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PRECURSORS AND PROCESSES FOR DEPOSITION OF SI-CONTAINING
FILMS USING ALD AT TEMPERATURE OF 550°C OR HIGHER

Cross Reference to Related Applications
[0001] The present application claims the benefits of US. Provisional Patent
Application Nos. 6278373 filed Decamber 21, 2018 and No. 862800757 filed September

18, 2019, being incorporated herein by references in their entireties for all purposes.

Technical Field
[0002] Disclosed are precursors and processes for deposition of Si-containing films
using an atomic layer deposition (ALD) process at a temperature of 550°C or higher,
preferably, from greater than 550°C to no more than 750°C, in semiconductor

manufacturing processes.

Background
[0003] Si-containing films, such as Si0z and SiN, are essential functional
compositions in semiconductor devices, including 3D-NAND flash memory, and are
embeddad as inter-poly dielectric, blocking oxide tunnel oxide layer, and pillar. Si0:2
films play various functions in semiconductor devices. A high quality of Si0: films,
which resists etching by cleaning processes and doesn’'t shrink during exposure {o
high temperature subseguent annealing and processing steps, is required. in 3D
NAND manufacturing and cother semiconductor device manufacturing, an ALD is the
key deposition technology for fabricating ultra-thin films (typically from an atomic
monoiayer to a few tens of nanometer) in a perfectly conformal fashion. The ALD of
Si0O2 provides uniform coverage and defined composition of Si02 layers in
semiconductor fabrication, specifically for trench and holes Tilling with high aspect ratio
(HAR)}, which are commuon structures for current semiconducior devices. For example,
holes in a 3D-NAND device have an aspect ratio ranging from 30:1 to 150:1. The
deposition of a high quality and conformal SiO2 layer over the trench deposited by ALD
remains a great challenge due to limited precursors, especially for ALD at a
temperature higher than 500°C. At high temperature (> 500°C), most Si02 ALD
precursors tend not to exhibit a perfect ALD, e, self-limited growth behavior. Instead,

parasitic chemical vapor deposition (CVD) (i.e. non seif-limited growth) caused by the
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thermal decomposition of the precursor typically leads to poor film quality,
contamination, and non-conformal growth, with thicker film at the top of the structure
compared to the side and bottom of holes or trenches. High temperature ALD is
however desirable because depositing the film at an elevaied temperature prevenis
the shrinkage that is normally observed when a film is deposited at lower temperature
(around 500°C) and then annesled after deposition at a higher temperature
{(approximately 600-800°C), or simply exposed to high temperature in later processing
steps. Such heat shrinkage induces stress and potential cracking. However, the
industry and researchers have struggled to discover molecules that are sufficiently
thermally stable to perform a high temperature (> 500°C) ALD depaosition of SiOz film,
and exhibit proper surface reactivity {o enable a self-iimited growth behavior of ALD at
these higher temperatures.
[0004] Efforts to find thermal Si02 ALD precursors suitable for ALD processes at a
temperature higher than 500°C have been attempted.
[0005] US2017207082 to Wang et al disclosed a method and composition for
depositing a silicon oxide film in an ALD process at temperatures of 850°C or greater.
The Siprecursors | or H used in the ALD process for depositing a Si0 film were:
R3-nXnSi—0—8iXnRan {

R3.0Xn Qi 0S8 1XmR bR 2.m-p—0—SiXnR3n }
wherein X=Ci, Br, or I, R and R each are independently selected from a hydrogen
atom, a C1to Caalkyl group; n=1, 2, or 3; m=0, 1, or 2; and p=0 or 1.
[oo08] US2016225616 to Li ef af discloses method and precursors for
manufacturing 3D devices including Si02 or SIN film formation for forming the
apparatus, for example, with silicon precursor selected from the compounds having
Formulae | through 1 as 3D vertical NAND flash memory stacks. The deposition
processes include ALD at one or more itemperatures ranging from ambient

temnperature to 1000°C.
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[0007] US9460912 to Chandra ef af. discloses composition(s) and ALD process(es)
for the formation of a silicon oxide containing film at one or more deposition
temperature from 600 to 800°C and pressure ranges from 50 mTorr to 760 Torr. In
one aspect, the composition and process use one or more silicon precursors selected
from compounds having the following formulae |, i, described and combinations
thereof

R'IR? mSINR*RYXp; and L

R'R? mSH{ORSIWORY X, 1L
[0008] US8460753 to Xiao ef a/. discloses meathods for depositing silicon dioxide or
silicon oxide Tilms that have extremely low wet eich rate in HF solution using a thermal
CVD process, ALD process or cyclic CVD process with a silicon precursor selected
from one of: R'1R%mSINR*RYenm; and, a cyclic silazane of (R'R?SINR®)p, where R is
an alkeny! or an aromatic, such as vinyl, allyl, and phenyl R?, R?, and R* are selected
from H, alkyl with C+-Cro, linear, branched, or cyclic, an alkenyl with C2-Cro linear,
branched, or cyclic, and aromatic; n=1-3, m=0-2Z; p=3-4. The temperalure range was
between 400°C to 700°C under a pressure of 100mT to 1T,
[0008] WO18063907 to Hwang et al. discloses chlorodisilazanes, silicon-heteroatom
compounds and deposition processes including ALD process of using those
compounds for forming silicon-heteroatom compound as a film including silicon oxide.
The syntheses of 1,1,1,3,3-pentachlorodisiiazane, 1,1,3,3- tetrachiorodisilazane or
1,1,1,3,3,3- hexachlorodisilazane was disclosed. 1,1,1,3,3,3- hexachlorodisilazane
used for deposition of silicon nitride film with PEALD at a temperature range of 350 to
500°C was disclosed.



[0010] US20070160774 or JP 2005213633 patent application to Tsukada et al.
discloses SiN films formed by an aminosilane gas represented by (H)n-Si-[N(R%)2]s-
n (R = H, C14 alkyl, trimethylsilyl; n = 0-3; all of R are not H) and a hydrazine gas
represented by N2(H)sx(R?)x (R>= Me, Et, Ph; x = 0-4) in a CVD chamber at low
temperature without generation of ammonium chloride.

[0011] Discovery of new and novel ALD precursors that are applicable to the ALD
processes at high temperatures, typically > 500°C, and preferably around 700°C or
higher, is challenging, since their applications to ALD processes achievable at higher
temperatures require high step coverage (SC) and low wet etch rate (WER). Thus,

there are needs to provide such precursors to meet these requirements.

Summary
[0012] Disclosed are methods to form a Si-containing film on a substrate. The
method comprises the steps of heating the substrate in a reactor to a temperature of
550°C or higher, exposing the substrate to a vapor including a Si-containing film
forming composition that contains a Si-containing precursor having the formula:
SiRYyR?4.x.y(NH-SiR’3)x,

wherein x=2, 3, 4; y=0, 1, 2, R! and R? each are independently selected from H, a
halogen (Cl, Br, 1), an C1-Cs alkyl, an isocyanate, a C1-Casalkoxide, or an —NR3R* group
in which R® and R* each are independently selected from H, a C1-Cs alkyl, provided
that if R®= H, R*> C1; each R’ is independently selected from H, a halogen (Cl, Br, |),
or a C1-Cs alkyl, and depositing at least part of the Si-containing precursor onto the
substrate to form the Si-containing film on the substrate through an ALD process.
[0012a] In one aspect, there is provided a method for forming a Si-containing film on
a substrate, the method comprising the steps of heating the substrate in a reactor to a
temperature of higher than 550°C; exposing the substrate to a vapor including a Si-
containing film forming composition that contains a Si-containing precursor having the

formula:

SiRYyR?4x-y(NH-SiR’3)x,
wherein x=2, 3, 4; y=0, 1, 2, R! and R? each are independently selected from H, Cl,
Br, I, an C1-C4 alkyl, an isocyanate, a C1-Ca4 alkoxide, or an -NR3R* group in which R3
and R* each are independently selected from H, a C1-C4 alkyl, provided that if R3=H,
R*> C1; each R’ is independently selected from H, Cl, Br, I, or a C1-Cs alkyl; and



depositing at least part of the Si-containing precursor onto the substrate to form the
Si-containing film on the substrate through an atomic layer deposition (ALD) process.
[0013] Also, the method comprises the steps of heating a substrate in a reactor to a
temperature of higher than 550°C, and forming a chemisorbed and/or physisorbed
film, on the surface of the substrate, of a Si-containing precursor having the formula:
SiR1yR?4.xy(NH-SiR’3)x,

wherein x=2, 3, 4; y=0, 1, 2, R! and R? each are independently selected from H, a
halogen (Cl, Br, 1), an C1-Cs alkyl, an isocyanate, a C1-Csalkoxide, or an —NR3R* group
in which R® and R* each are independently selected from H, a C1-C4 alkyl, provided
that if R®= H, R*> C1; each R’ is independently selected from H, a halogen (Cl, Br, I),
or a Ci-Caalkyl.

[0014] The disclosed methods may include one or more of the following aspects:
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¢ the method further comprising the step of chemically reacting the
chemisorbed and/or physisorbed film  comprising the Si-containing
precursor with a co-reactant;

e the co-reactant reacting with the Si-containing precursor in the chemisorbed
and/or physisorbed film producing a reaction product that forms a second
film on the surface of the substrate;

¢ the method further comprising the step of exposing the substrate {o the co-
reactant;

e the method further comprising the step of introducing the co-reactant to the
reactor;

e the co-reactant being selected from Os, Oz, H20, NO, N20O, NO2, Hz02, O
radicais & combinations thereof;

e the co-reactant is O;

e the co-reactant is Os;

e the co-reactant being selected from NHz, NO, N2O, hydrazines, Nz plasma,
Nz/Hz plasma, NHaz plasma, amines and combinations thereof,

e the co-reactant is NHa;

e the method further comprising the step of heating the reactor containing the
substrate to a temperature approximately 400°C or higher,

e the method further comprising the step of heating the substrate to a
temperature from approximately 550°C to approximately 750°C;

¢ the method further comprising the step of heating the substrale 1o a
temperature from greater than 550°C to no more than 750°C;

e the method further comprising the step of heating the substrate o a
temperature approximately 550°C to approximately 650°C.

e the method further comprising the step of heating the substrate o a
temperature greater than 550°C o no more than 650°C.

e the silicon-containing film being a film of SiaGuCcNg, where a>0; b, ¢, dz 0.

e the silicon-containing film containing H in a low concentration;

e the silicon-containing film is a silicon oxide layer;

s the silicon-containing film is a silicon nitride layer;

¢ a WER of the silicon oxide film as deposited, normalized with thermal SiCz

formed, being less than 4;
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e aWER of the silicon oxide film as deposited, normalized with thermal Si0z,
being from 2 o 4;

¢ the substrate being a wafer with patterns;

e ihe subsirate being a wafers with holes or trenches having an aspect ratio
larger than 10:1;

e the substrate being a wafers with holes or trenches having an aspect ratio
larger than 24:1;

e the silicon-containing film being part of a flash memory device;

e the silicon oxide film being part of a flash memory device;

e the Si-containing precursor being selected from SiHz(NH-Si{CH:))z,
SIHCINH-SI{CHa)a)z, SICE{NH-SI{(CHa)a)z, SIH(NH-SI{CHa)sja, SICKNH-
Si{CHala)s, or SI{NH-SI{CHa)s)4;

¢ the Si-containing precursor being SiH{NH-Si{CHa)s)z;

¢ the Si-containing precursor being SIHCHNH-SI{CHaz)s)z;

e the Si-containing precursor being SICI(NH-SI{CHs)a)z;

¢ the Si-containing precursor being SIH(NH-SI{CHa)s)s;

¢ the Si-containing precursor being SICHNH-SI{CHa)s)s;

¢ the Si-containing precursor being SIINH-SI{CHa)a)s;

¢ the pyrolysis temperature for HzSi{NH-SiMe: )2 being approximately 600°C,;

¢ HoSi(NH-SiMea) performing a perfect ALD in atemperature range between
approximately 550°C to approximately 650°C;

e HoSi(NH-SiMes) performing a perfect ALD at a temperature of
approximately 650°C;

e H2Si(NH-SiMes)2 keeping conformal growth at a temperature higher than
approximately 550°C;

¢ HoSi(NH-SiMes) keeping conformal growth at a temperature  of
approximately 650°C;

e the pyrolysis temperature for HSI{NH-SiMes)s being approximately 700°C;

¢ HSINH-SiMes)s performing a perfect ALD in a temperature range between
approximately 550°C fo approximately 750°C;

¢ HSINH-SiMes)s performing a perfect ALD at a temperature of
approximately 700°C;

¢ HSI(NH-SiMesa)s keeping conformal growth at a temperature higher than
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approximately 550°C;

e HSINH-SiMea): keeping conformal growth at a temperature of
approximately 700°C;

¢ The temperature range of the reaclor being from approximately 200°C 1o
approximately 1000°C;

¢ The temperature range of the reactor being from approximately 400°C {o
approximately 800°C;

¢ the deposition temperature ranging from approximately 400°C to
approximately 800°C for a thermal process;

¢ the deposition temperature ranging from approximately 500°C to
approximately 750°C for a thermal process;

¢ the deposition temperature ranging from approximately 550°C to
approximately 700°C for a thermal process.

e the pressure in the reactor being held between approximately 0. 1mTorr and
approximately 1000Torr;

s the pressure in the reactor being held between approximately 0.1Torr and
approximately 400Torr;

e the pressure in the reacior being held between approximately 1Torr and
approximately 1007 orr;

s the pressure in the reactor being held between approximately 1Torr and
approximately 10Torr;

e the ALD process being a thermal ALD;

e the ALD process being a spatial ALD; and

e the ALD process being a temporal ALD.

[0015] Also, disclosed is a composition for deposition of a film comprising a Si-
containing precursor having the formula:
SiIRTWR24.xy{NH-SiRa)x,

wherein x=2, 3, 4; y=0, 1, 2, R" and R? each are independently selected from H, a
halogen (Cl, Br, 1}, an C1-Ca alkyl, an isocyanate, a C1-C4 alkoxide, or an ~-NR*R* group
in which R? and R* each are independently selected from H, a C1-C4 alky!, provided
that if R®= H, then R*> C4; each R’ is independently selected from H, a halogen (C},
Br, ), or a C1-Caalkyl, provided that if x=2 and y=1, then R'=H and R?#H, or R?=H and
R'H; further provided that if x=3 and y=1, then R'™#H. The disclosed compositions



include one or more of the following aspects:

e the Si-containing precursor being selected from SiH2(NH-Si(CHz3)s)2,
SiH(NH-Si(CHs)3)s, SIHCI(NH-Si(CHs)3)2, SiCl2(NH-Si(CHs)3)2, SiCI(NH-
Si(CHs)z3)3, or Si(NH-Si(CHz3)3)4;

e the Si-containing precursor being SiH2(NH-Si(CHz3)3)2;

e the Si-containing precursor being SiH(NH-Si(CHs3)3)3;

e the Si-containing precursor being SiIHCI(NH-Si(CH3)3)2;

e the Si-containing precursor being SiCl2(NH-Si(CH3)3)2,;

e the Si-containing precursor being SiCI(NH-Si(CH3)3)s;

e the Si-containing precursor being Si(NH-Si(CH3)3)4;

e the Si-containing precursor having a purity ranging from approximately 93%
w/w to approximately 100% w/w; and

e the Si-containing precursor having a purity ranging from approximately 99%
w/w to approximately 99.999% wi/w.

[0015a] In another aspect, there is provided a composition for deposition of a film
comprising a Si-containing precursor having the formula:

SiRYyR?4.x.y(NH-SiR’3)x,
wherein x= 3, 4; y=0, 1, 2, R! and R? each are independently selected from H, a
halogen (Cl, Br, 1), an C1-Cs alkyl, an isocyanate, a C1-C4 alkoxide, or an —-NR3R* group
in which R® and R* each are independently selected from H, a C1-C4 alkyl, provided
that if R®=H, R*> C1; each R’ is independently selected from H, a halogen (Cl, Br, 1),
or a C1-C4 alkyl, provided that if x=3 and y=1, R1#H.

Notation and Nomenclature
[0016] The following detailed description and claims utilize a number of
abbreviations, symbols, and terms, which are generally well known in the art, and
include:
[0017] As used herein, the indefinite article “a” or “an” means one or more.
[0018] As used herein, “about” or “around” or “approximately” in the text or in a claim
means +10% of the value stated.
[0019] As used herein, “room temperature” in the text or in a claim means from
approximately 20°C to approximately 25°C.

[0020] The term “ambient temperature” refers to an environment temperature



approximately 20°C to approximately 25°C.

[0021] As used in the disclosed embodiments, 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 species of that same R group. For example in the formula
MRL(NR?R3)@4x), where x is 2 or 3, the two or three R? groups may, but need not be

identical to each other or to R2or to R3. Further, it should be understood that unless
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specifically stated otherwise, values of R groups are independent of each other when
used in different formuias.

[0022] Asused inthe disclosed embodiments, the term “hydrocarby! group” refers to
a functional group containing carbon and hydrogen; the term “alkyl group” refers to
saturated functional groups cortaining exclusively carbon and hydrogen atoms. The
hydrocarbyl group may be saturated or unsaturated. Either term refers to linear,
branched, or cyclic groups. Exampies of linear alkyi groups include without limitation,
methyl groups, ethyl groups, propy! groups, butyl groups, efc. Examples of branched
atkyls groups include without limitation, t-butyl. Examples of cyclic alkyl groups include
without limitation, cyclopropy! groups, cyclopentyl groups, cyclohexyl groups, elc.
[0023] As used in the disclosed embodiments, the abbreviation “Me” refers to a
methyl group; the abbreviation “Et refers to an ethyl group; the abbreviation *Pr” refers
to a propyl group.

[6024] Any and all ranges recited in the disclosed embodiments are inclusive of their
endpoints (1.e., x=1 o 4 or x ranges from 1 to 4 includes x=1, x=4, and x=any number
in between), irrespective of whether the term “inclusively” is used.

[0025] The term “substrate” refers {0 a material or materials on which a process is
conducted. The substrate may refer {0 a wafer having a material or materials on which
a process is conducted. The subsirates may be any suitable wafer used in
semiconductor, photovoltaic, flat panel, or LCD-TFT device manufacturing.  The
substirate may aiso have one or more layers of differing matenals aiready deposited
upon it from a previous manufacturing step. For example, the wafers may include
silicon layers (e.q., crystalling, amorphous, porous, etc.), silicon containing layers
(e.g., Si02, SiN, SION, SICOH, etc.), metal containing layers {e.g., copper, cobalt,
ruthenium, tungsten, platinum, palladium, nickel, ruthenium, gold, efc.}, an organic
layer such as amorphous carbon, or a photoresist, or combinations thereof
Furthermore, the substrate may be planar or patterned. The substrate may include
layers of oxides which are used as dielectric materials in MEMS, 3D NAND, MiIM,
DRAM, or FeRam device applications {for example, ZrO: based materials, HiO2 based
materials, TiO2 based materials, rare earth oxide based materials, ternary oxide based
materials, etc.) or nifride-based films (for example, TaN, TiN, NbN) that are used as
electrodes. One of ordinary skill in the art will recognize that the terms “film” or “layer”
used herein refer to 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,
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the wafer and any associated layers thereon are referred {0 as substrates.

[00268) The term “wafer” or “patterned wafer’ refers to a wafer having a stack of
silicon-containing films on a substirate and a patterned hardmask layer on the stack of
silicon-containing films formed for pattern etch. The term “wafer” or “paiterned wafer”
may also refers to a trench wafer having an aspect ratio.

(060271 Note that herein, the terms “film” and “layer” may be used interchangeably. it
is understood that a film may correspond to, or related 1o a layer, and that the layer
may refer to the film. Furthermore, one of ordinary skill in the art will recognize that the
terms “fim” or “layer” used herein refer {0 a thickness of some material laid on or
spread over a surface and that the surface may range from as large as the entire wafer
to as small as a trench or a line.

[0028] Note that herain, the terms “deposition lemperature” and “substirats
temperature” may be used interchangeably. It is understood that a substrate
temperature may correspond {0, or be related o a deposition temperature, and that
the deposition temperature may refer {0 the substrate temperature.

(00291 Note that herein, the terms “precursor’ and “deposition compound” and
‘deposition gas” may be used interchangeably when the precursor I8 in a gaseous
state at room temperature and ambient pressure. It is understood that a precursor may
correspond to, or be related to a deposition compound or deposition gas, and that the
deposition compound or deposition gas may refer 1o the precursor.

[0030] As used herain, the abbreviation "NAND" refers {0 a "Negated AND" or "Not
AND" gate; the abbreviation "2D" refers to 2 dimensional gate structures on a planar
substrate; the abbraviation “3D7 refers 10 3 dimensional or vertical gate structures,
wherein the gate structures are stacked in the vertical direction.

(00311 The standard abbreviations of the elements from the periodic table of
glements are used herein. it should be understood that elements might be referred to
by these abbreviation (e.g., Sirefers to silicon, N refers to nitrogen, O refers to oxygen,
C refers to carbon, H refers to hydrogen, F refers to fluorine, efc.).

[0032] The unique CAS registry numbers (i.e., "CAS") assigned by the Chemical
Abstract Service are provided to identify the specific molecules disclosed.

[0033] Please note that the silicon-containing films, such as SiN and $i0, are listed
throughout the specification and claims without reference to their proper stoichiometry.
The silicon-containing films may include pure silicon (Si) layers, such as crysialline Si,

poly-silicon {p-Si or polycrystalline §i), or amorphous silicon; silicon nitride (SidN)
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layers; or silicon oxide (SinOm) layers; or mixtures thereof, wherein k, I, m, and n,
inclusively range from 0.1 {o ©. Preferably, silicon nitride is SikMNi, where k and | each
range from 0.5 to 1.5, More preferably silicon nitride is SisN4. Herein, SiN in the
following description may be used to represent SikNi containing layers. Preferably
silicon oxide is SinOm, where n ranges from 0.5 to 1.5 and m ranges from 1.5 to 3.5.
More preferably, silicon oxide is Si02. Herein, Si0 in the following description may be
used to represent SinOm containing lavers. The silicon-containing film could also be a
silicon oxide based dielectric material such as organic based or silicon oxide based
low-k dielectric materials such as the Biack Diamond H or il material by Applied
Materials, Inc. with a formula of SIOCH. Silicon-containing film may also include
SiOulNe where a, b, ¢ range from 0.1 to 6. The silicon-containing films may also
include dopants, such as B, C, P, As and/or Ge.

[0034] Ranges may be expressed herein as from about ong particular vaiue, and/or
to about ancther particular value. When such a range is expressed, it is to be
understood that another embodiment is from the one particular value and/or to the
other particular value, along with all combinations within said range.

[00358] Reference herein io “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 embodiment of the invention. The
appearances of the phrase "in one embodiment” in various places in the specification
are not necessarily all refernng to the same embodiment, nor are separate or
alternative embodiments necessarily mutually exclusive of other embodimenis. The

same applies to the term “implementation.”

Brief Description of the Drawings
[0036] For a further understanding of the nature and objects of the present invention,
reference should be made {o the following detailed description, taken in conjunction
with the accompanying drawings, in which like elements are given the same or
analogous reference numbers and wherein:
FIG 1 is a self-decomposition curve of BTBAS in the gas phase {pyrolysis test);
FIG 2a is a thermogravimetric analysis (TGA) graph demonstrating the percentage of
weight loss with increasing temperature of 2TMSAS;
FIG 2b is a vapor pressure graph of ZTMSAS;

FIG 3a is a thermogravimetric analysis {TGA) graph demonstrating the percentage of
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weight loss with increasing temperature of STMSAS;

FIG 3b is a vapor pressure graph of 3TMSAS;

FIG 4 is a self-decomposition curve of 2TMSAS in the gas phase (pyrolysis test);

FIG 5 is a self-decomposition curve of 3TMSAS in the gas phase {pyrolysis test);

FIG 6 is a graph of ALD film thickness {nm) versus deposition position {mm) on the
wafer for 2TMSAS with Oa at 800°C, 650°C and 500°C;

FIG 7 is a graph of ALD thickness (nm) versus deposition position (mm) on the wafer
for STMSAS with Oz and Os co-reactants at 850°C;

FIG 8 is FTIR comparison between 3TMSAS versus BTBAS;

FIG 9 is XPS results after pyrolysis BTBAS at 600°C;

FIG 10 is XPS results after pyrolysis STMSAS at 750°C.

FIG 11a is XPS results after ALD of Si02 film using 3TMSAS at 600°C,;

FIG 11k is XPS results after ALD of Si0:2 film using 3STMSAS at 850°C;

FIG 11c is XPS results after ALD of $i0:2 film using 3TMSAS at 700°C;

FIG 12a is XPS results after ALD of Si02 film using BTBAS at 500°C;

FIG 12b is XPS results after ALD of SIO: film using BTBAS at 550°C;

FIG 12¢ is XPS resuits after ALD of Si02 film using BTBAS at 650°C;

FIG 13a is XPS results after ALD of Si02 film using 2TMSAS at 650°C;

FIG 13b is XPS results after ALD of S0z film using 2TMSAS at 600°C;

FIG 13c is XPS results after ALD of Si02 film using 2TMSAS at 500°C;

FIG 13d is XPS results of thermal Si0z;

FIG 14 is a graph of sidewall step covarage (SC) (%) versus temperature for STMSAS
ALD;

FIG 15 is a graph of normalized WERs at various temperatures for 2TMSAS ALD of
Si0z2 film;

FIG 16 is a graph of wet efch rate (WER) versus temperature for 3TMSAS ALD;

FIG 17 is a graph of normalized WER versus temperature for 2TMSAS, 3TMSAS and
BTBAS ALD of Si02 film;

FIG 18 is a comparison of GPC for 2TMSAS at 650°C and 800°C comparing to the
GPC of 3TMSAS at 650°C and BTBAS at 500°C;

FIG 19a is ALD of 2TMSAS with Oz and Oz, respectively, at 650°C;

FIG 19b is XPS analyses of ALD of S0z film using 2TMSAS with 02 at 650°C;

FIG 20 is ALD film thickness over the substrate position of 2TMSAS with pulse time
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dependence Oz at 850°C;

FiIG 21 is ALD film thickness over the substrate position of 2TMSAS with Oa density
dependence at 650°C;

FIG 22a is XPS results after ALD of SiO:z film using 2TMSAS with 50 g/m? Os density
at 650°C; and

FIG 22b is XPS results after ALD of SiQz film using 2TMSAS with 250 g/m® Oz density
at 650°C.

Description of Preferred Embodiments

(00371 Disclosed are precursors and processes for deposition of Si-containing films
using an ALD process at a temperature preferably higher than approximately 550°C,
more preferably, at a temperature ranging from approximately 550°C to approximately
750°C, in semiconductor manufacturing processes, such as 3D NAND manufacturing
process. Disclosed are precursors and processes for deposition of Si-containing films
using ALD process at a temperature of approximately 550°C or higher without parasitic
CVD reactions. Also disclosed are precursors and processes for deposition of Si-
containing films using ALD process at a temperature of approximately 550°C or higher
for manufacturing conformal silicon-containing fayvers in 3D NAND. Examples of the
silicon-containing films may be Si:0OuCcNg, where a>0; b, ¢, d =2 0. The silicon-
containing films may contain H, which may be in a low concentration, for example,
from approximately 0% by weight or w/w to approximately 5% w/w. The Si-containing
films may be silicon oxide films or silicon nitride films.

[0038] The disclosed precursors for deposition of Si-containing films using ALD
process at a temperature higher than approximately 500°C have the following formula:
SiRYWRZ4xy(NH-SiR 5)x (1)
wherein x=2, 3, 4; y=0, 1, 2, R" and R? each are independently selected from H, a
halogen (Cl, Br, 1), an C1-Ca alkyl, anisocyanate, a C1-Ca alkoxide, or an ~NR*R* group
in which R* and R* each are independently selected from H, a C1-Cs alkyl, provided
that if R®=H, R*> C1; each R’ is independently selected from H, a halogen (Cl, Br, 1),
or a C1-Ca alkyl. Preferably, in the formula (1), when x=2 and y=1, then R'= R?= H R'=
Cland R®=H, or R'= Cland R?= Cl, R’= CHa; and when x=3 and y=1, then R'=H or

Ci, R'= CHs; and when x=2, 3, 4 and y=1, 2, R'= H or Cl (x=4), R'= CHa.
[0038] When x=2, y=1; R'= R?= H; R'= CHa in formula (1), exemplary disclosed Si-
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containing precursors include SiHz(NH-SI{(CHa)s ).

[0040] When x=2, y=1; R'= Cl: R?= H; R'= CHs in formula (1), exemplary disclosed
Si-containing precursors include SIHCIHNH-SI{CHs)a).

[0041] When x=2, y=1; Rl= CI; R?= C| R'= CHs in formula (1), exemplary disclosed
Si-containing precursors include SiCIz{(NH-Si{CHa)s)z.

[0042] When x=3, y=1; R'= H or CI; R'= CH3 in formula (1), exemplary disclosed Si-
containing precursors include SIH(NH-SI{CHas)s)s or SICIH{NH-SI{CHs)a)s.

[0043] When x=2, 3, y=0, 1: x=4, y=0; R'= H or Cl (x=4), R'= CHs in formuia (1), the
exemplary disclosed Si-containing precursors are SiH(NH-Si{CHa)a)z, SiCR{NH-
Si(CHa)s)z, SIHCINH-SI{CHa)s)e, SIH(NH-SH{CHa)s)s, SICKNH-SI(CHas)s)s, and Si(NH-
Si{CHa)a)a.

[0044] The disciosed Si-confaining precursors may be  SiHa(NH-Si(CHs)a)z,
SIHCHNH-Si{CHa)s)2, SICI2NH-Si{CHa)z)2, SIH(NH-SI{CHa)a)z, SICIHNH-SI{CHs)a)s, or
SINH-Si{CHa)s)a. The disclosed Si-containing precursors may be HeSi(NH-SiMes).
The disclosed Si-containing precursors may be HSI{NH-SiMes)s. The disclosed Si-
containing precursors may be Si(NH-SiMes)a.

[0045] The following disclosed Si-containing precursors may be synthesized
according to the synthesis methods disclosed in J Organometallic Chemistry, 287
(1985) p305-320 to Baruer ef af. and their structure formula, CAS numbers and boiling
points are included in Table 1. One of ordinary skill in the art will recognize that the

synthesis methods for these compounds may be obtained using the CAS numbers

provided.
Table 1. Commercially available Si-containing precursors
Precursors Formula Structure Ngﬁj‘?ger
bis(mmet?gy;ﬁgzgm}‘“’”a”e H2Si(NH-SiMes)z m&g;ﬁgim 153823-59-7
tr‘s<trimetg¥;.§2§2§;”0>SE‘ane HSI(NH-SiMes)s | HesSt 3 8Mes| 123717.14.6
TSl
BMeS
tetrakis{trimethylsilylamino)silane Si(NH-SiMe HNTN?;W
(4ATMSAS) - 3)4 e HN ‘SE?;Q 62277 -66-1
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[0048] The disclosed may be a compaosition for deposition of a film comprising a Si-
containing precursor having the formula:

SiRYYRZ4xy(NH-SiR3)x )
wherein x=2, 3, 4; y=0, 1, 2, R" and R? each are independently selected from H, a
halogen (Cl, Br, 1}, an C1-Cs alkyl, an isocyanate, a C1-Cs alkoxide, or an —-NR*R* group
in which R®* and R* each are independently selected from H, a C1-C4 alkyl, provided
that if R*=H, R*> C4; each R’ is independently selected from H, a halogen (Cl, Br, 1),
or a C1-Cs alkyl, provided that if x=2 and y=1, R'=H, R¥*H or R%=H, R'#H; or if x=3
and y=1, R'#H.
[00477 The disclosed composition may be the Si-containing precursor is selected
from  SiHz{NH-SI{CHas)a)z, SIHCINH-SI{CHs)a)z, SiCh{NH-S{CHa)s)2, SiH(NH-
Si{CHala)s, SICHNH-SI{CHak)s, or SINH-SI{CHaz)s)a.
[0048] The disclosed Si-containing precursors contain at least two Si-NH-Si groups.
Preferably, the disclosed Si-containing precursors contain two, three or four Si-NH-Si
groups.
[0043] Preferably, the disclosed Si-containing precursors have suitable properties for
vapor deposition methods, such as vapor pressure ranging from approximately 0.1
Torr at 23°C to approximately 1,000 Torr at 23°C, a melting point below 20°C
(preferably being in liquid form at room temperature) and more preferably below -20°C
to prevent freezefthaw issues, and exhibiting 0% by volume or viv 1o 1% viv
decompaosition per week at the temperature required {o obtain a usable vapor prassure
(1-100Torr).
[0050] The disclosed Si-containing precursors may be suitable for the deposition of
Si-containing films, such as, Si0Oz and SiN, by ALD processes and may have the
following advantages:

a. liquid at room temperature or having a melting point lower than 50°C;

b. thermally stable to enable proper distribution and evaporation using industry
standard methods (bubbler, direct liquid injection, vapor draw) without
particle generation and product decomposition;

c. suitable reactivity with the substrate to permit a wide self-limited ALD
window, allowing deposition of a variety of Si-containing films, such as Si0z,
SiN, or GiCN, etc.;

d. Suitable reactivity of the chemisorbed precursor with a co-reactant to form

a Si-containing film in an ALD process; and
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e. High thermal stabilly of the chemisorbed species {o prevent self-
decomposition and parasitic CVD growth on the surface.

(00511 While the disclosed Si-containing precursors are ideally liquids and vaporized
in bubblers or direct liguid injection systems, the use of solid precursors for ALD
precursor vaporization is also possible using sublimators such as ones disclosed in
PCT Publication W02009/087609 to Xu ef a/. Alternatively, solid precursors may be
mixed or dissolved in a solvent to reach a usable melting point and viscosity for usage
by Direct Liguid Injection systems.
[0052] To ensure process reliability, the disciosed Si-containing precursors may be
purified by continuous or fractional batch distillation or sublimation prior to use o a
purity ranging from approximately 83% by weight or wiw 1o approximately 100% wiw,
preferably ranging from approximately 99% w/w to approximately 99.899% wiw, more
preferably, ranging from approximately 98% wiw to approximately 100% wiw.
[0053] The disclosed Si-containing precursors may contain any of the following
impurities: undesired congeneric species; solvents,; chicrinated metal compounds; or
other reaction products. In one alternative, the total quantity of these impurities is
below 0.1% wiw.
[0054] Solvents, such as hexane, pentane, dimethyl ether, or anisole, may be used
int the precursor's synthesis. The concentration of the solvent in the disclosed Si-
containing precursors may range from approximately 0% w/w (o approximately 5%
wiw, preferably from approximately 0% w/w to 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 filiration. Vacuum distiliation may also be used, provided the precursor
product is not heated above approximately its decomposition point.
[0055] In one alternative, the disclosed Si-containing precursors contain less than
5% viv, preferably less than 1% viv, more preferably iess than 0.1% v/v, and even
more preferably less than 0.01% v/iv of any of its undesired congeneric species,
reactants, or other reaction products. This alternative may provide better process
repeatability. This alternative may be produced by distillation of the disclosed Si-
containing precursors.
[00581  In another alternative, the disclosed Si-containing precursors may contain
between 5% v/v and 50% v/v of one or more of congeneric Si-containing precursors,

reactants, or other reaction products, particularly when the mixture provides improved

o
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process parameters or isolation of the target compound 1s too difficult or expensive.
For example, a mixture of two Si-containing precursors may produce a stable, liquid
mixture suitable for vapor deposition.
[0057] The concentration of trace metals and metalicids in the disclosed Si-
containing precursors each may range from approximately Oppb to approximately
100ppb, and more preferably from approximately Oppb to approximately 10ppb.
[0058] Also disclosed are methods or processes for forming Si-containing layers on
a substrate using an ALD process in a reaction chamber. In one embodiment, the
method for forming a Si-containing film on a substrate comprises the steps of heating
the substrate in a reactor to a temperature of 550°C or higher, exposing the substrate
to a vapor including a Si-containing film forming composition that contains a Si-
containing precursor having the formula:

SRR 4xy{NH-SiR 3)x,
wherein x=2, 3, 4; y=0, 1, 2, R" and R? each are independently selected from H, a
halogen (C, Br, 1), an C1-Cq alkyl, anisocyanate, a C1-Cealkoxide, or an —~NR*R4 group
in which R® and R* each are independently selected from H, a C1-Cs alkyl, provided
that if R®= H, R*> C1; each R’ is independently selected from H, a halogen (Cl, Br, b,
or a C1-Cs alkyl, and depositing at least part of the Si-containing precursor onto the
substrate to form the Si-containing film on the substrate through an ALD process. The
method further comprises the step of exposing the substrate to a co-reactant, wherein
the co-reactant is selected from O3, Gz, HaO, NGO, N2O, NO2, H202, O radicals, NH;s,
hydrazines, Nz plasma, No/H2 plasma, NHs plasma, amines and combinations thereof.
in another embodiment, the method for forming a Si-containing film on a substrate
comprises the steps of heating a substrate in a reactor to a temperature of higher than
550°C, and forming a chemisorbed and/or physisorbed film, on the surface of the
substrate, of a Si-containing precursor having the formula:

SiRWYRZ4xy{NH-8iR's)x,

wherein x=2, 3, 4 y=0, 1, 2, R" and R? each are independently selected from H, a
halogen (Cl, Br, 1), an C1-Ca alkyl, anisccvanate, a C1-Ca alkoxide, or an ~NR*R* group
in which R®* and R* each are independently selected from H, a C1-C4 alkyl, provided
that if R®= H, R*> C1; each R’ is independently selected from H, a halogen (Cl, Br, i),
or a C1-Csq alkyl. The method further comprises the step of chemically reacting the

chemisorbed and/or physisorbed film comprising the Si-containing precursor with a
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co-reactant, wherein the co-reactant reacting with the Si-containing precursor in the
chemisorbed and/or physisorbed film produces a reaction product that forms a second
filrn on the surface of the substrate. The methods may be useful in the manufacture of
semiconductor, photovoltaic, LCD-TFT, flat panel type or flash memory devices. The
disclosed Si-containing precursors may be used to deposit thin Si-containing films
using ALD methods known to those of skill in the art.

[0053] The disclosed processes using the disclosed Si-containing precursors
comprise ALD processes for deposition of Si-containing films. Suitable ALD methods
include thermal ALD, spatial ALD and temporal ALD methods. Preferably the suitable
ALD methods do not use a plasma, as it is extremely difficult to grow conformal films
in high aspect ratio with this type of ALDs. it is understood that the suitable ALDs may
operate in a non-perfect self-limited growth regime, allowing some parasitic CVD to
happen. Such parasitic CVD may not be a problem as long as the deposited film meets
conformity requirements.

(00807 The reaction chamber may be any enciosure or chamber of a device in which
deposition methods take place, such as, without limitation, a parailel-plate type
reactor, a hot-wall type reactor, a single-wafer reactor, a multi-wafer reactor, or other
such types of deposition systems. Al of these exemplary reaction chambers are
capable of serving as an ALD reaction chamber.

[0061] The reactor contains one or more substrates onto which the thin films will be
deposited. A substrate is generally defined as the material on which a process is
conducted. The subsirates may be any suitable subsirate used in semiconductor,
photovoltaic, flat panel, or LCD-TFT device manufacturing. Examples of suitable
substrates include wafers, such as silicon, SiGe, silica, glass, or Ge. The substrale
may also have one or more layers of differing materials aiready deposited upon it from
a previous manufacturing step. For example, the wafers may include silicon layers
(crystalline, amorphous, porous, efc.), silicon oxide layers, silicon nitride layers, silicon
oxy nitride layers, carbon doped silicon oxide (SICOH) layers, or combinations thereof.
Additionally, the wafers may inciude copper, cobalt, ruthenium, tungsten and/or other
metal layers (e.g. platinum, palladium, nickel ruthenium, or goid). The wafers may
include barrier layers or electrodes, such as tantalum, tantalum nitride, etc. The layers
may be planar or patterned. The substrate may be an organic patterned photoresist
film. The subsirate may include layers of oxides which are used as dielectric materials
in 3D NAND, MIM, DRAM, or FeRam technologies (for example, ZrO:z based materials,
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HfO2 based materials, TiO:z based materials, rare earth oxide based materials, ternary
oxide based materials, etc.) or from nitride-based films {for example, TaN, TiN, NbN)
that are used as electrodes. The disclosed processes may deposit the Si-containing
layer directly on the wafer or directly on one or more than one (when patterned layers
form the substrate) of the layers on top of the wafer. Furthermore, one of ordinary skill
int the art will recognize that the terms “film” or *layer” used herein refer {o a thickness
of some material laid on or spread over a surface and that the surface may be a trench
or aline. Throughout the specification and claims, the wafer and any associated layers
thereon are referred to as substrates. The actual substrate utilized may also depend
upon the specific precursor embodiment utilized.

[0062] The disclosed ALD processes using the disclosed Si-coniaining precursors
may be performed for substrates having a temperature of approximately 200°C or
higher, preferably approximately 550°C or higher. The disclosed ALD processeas using
the disclosed Si-containing precursors may be performed for substrates having a
temperature range from greater than 550°C to approximately 750°C, more preferably
from greaier than 550°C to approximately 700°C, or from greater than 550°C to
approximately 650°C.

[00683] The substrate exposure time in the disclosed ALD processes using the
disclosed precursors may range from 1 millisecond to 5 minutes, preferably from 1
sacond to 60 seconds. The co-reactant exposure time in the disclosed ALD processes
using the disclosed precursors may range from 1 millisecond to 1 minute, preferably
from 100 milliseconds to 30 seconds.

[0064] The disclosed processes may be a thermal ALD of Si02 film or a thermal ALD
of SiN film.

[0065] The pressure within the reaction chamber are held at conditions suitable for
the precursor 1o react with the surface. For instance, the pressure in the chamber may
be held between approximately 0.1mTorr and approximately 10C0Torr, preferably
between approximately 0.1 Torr and approximately 400Torr, more preferably between
approximately 1Torr and approximately 100Torr, even more preferably between
approximately 1Torr and approximately 10Torr.

6088l The temperature of the reaclor chamber may be controlied by either
controliing the temperature of the subsirate holder or controlling the temperature of

the reactor wall. Devices used to heat the subsirate are known in the art. The reacior
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wall is heated {0 a sufficient temperature to obtain the desired film at a sufficient growth
rate and with desired physical state and composition. A non-limiting exemplary
temperature range to which the reactor wall may be heated includes from
approximately 200°C to approximately 1000°C, Preferably from approximately 400°C
to approximately 800°C. Alternatively a non-limiting exemplary temperature to which
the reactor wall may be heated includes approximately 550°C or higher. When a
thermal process is performed, the deposition temperature may range from
approximately 400°C to approximately 800°C, preferably from approximately 550°C to
approximately 750°C, more preferably from greater than 550°C to approximately
700°C, or from greater than 550°C to approximately 850°C.

[00871 In addition to the disclosed Si-containing precursors, a reactant or a co-
reactart may also be exposed to the substrate. The co-reactant may be an oxygen-
containing gas for Si0:2 film deposition. The oxygen-containing gas includes, but is not
limited to, oxidizers such as, Os, 02, H20, NGO, N0, NO2 H202, O radicals &
combinations thereof, preferably Os or Q2. Typically, 0s/O2 mixtures are used for high
temperature (.g., approximately 550°C or higher) oxide deposition. The silicon oxide
film formed at high temperature (e.g., approximaiely 550°C or higher) may be used in
fabrication of flash memory devices and may be part of a flash memory device.

[0068] The ALD sequence may include sequential pulses of several compounds. For
instance, the surface may be exposed to 02/0; followed by H20 in order o increase
the density of hydroxyl groups on the surface. The co-reactant may be activated by a
plasma, either in-situ or remotely. Applicants discovered that Oz may be an adequate
co-reactant without Oz when the substrate temperature is higher than 550°C.

[0069] Alternatively, the co-reactant may be a nitrogen-containing gas for SiN or
SION deposition. The nitrogen-containing gas includes, but is not limited to, NHs, NQO,
N2Q, hydrazines, primary amines such as methylamine, ethylamine, tertbutylamine;
secondary amines such as dimethylamine, diethylamine, di-isoprpylamine,
gthylmethyiaming, pyrrolidine; tertiary aminas such as trimethylamine, tristhylamine,
trisilviamine, Nz, No/Hz, mixture thereof, preferably NHs. The co-reactant may be
activated by a plasma, either in-situ or remotely. For Nz or No/Hz, the plasma activation
is required. The co-reactant may be selected from NHs, NO, N2O, hydrazines, Nz
plasma, No/Hz plasma, NHs plasma, amines and combinations thereof.

(0070} For deposition of silicon oxynitride films, one or a combination of the above
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co-reactants may be used, either by co-flowing the reactant, or sequentiaily.

(0071} The disclosed ALD process or sequence typically includes a step o remove
axcess co-reactant from the deposition surface by providing a purge step, sither by
purging a reactor with an inert gas, or passing the substrate in a sector under high
vacuum and/or a carrier gas curtain.

[0072] The disclosed Si-containing precursors and the co-reactants may be
introduced into the reactor or exposed {6 the substrate sequentially (ALD). The reactor
may be purged with an inert gas between the introduction or exposure of the precursor
and the introduction or exposure of the co-reactant. Alternatively, the substrate can be
moved from one area for precursor exposure to another area for co-reactant exposure
(Spatial ALD).

[0073] Depending on the particular process parameters, deposition may take place
for a varying length of time. Generally, deposition may be aliowed to continue as long
as desired or necessary to produce a film with the necessary thickness. Typical film
thicknesses may vary from an atomic monolayer to several hundreds of microns,
depending on the specific deposition process, preferably between 0.5 and 100 nm,
more preferably between 1 and 50 nm. The deposition process may also be performed
as many times as necessary (o obtain the desired film.

(607417 In one non-limiting exemplary ALD type process, the vapor phase of the
disclosed Si-containing precursor is introduced into the reactor or exposed to the
substrate, where the Si-containing precursor physi- or chamisorbs on the substrate.
Excess composition may then be removed from the reactor by purging and/or
evacuating the reactor. A desired gas (for example, O2) is introduced into the reactor
or exposed to the substrate where it reacts with the physi- or chemisorbed precursor
in a self-imiting manner. Any excess reducing gas s removed from the reactor by
purging and/or evacuating the reactor. If the desired film is a Si-containing film, this
two-step process may provide the desired film thickness or may be repeated until a
film having the necessary thickness has been obtained.

[0075) The disclosed thermal ALD processes using the disclosed Si-containing
precursors with Oz or Oz oxidizer as co-reactant are able to deposit high-quality Si02
film having the property of WER less than 4 (normalized to thermally grown Si02) from

the examples that follow.
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Examples

[0076] The following non-liimiting examples are provided to further illustrate
ambodiments of the invention. However, the examples are not intended to be all
inclusive and are not intended to limit the scope of the inventions described herein.

(00771 In the following examples, all wafers used herein are bare Si wafers andfor
trench wafers. Before deposition, the bare Si wafers were treated with 1% HF agfor 2
min and then rinsed with DI H20. A coupon size of the trench wafers is 30 mm x 20
mm and a trench size of the trench wafer is 250 nm x 8 um. The aspect ratio (AR} for
the trench wafers is larger than 101, preferably, larger than 24:1. The substrate used

herein is a wafer with patterns.

Comparative Example 1. Pyrolysis Test of BTBAS in the gas phase

[0078] Pyrolysisis a self-thermal-decomposition test of a chemical at elevated
temperatures. At pyrolysis temperature, the chemical starts to decompose without any
co-reactant. Regarding ALD of a film, if the temperature is higher than the pyrolysis
temperature, the precursor will decompose and the ALD process will mix with a CVD
proceass due to precursor thermal decomposition. For genuine ALD, the precursor is

only applicable below its pyrolysis temperature in order to prevent parasitic CVD

reactions.

[0079] BTBAS is bis(tert-butylamino)silane (CAS No.: 186538-40-3),
Bu By
H o

a liquid chemical precursor having been used for ALD and/or CVD of silicon nitride,
silicon oxynitride and silicon dioxide films at a temperature below 500°C or 600°C.
BTBAS contains Si-NH-C group bridging Si and £~Bu, which is not the same as the
disclosed Si-containing precurscrs having Si-NH-Si group bridging two 81 atoms.
From the examples that follow, it is seen that the disclosed Si-containing precursors
have unexpected results compared to BTBAS.

[00807 The conditions for pyrolysis test of BTBAS are as follows. The flow rate of
BTBAS was Zscem; the process bubble flow rate was 35scom; the carrier gas Ne flow
rate was 40scem; the process time was 60 mins; the process pressure was 5Torr and

the substrate temperature variad from 500 to 650°C with a 50°C difference (i.e., 500°C,
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550°C, 800°C and 650°C). The deposition film thicknass was measured using
Ellipsometry. The deposition film thickness at the temperature 500°C is Onm. The
deposition film thickness at the temperature 550°C is 4.4nm. The deposition film
thickness at the temperature 600°C is 40nm. The deposition film thickness &t the
temperature 650°C is 160nm.

[0081] Pyrolysis test of BTBAS in the gas phase is shown in FIG 1. As shown, a
slight pyrolysis occurs from 550°C, meaning BTBAS precursor is not suitable for ALD

at a temperature higher than 550°C.

Example 1. Synthesis and Properties of ZTMSAS

[0082] Z2TMSAS was synthesized by the following steps. A vacuumed at 10 mTorr
dried 3-headed 1L flask equipped with magnetic stirrer and thermometer was cooled
in a-70°C bath. To this flask, 160 g 1,1,1,3,3,3 hexamethyldisilazane (HMDS) was
charged. The HMDS was cooled to <-20°C, then dichlorosiiane (DCS) gas was
intfroduced by mass flow controller (MFC) at 50 scom by total 25 gram. Then the
reaction was maintained under vacuum, stirred and warmed o room temperature for
& hr. The resulted crude products then were filtered.  After that, chiorotrimethyisilane
(TMSCI) and excess HMDS were removed by vacuum. The remaining solution was
vacuum distilled. The product H2Si(NH-SiMes)z was recovered at 60-65°C at 80miorr
with a yield of 45%. The TGA of the synthesized HaSi{NH-SiMes); is shown in FIG 2a.
The TGA graph shows clean evaporation with a low (<0.01%) remaining residue at
approximately 150°C. In addition, after TGA, no material remained in the TG pan. FIG
2b is a vapor pressure graph of ZTMSAS. The temperature at 1 Torr is approximately

24°C and at 5 Torr is approximately 48°C.

Example 2. Synthesis and Properties of 3aTMSAS

[0083] 3TMSAS was synthesized by the following steps. A dried 3-headed 1L flask
equipped with magnetic stirrer, thermometer and dropping funnel was charged with
600g 1,1,1,3,3,3 hexamethyldisilazane (HMDS) and cooled in ice/water bath under N2
blanket. 100g SiHCl: was dropped into the HMDS solution with the temperature
maintained below 10°C. The solution was slowly warmed up o room temperature
during a twelve-hour overnight pericd. Then the solution was moved from the water

bath to an oil bath {o heat the solution with refluxing for 20 hrs. After that

23



WO 2020/131635 PCT/US2019/066333

chiorotrimethylsilane (TMSCH and excess HMDS was removed by vacuum. The
product was distiled under vacuum and the product was recovered at 85-90°C at
60mTorr with a yield of 60%. The molecular weight is 292g/mol.

[0084] The TGA of the synthesized 3TMSAS is shown in FIG 3a. The TGA graph
shows clean evaporation with a low (<0.01%) remaining residue at 185°C. In addition,
after TGA, no material remained in the TG pan.

[0085] The vapor pressure of the synthesized STMSAS is shown in FIG 3b. The
temnperature at 1Torr is 46°C and at 5Torr is 78°C.

Example 3. Pyrolysis test of 2TMSAS in the gas phase

[0088] The conditions for pyrolysis test of 2TMSAS are as follows. The flow rate of
the sample 2TMSAS was 2scem; the process bubble flow rate was 35scem; the carrier
gas N2 flow rate was 40scem; the process fime was 60 ming; the process pressure
was 5Tomr and the substrate temperature varied from 600 (o 750°C with a 50°C
difference (i.e., B0O0°C, 650°C, 700°C and 750°C). The deposition film thickness was
measured using Ellipsometry. No visible deposited films were observed at the
temperatures of 800 and 650°C; the deposition film thickness at the temperature
700°C was around 31 nm; the deposition film thickness at the temperature 750°C was
around 107 nm.

[0087] Pyrolysis test of 2TMSAS in the gas phase is shown in FIG 4. As shown, a
slight film formation was observed after a 2 hour pyrolysis test starting at 650°C.
2ZTMSAS started a slight pyrolysis deposition from 600°C (pyrolysis temperature)
which is 50°C higher than BTBAS. This means the ALD temperature window of
2ZTMSAS may be 50°C higher than BTBAS. Here, the pyrolysis deposition is a CVD
procass. Thus, a pure ALD may not be obtained over the pyrolysis temperature due
to the CVD behavior of pyrolysis deposition. The ALD may be possible at the pyrolysis
starting temperature, because the precursor pulse duration in an ALD cycle is much
shorter than pyrolysis experiment, (for exampie 30sec vs 60min}. Thus, the amount of
pyrolysis deposition during an ALD process may be negligible.

[ooggl Comparing the pyrolysis temperature of 2TMSAS 1o that of BTBAS, the
pyrolysis temperature of 2TMSAS is approximately 800°C, which is 50°C higher than
that of BTBAS at 550°C. Thus, 2TMSAS is a precursor suitable for high-temperature
oxidation (HTQO) ALD processes above 550°C where BTBAS is no longer suitable. In
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addition, the parasitic CVD rate at 650°C may be sufficiently low that 2TMSAS may be
useable in some ALD applications up to 850°C if said ALD applications can tolerate

this level of thermal CVD contributing to the final film.

Example 4. Pyrolysis test of 3STMSAS in the gas phase

[0089] The conditions for pyrolysis test of 3TMSAS are as follows. The flow rate of
the sample 3TMSAS was Zscem; the process bubble flow rate was 35scem; the carrier
gas Nz flow rate was 40scem; the process time was 60 mins; the process pressureg
was STorr and the substrate temperature varied from 600 to 750°C with a 50°C
difference (i.e., 800°C, 850°C, 700°C and 750°C). The deposition film thickness was
measured using Ellipsometry. The deposition film thickness at the temperature 600
and 650°C are Onm; the deposition film thickness at the temperature 700°C is 1.2nm;
the deposition film thickness at the temperature 750°C is 10.1nm.

[0080] Pyrolysis test of 3TMSAS in the gas phase is shown in FIG 8. As shown, a
slight film formation was observed after 1 hour pyrolysis test from 700°C. 3TMSAS
started a slight pyrolysis deposition from 700°C (pyrolysis temperature} which is 150°C
higher than BTBAS. This means the ALD temperature window of 3TMSAS may be
150°C higher than BTBAS. Here, the pyrolysis deposition is a CVD process. Thus, a
pure ALD may not be obtained over the pyrolysis temperature due to the CVD behavior
of pyrolysis deposition. The ALD may be possible at the pyrolysis starting temperature,
because the precursor pulse duration in an ALD cycle is much shorter than pyrolysis
aexperiment, (for example 30 sec vs 80 min). Thus, the amount of pyrolysis deposition
during an ALD process may be negligible.

(00811 Comparing the pyrolysis temperature of 3TMSAS 1o that of BTBAS, the
pyrolysis temperature of 3TMSAS is approximately 700°C, which is 150°C higher than
that of BTBAS at 550°C. Thus, 3TMSAS is a precursor suitable for high-temperature
oxidation (HTO) ALD processes above 550°C where BTBAS is no longer suitable.

Example 5. ALD using 2TMSAS with Oa at 650°C, 600°C and 500°C

[0092] The conditions for ALD using 2TMSAS with Oz at 650°C, 600°C and 500°C
are as follows. The pulse/purge for ZTMSAS was 10s/80s; the flow rate of the sample
2TMSAS was 2 scom,; the process bubble flow rate was 35 scom; the process pressure

was 5 Torr; the number of ALD cycles was 200; the pulse/purge for Os was 15s/30s;
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the flow rate of Oz was 100 scom; the wafer was cleaned with 1% HF aq. The
deposition film thickness was measured using Ellipsometry, which are 47 nm, 41 nm
and 18 nm, respectively, for 850°C, 600°C and 500°C.

[00931 FiIG 6 is a graph of ALD film thickness {(nm) versus deposition position (mm)
on the wafer for 2TMSAS with Oz at 650°C, 600°C and 500°C. ZTMSAS with co-
reactant Oz at 650°C provides a thicker film than ZTMSAS with co-reactant Oz at
600°C, and 2ZTMSAS with co-reactant Os at 600°C provides a flatter film than that at
850°C, meaning at 600°C 2Z2TMSAS provides almost uniform film thickness.
Comparing to the film formed at 500°C, 2TMSAS with co-reactant Os provides a thicker
film at 800°C and 650°C than 2TMSAS with co-reactant Oz at 500°C. Furthermore, the
film formed at 500°C is very flat, meaning at 500°C 2TMSAS provides uniform film

thickness. Thus, Os may be used as a co-reactant in high temperature ALD.

Example 8 ALD of 3TMSAS with co-reactant Oz at 650°C

[0094] 650°C is the temperature that no pyrolysis occurs with 3TMSAS as shown in
FIG 4. The conditions for ALD of 3TMSAS with 02 at 650°C are as foliows. The
pulse/purge for 3TMSAS was 10s/80s; the flow raie of the sample 3TMSAS was
2scem; the process bubble flow rate was 35scom; the process pressure was STorr,
the number of ALD cycles was 200; the pulse/purge for Oz was 15s/30s; the flow rate
of Oz was 100scem; the wafer was cleaned with 1% HF aq. The deposition film
thickness was measured using Ellipsometry.

[0o9s] FiIG 7 is a graph of ALD thickness (nm) versus deposition position {(mm)} on
the wafer for STMSAS with Oz and O3 at 650°C. 3TMSAS with co-reactant Os provides
a thicker film than 3TMSAS with co-reactant Oz Ozone offered a thicker profile than
O2. WER with Oz is below 7 (around 6.50) a little higher than that with Os (4). Thus, Oz

may be used as a co-reactant in high temperature ALD.

Example 7. FTIR and XPS: ALD of Si02 using 3TMSAS versus BTBAS

[0096} It is known that BTBAS at a temperature below 550°C produces ALD of Si0Oz
but at a temperature higher than 550°C leads to SIOCN formation that is due to
parasitic CVD. The FTIR peak of BTBAS at a temperature higher than 550°C after
ALD of S5i02, as shown in FIG 8, shifts comparing to the FTIR peak at 500°C, indicating
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compositions of the deposited film changes. As shown in FIG 8, after pyrolysis of
BTBAS at 600°C, BTBAS does decompose to Si, N, C and O. FiIG 8 shows that the
ITMSAS FTIR at 650°C and the BTBAS FTIR at 500°C are similar, which indicates
no parasitic CVD formation. Thus, 3TMSAS at 850°C produces ALD of Si02. FIG 10
is XPS results after pyrolysis of 3TMSAS at 750°C, showing 3TMSAS decomposes o
S, 0, Cand N,

[0097] FIG 11a to FIG 11¢ are XPS results after ALD of Si02 film using 3TMSAS at
600°C, 650°C and 700°C, respectively. The XPS results at 600°C, 650°C and 700°C
show only St and O existing in the ALD deposited SiQ2 film. Thus, 3TMSAS used as
a deposition precursor for ALD of Si0Oz is able to keep a conformal growth at a
temperature higher than approximately 500°C. Furthermore, 3TMSAS used as a
deposition precursor for ALD of Si02 is able to keep a conformal growth at a
temperature up to approximately 700°C. Combining FTIR and XPS results, it is
concluded that 3STMSAS used as an ALD precursor performs a perfect ALD of Si0z2 in
a temperature range from approximately 500°C to approximately 700°C or
approximately 600°C to approximately 700°C. 3TMSAS used as an ALD precursor
performs a perfect ALD of Si02 at a temperature of approximately 700°C.

[oo98] FIG 12a to FIG12c are XPS results after ALD of Si0: film using BTBAS at
500°C, 550°C and 650°C, respectively. At 800°C, BTBAS produced ALD of SIO: film
without € and N detected. At 550°C, N appears which means parasitic CVD staris 1o
come up in the Si02 film. The XPS results at 650°C show Si, O, N and C elements,
indicating the compaosition of the deposited film changes and parasitic CVD is formed.
Referring to FIG 9, since BTBAS already decomposes at 800°C, BTBAS is limited to
use as an ALD precursor at a temperature higher than approximately 600°C. Referring
to FIG 12b, BTBAS may be limited to use as an ALD precursor at a temperature no

higher than approximaisly 550°C.

Example 8 XPS analyses of ALD of SiOz film using 2TMSAS with Oz at 650°C and
800°C

FIG 13a is XPS results after ALD of Si0:z film using 2TMSAS at 650°C. FIG 13b is
XPS results after ALD of SiC2 film using 2TMSAS at 800°C. FIG 13c¢ is XPS results

after ALD of SiO2 film using 2TMSAS at 500°C; FiG 13d is XPS resulis of thermal Si0z2;
[0098] The XPS results at 600°C and 850°C show only Si and O existing in the ALD
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deposited Si02 film, which is similar {o the XPS resulis of the thermal-oxide silicon
shown in FIG 13d. The atomic ratios in the ALD Si0O: film have shown below in Table
2.

Table 2. Atomic Ratios of ALD films at 650°C and 600°C

Atomic Ratio (%)
Temperature (°C) :
Si G N C
650 40.2 59.7 0 0
600 39.5 60.4 0 0
500 40.4 506 0 0
Thermal Si02 40 &0 0 0

(01001 Thus, 2TMSAS used as a deposition precursor for ALD of SiOz2 s able to keep
a conformal growth at a temperature from 600°C to 650°C. 2TMSAS used as a
deposition precursor for ALD of Si02 at 500°C fails to perform a conformal growth.
Furthermore, 2TMSAS used as a deposition precursor for ALD of Si0z is able to keep
a conformal growth at a temperature up o approximately 850°C. Based on XPS
results, it is concluded that 2TMSAS used as an ALD precursor performs a perfect
ALD of Si02 in a temperature range from approximately 800°C to approximately
650°C. 2TMSAS used as an ALD precursor performs a perfect ALD of SiO:z at a

temperature of approximately 600°C.

Example 9. Step coverage (8C) of 2TMSAS with Gsin 24:1 trench

at various temperatures

[0101] Table 3 shows the resuits of the step coverages (%) at top, middle and botiom
walls in 24:1 trench using 2TMSAS as a precursor for ALD obtained from SEM images
at 800°C, 650°C and 500°C, respectively. All trenched wafers were located at the
same position in the ALD chamber, e, 350-380 mm from the inlet of the ALD
chamber. As shown, the step coverages at 600°C is betler than those at 500°C and
the step coverages at 650°C is better than those at 600°C and 500°C, meaning
2ZTMSAS is suitable for high temperature deposition, such as 650°C ALD.
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Table 3. Step Coverages of ZTMSAS

Substrate Step Coverage in 24:1 Trench
Temperature of Average
, Position {%)
substrate (°C) | Thickness (iop) ‘
{cm) Top Middie Bottom
650 43.6 35 100 896 94
600 37.5 35 100 91 80
500 18 35 100 88 91

Example 10. Comparison of sidewall step coverage (SC) between 3TMSAS and
BTBAS

10102] FIG 14 is a graph of sidewall step coverage (%) versus temperature for
ITMSAS ALD of Si02 film. At 500°C, the film deposited from 3TMSAS was pure ALD
of Si02. When the temperature is higher than 500°C, such as, at 550°C, the film
deposited from BTBAS becomes non-conformal, because the temperature higher than
500°C is higher than the self-decompaosition temperature of BTBAS as shown in FIG
1 and CVD components appeared. At 650°C, the film deposited from BTBAS was
entirely made via the parasitic CVD procass. On the other hand, 3TMSAS keeps
showing conformal growth as the temperature is higher than 500°C, even at about
700°C, indicating that 3STMSAS performs, in a temperature range between 500 to
700°C, a perfect ALD (i.e. the parasitic CVD process is nonexistent or sufficiently low

s0 as o not affect the quality of the ALD film).

Example 11. Normalized WERSs at various temperatures for ZTMSAS

[0103] FIG 15 is a graph of normalized WERSs at various temperatures for 2TMSAS
ALD of SiO2 film. The WER is normalized with thermally grown 5i02. The WER is an
alternative measurement for the film quality. The lower the WER, the better the film
guality. Alternatively, the closer the WER to the WER of thermally grown SiOz {the
WER for thermally grown SiOz is 1), the betier the Si0O2 film quality. Low WER is betlter
for cleaning after deposition because the low WER resulls in less loss of the deposited
film during cleaning. As shown, the higher the temperature, the lower the WER.
Furthermore, the higher the temperature, the better ALD thickness (see Table 3) and
the better growth per cycle (GPC) of ALD as seen in the example that follows. Thus,

ZTMSAS is suitable for being used as an ALD precursor at a high temperature, such
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as a temperature betweaen approximately 600°C and approximately 650°C.

Example 12. Comparison of wet eich rate (WER) between 3TMSAS and BTBAS

[0104] FIG 16 is a graph of wet elch rate (WER) (thermally grown Si0O2 Normalized)
versus temperature for 3TMSAS ALD of Si0: film. The WER is an alternative
measurement for the film quality. The lower the WER, the betler the film quality.
Alternatively, the closer the WER to the WER of thermally grown SiOz (the WER for
thermally grown SiOz is 1), the better the SiO: film quality. Low WER is better for
cleaning after deposition because the low WER results in less loss of the deposited
film during cleaning. The WER of BTBAS at the temperature of 500°C is better than
that of 3STMSAS at this temperature. However, 3TMSAS at 700°C produced a better
film quality than BTBAS at its maximum applicable temperature (here around 500°C).

As shown, the WER of 3TMSAS at 700°C is less than 4.

Example 13 Comparison of WER between 2TMSAS and 3TMSAS at 650°C and
600°C

[0108] FIG 17 is a comparison of normalized WER for 2TMSAS and 3TMSAS with
trisdimethylaminosilane (3DMAS), hexachiorodisilane (HCDS) and BTBAS ALD of
SiOz film. The WERs of 2TMSAS at the temperature of 650°C is lower than all three
comparing silanes, 3DMAS at 650°C, HCDS at 650°C and BTBAS at 500°C. The WER
of STMSAS at 650°C is equivalent to those of 3DMAS at 650°C, HCDS at 650°C, but
tlower than that of BTBAS at 500°C, thereby, 2TMSAS and 3TMSAS at 650°C produce
a better film quality than BTBAS at 500°C. Thus, 2TMSAS and 3TMSAS are suitable
for high temperature ALD.

Example 14. Comparison of GPC for 2TMSAS and 3TMSAS with BTBAS, 3DMAS
and HCDS with O3

[0106] The GPC depends on various conditions, such as the starting substrate, the
temperature of the deposition, etc. if the GPC is lower than the theoretical maximum
of one monolayer per cycle, it may result in film roughness and slow film closure, which
makes especially thin films (thinner than about 5 nm) prone to localized defects such
as pinholes. FIG 18 is a comparison of GPCs for 2TMSAS at 650°C and 3TMSAS at
650°C with GPCs for HACD at 650°C, 3DMAS at 650°C and BTBAS at 500°C. The
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GPRC of 2TMSAS at the temperatures of 850°C are higher than those of all three
comparing silanes, 3DMAS at 650°C, HCDS at 650°C and BTBAS at 500°C. The GPC
of 3STMSAS at the temperatures of 650°C is equivalent {o that of BTBAS at 500°C, but
higher than those of 3DMAS at 650°C and HCDS at 650°C.

Example 15 Trace impurity analyses of 2TMSAS with Oz at 650°C and 600°C

[0107] The trace impurity analyses were done by Secondary lon Mass Spectrometer
(SIMS) for ALD films at 20 nm with 2TMSAS at 650°C and 600°C. The results listed in
Table 4 show that 2TMSAS ALD films at 600°C and 650°C have low concentrations
of H, C and N. For comparison, the frace of impurities of 3TMSAS and BTBAS at
various temperatures are also listed. As shown, 2TMSAS films have high purity
compared o 3TMSAS and BTBAS films.
Table 4. Trace Impurity Analyses

Sample | Temperature (°C) | H (atoms/cm®) | C (atoms/cm®) | N (atoms/cm?)
BTBAS 500 1.2E+21 1.4E+19 1.2E+20
3TMSAS 650 7.8E+20 3.4E+18 2.4E+20
3TMSAS 700 6. 1E+20 8. 8E+18 53E+20
2ZTMSAS 600 51E+20 2.2E+18 7.0E+19
2ZTMSAS 650 2.6E+20 2.4E+18 53E+19

Example 16. Surface roughness analyses of 2TMSAS with Oz at 850°C and 600°C
[0108] Table 5 is the surface roughness results (root mean square (RMS)) measured
by Atomic Force Microscopy (AFM). 2TMSAS film at 850°C was very smooth.

Tabile 5. Surface Roughness

Sample Temperature (°C) | RMS Roughness (nm)
BTBAS 500 0.49
ITMSAS 650 1.08
3TMSAS 700 0.48
2TMSAS 600 0.45
2TMSAS 650 0.21
5 Sub. (Ref) 515
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Example 17. ALD of 2TMSAS with Oz at 650°C

[0108] 650°C is the highest temperature at which no pyrolysis occurs with 2TMSAS
as shown in FIG 4. The conditions for ALD of 2TMSAS with Oz at 850°C are as follows.
The pulse/purge for 2TMSAS was 10s/60s; the flow rate of the sample 2TMSAS was
Zscem; the process bubble flow rate was 35scom; the process pressure was STorr,
the ALD cycles was 200 cycles; the pulse/purge for 02 was 15s8/30s; the flow rate of
02 was 100scem; the wafer was cleaned with 1% HF ag. The deposition film thickness
was measured using Elliipsometry, which is around 11.5nm.

10110] FIG 19a shows ALD of 2TMSAS with 02 at 850°C. For comparison, ALD of
ZTMSBAS with Oz at 650°C is also shown. The GPC of 2TMSAS with 02at 650°C is 3.7
times lower than 2TMSAS with Oz at 650°C. FIG 18b is XPS analyses of ALD of Si02
film using 2TMSAS with Oz at 650°C. XPS analyses show N and C exist in ALD film
deposited with 2TMSAS with O2. For example, at 50s etch time, Siis 88%, O is27.7%,
Nis7.2% and Cis 6.1%. Since the oxidization of Oz is lower than that of O3, ALD with
2TMSAS and O2 has some N and C not oxidized and therefore left in the ALD film.

This may be preferred for an ALD film that requires certain amounts of N and C.

Example 18 ALD of 2TMSAS with Oz pulse-period dependence at 650°C

[0111] FIG 20 is ALD film thickness over the substrate position of 2TMSAS with Os
pulse-period dependence at 850°C. With 5 second and 15 second of O3 pulses, the
ALD film thickness profile are nearly the same. This means 5 second of Os pulse is
suitable to add to 2TMSAS for ALD of Si0z film, which will deliver significant cost

savings comparing to 15 second of Os puises.

Example 19. ALD of 2TMSAS with Oa density dependence at 850°C

[0112] FIG 21 is ALD film thickness over the substrate position of 2TMSAS with O3
density dependence at 850°C. With 50 g/m® and 250 g/m? of O3, the ALD film thickness
profile are nearly the same. This means 50 g/m? of O3 is suitable to add to 2TMSAS
for ALD of Si0:2 film, which will deliver significant cost savings. FIG 22a is XPS resulis
after ALD of Si0O2 film using 2TMSAS with 50 g/m® O3 density at 850°C. FiG 22b is
XPS8 results after ALD of SiQO: film using 2TMSAS with 250 g/m® Os density at 850°C.
As shown, in both figures, Si0z films contains 40% silicon and 80% oxygen, no N and

C. Table 8 shows step coverages of 2TMSAS with Oz density dependence for ALD of

32



WO 2020/131635 PCT/US2019/066333

SiO2 obtained from SEM images at 650°C in a 24:1 trench. The trenched wafer was
tocated at 35-38 cm from the inlet of the ALD chamber. The results show that the step
coverages for approximately 50 g/m® and approximately 250 g/m?® of Oz density are
almost the same. All XPS results and step coverage results show 50 g/m?® Oz is
suitable to add to 2TMSAS for ALD of Si0z film, which will deliver significant cost
savings comparing to 250 g/m® Os.

Table 6. Step Coverages of 2TMSAS with Os density dependence

Temperature O3 Average Position Step Coverage in 24:1 Trench
of substrate | density | Thickness (%)
(°C) {g/m?®) {top) (em) Top Middle | Bottom
650 54 43.1 35 100 93 95
850 249 43.8 35 100 100 98
10113] It will be understood that many additional changes in the details, materials,

steps, and arrangement of parts, which have been herein described and illustrated in
order to explain the nature of the invention, may be made by those skilled in the art
within the principle and scope of the invention as exprassed in the appended claims.
Thus, the present invention is not intended to be limited to the specific embodiments
in the examples given above and/or the attached drawings.

[0114] 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 include all eguivalents of the subject

matter of the claims
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What is claimed is

1. A method for forming a Si-containing film on a substrate, the method

comprising the steps of:

heating the substrate in a reactor to a temperature of higher than 550°C;

exposing the substrate to a vapor including a Si-containing film forming
composition that contains a Si-containing precursor having the formula:

SiRYyR24x-y(NH-SiR’3)x,

wherein x=2, 3, 4; y=0, 1, 2, R! and R? each are independently selected from H, ClI,
Br, I, an C1-Cs alkyl, an isocyanate, a C1-Ca alkoxide, or an —NR3R* group in which
R3 and R* each are independently selected from H, a C1-Ca alkyl, provided that if
R3=H, R*> C1; each R’ is independently selected from H, Cl, Br, I, or a C1-Cas alkyl;
and

depositing at least part of the Si-containing precursor onto the substrate to
form the Si-containing film on the substrate through an atomic layer deposition (ALD)

process.

2. The method of claim 1, further comprising the step of exposing the substrate

to a co-reactant.

3. The method of claim 2, wherein the co-reactant is selected from Os, Oz, H20,
NO, N20, NO2, H202, O radicals and combinations thereof.

4. The method of claim 2, wherein the co-reactant is selected from NHs, NO,
N20, hydrazines, N2 plasma, N2/Hz2 plasma, NHs plasma, amines and combinations

thereof.

5. The method of any of claims 1 to 4, further comprising the step of heating the

substrate to a temperature greater than 550°C to no more than 650°C.

6. The method of any of claims 1 to 4, further comprising the step of heating the

substrate to a temperature greater than 550°C to no more than 750°C.
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7. The method of claim 1, wherein the silicon-containing film is a silicon oxide

layer.

8. The method of claim 7, wherein a WER of the silicon oxide film as deposited,

normalized with thermal SiO2, is from 2 to 4.

9. The method of any of claims 1 to 4, wherein the Si-containing precursor is
selected from SiH2(NH-Si(CHB3)3)2, SiH(NH-Si(CH3)3)3, SIHCI(NH-Si(CH3)3)z2,
SiCl2(NH-Si(CHs3)3)2, SiICI(NH-Si(CHS3)3)s, or Si(NH-Si(CHz)3)a4.

10. The method of any of claims 1 to 4, wherein the precursor is H2Si(NH-SiMes)z.

11. The method of any of claims 1 to 4, wherein the precursor is HSi(NH-SiMe3)s.

12.  The method of any of claims 1 to 4, wherein the precursor is Si(NH-SiMes)a.

13. The method of any of claims 1 to 4, wherein the ALD process is a thermal
ALD.

14. A composition for deposition of a film comprising a Si-containing precursor
having the formula:

SiRYyR?4x-y(NH-SiR’3)x,
wherein x= 3, 4; y=0, 1, 2, R! and R? each are independently selected from H, a
halogen (Cl, Br, 1), an C1-Ca alkyl, an isocyanate, a C1-C4 alkoxide, or an —-NR3R*
group in which R® and R* each are independently selected from H, a C1-Cs alkyl,
provided that if R3=H, R*> C1; each R’ is independently selected from H, a halogen
(Cl, Br, 1), or a C1-Ca4 alkyl, provided that if x=3 and y=1, R1#H.

15. The composition of claim 14, wherein the Si-containing precursor is selected
from SiH(NH-Si(CHz)3)3, SICI(NH-Si(CHs3)3)3, or Si(NH-Si(CHzs)3)a4.

16. A method for forming a Si-containing film on a substrate, the method

comprising the steps of:
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heating a substrate in a reactor to a temperature of higher than 550°C; and

forming a chemisorbed and/or physisorbed film, on the surface of the
substrate, of a Si-containing precursor having the formula:

SiRYyR?4x-y(NH-SIiR’3)x,

wherein x=2, 3, 4; y=0, 1, 2, R! and R? each are independently selected from H, a
halogen (Cl, Br, 1), an C1-Cs alkyl, an isocyanate, a C1-Cs alkoxide, or an —NR3R*
group in which R® and R* each are independently selected from H, a C1-Cs alkyl,
provided that if R3=H, R*> C1; each R’ is independently selected from H, a halogen
(Cl, Br, 1), or a C1-Cs alkyl.

17.  The method of claim 16, further comprising the step of chemically reacting the
chemisorbed and/or physisorbed film comprising the Si-containing precursor with a

co-reactant.

18.  The method of claim 17, wherein the co-reactant reacting with the Si-
containing precursor in the chemisorbed and/or physisorbed film produces a reaction

product that forms a second film on the surface of the substrate.

19. The method of claim 17, wherein the co-reactant is selected from O3z, O2, H20,
NO, N20, NO2, H202, O radicals and combinations thereof.

20. The method of claim 17, wherein the co-reactant is selected from NHz, NO,

N20, hydrazines, N2 plasma, N2/Hz2 plasma, NHs plasma, amines and combinations
thereof.
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