05 second to about 1
second; or about 0.05 second to about 0.5 second.  The purge gas flow rates may depend on the
overall process conditions. Example purge gas flow rates include but are not limited to: about 25

L to about 80 L, or about 25 L 1o about 70 L, or about 40 L t0 about 70 L, or about 50 L to about
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70 L. In some embodiments, an oxidizer may be continucusly flowed; in such embodiments,
during purge gas flow, oxidizer may be flowed at a flow rate of about 1 L to about 100 L, or about
1 L to about 20 L, or about 1 L to about 5 L. The partial pressure of purge gases may depend ou
the operation performed in the processing scheme and may, in some embodiments, change during
the purging operation. In some embodiments, the partial pressure of the purge gas 18 modulated
to achieve a particular precursor flow during dose. In some embodiments where oxidizer is flowed
during purging as part of continuous flow, the partial pressure of the oxidizer may be about 5% to
about 10% of the gas flow. In some embodiments, partial pressure of the oxidizer is about 2% to
about 5% where the oxidizer flow is stopped prior to dosing to allow a CVD-like reaction to occur
during dose.
[808%] In operation 112A, a deposition precursor is introduced thermally while residual plasma
remains in the process chamber without igniting a plasma. In various embodiments, this refers to
the conditions upen which a repeated operation of operation 104 may be performed. For example,
as operations 104 and 108 may be optionally repeated, in repeated operations, operation 104 may
be performed under process conditions such that residual plasma from operation 108 in a prior
cycle remains in the process chamber, but plasma is vot separately generated or ignited in the
repeated operation 104.
[8680] In varnious embodiments, the deposition precursor in a repeated operation 104 1s
introduced thermally. The presence of residual plasma species, residual reactant gas, and/or
residual reactant plasma ambient that remains in the process chamber from partially purging in
operation 110 when the deposition precursor is introduced results in a thermal CVD-like reaction
that can help form additional material on a surface of the substrate, thereby increasing the amount
of film deposited in one ot more cycles of performing operations in Figure 1A, This may also
result in increased throughput, while still maintaining conformally deposited films by using the
cyclic deposition cycles in operations 104 and 108. In various erbodiments, the deposition rate
is at least about 0.8 A per cycle or about 0.8 A 1o about 3 A per cycle.
18681} Figure 1B shows another embodiment that involves various operations that are similar o
or the same as that of Figure 1A, Operations 102, 104, 106, 108, and 110 may be the same as that
of Figure 1A In Figure 1B, in operation 1128, the reactant may be continuously flowed during a
repeated operation 104. For example, when operations 104 and 108 are repeated in cycles, the
subsequent repeated operations of operation 104 may involve flowing the reactant during operation
104. The reactant may be the same as the reactant flowed in operation 108, but without generating

a plasma. This results in the presence of the reactant in the process chamber when the substrate is
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exposed to the deposition precursor in operation 104, thereby causing a thermal CVD-like reaction
that can help form additional material on a surface of the substrate, thereby increasing the amount
of film deposited in one or more cycles of performing operations in Figure 1B
[6092] Figure 1C shows another embodiment that involves various operations that are similar to
or the same as that of Figure 1A and 1B. Operations 102, 104, 106, 108, and 110 may be the same
as that of Figure 1A, In Figure 1C, in operation 112C, process conditions during at least one of
operations 108 or 110 are modified in to modulate the amount of plasma and/or reactant in the
process chamber during a repeated operation 104, In various embodiments, the process conditions
are modified such that some residual reactant gas, reactant plasima ambient, or plasma species
generated from operation 108 and/or the partial purge operation 110 remains in the process
charmber when the substrate is exposed to the deposition precursor in a repeated operation 104,
thereby causivg a thermal CVD-like reaction. Operation 110 may be modulated o reduce purge
time, reduce purge conditions, or even eliminate purging so as to allow residual reactant, reactant
plasma ambient, and/or plasma species to remain in the chamber.

[06931 it will be understood that while examples in Figures 1A-1C show and the corresponding
description describes ernbodiments where a deposition precursor 18 introduced first, then a plasma
is generated from a reactant for an ALD-like reaction, and subsequently residual plasma from
operation 108, or from “conversion,” remains when the substrate 1s exposed to a deposition
precursor {or a “dose”), in some embodiments, the reverse may be true — for example, the plasma
species may be generated first, but process conditions may be modulated to ensure residual reactant
gas, residual reactant plasma ambient, or residual plasma species remain in the chamber, and
subsequently, when a deposition precursor is introduced or when a substrate is exposed to the
deposition precursor, the precursor reacts with the residual reactant gas, reactant plasma ambient,
and/or plasma species to simultanecusly form both a CVD-like reaction and an ALD-like reaction
to form the film, and such operations may be repeated in roultiple cycles. Combinations of and
variations of these embodiments may also be used (for example, in some embodiments, every
cycle, every other cycle, or every nth cycle, may involve feaving residual reactant, residual plasma
ambient, or residual plasma species when exposing to the deposition precursor; in some
embodiments, a combination of cerfain disclosed embodiments and traditional ALD and/or
traditional CVD may be used.

[60684] Inone example, a process may include multiple deposition cycles. Ineach cycle, a silicon
oxide film may be formed using certain disclosed embodiments such that the deposition precursor

is a silicon-containing precursor and the reactant is an oxidizer gas. Argon may be an example
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inert gas that is alsc used as a purge gas. A deposition cycle may include a silicon-containing
precursor exposure phase, a first purge phase, a plasma exposure phase, and a second purge phase.
During the silicon-containing precursor exposure phase, argon flow is on, silicon-contaiving
precursor flow is on, oxidizer flow is off, and plasma is off. This may correspond to operation 104
of Figure 1A. During the first purge phase, argon flow is on, silicon-containing precursor flow is
turned off, oxidizer flow remains off, and plasma remains off. This may correspond to operation
106 of Figure 1A, During the plasma exposure phase, argon flow is on, silicon-containing
precursor flow remains off, oxidizer flow is turned on, and plasma is turned on.  This may
correspond to operation 108 of Figure 1A. During the second purge phase, argon flow is reduced
to reduce the purging effect {note that other techniques may be used, such as by shortening the
purge time but keeping the same flow rate), silicon-containing precursor flow remains off, oxidizer
flow is reduced, and plasma is turned off. This may correspond to operation 110 of Figure 1A,
This deposition cycle may be repeated multiple times. In, for example, the second deposition cycle,
the cycle ray involve a silicon-containing precursor exposure phase, another first purge phase, a
plasma exposure phase, and another second purge phase. During the silicon-containing precursor
exposure phase, argon flow 18 on, silicon~containing precursor flow is on, oxidizer flow is off, and
plasma is off. This may correspond to a repeated operation 104 of Figure 1A whereby because the
purge performed in the prior cycle was incomplete and still had residual oxidizer on, even though
plasma is tumed off, some residual oxidizer remains in the process chamber and reacts with the
stlicon-containing precursor, creating a thermal CVD-like reaction during a repeated ALD cycle.
During the first purge phase, argon flow is on, silicon-containing precursor flow is turned off,
oxidizer flow remains off, and plasma remains off  This may correspond to operation 106 of
Figure 1A, During the plasma exposure phase, argon flow s on, silicon-containing precursor flow
remains off, oxidizer flow is turned on, and plasmais turned on. This may correspond to operation
108 of Figure 1A, During the second purge phase, argon flow is reduced to reduce the purging
etfect {note that other technigques may be used, such as by shortening the purge time but keeping
the same flow rate), silicon-containing precursor flow remains off, oxidizer flow is reduced, and
plasma is turned off. This may correspond to operation 110 of Figure 1A, Additional cycles, and
vartations of such cycles, may be further implemented.

[80¢95]  In another non-limiting example, a process may include multiple deposition cycles where
be formed using certain disclosed embodiments such that the deposition precursor is a silicon-

containing precursor and the reactant is an oxidizer gas. Argon may be also used as an inert gas
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that is also used as a purge gas. A first deposition cycle may involve a silicon-containing precursor
exposure phase, a first purge phase, a plasma exposure phase, and a second purge phase. During
the silicon-containing precursor exposure phase argon flow is on, silicon-contaiving precursor
flow is on, oxidizer flow is off, and plasma is off. This may correspond to operation 104 of Figure
IB. During the first purge phase, argon flow is on, silicon-containing precursor flow is turned off,
oxidizer flow remains off, and plasma remains off. This may correspond to operation 106 of
Figure 1B. During the plasma exposure phase, argon flow is on, silicon-containing precursor flow
remains off, oxidizer flow is turned on, and plasma is turned on. This may correspond to operation
108 of Figure 1B. During the second purge phase, argon flow is reduced to reduce the purging
effect (note that other techniques may be used, such as by shortening the purge time but keeping
the same flow rate), silicon-containing precursor flow remains off, oxidizer flow is reduced, and
plasma is turned off. This may correspond to operation 110 of Figure 1B,

[6696] The deposition cycle may be repeated. The second deposition cycle includes a silicon-
coutaining precursor exposure phase, a first purge phase, a plasma exposure phase, and a second
purge phase. During the silicon-containing precursor exposure phase, unlike in the prior
deposition cycle, oxidizer flow s turned on, and argon flow is on, silicon-containing precursor
flow is on, and plasma is off. This may correspond to a repeated operation 104 of Figure 1B
whereby because oxidizer flow continues to flow in the silicon-containing precursor exposure
phase of the second deposition cycle, the oxidizer reacts with the silicon-containing precursor o
form a thermal CVD-like reaction during an ALD cycle. During a first purge phase of the second
deposition cycle, argon flow is on, silicon~-containing precursor flow is turned off, oxidizer flow
remains off, and plasma remains off. This may correspond to operation 106 of Figure 1B. During
the plasma exposure phase of the second deposition cycle, argon flow is on, silicon-containing
precursor tlow remains off, oxidizer flow is turned on, and plasma is turned on.  This may
correspond to operation 108 of Figure 1B. During the second purge phase of the second deposition
cycle, argon flow is reduced to reduce the purging effect (note that other techniques may be used,
such as by shortening the purge tiroe but keeping the sarne flow rate), silicon-containing precursor
flow remains off, exidizer flow is reduced, and plasma is turned off. This may correspond to
operation 110 of Figure 1B. It will be understood that in some embodiments, the purge phase used
in the first deposition cycle may have the same flow of argon but may have no oxidizer on
Additional cycles, and variations of such cycles, may be further implemented.

188971  Certain disclosed embodiments may involve modulating RF power, RF time, precursor

flow, dose time, and ratio of ALD deposition to CVD deposition. Example HF RF powers include
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but are not limited to: OW to about 6000W, or about 1000W to about 5000W. Example LF RF

powers include but are not limited to OW to about 4000W, or about 1000W to about 3000W.
Example RF times include but are not limited to: 0.1 second to about 1 second, or about 0.1 second
to about 0.5 second, or about 0.4 second to about 0.6 second. In some embodiments, an RF time
of about ¢.4 second to about 0.6 second may provide an additional benefit of improving film
guality and improving cracking resistance.. Example precursor flow rates include but are not
himited to: 100 scem to about 1500 scem, or about 150 scem to about 1500 scem, or about 500
scem to about 1000 scem, or about 150 scem to about 300 scom, or about 200 scem to about 500
scem. The flow rate may also depend on the precursor used. Exaraple dose times include but are
not limited to; about 0.05 second to about 0.5 second, or about 0.1 second to about 0.5 second, or
about 0.1 second to about 0.2 second, or about 0.05 sscond to about 0.3 seconds. . In some
embodiments, precursor flow can be modulated o change the amount of CVD-like reaction that
takes place, depending on how much residual reactant is in the process chamber. Likewise, the
reactant flow can also be modulated to change the amount of CVD-like reaction that takes place,
depending on how much precursor flow is used and other process conditions during conversion.
In some embodiments, dose time may be rwodulated to change the duration of the CVD-hike
reaction. In some embodiments, the ratio of ALD to CVD deposition may be modulated by
changing the number of cycles, the duration of doses and conversions in a cycle, the duration{s)
of purge(s) used in cycles, relative flow rates, and other process conditions.

[0098] Certain disclosed embodiments form films having a variety of film properties. For
example, certain disclosed embodiments form films having superior uniformity. Certain disclosed
embodiments form films having certain stress.  In some embodiments, the stress may be
about -400 MPa to about -250 MPa, or about -350 MPa to about -300 MPa. In some ermnbodiments,
films deposited using certain disclosed embodiments may have improved shrinkage. For example,
the shrinkage of the deposited film measured at 700°C for 30 minutes may beless than about 0.5%,
or about 0.1% to about 0.5%. In various embodiments, the stress shift measured at 700°C for 30
minutes may be less than about 15 MPa.

{06991 In some embodiments, certain implementations may be integrated with dep-etch-dep
processes where certain disclosed embodiments are used for the “dep” operation in a dep-etch-dep
process. In a dep-etch-dep process, some material may be initially deposited, the deposited
material may be partially etched to open a feature or create a wider opening in the deposited
material, or may be exposed to a passivation gas to reduce or slow nucleation of subsequent

material, followed by further deposition. Certain disclosed embodiments may be used for at least
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one or both of the deposition processes in a “dep-etch-dep” process. In some cases, a dep-gich-
dep process is performed in multiple cycles. Certain disclosed embodiments may be used for
deposition in any one or more cycle in any one or more deposition operation.
[6168] Certain disclosed embodiments are suitable for integrating with techniqgues that involve
passivating or preferentially inhibiting deposition on one or more regions of the substrate during
deposition, such as in dep-etch-dep applications for filling high aspect ratio features. Certain
disclosed embodiments may have increased tolerance in maintaining critical dimension in wafers
exhibiting bowing. Certain disclosed embodiments may be utilized in bottom-up fill of low aspect
ratio features.
18161} Provided herein are methods of and apparatuses for pyrolyzing a deposition precursor on
a surface of a subsirate to form at least a partial pyrolyzed layer and/or pyrolyzed material and
exposiug the pyrolyzed material to one or more plasmas to densify, oxidize, and/or convert the
pyrolyzed material into a desired composition. A deposition precursor that is pyrolyzed undergoes
pyrolysis.  Pyrolysis involves thermal decomposition of a material at a particular elevated
temperature. The term “pyrolyzed film” as used herein refers to a film that includes material that
was formed by pyrolysis, such as by pyrolyzing a deposition precursor. A pyrolyzed material moay
not necessarily be fully oxidized when deposited, and in some embodiments, may not be oxidized
when deposited, or may not be oxidized at all when deposited. Pyrolysis may be performed in an
oxygen-free environment in some embodiments.
10102} Certain disclosed embodiments can be performed in a cyclic fashion such that pyrolysis
and exposure to the one or more plasmas are performed in temporally separated pulses. Certain
disclosed embodiments involve a modified atomic layer deposition process such that pyrolysis is
perforroed during a dose operation to form roore than a rmonolayer per cycle.  Pyrolysis is
performed in a deposition reaction that is similar to chemical vapor deposition {CVD)} or may
pyrolyze thermally onto a substrate surface, but can be integrated into a deposition process having
cycles such as in ALD. When the pyrolyzed film is exposed to certain plasmas, the film increases
by volure and can fill features without causing the formation of seams. In some ewbodiments,
the pyrolyzed film is subsequently oxidized. Oxidation may cause the film to expand which may
be due to incorporation of oxygen. Films deposited using certain disclosed embodiments may also
be conformal. In certain embodiments, deposition thickness across surfaces of a substrate,
including surfaces within a high aspect ratio negative feature or within horizontal features, is
consistent between sidewalls and bottoms of the features.

[8163] Figure 1D shows a process flow diagram depicting operations that may be performed in
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accordance with certain disclosed embodiments. In operation 162, a subsirate is provided fo 3
process chamber. Certain disclosed embodiments are suitable for forming films on a wide variety
of substrate surfaces, including but not limited to silicon-containing surfaces, non-metal surfaces,
poly-silicon surfaces, dielectric surfaces, oxide surfaces, nitride surfaces, silicon oxide surfaces,
sificon nitride surfaces, and the stlicon water itself
[8104] In various embodiments, the process chamber is a single-wafer chamber. In some
embodiments, the process chamber is a station within a multi-station chamber. Process conditions
described herein are suiiable for a single-wafer chamber.

{8165} The process chamber may be set to a chamber pressure about 5 mTorr to about 70 Torr,
or about 10 Torr to about 60 Torr, or about 10 Torr to about 40 Torr, or about 30 Torr. Such
chamber pressures may be used throughout operations 164-172 as described herein.  In some
embodiments, chamber pressure may be different during different operations. The chamber
pressure may also depend on the chemistries selected for various operations described herein.
{8166} The substrate may be heated o a substrate temperature sufficient to  pyrolyze the
deposition precursor used in operation 164, For example, in some embodiments, the substrate
temperature may be at least about 400°C. In various embodiments, the substrate may be heated to
any suitable temperature, such as about 25°C to about 800°C, or about 500°C to about 700°C, or
at least about 400°C. For example, in some embodiments, the deposition precursor may be
diisopropyiaminosilang, which may be pyrolyzed at a temperature of greater than about 475°C. In
various embodiments, various operations may implement different substrate temperatures. It will
be understood that substrate temperature as used herein refers to the temperature that the pedestal
holding the substrate is set at and that in some embodiments, the substrate when provided to the
process chamber on the pedesial may be heated to the desired substrate temperature prior to
processing the substrate. The substrate temperature may be the same throughout operations 162-
168 as described herein.

[6167] The substrate may be any suitable substrate. The substrate may be a silicon wafer, e.g.,
a 200-mm wafer, a 300-mym wafer, including wafers having one or more layers of material, such
as dielectric, conducting, or semi-conducting material deposited thereon. Non-limiting examples
of under layers include dielectric layers and conducting layers, e.g., silicon oxides, silicon nitrides,
silicon carbides, metal oxides, metal nitrides, metal carbides, and metal layers. In some
embodiments, the substrate includes silicon oxide and silicon. In some embodiments, the substrate
includes a partially fabricated 3D-NAND structure.

[8108] In some embodiments, the feature(s) may have an aspect ratio of at least about 111, at
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least about 2:1, at least about 4:1, at least about 6:1, at least about 10:1, or at least about 20:1, or
at least about 50:1, or at least about 100:1, or at least about 150:1, or at least about 200:1, or higher.
The feature(s) may also have a dirsension near the opening, e.g., an opening diameter or Hine width
of between about 10 nm to 500 nm, for example between about 25 nm and about 300 am.
Disclosed methods may be performed on substrates with feature(s) having an opening less than
about 150 nm. A via, trench or other recessed feature may be referred to as an unfilled feature or
a feature. According to various embodiments, the feature profile may narrow gradually and/or
include an overhang at the feature opening. A re-entrant profile is one that narrows from the
bottom, closed end, or interior of the feature to the feature opening. A re-entrant profile may be
generated by asymmetric etching kinetics during patterning and/or the overhang due to non-
conformal film step coverage in the previous film deposition, such as deposition of a diffusion
barrier. In various examples, the feature may have a width smaller in the opening at the top of the
feature than the width of the bottom of the feature. One or more features may have a high aspect
ratio, which is defined as baving an aspect ratio of greater than about 10011 or greater thav about
150:1 or greater than about 180:1.
[8169] In operation 164, a deposition precursor is pyrolyzed thermally. Pyrolysis is performed
thermally. Pyrolysis is performed in a plasma-free environment. The subsirate is heated on a
pedestal set to a temperature that is at least that of the pyrolysis teraperature of the precursor(s) to
be used. The pyrolysis precursor may be flowed with one or more inert gases {such as but not
limited to helium and/or argon) to the substrate; the heated substrate allows the pyrolysis precursor
to pyrolyze onto the surface of the substrate. Pyrolysis may be performed at low chamber pressure
such as about 20T or about 60T and less than atmospheric pressure.
10110} Precursors that may be used for pyrolysis include silicon-containing precursors, such as
sitanes. Silanes include but are not limited to halosilanes, aminosilanes, and organosilanes. In
certain embodiments, silicon-containing precursors where the silicon ceuter has one or more
thermally cleavable bonds (such as Si-H bonds} may be advantageous to allow pyrolysis at lower
temperatures and reduced energy used to cleave substituents and leave a Si-rich film on the surface
of the substrate.
[8111] Certain disclosed embodiments may be used with a wide variety of deposition precursors,
including but not Hmited to silicon-containing precursors, non-limiting examples of which are
tisted in the Definitions and Precursors section. In some embodiments, the silicon-containing
precursors are aminosilanes. In some embodiments, the aminocsilane precursor is

diisopropyiaminosiiane (DIPAS).
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{0112} The precursor may be flowed at a flow rate of about 90 scem or about 850 scem for a
single-water chamber. The silicon-containing precursor may be flowed with an inert push gas,
such as nitrogen gas or argon gas or a mixture of nitrogen and argon gas. The flow rate of the inert
push gas may be about 125 scem to about 1000 scem for a single-wafer chamber. Operation 104
may be performed for a duration of about .05 second to about 3 seconds. In some ermnbodiments,
additional nitrogen gas may be introduced with the silicon-containing precursor and/or the inert
push gas for dilution, for pressure stability, or both. The additional nitrogen gas may be flowed at
a flow rate of about 250 scom to about 2500 scem for a single-wafer chamber.

[6113}] Pyrolysis is performed such that pyrolysis occurs within the process chamber; that is,
while a deposition precursor is flowed through gas lines to the process chamber, pyrofysis occurs
in the process chamber but not in the gas lines. In various embodiments, certain disclosed
ernbodiments are implervented ju such way that pyrolysis may only occur when a wafer is on the
pedestal in the process chamber, or may only occur at or near the pedestal region of the process
chamber. Pyrolysis is performed such that the pedestal is set at a temperature that is at least the
pyrolysis temperature or greater than the pyrolysis temperature of the precursor{s) used during
pyrolysis. Examples include at least about 400°C, or at least about 500°C, or at least about 650°C,
or at Jeast about 750°C.,

(8114} In some embodiments, pyrolysis of the deposition precursor results tn a pyrolyzed film
or a pyrolvzed material or at least a partial pyrolyzed film on the substrate surface. Where an
aminosilane is used, the pyrolyzed or pyrolyzed film may include silicon nitride, silicon
carbonitride, silicon oxycarbonitride, or combinations thereof, or may be silicon nitride, silicon
carbonitride, silicon oxycarbonitride, or combinations thereof.

10118} In operation 166, the process chamber may be optionally purged. As noted herein, in
certain embeodiments, purging may be performed between any or all operations, such as after
pyrolysis but before inert plasma exposure, ot after inert plasma exposure and before oxidizing or
nifrogen-containing plasma exposure, or after oxidizing or nitrogen-containing plasma exposure
and before repeating any of the above operations, or any nurober of these operations or all of these
operations. Purging may be optional.

[8116] Operation 166 involves stopping tlow of the silicon-containing precursor and introducing
flow of an inert gas or a purge gas o remove excess silicon-containing precursor molecules that
are not adsorbed onto a surface of the substrate or silicon-contatning precursor molecules in a
processing region of the process chamber over the substrate in gas phase.

{8117} Example inert or purge gases include but are not limited to nitrogen gas and argon. Flow
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rate of the inert or purge gas during operation 166 is about 1000 scem to about 40000 scom for a
single-wafer chamber. Introduction of the inert or purge gas may be performed for a duration of
about 0.1 second to about 10 seconds. During operation 166, the chamber pressure may be about
0.5 Torr to about 60 Torr. In some embodiments, a lower pressure may be used to purge more
effectively. For example, in some embodiments, a pressure of less than about 0.1 Torr or about
0.1 Torr may be used. In some embodiments, the chamber pressure during operation 166 is the
same as the chamber pressure used during operation 164. In one example, nitrogen gas is
introduced at a flow rate of about 10000 scem for about 10 seconds at a chamber pressure of about
9.5 Torr. The flow rate, duration, and chamber pressure may depend on the precursor used in
operation 106, Operation 166 is performed without igniting a plasma. Operation 106 is performed
in a plasma-free environment.
[0118] In operation 168, the substrate is optionally introduced to an additive gas plasmwa. Io
some embodiments, the additive gas plasma is an inert gas plasma. Example additive gas plasmas
may be used to densify the pyrolyzed material. Example additive gases include hydrogen, helium,
argon, nitrogen, and xenon. Additive plasmas may be used to smoothen the surface of the
pyrolyzed film, which can allow thickness to be even across the surface. In some embodiments,
exposure to an additive plasma can vary the content of the film deposited. For example, in some
embodiments, depending on the additive plasma composition, the exposure time, and the plasma
power used, carbon content can be reduced. In some embodiments, nitrogen content may be
increased by using a nitrogen-containing additive plasma. In some embodiments, oxygen content
may be slightly reduced by using certain additive plasmas. In various embodiments, tnert gas
plasma is performed for every about 1 nm of film deposited on a substrate surface.
(8119} The inert gas plasma may be generated by igniting an inert gas in situ, or by igniting an
inert gas in remote plasma chamber. In various embodiments, the inert gas is flowed at a tlow rate
of about 100 scem to about 15000 scem for a single-wafer station. The plasma is ignited at a
plasma power of about 75 W to about 1500 W for a 13.56¢ MHz frequency plasma. In various
embodiments, operation 108 is performed for a duration of about 0.05 second to about 20 seconds.
{0120} The pyrolyzed material remains on the substrate surface during operation 168, During
operation 168, some volatile fragments may be ejected from the film to increase the remaining
atomic content of silicon, carbon, nitrogen, or any combination thereof.
(8121} In operation 170, the process chamber is again optionally purged. Purging may be
performed using any one or more of the process gases and conditions described above with respect

to operation 166, In one example, nitrogen gas is tlowed at a flow rate of about 10000 scem for
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about 10 seconds in a chamber having a chamber pressure of about 9.5 Torr,

188221 In operation 142, a conversion reactant is introduced to the process chamber. In some
embodiments, the conversion reactant is a conversion reactant plasma, or an oxvgen-containing
plasma, or a nitrogen-containing plasma, or any combination thereof may be introduced to the
process chamber. Iuv varnious embodiments, the pyrolyzed matenial is exposed to a conversion
reactant plasma such as an oxygen-containing plasma, or a nitrogen-containing plasma. In some
embodiments, the conversion reactant is a plasma-free gas or gas mixture.

[6123] For embodiments involving plasma. during plasma exposure in operation 102, one or
more of the following gases may be used: oxidizing gases, and nitrogen-containing gases.
Oxidizing gases may be used to oxidize the pyrolyzed material, such as to form silicon oxide.
Example oxidizing gases include oxygen, nitrous oxide, carbon dioxide, ozone, peroxides,
alcohols, and water. Water can be formed by combining hydrogen and oxygen gas inside the
chamber at an elevated temperature, or can be delivered from an ampoule. Nitrogen-containing
gases may be used to form a nitride of the pyrolyzed material, such as to form silicon nitride.
Example nitrogen-containing gases include nitrogen gas, ammonia, and deunterated ammonia
{NDs). In various embodiments, oxidizing or nitrogen-containing plasmas may be used for every
about 5 nm or less of film deposited on a substrate surface. During exposure to an oxidizing
plasma or nitrogen-containing plasma, one or more additional inert gases may also be used. In
some embodiments, hydrogen may also beused. Hydrogen may also be used to assist with ashing
carbon-containing components of the pyrolyzed film, such as if an organosilane is used during
pyrolysis and the pyrolyzed film has substantial carbon content.  In some embodiments, the
plasma may be a dual frequency plasma. A high frequency RF plasma may be generated at a
plasma power of about S00W to about 6000W. A low frequency RF plasma may be generated at
a plasma power of about S00W to about 4000W.

[8124] For embodiments where operation 162 is performed using a plasma-free process, the
pyrolyzed film may be converted to silicon oxide or silicon nitride using plasma-free conversion
reactants. For example, in some embodiments, water, alcohols, and/or a mixture of oxygen and
hydrogen gas may be used during operation 162.

[8125] In some embodiments, a mixture of oxygen and hydrogen gas may involve flowing about
500 scem to about 201 of oxygen gas and about 500 sccm to about 20L of hydrogen gas.

(8126} In various embodiments, the nitrogen gas plasma may be used to convert the pyrolyzed
film to silicon nitride. In various embodiments, the oxygen gas plasma may be used to convert the

pyrolyzed film to silicon oxide. In various embodiments, exposure to plasma in operation 162
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expands the volume of the pyrolyzed film and its densified or converted form thereof which can
thereby fill gaps, voids, and/or seams formed in the film.

(0127} In some embodiments, if an oxygen-containing reactant or reactant plasma is used during
operation 162, oxidation may facilitate healing or fusing of seams or voids formed during
deposition of the material into negative features. For example, use of an oxygen-containing
reactant or oxygen-containing reactant plasma will cause the pyrolytic film to be oxidized, and the
incorporation of oxygen may cause the film to expand to heal seams or voids. This may be
particularly useful in features having high aspect ratios. In some embodiments, in subsequent
operations, a later treatment operation may be performed to cause the film to expand further and
to close or seal a seanm in features. Oxidation can increase the volume of the pyrolyzed film by
about 50% to about 100%.

[0128] Figure 1B shows an example of two schematic tllustrations of features before and after
oxidation. Feature 140 shows a non-oxidized pyrolytic film layer 141 which may be deposited
using certain disclosed embodiments, and a void or seam 142 in the feature. Feature 150 shows
the feature 140 after performing an in-situ or ex-situ steam anneal, whereby pyrolytic film layer
151 is now oxidized and has expanded in volume, and the feature no longer has a void as shown
in the center 152 of the feature.

(8129} During operation 112, the temperature may depend on the reactants being used. In some
embodiments, the temperature is about 600°C to about 1600°C, or about 600°C to about 850°C.
In some embodiments, operation 112 is performed in a different chamber than operation 104 or
108, In some embodiments, operation 112 is performed in the same chamber as operation 104
and/or operation 108.

10130} Operations 104-112 may be optionally repeated in cycles. In some embodiments,
operation 106, 108, and 110 are each optionally repeated in each cycle; in some embodiments,
repeated cycles may omit any one or more of operations 106, 108, or 110, In some embodiments,
operation 112 is performed every less than about 5 nm of pyrolyzed material deposited on a
substrate surface. In some embodiments, operation 112 is performed every cycle. In some
embodiments, more than about 1 nm of material is formed from pyrolysis. In certain embodiments,
stlicon-rich films are deposited; the composition of the film deposited can be modulated by
selecting specific deposition precursors, inert gases, and oxygen-containing and nitrogen-
containing gases during conversion. Operations 104-112 may be performed in any order.

18131} Conformal films can be deposited using certain disclosed embodimenis.  Certain

disclosed embodiments have the unexpected advantage of being conformal despite CVD-like



i

52

G

g

WO 2023/163950 PCT/US2023/013525
pyrolysis in operation 104, Films baving high conformality may have a high step coverage.
Conformality of films may be measured by the step coverage. Step coverage may be calculated
by comparing the average thickness of a deposited film on a bottom, sidewall, or top of a trench
to the average thickness of a deposited film on a bottom, sidewall, or top of a feature or trench.
The step coverage may be at least about 85%, or about 85% to about 100%. A “feature” of a
substrate may be a via or coniact hole, which may be characterized by one or more of narrow
and/or re-entrant openings, constrictions within the feature, and a high aspect ratio. High aspect
ratio may refer to features having an aspect ratio of at least about 10:1 or at least about 151 or at
teast about 20:1 or at least about 50:1 or at least about 100:1 or at least about 150:1 or at least
about 200:1. The terms “trench” and “feature” may be used interchangeably in the present
disclosure and will be understood to include any hole, via, or recessed region of a substrate.
[0132] Certain disclosed embodiments may be used to deposit a variety of films as pyrolysis of
a precurser can be integrated with various processes, such as ALD of silicon oxide, plasma-
enhavced chemical vapor deposition (PECVE) of silicon oxide, chemical vapor deposition (CVI3)
of silicon carbonitride, and others. In various embodiments, use of an aminosilane precursor for
pyrolysis to particular can have various advantages. Certain aminosilane precursors may also be
more susceptible to being pyrolyzed or pyrolyzed, and can provide a useful foundation for
densification and/or conversion for a variety of silicon-containing films to be deposited on
substrate surfaces.

[8133] Various deposition cycles using certain disclosed embodiments may be implemented. In
one example, a deposition cvcle that may be repeated includes the following operations: perform
temporally alternating pulses of operation 164 and 168 for multiple cycles, followed by performing
operation 172, In another example, a deposition cycle that roay be repeated tncludes the following
operations: perform temporally alternating pulses of operations 164, 168, and 172, In anocther
example, a deposition cycle that may be repeated includes the following operations: perform
operation 164 and 172 in temporally alternating pulses without performing operation 168. In
another exarople, a deposition cycle that may be repeated inchudes the following operations:
perform operation 164 and either operation 168, operation 172, or both, in temporally alternating
puises with at least one purging operation between each of operation 164, 168, and 172, Each
deposition cycle may deposit more than one monolayer, such as about 2-3A per cycle.

(8134} Certain disclosed embodiments have numerous tunable process conditions, allowing the
process to be tailored to various different applications. For example, the selection of the deposition

precursor, the gases used during plasma exposure, the chamber pressure, the exposure durations,
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and other process conditions can be tailored to accommodate a desired application. In some
embodiments, increasing the chamber pressure may result in higher conformality. In some
embodiments, the same chamber pressure is used for operations 164-172. In some embodiments,
the chamber pressure in operation 164 is different from operation 168, In some embodiments, the
chamber pressure in operation 164 s different from operation 172, In some embodiments, the
chamber pressure in operation 108 is different from operation 172, Certain disclosed embodiments
may also be used to deposit hermetic films, such as hermetic silicon nitride films.
[6135] Forexample, in some embodiments, certain precursors having more Si-Si and Si-H bonds
can be used with lower pyrolysis temperatures. Certain precursors having more Si-8i bonds and
more Si-H bonds may also affect the composttion of the film (such as by incorporating more Si
atoms and/or H atoms).
[8136] In another example, certain precursors having more than 2 Si-N linkages may be used
with higher onset temperatures for pyrelysis. Films deposited with such precursors may have
higher atomic content of nitrogen in the film.
181371  In certain embodiments, increasing the substrate temperature will increase the rate of
pyrolysis once the onset temperature for initiating pyrolysis has been reached.
[0138] Using certain processing temperatures may also affect the relative atomic content of
silicon, carbon, and nitrogen in the film. These can be tailored depending on the desired film
composition.
[813%] Certain disclosed embodiments may allow deposition of films with controllable
composition. For example, the various amounts of silicon, oxygen, carbon, nitrogen, hydrogen,
and any other atoms in the deposited film may be varied by varying certain process conditions,
selection of the deposition precursor, the gases used during plasma exposure, the chamber
pressure, the exposure durations, and other process conditions. This may have incredible
advantages over certain other ALD processes that may involve ivncorporating an additional
precursor. Instead, the selection of the appropriate precursor for pyrolysis and gases used for
plasma exposure can be used to taor the film composition.
181467 Certain disclosed embodiments may also result in smoocthened substrate surfaces. For
example, repeating operation 164 and 168 1o multiple cycles may resuit in material deposited that
also has an exposed surface that is smoothened compared to before deposition. For example, in
some embodiments, roughness on films deposited into features may be reduced by exposing the
pyrolyzed and oxidized film to argon plasma after deposition.

[8141} Certain disclosed embodiments may also be used with dep-etch-dep processes for filling

3
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features. For example, after forming a film used certain disclosed embodiments, the substrate may
be etched to, for example, open a feature opening and allow further deposition into the feature.
Certain embodiments may also be used with a passivation gas exposure performed between cycles
to preferentially prevent depoesition of film at or near a feature opening to allow a bottom-up fill
of a feature. In some embodiments, the composition of films deposited using certain disclosed
embodiments may be tailored to increase later etch selectivity when using fluorine-containing
etching processes. This can be achieved by using an oxidizing plasma treatment following the
bulk film deposition using certain disclosed embodiments. In embodiments where a depi-etch-
dep gapfill process is implemented, using certain disclosed embodiments can form films where the
amount of etching at or near the top of the feature is greater than the amount of etching at the
bottom of the feature. In one example, in some embodiments, the composition of the film is
tatiored to within a trench or hole feature patierned inio the substrate such that the relative ratio of
carbon to nitrogen is different at the top of the feature as compared to the bottom of the feature,
thereby increasing selectivity when etching using fluorine-containing etchants such as nitrogen
triflucride, carbon tetrafluoride, and sulfur hexafluoride, or other fluorocarbons, and when such
etchants are used with a high frequency, or a dual frequency (both high frequency and low
frequency) plasma.

(8142} Certain disclosed embodiments may allow faster deposition due to a higher deposition
rate. For example, a cvcle of precursor pyrolysis, inert gas plasma, and oxidizing plasma may
form a film that is about 2A to about 3A thick. For example, in some embodiments where the
critical dimension is greater than about 500 om, or where the aspect ratio of a feature is greater
than bout 5:1, or in other large area gapfill applications, certain disclosed embodiments may be
used to fill such features due to the higher deposition rate. Certain disclosed embodiments may
be used to replace or supplement deposition processes that traditionally involved CVE.

[8143] Certain disclosed embodiments also can be used to form films having various dopants,
which may be introduced during any operation or by using particular deposition precursors or
plasmas. Certain disclosed embodiments may form filrus baving silicon oxide, silicon nitride,
silicon carbide, silicon oxycarbide, silicon oxynitride, doped variants thereof, or combinations
thereof. Carbon and nitrogen doping can be accomplished via the use of a particular precursor,
and attenuated with the use of an oxidizing plasma. In some embodiments, the relative amount of
nitrogen can be tailored by using one or more nitrogen-containing plasmas and tailoring process
conditions used during plasma exposure. Other dopants such as phosphorous and boron can be

incorporated by using a third precursor such as triethylphosphate or trimethylborate, respectively.
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181441 Certain disclosed embodiments may be used to deposit films into features with lateral
recesses. Certain disclosed embodiments may be used for fabricating 3D DRAM structures.
Certain disclosed embodiments may be used for filling materials in horizontal structures.

[6145] In some embodiments, decomposition of the deposition precursor as described with
respect to Figure 2 can be combined with one or more processes described with respect to Figures
1A, 1B, and 1C as described above. For example, at least one of operations 104 and 112A may
involve decomposing or pyrolyzing a deposition precursor such as described with respect to
operation 164 of Figure 11 likewise, the conversion operation of operation 172 of Figure 1D may
be combined with the plasma generation operation 108 of Figures 1A, 1B, and 1C, and in some
embodiments, when embodiments are combined, operation 1124, 1128, or 112C may be optional

or may be performed.

APPARATUS

[8146] Certain disclosed embodiments perform such methods in apparatuses with advanced
valving to allow introduction of various gases to perform the methods herein.

(8147} FIG. 2 schematically shows an embodiment of a process station 200 that may be used to
deposit material using atomic layer deposition (ALD} and/or chemical vapor deposition {CVD),
either of which may be plasma enhanced. For simplicity, the process station 200 is depicted as a
standalone process station having a process chamber body 202 for maintaining 3 low-pressure
environment. However, it will be appreciated that a plurality of process stations 200 may be
inchuded in a common process tool environment. Further, it will be appreciated that, in some
embodiments, one or more hardware parameters of process station 200, including those discussed
in detail below, may be adjusted programmatically by one or more computer controllers.

[6148] Process station 200 fluidly communicates with reactant delivery system 201 for
delivering process gases to a distribution showerhead 206, Reactant delivery system 201 includes
a mixing vessel 204 for blending and/or conditioning process gases for delivery to showerhead
206. One or more mixiog vessel indet valves 220 way cootrol introduction of process gases to
mixing vessel 204. Similarly, a showerhead inlet valve 205 may control introduction of process

gasses to the showerhead 206.

&

—

81491 Some reactants, like BTBAS, may be siored in liquid form prior to vaporization at and
subsequent delivery to the process station. For example, the embodiment of FIG. 2 includes a
vaporization point 203 for vaporizing liquid reactant to be supplied to mixing vessel 204. In some
embodiments, vaporization point 203 may be a heated vaporizer. The reactant vapor produced

from such vaporizers may condense in downstream delivery piping. Exposure of incompatible
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gases to the condensed reactant may create small particles. These small particles may clog piping,
impede valve operation, contaminate substrates, etc. Some approaches to addressing these issues
involve sweeping and/or evacuating the delivery piping to rernove residual reactant. However,
sweeping the delivery piping may increase process station cycle time, degrading process station
throughput. Thus, in some embodiments, delivery piping downstream of vaporization point 203
may be heat traced. In some examples, mixing vessel 204 may also be heat traced. In one non-
limiting example, piping downstream of vaporization point 203 has an increasing temperature
profile extending from approximately 160°C to approximately 150°C at mixing vessel 204
(8188} Insome embodiments, reactant liguid may be vaporized at a liguid injector. For example,
a liquid injector may inject pulses of a liquid reactant into a carrier gas stream upstream of the
mixing vessel. In one scenario, a liquid injector may vaporize reactant by flashing the liquid from
a higher pressure to a lower pressure. In another scenario, a liquid injector may atomize the liguid
into dispersed microdroplets that are subsequently vaporized in a heated delivery pipe. It will be
appreciated that smaller droplets may vaporize faster than larger droplets, reducing a delay
between liquid injection and complete vaporization. Faster vaporization may reduce a length of
piping downstreanm from vaporization point 203, o one scenario, a liguid injector may be mounted
directly to mixing vessel 204, In ancther scenario, a liguid injector may be mounted directly to
showerhead 206.

181511  In some embodiments, a liquid flow controller upstream of vaporization point 203 may
be provided for controlling a mass flow of liguid for vaporization and delivery to process station
200, For example, the Hauid flow controller (LFC) may include a thermal mass flow meter (MEM
located downstream of the LFC. A plunger valve of the LFC may then be adjusted responsive to
feedback coutrol signals provided by a proportional-integral-derivative (PID) controller in
electrical communication with the MFM. However, it may take one second or more to stabilize
liquid flow using feedback control. This may extend a time for dosing a liguid reactant. Thus, in
some embodiments, the LFC may be dynamically switched between a teedback control mode and
a direct control mode. In some embodiments, the LFC may be dynamically switched from a
feedback control mode to a direct control mode by disabling a sense tube of the LFC and the PID
controller.

[6152] Showerhead 206 distributes process gases toward subsirate 212, In the embodiment
shown in FIG. 2, substrate 212 is located beneath showerhead 206, and is shown resting on a
pedestal 208. It will be appreciated that showerhead 206 may have any suitable shape, and may

have any suitable number and arrangement of ports for distributing processes gases to substrate
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212,
18183} In some embodiments, a microvolume 207 is located beneath showerhead 206
Performing an ALD and/or CVD process in a microvolurne rather than in the entire volume of a
process station may reduce reactant exposure and sweep times, may reduce times for altering
process conditions {e.g., pressure, temperature, efc.), may limit an exposure of process station
robotics to process gases, etc. Example microvolume sizes include, but are not limited to, volumes
between 0.1 liter and 2 liters.  This microvolume also impacts productivity throughput. While
deposition rate per cycle drops, the cycle time also simultanecusly reduces. In certain cases, the
etfect of the latter is dramatic enough to improve overall throughput of the module for a given
target thickness of film.
(8184} In some embodiments, pedestal 208 may be raised or lowered to expose substrate 212 to
microvolume 207 and/ot to vary a volume of microvolume 207 For example, in a substrate
transfer phase, pedestal 208 may be lowered to allow substrate 212 to be loaded onto pedestal 208.
During a deposition process phase, pedestal 208 may be raised to position substrate 212 within
microvolume 207, In some embodiments, microvolume 207 may completely enclose substrate
212 as well as a portion of pedestal 208 to create a region of high flow impedance during a
deposition process.
[81558] Optionally, pedestal 208 may be lowered and/or raised during portions the deposition
process {0 modulate process pressure, reactant concentration, ete., within microvolume 207, In
one scenario where process chamber body 202 remains at a base pressure during the deposition
process, lowering pedestal 208 may allow microvolume 207 to be gvacuated. Example ratios of
microvolume 1o process chamber volume include, but are not limited to, volume ratios between
1:200 and 1:10. It will be appreciated that, in some embodiments, pedestal height may be adjusted
programmatically by a suitable computer controller.
[6156] In another scenario, adjusting a height of pedestal 208 may allow a plasma density to be
varied during plasma activation and/or treatment cycles included in the deposition process. Atthe
conclusion of the deposition process phase, pedestal 208 may be lowered during another substrate
transfer phase to allow removal of substrate 212 from pedestal 208,
161877 While the example microvolume variations described herein refer to a height-adjustable
pedestal, it will be appreciated that, in some embodiments, a position of showerhead 206 may be
adjusted relative to pedestal 208 to vary a volume of microvolume 207, Further, it will be
appreciated that a vertical position of pedestal 208 and/or showerhead 206 may be varied by any

suitable mechanism within the scope of the present disclosure. In some embodiments, pedestal
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208 may include a rotational axis for rotating an orientation of substrate 212. It will be appreciated
that, in some embodiments, one or more of these example adjustments may be performed
programmatically by one or more suitable computer controllers.
[6158] Returning to the embodiment shown in FIG. 2, showerhead 206 and pedestal 208
electrically communicate with RF power supply 214 and matching network 216 for powering a
plasma. In some embodiments, the plasma energy may be controlled by controlling one or more
of a process station pressure, a gas concentration, an RF source power, an RF source frequency,
and a plasma power pulse timing. For example, RF power supply 214 and matching network 216
may be operated at any suitable power to form a plasma having a desired composition of radical
species. Examples of suitable powers are included above. Likewise, RF power supply 214 may
provide RF power of any suitable frequency. In some embodiments, RF power supply 214 may
be configured to control high- and low-frequency RF power sources independently of one another,
Example low-frequency RF frequencies may include, but are not Himited to, frequencies between
50 kiHz and 200 kHez. Example high-frequency RF frequencies may include, but are not lirnited
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 may be intermiitently pulsed to reduce ion
bombardment with the substrate surface relative to continuously powered plasmas.
181591 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 {&.g., VI probes). In ancther scenario, plasma density and/or process gas concentration
may be measured by one or more optical emission spectroscopy sensors {(OES).  In some
embodiments, one or more plasma parameters may be programmatically adjusted based on
measurements from such in-situ plasma monitors. For example, an OES sensor may beused ina
feedback loop for providing programmatic control of plasma power. It will be appreciated that, in
some embodiments, other monitors may be used to monitor the plasma and other process
charactenistics. Such mounttors may include, but are not limited to, nfrared (JR) monitors, acoustic
monitors, and pressure transducers.
[8160] In some embodiments, the plasma may be controlled via input/output control (IGC)
sequencing instructions. 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 arranged, so

that all instructions for a deposition process phase are executed concurrently with that process
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phase. In some embodiments, instructions for setting one or more plasma parameters may be
included in a recipe phase preceding a plasma process phase. For example, a first recipe phase
may include instructions for setiing a flow rate of an inert and/or a reactant gas, instructions for
setting a plasma generator to a power set peoint, and time delay instructions for the first recipe
phase. A second, subsequent recipe phase may include 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 time 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.

{81611  In some deposition processes, plasma strikes last on the order of 3 few seconds or more
in duration. In certain implementations, much shorter plasma strikes may be used. These may be
on the order of 10 ms to 1 second, typically, about 20 o 80 ms, with 50 ms being a specific
example. Such very short RF plasma strikes require extremely quick stabilization of the plasma.
To accomplish this, the plasma generator may be configured such that the impedance match is set
preset to a particular voltage, while the frequency is allowed to float. Conventionally, high-
frequency plasmas are generated at an RF frequency at about 13.56 MHz. Invarious embodiments
disclosed herein, the frequency is allowed to float to a value that is different from this standard
value. By permitting the frequency to tloat while fixing the impedance match to a predetermined
voitage, the plasma can stabilize much more quickly, a result which may be important when using
the very short plasma strikes assoctated with some types of deposition cycles.

[6162] In some embodiments, pedestal 208 may be temperature controlled via heater 210
Further, in some embodiments, pressure control for deposition process station 200 may be
provided by butterfly valve 218 As shown in the embodiment of FIG. 2, butterfly valve 218
throttles & vacuum provided by a downstream vacuum pump {(not shown}. However, in some
embodiments, pressure control of process station 200 may also be adjusted by varving a flow rate
of one or more gases introduced to process station 200.

181631 FIG. 3 shows a schematic view of an embodiment of a multi-station processing tool 300
with an inbound load lock 302 and an outbound load lock 304, either or both of which may
comprise a remote plasma source. A robot 306, at atmospheric pressure, is configured to move
wafers from a cassette loaded through a pod 308 into inbound load lock 302 via an atmospheric
port 310, A wafer is placed by the robot 306 on a pedestal 312 in the inbound load lock 302, the
atmospheric post 310 is closed, and the load lock is pumped down. Where the inbound load lock

302 comprises a remote plasma source, the water may be exposed to a remote plasma treatment in
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the load lock prior to being introduced into a processing chamber 314. Further, the wafer also may
be heated in the inbound load lock 302 as well, for example, to remove moisture and adsorbed
gases. Next, a chamber transport port 316 to processing chamber 314 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 ersbodirent depicted 1in FIG. 3 includes load locks, it will be appreciated
that, in some embodiments, direct entry of a wafer into a process station may be provided.
18164} The depicted processing chamber 314 comprises four process stations, numbered from 1
to 4 in the embodiment shown in FIG. 3. Fach station has a heated pedestal (shown at 318 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 314 comprises
four stations, it will be understood that a processing chamber according to the present disclosure
may have auny suitable pumber 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.
181651 FIG. 3 also depicts an embodiment of a wafer handling system 390 for transferring wafers
within processing chamber 314, In some embodiments, wafer handling system 390 may transfer
wafers between various process stations and/or between a process station and a foad lock. It will
be appreciated that any suitable wafer handling system may be employed. Non-limiting examples
include water carousels and wafer handling robots. FIG. 3 also depicts an embodiment of a system
controller 350 employed to control process conditions and hardware states of process tool 300,
System coniroller 350 may include one or more memory devices 356, one or more mass storage
devices 354, and one or more processors 352, Processor 352 may include a CPU or computer,
avalog and/or digital input/output connections, stepper motor controller boards, eic.
18166} In some embodiments, system controlier 350 controls all of the activities of process tool
300. System controller 350 executes system control software 358 stored in mass storage device
354, loaded into memory device 356, and executed on processor 352. System control software 358
may include instructions for controlling the timing, mixture of gases, chamber and/or station
pressure, chamber and/or station temperature, purge conditions and timing, wafer temperature, RF
power levels, RF frequencies, substrate, pedestal, chuck and/or susceptor position, and other
parameters of a particular process performed by process toot 300, System control software 358
may be configured in any suitable way. For example, various process tool component subroutines
or control objects may be written o control operation of the process tool components necessary 1o

carry out various process tool processes in accordance with the disclosed methods. System control
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software 358 may be coded in any suitable computer readable programming language.
18167} In some embodiments, system control software 358 may include input/output control
(0C) sequencing instructions for controlling the various parameters described above. For
example, each phase of a PEALD process may include one or more instructions for execution by
system countroller 350. The instructions for setting process conditions for a PEALD process phase
may be included in a corresponding PEALD recipe phase. In some embodiments, the PEALD
recipe phases may be sequentially arranged, so that all instructions for a PEALD process phase are
executed concurrently with that process phase.
[8168] Other computer software and/or programs stored on mass storage device 354 and/or
memory device 356 associated with system conirolier 350 may be employed in some
embodiments. Examples of programs or sections of programs for this purpose include a substrate
positioning program, a process gas countrol program, a pressure control program, a heater control
program, and a plasma control program.
{81691 A subsirate positioning program may include program code for process tool components
that are used to load the substrate onto pedestal 318 and to control the spacing between the
substrate and other parts of process tool 300
[0178] A process gas control program may include code for controlling gas composition and
flow rates and optionally for flowing gas into one or more process stations prior to deposition in
order to stabilize 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
conirol program may include code for controlling the pressure in the process station by regulating,
for exaraple, a throttle valve in the exhaust syster of the process station, a gas flow into the process
station, ete. The pressure conirol program may include code for maintaining the pressure in the
process station within any of the disclosed pressure ranges.
[0171] A heater control program may include code for controlling the current to a heating unit
that is used to heat the substrate. Alternatively, the heater control program may control delivery of
a heat transter gas {such as helium) to the substrate. The heater control program may nclude
instructions o mainiain the temperature of the substrate within any of the disclosed ranges.
181721 A plasma control program may include code for setting RF power levels and frequencies
applied to the process electrodes in one or more process siations, for example using any of the RF
power levels disclosed herein. The plasma control programn may alse include code for controlling
the duration of each plasma exposure.

{81731 In some embodiments, there may be a user interface associated with system controller
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350. 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, keyboards, touch
screens, microphones, etc.
[¢6174] In some embodiments, parameters adjusted by system controller 350 may relate to
process conditions. Non-limiting examples include process gas composition and flow rates,
temperature, pressure, plasma conditions {such as RF power levels, frequency, and exposure time),
etc. These parameters may be provided to the user in the form of a recipe, which may be entered
utilizing the user itnterface.
[8175] Signals for monitoring the process may be provided by analog and/or digital input
connections of system controller 350 from various process fool sensors. The signals for controlling
the process may be output on the analog and digital output connections of process tool 300, Non-
hmiting examples of process tool sensors that ay be monitored include mass flow conirollers,
pressure sensors (such as manometers), thermocouples, etc. Appropriately programmed feedback
and control algorithms may be used with data from these sensors to maintain process conditions.
18176} Any suitable chamber may be used to implement the disclosed embodiments. Example
deposition apparatuses include, but are vot lirvited to, apparatus from the ALTUS® product
family, the VECTOR® product family, and/or the SPEED® product family, each available from
Lam Research Corp., of Fremont, California, or any of a variety of other commercially available
processing systems. Two or more of the siations may perform the same functions. Similarly, two
or more stations may perform different functions. Each station can be designed/configured to
perform a particular function/method as desired.
(0177} Figure 4 is a block diagram of a processing svstem suitable for conducting thin film
deposition processes in accordance with cerfain embodiments. The system 400 includes a transfer
moduie 403, The transfer module 403 provides a clean, pressurized environment to minimize risk
of contamination of substrates being processed as they are moved between various reactor
modules. Mounted on the transfer module 403 are two muiti-station reactors 409 and 410, each
capable of performing atomic layer deposition (ALD) and/or chemical vapor deposition (CVD)
according to certain embodiments. Reactors 409 and 410 may include multiple stations 411, 413,
415, and 417 that may sequentially or non-sequentially perform operations in accordance with
disclosed embodiments. The stations may include a heated pedestal or substrate support, one or
more gas inlets or showerhead or dispersion plate.
181781  Also mounted on the transfer module 403 may be one or more single or multi-station

modules 407 capable of performing plasma or chemical (non-plasma) pre-cleans, or any cther
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processes described in relation to the disclosed methods. The module 407 may in some cases be
used for various treatments to, for example, prepare a substrate for a deposition process. The
maodule 407 may also be designed/configured to perform various other processes such as etching
or polishing. The system 400 also includes one or more wafer source modules 401, where wafers
are stored before and after processing.  An atmospheric robot {not shown} in the atmosphernic
transfer chamber 419 may first remove wafers from the source modules 401 to loadlocks 421, A
water transter device {generally a robot arm unit} in the transfer module 403 moves the wafers
from loadlocks 421 to and among the modules mounted on the transfer module 403

(8179} In various embodiments, a system controller 429 is employed to control process
conditions during deposition.  The controller 429 will typically include one or more memory
devices and one or more processors. A processor may include a CPU or computer, analog and/or
digital input/output counections, stepper motor controtler boards, ete.

[6180] The controller 429 may contrel all of the activities of the deposition apparatus. The
system controller 429 executes system control software, including sets of instructions for
controlling the timing, mixture of gases, chamber pressure, chamber temperature, wafer
temperatare, radio frequency (RF) power levels, wafer chuck or pedestal position, and other
parameters of a particular process. Other computer programs stored on memory devices associated
with the controller 429 may be eraployed in some embodiments.

{0181} Typically there will be a user interface asscciated with the controller 429 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, keyboards, touch screens,
microphones, etc.

10182} System control logic ray be configured in any suitable way. In general, the logic canbe
designed or configured in hardware and/or software. The instructions for controlling the drive
circuitry may be hard coded or provided as software. The instructions may be provided by
“programming.” Such programming is understood to include logic of any form, including hard
coded logic in digital signal processors, application-specific integrated circuits, and other devices
which have specific algorithms implemented as hardware. Programming is also understood to
include software or firmware instructions that may be executed on a general purpose processor.
System control software may be coded in any suitable computer readable programming language.
[6183} The computer program code for controlling the germanium-containing reducing agent
puises, hydrogen flow, and tungsten-containing precursor pulses, and other processes in a process

sequence can be written in any conventional computer readable programming language: for
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example, assembly language, C, C++, Pascal, Fortran, or others. Compiled object code or script
is executed by the processor to perform the tasks identitied in the program. Also as indicated, the
program code may be hard coded.

[¢184] The controller parameters relate to process conditions, such as, for example, process gas
composition and flow rates, temperature, pressure, cooling gas pressure, substrate temperature,
and chamber wall temperature. These parameters are provided to the user in the form of a recipe,
and may be entered utilizing the user interface. Signals for monitoring the process may be
provided by analog and/or digital input connections of the system controller 429, The signals for
controlling the process are output on the analog and digital output connections of the deposition
apparatus 400

[6185] The system software may be designed or configured in many different ways. For
exarople, various chamber compouent subroutines or control objects may be wriiten to control
operation of the chamber components necessary to carry out the deposition processes {and other
processes, in some cases) in accordance with the disclosed embodiments. Examples of programs
or sections of programs for this purpose include substrate pesitioning code, process gas control
code, pressure control code, and heater control code.

[0186] In some implementations, a controller 429 {s part of a system, which may be part of the
above-described examples.  Such systems can include 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 gystem, etc.). These systems
may be integrated with electronics for conirolling their operation before, during, and after
processing of a semiconductor wafer or substrate. The electronics may be referred to as the
“controller,” which may control various components or subparts of the system or systemns. The
controlier 429, depending on the processing requirements and/or the type of system, may be
programmed to control any of the processes disclosed herein, including the delivery of processing
gases, temperature settings (e.g., heating and/or cooling), pressure settings, vacuum settings,
power settings, radio frequency (RF) generator setiings in sowe systems, RF matching circuit
settings, frequency settings, flow rate settings, fluid delivery settings, positional and operation
settings, wafer transfers into and out of a tool and other transfer tools and/or foad locks connected
to or interfaced with a specific system.

[6187} Broadly speaking, the controller 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
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circuits may include chips in the form of firmware that store program instructions, digital signal
processors (D5Ps), chips defined as application specific integrated circuits {ASICs), and/or one or
more microprocessors, or microcontrotiers that execute program instructions (e.g., software).
Program instructions may be instructions communicated to the controller in the form of various
wndividual settings {or program files), defining operational parameters for carrying out a particular
process on or for a semiconductor wafer or o a system. 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,
sificon dioxide, surfaces, circuits, and/or dies of a wafer.

18188} The conirolier, in some implementations, may be a part of or coupled 1o a computer that
is integrated with, coupled to the system, otherwise networked to the system, or a combination
thereof. For example, the controller way be v the “cloud” or all ot a part of a fab host computer
system, which can allow for remote access of the water processing. The computer may enable
remote access o 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
fabrication operations, to change parameters of current processing, to set processing steps to follow
a current processing, ot 10 start a new process. In some examples, a remote computer {e.g. a server)
can provide process recipes to a system over a network, which may include a local network or the
internet. The remote computer may include a user interface that enables entry or programming of
parameters and/or settings, which are then communicated to the system from the remote computer.
In some exampies, the controller receives instructicns 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 to the type of process to 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. Ao exaropie of a distributed controfler 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.

[8189] Without limitation, example systems may include a plasma etch chamber or module, a
deposition chamber or module, a spin-rinse chamber or module, a metal plating chamber or

module, a clean chamber or module, a bevel edge etch chamber or module, a physical vapor
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deposition (PVI) chamber or module, a chemical vapor deposition ({CVE) chamber or module, an
atomic layer deposition {ALD) chamber or module, an atomic layer etch {(ALE) chamber or
module, an ion 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 wafers.

[8196] As noted above, depending on the process step or steps to be performed by the todl, the
controlier might communicate with one or more of other tool circuits or modules, other tool
components, cluster tools, other tool interfaces, adjacent tools, neighboring tools, tools located
throughout a factory, a main computer, ancther controller, or tools used in material transport that
bring countainers of wafers to and from tool locations and/or Ioad ports in a semiconductor

manufacturing factory.
BEXPERIMENTAL

EXPERIMENT 1
[6191] Siress and wet etch rate was measured for a film deposited by iniroducing a deposition
precursor thermally, introducing a reactant with plasma, and introducing the deposition precursor
without a plasma while some plasma from the prior operation remained o the chamber. Stress
was plotied against RF power. Results in Figures 5A and 5B suggest that stress can be tuned while

maintaining wet etch rate using RF power, RF time, and other process conditions.

EXPERIMENT 2
[0192] An experiment involved depositing a film by pyrolysis, measuring the thickness of the
film deposited, then exposing the pyrolyzed film to in-situ plasma oxidation and measuring the
thickness of the film after in-situ plasma oxidation. The resulis are shown in Table 1.

Table 1. Volume Expansion of Silicon Oxide Films after Oxidation Plasma

33 AL 21.3%

3.06 4.05 32.4%

at50% 314 391 24.3%
_____________ L - o 20370

4,40 19.9%

EXPERIMENT 3
181931 A silicon oxide film was deposited by pyrolysis using certain disclosed embodiments

{e.g., 4 overall cycles of performing (1) 47 cycles of pyrolysis and purge, and (2) performing in~
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situ oxidation plasma). The FTIR is shown in Figure 6, showing that the film having undergone
in-situ oxidation plasma treatment resulted in increased Si-C bonds, reduced Si-H bonds, and

saturated N-H2 and N-H bounds at low oxidation time.

ExesriMent 4
[6194] Four layers of silicon oxide were deposited using pyrolysis on a semiconductor substrate
in accordance with certain disclosed embodiments. Prior to oxidation, the film had a thickness of
about 22 nm. Following an oxidation performed using a plasma-free in situ mixture of hydrogen
and oxygen gas at a temperature of about 650°C, the pyrolytic film expanded to a thickness of
about 33 nm.  These results suggested the volumizing ability of using certain disclosed

embodiments which can be useful for sealing seams in high aspect ratio features.

EXPERIMENT §
10188} An  experiment was conducted for depositing films by pyrolysis  using
ditsopropyiaminosilane (InPAS) as a deposition precursor and using no additive plasma, an
additive plasma generated from only argon, an additive plasma generated from a mixture of argon
and hydrogen, and an additive plasma generated from a mixture of argon and ammonia. The XPS
results for the film deposited using each of these process conditions is provided 1o Table 2.

Table 2. XPS Results for Various Silicon-Containing Films

XPS results
Precursor Plasma Plasma Si C N G
Gas time
DiPAS No plasma 43.8 26.8 150 9.4
IHPAS Ar 1000W/1s 4273 1.1 49 4 71
DiPAS Ar/Hp 1000W/1s 421 0.7 50.1 7.1
DiBAS Ar/NH3 1000W/1s 431 0 497 7.2

DEFINITIONS AND PRECURSORS

DEFONITIONS
[8896] The term “acyl” or “alkanoyl,” as used interchangeably herein, represents groups of 1,
2,3, 4,5, 6,7, 8 or more cathon atoms of a straight, branched, cyclic configuration, saturated,
unsaturated and aromatic, and combinations thereof, or hydrogen, attached to the parent molecular
group through a carbonyl group, as defined herein. This group 18 exemplified by formy! (<C{OH),
acetyl {Ac or -C{O)Me), propionyi, iscbutyryi, butanoyi, and the like. in some embodiments, the

acy! or alkanoy! group is -C(O}-R, in which R is hydrogen, an aliphatic group, or an aromatic
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group, as defined herein.
185971 By “alkanovioxy” is meant an alkanoy! group, as defined herein, attached to the parent
molecular group through an oxy group, as defined herein. This group is exemplified by acetoxy
(-OAc or -OC(O)Me). In some embodiments, the alkanoyloxy group is -OC{O}-R, in which R is
hydrogen, an aliphatic group, or an aromatic group, as defined herein,
[8198] By “aliphatic” is meant a hydrocarbon group having at least one carbon atom to 50 carbon
atorns {Ci.s0), such as one to 25 carbon atoms {Ci25), or one to ten carbon atoms (Cr 10}, and which
includes alkanes {or alkyl), alkenes {or alkenyl}, atkynes {or alkynyl), including cyclic versions
thereof, and further including straight- and branched-chain arrangements, and all stereo and
position isomers as well. An aliphatic group is 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
[6199] By “aliphatic-carbonyl” 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 carbonyl
group (-C{}-). In some embodiments, the aliphatic-carbonyl group is -C{O)-R, in which Ris an
optionaily substituted aliphatic group, as defined herein.
[8268] By “aliphatic-carbonyloxy” is meant an aliphatic group that is or can be coupled 0 a
compound disclosed herein, wherein the aliphatic group is or becomes coupled through a
carbonyloxy group ((OC(O)-). In some embodiments, the aliphatic-carbonyloxy group is -OC{0)-
R, in which R is an optionally substituted aliphatic group, as defined herein.
[62068] By “aliphatic-oxy” 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 oxy group (-C(O)-
3. Io some embodiments, the aliphbatic-oxy group is -O-R, 1o which R is an optionally substituted
aliphatic group, as defined herein.
[6262] By “aliphatic-oxycarbony!” 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
oxycarbonyl group (<C{0)0-). In some embodiments, the aliphatic-oxycarbonyl group is -C{(O)3-
R, in which R is an optionally substituted aliphatic group, as defined herein,
1826317 By “alkyl-aryl,” “alkenyl-aryl” and “alkynyl-aryl” is meant an alkyl, alkenyl, or alkynyl
group, respectively and as defined herein, that is or can be coupled (or attached) to the parent
molecular group through an aryl group, as defined herein. The alkyl-aryl, alkenyl-aryl, and/or
atkvoyl-aryl group can be substituted or unsubstituted. For example, the alkyl-aryl, alkenyl-aryi,

and/or alkynyl-aryl group can be substituted with one or more substitution groups, as described
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herein for alkyl and/or aryl. Exemplary unsubstituted alkyi-aryl groups are of from 7 to 16 carbons
(Cr-1s alkyl-aryl}, as well as those having an alky! group with 1 to ¢ carbons and an aryl group with
4 to 18 carbons (i.e.. Cie alkyl-Caas arvl). Exemplary unsubstituted alkenyl-aryl groups are of
from 7 to 16 carbons {Cr.15 alkenyl-aryl), as well as those having an alkeny! group with 2 t0 6
cathons and an aryl group with 4 to 18 carbons (e, Cos alkenyl-Caae aryl). Exemplary
unsubstituted alkynyl-aryl groups are of from 7 to 16 carbons {Cr.s alkynyl-aryl), as well as those
having an alkynyl group with 2 to 6 carbons and an aryl group with 4 to 18 carbons {(i.e., Cis
alkynyl-Caag aryl}. In some embodiments, the alkyl-aryt group is -L-R, in which L is an ary] group
or an arylene group, as defined herein, and R is an alkyl group, as defined herein. In some
embodiments, the alkenyl-aryl group is -L-R, in which L is an aryl group or an arylene group, as
defined herein, and R is an alkenyl group, as defined herein. In some embodiments, the alkynyl-
aryl group is ~L-R, wn which L is an aryl group or an arvlene group, as defined herein, and R is av
alkynyl group, as defined herein.

10204} By “alkeny!” is meant an unsaturated mouovalent hydrocarbon having at least two carbon
atom to 30 carbon atoms {Ca-s0}, such as two to 25 carbon atoms {Cz.25), or two to ten carbon atoms
{Ca10), 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 alkenyl group can be branched, straight-chain, cyclic {e.g., cycloalkenyl), ¢is, or trans
{e.g, EorZ) Anexemplary alkenyl includes an optionally substituted Cza4 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 parent molecular group and another 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 alkyl. Non-limiting
alkenyl groups include ally] (A, vinyl (V1), 1-butenyl, 2-butenyl, and the like.

[62065] By “alkoxy” is meant -OR, where R is an optionally substituted aliphatic group, as
described berein. Exemplary alkoxy groups include, but are not livoited to, methoxy, ethoxy, n-
propoxy, isopropoxy, n-butoxy, t-butoxy, sec-butoxy, n-pentoxy, irihaloalkoxy, such as
trifluoromethoxy, ete. The alkoxy group can be substituted or unsubstituted. For exarple, the
alkoxy group can be substituted with one or more substitution groups, as described herein for alkyl.
Exemplary unsubstituted alkoxy groups include Cis, Crs, Ciaz, Cias, Cias, Crag, or Cros alkoxy
groups.

102061 By “alkoxyalky!” is meant an alkyl group, as defined herein, which is substituted with
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an atkoxy group, as defined herein. Exemplary unsubstituted alkoxyalky! groups include between
2 to 12 carbons {Ca.12 atkoxyalkyl), as well as those having an alkyl group with 1 to 6 carbons and
an alkoxy group with 1 to 6 carbons (i.e., Cis alkoxy-Cis alkyl). In some embodiments, the
alkoxyalkyl group is -L-O-R, in which each of L and R is, independently, an atkyl group, as defined
herein.

18207 By “alkoxycarbony!l” is meant -C{O}-OR, where R is an optionally substituted aliphatic
group, as described herein.  In particular embodiments, the alkoxycarbonyl group is -C{0)-0AKk,
in which Ak is an alkyl group, as defined herein. The alkoxycarbony! group can be substituted or
unsubstituted. For example, the alkoxycarbonyl group can be substituted with one or more
substitution groups, as described herein for alkyl. Exemplary unsubstituted alkoxycarbonyl groups
include Caa, Cas, C29, Caaz, Caas, Caure, Cauo, or Cra4 alkoxycarbonyl groups.

[8268] By “allyl” is meant a saturated monovalent hydrocarbon having at least one carbon atom
to 50 carbon atoms (Crse), such as one to 25 carbon atoms (Cias), or one to ten carbon atoms (Ci.
10}, wherein the saturated monovalent hydrocarbon caun 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 eyclic {e.g., cycloalkyl). An exemplary alkyl includes a branched or unbranched
saturated hydrocarbon group of 1 to 24 carbon atoms, such as methyl {(Me), ethvl (Et), n-propyl
{nPr), iso-propy! (Pr), n-buty! (nBu), iso-butyl (iBu), sec-butyl (sBu), tert-butyl (1Bu}, pentyl (Pe),
n-pentyl (nPe), isopentyl (iPe), s-pentyl (sPe), neopentyl {necPe)}, tert-pentyl (tPe), hexyl (Hx),
heptyl (Hp), octyl {Gc), nonyl (Nn}, decyl (De), dodecyl, tetradecyl, hexadecyl, eicosyl, tetracosyl,
and the like. The alkyl group can also be substituted or unsubstituted. 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 alkyl group can be substituted with one, two,
three or, in the case of alkyl groups of two carbons or more, four substituents independently
selected from the group consisting of: (1) Cis alkoxy (e.g., -O-R, in which R is Cis altkyl); (2) C1.
o alkylsulfinyl (e.g, -S{0)-R, in which R is Cis alkyly, (3) Cis alkylsulfonyl {eg., ~SO2-R, in
which R is Cr alkyl); (4) amino (e.g., -NR'R?, 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 to which
cach are attached, can form a heterocyelyl group, as defined herein); (8) aryl; (6) arviatkoxy (e g.,
-O-L-R, in which L is alkyl and R is aryly; (7) arviovi (e.g., -C(O)R, in which R is aryi); (8) azide
{e.g., -N3); (9) cyano {e.g., -CN); (10} aldehyde (e.g, -C(O)H); (11) Cs.s cycloalkyl, (12) halg;
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{13) heterocyclyl (e .g., as defined herein, such as a 5-, 6~ or 7-membered ring containing one, two,
three, or four non-carbon hetercatoms), {14} heterocyclyloxy {e.g, -O-R, in which R is
heterocyclyl, as defined herein); (15) heterocyclyloyl (e.g., -C{O)-R, in which R is heterocyclyl,
as defined herein}; (16) hydroxyl (e.g., -OH)}; (17} N-protected amino; (18) nitro (e.g., -NO2); (19}
oxo (eg, =0}, (20) Cis thioalkyl {e.g., -S-R, in which R is alkyly, (21) thiol {e.g, -SH);
(22) -CO2R', where R’ is selected from the group consisting of (a) hydrogen, (b) Ci¢ alkyl, (¢} Cs.
18 aryl, and (d) Cas aryl-Cre alkyl (e.g, -L-R, in which L is Ci alkyl and R is Caix aryly;
{(23) -C{OYNRR?, where each of R! and R? is, independently, selected from the group consisting
of (a) hydrogen, (b} Ci.s alkyl, {¢) Caus aryl, and {d) Ca.15 aryl-Cie alkyl (e.g., -L-R, in which L i3
Cis alkyl and R is Caas aryl); (24) -S8O:RY, where R’ is selected from the group consisting of (a)
Cis alkyl, (b) Caas aryl, and (¢} Caus aryl-Cis alkyl {e.g, -L-R, in which L is Ci alkyl and R is
Caag aryl); (25) -SO2NRIR?, where each of R* and R? is, independently, selected from the group
consisting of (a} hydrogen, (b) Ciw alkyl, (¢} Caz aryl, and (d) Caz aryl-Cie alkyl {e.g., -L-R, in
which L is Cre alkyl and R is Ciag aryl), and (26) -NR'R?, where each of R! and R? is,
independently, selected from the group consisting of (3} hydrogen, (b} an N-protecting group, (¢}
Cie alkyl, (d) Cow alkenyl, (e} Cos alkynyl, () Caas aryl, (g} Csas aryl-Cro alkyl (e.g., -L-R, 10
which L is Crs alkyl and R i3 Ca.as arvl), (h) Cas cycloalkyl, and (i) Cs-e cycloalkyl-Crs alkyl (e.g.,
-L-R, in which L 1s Cis alkyl and R is Cys eycloalkyl), wherein in one embodiment no two groups
are bound to the nitrogen atom through a carbonyl group or a sulfonyl group. The alkvi group can
be a primary, secondary, 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 Cis, Cis, Croiz,
Ciuis, Cras, Ciao, or Cras alkyl group.

10209} By “alkviene,” “alkevnylene,” or “alkynylene” is meant a multivalent (e.g., bivalent) form
of an alkyi, alkenyl, or alkynyl group, respectively, as described herein. Exemplary atkylene
groups include methylene, ethylene, propylene, butylene, etc. In some embodiments, the alkylene
group is a Ci13, Cre, Craz, Cras, Cras, Crao, Craa, Cra, Crs, Cotz, Cauts, Cras, Coao, or Cras
alkvlene group. In other embodiments, the alkylene group 1s a Cas, Cz6, C212, Caui6, Cao18, Ca20,
or Cza4 alkenvlene or alkynylene group. The alkylene, alkenylene, or alkynylene group can be
branched or unbranched. The alkylene, alkenylene, or atkynylene group can also be substituted or
ansubstituted. For example, the alkylene, alkenylene, or alkyanylene group can be substituted with
one or more substitution groups, as described herein for alkyl.

1921867 By “alkvisulfiny!” is meant an alkyl group, as defined herein, attached to the parent

molecular group through an -8(0)- group. In some embodiments, the unsubstituted atkylisulfinyl
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group is a Cis or Cr.12 alkylsulfinyl group. In other embodiments, the alkylsulfinyl group is -S8{0)-
R, in which R is an alky! group, as defined herein.

(0211} By “alkylsulfinylalkyl” is reant an alkyl group, as defined herein, substituted by an
alkyisulfinyl group. In some embodiments, the unsubstituted alkylsulfinyialkyl groupisa Cran or
Ca24 alkyisulfinylalkyl group (e.g., Cre alkyisulfinyi-Cis alkyl or Ciaz alkyloulfioyi-Cra alkyl).,
in other embodiments, the alkylsulfinylaltkyl group is -L-8(0})-R, in which each of L and R is,
independently, an alky! group, as detined herein.

[0212] By “alkyisulfonyl” is meant an alkyl group, as defined herein, attached to the parent
molecular group through an -SOr- group. In some embodiments, the unsubstituted alkylsulfonyl
group is a Cis or {1z alkylsulfonvl group. In other embodiments, the alkvisutfonyi group is -SO2-
R, where R is an optionally substituted alkyl (e.g., as described herein, including optionally
substituted Ci12 alkyl, haloalkyl, or perfluoroalkyl).

[6213] By “alkyisulfonylalkyl” is meant an alkyl group, as defined herein, substituted by an
alkvisutfony! group. In some embodiments, the unsubstituted alkylsulfonylalkyl group is a Coz
or Cras alkylsuifonylalkyl group (e.g., Cis alkylsulfonyl-Cis alkyl or Cran alkylsulfonyl-Cin2
alkyly. In other embodiments, the alkylsulfonylaliyl group s -L-802-R, in which each of L and
R is, independently, an alkyl group, as defined herein.

(9214} By “alkynyl” is meant an unsaturated monovalent hydrocarbon having at least two
carbon atom to 50 carbon atoms {Cz.s0), such as two t0 25 carbon atoms (C2.25), of two to ten
carbon atoms (Ca.i0), and at least one carbon-carbon triple bond, wherein the unsaturated
monovalent 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 cyclic (e.g,
cycloalkynyl). An exemplary alkynyl includes an optionally substituted Caza alkyl group having
one or more triple bonds. The alkyny! group can be cyclic or acyclic and is exemplified by ethynyl,
1-propynyl, and the like. The alkyoyl 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. The alkynvl
group can also be substituted or unsubstituted. For example, the alkynyl group can be substituted
with one or more substitution groups, as described herein for alkyl.

[0215] By “ambient temperature” is meant 2 femperature ranging from 16°C to 26°C, such as
from 19°C to 25°C or from 20°C to 25°C.

[0216] By “amide” is mean -C{ONRIR® or -NHCOR!, where each of R! and R? is,

independently, selected from hydrogen, aliphatic, hetercaliphatic, aromatic, as defined herein, or
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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.
[0217] By “amine” is meant -NR'R?, where each of 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 R" and R?,
taken together with the nitrogen ator to which each are attached, can form a heterocyclyl group,
as defined herein. In particular embodiments, each of R and R? is, independently, H, optionally
substituted atkyl, optionally substituted alkoxy, optionally substituted aryl, optionally substituted
aryloxy, optionally substituted alkyl-aryl, optionally substituted aryl-alkyl, optionally substituted
silyl, or optionally substituted silyloxy. In particular embodiments, R' and R? can be taken
together, with the nitrogen atow to which each is attached, to forrmn an opticvally substituted
heterocyclyl.
{0218} By “aminoalkyl” is meant an alkyl group, as defined herein, substituted by an amino
group, as defined herein. In some embodiments, the aminoalky! 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 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 heterocyelyl group,
as defined herein. In other embodiments, the aminoalky! group is -L-CONR'R*}R)-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, betercaliphatic, 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 heterocyclyl group, as defined herein; and each of R” and R* is, independently,
H or alkyl, as defined herein.
[0219] By “aminooxy” is weant an oxy group, as defined berein, 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 substituted aromatic, optionally substituted heteroaromatic,
optionaily substituted silvl, 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 heterocyclyl group, as defined herein. In particular embodiments, each of R
and R? is, independently, H, optionally substituted alkyl, optionally substituted alkoxy, optionally

substituted aryl, optionally substituted aryloxy, optionally substituted alkyl-aryl, optionally
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substituted aryl-alkyl, optionally substituted silyl, or optionally substituted silyloxy.
18228f By “aromatic” is meant a cyclic, conjugated group or moiety of, unless specified
otherwise, from 5 to 15 ring atoms having a single rivg {e.g., phenyl) or multiple condensed rings
in which at least one ring is aromatic {e.g., naphthyl, indolyl, or pyrazolopyridinyl); that is, at least
one ring, and optionally multiple condensed rings, have a continuous, delocalized n-electron
system. Typically, the number of out of plane n-electrons corresponds to the Huckel rule (4n+2}.
The point of attachment to the parent structure typically is through an aromatic portion of the
condensed ring system. An aromatic group is unsubstituted or substituted, e.g., by a functional
group described herein. For example, the aromatic group can be substituted with one or more
substitution groups, as described herein for alkyl and/or arvl.
(62211 By “aromatic-carbonyl” is meant an aromatic group that is or can be coupled to a
compound disclosed herein, wherein the aromatic group is or becomes coupled through a carbonyl
group (-C{O)-). In some embodiments, the aromatic-carbonyl group is <C{O}-R, in which R is an
optiovally substituted aromatic group, as defined herein.
182221 By “aromatic-carbonyloxy” is meant an aromatic group that is or can be coupled to a
compound disclosed herein, wherein the aromatic group 18 or becomes coupled through a
carbonyloxy group (-OC(0}-). In some embodiments, the aromatic-carbonyloxy group is -OC(O)-
R, in which R is an optionally substituted aromatic group, as defined herein.
182231 By “aromatic-oxy” is 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 (-G-).
In some embodiments, the aromatic-oxy group s ~G-R, in which R is an optionally substituted
aromatic group, as defined herein.
(8224} By “aromatic-oxycarbonyl” is meant an aromatic group that is or can be coupled fo a
compound disclosed herein, wherein the aromatic group is or becomes coupled through an
oxycarbonyl group (-C{0)Y0-). In some embodiments, the aromatic-carbonyl group is -C{OYO-R,
in which R is an optionally substituted aromatic group, as defined herein.
192251 By “aryl” is meant an aromatic carbocyelic group comprising at least five carbon atorus
to 15 carbon atoms (Usas), such as five to ten carbon atoms (Cs.e}, having a single ring or multiple
condensed rings, which condensed rings can or may not be aromatic provided that the potat of
attachment to a remaining position of the compounds disclosed herein is through an atom of the
aromatic carbocyclic group. Aryl groups may be substituted with one or more groups other than
hydrogen, such as aliphatic, heteroaliphatic, aromatic, other functional groups, or any combination

thereof. Exemplary aryl groups include, but are not limited to, benzyl naphthalene, phenyl,
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biphenyl, phenoxybenzene, and the like. The term aryi alsc includes heteroaryl, 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 hetercatoms include, but are not limited to, nitrogen,
oxygen, sulfur, and phosphorus. Likewise, the term non-heteroaryl, 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 aryl group can be substituted with one, two,
three, four, or five substituents independently selected from the group consisting of: (1) Cis
alkanoyi (e.g., -C{O}-R, in which R is Cis alkvl); (2) Cie alkyl; (3) Cis alkoxy (e.g., -O-R, in
which R is Cie alkyly, (4) Cis alkoxy-Cis alkyl (e.g., -L-O-R, in which each of L and R is,
independently, Cie alleyl); (5) Cre alkylsultingd (2.2, -S(O)}-R, tn which R is T alkvl), (61 Cis
alkyisulfinyl-Cig alkyl (e.g., -L-8(0}-R, in which each of L and R is, independently, Ci alkyl);
(7} Crs alkylsulfonyl (e.g., ~-SO2-R, in which R is Ci alkyl); (8) Cis alkyisulfonyl-Cre alkyl (e.g.,
-L-802-R, in which each of L and R is, independently, Ci alkyl}; (9) aryl; (10} amino {e.g, -
NR'R?, where each of R' and R? is, independently, selected from hydrogen, aliphatic,
heteroaliphatic, haloaliphatic, halcheteroaliphatic, 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), (11) Cis amincalkyl (eg, -L'-NR'R* or -L%-
CNR'BPHRD-RY, in which LY is Cis alkyl; L? is a covalent bond or Cis alkyl; each of R and R?
is, independently, selected from hydrogen, aliphatic, heteroaliphatic, halealiphatic,
halcheteroaliphatic, 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 Ci6 alkyl); {12} hetercaryl; (13} Caus
atyl-Cre alkyl (e.g., -L-R, in which L is Cis alkyl and R is Caaiz aryl); (14) arvloyl {e.g., -C(O)-R,
in which R is aryl); (15} azido (e.g., -N3}; (16) cyane {e.g., -CN}); {17) Cis azidoalkyl (e g, -L-Ns,
in which L is Ci altkyl); (18) aldehyde (e.g, ~-C{OMH); (19) aldebyde-Cis alkyl {e.g., -L-C{(O}H,
in which L is Ci.e alkyl); {20} Css cycloalkyl; (21) Cas cycloalkyl-Crs alkyl (e.g., -L-R, in which
L is Cre alkyl and R is Cas cycloatkyl); (22) halo; (23) Ci haloalkyl (e.g., -L1-X or -LZ-COOR Y-
R? in which L' is Crs alkyl; L% is a covalent bond or Crs alkyl; X is fluoro, bromo, chloro, or
iodo; and each of R! and R? is, independently, H or Ci.s alkyl); (24) heterocyclyl (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., -O-R, in which R is heterocyclyl, as defined herein);
{26} heterocyclyloy! {e.g., -C{O})-R, in which R is heterocyclyl, as defined herein); (27} hydroxvl
(-OH); (28} Cis hydroxyalkyl (e.g., -L'-OH or -L-C{OHYR)-R?, in which L' is Cis alkyl; L is
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a covalent bond or alkyl; and each of R! and R? is, independently, H or Cis alkyl, as defined
herein); (29) nitro; (30) Cie nitroaikyl (e.g, -LYNO or -L2-C(NOYR')-R?, in which L' is Cis
alkyl; L? is a covalent bond or alkyl; and each of R! and R? is, independently, H or Cis alkyl, as
defined herein); (31) N-protected amino, (32) M-protected amine-Cus alkyl, (33) oxo (e.g., =0},
{34} Cre thicalkyl {e.g., ~-5-R, in which R s Cre alkyl); (35) thio-Cie alkoxy-Cie alkyl {e.g., -1~
S-R, in which each of L and R is, independently, Cis alkyl); (36} -(CH2:CO:RY, where r is an
integer of from zero to four, and R' is selected from the group consisting of (a) hydrogen, (b) Ci
alkyl, {c) Caas aryl, and (d) Caus aryl-Cre alkyl {e.g., -L-R, in which L is Cre alkyl and R is Caas
aryl); (37) (CH2pCONR'R?, where r is an integer of from zero to four and where each R! and R?
is independently selecied from the group consisting of {(a) hydrogen, (b} Ci-s alkyl, {c} Ca-18 aryi,
and {d) Cauz arvl-Cis alkyl (eg., -L-R, in which L is Cic alkyl and R 15 Cagz arvl);
(38) {(CH2}:SOR!, where t is an integer of from zero to four and where R is selected from the
group consisting of (2} Cre alkyl, (b} Cas aryl, and (¢} Cs1s aryl-Cis alkyl (e.g., -L-R, in which
L is Cie alkyl and R is Caats aryh), (39) (CH2LSONRR?, where 1 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} Cie alkyl, (¢} Cate aryl, and (d) Care aryi-Cre alkyl (e.g., -L-R, 1n which L is
Cis alkyl and R is Caas aryl); (40) (CH2xNR'R?, where 1 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}
an N-protecting group, () Cre alkyl, (d) Czs alkenyl, {e) Czs alkynyl, () Cas aryl, {g) Carz aryl-
Cis alkyl {e.g., -L-R, in which L is Ci alkyl and R is Ca.1x aryl), (h) Ci-s cycloalkyl, and (1) Ca
cycloalkyl-Cis alkyl (e.g., -L-R, in which L is C1s alkyl and R is Cs.2 cycloalkyl), wherein 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) perfluoroalky! (e.g., -(CF2).CF3, in which n is an integer from 0
to 10); (43} perfluorcalkoxy (e.g., ~O-(CF:CFs, in which n is an integer from 0 to 10); (44)
aryloxy {e.g, -O-R, in which R is aryl); (45) cycloalkoxy (e.g.. -O-R, in which R is cycloalkyl);
{46} cycloalkylalkoxy (e.g., ~O-L-R, in which L is alky!l and R is cycloalkyi); and (47} arylalkoxy
{e.g., -O-L-R, to which L is alkyl and R is aryl). In particuiar embodiments, an unsubstituted aryl
group is a Caag, Caus, Caonz, Can1o, Caas, Co-14, Co-i2, or Toe10 aryl group.

182261 By “aryl-alkyl” “aryl-alkenyl,” and “aryl-alkynyl” is meant an aryl group, as defined
herein, that is or can be coupled {or attached} to the parent molecular group through an alkvl,
alkenyl, or alkvnyl group, respectively, as defined herein. The aryl-alkyl, arvi-altkenyl, and/or
aryl-altkynyl group can be substituted or unsubstituted. For example, the aryi-alkyl, arvl-alkenyl,

and/or arvl-atkynyl group can be substitited with one or more substitution groups, as described
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herein for aryl and/or alkyl. Exemplary unsubstituted aryl-alkyl groups are of from 7 to 16 carbons
(Cr-1s aryl-alkyl}, as well as those having an aryl group with 4 to 18 carbons and an alkyl group
with 110 6 carbons (i.e., Caas aryl-Cre alkyl}. Exemplary unsubstituted aryl-alkenyl groups are
of from 7 to 16 carbons {Cr.6 aryl-alkenyl), as well as those having an aryl group with 4 to 18
carbous aud an alkenyl group with 2 to 6 carbons (e, Caas aryl-Cas alkenyl). Exemplary
unsubstituted aryi-alkynyl groups are of from 7 to 16 carbons {Cr.s aryl-alkynyl), as well as those
having an aryl group with 4 to 18 carbons and an alkynyl group with 2 to 6 carbons (i.e, Ca.z aryl-
Cr6 alkynyl). In some embodiments, the aryl-atkyl group is -L-R, in which L is an alky] group or
an alkviene group, as defined herein, and R is an aryl group, as defined herein.  In some
embodiments, the aryi-alkenyl group is ~-L-R, in which L is an alkeny!l group or an alkenviene
group, as defined herein, and R is an aryl group, as defined herein. In some embodiments, the
aryl-abloynyl group is -L-R, in which L is an alkynyl group or an alkynylene group, as defined
herein, and R is an aryl group, as defined herein.

(82271 By “aryleng” is meant a multivalent (e.g., bivalent) form of an aryl group, as described
herein. Exemplary arylene groups include phenylene, naphthylene, biphenylene, triphenylene,
diphenyl ether, acenaphthenyiene, anthrylene, or phenanthrylene. In some embodiments, the
arylene group is a Ca-ae, Cana, Caaz, Canro, Couts, Courd, Tserz, or st arylene group. The arylene
group can be branched or unbranched. The arylene group can also be substituted or unsubstituted.
For example, the arylene group can be substituted with one or more substitution groups, as
described herein for aryl.

[6228] By “arylalkoxy” is meant an aryi-alkyl group, as defined herein, attached to the parent
molecular group through an oxygen atom. In some embodiments, the arylalkoxy group is -O-L-
R, in which L is an alkyl group, as defined herein, and R is an aryl group, as defined herein.
182291 By “aryloxy” is meant -OR, where R 15 an optionally substituted aryl group, as described
herein. In some embodiments, an unsubstituted aryloxy group is a Csas or Ce-1 aryloxy group. In
other embodiments, R is an aryl group that is optionally substituted with alkyl, alkanoyl, amino,
hydroxyl, and the like.

10230} By “aryloxycarbonyl” is meant an aryloxy group, as defined herein, that is attached to
the parent molecular group through a carbonyl group. In some embodiments, an unsubstituted
aryloxycarbonyl group is a Usio aryloxycarbonyl group.  In other embodiments, the
aryloxycarbonyl group is -C{O)0O-R, in which R is an aryl group, as defined herein.

18238} By “arviovl” is meant an ary] group that is atiached to the parent molecular group through

a carbonyl group. In some embodiments, an unsubstituted aryloyl group is a Cr. aryloyi or Cs.io
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aryloyl group. In other embodiments, the aryloyl group is ~-C{0}-R, in which R is an aryl group,
as defined herein.

[0232] By “arvloyloxy” is meant an aryloyl group, as defined herein, that is attached to the
parent molecular group through an oxy group. In some embodiments, an unsubstituted aryloyloxy
group is a Cs.io aryloyloxy group. In other embodiments, the aryloyloxy group 1s -OC{O)-R, in
which R is an aryl group, as defined herein.

162331 By “azido” is meant an -N3 group.

[6234] By “azidoalkyl” is meant an azido group attached to the parent molecular group through
an alkyl group, as defined herein. In some embodiments, the azidoalkyl group is -L-Ns, in which
1. is an alkyl group, as defined herein.

[8235] By “azd” is meant an ~-N=N- group.

[8236] By “carbamoyl” is meant an amino group atiached to the parent molecular group through
a carbonyl group, as defined herein. In some embodiments, the carbamoyl is -C{OINR'R? group,
where each of R' and R? is, independently, selected from hydrogen, optionally substituted
aliphatic, optionally substituted heteroaliphatic, optionally substituted aromatic, optionally
substituted heteroaromatic, optionally substituted sidyl, 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 heterocyclyl group, as defined herein.

18237F By “carbamoyloxy” is meant a carbamoy! group, as defined herein, attached to the parent
molecular group through n oxy group, as defined herein. In some embodiments, the carbamoyl
is ~-OC{ONR'R? group, where each of R' and R? is, independently, selected from hydrogen,
optionaily substituted aliphatic, optionally substituted hetercaliphatic, optionally substituted
aromatic, optionally substituted hetercaromatic, optionally substituted silyl, 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 forro a heterocyclyl group, as
defined herein.

[9238] By “carbonimidoyl” is meant a -C(NR}- group. Insome embodiments, R is selected from
hydrogen, optionally substituted aliphatic, optionally substituted heteroaliphatic, optionally
substituted aromatic, optionally substituted heteroaromatic, optionally substituted silyl, optionally
substituted alkyl, optionally substituted aryl, optionally substituted alkvi-aryl, or optionally
substituted aryl-alkyl, optionally substituted silyloxy, as defined herein, or any combination
thereof.

[823%1 By “carbonyl” is meant a -C(O}- group, which can also be represented as >C=0.
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102407 By “carboxyl” is meant a -CO2H group or an anion thereof.
18241} By “catalyst” is meant a compound, usually present in small amounts relative to
reactants, capable of catalyzing a synthetic reaction, as would be readily understood by a person
of ordinary skill in the art. In some embodiments, catalysts may include transition metal
coordination complex.
182421 By “cvanato” is meant a -OCN group.
18243} By “cvano” is meant a -CN group.
[0244] By “cycloaliphatic” is meant an aliphatic group, as defined herein, that is cyclic.
[8245] By “cycloalkoxy” is meant a cycloalkyl group, as defined herein, attached to the parent
molecular group through an oxygen atom. In some embodiments, the cycloalkoxy group is -O-R,
in which R is a cvcloalkyl group, as defined herein.
10246} By “cycloatkylaltkoxy” is meant a -0-L-R group, o which L is an alkyl group or an
alkylene group, as defined herein, and R is a cycloalkyl group, as defined herein.
102471 By “cycloalky!” i3 meant a monovalent saturated or unsaturated non-aromatic cyclic
hydrocarbon group of from three to eight carbons, unless otherwise specified, and is exemplified
by cyclopropyl, eyclobutyl, cyclopentyl, cyclobexyl, cycloheptyl, bicyclof2.2.1 heptvl], and the
like. 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.
[6248] By “cycloheteroaliphatic” is meant a hetercaliphatic group, as defined herein, that is
cyclic.
[0249] By “disilany]” is meant a group containing an Si-$i bond. In some embodiments, the
disifanyl group is a -SiRMRPZ-SIRPRMRS or -SIRMRZSIRPR™- group, in which each of R®,
R™ R RY and R is, independently, H, optionally substituted aliphatic, optionally substituted
heteroaliphatic, optionally substituted aromatic, optionally substituted heteroaromatic, or
optionally substituted amino.
[9256] By “disuifide” is meant -SSR, where R is selected from hydrogen, aliphatic,
heteroaliphatic, haloaliphatic, halcheteroaliphatic, aromatic, as defined herein, or any combination
thereof.
[825%] By “electron-donating group” is meant a functional group capable of donating at least a
portion of its electron density into the ring to which it is directly attached, such as by resonance.
182521 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
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withdrawal,
182531 By “halo” ismeant ¥, Cl, Br, or L.
[0254] By “haloaliphatic” is meant an aliphatic group, 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, or jodo.
102551 By “halcalkyl” is meant an alkyl group, as defined herein, where one or more hydrogen
atoms, such as one to 10 hydrogen atoms, independently is replaced with a halogen atom, such as
fluore, bromo, chloro, or iodo. In an independent embodiment, haloalkyl can be a -C4 group,
wherein each X independently can be selected from fluoro, bromo, chloro, or iodo. In some
embodiments, the haloalkyl group is -L-X, in which L is an alky! group, as defined herein, and X
is fluoro, bromo, chioro, or iodo. In other embodiments, the haloalkyl group is -L-COO(R)-R?,
in which L is a covalent bond or an alkyl group, as defined herein, X is fluore, bromo, chloro, or
iodo; and each of R' and R* is, independently, H or alkyl, as defined herein.
10256} By “halohetercaliphatic” is meant a heteroaliphatic, as defined herein, in which one or
more hydrogen atorns, such as one to 10 hydrogen atoms, independently is replaced with a halogen
atom, such as fluoro, bromo, chloro, or todo.
[02571 By “hetercaliphatic” is meant an aliphatic group, as defined herein, including at least one
heteroatom to 20 heteroatoms, such as one to 15 heteroatoms, or one to 5 heteroatoms, which can
be selected from, but not limited to oxygen, nitrogen, sulfur, silicon, boron, selenium,
phosphorous, and oxidized forms thereof within the group. A Theteroaliphatic group is
unsubstituted 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 herein
for alkyl.
18258] By “heteroaliphatic-carbonyl” is 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 carbonyl group (-C{0}-). In some embodiments, the heteroaliphatic-carbonyl group is ~C(O}-R,
i which R is an optionally substituted heteroaliphatic group, as defined herein.
162591 By “hetercaliphatic-carbonyloxy” is meant a hetercaliphatic group that is or can be
coupled 10 a compound disclosed herein, wherein the heteroaliphatic group is or becomes coupled
through a carbonyloxy group (-GC(0)-). In some embodiments, the heterocaliphatic-carbonyloxy
group is -OC(0)-R, in which R is an optionally substituted heteroaliphatic group, as defined herein.
182667 By “hetercaliphatic-oxy” is meant a heteroaliphatic group that is or can be coupled to 3

compound disclosed herein, wherein the hetercaliphatic group is or becomes coupled through an
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oxy group (~C{0)-). In some embodiments, the heteroaliphatic-oxy group is -O-R, in which R is
an optionally substituted heteroaliphatic group, as defined herein.

>

[0261] By “heteroaliphatic-oxycatbonyl” is meant a beteroaliphatic group that is or can be
coupled to a compound disclosed herein, wherein the heteroaliphatic group is or becomes coupled
through an oxycarbonyl group {(~C{0)0-). In some embodiments, the heteroaliphatic-oxycarbonyl
group is -C{O0-R, in which R is an optionally substituted heteroaliphatic group, as defined herein.
18262} By “heteroalkyl” “heteroalkenyl” and “hetercalkynyl” is meant an alkyl, alkenvi, or
alkynyl group (which can be branched, straight-chain, or cyclic), respectively, as defined herein,
including at least one heteroatom to 20 heteroatoms, such as one to 15 hetercatoms, or one t0 5
heteroatoms, which can be selected from, but not limited to, oxygen, nitrogen, suifur, silicon,
boron, selenium, phosphorous, and oxidized forms thereof within the group.

.

[8263] By “hetercalkylene,” “heteroalkenylene,” and “heteroalkynylene” is meant a multivalent
{e.g., bivalent} form of a heterocalkyl, heteroalkeny!, or hetercalkynyl group, respectively, as
described herein.

18264} By “heteroaromatic” is meant an aromatic group, as defined herein, including at least one
heteroatom to 20 hetercatoms, such as one to 15 heteroatoms, or one to S heteroatoms, which can
be selected from, but not limited to oxygen, nifrogen, sulfur, silicon, boron, selenium,
phosphorous, and oxidized forms thereof within the group. A hetercaromatic group 18
unsubstituted or substituted, e.g., by a functional group described herein.  For example, the
heterocaromatic group can be substituted with one or more substitution groups, as described herein
for atkyt and/or aryl.

[8265] By “heteroaromatic-carbonyl” is meant a heteroaromatic group that is or can be coupled
to a compound disclosed herein, wherein the hetercaromatic group is or becomes coupled through
a carbonyl group (<C{O}-). In some embeodiments, the hetercaromatic-carbonyl group 1s -C{O)-R,
in which R is an optionally substituted heteroaromatic group, as defined herein.

[6266] By “heteroaromatic-carbonyloxy™ is meant a hetercaromatic group that is or can be
coupled to a compound disclosed herein, wherein the hetercaromatic group 18 or becomes coupled
through a carbonyloxy group (-OC(03-3. In some embodiments, the heteroaromatic-carbonyloxy
group is ~OC{0O)}-R, in which R is an optionally substituted heteroaromatic group, as defined
herein.

(8267} By “heteroaromatic-oxy” is meant a hetercaromatic 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 hetercaromatic-oxy group is -O-R, in which R is an
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opticnally substituted hetercaromatic group, as defined herein.
18268} By “heteroaromatic-oxycarbonyl” is meant a hetercaromatic group that is or can be
coupled to a compound disclosed herein, wherein the heteroaromatic group is or becomes coupled
through an oxycarbonyl group (-C{0O)0-). In some embodiments, the heteroaromatic-carbonyl
group s ~C(OYO-R, in which R is an optionally substituted hetercaromatic group, as defined
herein.
182691 By “heteroaryl” is meant an aryl group including at least one heteroatom to six
heterpatoms, such as one to four hetercatoms, which can be selected from, but not limited to,
oxygen, nitrogen, sulfur, silicon, boron, selenium, phosphorous, and oxidized forms thereof within
the ring. Such heteroaryl groups can have a single ring or multiple condensed rings, where the
condensed rings may or may not be aromatic and/or contain a heteroatom, provided that the point
of attachment is through an atom of the aromatic heteroaryl group. Hetercaryl groups may be
substituted with one or more groups other than hydrogen, such as aliphatic, hetercaliphatic,
aromatic, other functional groups, or any combination thereof. An exemplary heteroaryl includes
a subset of heterocyclyl groups, as defined herein, which are aromatic, i.e., they contain 4n+2 pi
electrons within the mono- or multicyclic ring system.
(6278} By “heteroarylene” is meant 3 muliivalent {e.g, bivalent) form of a heteroaryl group, as
described herein.
182711 By “hetercatom™ is meant an atom other than carbon, such as oxygen, nitrogen, sulfur,
silicon, boron, selenium, or phosphorous. In particular disclosed embodiments, such as when
valency constraints do not permit, a hetercatom does not include a halogen atom.

10272} By “heterocyelyl” is meant a 5-, 6- or 7-membered ring,

uniess otherwise specified,
coutaining one, two, three, or four non-carbon heteroatoms (e.g., independently selected from the
group consisting of nitrogen, oxygen, phosphorous, sulfur, or halo). The 5-membered ring has
zero to two double bonds and the 6- and 7-membered rings have zero to three double bonds. The
term “heterocyclyl” also includes bicyclic, tricyclic and tetracyclic groups in which any of the
above heterocyclic rings 1s fused to one, two, or three rings independently selected from the group
consisting of an aryl ring, a cyciohexane ring, a cyclohexene ring, a cyclopentane ring, a
cyclopentene ring, and another monocyclic heterocyclic ring, such as indolyl, guinolyl,
isoquinolyl, tetrahydroquinolvl, benzofuryl, benzothienyl and the like. Heterocyclics include
thiiranyl, thictanyl, tetrahydrothienyl, thianvl, thiepanyl, aziridinyl, azetidinyl, pyrrolidinyl,
piperidinyl, azepanyl, pyrrolyl, pyrrolinyl, pyrazolvl, pyrazolinyl, pyrazolidinyl, imidazolyi,

imidazolinyl, imidazolidinyl, pyridyl, homopiperidinyl, pyrazinyl, piperazinyl, pyrimidinyl,
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pyridazinyl, oxazolyl, oxazolidinyl, oxazolidonyl, isoxazolyl, isoxazolidiniyl, morpholinyl,
thiomorpholinyl, thiazolyl, thiazolidinyl, isothiazolyl, iscthiazolidinyl, indolyl, quinolinyi,
isoquinolinyl, benzimidazolyl, benzothiazolyl, benzoxazolyl, furyl, thienyl, thiazolidinyl,
isothiazolyl, isoindazovi, triazolyl, tetrazolyl, oxadiazolyl, uricyl, thiadiazolyl, pyrimidyl,
tetrahydrofuranyl,  dihydrofurany],  dihydrothienyl,  dihvdroindolyl, tetrahvdroguinolyi,
tetrahydroisoquinolyl, pyranyl, dihydropyranyl, tetrahydropyranyl, dithiazolyl, dioxanyl, dioxinyl,
dithianyl, trithianyl, oxazinyl, thiazinyl, oxothiolanyl, triazinyl, benzofuranyl, benzothienyl, and
the like.

[8273] By “heterocyclyloxy” is meant a heterocyclyl group, as defined herein, attached to the
parent molecular group through an oxygen atom. In some embodiments, the hetercevelyloxy
group is -0-R, in which R is a heterocyclyl group, as defined herein,

10274} By “heterocyclyloyl” is meant a heterocyelyl group, as defined hereiv, attached to the
parent molecular group through a carbonyl group. In some embodiments, the heterocyclyloy!
group is ~C{O)-R, in which R is a heterocyclyl group, as defived herein.

[0275] By “hydrazino” is meant -NR*-NR'R’, where each of R', R?, and R’ is, independently,
selected from hydrogen, optionally substituted aliphatic, optionally substituted heteroaliphatic,
optionally substituted aromatic, optionally substituted heteroaromatic, optionally substituied 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 nitrogen atom to
which each are attached, can form a heterocyclyl group, as defined herein. In some embodiments,
each of RY, RY, or R7is, independently, H, optionally substituted alkyl, optionally substituted arvi,
optionally substituted alkyl-aryl, or optionally substituted aryl-alkyl. In particular embodiments,
R? and R’ can be taken together, with the nitrogen atorn to which each is attached, to form an
optionally substituted heterocyclyl.

10276} By “hydroxyl” is meant -OH.

{0277} By “hydroxyalkyl” is meant an alkyl group, as defined herein, substituted by one to three
hydroxyl groups, with the proviso that vo more than one hydroxyl group may be attached to a
single carbon atom of the alky! group and is exemplified by hydroxymethyt, dihydroxypropyl, and
the like. In some embodiments, the hydroxyalkyl group is -L-OH, in which L 15 an alkyl group,
as defined herein. In other embodiments, the hydroxyalkyl group is -L-C{OHYRY-R’, in which
L is a covalent bond or an alky! group, as defined herein, and each of R! and R? is, independently,
H or alkyl, as defined herein.

18278} By “imidoyl” is meant a moiety including a carbonimidoyl group. In some embodiments,

N
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the imidoyl group is C(NRHR?, in which each of R! and R? is, independently, selected from
hydrogen, optionally substituted aliphatic, optionally substituted hetercaliphatic, optionally
substituted aromatic, optionally substituted hetercaromatic, optionally substituted silyl, optionally
substituted alkyl, optionally substituted aryl, optionally substituted alkyl-aryl, or optionally
substituted aryi-alkvl, optionally substituted silyloxy, as defined herein, or any cowbivation
thereof. In other embodiments, the imidoyl group is ~-CONROHH, -CONRYRA, or -C(NRNHRA in
which R' is hydrogen, optionally substituted aliphatic, optionally substituted hetercaliphatic,
optionally substituled aromatic, optionally substituted heteroaromatic, optionally substituied silyl,
optionaily substituted alkyl, optionally substitited aryl, optionally substituted alkyl-aryi, or

optionally substituted aryl-alkyl, or optionally substituted silyloxy; RA

is an optionally substituted
alkyl or an optionally substituted aliphatic; and R is an optionally substituted aryi or an optionally
substituted aromatic.

(62797 By “imino” is meant a -NR- group. In some embodiments, R is selected from hydrogen,
optionally substituted 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 aryl, optionally substituted
aryloxy, optionally substituted alkyl-aryl, or optionally substituted aryl-alkyl.

(02808} By “isocyanato” is meant a -NCO group.

182811 By “isocyano” is meant a -NC group.

[8282] By “ketone” is meant -C(O)R or a compound including such a group, where R is selected
from aliphatic, hetercaliphatic, aromatic, as defined herein, or any combination thereof. An
example of a ketone can include R'C{Q)R, in which each of R and R! is, independently, selected
from aliphatic, haloaliphatic, haloheteroaliphatic, heteroaliphatic, aromatic, aliphatic-aromatic,
hetercaliphatic-aromatic, as defined herein, or any combination thereof.

[6283] By “nilro” is meant an -NOG:» group.

[0284] By “nitreatkyl” is meant an alkyl group, as defined herein, substituted by one to three
uitro groups. In some embodiments, the vitroalkyl group is -L-NQ, 1o which L 15 an alkyl group,
as defined herein. In other embodiments, the nitroalkyl group is -L-C(NOYR')-R?, in which L is
a covalent bond or an alkyl group, as defined herein, and each of R! and R? is, independently, H
or alkyl, as defined herein.

[0285] By “oxo” is meant an =0 group.

{8286 By “oxy” is meant -O-.

[0287f By “perfluorcalkyl” is meant an alky! group, as defined herein, having each hydrogen
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atom substituted with a fluorine atom. Fxemplary perflucroalkyi groups inchude irifluoromethyl,
pentafluoroethyl, etc. In some embodiments, the perfluorcalkyl group is ~{CF2)aC¥F3, in which n
is an integer from 0 to 10

[0288] By “perfluorcalkoxy” is meant an alkoxy group, as defined herein, having each hydrogen
atom substituted with a fluorine atom. In some embodiments, the perfluoroalkoxy group 15 -O-R,
in which R is a perfluoroaltky! group, as defined herein.

[828%] By “salt” 13 meant an ionic form of a compound or structure {e.g., any formulas,
compounds, or compositions described herein), which includes a cation or anion compound to
form an electrically neutral compound or structure. Salts are well known in the art. For example,
non-toxic salts are described in Berge §. M. et al, “Pharmaceutical salts,” J Pharm. Sci. 1977
January; 66(1):1-19; and in “Handbook of Pharmaceutical Salts: Properties, Selection, and Use,”
Wiley~-VCH, April 2011 (2nd rev. ed,, eds. P. H. Stabl and C. G Wermuth. The salts can be
prepared in situ during the final isolation and purification of the compounds of the invention or
separately by reacting the free base group with a suitable organic acid (thereby producing an
anionic salt) or by reacting the acid group with a suitable metal or organic salt (thereby producing
a cationic salt). Representative anionic salts include acetate, adipate, alginate, ascorbate, aspartate,
benzenesulfonate, benzoate, bicarbonate, bisulfate, bitarirate, borate, bromide, butyrate,
camphorate, camphorsulfonate, chloride, citrate, cyclopentanepropionate,  digluconate,
dihydrochloride, diphosphate, dodecyisulfate, edetate, ethanesulfonate, fumarate, gluccheptonate,
gluconate, glutamate, glycerophosphate, hemisulfate, heptonate, hexanoate, hydrobromide,
hydrochloride, hydroiodide, hydroxyethanesulfonate, hydroxynaphthoate, iodide, lactate,
lactobionate, laurate, lauryl sulfate, malate, maleate, malonate, mandelate, mesylate,
methanesuifonate, methylbromide, methylnitrate, wethylsulfate, mucate, 2-naphthalenesulfonate,
nicotinate, nitrate, oleate, oxalate, palmitate, pamoate, pectinate, persulfate, 3-phenylpropionate,
phosphate, picrate, pivalate, polyvgalacturonate, propionate, salicylate, stearate, subacetate,
succinate, sulfate, tannate, tartrate, theophyllinate, thiocyanate, triethiodide, toluenesulfonate,
undecanoate, valerate salts, and the like. Representative cationic salts inchude metal salts, such as
alkali or alkaline earth salts, e.g., barium, calcium {e.g., calcium edetate), lithium, magnesium,
potassium, sodium, and the like; other metal salts, such as aluminur, bismuth, ron, and zing; as
well as nontoxic ammonium, quaternary ammonium, and amino cations, including, but not limited
to ammonium, tetramethylammonium, tetracthylammonivm, methylamine, dimethylamine,
trimethylamine, triethylamine, ethylamine, pyridinium, and the like. (Other cationic salts include

organic salts, such as chloroprocaine, choline, dibenzylethylenediamine, diethanclamine,
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ethylenediamine, methylglucaming, and procaine. Yet other salts include ammonium, suifonium,
sulfoxonium, phosphonium, imintum, imidazolium, benzimidazolium, amidinium, guanidinium,
phosphazinium, phosphazenium, pyridinium, etc., as well as other cationic groups described herein
{e.g., optionally substituted isoxazolium, optionally substituted oxazolium, optionally substituted
thiazolium, optionally substituted pyrrolium, optionally  substituted furanium, optionally
substituted thiophenium, optionally substituted imidazolium, optionally substituted pyrazolium,
optionally substituted isothiazolium, optionally substituted triazolium, optionally substituted
tetrazolium, optionally substituted furazanium, optionally substituted pyridinium, optionally
substituted pyrimidiniur, optionally substituted pyrazinium, optionally substituted triazinium,
optionally substituted tetrazinium, optionally substituted pyridazinium, optionally substituted
oxazinium, optionally substituted pyrrolidinium, optionally substituted pyrazolidinium, optionally
substituted imidazolinium, optionally  substituted  isoxazolidinium, optionally  substituted
oxazolidinium, optionally substituted piperazinium, optionally substituted piperidinium,
optionally substituted morpholinium, optionally substituted azepanium, optionally substituted
azepinium, optionally substituted indolium, optionally substituted isocindolium, optionally
substituted  indolizinium,  optionally  substituted  indazolium, optionally  substituted
benzimidazolium, optionally substituted isoquinolinum, optionally substituted quinolizinium,
optionally substituted dehydroguinolizinium, optionally substituted guinolinium, optionally
substituted isoindolinium, opticnally substituted benzimidazolinium, and optionally substituted
puriniunmy.
[0298] By “silyl” is meant a -SiR'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 aromatic, optionally substituted hetercaromatic, or
optionally substituted amino. In particular embodiments, each of R', R? and R' is, independently,
H, optionally substituted alkyl, optionally substituted alkoxy, optionally substituted aryi,
optionally substituted aryloxy, optionally substituted alkyl-aryl, optionally substituted aryl-alkyl,
or optionally substituted amino. In other embodiments, the syl group is -SRI ORW{NR2)e, in
which each R is, independently, H, optionally substituted aliphatic, optionally substituted
hetercaliphatic, optionally substituted aromatic, or optionally substituted heteroaromatic; each of
a,b,andc>Canda+b+c=3. In particular embodiments, each R is, independently, H, optionally
substituted alkyl, optionally substituted aryl, optionally substituted alkyi-aryl, or optionally
substituted aryl-alkyl.

[82911 By “silvloxy” is meant -OR, where R is an optionally substituted silyl group, as described
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herein. In some embodiments, the sifyloxy group is -O-SiRIR’R?, in which each of R, R?, and R®
is, independently, H, optionally substituted aliphatic, optionally substituted hetercaliphatic,
optionally substituted aromatic, optionally substituted hetercaromatic, or optionally substituted
amino. In particular embodiments, each of R, R, and R’ is, independently, H, optionally
substituted alkvl, optionally substituted alkoxy, optionally substituted aryl, optionally substituted

aryloxy, optionally substituted alkyl-aryl, optionally substituted aryl-alkyl, or optionally

substituted amino. In other embodiments, the sityloxy group is -O-SH{R)(ORW(NR2), in which
each Ris, independently, H, optionally substituted aliphatic, optionally substituted hetercaliphatic,
optionaily substituted aromatic, or optionally substituted heteroaromatic; each of a, b, and ¢ 2> 0
and a + b-+c =3 Ipparticular embodiments, each R is, independently, H, optionally substituted
alkyl, optionally substituted aryl, optionally substituted alkyl-aryl, or optionally substituted aryi-
alkyi

[6292] By “sulfinyl” is meant an -S{0O}- group.

(82831 By “sulfo” is meant an -5{0):0H group.

182941 By “sulfonyl” or “sulfonate” is meant an -S(O)- group or a -SOR, where R is selected
from hydrogen, aliphatic, heteroaliphatic, haloaliphatic, haloheteroaliphatic, aromatic, as defined
herein, or any combination thereof.

(9295} By “thicallyl” is meant an alkyl group, as defined herein, attached to the parent
molecular group through a sulfur atom. Exemplary unsubstituted thioalky] groups include Cie
thicalkyl. In some embodiments, the thioalkyl group is -S-R, in which R is an alkyl group, as
defined herein.

[8286] By “thiol” is meant an -SH group.

10287} A person of ordinary skill in the art would recognize that the definitions provided above
are not intended to include impermissible substitution patterns {e.g., methyl substituted with 5
different groups, and the like). Such impermissible substitution patierns 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 unsubsiituted, unless otherwise indicated therein.

[6298] As used herein, the term “about” means +/-10% of any recited value. As used herein,
this term modifies any recited value, range of values, or endpoints of one or more ranges.

[6299]  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.

[0300f Other features and advantages of the invention will be apparent from the following
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description and the claims,

SILICON~CONTAINING PRECURSORS

18301} In various embodiments, the silicon-containing precursor is a sflane. Silanes include but
are not limited to substituted and unsubstituted silanes, halosilanes, aminosilanes, organosilanes,
alkylsilanes, alkylaminosilanes, and alkylhalosiianes. In particular embodiments, the silicon-
containing precursor includes a halosilane precursor.  In particular embodiments, the silicon-
containing precursor includes an aminostiane precursor.
[8302]  An aminosilane includes at least one nitrogen atom bonded to a silicon atom, but may
also contain hydrogens, oxygens, halogens and carbons. Examples of aminosilanes are mono-,
di-, tri- and tetra-aminosilane (HaSi{NHzl, HoSi{NH2)z, HSi(NH2)s and Si{NHz)s, respectively),
as well as substituted mono-, di-, tri- and tetra-aminosilanes, for example, t-butylaminosilane,
methylaminosilane, tert-butylsilanamine, bis(tertiarybutylamino)silane  (SitH:(NHC(CH:pin
(BTBAS), tert-butyl silylcarbamate, SIH{CH:-{N(CHs))e, SIHCIH(IN{CHz)z)z, (Si(CH:zpNH)3,
di{sec-butylamino}silane (DSBAS), di(isopropylamino)silane (DIPAS), bis(diethylamino)silane
{BDEAR), and the hike. A further example of an aminosilane is trisilylamine (N(SiHs)).  Inone
example, the silicon-containing precursor is PPAS. In another example, the silicon-containing
precursor is BTBAS.
[6363] A silicon-confaining precursor can include one or more opticnally substituted amino
groups, thereby providing a non-limiting amino silane. In one embodiment, the precursor has a
formula of {R}4xSi{NR "2}y, wherein:

xis |, 2,3, ord;

each R’ is, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyloxy,
aliphatic-oxy, aliphatic-oxycarbonyl, heteroaliphatic, hetercaliphatic-carbonyl, heteroaliphatic-
carhonyloxy, heteroaliphatic-oxy, heteroaliphatic-oxycarbonyl, aromatic, aromatic-carbonyi,
aromatic-carbonyloxy, aromatic-oxy, aromatic-oxycarbonyl, heteroaromatic, heteroaromatic-oxy,
amino, hydrazino, azido, hydroxyl, silyl, silyloxy, cvanato, isocyanato, cyvano, or isocyano, 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 substituted
heterocyclvl.
(0364} In another embodiment, the precursor has a formula of
{(R7 NIKR 3811 -SHR (NR "2 ), wherein:
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each x is, independently, 6, 1, 2, or 3;

L is alinker, such as a covalent bond, optionally substituted aliphatic, optionally substituted
heteroaliphatic, optionally substituted aromatic, optionally substituted heteroaromatic, oxy {-0-),
imino, or slyl;

each R’ is, independently, H, aliphatic, aliphatic-carbonyl, aliphatic-carbonyloxy,
aliphatic-oxy, aliphatic-oxycarbonyl, hetercaliphatic, heteroaliphatic-carbonyl, hetercaliphatic-
carbonyloxy, heteroaliphatic-oxy, heteroaliphatic-oxycarbonyl, aromatic, aromatic-carbonyl,
aromatic-carbonyloxy, aromatic-oxy, aromatic-oxycarbonyl, heteroaromatic, hetersaromatic-oxy,
amino, hydrazino, azido, hydroxyl, silyl, silyloxy, cyanato, isocyanato, cyano, or isocyano, in
which any of these may be optionally substituted; and

each R” is, independently, H, aliphatic, heteroaliphatic, aromatic, hetercaromatic, or
amivo, 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 i1s attached, to form an optionally substituted
heterocyelyl,

183651  In particular embodiments, L is optionally substituted imino, such as -NR- in which R
is H, optionally substituted aliphatic, optionally substituted alkvl, optionally substituted alkenvi,
optionally substituted alkynvl, or optionally substituted aromatic. In cther embodiments, L is
optionally substituted silyl, such as -3iRs-, in which each R is, independently, H, optionally
substituted aliphatic, optionally substituted alkyl, optionally substituted alkenyl, optionally
substituted alkynyl, or optionally substituted aromatic.

[6386] In one instance, at least one x is not O, In anocther embodiment, x canbe 0 {eg., if L
includes a carbon atom or a heteroatom). In yet another embodiment, x is 0; and/or L includes
optionaily substituted aliphatic, optionally substituted alkylene, optionally substituted alkenylene,
optionally substituted alkynylene, optionally substituted heteroaliphatic, optionally substituted
heteroalkylene, optionally substituted heteroalkenylene, optionally substituted hetercalkynylene,
optionally substituted aromatic, optionally substituted arylene, optionally substituted
heteroaromatic, optionally substituted heteroaryiene, oxy (-G-), imino, or silyl.

183671 In particular embodiments, at least one R" or R” is not H. The precusrsor can have any
useful combination of R’ groups and amino groups (NR"™) attached to one or more silicon atoms.
[6308] In some embodiments, R’ is H, optionally substituted amino {e.g, -NRz), aliphatic-oxy
{e.g., alkoxy or -OR), aliphatic-carbonyl {e.g., alkanoyl or ~C{O)R), aliphatic-carbonyloxy (e.g.,
alkanoyloxy or -OC{()R), aliphatic-oxycarbonyl {e.g., alkoxycarbonyl or -C{OYIR), silvl

{e.g, -SiRs), aliphatic-oxy-silyl (e.g, alkoxysilyl or -Si{RR(ORp), aminosilyl
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{e.g, -SHRWNRzk), silviloxy (eg, -0-85iR3), aliphatic-oxy-silvloxy {e.g., alkoxysilyloxy
or ~0-S{R{OR k), aminocsilyloxy {e.g., -O-Si{R{(NR2®b), aromatic {e.g., aryl), aromatic-oxy
(e.g., aryloxy or -OR), hydroxyl (-OH)}, formyl (-C{O)YH), and the like. In particular embodiments,
each R is, independently, H, opticnally substituted aliphatic, optionally substituted alkyl,
optionally  substituted  alkenyl, optionally sobstitnted alkynyl, optionally substituted
heteroaliphatic, optionally substituted aromatic, optionally substituted aryl, and optionally
substituted heteroaromatic; a > 0; b2 1; 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 heterocyclyl.  In other embodiments, each R is, independently, H, optionally
substituted alleyl, optionally substituted alkenyl, optionally substituted alkynvl, or optionally
substituted aryi.

[8369] In other embodiments, R” is H, optionally substituted aliphatic, optionally substituted
heteroaliphatic, optionally substituted alkyl, optionally substituted silyl, or optionally substituted
silvloxy. In some embodiments, R” is optionally substituted altkyl (e.g., Me, Et, nPr, iPr, 3By, or
tBu). In other embodiments, R” is -8iR’s, -8iRs, -SH{RT{OR M, -SHBR{OR)s, -SHRJ{(NRw,
~SHR(NR2p, -SH{RDMALORBNR2)e, -Si{R)(ORB{NR2),, -0-8iR’5, -0-5iRs, ~0-S5i{R1(OR®,
~O-S1{R)a{OR D, ~3-SHR(NRzw, ~O-SH{RJa{(NR2w, ~0O-Si{RJ(OR p(NRz ke, or
~0-SHR ){ORp{NR2)e in which each R’ 1s, independently, H, aliphatic, heteroaliphatic, aromatic,
heteroaromatic, amino, hydrazine, azido, hydroxyl, silyl, silyloxy, cyanato, isocyanato, cyano, or
isocyano, in which any of these may be optionally substituted; each R is, independently, H,
optionaity substituted aliphatic, optionally substituted heteroaliphatic, optionally substituted
aromatic, or optionally substituted heteroaromatic; each ofa, b, andc> 0, anda+b+c=3 ora+
b = 3 (if ¢ is not present). In particular embodiments, R is H, optionally substituted alkyl,
optionally substituted alkeny!, or optionally substituted atkynyl.

[6318] The precursor can include at feast one R’ group attached to the silicon atom. In one
embodiment, the precursor has a formula of (R)(H}=Si{NR"2)x, wherein R’ and R” can be any
described herein, and wherein x 18 1, 2, or 3. In another erobodirnent, the precursor has a formula
of (RY(HRSI(NR":}, wherein R” and R” can be any described herein. In one embodiment, the
precursor has a formula of (RY(HDSUNR" ), wherein R’ and R” can be any described herein. In
another embodiment, the precursor has a formula of (R'p(H)SI(NR":2), wherein R’ and R” can be
any described herein. In yet another embodiment, the precursor has a formula of (R"pSyNR"2 ),
wherein R and R” can be any described herein. In one embodiment, the precursor has a formula

of (R:8H{NR"2), wherein R and R” can be any described herein.
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{0311} The precursor can lack an R’ group attached to the silicon atom. In one embodiment, the
precursor has a formula of (H)sxSi{NR"2 ), wherein each R” can independently be any described
herein, and wherein x is 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” 15, tndependently, aliphatic, heteroaliphatic, aromatic, or hetercaromatic,
{8312} The precursor can include one or more hydrogen atoms attached to the silicon atom. In
one ermbodiment, the precursor has a formula of (HySi{NR™2) or (HySi{NR 2 ) or (HYS1(INR"2)s,
wherein each R” can independently be any described herein. In particular embodiments, each R”
ts, independently, aliphatic, heteroaliphatic, aromatic, heteroaromatic, or amine, in which any of
these may be optionally substituted.

[8313] The precursor can include a heterocyclyl group having a nitrogen atom. In one
embodiment, the formula has a formula of HiSi-Het, 1o which Het is an optionally substituted
heterocycelyl including at least one nitrogen atom. In particular embodiments, the precursor has a

H?ﬁ““@) . a ( . . .
formuia of " in which the heterocyclyl group can be optionally substituted {e.g., with
any substituent described herein as a substitution for alkyl}, and whereinnis 1,2, 3,4, or 5. Inone

embodiment, the formula has a formula of R'38i-Het, in which Het is an optionally substituted

heterocyclyl including at feast one nitrogen atom, and each R’ can independently be any described

herein. In particular embodiments, the precursor has a formula of RESEWN@}“ , in which the
heterocyclyl group can be optionally substituted (e.g., with any substituent described herein as a
substitution for alkyl); each R can independently be any described herein; and wherein nis 1,2, 3,
4 or5.

(8314} In some instances, the precursor can have two or more silicon atoms, in which the
precursor can include a Si-8i bond. In a particular embodiment, the precursor has a formula of
(R NR y2Si—SH{R V(NR ), wherein R’ and R” can be any described herein. In one
embodiment, the precursor has a formula of (RN R RSI-SIRR(NR"2), wherein R" and R” can
be any described herein. In another embodiment, the precursor has a formula of (R"NR(R)Si1—
SIR'MNR "2}z, wherein R’ and R” can be any described herein. In yet another embodiment, the
precursor has a formula of (R"N3Si—Si(INR™ ), wherein each R” can independently be any
described herein,

[6315] The precursor can include differing groups attached to the silicon atoms. In one instance,
the precursor has a formula of (R"MNR ys8i—8iHs, wherein R’ and R” can be any described

herein.
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183161 A linker can be present between two silicon atems. In one instance, the precursor has a
formula of (R"IN KR BxS1—NR-SI{R 13{NR"2 x, wherein R and R” can be any described herein,
and in which R is H, optionally substituted aliphatic, optionally substituted alkyl, optionally
substituted alkenyl, optionally substituted alkynyl, or optionally substituted aromatic. In another
wnstance, the precursor has a formula of (R™:NY(H)=51-NR-Si{H b «(NR 2}, wherein R, R/, and
R” can be any described herein.

[83177 The precursor can include a combination of R’ groups with a linker having a heteroatom.
In one instance, the precursor has a formula of (R BpSi-NR-Si(R")3, wherein R and R’ can be any
described herein. In another instance, the precursor has a formula of (R"13Si—-L—-S8i(R")3, wherein
I. and R’ can be any described herein. In pasticular embodiments, L is oxy (-0O-), optionally
substituted imino {e.g., -NR-}, or optionally substituted silyl {e.g., -SiRa-).

[0318] The precursor can tnclude any useful combination of R and NR”2 groups in combination
with two silicon  atoms. In one instance, the precursor has a formula of
(RN R WS- -SiR2(NR"2)s, wherein L, R’, and R” can be any described herein.

1831%}  The precursor can include heterocyclic groups including the silicon and nitrogen atoms.

R" R"

E\N R N,i-*l)n
AR

in one embodiment, the precursor has a formula of , wherein R and R” can be any

described herein, and whereinnis 1,2, 3, or 4,
nooR"
\N“N’

R-8i—&i-R
M

e

[6328] In another embodiment, the precursor has a formula of , wherein R’ and

R” can be any described herein, and wherein nis 1, 2, 3, or 4. In yet another embodiment, the

MR
SE"‘N
éi Pin

-+
i

N - LR . , .
precursor has a formula of & % in which each R” can independently be any described

ercin; and whereinnis 1,2, 3, or 4.
h . and wh 1,2,3, 014

In another erobodiment, the precursor has a formula of R*  wherein R’ and R” can be any

described heretn, and wherein nis 1, 2, 3, or 4. In yet ancther embodiment, the precursor has a
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R*N-—-3i—5i—NR"
RNy R

formula of , wherein R” can independently be any described herein, and wherein
nis 1,2, 3, or 4.

(8321} In any precursor herein, two R” can be taken together, with the nitrogen atom to which
each is attached, to form an optionally substituted heterocyclyl.

[0322] Precursors can include any of the following, eg, (R*M)SHNHH(MNRA).,
RASINRAN 13, (RARSIHINHR M b, (RAMHDSHNHRA )y, (RABSIHNRAR), (RAESINHRAY),
HoSHNHRAG ), (ROEHDSIINRAM ), HSIONHO(NR M, HSINRA R, SiNRM),
(RYH)SUNR ), (R RSHNRA):, (R 0SINISiHz ), (R7)2SHN[SiR 3] ), or (R):SHNHR™). In
some embodiments, each of R’ and R”, independently, can be any described herein {e.g., H,
optionally substifuted aliphatic, optionally subsiituted heteroaliphatic, optionally substituted alkyl,
optionaily substituted alkenyl, or optionally substituted alkynyl). In other embodiments, each R
is, independently, H, optionally substituied aliphatic, optionally substituied heteroaliphatic,
opticnally substituted alkyl, optionally substituted alkenyl, or optionally substituted alkvayl. In
particular embodiments, R** is methyl (Me), ethyl (Et), n-propyl (nPr), iso-propyl (iPr), n-butyl
{nBu), sec-buty! {sBu), iso-butyl (iBu), tert-buty! ({Bu), and the like.

[6323}] Non-limiting examples of precursor  include any of the following:
methylaminotrimethylsifane (SiMes[NHMel), dimethylaminodimethylsilane (SiMezH[NMez]);
dimethylaminotrimethylsilane (SiMes[NMe:]);, dimethylaminodiethylsilane (SiHER[NMeal);
dimethylaminotriethyisilane (SiE{NMezl); ethylethylaminodimethylsilane (StHMe ] NMeEt]);
ethyimethylaminotrimethylsilane (SiMes{NMeEt]); ethylmethylaminodiethyisilane
{(SiHER[NMeEt]D), ethylmethylaminotriethylsilane (SiEt{NMeEt]), diethylaminomethylsilane
(SiH:MelNEt ), diethylaminoethyisilane (SiH2Ef[NEt 1) ethvlaminotrimethylsilane
(SiMes{NHEt]),  diethylaminodimethylsilane  (SiHMeaiNER]),  diethylaminodiethylsilane
(SiHEO[NERD,  diethvlaminotrimethylsilane  (SiMes[NEwR]);,  diethylaminotrigthvisilane
(SiEn{NEt2]); 1so-propylaminodimethylsilane (SiHMe:INHIPr}; iso-propylaminotrimethylisilane
{(SiMes{NHiPr]});, iso-propylamincdiethylsilane (SIHER{NHiPr]);, iso-propylaminctriethylsilane
(SiE[NHiPr]), di-isopropylaminotrimethylsilane (SiMesiNiPr:]y,  di-iso-propylaminoesilane
{(SiHa[NiPrzl, CeHi7NSi, or DIPAS), di-iso-propylaminomethyisifane (SiHaMe[NiPrly, di-
isopropylaminodimethyisilane (SiHMe:[NiPr:]); di-isopropyvlaminodiethyisilane (StHER[NiPr2});
di-isopropylaminotriethylsilane (SiEG[NiPr]), n-propylaminotrimethylsilane (8SiMes{INHuPrj);

di-sec-butylaminosilane  (SiHa{NsBu} or  DSBAK),  di-sec-butylaminomethylsilane

o
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{(SiHaMe[NsBuz}), iso-butyiaminotrimethyisiiane (SiMe:[NHiBul), n-butyvlaminotrimethylsilane
(SiMes{NHnBul); tert-butylaminodimethylsilane (SiHMex{NHiBul); tert-
butylaminotrimethylsilane (SiMes[NHtBul); tert-butylaminodiethylsilane (StHER{NHtBu}); tert-
butylaminotriethylsilane (SiER[NHtBul) dicyclohexylaminosilane (SiH3{NCy2], in which Cy is
cyclohexyl), N-propylisopropylamivosilase (SiIH[NiPmPr]), Nemethyleyclohexylaminosilane
(SiHs[NMeCvl),  N-ethylcyclohexylaminosilane  (SiH3[NEtCviy,  allylphenylaminosilane
{(StH3[NATHPH]); N-isopropyleyelohexylaminosilane (StH3[NiPrCy ), allyleyclopentylaminosilane
(SiHa[NAHCp]), phenyleyclohexylaminosilane (SiH3[NPhCy]); cyclohexylaminotrimethylsilane
(SiMes{NHCy ], in which Cy is cyclohexyl), pyrrolvlirimethylsilane (SiMesfNHPy], in which Py
is pyrrolvl}); pyrrolidinotrimethylisilane (SiMea[NHPyrl, in which Pyr is pyrrolindyl}y; piperidino
trimethylsilane  (SiMe:[NHPip], in which Pip is vpiperidinyl), piperazinotrimethylsilane
(SiMes{NHPz], iv which Pz s piperazinyl); imidazolyltrimethylsilane (SiMes:[NHI], in which
Im is imidazolyl); bis{dimethylamino)silane (Sith{NMe:]: or BDMAS); bis(dimethylamino)
methylsilane  (SiMeH[NMezl),  bis(dimethylamino)dimethylsilane  (SiMe[NMexkz  or
BDMADMS); bis{dimethylanmino)diethylsilane (SiEn{NMezjz); bis(dimethylamino)
methylvinylsilane  {(SiMeViiNMe:z{2); bis(ethylamino)dunethylsilane {SiMeafNHE]:);
bis{ethylmethylamino)silane {(SiFh{NMeFEih); bis{ethylmethylaminojdimethylisilane
{SiMe[NMeEt]:); bis(ethylmethylamino)diethylsilane (SiEn{NMeEth); bis{ethylmethylamino)
methylvinylsilane (SiMeVi[NMeEth), bis(diethylamino)silane (SiH:z{NE&zh, CsHzzN:8i, or
BDEAS), bis(diethylaminojdimethylsilane (SiMe:[NEt2]2); bis(diethylaminoymethylvinylsilane
(SiMeVi[NERD),  bis{diethylamino}diethyisifane  (SiEn[NEwz]z);  bis{iso-propylamino)
dimethvlsilane (SiMex[NHiPrlz), bis(iso-propylamino)diethyisilane (SiE6{NHiPrh), bis(iso-
propylaminoymethylvinylsilane (SiMeVIINHiPrh); bis(di-iso-propylaminojsilane (SiHz[NiPraha);
bis(di-iso-propylamino)dimethylsilane (SiMex[NiPr2lzy, bis{di-iso-propylamine} diethyisilane
(SiEt[NiPrah); bis{di-iso-propylamivoyuethylvinylsilane (SiMeVi[NiPrlz),
bis{methylamino)silane (SiHafNHMeb); bis(sec-butylamino)silane (SiHp[NHsBuh), bis(sec-
butylamino)methylsifane (SiHMe[NHsBulz), bis(sec-butylaminojethyisifane (SUHE{NHsBuh);
bis(tert-butylamino)silane  (SiFh[NHtBul: or BTBAS), bis(tert-butylamino)dimethylsilane
{(SiMe;iNHiBulz),  bis(tert-butylamino}  methylvinylsilane  (SiMeVi[NHtBul),  bis(tert-
butvlamino)diethylsilane (SiE[NHtBulz), bis{(1l-imidazolyDdimethylsilane (SiMe:x[Imp, in
which Im is  imidazolvl), tris{(dimethylaminoisilane  (SitH[NMez}s or  3DMAS);
tris{dimethylaminoiphenylisiiane (SiPhiNMezlz); tris{dimethylamino} methyisifane

(SiMefNMexls),  tris{(dimethylaminojethyvisilane  (SiEt{NMe:p), tnis(ethylmethylamino)silane
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(SiH[NEtMe]s); tris{diethylamino)silane (SiH[NE]3); tris(iso-propylamino)silane {SiH[NHiPr]s,
CoHasNaSi, or TIPAS); tris{dimethylamino)silylamide (Si{NMe2|3[NH21»;
tetrakis{dimethylamino)silane  (SiilNMez]a); tetrakis(ethylmethylaminolsilane {SifNEtMels);
tetrakis(diethylamino)silane (Si[NEt2]4); 1,2-diethyl-tetrakis(diethylamino) disilane
{{ENREtSi-SiEtiNER ), 1,2-dirmethyl-tetrakis{dimethylammojdisifane  ((MeaNMeSi—
SiMe[NMezxh); 1,2-dimethyi-tetrakis{diethylamino)disilane  ({Et:N}MeSi—SiMe[NEn ]2},
hexakis{methylamino)disilane {({IMecHNRESi—-Si{NHMels ) hexakis(ethylamino)disilane
({EtHN S8 NHE1]:), hexakis(dimethylamino)disilazane {(MeN-Si{NMez ]~
SifNMez - NMe»), and the like.

183241 In some embodiments, the silane precursor is a halosilane precursor. A halosilane
precursor is defined as a precursor having at least one halogen-containing atom and at least one
silicon atom. Halogens include chlorine, fluorine, bromine, and iodine. In some embodiments,
the halosilane precursor includes a structure of formula (I}
SiX,

wherein at ieast one X includes a halogen atom.
[8325] For example, one halosilane is tetrachlorosilane or silicon tetrachioride (5i1Cls). Another
example of a chemical formula of a halosilane is SiaXyH: where X is a halogen and H is hydrogen;
n is an integer greater than or equal to | and is equal to the number of 81 atoms in the molecule; in
some embodiments, v is about 1 to about 4, and z is 4-y. Additional examples include but are not
fimited to SiHCH, SiH2Cly, and SiH:;CL
[6326] Examples of halosilanes are iodosilanes, bromosilanes, chlorosilanes and fhuorosilanes.
Specific chlorosilanes include but are not limited to tetrachlorosilane, trichlorosilane,
dichlorosilane (DCS), movochiorosilane, chloroallylsilane, chloromethylsilane,
dichloromethylsilane, chlorodimethylsilane, chloroethyisilane, t-butylchlorosilane,  di-t-
butylchlorosilane, chloroisopropylsilane, chloro-sec-butyisitane, t-butyldimethylchlorosilane,
thexyldimethylchlorosilane, hexachlorodisilane (HCDS), and the like.
(83277 In some embodiments, the halosilane is carbon-free.  In some embodiments, the
halosilane is an organic silicon-containing precursor.
[8328] In some embodiments, the halosilane precursor {e.g., in formula (1)) has at least one
optionally substituted Ci.z haloalkyl group. Non-limiting halealiphatic groups include -CXyHs.y,
wherein v is 1, 2, or 3, and wherein each X is, independently, halo (F, CI, Br,
or I}, ~CXeHo:CXyHsy, wherein z is 0, 1, or 2, wherein y is G, 1, 2, or 3, and wherein each X is,

independently, hale (F, Cl, Br, or I}, in which at least one of z or y is not O; or -CH2CXyHay,
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wherein v is 1, 2, or 3, and wherein each X is, independently, halo (F, Cl, Br, or I}. Yet other non-
limiting haloalkyl groups include fluoromethyl (-CHzF), diffucromethyl (-CHF:), trifluoromethyl
(-CF3), chloromethy! (-CHaCl), dichlorormethyl (-CHCly), trichloromethyl (-CCls), bromomethyl
{(-CH:Br), dibromomethyl (~CHB#), tribromomethyl (~CBr3), iodomethyl (-CHul}, diiodomethy!
(-CHl2), triiodomethyl (-Cl3), bromofluoromethyl (CHFBr), chlorofluoromethyl (-CHFCL),
fluoroiodomethyl (-CHFI), 2-fluoroethy! (-CH2CHAF), 2-chioroethyl (-CHxCH2CL), 2-bromoethyi
{(-CHoCHzBr), Z-iodoethyl (CHxCH:D, 2.2-diftuoroethyl (-CHCHFz), 2.2-dichloroethyl (-
CH2CHCh), 2,2-dibromoethyl (-(CH2CHBr), 2,2-diiodoethyl (-CH2CHIiz), 2,2-fluorciodoethy] (-
CH2CHFT), and the like. In particular embodiments, the Ci.2 haloalkyl includes B-halo-substituted
ethvl.  Yet other haloaliphatic groups include Cis haloalkyl, Cza haloalkenvl, and Caa

haloatkynyl

CONCLUSION
[8329] Although the foregoing embodiments have been described in some detail for purposes of
clarity of understanding, it will be apparent that certain changes and modifications may be
practiced within the scope of the appended claims. 1t should be noted that there are many
alternative ways of implementing the processes, systems, and apparatus of the present
embodiments. Accordingly, the present embodiments are to be considered as illustrative and not

restrictive, and the embodiments are not to be limited to the details given herein.
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CLAIMS

What is claimed is:

1. A method for processing substrates, the method comprising:
pyrolyzing a deposition precursor on a surface of a substrate to form a pyrolyzed film;
and

exposing the pyrolyzed film to a first plasma to form a deposited film.

2. The method of claim 1, wherein the pyrolyzing is performed by heating the substrate to a
temperature sufficient to cause pyrolysis of the deposition precursor; and exposing the surface of

the substrate to the deposition precursor.

3. The method of claim 1, wherein the pyrolyzing and the exposing of the pyrolyzed film
are performed in a process chamber having a chamber pressure of about 10 Torr to about 60

Torr.

4. The method of claim 1, wherein exposing the pyrolyzed film to a plasma comprises
exposing the pyrolyzed film to an inert gas plasma and then exposing the pyrolyzed filw to an

oxygen-containing of nitrogen-containing plasma.

5. A method for processing substrates, the method comprising:
setting a temperature of a heatable pedestal holding a substrate to a first temperature;
exposing the subsirate to a deposition precursor having a pyrolysis temperature that is
less than the substrate terperature while the pedestal is heated to the first
temperature in a plasma-free environment,
stopping exposure of the deposition precursor; and
after stopping exposure of the deposition precursor, exposing the substrate to a first
plasma to form a deposited film.
6. The method of any of claims 1 and 5, wherein the deposition precursor is

di{isopropylamino)silane or bis(tertiarybutylamino)silane.

7. The method of any of claims 1 and 5, further comprising exposing the pyrolyzed film to a

second plasma.

8. The method of any of claims 1, 5, and 7, wherein the first plasma is generated by igniting

an inert gas and the deposited film is densified.
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An apparatus for processing subsirates, the apparatus comprising;

one or more process chambers, each process chamber comprising a heated pedestal;

one or more gas inlets into the process chambers and associated flow-control hardware;

a plasma generator; and

a controtler having at least one processor and a memory, wherein

the at least one processor and the memory are communicatively connected with one
another,

the at least one processor is at feast operatively connected with the flow-control
hardware, and

the memory stores computer-executable instructions for controlling the at feast one
processor to at feast control the flow-control hardware to:

cause heating of the pedestal;

cause introduction of a deposition precursor to the one or more process chambers for a
duration sufficient to cause pyrolysis of the pyrolysis precursor on a substrate on the
pedestal when heated without igniting a plasma;

cause generation of an inert gas plasma; and

cause generation of a plasma using an oxXygen-containing or nitrogen-containing gas.

A method of processing a subsirate, the method comprising;

{a) introducing a deposition precursor to a process chamber housing the substrate;

{b} introducing a plasma to the process chamber, the plasma being generated from
igniting a reactant to form a reactant plasma ambient in the process chamber; and

{¢) while the reactant plasma ambient is in the process chamber, tutroducing the
deposition precursor to the process chamber to form at least a partial film on the

subsirate.



