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SILICON-BASED SELF-ASSEMBLING MONOLAYER COMPOSITIONS AND
SURFACE PREPARATION USING THE SAME

Cross Reference t¢ Related Applications
{8001} Thig application claims the benefit of priority under 35 U.S.C. § 118 (a) and (b)
to U.S. Provisional Patent Application No. 63/040,833, filed June 18, 2020, the entire
contants of which are incorporated herein by reference.

Technical Field
[6002] The present invention relates to self-assembling monolayer (SAM) monomers or
precursors having a Si-based tail or backbone (SIT-SAM) that contains no Si-C bonds, their
syntheses, and their applications in suwrface preparations in film forming processes, in
particular, to the SIT-SAM monomers selected from the group consisting of Si-C-free
polysilane-based tail SiT-SAMs monomers and  trisilylamine-based fail SiT-S5AMs

monomears.

Background

[0003] Self-assembled monolayers (SAMs) have been exiensively studied and used
due {o their capacity for conirolling surface properties such as wetltability, corrosion
resistance, and for their applications in electronic device fabrications. SAM refers o the
coverage of a surface by an array of molecules, hereafter the array of molecules refers o
as SAM monomers or precursors. Molecules capable of forming SAMs include surface
reactive head groups, which have a reactive side and bind to the surface of a substrate,
functional tall groups or backbones, which are inert {o the surface and usually exposed at
SAM surfaces and can be used to talior the chemical and physical properties of the surface.
Provided the density of sites that are reactive with the SAM Monomer head, and that
appropriate conditions are used 10 have the monomer head and such site react, the
exposure of the surface to SAM monomer leads to the formation of a SAM monolayer.
When the SAM monomers have long tails, they eventually self-align into a grass-like
structure. An overvisw of SAM chemistry and application may be found in the following
review document: Frank Schreiber, “Structure and growth of self-assembling monolayers”;
Progress in Surface Science 65 (2000) 151-256.

[0004] The SAM monomaer head contains a chemical function design 1o selectively react
and attach to specific surfaces and substrates. The most common SAM heads/chemical
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functionalities and the respective surface that the SAM heads/ chemical functionalities react

with, are summarized in Table 1 below:

Table 1. Most common SAM monomer head groups

SAM monomer

heads

Chemical functional

groups

Surfacas

Remarks

Tail-&8H

Thiol

Metallic (Cuy, Co, S

The SAM monomer
may be bi-functional

Tail-P=0}OH)2

Phosphonic acids

Metallic {Cu, Co, Ni)

The SAM monomer
may be bi-functional

Tail-C(=0)(OH)

Carboxylic acids

Metallic {Cu, Co, Ni..))

The SAM monomer
may be bi-functional

Crystalline Si, precious

metal oxides)

Tail-SiHs Tris-hydridosiiane
metals
_ Metallic surfaces {(Au,
Tail-CH=CHa Alkene )
Ni, Pt Pd, Ru..)
OH terminated
Tail-5pG* Silyl (tris functional) | surfaces (e.¢.,5i0;,
metal oxides)
OH terminated ) ,
e . ‘ i , ) R is typically -CHa or
Tail-SiRXy* Silyl (bisfunctional) | surfaces (8.g., Si0y, ,
_ a short chain alkyl
metal oxides)
) OH terminated ] ,
o Silyl {(mono- ) R is typically -CHs or
Tail-SiR>* o surfaces (2.g., Si0=, )
functional) , a short chain alkyl
metal oxides)
R is typically a short
OH terminated chain alkyl, and the
Tail-C{=0)-NH-R | Acetamide surfaces (e.g., Si0Oy, tail may be as

defined below ora
triglkylsiiyh

* X is an -OH reactive group such as a halide (Cl, Br, [}, an isocyanate, an altkylamino group

~NR'R?, wherein R and R? are each independently selected from H, a Cq to Cqo linear,

branched or cyclic alkyl or alkenyl, a trialkylsilyl, provided that if R'=H, R? is larger than C,.
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[8005] The SAM monomer tail usually consists of a ~{CHy)—CHs alkyl chain, with n
ranging from O to approximately 20. However, the tail may contain additional
functionsichermical groups, and may be represented as: ~{CHz)X, with n=1 {0 20, and X
being a specific chemical group that will provide secondary reactivity of the SAM on the
surface. For instance, X may be an amino group, an alkoxy group, an epoxy group, and an
unsaturated group like ~CH=CH,, —~C=CH, or Phenyl. The SAM tail group may also contain
a perfluorcalkyl group and have a general formula of: ~{CHa)o—{CF2)m—~CF2, with n=0 to 5,
and m=0 to 16. The addition of a perfluorinated chain contributes 1o increasing the
hygrophobic power of the SAM coated surface.

[8008] Very few SAMs having Si containing tails have been described, and are limited
to the following references. K. Ebata, et al. {"Synthesis and Characterization of End-Grafted
Polysitane on a Substrate Surface”, J Am. Chem. Soc. 1898, 120, 7367-7368) disclose a
Si moiety is grafted on a classical SAM tail, and the “Siy" moisty is fully alkylated.
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{80077 K. Furukawa et al. {"Polysiiane Bearing “Sulfide Tripod” Terminus: Preparation
and Selective Chemisorption on Gold Surface”, Macromolecules, 2003, 36, 9-11) discloses
the SAM is designed to attach to a metal surface with a tri-thiol head group, and the tail is

functionalized by an alkylated Si: molety.
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Chart 1. Synthesis Route of Polysilane Beraring
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[0008] SAMs find applications and industrial usages in surface treatments to increass
the adhesion of a surface to another surface (i.e., coupling agents), or to modify the affinity
o certain fluids such as water. SAMs having alkyl chains are designed and used to
decrease the affinity {o polar molecules (typically water) but aiso 1o increase the affinity {o
non-poiar molecuie and fluids. Multiple surface treatments to increase the hydrophobicity
of glass for instance are based on treatment using SAMs having a tri-functional silyl head
group and an alkyl chain tall. A monograph on the subject can be found here:
hitps: fwww. gelest. comiwp-contentiuploads/  Hydrophobicity-Hydrophilicity and Silane
Surface_Modification.pdf.
[0009] SAMs may be built on a surface essentially by two routes:
i} Awel route, in which the surface {0 be freated is exposed o the SAM monomer or
a soiution of the SAM monomer in a solvent. Such methods include dip coating, slit
coating, spin coating, spray coating, etc. The substrate is then normally rinsed with
a solvent that will remove the excess SAM monomer on the surface, which have not
chemically reacted with the surface active sites. The exposure to the SAM monomer
in the liguid phase may span from seconds to days, depending on the type of SAM
monomer.
iy A gas phase route, in which the surface 1o be treated is exposed to and left to react
with vapors of the SAM monomers. In such instances, the substrate is usually heated
above room temperature but below the decomposition temperaiure of the SAM
monomer on the surface to promote and accelerate the reaction and attachment of
the SAM monomers o the surface. This reaction may be realized at atmospheric
pressure or under vacuum. The usage of a gas phase route requires the SAM
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monomer to be volatiie enough o be evaporated and reach a sufficient vapor

pressure to react with the surface within a reasonable time.
{0010} in the sermiconductor industry, SAM surface treatments are used to prepare
silicon substrates for the deposition of an organic photoresist layer by a prefreatment in a
silylating agent such as HMDS (Me:Si-NH-5iMes), which is a short chain mon-functional
SAM monomer that leaves a MeSi—-O- terminated surface upon reaction with an ~0OH
terminated surface. HMDS was first described in U.S. Patent 3,549,388 by R. H. Collins
and F. T. Devers of 1BM (1970} as a pholoresist adhesion promoter for semiconductor
applications. The trialkyi-silyiation of the surface contributes {0 increasing the wettability of
the surface to the photoresist formulation, thus increasing the adhesion, uniformity of the
film and limiting defacts such as voids or microbubbles.
{0011} Similarly, the usage of surface alkyl-silylation is common before the deposition
by various coating methaod of film forming formulations such as spin on dielectrics (SOD).
(00123 SAMs have recently attracted attention for thin film selective depaosition using
atomic layer deposition (ALD) technique, L.e. Selective Area Atomic Layer Deposition (AS-
ALD). In fact, being abie to selectively deposit thin films on certain areas of a substrate and
not on others in a controlled fashion holds promises to reduce the complexity and cost of
chip manufacturing. The usage of SAMs is now proliferating as g viable solution (o enable
AS-ALD by blocking selected surface from reacting with the precursor during the ALD cycle,
and thereby growing the film selectively on the non-SAM covered areas.
{8013} As such, the usage of SAMs is becoming increasingly common in film forming
processes, aither as a weitability enhancer for liquid-based film forming formation, oras a
surface blocking agent for gas-phase deposition processes, but potentially for liquid phase
as well.
[0014] Howeaver, in all the cases describad above, the tail of the SAM monomer is based
on a carbon backbone. Considering the fact that carbon may be a detrimental impurity in
certain thin film applications, and that the tail is chemically attached 1o the surface, it would
be baneficial 1o have SAM monomers that are not based on a carbon backbone. Further,
SAM monomers that are not based on carbon backbones could also be used for additional
applications such as seed layers to enhance nucleation of CVD and ALD processes, due
o thelr increased reactivity to specific chemical families, metal halides for example.
[0015] Thus, a need remains for finding new SAM monomers having a non-carbon
backbone, which may enhance nucleation of CVD and ALD processes.
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Summary
[0018] Disclosed are self-assembling monoclayer (SAM) forming compositions for
forming SAMs, the composition comprising
a SAM precursor having a backbone with a surface reactive group X,
wherein the backbone contains no SI-C bonds and is selected from the group
consisting of a Si-C bond-free polysilane and a trisilylamine {(TSA),
wherein the surface reactive group X is selected from:

a. a halide (Ci, Br, I;

b. a cyanate, an isocyanate or a thiccyanate group,

c. an amino group -NR'R2 wherein R is selected from H, a linear,
branched or cyclic C4-Cyo alkyl or alkeny! group or an alky! silyl group; R? is selected
from a lingar, branched or cyclic C=-Cypo alkyl or atkenyl group, or an alky! siivl group;
or R' and R? are bridged so that NR'R? forms a cyclic ligand, provided that the cyclic
ligand includes hetercatoms S, Nor

d. an amidinate group -R3-N-C(R*)=N-R®, wherein R® and R® are sach
indepsndently seleclted from a Cy 1o Cqg linsar or branched atkyl or a trialkylsilyl; and
R is selected from H, a C to Cio linear or branched alkyl; or

e. a thiol -SH group, a phosphonic acid or a carboxylic acid. The
disclosed methods may include one or more of the following aspecis:

= X being a halide, such as Cl, Br, or {;

s X being a cyanata group,

¢ X being an isccyanate;

s X being a thiccyanate group,;

» X being a dialkylamine group ~NR'R? wherein R" is H, a Co to Cs alkyl, and R%is a
Cy to Cs alkyl, provided that if R*=H, R?is Cz to Cs alkyl, and if R' not H, R and R?
are preferably identical;

s« X being an amidinate group -NR®:-C{R*=N-R® wherein R® and R® are each
independently selected from Et, nPr, iPr, nBu, By, sBu, iBu; and R*is H or Me;

« the backbone contains no Si-C bonds and is selected from the group consisting of a
Si-C bond-free polysilane and a trisilylamine,

s X being a thiol ~SH group;

s X being a phosphonic acid,

= X being a carboxyiic acid;

e the surface to be coverad being a dislactric surfacs;

« the surface to be covered being a metal;
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L]

the backbone containing no 5i-C bonds;
the backbone being a Si-C bond-free polysilans;
the backbone being a trisilylamineg;
the SAM precursor having the Si-C-free polysilane backbone being selected from
X-{SiHz)n-SiHa, wherein n=11{0 3,
K-(SinHaq), wherein SizHa, refers {0 a cyclic hydridosilane backbone with n=5§, 8, 7,
X-(SiH(SiHa)z), or
X-SiHa-Si{SiHs)s;
the SAM precursor having the Si-C-free polysilane backbone being selected from
X-{SiHz)n-SiHa, wherein n=11{0 3;
the SAM precursor having the Si-C-free polysilane backbone being selected from
K-{SihHzn), wherein SinHa, refers to a cyclic hydridosilane backbone with n=5, 8, 7,
the SAM precursor having the Si-C-free polysilane backbone being selectad from
X-(SiH(SiHa)z);
the SAM precursor having the Si-C-free polysilane backbone being selected from
X-SiH,-Si(SiHa)s;
the SAM precursor having the Si-C-free polysilane backbone being selected from
NiPra-(SiHz)-SiHa, NnBup-(SiHz)-SiHa, NiBu,-(SiH,)-Sits, NsBuy-(SiH;)-SiHs, NiBu,-
(SiH2)-Sikz, NPenz-(SiHz)-SiHs, NaPr-(8iHz)-Sits, NiPr-(8iH2)-SiHa, NnBug-
(SiHz)e-SilHa, NIBuUz-(SiHz)a-SitHs, NsBuz-{SiHals-SiHs, NiBua-(SiHz)e-SiHs, NsPans-
(SiHz)z-SiHs, NHIBU-(SiHR)z-SiHa NHPen-(SiHz)z-SiH; NHsBu-(SiH,)2-SiH; NHiBu-
(SiH2)2-SiHs, NaPra-{SiHz)a-SiHa, NiPro-(SiHz)s-SiHa, NnBuz-(SiHz)a-Sits, NiBus-
(SiHz)a-SiHs, NsBuz-(SiHz)a-SiHs, NiBug-(SiHz)a-8iHs, NsPeny-(SiHz)s-SiHa, NEf-
{SIH{SiHa)), NPra-(SIH{SIH:)2), NaPra-(SiH(SiH ), NBux-(SIH(SIH:)), NiBuz-
(SIH{SiHa)2), NnBuz-(SiH(SiHs)2), NsBuz-(SiH(SiHs)2), NsPene-(SiH(SiHs)z), NHIBuU-
(SIH(SiHs)z), NHABU~(SIH(SiH:)2), NHBU-{SIH(SiH)2), or NHPen-(SIH(SiHs));
the 5i-C-free polysilane backbone of the SAM precursor being selected from —SiHz-
SiHa or ~8iHz-SiHz-SiHs;
the SAM precursor having the trisilylamine backbone having a general formula
KR2SI-N{SIR3){SPUR: )20,
wherein n=1 or 2; R is selected from H or a Cy to Ce branched or linear alkyl, X’ has
the same definition as X and is independent from X;
the SAM precursor having the trisilylamine backbons being XHaSI-N(SiH (8 Ha)z
n OF XR2S1-N(SiRs)s;
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= the SAM precursor having the trisilylamine backbone containing more than one N(-
Si)s units and having backbones of (S))N-Si-N(Si)Si-X or X-Si-N{Si)~Si-N{S)Si-
X

« the SAM precursor being TSA-N{CHMez)z;

« the SAM precursor being TSA-CI;

s the SAM precursor being (R'R™MN(R*RN)SinHemen-n1-nz, where n =1 {0
(2(m+1); m=2 to 8; R’ and R? are each independently selected from the group
consisting of linear or branched Cq to Cs alkyl, linear or branched C; to Ce alkenyl,
linsar or branched C, 1o Cs alkynyl, Cs 10 Cyp aryl, linear or branched C4 1o Cs alkyl
sther, silyl, trimethy! silyl, or linear or branched Ci to Cq alkyl-substituied silyt,

s the SAM precursor being (RTHN{CR¥=NR%-SinHe@e 1-n, where n =1 to (2(m+1);
m=2 to 6; R and R? are each independently selected from the group consisting of
finear or branched C; 1o Cs alkyl, linear or branched C, to Cg alkenyl, linear or
branched Cy to Cs alkynyl, Cs 1o Cag ary!, lingar or branched € to Cp alkyi ether, silyl,
trimethyl silyl, or linear or branched C+ to Cs alkyl-substituted silyl;

e the SAM precursor being BDSASI-X, wherein BDSASE = (SiH3)2N-SiHsz-
N(SiHs)(SiHz-), X =F, Cl, Br, I;

e the SAM precursor heing DIBATS (Dilscbutylaminotrisitane);

s the SAM precursor being NPS-AMD (NPS being neopentasilane),;

« the SAM precursor being NPS-NR*R®, wherein R* and R® are each independently
H, linear or branched G, to Cs alkyl, linear or branched C, {o C; alkenyl, lingar or
branched C, to Cs alkynyl, Ce 1o Cyo aryl, linear or branched Cy to Cs alkyl;

e the SAM precursor being CHS-AMD (CHS being cyclohexasilane);

+ the SAM precursor being CHS-NR*R®, wherein R* and R® are each independently
H, linear or branched C, to Cs alkyl, linear or branched C4 to Cs alkenyl, linear or
branched Cq to Cs alkynyl, Cs 1o Cyo aryl, linear or branched Cy to Cs alkyl;

s The SAM precursor being SksHy-NRz wherain R' is a linear or branched Cz to Cs
atkytl:

s The SAM precursor being SiaHsN-NRz wherein R' is a linear or branched C, 1o Cs
alkyl:

e The SAM precursor containing less than 5% viv of any of its undesired congeneric
spacies, reactants, or other reaction products;

= The SAM precursor containing less than 1% viv, more preferably less than §.1% viv
of its undesired congeneric species, reactants, or other reaction products;
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The SAM precursor containing less than 0.1% viv of any of its undesired congeneric
spacies, reactants, or other reaction products;
The SAM precursor containing less than 0.01% viv of any of its undesired
congeneric species, reactants, or other reaction products;
The SAM precursor containing between 5% viv and 50% viv of one or more of
congeneric monomers, or other reaction products, particularly when the mixture
provides improved process parameters or isolation of the target compound is too
difficult or expensive;
The SAM precursor containing between approximately O ppbw and approximately
500 ppbw metal impurities,
the concentration of trace metals and metalloids in the SAM pracursors each ranging
from approximately Oppb to approximately 100ppb; and
the concentration of trace metals and metalloids in the SAM precursors each ranging
from approximately Oppb to approximately 10ppb.

Also disclosed are processes of forming a self-assembling monolayer (SAM) on

a surface, the processes comprising the steps of

preparing the surface for exposure of the surface to a SAM forming composition, the

composition comprising a SAM precursor having a backbone with a surface reactive group

X,

whergin the backbone contains no Si-C bonds and is selected from the group
consisting of a Si-C-free polysilane and a trisilylamine,
wherein the surface reactive group X is selected from:
- ahalide (Ci, Br 1),
a cyanate, an isocyanate or a thiocyanate group;

- an amino group -NR'R? wherein R is selected from H, a linear, branched
or cyclic Ci-Cro alkyl or atkenyl group or an alky! silyl group; R? is selected
from a lingar, branched or cyclic C>-Cqo alkyl or atkenyl group, or an atkyl
silyl group; or R' and R? are bridged so that NR'R? forms a cyclic ligand,
provided that the cyclic ligand includes heteroatoms 5, N ar §;

- an amidinate group -R3-N-C{R*)=N-R% wherein R® and R® are each
independently selacted from a Gy 1o Cyo linear or branched alkyl or a
triatkylsilyl, and R* is selected from H, a C to Cyp linear or branched atkyl;
or
a thiol -SH group, a phosphonic acid or a carboxyiic acid;

exposing of the surface to the SAM forming composition; and
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forming the SAM on the surface. The disclosed processes may include one or more
of the following aspecis:
e the SAM forming composition being a solution;
« the exposure of the surface to the SAM forming composition being a liquid phase
exXposure;
« the SAM forming composition being a vapor,; and
= the exposurs of the surface to the SAM forming composition being a gas phase
exposure.
[6018] Also, disclosed are film-forming process, the processes camprising the steps of:
preparing a surface on a substrate for exposure of the surface to a self-assembling
monolayer (SAM) forming compaosition, the composition comprising a SAM precursor
having a backbone with a surface reactive group X,
wherein the backbone contains no 5i-C bonds and is selected from the group
consisting of a Si-C-free polysilane and a trisilylamine,
wherein, when the surface to be coverad is a dielectric surface, the surface
reactive group X is selected from:
a hatide (C, Br, D)
- & cyanale, anisocyanate or a thiccyanate group;
an amino group -NR'R? wherain R' is selectad from H, a linear, branched or
cyclic C+-Cro alkyl or alkeny! group or an alkyl silyl group; R? is selected from
a linear, branched or cyclic Ca-Cyp alkyl or alkenyl group, or an alkyl silyl
group; or R" and R? are bridged so that NR'R? forms a cyclicligand, provided
that the cyclic ligand includes heterocatoms §, N or O;
an amidinate group -R*-N-C(R*=N-R°, wherein R* and R°® are each
independently selected from a €y to Gy linear or branched akyl or a
trialkylsilyl; and R* is selected from H, a C4 1o Cyp linear or branched alkyl; or
- a thiol ~SH group, a phosphonic acid or a carboxylic acid;
exposing of the surface to the SAM forming compaosition;
forming the SAM on the surface through a liquid or gas phase exposure,; and
growing a film on top of the SAM through a wet or dry deposition process using a
film-forming precursor. The disclosed processes may inciude one or more of the following
aspects:
= the film-forming precursor being a metal or metallold precursor, wherein the
backbone of the SAM precursor acts as a reducing agent to the meatal or metalloid

precursar;

10
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= the metal precursor being selecied from a main group element, or a fransition metal
slemant selected from Ti, Ta, W, Mo, Nb, or V, a fluoride, a chloride, & bromide, an
iodide, an oxychloride, an oxybromide, an oxyflucride or combination thereof,

« the metal precursor being selected from Wks, WOF,, WOCH, WCls, WCls, MoCls,
MoOClk, MoOCl, TiCly, TiBre, Tils, TaCls, AlCk, VCli, NbCls, BCls, BBra, GeCly,
GeBrs or GeCly, GeBr: or combination thereof;

e the film being a polycarbosilazane film;

+ the Sifilm being a porous Silicon deposited by PECVD;

s the wet deposition process being spin-on-deposition process,

s the dry deposition process being an ALD or CVD process;

s the substrate being any solid that has funclional groups on its surface that are prone
to react with the reactive head X of a SAM;

s the substrate being silicon wafers, glass wafers and panels, beads, powders and
nano-powders, monolithic porous media, printed circuit board, plastic sheets, eig;

¢ the subsirale being a powder used in rechargeable battery technoiogy;

+ the substrate being NMC (Lithium Nickel Manganese Cobalt Oxide), LCO (Lithium
Cobalt Oxide), LFP (Lithium ron Phosphate), and other battery cathode materials;

+ the subsirate being powders, and

« the substrate being nano-powders,

Notation and Nomenclature
{00193 The following detailed description and dlaims utilize a number of abbreviations,
symbols, and terms, which are generally well known in the art.
fo020] As used herein, the indefinite article “a” or "an” means one or mora.
[0021] As used herein, "about” or “around” or “approximately” in the text or in a claim
means +£10% of the value stated.
[0022] As used herein, “room temperature” in the text or in a claim means from
approximately 20°C to approximately 25°C.
(00231 The term “ambient temperature” refers to an environment temperature
approximately 20°C to approximately 25°C.
[o024 As used in the disclosed emboediments, the term “independently” when used in
the context of describing R groups should be understood to denote that the subject R group
is not only independently selected relative to other R groups bearing the same or different
subscripts or superscripts, but is also independently selected relative to any additional
spacies of that same R group. For example in the formula MRT(NR?R )4, where xis 2 or

i
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3, the two or three R? groups may, but need not be identical to each other or to R?or to R®.
Further, it should be understocd that unless specificailly stated otherwise, values of R
groups are independent of each other when used in different formulas.

[0025] The term “subsiraie” refers to a material or materials on which a process is
conducted. The substrate may refer {0 8 wafer having a material or materials on which a
process is conducted. The subsirates may be any suitable wafer used in semiconductor,
photoveltaic, flat panel, or LCD-TFT device manufacturing. The substrale may alsc have
one or more layers of differing materiais already deposited upon it from a previous
manufacturing step. For example, the wafers may include silicon layers {e.g., crystalline,
amorphous, porous, efc.), silicon containing layers {(e.g., SIO,, SiN, SION, SICOH, sic),
metal containing layers (8.9., copper, coball, ruthenium, tungsten, platinum, palladium,
nickel, ruthenium, gold, etc.) or combinations thereof. Furthermore, the substrate may be
planar or patterned. The substrate may be an organic pattermned photoresist film. The
substrate may include layers of oxides which are used as dislectric materials in MEMS, 3D
NAND, MiM, DRAM, or FeRam device appiications (for example, Zr(; based materials,
HfO, based materials, TiO, based materials, rare sarth oxide based materials, temary oxide
based materials, etc.) or nitride-based films (for example, TaN, TiN, NbN) that are used as
electrodas. One of ordinary skill in the art will recognize that the terms “film” or “layer” used
herein refer 1o a thickness of some material laid on or spread over a surface and that the
surface may be a trench or a line. Throughout the specification and claims, the wafer and
any associated layers thereon are referred 0 as substrates. The substrate can be any solid
that has functional groups on its surface that are prone 1o react with the reactive head of a
SAM, and may include without limitation 3D objects or powders.

{8028} Note that herein, the tarms “film” and “layer” may be used interchangeably. itis
understood that a film may correspond o, or related to a layer, and that the layer may refer
to the film. Furthermore, one of ordinary skill in the art will recognize that the terms “film” or
“layer” used herein refer {0 a thickness of some material 1aid on or spread over a surface
and that the surface may range from as large as the entire wafer {0 as smali as a trench or
aline.

(80271 The terms "vig®, "aperture” and “hole” are sometimes used interchangeably, and
genarally mean an opening in an interlayer insulator,

[0028] As used herein, the abbreviation "NAND" refers to a "Negated AND" or "Not
AND" gate; the abbreviation "2D" refers o £ dimensional gate struciures on a planar
subsirate; the abbreviation "3D" refers to 3 dimensional or vertical gate structures, wherein
the gale structures are stacked in the vertical direction.

12
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[0029) The standard abbreviations of the elementis from the periodic table of elements
are used herein. It should be understood that elemeants may be referred {0 by these
abbreviation (e.g., Si refers to silicon, N refers to nitrogen, O refers to oxygen, C refers to
carbon, H refers {0 hydrogen, F refers to fluorine, efc).

(6030 The unique CAB registry numbers (ie, "CAS") assigned by the Chemical
Abstract Service are provided to identify the specific molecules disclosed.

(6031} The term “wafer” or "patierned wafer” refers (o a wafer having a stack of silicon-
containing films on a substrate and a patterned hardmask layer on the stack of silicon-
containing films formed for pattern etch. The term “wafer” or “patierned wafer” may aiso
refers t0 a trench wafer having an aspect ratio.

{60321 Nota that herein, the terms “deposition temperaturg” and "substrate temperaturg”
may be used interchangeably. It is understood that a subsirale temperature may
correspond 1o, or related (o a deposition temperature, and that the deposition temperature
may refer to the substrate temperature.

(80331 Note that herein, the terms “precursor” and “deposition compound” and
“deposition gas” may be used interchangeably when the precursor is in a gaseous state at
room temperature and ambient pressure. it is understood that a precursor may carrespond
{0, or related fo a deposition compound or deposition gas, and that the deposition
compound or deposition gas may refer {¢ the precursor.

[0034] As used in the disclosed embodiments, the term “hydrocarbyl group” refers o a
functional group containing carbon and hydrogen; the term “alkyl group” refers to saturated
functional groups containing exclusively carbon and hydrogen atoms. The hydrocarbyl
group may be saturated or unsaturated. Either term refers to linear, branched, or cydlic
groups. Examples of linear alkyi groups include without limitation, methyl groups, ethyl
groups, propy! groups, bulyi groups, efc. Examples of branched alkyls groups include
without limitation, t-butyl. Examples of cyclic alkyl groups include without limitation,
cyclopropyl groups, cyclopentyl groups, cyciohexyl groups, efc.

[0035] As used in the disclosed embodiments, the abbraviation “Me” refers to a methyl
group; the abbreviation “EU refers 1o an ethyl group; the abbraviation “Pr” refers to a propyl
group.

{0036] Fanges may be expressead herein as from about one particular value, andfor to
about another particular value. When such a range is expressed, it is {o be undersiood that
ancther embodiment is from the one particular value and/or o the other particular value,
along with ali combinations within said range. Any and all ranges recited herein are inclusive
of their endpoinis (i.e., x=1 {0 4 or xranges from 1 to 4 includes x=1, x=4, and x=any number
in between), irrespective of whether the term “inclusively” is used.
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{0037} Reference herein {0 “one embodiment” or “an embodiment” means that a
particular feature, structure, or characteristic described in connection with the embodiment
may be included in at least one embadimeant of the invention. The appearances of the
phrase "in one embodiment” in varicus places in the specification are not necessarily all
referring to the same embodiment, nor are separate or alternative embodiments necessarily
mutually exclusive of other embodiments. The same gpplies to the term “implementation.”

(60381 As ysed in this application, the word “exemplary” is used herein {0 mean serving
as an exampie, instance, or illustration.  Any aspect or design described herein as
“exemplary” I8 not necessarily 1o be construed as preferred or advantageous over other
aspects or designs. Rather, use of the word exemplary is intended to present concepis in
a concrete fashion.

[0039] Additionally, the term “or” is intended t© mean an inclusive “or” rather than an
axclusive “or’. That is, uniess specifiad otherwise, or clear from context, “X employs A or
B s intended to mean any of the natural inclusive permutations. Thatis, if X employs A; X
gmploys B, or X employs both A and B, then "X employs A or B” is satisfied under any of
the foregoing instances. In addition, the arlicles “& and "an” as used in this application and
the appendead claims should generally be construad {o mean "one or more” unless specified
ctherwise or clear from context to be directed to a singular form.

Brief Description of the Drawings
{80401 For a further understanding of the nature and objects of the present invention,
reference should be made to the following detailed description, taken in conjunction with
the accomparying drawings, in which like elements are given the same or analogous
reference numbers and wherein:
FIG. 1 is spin-on deposited thin film residues aggregated in cluster when using HMDS as
adhesion agent;
FIG. 2 is WCA results for the mono-amine trisilane (SisH7-NRz, wherein R'isa Cz 10 Cs
alkyl) derivative,
FIG. 3 is WCA results for the monoamine-trisilylamine derivative (SiaHsN-NR,, wherein R
is a Ca to Cs alkyl);
FiG. 4 is a spin-on deposition of thin film using (Dilscbutylamine)risiiana (DIBATS) as
adhesion agent;
FIG. 5 is a spin-on deposition of thin film using (Dilsopropylamine) trisilylamine as adhasion
agent; and
FIG. 8 is water contact angle (WCA) of vapor SiT SAM (DIBATS) freated Si0 surface,
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Description of Preferred Embodiments
[0041] Self-assembling monolayer (SAM) monomers having a Si-based tail or backbone
(SiT-5AM) that contains no SI-C bonds, thelr syntheses, and their applications in surface
preparations in film forming processes are disclosed.
[0042] The disclosed SIT-SAM monomers arg describad as a backbone with a surface
reactive group {or head) {(denoted as "X"}.
(60431 When a surface to be covered is a dielectric surface, the surface reactive group
‘X7 is reactive to a surface hydroxyl (-OH) group. In this case, X is selected from:

a. a halide (CI, Br, by;

b. a cyanaie, an isccyanate or a thiocyanate group,

C. an aming group -NR'R? wharein R is selected from H, a linear, branched or
cyclic C+-Cro alkyl or alkenyl group or an alkyl silyl group; R? is selected from a linear,
branched or cyclic Cp-Cho alkyl or alkenyl group, or an alky! silyl group; or RY and R? are
bridged so that NR'R? forms a cydlic ligand, provided that the cyclic ligand includes
hetercatoms S, Nor O; or

d. an amidinate group -R3:N-C(RY=N-R® wherein R* and R’ are each
independently selectad from a C, fo Cup linear or branched alkyl or a trialkylsilyl; and R* is
selected from H, a G to Cyp linear or branched alkyl.

[0044] Praferably, X is a dialkylamino group ~NR'R? wherein R' is selected fromH or a
Czto Cs alkyl and R? is a Cq 10 Cs alkyl, If R'=H, R? is Cz or more, and if R' not H, R! and
R? are preferably identical. Preferably, X is an amidinate group -NR3-C{R*)=N-R% wherein
R® and R® are each independently selected from Et, nPr, iPr, nBu, Bu, sBu, iBu, and R*is
H, Me.
[0045] When a surface {0 be coverad is a metal, the surface reactive head “X is a thiol
~SH group, phosphonic acid or carboxylic acid. For exampleg, the thiol group reacts to the
metal surface forming a sulfur-metal interface.
(80481 The disclosed SiT-SAM monomers are molecules suitable o form SAMs on a
surface of a substrate in the film forming processes. The monomer backbones of the
disclosed SIT-SAM monomers may be selected from the group consisting of (i) a Si-C-free
poiysilane, containing at least one Si-Si bond and no direct Si-C bond and (i) a trisilylamine
(TSA).
(60477 More specifically, the disclosed SiT-SAM monomers are Si-C-free polysilans-
based SIT-SAM monomers comprising (i) the 5i-C-rege polysilane backbone and an “X7
surface reacltive group.
(00481 The disclosed Si-C-free polysilane-based SIT-SAM monomers are selected from
X-{SiH2)n-SiHs wherein n=1 {0 3,
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X-{SinHan) wherein SinHy, refers to a cyclic hydridosilane backboneg with n=5, 8,7,
K-{BiH(SiHa)2), or
X-BiHz-8i{SiHs)s.
Preferably the polysilane backbone is —-SiMHx-SiHs or ~SikHz-SiHz-SiHa.
(60481 Exemplary Si-C-ree polysilane-based SiT-5AM monomers include NiPrz-{SiHz)-
SiHa, NnBuz-(SiHz)-SiHs, NiBua-(SiH2)-SiHa, NsBup-(SiH,)-SiHz, NBu-(SiH)-SiHs, NPens-
(SiH2)-Sita, NnPra-(SiHz)z-SiHs, NiPra-(Sitz)e-SiHa, NnBuz-(SiHz)e-SiHa, NiBue-(SiHz)e-
SiHz, NsBuz~(SiHz)z-SiHs, NiBu-(Sikz)2-8SiHs, NsPena-(SiHz)z-SiHs, NHIBuU-(SiHz)2-SiHs,
NHPen-(SiHz)»-SiHs, NHsBU-(SiH2)2-SiHs, NHIBu-(SiH2)2-SiHa, NnPr-(SiH:)s-SiHs, NiPra-
(SiH2)s-SiHs, NnBuz-(SiH2)e-SiHa, NIBuUx-(SiH)a-SiHa, NsBup-(SiHo)s-SiHs, NiBuz-(SiHa)a-
SiHz,  NsPena-(8iH:)s-8iHa,  NEL-(SIH(SIH:)2), NiPr-(SiH(SiHs)e), NnPr-(SiH{SiH:)z),
NBuo-(SIH(SiHs)z), NiBu-{SiH(SiHs)), NnBux-(SIH(SiH:)), NsBua-{SiH(SiHa)2), NsPen,-
(SIH({SiHz)e), NHIBU-(SIH(SIH:)2), NHABU-(SIH(SiHz)), NHBU-(SIH(SIHs)z), and NHPen-
{SIH{SiHs)z).
[0050] Furthermore, the disclosed SIT-SAM monomers are TSA-based SiT-SAM
monomaers comprising (i) the TSA backbone and an “X” head. The TSA-based SiT-S5AM
monomers contain at least one N{-Si}s unit in their backbone and one or two "X” surface
reactive groups. For simplicity, H and non-hydrolysable groups are not represented
throughout the entire description and claims.
[0051] The disclosed TSA-based SiT-SAM monomers have a general formula
XR:zSIN({SIR3){S1X'Ra)z.,
wherein X' has the same definition as X as described above and is independent from X;
=1 or 2; R is selected from H, a C4 to Cs branched or linear alkyl chain. Preferably, each
R=H, in which case the formula becomes XHaSEN{SIH: WG Ha)an, Preferably, n=2, in
which case the formula becomes XR:SI-N(SIRs)e. The TSA-based SiT-SAM monomers may
contain more than one N{(-Si); units and have backbones such as (SijaN-Si-N{S)Si-X or
H-Si-N{EH-Si-N(Si)Si-X.
(0052 The disclosed SIT-SAM monomears may be used for exposure o a surface or
subsirate in a liquid phase, either pure or preferably diluted in a solvent, which is inert to
the disciosed SiT-SAM monomer and to the surface reactive groups. The solvents are
typically non-protic solvents such as hydrocarbonsg, toluene, ethers, trialkylamines, etc. The
surface or subsirate exposure may be achieved by any coating method such as dip coating,
spin coating, spray coating. The exposure may last between 1 seconds and 24 hours. After
axposure, the swrface or substrate is preferably rinsed with the solvent and dried. The
existence and characteristics of a suitable SAM layer may be assessed by technigues such
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as water contact angle (WCA), altenuated total reflection FTIR (ATR-FTIR), or high angle
XPS.

{8053] Alternatively, the disclosed SiT-SAM monomers may be usad for exposure to &
surface or substrate in a gas phase. Again, the method used for forming SIT-SAM does not
differ from methods used for forming classical SAMs, such as the one described by F.
Schreiber ("Structure and growth of seif-assembling monoclayers”, Frank Schreiber,
Progress in Surface Science, Vol. 65, issues 5-8, 2000, 151-257). The surface or substrate
is preferably heated to promote the reaction of surface sites with the disclosed SIiT-SAM
monomers, typically at a temperature ranging from room temperature to approximately
450°C, which is the temperature at which the disclosed SIT-SAM monomers typically self-
decompose. The exposure time may range from 1 second {0 24 hours, preferably no mors
than 10 minutes.

[0054] Whether the exposure {0 the disclosed SiT-SAM monomer is done in the gas
phase or liquid phase, the surface/substrate may be pre-treated o improve the reaction of
the disclosed SiT-SAM monomer with the surface. Such treatment may increass the
reactive site density {e.q., -OH on an oxide surface), decrease the film adventitious
contamination (e.g., carbon on a metal surface), or remove a passivating oxide on a metal
Such dry or wet surface preparations and cleaning techniques are well known in the aris
and may be applied to the usage with the disclosed SIT-SAM monomers.

[0055] The substrate final application is not limited to the present invention, but this
fechnology may find particular benefits for the following types of substrates: silicon wafers,
glass wafers and panels, beads, powders and nanc-powders, monolithic porous media,
printed circuit board, plastic sheets, eic. Exemplary powder substrates include a powder
used in rechargeable batiery technology. A non-limiting number of powder materials include
NMC (Lithium Nickel Manganese Cobalt Oxide}, LCO (Lithium Cobalt Oxide), LFP (Lithium
fron Phosphate), and other battery cathode materials.

(80581 it is understood that subsirate designates physical elemenis and their
composition may differ from the compaosition of the layer(s) onto which the disclosed 5iT-
SAM monomers are deposited. For instance, a silicon wafer may be coated with various
dislectric (802, SIN, SIC, SICOH, SICN, SION, SIOCN, a8-C, ete), semiconductor (Ge, SiGe,
GeSn, InGaAs, GaSb, InP, efc), or conductive films (Cu, Co, W, Al Mo, MoN, Ti, TiN, TaN,
Ru, Pt, Pd, WN, WC, Ni, efc.)

(80577 Like classical SAM and specifically silvlating SAMs, the disclosed SIiT-SAM
monomers are useful {o improve the wetiability of substrate to cerfain solution-based film
forming formulations such as spin on dielectrics, anti-reflective coatings, or photoresist
materials.
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jo0s8] Unlike classical SAMs, which only act as surface blocking agents, the disclosed
SiT-SAM monomers may prove beneficial as their Siail exhibits interesting chemical
reactivity that may be beneficial for further processing of the surface. As such, the disclosed
SIT-SAM monomers act as a way to direct certain reactions on the surface that the
disclosed SiT-SAM monomers specifically cover, as opposad 1o plainly blocking a swface,
and may thus act as a positive mask for area selective deposition processes.

[8058] To ensure process reliability, the disclosed SIT-SAM monomers may be purified
by continuous or fractional batch distillation or sublimation prior to use 10 a purity ranging
from approximately 95% by weight or whiw to approximately 100% wiw, preferably ranging
from approximately 99% wiw o approximately 99.899% whw, more preferably, ranging from
approximately 98% wiw 1o approximately 100% wiw.

{00607 The disclosed SiT-SAM monomers may contain any of the following impuritiss:
undesired congeneric spacias; solvents; or other reaction products. In one alternative, the
total guantity of these impurities is below 5.0% whw, preferably, below 0.1% wiw.

(0061} Solvents, such as hexane, pentang, dimethyl ether, or anisole, may be used in
the precursor's synthesis. The conceniration of the solvent in the disclosed SiT-B5AM
monomers may range from approximately 0% wiw 1o approximately 5% wiw, preferably
from approximately 0% wiw {0 approximately 0.1% wiw. Separation of the solvents from the
precursor may be difficult if both have similar boiling points.  Cooling the mixture may
produce solid precursor in liquid solvent, which may be separated by filtration. Vacuum
distiliation may also be used, provided the precursor product is not hested above
approximately its decomposition point.

j0082] in one alternative, the disclosed SIT-SAM monomers contain less than 5% viv,
prefarably less than 1% viv, more preferably less than 0.1% viv, and even more preferably
less than G.01% viv of any of its undesired congeneric species, reactants, or other reaction
products. This alternative may provide betler process repeatability. This altemative may be
produced by distiliation of the disclosed SiT-SAM monomers.

{0063] in anothar alternative, the disclosed SIT-SAM monomers may contain between
5% viv and 50% viv of one or more of congeneric monomers, or other reaction products,
particularly when the mixiure provides improved process parameters or isolgtion of the
farget compound is too difficull or axpensive. For example, a mbdure of two SIT-SAM
monomers may produce a stable, liguid mixture suitable for SAM formation.

[0064] in anocther altemnative, the disclosed SiT-SAM monomers may contain between
approximately 0 ppbw and approximately 500 ppbw metal impurities. The concentration of
trace metals and metalloids in the disclosed SiT-SAM monomers may each range from
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approximately Oppb to approximately 100ppb, and more preferably from approximately
Oppb o approximately 10ppb.

{0065] This disclosure also includes processas of forming a SAM on a surface. The
process comprises the steps of preparing the surface for exposure of the surface to the
disclosed SAM forming composition; exposing of the surface 1o the SAM forming
composition; and forming the SAM on the surface. When the SAM forming composition is
a solution, the exposure of the swrface to the SAM forming composition is a liguid phase
exposure. When the SAM forming compasition is a vapor, the exposure of the surface to
the SAM forming composition is a gas phase exposure.

[ooas) The disclosed also includes film forming processes using the disclosed SIT-SAM
monomers. The process comprises the steps of preparing the surface for exposure of the
surface fo a8 SAM forming composition; exposing of the surface o the SAM forming
composition; forming the SAM on the surface through a liquid or gas phase exposure; and
growing a film on top of the SAM through a wet or dry deposition process using a film-
forming precursor. When the SAM forming composition is a solution, the exposure of the
surface to the SAM forming composition is a liquid phase exposura. The step of exposing
of the surface to the SAM forming composition may be a liquid phase exposure oF a gas
phase exposure. When the SAM forming composition is a vapor, the exposure of the
surface to the SAM forming composition is a gas phase exposure. The wet deposition
procass may be a spin-on-deposition process and the dry deposition process may be an
ALD or CVD process.

[oos7] in one exampliary embodiment, a precursor used for depositing a film over the
SAM formed by the SIT-SAM monomer may be a metal or metalloid precursor, and the tail
of the SIT-SAM monomer acls as a reducing agent to the metal or metalioid precursor. The
metal precursor may be preferably selected from a main group element, or a fransition metal
element selected from Ti, Ta, W, Mo, Nb, or V. The metal precursor may be a fluoride,
chloride, a bromide, an iodide, an oxychloride, an oxybromide, an oxyfluoride, or
combinations thereof. More specifically, the metal or metalioid precursor may be selected
from WFs, WOF., WOCH, WCls, WCIs, MoCls, MoOUTk, MoOCly, TiCls, TiBrs, Tils, TaCls,
AlCHs, VCls, NbCls, BClz, BBrs, GeCls, GeBry or GeClz, GeBre, or combinations thereof. i is
noted that several of these halides compounds may form stable and volatile adducts, and
may be used in such a form of thin film deposition, for example, GeCh:dioxane, TaCls: SEl,
TiBra: SiPro.

{0068] in addition to the precursor, a reactant or a co-reactant may also be introduced
into the reactor. The co-reactant may be an oxygen-containing gas or a nitrogen-containing
gas. The co-reactants include, but are not limited {o, odidizers such as, Os, Oz, Hx0, Ha02,

19



WO 2021/257927 PCT/US2021/037974

0.0, ROH (R is a C4-Cyp linear or branched hydrocarbon), etc. HO and ROH (R is a G-
Cio linear or branched hydrocarbon) are preferred oxidation sources to avoid reacting with
the SAM layer formed on the substrates. The nitrogen-containing gas includes, but is not
imited o, NH;, NO, N0, hydrazines, primary amines such as methylamine, ethylamine,
fertbutylamine; secondary amines such as dimethylamine, digthylamine, di-isoprpylamine,
gthylmethylamine, pyrroliding; tertiary amines such as trimethylamine, irigthylamine,
trisilylamine, Nz, NofHh mixture thereof, preferably NHs. The co-reactant may be selected
from Ha, NHa, NO, NxC, hydrazines, amines or combinations therecf. Preferably, plasma-
ireated co-reactants are avoided as they tend o damage the SAM layer, unless the SAM
layer is re-formed af each ALD cycle,

Examples
[0069] The following non-limiting examples are provided to further iiusirate
embodiments of the invention. Howevar, the examples are not intended 1o be all inclusive
and are not intended to limit the scope of the inventions described herein.

Comparative Example 1

Using hexamethyldisilazane, Me;Si-NH-SiMe, (HMDS), as an adhesion promoter agent to
deposit a polycarbosilazane film

[0070] A silicon wafer with native oxide, cut into coupons 2x2 om, was cleaned for 10
min under ulfraviolet-czone cleaning (hereinafter referred to as UV-0; cleaning) {o remove
organic contaminants. After UV-Os deaning, the surface was completely hydrophilic,
showing a distilled deionized water contact angle <5°. Afterwards, the coupon was brought
into a Mo glovebox and 200 4 of HMDS solution was spun onto it for 80 s at 2000 rpm using
Brewer Science Cee 200X spin coater. After spinning the HDMS adhesion promoter, the
surface shows g hydrophobic character with an average contact angle of 85°. Afterwards,
200 uil polycarbosilazane solution was spun for 80s at 2000 rpm. Spin-on process has been
followed by prebake step in the N; glovebox at 200°C for § min {o promote solvant and
volatile evaporation.

{8071} FIG. 1 shows that spin-on deposiied thin film residues aggregated in clusters
whern using HMDS as adhesion agent. After the prebake step, the polycarbosilazane thin
film that was formed during the spin-on process was completely degraded and the material
left aggregated into islands.

[0072] Thus, this example demonstrates that HMDS, which is a common adhesion
promater used in the industry, may not be compatible with the polycarbosilazane polymer
usad since it may not favor the adhesion between the polymer and the silicon coupon.
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Exampie 1

Synthesas of (Dilsopropylamineirisilylamine {({CMegz)e-N-SilHz-N~{(SiHa)z, TSA-N{CMez)z)
(8073 TSA-N({CMez): SAM precursor is synthasized in a pressurized reactor by the
reaction between trisilylamine (TSA) and diisopropylamine (Mex-CH).-NH) catalyzed by
commercially available Ruthenium on carbon catalyst: A 0.3 L auloclave equipped with a
mechanical stirrer, a thermocouple, g pressure gauge and a pressure transducer and 3
metering valves was chargaed with 5.3 g (0.0025 mmol of ruthenium) of 5% weight ruthenium
on carbon catalyst. The reactor was then heatad under dynamic vacuum at about 125°C
for 3 hr. Dynamic vacuum as used herein describes a vacuum of about 1 Torr. After couling
o room temperature, 14.8 g (0.202 mol) of diisopropylamine was added to the reactor and
then it was cooled to about =130°C in a liquid nitrogen bath. 40 g {(0.372 mot) of trisilylamine
was transferred to the reactor. The reaclor was then gradually heated to about 100°C. After
stirring at about 400 rpm for 85 rpm, pressure increased about 300 psi. The pressure
increase is proportional o the amount of hydrogen {(and product) formed, so i will vary
depending on the scale of the reaction. The reaction is complete when the pressure stops
increasing. it may be desirable to stop the reaction before it is complete. The reactor was
cooled {0 room temperature ("RT7). Volatiles were collected in a cryotrap at liquid nitrogen
femperaiure in a SSLB. The reactor pressure went down to 50 Torr,

[0074] Thea resulting solution contained about 30% (11.3 ¢) of TSA-N{CMez)z. The non-
isolated vield was 30%.

Example 2

Synthesis of Chiorotrisilylamine (SiHs),-N-SiHCl, TSA-CH

[0075] TSA-CH SAM  precursor is  synthesized according fo  the reaction:
SnClerN{SiH3)s—N{SiHs)z(SiHCh+SnClz | +HCI (8ee J. Chem. Soc. Dalton Trans. 1975, p.
1624). Allernatively, dichiorosilane [SiHCl] and monochloresilane [SiH:X} may be
introduced continuously in the gas phase in a 1/20 to Y4 ratio and at room temperature with
400 scom of NHs in a flow-through tubular reactor as described by Miller in U.S. Pat. No.
8,669,387, The reaction of NHs with 2 equivalents of monochlorosilane produces mostly
disilylamine (DSA). DSA then reacts with the dichlorosilane to form (SiHa)e-N-SiH:Cl and
HCIL One of ordinary skill in the art would recognize that the reaction may {ake place inone
or two steps (first forming DSA from the monochicrosilane and NHs and second adding
dichlorosilane) or in one step (combining the monochorosiiane, dichlorosilane, and NHa in
one step).
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Exampile 3

Synthesis of Amine substituted polysilane

{0076] The amine substifuled polysilanes may be synthesized through the following
steps.

a) contacting the reactants R'R*NH and RPR*NH and SinHzemsn in the presence of
a transition metal catalyst forming a reaction mixiure;

b) optionally adding a solvent (o the reaction mixture;

¢} maintaining the reaction mixture at a temperature between about 0°C to about
300°C;

d) allowing the reactions to proceed to form (R'R2N)u (RPR*Nn2SimH e 1y-n1-n2);

&) separating the (R'R*N)n (RPR*N)nzSlnHems n-n1-nz from the reaction mixiure;
wherain the reaction mixiure temperature may vary during the synthesis and is maintained
such that the temperature of the reaction mixure is not allowed to drop below about 0°C
and not exceed about 300°C.

[0077] For example, the structure formula for m=3; R = R? = isopropyl, nt =1, n2 =0
is as follows.

CH.} {.l‘l;

e N U

HaSi

wherein the reactants are MeNH and SizHs. See e.g., US 10484387,

Example 4

Ii{J
W \
BS ‘““‘<'\E\Y!
1
Synthesis of amidinate (AMD, -RTHN{CR®=NR?, R substituted polysilane
[0078] AMD substituted polysilanes refer 1o (RTHN{CR®=NR?)-SinHemen-n), where n
=1 {0 (2(m+1); m=2 to & R! and R? are sach independently selected from the group
consisting of linear or branched Gy to Cs alkyl, linear or branched Cq to Cs alkenyl, linear or

branched Cy 1o Cs alkynyl, Cs to Cip aryl, linear or branched C, to Cs alkyl sther, silyl,
trimethyl siiyl, or linear or branched G4 o Cs alkyl-substituted silyl.
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[0079] Replacing R'RZNH with RTHN(CR*==NR? in the above synthesis process of
amine substituted polysilanes in Example 3, the AMD substituted polysilanes will be formed.
See, e.q., US 10484387,

Example §

Synthesis of X substituted bi-disilylaminohalogensilane (BDSASE-X), wherein X = F, Cl, Br
ori

{0080} SAM precursor BDSASI-X (F, Ci, Br, ) are preferentially synthesized from a
direct reaction of (SiH3):N-SiH-N(SiH:}: (BDSASH) with a halogen acid by dehydrogenative
coupling, according to the same profocol as described in U.S. Pat App. Pub. No.
2015/0094470.

[0081] {(SiHa)aN-SiH-N{SiHs)2 + nHX — [N(SiHa.{X)m}-SiHa-{SiHan(X)n] + {(m+niH, with
m=0to 3 n=11{o 3.

s The reaction being carried neat or in an aprotic solvent such as, but not fimited to a
Ca-Cas hydrocarbon solvert, toluene, benzene, diethylsther, acetonitrile, or THF.

s The reaction being carried at a temperature belween room temperature and 150°C,
preferably at 30-80°C.

s Optionally, the catalyst being filtered from the reaction mixture and the components
of the remaining liquid composition being separated by distiligtion.

« Optionally, the reaction mixture being treated with an agent to de-activate the
catalyst, selected but notlimited {0 a tertiary amine or a coordinant compound such
as XNR4 (X=F, Cl, Br, |, R=alkyl}, R-CN, R:8, PRa.

e (ptionally, the compound of BDSASI-X being purified by distiliation to reach an
assay of >88%, more preferably or >99%, and even more preferably »99.5%, which
is typical of semiconductor grade precursors

+ Optionally, the product may be filtered to reach specifications that are typical of
products used in the semiconductor industry.

Example 8

Synthesis of Diiscbutylaminetrisilane (DIBATS, (Bu)e-N-3iHz-SiH2-SiHs)

j6082] SAM precursor DIBATS is synthesized in & pressurized reactor from trisilane
(SiHa-SiHx-5iHs) and dilsobutylamine ((iBuj-NH) catalyzed by commercially available
Ruthenium on carbon comprises. A 0.3 L autoclave equipped with a mechanical stirrer, a
thermocouple, g pressure gauge and a pressure fransducer and 3 metering valves was

charged with 6 g (0.003 mmol of ruthenium) of 5% weight ruthenium on carbon catalyst.
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The reactor was then heated under dynamic vacuum at 125°C for 3 hr. After cooling down
{0 room temperature, the reactor was filled with 1 atm of helium, sealed and disconnected
from the manifold and placed in g glove box. Inside the glove box, 20.7 (0.205 mol) of
diisobutylamine was added. Then, the reactor was taken out from the giove box and
reconnectad o the manifold and coolad down to ~130°C in a liquid nitrogen bath. 40 g of
irisilane (0.433 mol} was transferred o the reactor through the manifold. The reactor was
then heated up to 100°C. After stirring at 400 rpm for 23 hr, the reactor was cooled down to
room temperature. Volatiles were cryofrapped in a stainless steel lecture botlle (SSLB). The
reaction vessel pressurs dropped to 20 Torr. The DIBATS was recovered from the reactor
vessel The reaclion solution contained 11.48 g of DIBATS. The non-isolated vield was
29%. See e.g., US 10494387,

Example 7
Synthesis of Amidinatensopentylsilane (NPS-AMD, CsHy-BiH-RTHN({CR*=NR?)
[0083] The synthesis of SAM precursor NFS-AMD is as follows.

a) contacting the reactants amidine (RTHN{CR*)==NR?) and neopeantyisilana {CsH-
SiHz), in the presence of a fransition metal catalyst forming a reaction mixture, wherein R,
R? and R? are independently selected from the group consisting of linear or branched G, to
Cs alkyl, linear or branched Cq to Cs alkenyl, linear or branched Ci to Ce alkynyl, Cs to Cre
aryl, linear or branched C. 10 Cs alkyl ether, silyl, trimethyl silyl, or linear or branched G to
Cs alkyl-substituted silyl, where the molar ratio of neopentyisilane (Cshy-SiHy) {0
(RTHN{CR*=NR?) is at least 1.1,

by optionally adding a soivent {o the reaction mixture;

¢} maintaining the reaction mixiure at a temperature between about 0°C fo about
300°C;

d) allowing the reaction tfo proceed io form NPS-AMD  (CeHy-SiHp-
(RIN(CRY)=NR?);

2) separating the product NPS-AMD from the reaction mixture; wherein the reaction
temperature may vary during the synthesis and is maintained such that the temperature of
the reaction mixture is not allowed to drop below about 0°C and not exceed about 300°C.
See e.g., US 10494387,

Example 8

Syrthesis of Dialkylaminoneopentylsilane (NPS-NR*R%)

j6084] in the above synthesis procedure of NPS-AMD in Example 7, replace the
reactant amidine (RTHN(CR®*=NR?} with amine R*R°NH, the product SAM precursor NPS-

24
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NRAR3 will be formed, wherein R4 and R® are each independently H, linear or branched G,
to Cs alkyl, finear or branched C, to Ce alkenyl, linear or branched C to Cs alkynyl, Cs 10
Cro aryl, linear or branched Cq to Cs alkyl. See e.g., US 10494387,

Example 8
Synthesis of Amidinatecyclohexyisilane (CHS-AMD)
[0085] The synthesis of SAM precursor CHS-AMD is as follows.

a) contacting the reactants amidine (R'HN(CR*=NR?% and cyclohexylsilane
(CsH1:-SiHa), in the presence of g transition metal catalyst forming a reaction mixture;
wherein RY, R® and R?® are independently selected from the group consisting of linear or
branched C, to Ce alkyl, linear or branched Cq to Cg alkanyl, linear or branched Cq to Cs
alkynyl, Cs 1o Cyp aryl, linear or branched Cy to Cs alkyl ether, silyl, rimsthyl silyl, or linear
or branched C4 to Cq alkyl-substituted silyl; where the molar ratio of cyclohexylsilane (CsHis-
SiHs) to (RTHN(CR®)=NR?) is at least 1:1;

by optionally adding a solvent to the reaction mixture;

c} maintaining the reaction mixiure at a temperature between about 0°C {0 about
300°C,;

d) allowing the reaction to proceed o form the SAM precursor CHS-AMD (Cghys-
SiHa-(R'N{CR®=NR?));

e} separating the product CHS-AMD from the reaction mixiure; wherein the reaction
femperature may vary during the synthesis and is maintained such that the temperature of
the reaction mixture is not allowed to drop below about 0°C and not excead about 300°C.
See e.g., US 10494387,

Exampie 10

Synthesis of Dialkylaminocyciohexylsilane (CHS-NR*R®)

{00881 in the above synthesis procedure of CHS-AMD in Example 8, replace the
reactant amidine (RTHN(CR*)=NR?} with amine R*R°NH, the product SAM precursor CHS-
NRARS will be formed, wherein R4 and R® are each independenily M, linear or branched G,
{0 Cs alkyl, linear or branched Cy to Cs alkenyl, linear or branched Cq to Cs alkynyl, Cs to
Cro aryl, linear or branched Cs to Cs alkyl. Ses e.g., US 10404387,

Exampie 11

Wet coating of SiT-SAMs

(00871 Neat SIT-SAM monomer (0.2 mL) were deposited on Si0, (thermal oxide) wafers
under Np atmosphere and room temperature. The wafers were then spun at 2000 RPM for
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80sec {i.e. until apparent dryness of the wafer). The wafers were either as received or
pretreatad under Gs (5 min, room temperature) to clean and hydroxylate the surface. Water
contact angle (WCA) measurement were immediataly measured in alr. The wafers were
then baked under N; at 300°C for 10 min, and the WCA was re-measursd after the anneal.
[o088] The resuits are listed in FIG. 2 and FIG. 3 that indicate a clear increase of the
WOA for both the mono-amino trisilane (SiaH-NRs, wherein R is a G to Cs alkyl) derivative
and the monoamino-trisitylamine derivative (SisHsN-NRo, wherein R is a Ca to Cs alkyl). The
WCA remains high after annealing at 300°C, which indicates that these SiT-3AM monomars
may withstand such a high temperature without decomposition and that wet exposure at
room temperature is sufficient to chemically bind these SAMs (o the surface.

Example 12

Appiication of SiT SAM as a 30D coating primer using (Diiscbutylamine)trisilane
(DIBATS) as an adhasion promoter to deposit a polycarbosiiazane film

[008%] Same process as described in comparative example 1 was performed using
DIBATS as adhesion promoter instead of HDMS. A silicon wafer with native oxide, cut into
coupons Z2x2 cm, was cleanad for 10 min under V-0 cleaning. Afterwards, the coupon
was brought info a Ny glovebox and 200 ul of DIBATS solution was spun onto it for80 s at
2000 rpm using Brewer Science Cee 200X spin coater. After spinning the DIBATS adhesion
promaoter, the surface showed a hydrophobic character with an average contact angle of
88°. Afterwards, 200 il polycarbosilazane solution was spun for 60s at 2000 rpm. Spin-on
process was followed by prebake step in the N glovebox at 200°C for & min to promote
solvent and volatile evaporation.

{00801 FIG 4 shows a spin-on deposition thin film using DIBATS as adhesion agent. A
film is retained and uniform across the coupons. After the prebake step, a polycarbosilizane
thin film of 260 nm thick was retained. The film shows good uniformity across the film with
few voids and defects. Thus, this example demonstrate that DIBATS is able to strongly bind
with the polycarbosilazane and retain the bond after the prebake heating treatment. To test
the adhesion of the polycarbosilazane to the silicon substrale 3 scotch tape iest was
performed. The thin film did not peel off or detach. No visual difference could be observed

after multiple repetition (more than 5) of scoich tape test on the same coupon.

Exampile 13
Application of 3iT SAM as a S0D coating primer using (Diisopropylamine)trisilylamine
{TSA-N(CHMe»):) as an adhesion promoter to deposit a polycarbosiiazane film
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[0091] Same process as described in Example 12 using DIBATS as adhesion promoter
was performed using TSA-N(CHMez)» as adhesion promoter instead of DIBATS. A silicon
water with native oxide, cut into coupons 2x2 om, was cleanad for 10 min under UV-0s
cleaning. Afterwards, the coupon was brought info a Ny glovebox and 200 ui of TSA-
N{CHMex ) solution was spun onto it for 80 s at 2000 rpm using Brewer Science Cee 200X
spin cogter. After spinning the TSA-N(CHMe»): adhesion promoter, the surface showed a
hydrophobic character with an average confact angle of 98°. Afterwards, 200
polycarbosiiazane solution was spun for 80s at 2000 rpm. Spin-on process was followed by
prebake step in the N: glovebox at 200°C for 5 min to promoife solvent and volatile
avaporation.

jon92] FIG. § shows a spin-on deposition thin film using TSA-NH{CHMe,), as adhesion
agent. A film is refained and uniform across the coupons. After the prebake step, a
polycarbosilazane thin film of 260 nm thick was retained. The film shows good uniformity
across the film with few voids and defects. Thus, this example demonstrates that TSA-
NH{CHMe:); is able to strongly bind with the polycarbosilazane and retain the bond after
the prebake heating treatiment. To test the adhesion of the polycarbosiiazane to the silicon
substrate a scotch tape test was performed. The thin film did not pesl off or detach. No
visual difference could be ohserved after multiple repetition (more than 5) of scoich tape
tast on the same coupon.

Example 14

Vapor coating of SiT-SAMs

[0093] SI0; (thermal oxide) wafers were exposed to SIT-SAM monomer DIBATS (0.02
Torr partial pressure) vapor under vacuum (8.57) at 100°C. The wafers were exposed {o
the SIT SAM vapor for 5 minutes. The wafers were either as received {native) or preireated
under Gs (10 min, room temperature) to clean and hydroxylate the surface. Water contact
angle (WCA) measurements were immediately measured in air. The wafers were siored at
ambient temperatures (23-24°C) and humidity (41-568% RH), and the WCA was re-
measured after 24 hours and 48 hours aging.

[0094] The resuits are listed in FIG. 8 that indicate a clear increase of the WCA for both
the as native and pretreated Si0O substrates exposed {o the vapor SIT-SAM, DIBATS. The
WCA remains high (>70 degrees) after aging at ambient conditions after 24 and 48 hours,
which indicates that SiT-SAM monomers may be stable and withstand exposure at ambient

conditions.
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Prophetic Example 1

Dry Coating of SiT-SAMs

{0085] The disclosed SiT-SAM monomers used in a dry coating process are volalile
enough o be evaporated and to reach a sufficient vapor pressure to react with the surface
of a substrate/wafer within a reasonable time. The surface to be ireated is exposed to and
left to react with the vapors of the SIT-SAM monomers. CVD or ALD processes may be
applied to dry coating of SiT-SAMs. The subsirate/wafer is heated above room lemperature
but below the decomposition temperature of the SIT-SAM monomer on the surface to
promote and accelerate the reaction and attachment of the SiT-8AM monomer to the
surface. This reaction may be realized at atmospheric pressure (e.g., APCVD) or under

VaCcuum,

Prophetic Example 2

Applications of SiT-SAMs as an enhancement layer for thin film deposition

{00867 Example gpplication for Si ancdes in battery space may be done by comparisons
of growing poly-Si on top of (Diischbutylaminejlrisiiane coated S0 vs non
{Diiscbutylaminerisilane coated SIO (gasfiguid), and growing porous Si on iop of
{Diisobutylamine)risilane coated Ni {with native oxide) O vs. non (Diiscbutylamine)irisilane
coated (gas/did). The disclosed SiT-SAM monomers may be used as seed for metal barrier
using metal halides (W, Mo, Ti, Ta ...} at temperatures below 800°C, preferably below
500°C.

Prophetic Example 3

Appiication of SiT-SAM for powder coating

[o097] Wet coating of powder / filtration / wet oxidation (H20+IPA) to SiQ» on surface of
powder could be dong with the disclosed SIT-SAM monomers. Gas phase coating of
powders for Carbon-free hydrophobic properties enhancement, such as AbO;, Si0:
powders, Si powder with native oxide, any metallic powder with native or ALD oxide such
as Al W, Ti, Cu, could be done with the disclosad SIT-SAM monomers.

{0008] Although the subject matter described herein may be described in the context of
Hiustrative implementations 0 process ong  or more computing  application
features/operations for a computing application having user-interactive components the
subject matter is not limited to these particular embodiments.  Rather, the technigues
described herein may be applied to any suilable type of user-interactive component
exacution management methods, systems, platforms, and/or apparatus.
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[0099] it will be understood that many additional changes in the details, materials, steps,
and arrangement of parts, which have been herein described and lllustrated in order fo
explain the nature of the invention, may be made by those skilled in the art within the
principle and scope of the invention as expressed in the appended claims. Thus, the
present invention is not intended to be limited 16 the specific embodiments in the examples
given gbove andfor the attached drawings.

(01003 VWhile embodiments of this invention have been shown and described,
modifications thereof may be made by one skilled in the art without departing from the spirit
or teaching of this invention. The embodiments described herein are exemplary only and
not limiting. Many variations and modifications of the composition and method are possible
and within the scope of the invention. Accordingly, the scope of protection is not limited to
the embodiments described herein, but is only limited by the claims which follow, the scope
of which shall includs all equivalents of the subject matter of the claims.



