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STABLE BIS(ALKYL-ARENE) TRANSITION METAL COMPLEXES AND METHODS
OF FILM DEPOSITION USING THE SAME

Cross Reference to Related Applications
{0001} The This application claims the benefit of priodty under 35 U.5.C. § 118 (a) and
(b} to U.S. Patent Application No. 17/327 045, filed May 21, 2021, the entire contents of
which are incorporated herein by reference.

Technical Field
[0002] The present invention relates {o fransition metal-containing complexes and
methods for forming fransition metal-containing films using the same on a substrate via a
vapor deposition process, in particular, 1o bis(alkyl-arene) transition metal complexaes and
methods of using the same to form the transition metal-containing films.

Background

[G003] Molybdenum is a low-resistivity refractory metal that has been used in
microelectronic devices, e.g., as an alternative to tungsten. Molybdenum has a high
melting point, high thermal conductivity, a low cosfficient of thermal expansion, and low
glgctrical resistivity. Molybdenum or molybdenum-containing films have been used or
proposed (0 use as a diffusion barrier, electrode, photomask, interconnect, or as a low-
resistivity gate structure. Molybdenum is a candidate for replacing tungsten used in
memory chips, logic chips, and other devices that include polysilicon-metal gate electrode
structures. A thin film that contains molybdenum can alsc be used in some organic light
armitting diodes, liquid crystal displays, and in thin film solar cells and photovaoliaics.
[0004] Gribov ef &/, {Doklady Akademii Nauk S8R, Volume 194, issue 3, Pages 580-
582,1970) describes films were obfained in pyrolysis mode at high temperature with an
M{arene), and films had some carbon in it so that pure Mo films were not oblained even
at high temperatures. The described films were deposited at 102 Torr and 400-700°C from
Cr{CsHe)2, Cr(MePh)e, Cr{EtPh), CriMe:CsHi)z, bis{mesitylene)chromium, bis-
(biphenylichromium, and their iodides, from {aniling}-, {(dimethyianiline}- and
(mesitviene)iricarbonyichromium, {mesitylene) tricarbonyimolybdenum, and
bis{ethvibenzene)molybdenum on preheated samples.

[00085] Pure Mo films are desired in the semiconducior industry. However, a very few
organometaliic Mo containing complexes available for forming the pure Mo films have low
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impurity  levels.  For example, one commercial product, Mo(Et-benzene)s,
(US2019/0226086A) is available as a mixture only. It {8 & reguirement for the
sermiconductor industry to use complex products with a high purity {(at least »99% ormore).
US2019/0226086A claims the usage of bis{alkyl-arene) molybdenum molecules for the
deposition of Mo confaining films on a substrate, solely describing the use of Mo(kt-
benzene): for the deposition of molybdenum carbide films. Pure Mo films cannot be
obtained because of the poor stability of the compound. The commercially available
compound is usually supplied as a mixture of isomers.

[0008] Metal arene complexes have been investigated as sources for the deposition
of pure meatallic films. Such as, US2019/0226086, US20200115798 and US20190380340
disclose Bis{alkyl-areng) molybdenum complexes as suifable complexes for vapor
deposition of molybdenum.

(0007} US 2019/0380340 to Yu et al. discloses a metal deposition method comprising
sequentially exposing a substrate to a metal precursor and an alkyl halide {o form a metal
film, the metal precursor having a decomposition temperature above the deposition
temperature, and the alkyl halide comprising carbon and halogen, the halogen comprising
bromine oriodine, and the metal is selecied from molybdenum, ruthenium, cobalt, copper,
platinum, nickel or fungsten.

{0008} in order {o obiain a product suilable to use as a semiconductor precursor, high
purity, sufficient thermal stability under desired usage conditions are required.

Summary

(6008} Disclosed is a method for forming a metal-containing film on a substrate, the
method comprising the steps of.

exposing the substrate to a vapor of a film forming composition that contains a
metal-containing precursor; and

depositing at least part of the metal-containing precursor onto the subsirate to form
the metal-containing film on the substrate through a vapor deposition process,

wherein the metal-containing precursor is a8 pure M{alkyi-arene):, wherein M is Cr,

Mo, or W arene is

N

e
e 3

o
H

wharein R?, R2, R? R4 R® and R® gach is independently selected from H, C+~Cs alkyl, Ci-
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Cs alkenyl, Ci-Cs allyiphenyl, Ci-Ce alkenyiphenyl, or -SiXRRE, wherein X is selected

from F, Cl, Br, |, and R7, R® each are selected from H, C+-Cs alkyl, C1-Cs alkenyl.

[0010]

*

The disclosed methods may include one or more of the following aspects:
the pure M{alkyl-areneg), precursor being selected from Mo(toluene);, Mo(Et-
benzene):, Mo(o-xyieng):, Mo(m-xyleng),, Mo(p-xylene),, Mo(mesitylene)s,
Mo(aliyl-benzene)z, Mo(1,3,5-Ets-benzane),, Mol(Me:Si-Cl)-benzenels,
Mo(styrene);, Mo(lelramethyisilane-benzeneg),, Mo[{d-vinviphenylibenzenel,,
Mo(benzene}(Et-benzensa), Mo(durene)s, Mo{CaHs-2H)z;
the pure M(alkyl-arene), precursor being selected from Cr{icluene)s, Cr(Et-
benzene)., Cr{o-xylenel;, Cr{im-xylene)., Cr{p-xylene)z, Cr{mesitylene),, Cr{aliyl-
benzene)e, Cr(1,3,5-Elzs-benzene)., Cri{Me5i-Chi-benzenely,  Cr{styrene)s,
Critetramethylsilane-benzene)s, Crf{(d-vinyiphenylibenzenel,, Cr{benzenej{kt-
benzene), Cr{dureng),, Cr{CeHs-2H)y;
the pure M(alkyl-arene): precursor being selected from W(loluene),, WI(EL-
benzene):, W{o-xylene),, Wim-ylene),, W{p-xylene),, Wimesitylene),, W{allyl-
benzens),, W(1,3 5-Ela-benzene)s, Wi(Me:SI-Cli-benzenel,,  Wi(styrena)s,
Wtetramethylsilane-benzene),;, Wi(d-vinviphenylibenzenel,, W(banzens}(Et-
banzene), W{durene),, or W{CsHs-2H)z;
the pure M{alkyl-arene)z precursor being Mo(m-xyiene)z,
the pure M{alkyl-arene); precuraor being Mo(ioluena)s;
the pure M{alkyl-arene}: precursor being Mo(1,3,5-Elz-benzenea)z;
the pure M{alkyl-arene): precursor being Mo{maesitylene)s,
the pure M(alkyl-arene): precursor referring to a M{alkyl-areng). for which the
concentration of each of its isomers or any other impurities is below around 15%,
preferably below around 10%, more preferably below around 5%, and sven more
preferably below around 1%;
the film forming compaosition having a purity ranging from approximately 85% wiw
to approximately 100% wiw,
the film forming composition having a purity ranging from approximately 95% wiw
to approximately 100% wiw;
the film forming composition having a purity ranging from approximately 99% wiw
to approximatsly 89.999% wiw;
the purity of the pure M(alkyl-arene), precursor ranging from approximately 85%
wiw t0 approximately 100% wiw,
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» the purity of the pure M{alkyl-arene): precursor ranging from approximately 95%
wiw to approximately 100% wiw,

s the purily of the pure M(alkyl-arene)z precursor ranging from approximately 99%
wiw to approximately 99.998% wiw,

s the purity of the pure M(alkyl-arene)2 precursor being greater than 85% wiw;,

s the pure M{alkyl-arane), precursor having a high thermal stability;

¢ 3 decomposition temperature of the pure M(alkyl-areng), being higher than
approximately 235°C;

s« a decomposition temperature of the pure M(alkyl-arene): being higher than
approximately 240°C;

= a deposition temperature ranging from approximately 20°C {0 approximately
800°C;

= a deposilion temperature ranging from approximately 20°C io approximately
550°C,;

s g deposition temperature ranging from approximately 200°C to approximataly
800°C;

s a deposition pressure ranging from a vacuum to ambient pressure;

» & deposition pressura ranging from about 0.001 mTorr to about 760 Torr,

¢ the metal-containing film being a pure metal, metal carbide, metal oxide, metal
nitride, metal silicide film or combinations theraof;

s the metal-containing film being a pure metal film;

« {he metal-containing film being a metal carbide film;

s the metal-containing film being a metal oxide film;

o the metal-containing film beaing a metal nitride film;

¢ the metal-containing film being a metal silicide film;

« {he metal-containing film being a molybdenum film;

s the metlal-containing film being a molybdenum carbide film;

s the metal-containing film being a maolybdenum oxide film;

¢ the metal-containing film being 8 molybdenum nitride film;

s the metal-containing film being a molybdenum silicide film,

s the film forming composition including an inert carrier gas,

e the inert carrier gas being selected from Ng, He, Ne, Ar, Kr, Xe, or combinations
thergof,

¢ ihe inert carrier gas being No or Arn,
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» further comprising the step of exposing the substrate to a co-reactant;

e further comprising the step of plasma reating the co-reactant;

« the coreactant being halosilane, polyhalodisilane (halo = F, Cl, Br, 1), organchalide
salected from SiHLCly, SiHaly, SiHCH, SiCly, SiBre, SiCls, SiBrs, SizHCls, SisCls,
CHalp, CHsl, CaHst, CaHal, or CeMsl;

s the co-reactant being selectad from Gz, Os, H0, HaOs, N2O, NO, NO,, O or OH-
radicals, or mixiures thereof;

s the coveactant being selected from Hz, NHs, NaoHa, Me-NoHa, MeaNaHs, SilHa, SizHs,
SisHg, SisH1g, SiH:Mey, SiH:EL, N(SiHa)s, NHs radicals, H: radicals, or combination
thereof;

« wherein the co-reactant being selected from NHs, NO, N2O, hydrazines, Np plasma,
No/Hz plasma, NHz plasma, amines and combinations thereof,

s the co-reactant being Oy

s the co-reactant being NHs;

s the co-reactant being Hy;

¢ the vapor deposition process being a ALD process, a CVD process oF &
combination thereof,

+ the vapor deposition process being a ALD process;

¢ the vapor deposition process being a CVD process,

» the vapor deposition process being a PEALD process;

e the subsirate being selected from a Si-containing substrate, a metal substrate, a
metal-containing substrate or a powder substrate;

s the substrate being a Si-containing substrate;

s {he substrate being a metal substrate;

& {he substrate being a metal-containing substrate;

s the substrate being a powder subsiratie,

s the powder substrate including a non-limiting number of powder materials include
NMC (Lithium Nickel Manganese Cobalt Oxide), LCO (Lithium Cobalt Oxide), LFP
{Lithium fron Phosphate), and other batiery cathode materials; and

s the powder substrate being activated carbon.

Notation and Nomenclature
{0011} The following detailed description and claims ufilize a number of abbreviations,
symbols, and terms, which are generally well known in the arl. Certain abbreviations,
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symbols, and terms are used throughout the following description and claims, and include:
[0012] As used herein, the indefinite arlicle "a” or "an” meaans one or more.

[0013] As used herein, "about” or "around” or “approximately” in the text or in a claim
means +10% of the value stated.

[0014] As used herain, "room temperature” in the text or in a claim means from
approximately 20°C to approximately 25°C.

{0015} The term "pure” refers to a product for which the concentration of each of its
isomers or any other impurities is below around 15%, preferably below around 10%, more
preferably below around 5%, and aven more preferably below around 1%.

{0016} The term “high thermal stability” refers to the property of a product to evaporate
smocthly in thermogravimetry analysis, without exhibiting a “tail” or generating residual
amount above 200°C herein, more preferably the residual amount is below about 5% at
300°C, more preferably below about 2% at 300°C, or a product whose DSC analysis
exhibits an onset of decomposition temperature higher than that of commercially available
products, and more preferably higher than 240°C.

[0017] The term “substrate” refers to 8 malerial or materials on which a process is
conducted. The substrate may refer {0 a wafer having a material or materials on which a
procass is conducted. The subsirates may be any suitable wafer used in semiconductor,
photovoltaic, flat panel, or LCD-TFT device manufacturing. The substrate may also have
one or more layers of differing materials already deposited upon it from a previous
manufacturing step. For example, the wafers may include silicon ayers {(e.g., crystalling,
amorphous, porous, etc.), silicon containing tayers {e.q., Si0Oz, SiN, SION, SICOH, efc.),
metal containing layers (2.g., copper, cobalt, ruthenium, tungsten, piatinum, palladium,
nicked, ruthenium, gold, eic.) or combinations thereof. Furthermore, the substrate may be
planar or patterned. The subsirate may be an organic pattemed photoresist film. The
substrate may include layers of oxides which are used as dielectric materials in MEMS,
3D NAND, MM, DRAM, or FeRam device applications (for example, Zr(; based
matsrials, HfO2 based materials, TiO: based materials, rare earth oxide based materials,
ternary oxide based materials, sic.) or nitride-based films (for example, TaN, TiN, NbN)
that are used as electrodes. The substrate may also be a powder, such as the powder
usad in rechargeable battery technology. A non-limiting number of powder materials
include NMO (Lithium Nickel Manganese Cobalt Gxide), LCO {Lithium Cobalt Oade), LFP
{Lithium fron Phosphats), and other batiery cathode materials. Exemplary powder
substrate also includes activated carban.

{0018} The term “wafer or "patierned wafer” refers to a wafer having a stack of films
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on a substrate and at least the top-most film having topographic featuras that have been
created in steps prior to the deposition of the indium containing film.

{0019] The term “aspect ratio” refers to a ratio of the height of a trench {(or aperiure) (o
the width of the trench {(or the diameter of the aperture).

{00207 Note that herein, the terms *film” and "layer” may be used interchangeably. I is
understood that a film may correspond to, 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 10 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 1o as small as a
french or a line. Throughout the specification and claims, the wafer and any associated
layars thereon are referred to as substrates.

{6021} Note that herein, the terms “aperture”, “via”, "hole” and “irench” may be used
interchangeably 16 refer to an opening formed in a semiconducior structure,

[o022] As used herein, the abbreviation "NAND" refers to a "Negative AND" or "Not
AND" gate; the abbreviation "2D" refers to 2 dimensional gate structures on a planar
substrate; the abbreviation "30" refers to 3 dimensional or vertical gate structures, wherein
the gale structures are stacked in the vertical direction.

[0023] Note that herein, the terms “deposition temperature” and “subsirate
temperature” may be used interchangeably. I is understood that a subsirate temperature
may correspond to, or be related 10 a deposition temperature, and that the deposition
temperature may refer (o the subsirate temperature.

[0024] Note that hersin, the terms “precursor” and “deposition compound” and
“deposition gas” may be used interchangeably when the precursor is in & gaseous siate
at room temperature and ambient pressure. It is understood that g precursor may
correspond 1o, or be related 10 a deposition compound or deposition gas, and that the
deposition compound or deposition gas may refer {0 the precursor.

[0025] The standard abbreviations of the elements from the periodic table of elements
are used herein. it should be understood that slements may be referred to by thase
abbreviations {g.g., Si refers to silicon, N refers to nitrogen, O refers o oxygen, © refers
to carbon, H refers {0 hydrogen, F refers to fluorine, efc.).

(00286} The unique CAS registry numbers (je., "CAS") assigned by the Chemical
Abstract Service are provided to identify the specific molecuies disclosed.

{0027} As used herein, the term “alkyl group” refers o saturated functional groups
containing exclusively carbon and hydrogen atoms, An alkyl group is ong type of
hydrocarbon. Further, the term “alkyl group” refers o linear, branched, or cyclic alkyl
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groups. Examples of linear atkyl groups include without limitation, methyl groups, ethyi
groups, propyl groups, butyl groups, etc. Examples of branched alkyls groups include
without limitation, t-butyl. Examples of cydlic alkyl groups include without limitation,
cyclopropyl groups, cyclopentyl groups, cyclohexyl groups, etc.

{0028} As used herein, the abbreviation *Me” refers to a methyl group; the abbreviation
‘Ef” refers to an ethyl group; the abbreviation “Fr” refers o any propyl group (i.e., n-propyl
or isopropyl); the abbreviation “iPr” refers to an isopropyl group; the abbreviation "By’
refers 1o any butyl group (n-bulyl, iso-butyl, tert-butyl, sec-butyl); the abbreviation *Bu”
refers to a ferf-butyl group; the abbreviation “sBu” refers to a sec-buiyl group; the
abbreviation “/Bu” refers to an iso-butyl group; the abbreviation "Ph” refers to a phenyl
group; the abbrevigtion "Amy” refers to any amy! group (iso-amyl, sec-amyl, ferf-amyl};
the abbrevigtion "Cy” refers to a cyclic hydrocarbon group (cyclobutyl, cyclopentyl,
cyclohexyl, efc.); the abbreviation "Ar” refers o an aromatic hvdrocarbon group {phenyl,
xyivi, mesityl, efc. ) As usad in the disclosed embodiments, the term “indepeandently” when
used in the context of describing R groups shouid be understood {0 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 s also independently selected relative o any
additional species of that same R group. For example in the formula MR1(NRZR) 4.,
where x is 2 or 3, the two or thrae R groups may, but need not be identical to each other
or to R2or to R2, Further, it should be understood that unless specifically stated otherwise,
values of R groups are independent of each other when used in different formulas.
{0029 As used herain, the abbreviation “m-” refers {0 "meta-". For example, n-xyiene
refers to meta-xylene. The abbreviation “o-” refers to “ortho-". For example, o-xylene refers
to ortho-xylene. The abbraviation “p-" refers {0 “para-". For example, p-xylene refers (o
para-xylensa.

(00307 Ranges may be expressed hersin as from about one particular value, andfor
o about another particular value. When such a range is expressed, it is {0 be understood
that ancther embodiment is from the one particular vaiue and/or to the other particutar
value, along with all combinations within said range. Any and all ranges recited in the
disclosed embodiments are inclusive of their endpoints {i.e., x=1 {0 4 or x ranges from 1
to 4 includes x=1, =4, and x=any number in between), irrespective of whether the term
“inclusively” is used.

[0031] Reference herein to "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



WO 2022/246140 PCT/US2022/030169
9

phrase "in one embodiment” in various places in the specification are not necessarily all
referring to the same embodiment, nor are separate ¢or allernative embodiments
necessarily mutually exclusive of other embodiments. The same applies 1o the ferm
“implementation.”

(0032} As used in this application, the word "exemplary” is used hereain to mean serving
as an example, instance, or illustration. Any aspect or design described herein as
“exemplary” is not necessarily to be construed as preferred or advantageous over other
aspects or designs. Rather, use of the word exemplary is intended to present concepts
in a concrete fashion.

(0033} "Comprising” in a claim is an open transitional term which means the
subsaquently identified claim elements are a nonexclusive listing i.e. anything eise may
be additionally included and remain within the scope of “comprising.” “Comprising” is
defined herein as necessarily encompassing the more limited transitional terms
"consisting essentially of" and “consisting of”; “comprising” may tharefore be replaced by
"consisting essentially of” or “consisting of” and remain within the expressly defined scope
of “comprising”.

[0034] Additionally, the term "or” i intended 10 mean an inclusive “or” rather than an
exclusive “or’. That is, unless specified otherwise, or clear from context, "X employs A or
B is intended to mean any of the natural inclusive parmutations. That is, if X employs A,
X employs 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 articles “g” and "an” as used in this application
and the appended claims should generally be construad (o mean “one or more” uniess
specified otherwise or clear from context to be directed to a singular form.

{0035} ‘Providing” in g claim is defined to mean furnishing, supplying, making
available, or preparing something. The step may be performed by any actors in the
absence of express language in the claim o the contrary.

Brief Description of the Drawings

[0038] 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 accompanying drawings, in which like elements are given the same or analogous
reference numbers and wherein:

FIG. 1 is TGA of Mofethyl-benzene)y;

FIG. 2 is DSC of Mo(ethyl-benzene)s;

FiG. 3 is Mo NMR results for Mo(ethyl-benzene)s;
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FiG. 4 is atmospheric TG analysis of Mo{mesityleng)y;

Fi3. 5 is DSC of Mo{mesityleng)y;

FIG. 6 is atmospheric TG analysis of Mo(1,3,5-Efz-benzene)s;

FiG. 7 is DSC of Mo{1,3,5-Ei3-benzene):;

FIG. 8 is atmospheric TG analysis of Mo(m-xylane);

FIG. 8 is DSC of Mo(m-xylene)y;

FIG. 10 is atmospheric TG analysis of Mo{tciuene)s;

FIG. 11 is DSC of Mo(loluene)s;

FiG. 12 is atomic profile of deposited film by XPS of chemical vapor deposition of
Mo{m-xyiene)»;

FIG. 13 is SEM daia of pyrolysis deposition of Mo{m-xylena)s,

FiG. 14 is atomic profile of deposited film by XPS of chemical vapor deposition of
Mo{m-xyiene). with Hz; and

FIG. 15 is SEM data of chemical vapor deposition of Mo{m-xylenea). with Ho.

Description of Preferred Embodiments
[0037] Disclosed are metal-containing film-forming compaositions comprising bis{alkyi-
arene) metal-containing precursors, M{alkyl-arene), where M is Cr, Mo, W, slc., and
methads of using the same to deposit metal-containing films using ALD, CVD, 80D, etc,
for manufacturing semiconductors, photovoltaics, LCD-TFT, flat panseltype devices,
refractory materials, or agronautics. In particular, the disclosure relates to CVD and ALD
processes for deposition of metal-containing films.
(6038} The disclosed metal-containing precursors may be pure M{alkyi-arene)s,
whersin Mis Cr, Mo, or W, arene is

RSN
e

wharein R, R?, R® R4 R® and R® each is independently selected from H, C+-Cs alkyl, Ci-
Ce alkenyl, C1-Cs alkylphenyl, Ci-Cs alkenylphenyl, -SIXRRE wherain X is selected
among F, Ci, Br |, and R7, R® each are selected among H, C1-Ce alkyl, C41-Cs alkenyl.
[0038] The term “pure” in “pure M{alkyl-arene)y” refers {0 a product for which the
concentration of each of its isomers or any cother impurities is below around 15%,
preferably below around 10%, more preferably below around 5%, and even more
preferably below around 1%.
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[0040] in one embodiment, the disclosed Metal-containing film forming composition
containg less than 15% wiw, more preferably less than 10% wiw, and even more
preferably less than 1% wiw of any of its undesired species including minor isomers,
reactants, or other reaction products, which may provide better process repeatability.
[0041] Purity of the disciosed metal-containing film forming composition is greater than
85% whw (i.e., 85.0% wiw to 100.0% wiw), preferably greater than 85% wiw (i.e., 85.0%
wiw to 100.0% whiw), and more preferably greater than 899% wiw (e, 29.0% wiw 1o
approximately 98.089% wiw or 90.0% wiw to 100.0% wiw). In addition purity of the
disclosed metal-containing precursors, pure M(alkyl-areneg),, is greater than 85% wiw {i.e.
85.0% whw to 100.0% wiw), preferably greater than 85% wiw (.e., 85.0% wiw 10 100.0%
wiw), and more preferably greater than 8% wiw (e, 98.0% wiw 1o approximately
99.899% wiw or 99.0% wiw to 100.0% wiw}. One of ordinary skill in the art will recognize
that the purity may be determined by NMR speciroscopy and gas or liquid chromatography
with mass spactrometry. The disclosed metal-containing film forming compositions may
contain any of the following impurities: pyrazoles; pyridines, alkylamines,; alkylimines;
THF, ether, pentane; cyclohexane; heplanes, benzene; toluene; chicrinated metal
compounds,; lithium, sodium, potassium pyrazolyl. The total quantity of these impurities is
preferably below 5% wiw (e, 0.0% wiw 10 5.0% wiw), preferably below 2% wiw (i.e.,
0.0% wiw {0 2.0% wiw), and more preferably below 1% wiw {i.e., 0.0% wiw 10 1.0% wiw).
The disclosed film forming composition may be purified by recrystailization, sublimation,
distilation, and/or passing the gas liguid through a suitable adsorbent, such as 4A
molecular sieves,

(0042} Purification of the disclosed film forming composition may also result in metal
impurities each range independently at the 0 ppbw o 1 ppmw, preferably approximately
0 to approximately 500 ppbw {(part per billion weight) level, more preferably from
approximately O ppbw o approximately 100 ppbw. These metal or metallcld impurities
include, but are not limited to, Aluminum(Al), Arsenic{As), Barium(Ba), Bervllium(Be),
Bismuth(Bi), Cadmium{Cd), Calcium{Ca}, Chromium{Cr), Cobait{Co), Copper(Cu),
Gallium(Ga), Germanium (Ge), Hafnium(Hf), Zirconium{Zr), Iron(Fe), Lead(Pb),
Lithium(Li), Magnesium(Mg), Manganese(Mn), Nickel(Ni), Potassium(K}, Sodium{Na},
Strontium{(Sr), Thordum{Th), TindSm), Titanium{Ti), Uranium{l), Vanadium{V) and
Zinc{Zn).

[0043] The disciosed M{alkyl-arene). precursors may include Mo(toluene),, Mo(Et-
benzenels, Mo(o-xylene):, Mo(m-xylene),, Mo(p-xyleng),, Mo{mesityleng)z, Mo{allyl-
benzene)s, Mo(1,3,5-Ets-benzene), Mol[(MexSi-Cl)-benzenels, Mo(styrene)s,
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Mo{tetramethyisilane-benzene)., Mol{4-vinylphenyhbenzenels, Mol{benzene)(Et-
benzene), Mo(durene)z, Mo(CeHs-?H)z, Cr{toluene),, Cr{Et-benzene),, Cr{o-xylene)s,
Cr{m-xyleng)z, Cr(p-xylena)., Cr(maesitylene)z, Cr{allyl-benzeneg),, Cr(1,3,5-Ets-benzene),,
Cri{Me:5i-Cl)-benzenegly, Cr{styrens)s, Cr{tstramethylsilane-benzens),, Cri{4-
vinylphenylibenzenels, Cr(Benzensa){Et-benzene), Cr{durene)s, Cr{CesHg-2H)a,
Wtoluene)s, W{Et-benzeneg)s, W(g-xylene)s, Wim-xylene)s, W{p-xylene)s,
Wimesitylene),, Wiallyl-benzene),, WI(1,35-Els-benzene),, W[{Me:Si-Chi-benzenels,
Wistyrene)s, Witetramethyisilane-benzena),, W{4-vinylphenyiibenzene)s,
Wi{Benzene)(Et-benzene), W{durene),, or W{CsHs-2H)2.

[0044] The disclosed metai-containing precursors may have a high thermal stability
and may be used for forming high-speed, high sensitivity semiconductor fiims, e.¢. in
CMOS systems, 3D NAND Channel or in photodetectors. The disclosed metal-containing
pracursors and the disclosed film forming compositions are suitable o deposit the
corresponding  element-containing films and iis related use for deposition of the
corresponding element-containing films. The disclosed films may be deposited uniformiy
on flat wafers or on patterned wafers, or in a “gap-fill” or “bottom-up gap-fill” approach.
[0045] Also disclosed are methods of using the disclosed metal-containing precursors
for vapor deposition methods. The disclosed methods provide for the use of the metal-
containing precursors for deposition of metal-containing films. The disclosed methods may
be useful in the manufacture of semiconductor, photovoltaic, LCD-TFT, or flat panel type
devices. The disclosed method includes: providing a substrate; providing a vapor including
at least one of the disclosed metal-containing precursors; exposing the substrate {o the
vapor of a film forming composition that contains 8 metal-containing precursor; and
depositing at least part of the metal-containing precursor onto the substrate to form the
metal-containing film on the substrate through & vapor deposition process.

(0048} The vapor of the metal-containing precursar is infroduced into a reaction
chamber containing at least one subsirate. The temperature and the pressure within the
reaction chamber and the temperature of the substirate are held at conditions suitable for
vapor deposition (e.g., ALD and CVD} of at least part of the metal-containing precursor
onto the substrate. In other words, after the infroduction of the vaporized precursor into
the chamber, conditions within the chamber are adiusted such that at least part of the
vaporized precursor is deposited onto the substrate to form the metal-containing film. One
of ordinary skill in the art will recognize that “at least part of the precursor is deposited”
means that some or all of the precursor reacts with or adheres o the subsirate. Herein, a
co-reactant may also be used to help in formation of the Metal-containing layer, which is
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described below.

[0047] The reaction chamber may be any enclosure or chamber of a device in which
deposition methods take place, such as, without limitation, a paraliel-plate type reactor, a
cold-wall type reactor, a hot-wall type reacior, a single-wafer reactor, a multi-wafer reactor,
or other such types of deposition systems. All of these exemplary reaction chambers are
capable of serving as CVD or ALD reaction chambers. The reaction chamber may be
maintained at a pressure ranging from a vacuum to ambient pressure, for exampile, from
about 0.001 mTorr to about 780 Torr. The pressure within the reaction chamber is a
deposition pressure. In addition, the temperature within the reaction chamber may range
from about 20°C to about 800°C. One of ordinary skill in the art will recognize that the
temperature may be oplimized through mere experimentation {0 achieve the desired
result.

[0048] The temperature of the reacior may be controlled by either controliing the
temperature of the substrate holder or controlling the temperature of the reactor wall.
Devices used o heat the substrate are known in the art. The reactor wall is heated to a
sufficient temperature {0 oblain 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 20°C to approximately 8600°C.
When a plasma deposition process is utilized, a deposition temperature may range from
approximately 20°C to approximately 550°C. Alternatively, when a thermal process is
performed, the deposition temperalure may range from approximately 200°C tfo
approximately 800°C.

(0048} Alternatively, the substrate may be heated to a sufficient temperature to obitain
the desired metal-containing film at a sufficient growth rate and with desired physical state
and composition. A non-imiting exemplary temperature range 1o which the substrate may
be heated includes from 20°C io 800°C. Preferably, the temperature of the substrate
remains less than or equal to 500°C. Note that herein, the “deposition temperature” and
“‘substrate temperature” may be used interchangeably. H s understood that a substrate
temperature may correspond 0, or be related {0 g deposition temperature, and that the
deposition temperature may refer (o the substrate temperature. When the reactor reaches
to a thermal equilibrium, the temperature of the reactor wall may be the same as the
depaosition temperature and the substrate temperature.

[0050] Decomposition temperatures of the disclosed metal-containing precursors are
higher than approximately 235°C, more preferably higher than approximately 240°C,
which may be found from the examples that follow. The disclosed metal-containing
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precursors have a high thermal stability. The term "high thermal stability” refers to the
property of a product of M{alkylarene), (o evaporale smoothly in thermogravimetry
analysis (TGA), without exhibiting & “tall’ or generating residual amount above 200°C,
more preferably the residual amount is below about 5% at 300°C, more preferably below
about 2% at 300°C, or a product of M{alkyl-areneg), whose DSC analysis exhibits an onset
of decomposition temperature higher than that of commercially available products (around
235°C), and more preferably higher than approximately 240°C.

(0081} The type of substrate upon which the metal-containing film will be deposiied
may vary depending on the final use intended. In some embodiments, the substrate may
be a patterned photoresist film made of hydrogenated carbon, for example CH,, whersin
X is greater than zero. in some embodiments, the substraie may be chosen from oxides
which are used as dielectric materials in MIM, DRAM, or FeRam technologies {for
gxample, ZrO: based materials, HiO; based materials, TiQO, based malerials, rare earth
oxide based materials, ternary oxide based materials, eic.) or from nitride-based films (for
example, TaN) that are usad as an oxygen barrier between copper and the low-K layer.
Uther substrates may be used in the manufacture of semiconductors, photovoltaics, LCD-
TFET, or flat panel devices. Examples of such substrates include, but are not limited to,
solid substrates such as metal nitride containing substrates (for example, TaN, TiIN, WN,
TaCN, TiCN, TaSiN, and TiSINY, insulators (for example, Si0z, SizNs, SION, HfO:, Tax0s,
Zr(Cz, TiGs, ALQs, and barium strontium titanate), or other substrates that include any
number of combinations of these materials. The actual substrate utilized may also depend
upon the specific precursor embodiment utilized. In many instances though, the preferred
subsirate utilized will be selected from hydrogenated carbon, TIN, strontium ruthenium
oxide {(SRO), Ru, and & type substrates, such as polysilicon or crystalline silicon
substrates. The substrate may also be a powder, such as the powder used in
rechargeable battery technology. A non-limiting number of powder materials include NMC
(Lithium Nicks! Manganess Cobalt Oxide), LOC (Lithium Cobalt Oxide), LFP {Lithium fron
Fhosphate), and other batlery cathade materials. Exemplary powder substrate also
includes activatad carbon,

(6052} The subsirate may be patterned to include vias or trenches having high aspect
ratios. For example, a conformal Metal-containing film, such as SiQ;, may be deposited
using any ALD fechnigue on a through silicon via (TSV) having an aspect ratio ranging
from approximately 20:1 to approximately 100:1.

[0053] The Metal-containing film forming compositions may be supplied either in neat
form or in a blend with & solvent suitable for vapor deposition, such as toluene, athyl
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benzene, xylene, mesitylene, decane, dodecane, oclane, hexane, pentane, terliary
amines, acetone, tetrahydrofuran, ethanol, ethyimethyiketone, 1.4-dioxane, or others.
Alternatively, the Metal-containing film forming composition may comprise a soivent
suitable for casting deposition, such as naphtha, methyliscbutylkstone (MIBK), n-
methyliscbutylketone (NMIBK), or combinations thereof. One of ordinary skill in the art will
recognize that the casting deposition sclution may further comprise pH regulators or
surfactanis. The disclosed precursors may be present in varying concentrations in the
solvent, For example, the resulting concentration of the vapor deposition solution may
range from approximately 0.01 M to approximately 2 M. One of ordinary skill in the art will
racognize that the molarity of the casting deposition solution is directly proportional to the
desired fiim thickness and may adjust the molarity accordingly.

[0054] For vapor deposition, the neat or blended metal-containing precursors are
introduced into a reactor in vapor form by conventional means, such as tubing and/or flow
meters. The precursor in vapor form may be produced by vaporizing the neat or blended
precursor solution through a conventional vaporization step such as direct vaporization,
distiliation, by bubbling, or by using a sublimator such as the one disclosed in PCT
Fublication WOZ00%/087608 to Xu et al. The naat or blended precursor may be fed in
iquid state to & vaporizer where it is vaporized before it is introduced into the reactor.
Alternatively, the neat or blended precursor may be vaporized by passing a carrier gas
into a container containing the precursor or by bubbling of the carrier gas into the
precursor. The carrier gas may include, but is not limited to, Ng, He, Ne, Ar, Kr, Xe, and
mixtures thereof. Bubbling with a carrier gas may also remove any dissolved oxygen
present in the neat or blended precursor solution. The carrier gas and precursor are then
introduced into the reactor as a vapor.

[00585] If necessary, the container containing the disclosed film forming composition
may be heated to a temperature that permits the metal-containing precursor to be in s
iquid phase and to have a sufficient vapor pressure. The container may be maintained at
temperatures in the range of, for example, approximatsly 0°C to approximately 150°C.
Those skilled in the art recognize that the temperature of the container may be adjusied
in a known manner {0 control the amount of metal-containing precursor vaporized,

[00586] The reactor may be any enclosure chamber within a device in which deposition
methods take place such as without imitation, a paraliel-plate type reactor, a cold-wall
type reactor, a hot-wall type reactor, a single-wafer reactor, a mulli-wafer reactor, other
types of deposition systems under conditions suitable {o cause the compounds to react
and form the layers. One of ordinary skill in the art wili recognize that any of these reactors
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may be used for either ALD or CVD deposition processes.

[0057] in addition to the disclosed metal-containing precursor, the co-reactant may be
introduced into the reactor for forming the metal-containing films. When a target deposited
film is a dielectric film, the co-reaciant may be an oxidizing gas such as one of Oz, O,
H20, HaOz, NO, NoO, NO», oxygen containing radicals such as O or OH; NO; NO»;
gicohol, silanols, amincalcchols, carboxylic acids such as formic acid, acetic acid,
propionic acid; radical species of NO, NO:, or the carboxylic acids; para-formaldehyde;
and mixiures thereof. Preferably, the oxidizing agent is selected from the group consisting
of Oz, Os, Hz0, Hz0z, N2O, NG, NO», oxygen containing radicals thereof such as O or
OH-, or mixtures thereof. Preferably, when an ALD process is performed, the co- reactant
is plasma treated oxygen, ozong, or combinations thereof. When an oxidizing gas is used
as the co-reactant, the resulting metal containing film will also contain oxygen.

[0058] Alternatively, when the target is a conductive film, the co-reactant may be a
reducing agent such as one of Hy, NHs,, (SiHskN, hydridosilanes (such as SiHy, SiaHs,
SisHs, SigHio, SisHig, SisHi2), chlorosilanes and chioropolysilanes {such as SiHCIs,
SiHClz, SIHaClL SizCls, SiaHCls, SisClg), alkylsitanes (such as (CHs)eSiHg, {CaHs)aSiHs,
(CHz)SiHs, (CoHs)SiHs), hydrazines (such as NaHs, MeHNNH., MaHNNHMe), organic
amines(such as N{CHajH,, N{CoHs)Hz, N{CHazlaH, N{CaHs)aH, N{CHals, N{CaHs)s,
(SiMea)aNH), pyrazoling, pyridine, B-containing molecules {(such as BxHs, 9-
borabicyclof3,3, 1lnonane, trimethyiboron, iriethylboron, borazine)}, aikyl metals {(such as
frimethyialuminum, triethylaluminum, dimethyizine, diethylzing), radical species thergof,
and mixtures thereof. The co-reactant may be a primary amineg, a secondary amine, a
tertiary amine, trisilylamine, radicals thereof, and mixtures thereof. Preferably, the
reducing agent is Mz, NHa, Nobl, Me-NoHs, MexNoHa, Siby, SioHs, SisHe, SisHie, SiH:Mes,
SiH:Et:, N{SiHs)s, NHs radicals, Ha radicals, or combination thereof. When a reducing
agent is used, the resulting metal-containing film may be a pure metal, metal carbide,
metal oxide, metal nifride, metal silicide film or combinations thereof. When an N-
containing reducing agent is used, the resulting metal-containing film will also contain
nifrogen.

[0054] Additionally, the co-reactant may be a halosilane, polvhalodisilane (halo = F,
Ci, Br, D), or organchalide, such as SiH:Cly, BiHaly, SiHCl, SiCls, SiBry, SixCls, SixBres,
SizHCls, SisCls, CHalz, CHal, Colsl, CaHsl, CeMsl, and one or more reactant gases to form
metal-containing films, such as pure metal, and metal carbide films. The halide-containing
co-reactants, such as, CHap, CHal, CoHsl, CalHsl, CeHsl, help cataiyze product
decompaosition and get gap fill or bottom up gap fill,
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[0060] Furthermore, the co-reactant may be treated by plasma, in order {0 decompose
the reaction gas into its radical form, at least one of Hy, Ny and O may be utilized as a
hydrogen, nitrogen or oxygen source gas, respectively, when treated with plasma. The
plasma source may be a Nz plasma, No/He plasma, No/Ar plasma, NHs plasma, NHa/He
plasma, NHx/Ar plasma, He plasma, Ar plasma, Hz plasma, Ha/He plasma, Hixlorganic
amine plasma, and mixiures thereof. N2 may aiso be utilized as a reducing agent when
treated with plasma. For instance, the plasma may be generated with a power ranging
from about 50 W to about 500 W, preferably from about 100 W to about 200 W. The
plasma may be generated or present within the reactor itself. Alternatively, the plasma
may generally be at alocation removed from the reactor, for instance, in a remotely located
plasma system. One of skill in the art will recognize methods and apparatus suitable for
such plasma treatment.

{0081} For exampile, the co-reactant may be introduced into a direct plasma reactor,
which generates plasma in the reaction chamber, to produce the plasma-treated reactant
in the reaction chamber. The co-reactant may be introduced and held in the reaction
chamber prior to plasma processing. Allernatively, the plasma processing may occur
simultanecusly with the introduction of the reactant.

[0062] Alternatively, the plasma-ireated co-reactant may be produced ocutside of the
reaction chamber, for example, a remote plasma to freat the co-reactant prior to passage
into the reaction chamber.

{0063} Also disclosed are methods for forming metal-containing tayers on a substrate
using a vapor deposition process. Applicants believe that the disclosed film forming
compositions are suitable for ALD. More particularly, the disclosed film forming
compositions are capable of surface saturation, seif-limited growth per cycle, and perfect
step coverage on aspacts ratios ranging from approximately 2.1 to approximately 200:1,
and preferably from approximately 0.1 to approximately 150:1. Additionally, the disclosed
film forming compositions have high decomposition temperatures, indicating good thermal
stability to enable ALD. The high decompaosition temperatures permit ALD at higher
temperatures, resulting in films having higher purity.

[0064] The disclosed metal-containing precursor and one or more co-reactants may
be introduced into the reaction chamber simultanecusty (CVD), sequentially (ALD), orin
other combinations. For exampie, the disclosed metal-containing precursor may be
introduced in one pulse and two additional metal sources may be introduced togstherin a
separate pulse [modified atomic layer deposition]. Alternatively, the reaction chamber may
already contain the reactant prior to introduction of the metal-containing precursor. The
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reactart may be passed through a plasma system localized or remotely from the reaction
chamber, and decomposed {0 radicals. Alternatively, the metal-containing precursor may
be introduced to the resaction chamber continuously while other metal sources are
infroduced by puise (pulsed-CVD). in each example, a pulse may be followed by a purge
or evacuation step o remove excess amounis of the component introduced. In each
gxample, the pulse may last for a time period ranging from about 0.01 s to about 10 s,
atiernatively from about 0.3 s 10 aboui 3 g, alternatively from gbout 0.5 sto about 28 In
another alternative, the metal-containing precursor and one or more reactants may be
simultaneously sprayed from a shower head under which a susceptor holding several
wafers is spun {spatial ALD).

[G085] The disclosed film forming compositions may be used fo deposit metal-
containing films using any depoesition methods known {o those of skill in the art. Examples
of suitable deposition methods include CVD or ALD with or without plasma enhancement.
More specifically, exemplary suitable deposition methods include without limitation,
thermal ALD, plasma enhanced ALD (PEALD), spatial isolation ALD, temporal ALD,
selective or not ALD, hotwire ALD (HWALD), radicals incorporated ALD, and
combinations thereof. The deposition method is preferably ALD, PE-ALD, or spatial ALD
in order to provide suitable step coverage and film thickness control. Exemplary CVD
methods include metai-organic CVD (MOCVD), thermal CVD, pulsed CVD (PCVD), low
prassure COVD (LPOVD), sub-atmospheric CVD (SBACVD) or atmospheric pressure CVD
(APCVD), hot-wire CVD or hot filament CVD {also known as cat-CVD, in which a hot wire
serves as an energy source for the deposition process), hot wall CVD, cold wall CVD,
aerosol assisted CVD, direct liquid injection CVD, combustion CVD, hybrid physical-CVD,
metalorganic CVD, rapid thermal CVD, photo-initiated CVD, laser CVD, radicals
incorporated CVD, plasma enhanced CVD (PECVD) including but not limited to flowable
FECVD, and combinations thereof.

[0068] In one non-limiting exemplary ALD type process, the vapor phase of a metal-
containing precursor is introduced into the reaction chambaear, where it is contacted with a
suitable subsirate. Excess metal-containing precursors may then be removed from the
reaction chamber by purging and/or evacuating the reaction chamber. An oxygen source
(s introduced into the reaction chamber where it reacts with the absorbed metal-containing
precursor in a self-limiting manner. Any excess oxygen source is removed from the
reaction chamber by purging and/or evacuating the reaction chamber. [f the desired film
is a metaloxide film, this two-siep process may provide the desired film thickness or may
be repeated until a film having the necessary thicknass has been obtained.
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[0087] in yet another alternative, a metal-containing film may be deposiled by the
fiowable PECVD method disclosed in U.S. Pat. App. Pub. No. 2014/0051284 using the
disclosed metal-containing precursors and a radical nitrogen- or oxygen-containing co-
reactant. The radical nifrogen- or oxygen-containing co-reactant, such as NH: or H:0
respactively, is generated in a remole plasma system. The radical co-reactant and the
vapor phase of the disclosed precursors are introduced into the reaction chamber where
they react and deposit the initially flowable film on the subsirale. Applicants believe that
the nitrogen atom of the disclosed compounds help to further improve the flowability of the
deposited film, resulling in films having less voids.

[0088] Also disclosed are methods of using the disciosed metal-containing pracursors
in casting deposition mathods, such as spin coating (i.e., SO, spray coating, dip coating
or slit coating technigues. The disclosed methods provide for the use of the metal-
containing film forming composition for deposition of metal-containing films. The method
disclosed includes: providing a substrate; applying a liquid form of the disclosed metal-
containing film forming compaosition containing the disclosed metal-containing precursor
on a substrate; and forming the metai-containing layer on the substrate. As discussed
previously, the liquid form of the disclosed metal-containing film forming compaosition may
be a neat solution of the metal-containing precursors or a mixiure of the metal-containing
precursor with a solvent and optional pH adjusters or surfaciants. in one embodiment,
the metal-containing fitm forming compositions may be supplied in a blend with a solvent
suitable for the S0D, for example, the metal-containing film forming compositions may be
mixed with toluene, ethyl benzens, xylene, mesilylens, decane, dodecans, oclane,
hexane, pentaneg, tertiary amines, acetone, tetrahydrofuran, ethanol, ethyimethylketone,
or 1.4-dioxane, to form a liquid form of the metal-containing film forming composition for
the 30D,

(00697 The liquid form of the disclosed metal-containing film forming composition may
be applied directly o the center of the substrate or may be applied o the entire substrate
by spraying. When applied directly 1o the center of the substrate, the substrate may be
spun to utilize centrifugal forces to evenly distribute the composition over the substrate.
Alternatively, the subsirate may be dipped in the Metal-containing film forming
composition. The resulling film may be dried at an appropriate temperature for a period of
time to vaporize any solvent or volatile componenis of the film. One of ordinary skill in the
art would recognize the appropriaie temperature selection based on the sclvent to be
gvaporated. During the vaporization process, a mist of water may be sprayed onio the
subsirate to promote the hydrolysis reaction of the film.
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{6070} Upon obtaining a desired film thickness, the film may be subject to further
processing, such as thermal annealing, furnace-annealing, rapid thermal annealing, UV
or e-beam curing, and/or plasma gas exposure. Those skilled in the art recognize the
systems and methods utilized to perform these additional processing steps. For exampile,
the metal-containing film may be exposed {0 a temperature ranging from approximately
200°C and approximately 1000°C for a time ranging from approximately 0.1 second {o
approximately 7200 seconds under an inert atmosphere, a H-containing atmospherg, a
N-containing atmosphere, an O-containing atmospheare, or combinations thereof. Most
preferably, the temperature is 600°C for less than 3800 seconds under a H-containing
atmosphere. The resulting film may contain fewer impurities and therefore may have
improved performance characteristics. The annealing step may be performed in the same
reaction chamber in which the deposition process is performed. Alternatively, the
substrate may be removed from the reaction chamber, with the annealingfflash annealing
procass being performed in a separate apparatus. Any of the above post-treatment
methods, but especially thermal annealing, has been found effective to reduce carbon and

nitrogen contamination of the metal-containing film.

Examples
{0071} The following non-imiting examples are provided (o further iliustrale
embodimeants of the invention. However, the examples are not intended {0 be all inclusive
and are not intended to limit the scope of the inventions described herein,
[0072] Thermogravimetric (TG} analysis was performed at 25°C to 500°C under
atmospheric (1000 mBar, N 220 scom) or vacuum {20 mBar, Np 20 scom) by Aluminum
cpen cup. Vapor pressure (VP) was determined by TG analysis from 80°C to 180°C with
Naphthalene as external standard. Differential scanning calorimetry {DSC) was measured
with Au-coated closed pan up to 300°C, or 400°C.
[0073) Bis{alkyl-arene)metal complexes were prepared by reported methods; V. S
Asirvatham ef af. Organometaliics 2001, 20, 16871888, L. Calucci et al. Dalfon Trans.
2008, 4228-4234.

Comparative Exampie 1 - Thermal properties of pure Mo(ethyl-benzeneg), vs commercial
Mo(ethyl-benzens),

[0074] FiG. 4 is atmospheric TG analysis of Mo{mesitylene),. it shows that i
gvaporates without decompaosition under these conditions. The vapor pressure of the
compound is 1 Torr at 143°C. DSC results (FIG. §) of Mo{mesitylene), exhibil a melling
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point at about 105°C and the decomposition point at 248°C. Results are compared with

other compounds in Table 1 below.

Example 2 - Thermal properties of pure Mo(1,3,5-Els-benzene)z

[0078] The obtained molecule is an oil at ambient temperature. FIG. 8 is atmospheric
TG analysis of Mo(1,3,5-Ets-benzene). 1t shows that it evaporates without decomposition
under these conditions. The vapor pressure of the compound is 1 torr at 151°C. DSC
results (FIG. 7) of Mo(1,3,5-Ets-benzene); exhibit a decompaosition point at 246°C. Resulls
are compared with other compounds in Table 1 below.

Example 3 - Thermal properties of pure Mo(m-xyleng)s

{0078} FIG. 8 shows the atmospheric TG analysis of Mo(m-xyleneg),. It shows that it
avaporates without decomposition under these conditions. The vapor pressure of the
compound is 1 torr at 130°C. DSC results (FIG. 8) of Mo{m-xylene): exhibit a melting point
at ~110°C and a decomposition point at 280°C. Results are compared with other

compounds in Table 1 below.

Example 4 - Thermal properties of pure Mo(iciuene):

[0077) FIG. 10 is atmospheric TG analysis of Mo(toluene).. The vapor pressure of this
compound is 1 Torr at 133°C. DSC results (FIG. 11) of Mo{loluene): exhibit 2 melting point
al 72°C and a decomposition point at 252°C. Resulls are compared with other compounds
irn Table 1 below.

Table 1
_ ] Decomposition
Mealling point 1 torr temperature
Molecule temperature (DSC)
<) (°C) .
°C)
pure Molethyl-benzene), < 20 131 248
Commercially available
Mo(ethyl-benzene), < 20 123 235
{mixture)
Mo(mesitylena) 105 143 248
Mo(1,3,5-Etls-benzenel, < 20 151 248
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Mo{m-xvlene)z 110 130 280

Mo(toluena), 72 133 252

Example 8 - Mo containing film deposition by Mo(m-xylene). without co-reactant

[0078] Mo{m-xyilene); was heatad at 120°C, and its vapors provided to the reaction
chamber by supplying 150 scom Ar for 30 minutes. At this time, the chamber was heated
at 420°C. The obtained film was analyzed by XPS and SEM. These indicated that
deposited film has Mo and C in film, and that thickness is 25.9to 31 nm. FIG. 12 is alomic
profite of deposited film by XPS of chemical vapor deposition of Mo{m-xylene), [Square:
Molybdenum, triangle: Carbon, filled-circle: oxygens, and open circle: Silicon]. FIG. 13 is
SEM data of pyrolysis deposition of Mo{m-xylene),.

Example 6 - Mo containing film deposition by Mo(m-xylena), with H» as co-reactant

(6073} Mo{m-xylene), was heated at 120°C, and its vapors provided to the reaction
chamber by supplying 150 scom Ar for 30 minutes. The chamber was heated at 420°C,
and 50 scem of Hy as co-reactant was provided for the reaction chamber. The oblained
film was analyzed by XPS and SEM. These indicated that deposited film has Mo and C in
fitm, and that thickness is 84.7 to 84.8 nm. FIG. 14 is atomic profile of deposited film by
KPS of chemical vapor deposition of Mo{m-xylene); with Hx [Square: Molybdenum,
triangle: Carbon, filled-circle: oxygene, and open circle: Silicon]. FiG. 15 is SEM data of

chemical vapor deposition of Mo{m-xylenea), with Hs.

Prophetic Example 1 - Pure Mo films obtained with Mo(alkyl-areng),

{0080} More highly pure or less contaminated Mo films may be obtained when a co-
reactant like hydrogen, other reducing agents, other co-reactant, or their combinations are
used at deposilion temperatures ranging from 200°C to 400°C. Exemplary Mo{alkyl-
arene)z includes Mo(m-xylene)z Mo(toluene), Mo(1,3,5-Els-benzene);, Mo{mesitylene)z,
Mo{ethyl-benzene),.

Prophetic Example 2 - Pure W films obtained with W(alkyl-arene),

{0081} Pure W(alkyl-arene), was synthesized following a reporied synthesis route.
When this molecule is used in CVD mode, it is expected that pure W films can be obtained
when a co-reactant like hydrogen or other reducing agenis are used at deposition

temperatures ranging from 200°C to 400°C. Exemplary W(alkyl-areneg), include W{m-
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xylene)z Wtcluene) W(1 3 8-Ets-benzenea),, Wimesitylene), W(ethvl-benzenea)s.

Prophetic Exampile 3 - Pure Cr films obtained with Cr{alkyl-arene),

{0082} Pure Cr{alkyl-arene), was synthesized following a reported synthesis route.
When this molecule is used in CVD mode, it is expected that pure W films can be obtained
when a co-reaciant like hydrogen or other reducing agents are used at deposition
temperatures ranging from 200°C o 400°C. Exemplary Crialkyl-areneg), include Crim-

xylene)z Cr{toluene}s Cr(1,3,5-Els-benzene)s, Crimasitylene)s Cr(Ethyl-benzens),

{0083} Although the subject matter described herein may be described in the coniext
of illustrative implementations 1o process one or more computing application
featuresfoperations for a computing application having user-interactive components the
subject matter is not limited to these particular embodiments.  Rather, the techniques
described herein can be applied o any suitable type of user-interactive component
execution management methods, systems, platforms, and/or apparatus.

[0084] It will be undersiood that many additional changes in the details, materials,
steps, and arrangement of parts, which have heen herein described and iustrated 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 expressed in the appended claims. Thus, the
prasent invention is not intendad o be limitad o the specific embodiments in the examples
given above and/or the attached drawings.

[0085] While 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 maodifications of the composition and method are
possible and within the scope of the invention. Accordingly, the scope of protection is not
imited {0 the embodiments described herein, but is only limited by the claims which follow,
the scope of which shall include all equivalents of the subject matter of the claims.
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What is claimed is:

1. A method for forming a metal-containing film on a substrate, the method
comprising the steps of:

exposing the substrate {0 a vapor of g film forming composition that contains a
metal-containing precursor; and

depositing at ieast pant of the metlal-containing precursor onto the substrate to
form the metal-containing film on the substrate through a vapor deposition process,

wherein the metal-containing precursor is a pure M{alkyl-arene)z precursor,
wherain M is Cr, Mo, or W, arene is

wherein R, B2, R? R4 R5 and R® sach is independently selectad from H, C1-Cs alkyl,
C1-Cs alkenyl, C-Cs atkyiphenyl, C-Cs alkenyipheny!, or -SIXRRE, wherein X is
selected from F, Cl, Br, |, and R7, R® each are selected from H, C+-Cs alkyl, C4-Cs

alkenyl.

2. The method of claim 1, wherein the pure M{alkyl-arene); precursor is selected
from Mo(ioluene),, Mo{Et-benzene),, Mo({o-xylene),, Mo{m-xylene)., Mo{p-xylene)s,
Mo{mesityleng), Mo(alivl-benzenea),, Mo(1,3,5-Els-benzens),, Mo[{Me,Si-Cli-benzens]s,
Mo(styrene),, Moltetramethyisilane-benzene):, Mo[(4-vinyiphenylibenzenels,
Mo(benzene)(Ei-benzene), Mo(durene),, Mo(CsHs-2H),, Cr{toluene)s, Cr{Et-benzene),,
Cr{o-xylene),, Cr{im-xylene)s, Cr{p-xylene)z, Cr{mesitylene),, Cr{allyl-benzene),,
Cr{1,3,5-Ets-benzene),, Cri{Me-5i-Cl)-benzenel,, Cr{styrene),, Cr{tetramethyisilane-
benzene),, Cri{4-vinyiphenylibenzens]s, Cribenzenes){Et-benzene), Cr(durena)s,
Cr{CeHs-2H)o, W(toluene)z, W(Et-benzene):, W(o-xylene)s, W{m-xylena)z, W(p-xylene)s,
Wimasitylene),, W(allyl-benzene)z, W(1,3,5-Ets-benzene),, W{Me:Si-Cl)-benzenels,
Wistyrena),, Witetramethylsilane-benzene),, Wid-vinyliphenylibenzens],
Wibenzene)(Et-henzene), W{durene)s, or W{CsHs-2H}a.

3. The method of claim 1, wherein the M{alkyl-arene), precursor is Mo{m-xyleng)s.

4, The method of claim 1, wherein the M{alkyl-arena): precursor is Mo(tolueneg)s.
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& The method of claim 1, wherein the M(alkvi-arene); precursor is Mo(1,3,5-Eta-
benzene)s.

8. The method of claim 1, wherein the M{alkyl-arene); precursor is Mo(maesitylene)s.

7. The method of claim 1, wherein the purity of the pure M{alkyl-arene): precursor is

greater than 85% wiw,

8. The method of claim 1, wherein a decompaosition temperature of the pure

Malkyl-arene)s precurscr is higher than approximately 240°C.

Q. The method of claim 1, wherein the film forming composition includes an inert
carrier gas selected from Nz, He, Ne, Ar, Kr, Xe, or combinations therecf.

10.  The meathod of claim 1, further comprising the slep of exposing the substrale to 3
co-reactant.

11.  The method of any one of claims 1 to 10, further comprising the step of plasma
freating the co-reactant.

12. The method of any one of claims 1 to 10, wherein the co-reactant is halosilaneg,
polyhalodisiiane (halo = F, Cl, Br, 1), organohalide sslected from SiHClz, SiHalz, SIHCIs,
SiCly, SiBra, SixCls, SibBrs, SipHCs, 8isCls, CHalg, CHal, CalHsl, CaHsl, or CaHsl.

13. The method of any one of claims 1 to 10, wherein the co-regctant is selected
from Gz, Gs, H20O, HaO2, NoG, NO, NQ;, O or OH- radicals, or mixtures thereof.

14. The method of any one of claims 1 to 10, wherein the co-reactant is selecied
from Hz, NHs, NzHa, Mea-NoHs, MeaNoHa, SiHa, SiaHs, SisHs, Siabie, SiHaMes, SiHakls,
N{S8iHa)a, NHa radicals, H» radicals, or combination thereof.

16, The method of any one of claims 1 1© 10, wherein the co-reactant is selected
from NHa, NO, N0, hydrazines, Nz plasma, NofHz plasma, NHz plasma, amines and
combinations thereof.



