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LITHIUM PRECURSORS FOR DEPOSITION OF LITHIUM-CONTAINING LAYERS,
ISLETS OR CLUSTERS

Cross Reference to Related Applications
{0001} The present application claims the benefit of U.S. Application No. 52912458, filed
October 08, 2019, and U.S. Application No. 82915263, filed October 15, 2019, being
incorporated herein by reference in their entireties for ali purposes.

Technical Field
[o002] Disclosed are silicon-free lithium precursors for depositing a lithium-containing
film, islet or cluster, and methods of synthesizing the same and methods of using the same,
in particular, the disclosed precursors exhibit good volatility and thermal stability. The
disclosed precursors are liguid below 150°C, preferably liquid at 50°C, more preferably
liquid at 25°C, which is suitable for deposition techniques such as ALD and CVD
applications.

Background
00031 Li-containing films are weli-known for their applications to form surface coating
layers or films of electrode materials in lithium-ion battery applications. Exampies of Li-
containing films include LIPON, lithium phosphate, lithium borate, fithium borophosphate,
fithium nicbate, lithium titanate, lithium zirconium oxides, etc. The absence of silicon, or the
presence of silicon in a small amount, is preferred for the formation of some of these
materials, especially lithium nicbate, lithium titanate, lithium zirconate, or the like. During
the first cycles of a lithium-ion battery, the formation of a solid electrolyte interface (SEl) on
the anode and/or on the cathode are observed from the decomposition of the electrolyte at
the electrolyte/electrode interfaces. A loss of capacity of the lithium-ion battery results from
the consumption of lithium ion. in addition, the formed SEI layers are not uniform and
unstable, so that cracks and dendrites may occur and lead to thermal runaway.
Furthermore, the formed SEl layers also create a barrier potential that makes the
intercalation in an electrode more difficult. The surface coating of electrodes by atomic layer
deposition (ALD) and chemical vapor deposition (CVD) techniques has been used to form
an intended SEI film, hence avoiding the formation of these unstable layers. Li-containing
films are highly promising candidates as protective electrode coatings due to their good
conductivity and high slectrochemical stability. Another important application of Li-
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containing films is the formation of solid electrolyle materials used in solid-state batieries.
Solid-state batteries are solvent-free systems having longer lifetime, faster charger time
and higher energy density than conventional lithium-ion batteries. They are considerad as
the next technology step in batiery development. Lithium-containing film solid electrolytes
such as lithium phosphate, lithium borate and lithium borophosphate are deposited by
ALDYCVD techniques. Uniform and conformal Li-containing films may even be obtained on
complex architecture like 3D batteries.

f0004] With the raising energy storage needs, higher capacily retention togsther with
improved safety performances is demanded. Li-containing films may effectively prevent or
reduce the formation of Solid Electroiyte Interphase (SEI), such as lithium phosphate,
lithium phosphorus oxynitride (LIPON), and different lithium metal oxides such lithium
titanates, lithium zirconates and lithium niobates. These materials are expected to improve
the interfaces between electrodes and electroiyte, either in current lithium ion batteries or
solid state batteries. Li-containing films such as lithium niobate may also be used for high
frequency electronic devices, for example, mobile applications. Lithium fluorite is also an
interesting materiais for optical or as a potential gate dieleciric owing to high band-gap and
high dielectric constant.

[o005] WO 00/67300 A1 to Gordon, et al. discloses synthesis of alkali lithium amides
precursors with the general formula: MN(E'R'R?R®*)(E’RR5R®), wherein M is an alkali
metalLi, Na, K E' and E? = C, Si, Ge or Si; R, R?, R* R* R® R® are H, alkyl groups or
fluoroalkyt groups. All the compounds are liquid at 20°C. Formation of films containing alkali
metals by CVD is disclosed.

[0o08] WO 02/27083 A2 to Gordon, et al. discloses CVD and ALD of lithium phosphate
using LIN(SiMes),, LIN(SiEtMes), and LI(TMPD) as lithium precursor. Diisopropylphosphate
was used as phosphate precursor. TMPD stands for 2,2 6, 6-tetramethylpiperidide.

[oo07] WO 2011/002920 A2 to Pallem, et al. discloses silicon-free Lithium-containing
precursors, that is lithium alkyl amidinate and lithium alkylcyclopentadienyl compounds
having a general formulas: LI{R'R?R*RR*Cp).D, LiNR-amd).D and Li{NR-fmd)}.D, where
D = monodentate, bidentate, fridentate, or polydentate neutral coordinatling ligand system;
R, R R2 R® R4 R5 R are H or altkyl groups.

[0008] US 2012/0276305 to Hamalainen, et al. discloses the syntheses of LIN{SiMes)s,
LiOtBu, Li{thd) and Li{hfac) from commercial sources. They are used as lithium sources for
the formation of lithium phosphate films by ALD. Phosphorus sources disclosed are
phosphate reagents with the formula O=P(OR)s where R is an alkyl group. In the examples,
LiN{SiMes). and LiOBuU are usaed in combination with trimethylphosphate (TMPQO) for ALD
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of lithium phosphate. Li(thd) and Li(hfac) are also disclosed for Li,O, LixCOs and other
lithium-containing materials. All the lithium precursors disclosed by Hamalainen, et al. are
solid, with high melting points (typically above 150°C) with limited volatility and thermal
stability.

[0008] More prior art for formation of Li-containing fiims may include Chem. Mater., 6987-
6993, 27(20), 2015 (ALD of Lithium Phosphorus Oxynitride); Nano Lett,, 1276-1281, 16(2),
2016 (Atomic/Molecular Layer Deposition of Lithium Terephthalate Films as High Rate
Capability Li-lon Battery Ancdes), US 20170067161 (Method for producing lithium
phosphorus oxynitride layer); Journal of Vacuum Science & Technology, A, Vacuum,
Surfaces, and Films, 01B133/1-01B133/8, 35(1), 2017 (Enhanced process and composition
controf for atomic layer deposition with lithium trimethyisilanoiate), RSC Advances, 6315-
6322, 2(15), 2012 (ALD of lithium nitride and carbonate using lithium silylamide), WO
2012076817 (Method for producing lithium-based layers by CVD), J. Mater. Chem., 8767~
8771, 19(46), 2009 (ALD of Lithium-containing thin films); US 7,615,250 (Organoaluminum
precursor compounds); US 8,871,304 (Amide amino alkane) metal compound, method of
manufacturing metsl-containing thin film using said metal compound), Chem. Eur. J., 1091-
1004, 5(3), 1999 (X-ray Crystal Structures and Some Solution Structures of Lithium Amides
with Intramolecular Complexation of Lithium), US 6284488 (Tridentate ligand-containing
metal catalyst complexes for olefin polymerization); Org. Lett., 5378-5381, 12(23), 2010
(lsomerization of Allyl Ethers Initiated by Lithium Diisopropylamide); Telrahedron 1657-
1666, 58(9), 2002 (Use of lithium N,O-dimsthylthydroxylamide as an efficient in situ
protecting agent for aromatic aldehydes), J. Mater. Chem., 2877-2881, 20(14), 2010
(Lanthanum titanate and lithium lanthanum titanate films grown by atomic layer deposition).
[0010] Other applications of interest for the use of lithium precursors include the formation
of Li-containing clusters or islets.

{0011} Lithium precursors containing silicon may commonly be used, such as
LiN(SiMes)2. Although this solid precursor is quite stable and sufficiently volatile, silicon
would remain in part in the resulling deposited film. The presence of silicon may be a
problem when forming materials such as LiTiOs, LINBO; or LIZrQy, in which silicon may lead
to adverse electrochemical features, linked to the induced disorder of the material, and
hence lower ionic conductivity. Thus, there are needs to discover silicon-free lithium

precurscrs for deposition applications.

Summary
fo012} Disclosed are methods for forming a Li-containing film, islet or cluster on a
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substraie, the method comprising the steps of
introducing a lithium precursor having a general formula:
[LI-NL'L2-Ddy (B
into a reactor containing the substrate disposed therein, wherein
L* has a general formula; CaHn, (CanHa)-ER'R?) or (CuHa)-E'RY), wherein

¢ (g is alinear, branched or cyclic atkyl groups;

= M and n are independent integers, 1sms16, 15n<g16;

s EisB N,

s E'is adivalent element;

e R'and R? sach are independently selected from the group consisting of linear,
branched or cyclic alkyl groups, or lingar, branched or cyclic alkyl groups
substituted by other atoms or groups;

L? has a general formula; {CoHg)-ER*RY or (CoHg)-E'R*, wherein

e CgHgis alinear, branched or cyclic alkyl groups;

e« pand g are independent integers, 1<p<16, 150<16;

s EisB, N,

e E'is g divalent element;

s R%and R* each are independently selected from the group consisting of linear,
branched or cyclic alkyl groups, or linear, branched or cyclic alkyl groups
substituted by other gtoms or groups,;

D is independently selected from monodentate, bidentate, tridentate, or polydentate
neutral coordinating ligand system;
X is an infeger, Osx<4; and
y is the degree of association of the molecule, 1<y<8; and
depositing at least part of the lithium precursor onto the substrate to form the Li-
containing film, islet or cluster using a vapor deposition method.
The disclosed methods may include one or more of the following aspects:
s L'is a Ci-Cys linear, branched or cyclic carbon chains, or of the form (CoHn)-ER'R?
or (CnHn)-E'R", wherein

CmHn is an alkyl chain and may be linear, branched or cyclic alkyl groups;

E represents B, N;

E’ represents a divalent element such as O, §;

m is an integer which value is 1 or an integer ranging from 1 to 8;

r is an independent integer ranging from 2 to 16;

R' is independent and selected from the group consisting of hydrogen, linear,
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branched or cyclic C4-Cg alkyl groups, or linear, branched or cyclic alkyl
groups substifuted by other atoms or groups;

R? is independent and selected from the group consisting of hydrogen, linear,
branched or cyclic C+-Cs alkyl groups, or linear, branched or cyclic alkyl
groups substifuted by other atoms or groups;

L% is of the form (CpHg)-ER®R* or (CoHg)-E'R®, wherein

]

@

CgHy is an alkyl chain and may be linear, branched or cyciic alkyi groups;

E represents B, N;

E' represents a divalent element such as Q, §;

p and g are independent integers ranging from 1 1o 16, preferably p is comprised
from 1 to 8 and g is comprised from 2 to 16, most preferably p is different
from m;

R® and R* are independent and selected from the group consisting of hydrogen,
linear, branched or cyclic alkyl groups, or linear, branched or cyclic alkyl
groups substifuted by other atoms or groups;

D is independently selected from monodentate, bidentate, tridentate, or
polydentate neutral coordinating ligand system. Preferably a monodentate or
a bidentate;

x is an integer comprised between 0 and 4,

y represents the degree of association of the molecule and is comprised between
1 andg;

the lithium precursor being silicon-free;

the lithium precursor being selected from LiNMe(CH2CHzNMey),
LiNMe(CH:CH:NMe:z)(1,2-disthoxyethane), LiNMe(CH,CH:NMe:)(1,2-
dimethoxyethane), LINE{CHCHaNMe,), LINIPr{CH2CH:NMe»),
LINtBu(CHzCHaNMeo), LINIBWCH-CH:NEMe), LiNIBu(CHMaCHzNMe2),
LINtBu(CH.CHMeNMes), LIN(CH2CH2NMez)2, LIN(CH2CHNE2)2,
LIN(CH2CHaNiPra)o, LIN(CHCHaNEMe)s, LIN(CHCH2CHoNMes)s,
LIN(CHMeCH NMes)z, LIN(CHMeCH:NMez)(CHCHzNMez),

LIN(CH CHMeNMes),, LIN(CHCHMeNMe {CH.CH:NMe,),
LIN(CHEICH2NMe2)(CHCH:NIMe:), LIN(CH:CHEINMe2)(CH:CHzNMey),
LIN(CMezCHaNMe:z)(CH=CHNMez), LIN(CH2CMezNMez){CHCHzNMe:),
LIN(CH2CHaNMe ) CHCHLCHaNMes), LiNMe(CHLCHOMe),
LiNMe(CHxCH0OEL), LiNMe(CHCH20IPT) LiNMe(CHCH01BU),
LINEHCHCHOMe), LINEY{CHCHZOEY, LiNIPr{CHCH2OMe),
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LiNtBu(CH-CH,OMe), LIN(CH.CH,OMe),, LIN(CHCHLOED,, LIN(CHCHLOIPT):,,
LIN(CH2CH20tBU)2, LIN(CH2CHzNMe)(CHCH0OMe),

LIN(CH2CHaNMex (CHCHOED, LIN(CHoCH:NMe  CHCHLOIP),
LIN(CHCHaNMe, (CHCHOtBUY), LiNMe(CH,CH(OMe)s), or the like;

e the lithium precursor being LINIBu(CHCHzNMes), LiNIBu(CH,CH:NEtMe),
LINIBu(CHMeCH:NMey), LINIBU{CHCHMeNMe,), LIN(CHCHNEMe),,
LIN(CH2CH:OEt)2, LIN(CH2CH2NMe2)2, LIN(CH2CH2CHNMe:2)2,
LIN(CH,CHzNMeEt),, LIN(CHMeCHNMe,)(CHCHNMez),
LIN(CHCHMeNMex XX CHCHoNMes), LIN(CHEICHNMe ) (CHCH:NMes),
LIN(CHCHEtNMe)(CHCHaNMeg), LIN(CMeCHaNMeg)(CHCHoNMes),
LIN(CHoCMeoNMe J( CHaCHoNMey), LIN(CHCHNIPR),
LIN(CH2CHNMe ) CHCHCHNMez), LIN(CHCHOE),, LINMe(CHCHOED),
LiNMe{CH,CH(OMe),) or the like;

+ the lithium precursor being LINMe(CHCHNMey);

CHxCH2NMe2)(1;2-diethoxyethane);

« the lithium precursor being LINMe(CH:CHaNMez)(1;2-dimethoxyethane),

» the lithium precursor being LINEH{CHCH2NMey),

+ the lithium precursor being LINIPr(CH,CH:NMe,);

¢ the lithium precursor being LINIBUW(CH:CH:NMey),

¢ the lithium precursor being LINIBu(CH.CH NEIMe);

= the lithium precursor baing LINIBu{CHMeCH NMes);

e the lithium precursor being LINIBU(CH,CHMeNMey),

e the lithium precursor being LIN(CHCHaNMes ),

s the lithium precursor being LIN(CHCHNEL),;

s the lithium precursor being LIN(CH2CHaNiPra)s;

« the lithium precursor being LIN(CH2CHzNEIMe)2;

e the lithium precursor being LIN(CHCHCHzNMez)2;

s the lithium precursor being LIN(CHMeCHNMez)o;

« the lithium precursor being LIN(CHMeCHNMe: ) (CHCHNMe,),;

e the lithium precursor being LIN(CHCHMeNMez)z;

e the lithium precursor being LIN{CHCHMeNMe (CHCHoNMes);

« the lithium precursor being LIN(CHEICH:NMez)(CHCHaNMes);

» the lithium precursor being LIN(CHCHEINMe, ) CHCH:zNMe,);

« the lithium precursor being LIN(CMe2CHaNMe2)} CH2CHNMez);

(
(

e the lithium precursor being LiNMe
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s the lithium precursor being LIN(CH.CMeaNMe: )} CH2CHNMe»);

= the lithium precursor being LIN(CH2CH2NMea2)(CH2CHCHaNMes);

e the lithium precursor being LINMe(CHCH:OMe),

¢ the lithium precursor being LINMe(CH:CH.OEL);

= the lithium precursor being LINMe(CHCHQiPr);

s The lithium precursor being LiNMe(CH,CHOtBu);

e the lithium precursor being LINEH{CHCHOMe);

¢ the lithium precursor being LINEY{CH.CHL0ED),

+ the lithium precursor being LINIPr{CHzCH.OMe);

+ the lithium precursor being LINIBU(CH.CH:OMe);

e the lithium precursor being LIN(CHCH,OMe)z;

s the lithium precursor being LIN(CH,CH,OE!):»,

« the lithium precursor being LIN(CH2CH0IiPr);

e the lithium precursor being LIN(CH2CH:OtBu);

e the lithium precursor being LIN(CH.CH NMez)(CH.CH.OMe);

« the lithium precursor being LIN(CH2CH:NMez)(CHCHOEY),

» the lithium precursor being LIN(CHCH:NMe)(CHCHGIPr);

« the lithium precursor being LIN(CH2CHzNMe2){CH2CH0tBu);

e the lithium precursor being LINMe(CHCH(OMe)z);

+ the vapor deposition method being ALD, CVD, spray coating, dip coating, siit
coating, spin-on deposition or a combination thereof,

s the vapor deposition method being ALD,

= the vapor deposition method being CVD,

= the femperature within the reaction chamber ranging from a iemperaiure below
room temperature;

e the temperature within the reaction chamber ranging from about 0°C to about
800°C;

» the temperature within the reaction chamber ranging from about 15°C to about
800°C;

= the temperature within the reaction chamber ranging from about 125°C to about
250°C;

« the temperature range of the reactor being from approximately 20°C to
approximately 1000°C;

= the deposition temperature ranging from approximately 20°C to approximately

=~
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580°C for a plasma deposition process,

« the deposition temperature ranging from approximately 100°C to approximately
500°C for ALD and CVD;

¢ the deposition temperature ranging from approximately 250°C to approximately
350°C for ALD and CVD;

« the deposition temperature ranging from approximaiely 200°C to approximately
800°C for a thermal process;

« the deposition temperature ranging from approximately 400°C to approximately
BQ0°C for a thermal process;

« the deposition temperature being 100°C for ALD;

« the deposition tamperature being 125°C for ALD,;

+ the deposition temperature being 135°C for ALD;

» the deposition temperature being 150°C for ALD;

« the deposition temperature being 175°C for ALD;

¢ the deposition temperature being 200°C for ALD;

s the deposition temperature being 250°C for ALD;

= the deposition temperature being 500°C for CVD,

¢ the deposition temperature being 200°C for CVD;

+ the deposition temperature being 300°C for CVD;

« the deposition temperature being 400°C for CVD;,

+ the deposition temperature being 500°C for CVD;

o the lemperature of the substrate ranging from room temperature o approximately
800°C;

= the lithium precursor being a silicon-free lithium precursor;

¢ the lithium precursor being a monomer, a dimer, a trimer, or combinations theraof,

s further comprising the step of delivering into the reactor a co-reactant;

« the co-reactant being selected from Qs Op, H0O, trimethylphosphate, an
alkylphosphate, an alkylphosphimine, NO, N2O, Hz0., O radicals, or combinations
thereof;

¢ the co-reactant being selected from Np, NHs, NaMs, or an alkyihydrazine,

» the co-reactant being Oz,

« the lithium precursor being liquid below 150°C;

¢ the lithium precursor being liquid at 50°C,;

+ the lithium precursor being liquid at 25°C,;
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» the Li-containing film, islet or cluster being a film, isiet or cluster of Li2O, LiOH, LisS,
LiaN, LiF, lithium carbonate, lithium, aluminum fluorate, lithium aluminum oxide,
lithium aluminum, lithium cobalt oxide, lithium titanate, lithium zirconate, lithium
niohate, LIPON, lithium phosphate, lithium borate, lithium borophosphate, lithium
niobate, lithium zirconium oxides, or the like.
[0013] Alsg, disclosed is a composition comprising a lithium precursor having a general
formula:
[LI-NLLADy {1}
wherein
LY has a general formula: CoHs, (CroHa)-ER'R?) or (CrHn)-E'RY), wherein

«  Cnhhis alinear, branched or cyclic alkyl groups;

« mand nare independent integers, 1sm=16, 1sn=186;

s EisB N;

+ E'is a divalent element;

« R' and R? each are independently selected from the group consisting of
hydrogenlinear, branched or cyclic alkyl groups, or linear, branched or cyclic
alkyl groups substituted by other atoms or groups,

L2 has a general formuia: (CpHg)-ER*R* or (CpHg)-E'R®, wherein

¢ CuHg is alinear, branched or cydlic alkyl groups;

= pand g are independent integers, 1sps18, 1502186,

e EisB,N;

¢« E'is adivalent element;

« R%andR*each are independently selected from the group consisting of linear,
branched or cyclic alkyl groups, or linear, branched or cyclic alkyl groups
substituied by other atoms or groups;

D is independently selacted from monodentate, bidentate, tridentate, or polydentate
neutral coordinating ligand system;
X is an integer, 0=x=z4,; and
y is the degree of association of the molecule, 1=y=<86.
The disclosed compositions include one or more of the following aspects:
e L' being a Ci-Cye linear, branched or cyclic carbon chains, or of the form (CrHa)-
ER'R? or (CaHa)-E'RY, wherein
CmHn is an alkyl chain and may be linear, branched or cyclic alkyl groups;
E represents B, N;

E’ represents a divalent element such as O, 5;
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®

2

m is an integer which value is 1 or an integer ranging from 1 10 8,

n is an independent integer ranging from 2 to 18;

R is independent and selected from the group consisting of hydrogen, linear,
branched or cyclic C4-Cs alkyl groups, or linear, branched or cyclic alkyl
groups substifuted by other atoms or groups;

R? is independent and selected from the group consisting of hydrogen, linear,
branched or cyclic C-Cs alkyl groups, or linear, branched or cyclic alkyl
groups subsiituted by other atoms or groups,

1.2 being of the form (CHg)-ER®*R* or {CH)-E'R?, wherein

CgHy is an alkyl chain and may be linear, branched or cyclic alkyl groups;

E represents B, N;

E’ represenis a divaient element such as O, §;

p and g are independent integers ranging from 1 to 16, preferably p is comprised
from 1 to B and g is comprised from 2 to 16, most preferably p is different
fromm;

R? and R* are independent and selected from the group consisting of hydrogen,
finear, branched or cyclic alkyl groups, or linear, branched or cyclic alkyl
groups substituted by other atoms or groups;

D being independently selecied from monodentate, bidentate, tridentate, or
polydentate neutral coordinating ligand system, preferably a monodentate or a
bidentate;

X being an integer comprised between 0 and 4;

y representing the degree of association of the molecule and is comprised between
1and 8,

provided that L' = Me, L2 = {CHy = CH2CHz, £ = N, and both R® and R* are Me}, x
= {J {5 excluded;

provided that L' = Et, 12 = {CH, = CHCHa, E = N, and both R® and R* are Me}, x
= {0 is excluded,

provided that L' = iPr, L? = {CyHg = CH2CHz, E = N, and both R and R* are Mea}, x
= () is excluded;

provided that L' = {Bu, L2 = {CHq = CHCH;, E = N, and both R® and R* are Me}, x
= (} is excluded:

provided that L' = tBu, L? = {CpHg = CMeHCHz, E = N, and both R® and R* are Me},
x = 0 is excluded:

provided that L' = tBu, L? = {CHq = CHCHMe, E = N, and both R? and R* are Me},

10
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x = 0 is excluded;

e provided that L' = {CxHa = CHCHy, E = N, both R and R? are Me}, L2 = {CHg =
CHCHa, E = N, both R® and R* are Me}, x = 0 is excluded;

e provided that L' = {ClHa = CH2CHz, E = N, both R' and R? are Et}, L? = {CoHy =
CHzCHa, E = N, both R® and R* are Et}, x = 0 is excluded; and

« provided that L' = Me, L2 = {CoHy = CHoCHz, B = O, R3is Me}, x = 0 is excluded;

¢ the lithium precursor being selected from LiNMe(CHCHaNMe,),
LiINMe(CHaCHaNMes)(1,2-disthoxyethane), LiNMe(CH2CHaNMes)(1,2-
dimethoxyethane), LINEY{CHCHNMez), LINIPr(CH.CHNMey),
LINtBU(CH.CH2NMez), LINtBu{CHCHNEtMe), LINIBu(CHMeCH2NMe,),
LINGBU{CHzCHMeNMey), LIN(CHzCHoNMez)z, LIN(CHzCH2NE )2,
LIN{CHoCHoNIPr2)s, LIN(CHCHoNEMe),, LIN(CHCHCHoNMes),,

LIN(CHMeCH NMe,),, LIN(CHMeCHNMe CHCHaNMes), LIN(CH2CHMeNMe:),
LIN(CH2CHMeNMez CHaCHaNMey), LIN(CHEICHNMez)(CHaCHaNMes),
LIN(CHCHE tNMeg)(CHCHaNMes), LiN(CMeCHaNMe}(CHCH NMes),
LIN(CH2CMeNMez (CH2CHaNMey), LIN(CH2CHNMe)(CHCHCHaNMes),
LINMe(CH.CHzOMs), LINMe(CH,CH0EL), LINMe(CH.CH20IPr)
LiINMe{CH-CH0tBu), LINEHCHCHOMe), LINEYCH.CH,OEY),
LINIPH{CH.CH2OMe), LiNIBu(CH.CHOMe), LIN(CHzCHOMe)z, LIN(CH:CH.OEL),,
LIN(CH2CH=OiPr)z, LIN(CH:CH20tBuU)2, LIN(CHzCHoNMe){CH,CH2OMe),
LIN(CH2CHaNMeR) (CHoCHZOE ), LIN(CH2CHNMe ) (CHRCH0iPY),
LIN{CHCHoNMe (CHCHOtBY), LINMe{CHCH{OMe).), or the like;

s the lithium precursor being selected from LiNtBu{CH>CH:NMez),
LINtBu(CH,CHNEMe), LiNIBuWCHMeCHNMe;) LINtBu(CHCHMeNMe,),
LIN(CH2CH:NEMe),, LIN{CHoCHOE2, LIN(CHCH:NMez)2,
LIN(CH2CHoCHaNMez)2, LIN(CH2CHaNMeEL):,
LIN(CHMeCHNMe)(CHCHaNMes), LIN(CHaCHMeNMe) (CHCHaNMes),
LIN(CHECH,NMez)}(CH2CHaNMes), LIN(CHoCHENMes)(CHaCHNMey),
LIN({CMe2CHaNMe)(CH2CHzNMe2), LIN(CHCMezNMe)(CHCHzNMes),
LIN(CH2CH2NiPT)2, LIN(CHCH2NMe ) (CHoCH2CHaNMe2), LIN(CH2CHoOE ;.
LiINMe(CH,CH:0ED), LINMe(CH.CH(OMe).), or the like;

e the lithium precursor being LiNMe(CH2CH:NMe:);

s the fithium precursor being LiNMe{CH:CHzNMez)(1,2-diethoxyethane),

e the lithium precursor being LINMe(CHCHNMez)(1;2-dimethoxyethane),

e the lithium precursor being LINEY{CH2CHzNMes):

11
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» the lithium precursor being LINIPr{CHCHzNMe»);

e the lithium precursor being LINtBu(CH,CHzNMe,);
« the lithium precursor being LINIBu(CH.CH:NEtMe);
« the lithium precursor being LINIBu(CHMeCHNMe;);
s the lithium precursor being LINIBu(CHCHMaNMes);
e the lithium precursor being LIN(CHCHoNMes)s;

+ the lithium precursor being LIN(CHCHNEL)2;

= the lithium precursor being LIN(CH2CH2NIPR);

e the lithium precursor being LIN(CHCHoNEIMe)z;

s the lithium precursor being LIN(CHCHCHzNMe2)s,

= the lithium precursor being LIN(CHMeCH:NMez)z;

e the lithium precursor being LIN(CHMeCHNMex)( CHCHaNMes),
e the lithium precursor being LIN(CHCHMaNMe:),;

e the lithium precursor being LIN(CHCHMeNMe:)}(CH2CH NMe,);
e the lithium pracursor being LIN(CHEtCH NMe: ) (CH2CHaNMes),
s the fithium precursor being LIN(CHCHENMe:z)(CHCHaNMez);

o the lithium precursor being LIN(CMeCHoNMex {(CHCHNMe,);
s the lithium precursor being LIN({CHxCMezNMez)(CH2CH2NMes);
= the lithium precursor being LIN(CHCHNMe ) (CHCHCHNMes);
» the lithium precursor being LINMe(CHCH=0OMe);

¢ the lithium precursor being LiNMe{CHCHOE:

e the lithium precursor being LiNMe{CHCHxOIPT);

e the lithium precursor being LINMe(CH.CH-0tBu),

s the lithium precursor being LINEHCH,CH-OMe);

e the lithium precursor being LINE{CH2CH0EY),

» the lithium precursor being LINIPr{CHCH.OMe);

e the lithium precursor being LINIBu(CH.CH.OMe);

» the lithium precursor being LIN(CH:CHOMe)z;

e the lithium precursor being LIN(CHCHOEL)»;

e the lithium precursor being LIN(CHCH0IP);

e the lithium precursor being LIN(CH2CHOtBU);

o the lithium precursor being LIN(CHzCHaNMex )} CH2OHOMe);

s the lithium precursor being LIN({CH2CHNMez ) (CHCHLOEL;

« the lithium precursor being LIN(CHxCHNMe)(CHCH0iP;
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» the lithium precursor being LIN(CHCHNMe ) (CHCH0tBuU),
o the lithium precursor being LINMe(CHCH{OMe),); and
« the lithium precursor having a purity of ranging from approximately 93% by weight
or wiw to approximatsly 100% whw, preferably ranging from approximately 89%
wiw to approximately 99.959% whiw, more preferably, ranging from approximately
99% wiw to approximately 100% whw.
[0014] Also, disclosed is a film, islet or cluster forming precursor having a general formula:
[LINL'L2-D)y H
wherein
Lt has a general formula: Cubn, (CrHe)-ER'R?) or (CrlH)-E'RY), wherein

¢« (CrHa) is alinear, branched or cyclic alkyl groups;

» mand n are independent integers, 1sm=16, 1sn<186;

s EisB,N;

« E'is adivalent element;

« R' and R? each are independently selected from the group consisting of
hydrogen, linear, branched or cyclic alkyl groups, or linear, branched aor cyclic
alkyl groups substituted by other atoms or groups,

L? has a general formula: (CoHo-ER3R® or (CpHg)-E'R3, wherein

s (oM is alinear, branched or cyclic alky! groups;

« D and q are independent integers, 1<ps18, 15018,

e EisB, N;

s E'is adivalent element;

« R and R* each are independently selected from the group consisting of
hydrogen, lingar, branched or cyclic alkyl groups, orlinear, branched or cyclic
alkyl groups substituted by other atoms or groups;

D is independently selected from monodentate, bidentate, tridentate, or polydentate
neutral coordinating ligand system;
X is an integer, Osx<4; and
y is the degree of association of the molecule, 1sy<8.
The disclosed film, islet or cluster forming precursors include one or more of the
following aspects:
e L' being a Ci-Cis linear, branched or cyclic carbon chains, or of the form (CmHa)-
ER'R? or (CuHa)-E'R?, wherein
CwHn is an alkyl chain and may be linear, branched or cyclic alkyl groups,
E represenis B, N;
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E’ represents a divalent element such as O, §;

m is an integer which value is 1 or an integer ranging from 1 t0 8;

n is an independent integer ranging from 2 to 16;

R is independent and selected from the group consisting of hydrogen, linear,
branched or cyclic C1-Cg alky! groups, or linear, branched or cyclic alkyl
groups subsiituted by other atoms or groups;

R? is independent and selected from the group consisting of hydrogen, linear,
branched or cyclic G1-Cs alkyl groups, or linear, branched or cydlic alkyl
groups substifuted by other atoms or groups;

s |2 being of the form (CoHg)-ER®R* or (CpHg)-E'R?, wherein

CoHg is an alkyl chain and may be linear, branched or cyclic alky! groups;

E represents B, N,

E’ represents a divalent element such as O, S;

p and g are independent integers ranging from 1 to 18, preferably p is
comprised from 1 to 8 and q is comprised from 2 o 16, most preferably p is
different from m;

R? and R* are independent and selected from the group consisting of
hydrogen, linear, branched or cyclic alkyl groups, or linear, branched or
cyclic alkyl groups substituted by other atoms or groups;

+ [ being independently selected from monodentate, bidentate, tridentate, or
polydentate neutral coordinating ligand system. Preferably a monodentate or a
bidentate;

+ ¥ being an integer comprised between 0 and 4; and

sy representing the degree of association of the molecule and is comprised between
1and 6

« the film, islet or cluster forming precursor being selected from
LINMe(CHCH NMe,), LINMe{CH,CH;NMe;)(1,2-diethoxyethane),
LINMe(CHzCHzNMez)(1,2-dimethoxyethane), LINEHCH2CH2NMez),

LINIPrHCH CHaNMe,), LINBu(CH2CHNMes), LINBU{CHCHNEMe),
LINIBU{CHMeCH:NMe;), LINBu{CHCHMeNMe;), LIN(CH,CHzNMez)s,
LIN(CHCHaNEt )z, LIN{CHCHNIP)z, LIN(CHCHoNEMe):,
LIN(CH2CHCHaNMes )z, LIN(CHMeCHNMe:)s,

LIN(CHMeCH NMe}{CHCH, NMe,), LIN(CHCHMeNMey).,
LIN({CHCHMeNMe { CHCHzNMeay), LIN({CHECHNMez) (CH2CHaNMe,),
LIN{CH2CHEINMe2){CH2CHzNMes), LIN(CMezCHaNMex)(CHCH2NMes),
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LIN(CHCMeNMe }(CHLCHaNMe,), LIN(CHCHaNMe ) (CHCHCHoNMe,),
LINMe&(CH:CHOMe), LiNMe(CHCH0OE), LiNMe(CHCHQOIPr)
LINMe(CHCH0tBu), LINEHCHCHOMe), LINEY(CH-CH20E),
LINIPH{CH,CH,OMe), LINtBU{CH2CH2OMe), LIN(CH2CH2OMe),, LIN(CHCH2OEL),,
LIN{CHaCHoOIPr)2, LIN{CHCHROBU), LIN(CHCHaNMe){(CHCHOMe),
LIN{CH2CHoNMe ) (CHCHOED), LIN(CHRCHaNMe ( CHCH0IP,
LIN{CHCHaNMe ) {CHCHOtBY), LINMe{CH,CH{OMa),), or the like;

« the film, islet or cluster forming praecursor being LINIBu(CHCHzNMe,),
LINBu(CH:CH:NEtMe), LINIBu(CHMeCHNMes) LINtBu{CHCHMeNMe:z),
LIN(CHCHoNEMe)z, LIN(CH2CHOED,, LIN(CHCHNMez),,
LIN(CHCHoCHoNMes)s, LIN(CHCHoNMeE ),

LIN{CHMeCH:NMe{ CH2CHaNMey), LIN(CHCHMeNMe)(CHRCH:NMey),
LIN{CHEtCHzNMez){(CHCHNMeas), LIN(CHCHEINMe)(CHCHNMez),
LIN{CMeCHNMe ) (CH2CHaNMe:), LIN(CHCMeaNMe, ) CHCHaNMe:),
LIN{CH2CHzNIiPrz)z, LIN(CH2CHzNMe }(CHCHCHNMez), LIN(CHCHOED:,
LiINMe(CHzCH,OED, LiNMe{CHCH(OMe),) or the like;

e the film, islet or cluster being LiNMe{CH:CH.NMey);

» the film, islet or cluster being LiNMe(CHzCHzNMez){(1;2-diethoxyethane);

e the film, islet or cluster being LINMe(CH.CHoNMe:)(1;2-dimethoxyethane);

e the film, islet or cluster being LINE{CHCHaNMea);

e the film, islet or cluster being LINIPH{CHCH:NMey);

+ the film, islet or cluster being LINtBU(CHCHzNMe:z);

¢ the film, islet or cluster being LiINtBu(CH2CH:NEtMe);

e The film, islet or cluster being LINIBU(CHMeCH:NMez),

e the film, islet or cluster being LINIBu(CH.CHMeaNMey);

= the film, islet or cluster being LIN{CH2CHaNMez)2;

s the film, islet or cluster being LIN{CHCHzNEL:)2;

o the film, islet or cluster being LIN{CHCHNIPR)2;

« the fiim, islet or cluster being LIN{CHCHoNEtMe)z;

e the film, islet or cluster being LIN(CHCHCHaNMe2)2;

« the film, isiet or cluster being LIN(CHMeCH2NMez)z;

s the film, islet or cluster being LIN(CHMeCH2NMe}{(CH.CHaNMes);

& the film, islet or cluster being LiN(CHCHMeNMe:)2,

+ the fiim, islet or cluster being LIN(CH,CHMeNMe,}(CH.CHNMe,);

s the film, islet or cluster being LIN(CHEICH,NMe ) CH.CH:NMey),
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[0015]

the film, isiet or cluster being LIN(CH2CHEINMe}(CHCHNMe»);

the film, islet or cluster being LIN({CMeCHaNMe (CH2CHaNMes):

the film, islet or cluster being LIN(CHCMe,NMe CHCHaNMes);

the film, islet or cluster being LIN(CH,CHaNMe {OHCHCHNMe,);

tha film, islet or cluster being LINMe(CH2CHOMe);

the film, islet or cluster being LINMe(CH-CHOEL);

the film, isiet or cluster being LINMe(CHCHOIP);

the film, islet or cluster being LINMe(CHCHOtBW);

the film, islet or cluster being LINEH{CHzCHOMe),

the film, islet or cluster being LINEY{CHCHOE?);

the film, islet or cluster being LINIPr{CHCH,CMe);

the film, islet or cluster being LINtBu(CHCHOMe);

the film, islet or cluster being LIN(CHCHOMe);

the film, islet or cluster being LIN(CHCHOED:;

the film, islet or cluster being LIN(CH,CH0iPr)y;

the film, isiet or cluster being LIN(CH2CH:20tBu);

the film, islet or cluster being LIN(CHCHNMez){CHCHOMe),

the film, islet or cluster being LIN(CH2CHoNMe( CHCH2OEY);

the film, islet or cluster being LIN{CHCHaNMe ) CHCHLOiF);

the film, isiet or cluster being LIN({CHCHzNMez ) (CHCHOiBY);

the film, islet or cluster being LINMe(CH2CH{OMae)2); and

the film, islet or cluster forming precursor having a purity of ranging from
approximately 93% by weight or wiw 1o approximately 100% wiw, preferably ranging
from approximately 99% wiw 10 approximately 99.999% wiw, more preferably,
ranging from approximately 99% wiw 10 approximately 100% wiw.

Notation and Nomenclature
The following detailed description and claims utilize a number of abbreviations,

symbois, and terms, which are generally well known in the art, and include:

[0016]
[0017]

As used herein, the indefinite article “a” or “an” means one or more.
As used herein, "aboutl” or "around” or “approximately” in the text or in a claim

means £10% of the vaiue stated.

[0018]

As used herein, “room temperature” in the fext or in a claim means from

approximately 20°C to approximately 25°C.

[0018]

The term “ambient temperature” refers o an environment {emperature
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approximately 20°C to approximately 25°C.

[0020] As used in the disclosed embodiments, the term “independently” when used in the
context of describing R groups should be understond 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
specias of the same R group. For example in the formula MRLNR?R®)u., where x is 2 or
3, the two or three R groups may, but need not be identical to each other or to R or to R2.
Further, it should be undersiood that unless specifically siated otherwise, values of R
groups are independent of each other when used in different formulas.

[0021] As used in the disclosed embodiments, the term “hydrocarbyl group” refers to a
functional group containing carbon and hydrogen; the term “alkyl group” refers to saturated
functional groups containing exclusively carbon and hydrogen atoms. The hydrocarby!
group may be saturated or unsaturated. Either term refers to linear, branched, or cyclic
groups. Examples of linear alkyt groups include without limitation, methyl group, sthyi group,
propyl group, butyl group, efc. Examples of the branched alkyls group include without
fimitation, t-butyl. Examples of cyclic alkyl groups include without limitation, cyciopropyl
groups, cyclopentyl groups, cyclohexyl groups, efc.

[0022] 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.

[00231 The term “islet” or “cluster” used herein refer to the formation of a small
agglomerate of some malerial 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.

[0024] The term “substrate” refers to a material or materials on which & process is
conducted. The substrate may refer to a wafer having a material or materials on which a
process is conducted. The substrates may be any suitable wafer or support used in
serniconductor, photovoltaic, flat panel, LCD-TFT device manufacturing, MEMS, lithium ion
battery manufacturing, electrochromic window manufacturing, organic or inorganic powder,
elecirode and/or material deposited upon. The subsirate may also have one or more layers
of differing materials already deposited upon it from a previcus manufacturing step. For
example, the support may include silicon layers (e.g., crystalline, amorphous, porous, etc),
silicon containing layers (2.g., SiOz, SiN, SiON, SICOH, etc.), metal containing layers (e.g.,
copper, cobalt, ruthenium, tungsten, platinum, palladium, nickel, manganese, iron,
aluminum, silver, gold, etc.), an organic layer such as amorphous carbon, flucrinated
carbons, fluorinated hydrocarbons, fluorine-containing materials, or combinations thereof,
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Furthermore, the substrate may be planar or patterned, spherical, rounded, or without any
defined or regular shape. The substrate may include layers of oxides which are used as
electrode active materials. One of ordinary skill in the art will recognize that the term “film”
or “layer” used herein refer to a thickness of scme material laid on or spread over a surface
and that the suwrface may be a trench or a line. Throughout the specification and claims, the
wafer and any associated layers, islets and/or clusters thereon are referred {6 as substrates.
[0025] Theterm “wafer” or “patterned wafer” refers to a wafer having a stack of films such
as silicon-containing films on a subsirale and a patterned hardmask layer on the stack of
the films such as silicon-containing films formad for pattern etch. The term “‘wafer” or
“‘patterned wafer” may also refer to a trench wafer having an aspect ratio.

[0028] The term “support” refers o a material consisting of a composite of materials, for
example electrode active materials, binders, electrolyte and carbons.

[0027] Note that herein, the terms “film” and “layer” may be used interchangeably. It is
understood that a film may correspond to, or related to a layer, and that the layer may refer
o the film. Furthermore, one of ordinary skill in the art wili recognize that the terms “film” or
“layer” used herein refer {c 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 {0 as small as a trench or
a line. Note that herein, the terms “islet” and “clusters” may be used interchangeably. It is
understood that a islet may correspond to, or related o a cluster, and that the cluster may
refer o the islet.

[0028] Note that herein, the terms “deposition temperature”, “process temperature”,
“subsirate temperature” and “reactor temperature” may be used interchangeably. it is
understcod that a substrate temperature or g reactor temperature or a process temperature
may correspond to, or be related to a deposition temperature, and that the deposition
temperature may refer to the substrate temperature or reactor temperature or a process
temperature,

[0029] Note that herein, the terms “precursor’ and “deposition compound” and
“‘deposition gas”™ may be used interchangeably. It is understood that a precursor may
correspond to, or be related o a deposition compound, and that the deposition compound
may refer to the precursor.

[0030] The standard abbreviations of the elements from the periodic table of elements are
used herein. i should be understood that elements might be referred to by these
abbreviation (e.g., Li refers to lithium, Si refers {o silicon, N refers to nitrogen, O refers to
oxygen, C refers to carbon, H refers to hydrogen, F refers to fluorine, efc.).

[0031] The unigus CAS registry numbers (i.e., "CAS”) assigned by the Chemical Abstract
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Service are provided to identify the specific molecules disclosed.

[0032] Please note that the lithium-containing films or islets, made of materials such as
lithiumn phosphate, lithium borate and lithium borophosphate, are listed throughout the
specification and claims without reference to their proper stoichiometry. The lithium-
containing films or islets may also include dopanis, such as B, C, N and/or Ge.

[0033] Ranges may be expressed herein as from about one particular value, and/or o
about another particular value. VWhen such a range is expressed, it is 1o be understood that
another embodiment is from the one particular value and/or to the other particular vaiue,
along with all combinations within said range. Any and ali ranges recited in the disclosad
embodiments are inclusive of their endpoints (L.e., x=1 to 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.

[0034] Reference hereinto “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 referring to
the same embodiment, nor are separate or alternative embodiments necessarily mutually
exclusive of other embodiments. The same applies to the term “implementation.”

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 a graph of the thermogravimetric analysis (TGA) (760 Tomr) of
LiN(CHzCHoNMes)s,

FIG. 2is a graph of the TGA

FIG. 3 is a graph of the TGA

15 Torr) of LIN(CH2CH2NMez)2;
15 Torr) of LIN({CHMeCH2NMez)(CHzCHaNMes);

FIG. 4 is a graph of the TGA (15 Torr) of LIN(CHCHaNE)z;

FIG. 5 is a graph of the TGA (15 Torr) of LiNMe(CHCHaNMez)2;

FIG. 6 is a graph of the TGA (15 Torr) of LINtBu(CH2CH2NMe2);

FIG. 7 is a graph of the TGA (15 Torr) of the mixture of LINIBu{CHMeCH:NMey) and
LiNtBu(CH2CHMeNMe2) (8.5:1),;

FIG. 8 is '"H NMR Spectrum of the mixture of LINtBu(CHMeCH:NMe,) and
LiNtBu(CH:CHMeNMez) in Csls;
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FIG. 9 is Growth per cycle (GPC) results at the temperatures from 125°C to 250°C;

FIG. 10 is XPS results of the deposited LisPO4 film at the temperatures from 125°C to
250°C,

FIG. 11 is refractive index (RI} results of the deposited LisPQs film at the temperatures
from 128°C to 250°C with Oy,

FIG. 12 is GPC results at 150°C with Os;

FIG. 13 is Rl resulis of the deposited LisPQO, film at 150°C with O3,

FIG. 14 is GPC results at 135°C with Os;

FIG. 15 is Rl resulis of the deposited LisPO, film at 135°C with Ox;

FIG. 18 is XPS resulis at 135°C on TiN substrate; and

FIG. 17 is XPS results at 135°C without Oa.

Description of Preferred Embodiments

[0038] Disclosed are lithium-containing films, islets or cluster forming compositions
comprising silicon-free fithium precursors, methods of synthesizing silicon-free fithium
precursers, and methods of using silicon-free lithium precursors to deposit a lithium-
containing film, islet or cluster. The disclosed silicon-freg lithium precursors are liguid below
160°C, preferably liquid at approximately 50°C, most preferably liquid at approximately
25°C or room temperature. The disclosed silicon-free lithium precursors are suitable for
ALD and CVD applications.
[0037] The disclosed silicon-free iithium precursors have a general formula:
[LIENLTLR-DL), i
wherein

L* has a general formuia; Cun, {Caln)-ER'R?) or (CuHa)-E'RY), wherein

e CnHh is alinear, branched or cyclic alkyl groups;

¢ M and n are independent integers, 1=m<18, 1€n=18;

= EisB N;

+ E'is adivalent element;

+ R'andR?each are independently selected from the group consisting of linear,
hranched or cyclic alkyl groups, or linear, branched or cyclic alkyl groups
substituted by other atoms or groups;

L? has a general formuia: (CpHy)-ERPRY or (CpHq)-E'R?, wherein

s (CpHg is g lingar, branched or cydlic alkyl groups;

= pand g are independent integers, 1=ps16, 150218,
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EisB N;

£’ is a divalent element;

R3 and R* each are indapendently selected from the group consisting of linear,
branched or cyclic alkyl groups, or linear, branched or cyclic alkyl groups
substituted by other atoms or groups;

[ is independently selected from monodentate, bideniate, tridentats, or polydentate

neuiral coordinating ligand system;

X is an integer, 0sx=4; and

y is the degree of association of the molecule, 1sys6.

0038} Preferably, in the general formula (1), D is a monodentate or a bidentate, Eis N, B;

Efis 0, 8 mis 1sms8 and nis 2sng18; pis 1=m=s8 and g is 23ns16; respectively.

[0039] More preferably, the disclosed silicon-free lithium precursors having the general

formula (1), wherein:

L' is a C-Cqe linear, branched or cyclic carbon chains, or of the form (CoHn)-ER'R?
or (CaHa)-E'RY, wherein

L]

CmHa is an alky! chain and may be linear, branched or cyclic alkyl groups;

E represents B, N,

E' represents a divalent element such as O, &,

m is an integer which valug is 1 or an integer ranging from 1 to 8;

nis an independent integer ranging from 2 to 16;

R'is independent and selected from the group consisting of hydrogen, linear,
branched or cyclic C4-Cs alkyl groups, or linear, branched or cyclic atkyl
groups substituted by other gtoms or groups;

R? is independent and selected from the group consisting of hydrogen, linear,
branched or cyclic C-Cs alkyl groups, or linear, branched or cyclic atkyl

groups substituted by other atoms or groups;

L? is of the form {CpHg)-ER3R? or (CpHg)-E'R3, wherein

[ ]

L]

L]

CoHg is an atkyl chain and may be linear, branched or cyclic alkyl groups;

E represents B, N,

E' represents a divalent element such as O, §;

p and g are independent integers ranging from 1 to 16, preferably p is
comprised from 1 fo 8 and g is comprised from 2 to 16, most preferably p is
different from m;

R3 and R* are independent and selected from the group consisting of
hydrogen, linear, branched or cydlic alkyl groups, or linsar, branched or cyclic
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alkyl groups substituted by other atoms or groups,

D is independently selected from monodentate, bidentate, tridentate, or polydentate
neutral coordinating ligand system, preferably a monodentate or a bidentate;

X is an infeger comprised between 0 and 4, and

y represents the degree of association of the molecule and is comprised between 1
and 8,

provided that x=0, p=2, g=4, E=N and both L2, R? and R* are methyl is excluded;

provided that x=0, p=2 or 3, g=4 or 8, E=N, L= tertiary butyl, R® and R* are methy!
is excluded:;

provided that x=0, m=p=2, n=g=4, E=N, both R", R?, R® R* are methyl is excluded;

provided that x=0, m=p=2, n=q=4, E'=0, both R and R? are methyl is excluded;

provided that x=0, m=2, n=4, E'=0 and R is mathyl is excluded;

provided that L' = Me, L2 = {CoHy = CHzCHg, E = N, and both R® and R* are Me}, x
= (0 is excluded;

provided that L' = Et, L2 = [CH, = CHCHy, E = N, and both R® and R* are Me}, x =
0 is excluded,;

provided that L' = iPr, L? = {CHq = CHaCH;, E = N, and both R® and R* are Me}, x
= (J is excluded;

provided that L* = tBu, L? = {CoHq = CH2CHg, E = N, and both R® and R* are Me}, x
= 0 is excluded;

provided that L' = tBu, L2 = {CoHg = CMeHCHa, E = N, and both R® and R* are Me},
x = {is excluded,

provided that L' = tBu, L2 = {CH, = CHCHMe, E = N, and both R? and R* are Me},
x = (0 is excluded;

provided that L' = {CpHy = CH2CH:, E = N, both R' and R? are Me}, L? = {CpHg =
CH:zCHz, E = N, both R?* and R* are Me}, x = 0 is excluded;

provided that L' = {CHa = CHzCHa, E = N, both R' and R? are Ef}, L? = {CHy =
CHzCHaz, E = N, both R® and R* are Et}, x = { is excluded; and

provided that L' = Me, L2 = {CpHy = CHaCHa, E = O, R%is Mg}, x = 0 is excluded.
[0040] Exemplary examples of the disclosed silicon-free lithium precursors shiown in the
general formula (1) inciude LIN'BU{CH2CHaNMeagz), LINBU{CHCHNEtMe),
LIN'Bu(CHMeaCHNMez), LINBU{CHCHMeNMe;), LIN(CH.CH:NEtMe)-,
LIN{(CHCH2OE),, LIN(CH2CHNMe),, LIN(CHOHCHoNMez),, LIN(CHCHNMeET):,
LIN(CHMeCHzNMez){CH2CHaNMez), LIN(CH2CHMeNMe2)(CHCHaNMes),
LIN(CHEtCHaNMe)(CHCHaNMes), LIN(CHCHEINMea2)(CH2CHzNMes),
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LlN(CM%gCHzNMBQMCHgCHzNMeg) LiN(CHzCMGzNMez)(CH2CHzNMGg),
LIN(CH2CH2NPr2)2, LIN(CH2CHNMe2)(CH2CHCHzNMez), LIN(CHCHZOE ),

e
~ N '“*'*\.Tf Q S

LiNMe(CH.CHLOE), LINMe(CHCH(OMe)) { zi O, ), elc,

[0041] The disclosed silicon-free lithium precursors include LIN(CH2CHaNMes ),
LiN(CHMeCHNMe ) CHCHoNMes), LiN{CHCHMaNMe:) (CHCHaNMey),
LIN(CHEICHNMe ) CHCHaNMez), LIN(CH:CHEINMez)(CH2CHNMe2),
LiN({CMe,CHNMez ) (CHCHaNMez), LIN(CHCMeaNMe}{CHCH:NMes),
LINEBu(CHCHaNMe2), LINIBUW(CHCHNEIMe), LiNtBu{CHMeaCHNMez),
LiNtBU({CHCHMeNMes), LIN{CHCHNEtMe), and LIN(CH2CH.OEL): and
LiNMe(CH:CH(OMe)z).

[0042] The disclosed sificondres lithium precursor is LINIBu{CHCH:NMe;). The
disciosed silicon-free lithium precursor is LINIBUu(CHCHoNEIMe). The disclosed silicon-free
lithium precursor is LINIBu{CHMeCHNMe,). The disclosed silicon-free lithium precursor is
LiNtBu(CHCHMeNMe,).  The  disclosed  silicon-free  lithium  precursor s
LIN(CH,CH:NEtMe),. The disclosed silicon-free lithium precursor is LIN(CHCH,OEY). The
disclosed silicon-free lithium precursor is LIN(CH.CHoNMe:),. The disclosed silicon-free
fithium precursar is LIN(CH2CH,CHaNMes),. The disclosed silicon-free lithium precursor is
LIN{CHCH NMeEt).. The disclosed silicon-free lithium precursor is
LIN(CHMeCHNMe:}{(CH.CHaNMez). The disclosed silicon-free lithium precursor is
LiN(CHCHMeNMe ) CHCH NMez). The disclosed silicon-free  lithium  precursor s
LiN(CHECH NMe)(CHCHoNMes). The disclosed  silicon-free  lithium  precursor s
LIN(CHzCHEINMez)(CH2CHoNMeo). The disclosed  silicon-free  lithium  precursor is
LiN(CMe2CHaNMez)(CHCHaNMes). The  disclosed  silicon-free  lithium  precursor s
LiN(CHCMezNMe:z)(CHCHaNMe,). The  disclosed  silicon-free  lithium  precursor s
LIN{CHzCHNiPr2)2, The disclosed silicon-free lithium precursor is
LIN(CH2CH2NMe)(CHCHCHaNMez). The disclosed silicon-free lithium precursor is
LIN(CHCHQEL)2, The disclosed silicon-free lithium precursor is LINMe(CHCHOEL). The

S O

P
disclosed silicon-free lithium precursor is LINMe(CHCH(OMe)z) { U O ).

[0043] The disclosed silicon-free lithium precursors may be formulated on a form of a
monomer, a dimer or a tfrimer with different associations or combinations.

[0044] Furthermore, the disclosed silicon-free lithium precursors may be specified
through the following sub-formula.

[0045] In one embodiment, the disclosed silicon-free lithium precursors may be lithium
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amincamides, where L' = CyHp; L7 = (CoH-NR'R? in the formula (1), having a general
formula:

[LI-N(CaHn) ((CpH-NRR2-DL)y (i)
wherein

o  CmMy and CpHg each are independently a linear, branched or cyclic alkyl groups,

& M, N, P, qeach are independent integers, 1sm<16, 1=n<16, 15psi8, 150516,
preferably with n=2m+1 and/or g=2p, more preferably 1sms8, 15p<8, 2<ng16,
23qs186;

e R'and R? are independently selected from hydrogen, linear, branched or cyclic
alky! groups, or linear, branchead or cyclic alkyl groups substituted by other atoms
or groups;

« [ is independently selected from monodentate, bidentate, tridentate, or
polydentate neutral coordinating ligand system, preferably a monodentate or a
bidentats;

e X is aninteger, Osx<4; and

¢ Y is the degree of association of the molecule, 1<y<6.

[0048] Exemplary examples of the disclosed silicon-free lithium pracursors shown in the
general  formula () include:  LiNMe(CHCHoNMey),  LiNMe(CH,CHaNMez)(1,2-
diethoxyethane); LiNMe(CH,CHoNMey)(1,2-dimethoxyethane),  LINEH{CH.CHoNMe,),
LINIPH{CH2CHaNMes), LINIBU(CHCHaNMey), LINtBu{CH:CHaNEMe),
LiNIBu(CHMeCHNMe;), LINtBu(CH:CHMeNMae:), or the likes. These molecules may be
on the form of monomer, but may be formed with different associations such as dimer or
frimer.
[00477 Alternatively, the disclosed silicon-free lithium precursors may be  lithium
diaminoamides, where L1 = (CpHa)-NRTR2 L2 = (CpHg)-NR3R? in the formula (), having a
general formula:

[LIEN{CrHa)-NRTR2((CoHa)-NRPRY-Diy {ih
wherein

¢  CnH. and CoHy each are independently linear, branched or cyclic alky! groups;

s m, n, p, geach are independent integers, 1sm=16, 1=sn216, 1<p<16, 12016,
preferably with n=2m andfor g=2p, more preferably 1sms4, 1sps4, 2=ns8,
2=0s8;

« R' R? R°and R* each are independently selected from hydrogen, linsar,
branched or cyclic alkyl groups, and linear, branched or cyclic alkyl groups
substituted by other atoms or groups;
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+« D is independently monodentate, bidentate, tridentate, or polydentate neutral
coordinating ligand system, preferably D is a monodentate or bidentate;

e xis an integer, O=x=4; and

« Y isthe degree of association of the moleculs, 1<y<6.

[0048] Exemplary examples of the disclosed silicon-free lithium precursors shown in the
general formula (I1) include, LIN(CH2CHaNMeaz)e, LIN(CHoCHaNEL )2, LIN(CHZCHNiIPr2)2,
LIN(CHoCHoNEMe)2, LIN(CHCH2CHaNMez)2, LIN(CHMeCHNMe:)2,
LIN(CHMeCH:NMe2)(CHCHNMez), LIN(CHCHMeNMes)s,
LIN(CHCHMeNMe)(CHCHzNMey), LIN(CHEICH NMe: ) (CHCHNMe,),
LiN(CHCHEINMe ) (CHCHaNMes), LIN(CMeCHaNM e ) CHCH NMe,),
LIN(CHCMeaNMe) (CHCHaNMes), LIN(CH:CHaNMea(CHLCHCHoNMes), ate.
[0048] Alternalively, the disclosed silicon-free lithium precursors may be lithium
alkoxyamides, where L' = Cala, L? = (CoH)-OR! in the formula (1), having a general
formula:

[LI-N(ConHn)((Cata)-OR")-Didy (V)
wherein

s  CnHy and CHy each are independently linear, branched or cyclic alkyl groups;

e M, n, P, g each are independent integers, 1=m=<16, 1=n=16, 1sp<16, 1016,
preferably with n=2m-+1 and/or g=2p, more preferably 1sm=8, 15p<8, 23n<16,
22q<16;

« R'is independently selected from hydrogen, linear, branched or cyclic aikyl
groups, or linear, branched or cyclic alkyl groups substituted by other atoms or
Groups;

e D is independently selected from monodentate, bidentate, tridentate, or
polydentate neutral coordinating ligand system, preferably a monodentate or a
bidentate;

s X i3 aninteger, 0sxg4; and

s vy is the degree of association of the molecule, 1<y<6.

[0050] Exemplary examples of the disclosed silicon-free lithium precursors shown in the
general  formula (V) include LiNMg({CHzCH:OMe), LiNMe(CHCH0EY),

LiNMe(CH,CHz0IPr)  LINMe(CH.CH,OtBu), LINEYCH.CH:OMe),  LINEY{CH,CH-OEL),
o

SN e
by !

Loa
LINIPr(CHCH,OMe), LINtBU(CH2CH,OMe), LiNMe(CHCH(OMe)z) (1 RN ), efc.
[0051] Alternatively, the disclosed silicon-free lithium precursors may be lithium

dialkoxyamides, where L' = (CaHa)-OR'; L? = (CpHg)-OR? in the formula (1), having a general
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formuia:
[LI-N({(CraHn)-OR{Cola)-OR?)-Didy V)
wherein

e CuHy and CoHg each are independently linear, branched or cyclic alkyl groups;

e M, n, P, g each are independent integers, 1sms186, 12ns16, 1=psi16, 150<16,
preferably with n=2m and/or g=2p, more preferably 1sms4, 1<p=4, 2<ns8,
25gs8;

¢ R'and R? each are independently selected from hydrogen, linear, branched or
cyclic alkyl groups, or linear, branched or cyclic alkyl groups substituted by other
atoms or groups;

= D is independently selected from monodentate, bidentate, tridentate, or
polydentate neutral coordinating ligand system, preferably a monodentate or a
bidentate;

s Xis an integer, Osxs4; and

¢ v is the degree of asscciation of the molecule, 1y<B.

[0052] Exemplary examples of the disclosed silicon-free lithium precursors shown in the
general formula (V) include LIN(CH.CH2OMe)2, LIN(CH2CH2OEt):, LIN(CHCHOIP)2,
LIN{CHCH:OtBu)s, ete.
[0053] Alternatively, the disclosed silicon-free lithium precursors may be lithium
arminoalkoxyamide complexes, where L' = (CrHn)-NR'R?; L2 = (CpHy)-OR? in the formula
(B, having a general formula:

[LI-N{CiHa)-NRIRA(CH-OR-Dyy )
wherain

e CuHy and CoHg each are independently linear, branched or cyclic alky! groups;

« M, n, P, g each are independent integers, 1sms<16, 15ns16, 15p<16, 12016,
preferably with n=2m andfor g=2p, more preferably 1sms4d, 1sps4, 2<n<8,
2<g<8;

e R' R? and R® are independently selected from hydrogen, linear, branched or
cyclic alkyl groups, or linear, branched or cyclic alkyl groups substituied by other
atoms or groups,

» D is independently selecied from monodeniale, bidentate, tridentate, or
polydentate neutral coordinating ligand system, preferably a monodentate or a
bidentate;

e xis an integer, Osx=4; and

s Yy is the degree of association of the molecule, 1sy<8.
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[0054] Exemplary examples of the disclosed silicon-free lithium precursors shown in the
general formula (V1) include LIN{CH2CHzNMe2)(CH.CH.OMe},
LIN(CH2CHaNMe2)(CHCHOED, LIN(CHCHNMe }{ CHLCHOIPY),

LIN{CHCHoNMea}( CH2CHL01tBU), ete.

[0055] The disclosed silicon-free lithium precursors exhibit good volatility and thermal
stability. Moreover, the disclosed silicon-free lithium pracursors may be liquid or iow melting
point solids. The low melting point of the disclosed silicon-free lithium precursors may be
<150°C, preferably less than 80°C, more preferably approximately 25°C. The disclosed
silicon-free lithium precursors are convenient to use for ALD and CVD applications.

[0056] The disclosed silicon-free lithium precursors have chelating functionalities in order
to decrease their melting point and increase their volatility. More specifically, nitrogen or
oxygen chelating functionaliies for instance were introduced as neutral donors for
electronic and steric properties of the disclosed silicon-free lithium precursors. The
coordination sphere of the disclosed silicon-free lithium precursors is thus more saturated
and less likely to experience oligomerization. Hence, when ALD or CVD processes are
targeted, the vapors of the disclosed silicon-free lithium precursors may be delivered into a
deposition reactor more effectively, thereby reducing the deposition time and leading to the
deposited films or islets having high uniformity and conformality.

[0057] The disclosed silicon-free lithium precursors may generally not be pyrophoric. A
pyrophoric substance ignites spontaneously in air at or below 55°C raising important safety
concerns for implementation in the industry. in addition, due to the improved volatility of the
disclosed silicon-free lithium precursors, delivery of the disclosed silicon-free lithium
precursors without condensation and deposition of Li-cortaining layers using the disclosed
silicon-free lithium precursors may be performed at a temperature range betwesen 100°C
and 150°C. The properties of the disclosed silicon-free lithium precursors, such as improved
volatility, allow them {o deliver together with metalorganic precursor(s) into a deposition
reactor, either through separate delivery systems or through the same delivery system.
Formation of Li-containing films, islets or clusters on temperature-sensitive substrates such
as lithium-ion battery eiectrodes may be performed.

[0058] To our knowledge, the use of the disclosed silicon-free lithium precursors
described in the general formula (1) to (V1) in deposition processes such as CVD and ALD
processes for the formation of lithium-containing layers is first disclosed herein. The
disclosed silicon-free lithium precursors may be used in a chemical deposition method, such
as ALD or CVD, individually or in mixtures with enantiomers or diasteroisomers, different
lithium precursors, ithium precursor(s) and metal precursor(s) in solution or not in solution
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to form Li-containing films or islets such as Li;O, LIOH, LLS, LiaN, LiF, lithium carbonate,
lithium, aluminum fluorate, lithium aluminum oxide, lithium aluminum, lithium cobalt oxide,
lithium titanate, lithium zirconate, lithium niobate, LIPON, lithiurmn phosphate, lithium borate,
fithium borophosphate, lithium niobate, lithium zirconium oxides, efc.

[0058] Preferably, the disclosed silicon-free lithium precursors have suitable properties
for vapaor 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 {o prevent freezeithaw
issues, and sxhibiting 0% by volume or viv to 1% viv decomposition per week at the
temperature required to obtain a usable vapor pressure (1-100 Torr).

[0060] While the disclosed silicon-free lithium precursors are ideally liquids and vaporized
in bubblers or direct liquid injection systems, the use of solid precursors for ALD/ICVD
precursor vaporization is also possible using sublimators such as ones disclosed in PCT
Publication WO 2009/087808 to Xu et al. Alternatively, solid precursors may be mixed or
dissolved in a solvent to reach a usable meiting point and viscosity for usage by Direct
Liquid Injection systems. Vhile the disclosed silicon-free lithium precursors are ideaily
liquids, solid precursors for liquid phase deposition techniques such as spray coating, slit
coating and spin on deposition, may be mixed or dissolved in a solvent to reach a usable
melting point and viscosity for flowing the precursor solutions into the reactor.

[0061] To ensure process reliability, the disclosed silicon-free lithium precursors may be
purified by continuous or fractional batch distillation or sublimation prior to use to a purity
ranging from approximately 83% by weight or w/w to approximately 100% whw, preferably
ranging from approximately 99% wiw {0 approximately 99.899% whw, more preferably,
ranging from approximately 89% wiw to approximately 100% wiw. One of ordinary skill in
the art will recognize that the purity may be determined by 'H NMR or gas or liguid
chromatography with mass spectrometry. The Li-containing film, islet or cluster forming
compositions may contain any of the following impurities: ammonium salts; alkylamines,
dialkylamines, alkylimines, THF, ether, peniane, cyclohexane, heptanes, ioluene,
halogenated metal compounds. Preferably, the total quantity of these impurities is below
0.1% whv. The purified composition may be produced by recrystallization, sublimation,
distillation, andfor passing the gas or liquid through a suitable adsorbent, such as 4A
molecular sieves.

[0062] The disclosed Li-containing film, islet or cluster forming composiiion contains iess
than 5% viv, preferably less than 1% viv, more preferably less than 0.1% viv, and even
more preferably less than 0.01% v/iv of any of its analogs or other reaction products. This
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embodiment may provide betier process repeatability. This embodiment may be produced
by distillation of the Li-containing film, isiet or cluster forming compaosition.

[0063] The concentration of trace metals and metalloids in the purified Li-containing film,
islet or cluster forming composition may each range independently from approximately 0
ppbhw to approximately 100 ppbw, and more preferably from approximately 0 ppbw to
approximately 10 ppbw. These metal or metalloid impurities include, but are not limited 1o,

Aluminum(Al),  Arsenic{As), Barium(Ba), Beryllium(Be), Bismuth(Bi), Cadmium(Cd),

Calcium({Ca), Chromium{Cr), Cobalt{Co), Copper(Cu), Gallium{Ga), Germanium (Gs),
Hafmium{Hf), Zirconium{Zr), Indium{in), lron{Fe), Lead(Pb), Magnesium(Mg),
Manganese(Mn), Tungsten(W), Nickel(Ni), Potassium(K), Sodium{Na), Strontium{(Sr),
Thorium(Th), Tin(Sn), Titanium{Ti), Uranium(l), Vanadium(V) and JZinc(Zn). The
concentration of X (where X = Cl, Br} in the purified Li-containing film, islet or cluster forming
composition may range between appreximately 0 ppmw and approximately 100 ppmw and
more preferably between approximately 0 ppmw to approximately 10 pomw.

[0064] Care should be taken 1o prevent exposure of the disclosed Li-containing film, isiet
or cluster forming compositions to water as the disclosed silicon-free lithium precursors are
highly moisture sensitive and may be decomposed by encountering water.

[0065] Also disclosed are methods of using the disclosed Li-containing film, islet or cluster
forming compositions for vapor depositions such as ALD or CVD techniques. The disclosed
methods provide for the use of the Li-containing film, islet or cluster forming compositions
for deposition of Li-containing films or islets, The disclosed methods may be useful in the
manufacture of electrode materials in lithium-ion batiery industry.

[00668] The disclosed Li-containing film, islet or cluster forming compositions may be used
o deposit Li-containing films or islets using any deposition methods known to those of skill
in the art. Examples of suitable deposition methods include chemical vapor deposition
(CVD) or atomic layer deposition (ALD) with or without plasma treatment, or a liguid-based
deposition. Examplary CVD methods include thermal CVD, puised CVD (PCVD), low
pressure CVD (LPCVD), sub-atmospheric CVD (SACVD) 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 wali 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 iimited to flowable
PECVD, and combinations thereof. Exemplary ALD methods include thermal ALD, plasma
enhanced ALD (PEALD), spatial isclation ALD, temporal ALD, selective or not ALD, hot-
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wire ALD (HWALD), radicals incorporated ALD, and combinations thereof. Super critical
fiuid deposition may also be used. The deposition method is preferably ALD, PE-ALD, or
spatial ALD in order to provide suitable step coverage and film thickness control. Liquid-
based deposition are exemplified by spin-on deposition (SOD), spray deposition, dip-
coating, slit-coating.

{0067} The deposition methods should be chosen so as not to be harmiul to the substrate
due to the high energy impact of the deposited method upon the substrate. The deposition
should be uniform and or conformal, and at least lead 1o a defect free or pinhole free layer,
as itis required in different relevant industrial applications. Such applications may be as an
electronic barrier between other materials or layers so that there is no electric leakage
across the barrier or in some applications no physical contact between layers whom one
desires to separate. It is particularly important to provide defect free layers in lithium ion
battery technology wherein electrolytes allowing for the passage of lithium ions separate
lithium-containing layers, but whersin no physical or electric contact should be made
betwesn the lavers to avoid an irreversible reduction in the battery efficiency. The layers
should provide the least ionic resistance so that the importance to conirol the layer quality
is thus critical.

[0068] The deposition processes may be done in reactants treating flat or quasi-flat
surfaces, like single-substrate, batch, roll-to-roli or spatial ALD reactors known in the art.
The use of powder reactor, in combination of ALD or CVD techniques, is also increasingly
considered for performing uniform ceatings on batteries’ electrode active materials. A
vertical reaction chamber may be used so as to form a fluidized zone in which the coating
reactions occur. it has been observed that the powder particles in fluidized beds tend to
stick to each other forming larger particle blocks, agglomerates. In order to hinder the
formation of agglomerates, a vibrating gas flow is used, a carefully selected gas flow that
vibrates is hence fed into the reaction chamber. According to the principie of Helmholtz
resgnance, an incoming gas fiow is forced over and into a cavity causing vibrations into the
outgoing gas flow. The outgeing vibrating gas flow is guided into the reaction chamber in
order to hinder the formation of agglomerates.

[0069] The disclosed methods for forming a Li-containing layer on a substrate include;
placing a substrate in a reactor, delivering into the reactor a vapor of the disclozed Li-
containing film, islet or cluster forming composition, and contacting the vapor with the
substrate (and typically directing the vapor to the substrate} to form a Li-containing layer on
the surface of the subsirate.

f0070] The disclosed methods may include forming a bimetal-containing fayer on a
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substraie using the vapor deposition process and, more specifically, for deposition of
LiNbOs, LiZrOy lavers. The disciosed methods may be useful in the manufacture of lithium-
ion batteries.

[0071] The vapor of the Li-containing film, islet or cluster forming composition is generated
and then introduced into a reaction chamber containing a substrate. The temperature and
the pressure in the reaction chamber and the temperature of the subsirate are held at
conditions suitable for vapor deposition of at least part of the silicon-free Li-containing
precursor onto the substrate. in other words, after introduction of the vaporized composition
into the raaction chamber, conditions within the reaction chamber are adjusted such that at
feast part of the precursor is deposited onto the substrate to form the Li-containing layer.
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 to the substrate.

[0072] The reaction chamber or reactor may be any enclosure or chamber of a device in
which deposition methods take place, such as, without limitation, a parallel-plate type
reactor, a cold-wall type reactor, a hot-wall type reactor, 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 an ALD or CVD reaction chamber. The reaction
chamber may be maintained at a pressure ranging from about 0.5 mTorr to about 20 Torr
for all ALD and subatmospheric CVD. Subatmospheric CVD and atmospheric CVD
pressures may range up to 760 Torr (atmosphere). In addition, the temperature within the
reaction chamber may range from a temperature below room temperature, such as about
0°C, to about 600°C. Preferably, the temperature within the reaction chamber may range
frorm about 15°C to about 800°C. More preferably, the temperature within the reaction
chamber may range from about 20°C to about 600°C. One of ordinary skill in the art will
recognize that the temperature may be optimized through mere experimeniation tc achieve
the desired result.

[0073] The temperature of the reactor may be controlled by either controlling the
temperature of the substrate holder or controlling the temperature of the reactor wall.
Devices used to cool or heat the substrate are known in the art. The reactor wall is heated
to a sufficient temperature to obtain the desired film, islet or cluster 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 800°C. Alternatively, a non-limiting exemplary temperature range to which
the reactor wall may be heatad includes from approximately 20°C to approximately 1000°C.
Alternatively a non-limiting exempilary temperature to which the reactor wall may be heated
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includes approximately 500°C or higher. When a plasma deposition process is utilized, the
deposition temperature may range from approximately 20°C to approximately 550°C,
preferably from approximately 125°C to approximately 250°C. Alternatively, when a thermal
process is performed, the deposition temperature may range from approximately 300°C to
approximately 800°C, preferably from approximately 400°C to approximately 600°C.
[0074] Alternatively, the substrate may be heated (o a sufficient temperature 1o obtain the
desired Li-containing film at a sufficient growth rate and with desired physical state and
compaosition. A non-limiting exemplary temperature range to which the substrate may be
heated includes from room temperature to approximately 600°C. Preferably, the
temperature of the substrate remains less than or equal to 500°C.

[0075] The reactor contains one or more substrates onto which the films or islets will be
deposited. A substrate is generally defined as the material on which a process is conducted.
The substrates may be any suitabie substrate used in semiconductor or lithium battery
industry. Exampiles of suitable substrates include wafers or supports, such as silicon, silica,
glass subsirates. The support may have one or more layers of differing materials deposited
on it from a previous manufaciuring step. For example, the supporis may include silicon
lavers (crystalling, amorphous, porous, efc.), silicon oxide layers, silicon nitride layers,
silicon oxy nitride layers, carbon doped silicon oxide (SICOH)} layers, or combinations
thereof. The disclosed silicon-free Li-containing precursors used in the lithium battery
industry may be deposited on powders made of graphite, doped graphite, especially Si-
doped graphite, silicon and silicon alloys, or graphite made of metallic oxides (especiaily
fithium nickel oxide, lithium nickel manganese oxide, lithium nickel cobait oxide, lithium
nickel coball manganese oxide, lithium nickel cobalt aluminum oxide, lithium iron
phosphate, and the corresponding materials with dopants, or combinations thersof.
Additionally, the wafers may include copper layers or noble metal layers {(e.g. platinum,
pailadium, rhodium, or gold). The layers may include oxides which are used as dislectric
materials in MEMS, MIM, DRAM, RF front end modules, or FeRam technologies. The
underlying materials may include such as a nickel oxide, a manganese oxide, a cobalt
oxide, a graphitic or amorphous carbon, efc. Plastic layers, such as poly(3,4-
ethylenedioxythiophene) poly{styrenesuifonate) [PEDOTPSS] may also be used. The
fayers may be planar, spherical, rounded or patterned, or may not have regular structures
(see above). For example, the layer may be underlying materials made of hydrogenated
carbon, for example CH,, wherein x is greater than zero. The preferred underlying materials
are a graphitic or amorphous carbon, a iithium nickel manganese oxide, a lithium nickel
manganease cobalt oxide, a lithium nickel cobait aiuminum oxide.
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[0078] The disclosed processes may deposit the Li-containing layer directly on the
support or directly on one or more than one of the layers on top of the support. The substrate
may be patterned or may include complex tridimensional structures. For example, a
conformal Li-containing film, such as Li, may be deposited using any ALD/CVD technigue
having an aspect ratic ranging from approximately 20:1 to approximately 100:1.
Furthermore, one of ordinary skill in the art will recognize that the terms “film” or "layer”
used herein refer to a thickness of some material 1aid on or spread over a surface and that
the surface may be a trench or a line. Throughout the specification and claims, the wafer
and any associated layers thareon are referred to as substrates. In many instances though,
the preferred substiraie ufilized may be selected from hydrogenated carbons, silicon-based
carbons, lithium metal oxides or Si type substrates.

[0077] The disclosed Li-containing film forming compositions may be supplied either in
negt form or in a blend with a suitable solvent, such as toluene, ethyl benzene, xyleng,
mesitylene, decane, dodecans, oclane, hexans, pentane, tertiary amines, acetonse,
tetrahydrofuran, ethanol, ethyimethylkeione, 1,4-dioxane, or others. The disclosed
compositions may be present in varying concentrations in the solvent. For example, the
resulting concentration may range from approximately 0.05 M to approximately 2 M.
[0078] The neat or blended Li-containing film, islet or cluster forming compositions are
delivered into a reactor in vapor form by conventional means, such as tubing andfor flow
meters. The composition in vapor form may be produced by vaporizing the neat or blended
composition through a conventional vaporization step such as direct vaporization,
distilation, by bubbling, or by using & sublimator such as the one disclosed in PCT
Publication WO2009/087609 to Xu ef a/. The neat or blended composition may be fed in
liquid state io a vaporizer where it is vaporized before it is introduced into the reactor.
Alternatively, the neat or blended composition may be vaporized by passing a carrier gas
into a container containing the composition or by bubbling of the carrier gas ino the
composition. The carrier gas may include, but is not limited to, Ar, He, or Np, and mixiures
thergof. Bubbling with a carrier gas may aiso remove any dissolved oxygen present in the
neat or blended composition. The carrier gas and composition are then introduced into the
reactor as a vapor.

[0079] If necessary, the container may be heated to a temperature that permits the Li-
containing film forming composition to be in its liquid phase and to have a sufficient vapor
pressure. The container may be maintained at temperatures in the range of, for example,
0-150°C. Those skilied in the art recognize that the temperature of the container may be
adjusted in a known manner to control the amount of Li-containing film forming composition
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vaporized.

[0080] In addition to the disclosed silicon-free fithium precursors, a reactant or a co-
reactant may also be introduced into the reactor. The co-reactant may be an oxygen-
containing gas for Li-containing film deposition. The oxygen-containing gas includes, but is
not limited to, oxidizers such as, Oz, O, H20, trimethylphosphate, an alkylphosphate, an
alkylphosphimine, NO, N2O, H202, O radicals, or combinations thereof, preferably Os or Oz
Typically, Caf0, mixtures are used for high temperature (e.g., approximately 500°C or
higher) oxide deposition. In addition, the co-reactani may be Nz, NHs, NaHa, or an
alkylhydrazine.

[0081] The disclosed vapor deposition processes (e.g., ALD, CVD) typically include a step
to remove excess co-reactant from the deposition surface by providing a purge step, either
by purging a reactor with an inert gas, or passing the substrate in a secltor under high
vacuum and/or a carrier gas curtain.

[0082] The co-reactants listed above may be treated by plasma, in order to decompose
the co-reactant into its radical form. Nz may also 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 a location 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 piasma
treatment.

f0083] When the desired Li-containing film also confains another element, for exampie
and without Iimitation, P, Ga, Ge, As, B, Ta, Hf, Nb, Mg, Al, 5. Y, Ba, Ca, As, Sb, Bi, Sn,
Pb, Co, Ni, Fe, Mn, lanthanides, or combinations thereof, the co-reactanis may include
another precursor which is selected from, but not limited fo, trimethylphosphate, an
alkyiphosphate, an alkyiphosphimine.

[0084] The disclosed Li-containing film, islet or cluster forming composition and one or
more co-reactants may be intreduced into the reaction chamber simulianeously {(e.g., CVD),
sequentially (e.g., ALD), or in other combinations. For example, the Li-containing film, islet
or cluster forming composition may be introduced in one pulse and two additional reactants
may be introduced together in a separate pulse (e.g., modified ALD). Alternatively, the
reaction chamber may already contain the co-reactant prior to introduction of the disclosed
Li-containing film, islet or cluster forming composition. The co-reactant may be passed
through a plasma system localized or remotely from the reaction chamber, and
decomposed (o radicals. Alternatively, the Li-containing film, islet or cluster forming
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composition may be introduced {o the reaction chamber continuously while other reactants
are introduced by puise (e.g., pulsed-CVD). In each example, a pulse may be followed by
a purge or evacuation step to remove excess amounts of the component introduced. Each
puise of the disclosed Li-containing film, islet or cluster forming composition may last for a
time period ranging from about 0.01 seconds to about 200 seconds, alternatively from about
1 seconds to about 180 seconds, alternatively from about 10 seconds to about 180 seconds.
The co-reactant may also be pulsed into the reactor. In such embodiments, the pulse of
gach co-reactant may last for a time period ranging from about 0.01 seconds o about 120
seconds, alternatively from about 1 seconds to about 30 seconds, alternatively from about
2 seconds to about 20 seconds. In each example, the puise of purge may last for a time
period ranging from about 0.01 s to about 50 s, altermnatively from about 6.3 s to about 30 s,
alternatively from about 1 s to about 20 s, alternatively from about 2 s to about 10 s. In
anocther aglternative, the Li-containing film, islet or cluster forming composition and one or
more co-reactants may be simultaneously sprayed from a shower head {without mixing of
the composition and the reactant) under which a susceptor holding several substrates is
spun {e.g., spatial ALD).

[0085] In one non-limiting exemplary ALD type process, the vapor phase of a Li-
containing film, islet or cluster forming composition is introduced into the reaction chamber,
where at least part of the silicon-free Li-containing precursor reacts with a suitable
substrate, such as Si, Si0;, AlOs, efc, to form an adsorbed Li-containing layer or islet.
Excess composition may then be removed from the reaction chamber by purging and/or
evacuating the reaction chamber. Hz or NHs is infroduced into the reaction chamber where
it reacts with the adsorbed Li-containing layer in a self-limiting manner. Any excess H or
NH2 is removed from the reaction chamber by purging andfor evacuating the reaction
chamber. if the desired film is a LisN 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.

[oo8e] Alternatively, if the desired Li-containing film, islet or cluster contains a second
glement {i.e., LiM, where M is P, Ga, Ge, As, B, Ta, Hf, Nb, Mg, Al Sr, Y, Ba, Ca, As, Sb,
Bi, Sn, Pb, Co, lanthanides, or combinations thereof), the two-step process above may be
followed by introduction of a vapor of a second precursor into the reaction chamber. The
second precursor will be selected based on the nature of the LIM film, islet or cluster being
deposited. After introduction into the reaction chamber, the second precursor is contacted
with the substrate. Any excess second precursor is removed from the reaction chamber by
purging and/or evacuating the reaction chamber. Once again, He or NHs may be introduced

35



WO 2021/072036 PCT/US2020/054720

into the reaction chamber to react with the second precursor. Excess Hz or NHs is removed
from the reaction chamber by purging and/or evacuating the reaction chamber. If a desired
filrn, islet or cluster thickness has been achieved, the process may be terminated. However,
if a thicker film, islet or cluster is desired, the entire four-step process may be repeated. By
altemating the provision of the silicon-free Li-containing precursor, second precursor, and
Ha or NHs, a film of desired composition and thickness may be deposited.

[0087] The disclosed silicon-free lithium precursors may contain any of the following
impurities. undesired co-generic species; solvenis; chiorinated metal compounds; or other
reaction products. in one altemative, the total quantity of these impurities is below 0.1%
wiw.

[oo88] Solvents, such as hexane, pentane, dimethyi ether, or anisole, may be used in the
precursor's synthesis. The concentration of the solvent in the disclosed Si-containing
precursors may range from approximately 0% wiw tc approximately 5% w/w, preferably
frormn approximately 0% wiw to approximately 0.1% wiw. Separation of the solvents from the
precursor may be difficult if both have similar boiling points. Cocling the mixture may
produce solid precursor in liquid solvent, which may be separated by fiitration. Vacuum
distillation may also be used, provided the precursor product is not heated above
approximately its decomposition point.

[0089] In one alternative, the disclosed silicon-free lithium precursors contain less than
5% viv, preferably less than 1% v/v, more preferably less than 0.1% v/v, and even more
preferably less than 0.01% vfv of any of its undesired co generic species, reactants, or other
reaction products. This alternative may provide betier process repeatability. This alternative
may be produced by distillation of the disclosed silicon-free lithium precursors.

{0080} In another alternative, the disclosed silicon-free lithium precursors may contain
between 5% viv and 50% viv of one or more of congeneric Li-containing precursors,
reactants, or other reaction products, particularly when the mixture provides improved
process parameters or isolation of the target compound is too difficult or expensive. For
example, a mixiure of two Li-containing precursors may produce a stable, liguid mixture
suitable for vapor deposition.

[0091] Also disclosed are methods or processes for forming Li-containing layers on a
substrate using an ALD or CVD process in a reaction chamber. The disclosed silicon-free
lithium precursors may be used to deposit Li-containing fiims or islets using ALD or CVD
methods known to those of skill in the art.

[0092] The disclosed vapor deposition processes (e.g., ALD, CVD) using the disclosed
silicon-free lithium precursors may be performed for substrates having a temperature of
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approximately room temperature or higher, preferably approximately 100°C or higher, more
preferably approximately 200°C or higher. The disclosed ALD processes using the
disclosed Li-containing precursors may be performed for substrates having a termperature
range from approximately room temperature to approximately 750°C, more preferably from
50°C to approximately 500°C, even more preferably from 100°C to approximately 250°C.
[0083] The substrate exposure time in the disclosed vapor deposition processes (8.9,
ALD, CVD) using the disciosed precursors may range from 1 millisecond to 5 minutes,
preferably from 1 second {0 80 seconds. The co-reactant exposure time in the disclosed
ALD processes using the disclosed precursors may range from 1 millisecond 0 1 minute,
preferably from 100 milliseconds to 30 seconds.

[0084] The pressure in the reaction chamber is held at conditions suitable for the
precursor to react with the surface. For instance, the pressure in the chamber may be held
between approximately 0.1 mTorr and approximately 1000 Torr, preferably between
approximately 0.1 Tomr and approximately 400 Torr, more preferably between
approximately 1 Torr and approximately 100 Torr, even more preferably betwsen
approximately 1 Torr and approximately 10 Torr.

[0085] The disclosed silicon-free lithium precursors and the co-reactants may be
introduced into the reactor either sequentially (ALD) or simulianeously (CVD). The reactor
may be purged with an inert gas between the iniroduction of the precursor and the
introduction of the co-reactant. Altematively, the substrate may be moved from one ares for
precurscr exposure to another area for co-reactant exposure (Spatial ALD).

foo9s]  Depending on the particular process parameters, deposition may iake place for a
varying length of time. Generally, deposition may be allowed 1o 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 {0
obtain the desired film.

00871  In one non-limiting exemplary ALD type process, the vapor phase of the disclosed
silicon-free lithium precursor is infroduced into the reactor, where the Li-containing
precursor physi- or chemisorbs on the substrate. Excess composition may then be removed
from the reactor by purging and/or evacuating the reactor. A desired gas (for example, Os)
is introduced into the reactor where it reacts with the physi- or chemiscrped precursor in a
self-limiting manner. Any excess reducing gas is removed from the reactor by purging
and/or evacuating the reactor. If the desired film is a Li-containing film, this two-siep process
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may provide the desired film thickness or may be repeated until a film having the necessary
thickness has been obtained.

(0028} The Li-containing films or islets formed by the disclosed silicon free Li-containing
precursors through vapor deposition process include Li>O, LIOH, LibS, LizN, LiF, lithium
carbonate, lithium, aluminum flucrate, lithium aluminum oxide, Hithium aluminum, lithium
cobalt oxide, lithium titanate, lithium zirconate, lithium niobate, LIPON, fithium phosphate,
lithium borate, lithium borophosphate, stc.

f0088] The disclosed silicon-free lithium precursors have the following advantages. The
disclosed silicon-free lithium precursors do not contain silicon. Although silicon-containing
lithium precursors, such as the most common precursor LIHMDS, e.g., Li{SIMea),, is quite
stable and sufficiently volatile, silicon would remain in part in the deposited film. The
presence of silicon may be a problem when forming materials such as LiTiOs, LiNbOs or
LiZrOx where silicon may lead o adverse electrochermical features, linked to the induced
disorder of the material, and hence lower ionic conductivity.

[0100] The disclosed silicon-free lithium precursors are high melting point and low
volatility lithium sources. Lithium compounds exist as various aggregates in solution and in
the solid state. These molecules have commonly multimeric structures, typically trimeric or
teframeric, leading to high molecular weight, high melting point and low volatility. For
example, n-Buli is tetrameric in diethyl ether and hexameric in cyclohexane. Li{SiMe:): is
reported as a trimer in solid state, LIOBu is said o evoive as a hexamer. The use of iguid
or low melting point solid precursors is well known in the industry, especially semiconductor
industry. In addition, these precursors are convenient, so that the flow rate may be
measured and/or controlied accurately. When precursors are not very volatile and thus
need to be heated, the way to deliver the precursor is to heat only a portion of the precursor
in & tank so that it will be delivered quickly, and the rest of the precursor is kept in ambient
conditions in the tank called a "mother tank”. 1t is then important to feed the heated tank in
a practical way. Liguids or low melting point solids may be transfilled with simple valve
opening. The meiting point should be thus significanily lower than Li(OtBU) or L{SiMes)z,
&.g. below 150°C, preferabiy lower 80°C, most preferably lower than 25°C. Furthermore,
the delivery of stable feed rates of high melting point solid is a challenge, considering their
changes of morphology: small particles, typically with a higher surface to bulk ratio, are
consumed faster than bigger particles. On the confrary, particles may merge, making the
feed rate potentiaily unstable. The disclosed silicon-free lithium precursors having low
melting point could overcome these issues.

[0101] The disclosed silicon-free lithium precursors are highly moisture sensitive and
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pyrophoric lithium precursors. One of the well-known lithium sources are organolithium
compounds such as alkyl lithium and lithium amides. They are usually highly reactive,
moisture sensitive and sometimes pyrophoric species. Special safety requirements are
necessary. They are usually commercially available in solution. Whereas the disclosed
siicon-free lithium precursors may require less special safely requirements than
organoclithium compounds as lithium precursor source.

[0102] Known ALD/CVD processes for lithium-containing film formation proceed at
temperatures typically between 250°C and 350°C. This temperature range may be
acceptable if the depositions occur on components, such as powders of active materials.
This temperaiure range may not be suitable for deposition on temperature sensitive
materials such as lithium-ion battery electrodes. The disclosed silicon-free lithium
precursors are liguid below 150°C, preferably liquid at 50°C, more preferably liquid at 25°C,
which is suitable for deposition on temperature sensitive materials such as lithium-ion
battery electrodes.

[0103] Whether CVD, ALD or other film coating/deposition techniques are used, the
industry looks for a cost-effective deposition technigue. The co-injection of lithium and metal
precursors in the reactor is preferred to minimize the process time. This would require the
use of chemically compatible lithium and metal precursors, if they are introduced together.
The disclosed silicon-free lithium precursors would meet these requirements.

[0104] Other applications of interest for the use of lithium precursors include the formation
of Li-containing clusters or islets. In some casss, only a small amount of Li-containing
materials, in the form of isleis or clusters, e.g. non-continuous deposits, are enocugh to
improve the electrochemical behavior of the materials. In photovoltaic applications or
semiconductor applications, traces of lithium on the surface are also known to favor the
crystal growth of the materials aimed tc be deposited such as copper indium gallium
selenide (CIGS), copper zinc tin sulfide (CZTS) absorbing layers, 2D-materials such as
molybdenum or tungsten chalcogenides, leading to crystallites of much greater size, hence
dramatically improving their physical properties, especially their electronic properties such
as carrier mobility. These fraces of lithium may be formed of islets or clusters using gas
phase deposition technigues for instance.

Examples
[0108] The following non-limiting examples are provided to further illustrate embodiments
of the invention. However, the examples are not intended to be all inclusive and are not
intended to limil the scope of the inventions described herein.
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[0108] In the following Examples 9-13, deposition experiments were carried out under the
following conditions.

Reactor temperature: from 0°C to 800°C;

Reactor pressure: 1 Torr,

Lithium precursor canister temperature: 110°C;

Lithium precursor canister pressure: 20 Torr,

Flow rate of Nz bubbling of the Lithium precursor: 40 scom;

Trimethyiphosphate (TMPQO) canister temperature: 80°C;

TMPO canister pressurs; 20 Torr,

Flow rate of Nz bubbiing of TMPQO: 40 scoemy;

Substrate: Sior TiN,;

Deposition method: ALD;

Number of cycles: 200; and

Pulse conditions in a cycle: lithium precursor: 80 s or 160 s; purge: 20 s; TMPO: 10
S, purge: 305, Os 5§ purge: 58,
[01071 The deposited film composition was siudied by X-Ray Phoiogleciron
Spectroscopy (XPS) and refractive index (RI).

Example 1: Synthesis of LIN(CHCH;NMe,),
[0108] Ina 100 mi flask, N{CH2CHaNMez)s (5.11 g, 22.0 mmol) was dissolved in pentane
(200 mL}. A solution of tBuli in pentane (1.9 M, 11.6 mL, 22 mmol) was added dropwise {0
the flask at -78°C. After stirring at room temperature for 1 hour, ali volatiles were removed
under reduced pressure o obtain a yellow powder of the LIN(CH2CHzNMez), (3.40 g as a
crude powder). Then the solid was dissolved in a small amount of pentane (ca. 10 mL). The
resulting solution was cooled at - 30°C o obtain yeliow crystalline solid of the
LIN{CHzCHoNMes)2 (2.90 g, 17.6 mmol 79% yield). The yellow crystaliine solid may be
further purified by sublimation under dynamic vacuum at 100°C. "H NMR (CsDs, 400 MHz)
was measured at 1.80 - 2.20 ppm {m, 12H), 2.20 - 2.3C ppm {m, 2H), 3.05 - 3.20 ppm (M,
2H), 3.40 — 3.50 ppm (m, 2H). FIG. 1 shows the graph of the thermogravimetric analysis
(TGA) (760 Torr) of LIN{CH,CH:NMe:), illustrating the weight oss vs. temperature in
conditions representative of delivery conditions (10°C/min). FIG. 2 shows the graph of the
TGA (15 Torr) of LIN{CH2CHzNMez)2 iilustrating the weight loss vs. temperature in

conditions representative of delivery conditions (10°C/min).
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Example 2: Synthesis of LIN(CHMeCHNMe(CHCH:NMe:)

[010%1 In a 100 mlL Schienk tube, HN{CHMeCH:NMey)(CHCHNMez) (1.34 g, 7.70
mmol) was dissolved in pentane (20 mL). At 0°C, a solution of nBul.i in hexane (1.6 M, 4.8
mL, 7.7 mmol} was added dropwise. After the reaction mixture was stirred at room
temperature for 1 hour, all volatiles were removed under reduced pressure to give the crude
compound of LIN(CHMeCHNMe)(CHCHaNMez) (1.37 g, guantitative yield). The
compound was purified by recrystallization from a pentane solution at -30°C. FiG. 3 shows
the graph of the thermogravimetric analysis (lop: 760 Torr: bottom: 15 Torr) of
LIN(CHMeCHNMe)(CHCH NMe,)  illustrating the weight loss vs. temperature in
conditions representative of delivery conditions (10°C/min).

Example 3. Synthesis of LIN(CHCHzNEL).

[6110] In a 100 mbL Schienk tube, HN{CHCHaNEL), (3.92 ¢, 18.2 mmoi) was dissolved
in pentane (30 mL). At 0°C, a solution of nBuli in hexane (1.6 M, 11.4 mL, 18.2 mmol) was
added dropwise. After the reaction mixiure was stirred at room temperature for 1 hour, all
volatiles were removed under reduced pressure o obtain the crude compound of
LIN(CH.CHuNED), (4.01 g, quantitative yield). The crude compound was purified by
recrystaliization from a pentane sclution at -30°C. "H NMR (C6D8, 400 MHz) was measured
at 0.95 ppm (1, 12H), 2.3 - 3.2 ppm {m, 12H), 3.38 ppm (i, 4H). FIG. 4 shows the graph of
the TGA (15 Tomr of LIN{CH,CHoNE®), illustrating the weight loss vs. temperature in
conditions representative of delivery conditions (10°C/min).

Example 4. Synthesis of LINMe{CHCH:NMe:)

[0111]1 In a2 500 miL flask, N,N N -trimethylethylenediamine (11.7 g, 114 mmol) was
dissolved in pentane (250 mlL). At 0°C, a solution of nBul.i in pentane (1.8 M, hexane, 71
mi, 114 mmoi) was added to the flask. After stirring at room temperature for 1 hour, all
volatiles were removed under reduced pressure to obiain white solid of
LiNMe(CHCHzNMe,) (12.3 g, 113 mmol 99% vield). The white solid was crystallized from
a pentane solution at -30°C. 'H NMR (CsDs, 400 MHz) was measured at 1.99 ppm (brs,
6H), 2.44 ppm (i, 2H), 3.10 (brs, 3H), 3.20 (brs, 2H). FIG. 5 shows the graph of the TGA
(15 Torr) of LINMe{CH2CHaNMe)s illustrating the weight loss vs. temperature in conditions
representative of delivery conditions (10°C/min).

Example §: Synthesis of LiINtBu{CH>CHaNMe»)
[0112] In a 100 mL Schienk tube, HNIBUWCHCH:NMes} (4.58 g, 31.7 mmol) was
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dissolved in pentang (60 mL). At 0°C, a solution of nBuli in hexane (1.6 M, 19.8 mL, 31.7
mmol) was added dropwise. After the reaction mixiure was stirred at room temperature for
1 hour, all volatiles were removed under reduced pressure to obtain the crude compound
of LINtBU(CH.CH:NMey) (4.07 g, quantitative yield). The crude compound was purified by
recrystallization from a pentane solution at -30°C. "H NMR (C8D8, 400 MHz) was measured
at 1.33 ppm (8, 9H), 1.95 (s, BH), 2.3-2.5 (brs, 2H}, 3.2 (t, 2H). FiG. 8 shows the graph of
the TGA (15 Torr) of LINtBU(CHCHzNMe,) illustrating the weight ioss vs. temperature in
conditions representative of delivery conditions (10°C/min).

Example & Synthesis of a mixture of HNIBu{CHMeCHoNMe») and
HNIBu{CHCHMeNMez) (8.5 1)

[0113] Ina 2 L flask, tBuNH: (600 mL, 5.70 mol) was dissolved in deionized water (400
mL). A solution of 2-chiorodimethylaminopropane hydrochicride (300 g, 1.9C mol} in
deionized water (400 mL) was slowly added to the flask under cooling with an ice bath. The
reaction solution was stirred at room temperature overnight. A solution of NaOH (153 g,
3.82 mol} in deicnized water (300 mL) was slowly added. The water phase was divided into
4 portions. Each portion was extracted with pentane (100 mL x 5). After dried over MgSQ,
the organic phase was evaporated under reduced pressure to obtain crude liquid. The crude
liquid was distilled under static vacuum to remove the dissolved solid. Fractional distillation
(85°C, 10 kPa) to the liquid was conducted to obtain a colorless liguid of
HNtBu(CHMeCHNMe,) and HNIBUWCH,CHMeNMey) (6.5 1) (175 g, 58% yield). 'H NMR
(CBDE, 400 MHz) of HNIBU(CHMeCH:NMez) was measured under 0.78 ppm (d, 3H), 1.08
ppm (s, OH), 1.38 ppm (brs, 1H), 2.08 pom (s, 6H), 2.39 ppm (m, 1H), 2.50 pom (m, 1H),
271 ppm (m, 1H). "H NMR {CsDs, 400 MHz) of HNtBu{CH,CHMeNMe,) was measured
under 1.07 ppm {d, 3H}, 1.11 ppm (s, 9H), 1.60 ppm (brs, 1H}, 1.88 ppm (m, 1H), 2.03 ppm
(s, 6H), 2.12 ppm (m, 1H), 2.78 ppm (m, 1H).

Example 7. Synthesis of a mixture of LiNtBu(CHMeCH2NMe) and
LINIBu{CH-CHMeNMe,) (8.5 1)
[0114] In a 500 mL flask, a mixiure of HNBuCHMeCH:NMes;) and
LiNtBU(CH.CHMeNMe:) (ratio; 8.5 : 1, 70.9 g, 448 mmol) was dissolved in pentane (100
mi). At0°C, a solution of nBuli in hexane (1.6 M, 280 mL, 448 mmol) was added dropwise.
After the reaction mixture was stirred at room temperature for 1 hour, soivenis were
removed under reduced pressure to give yellow crude liquid (quantitative yield). The liquid
was distilled under dynamic vacuum at 100°C to ohiain slightly yellow liquid of a mixture of
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LINtBu(CHMeCH,NMe,) and LiNtBu{CH,CHMeNMe,) (66.8 g, 407 mmol, 91% yield). FIG.
7 shows the graph of the TGA (15 Tom of LINIBu(CHMeCH:NMe;) and
LiNIBU(CHCHMeNMe) (8.5 : 1) illustrating the weight loss vs. temperature in conditions
representative of delivery conditions (10°C/min). Fig. 8 is "H NMR Spectrum of the mixture
of LINtBu{CHMeCHxNMey) and LINIBU(CHCHMeNMez) in Csls.

Example 8. Deposition of Lithium phosphate
[0118] Li-containing films wers daposited by ALD on silicon substrates using
LIN(CHCHoNMe2)e and trimethyiphosphate (TMPO) in a sequential mode using a oyalic
mode a3 Tollows. LIN(CH2CHoNMez), was puised during 10 s at a flow rate of 1.2 scom. Mo
was flown for 30 s {0 purge the excess of LIN(CHCHNMeo),, TMPO was puised during
10s at a flow rate of 5 scom. The number of cycles is 200 The termperature and pressurs
conditions ware set at 250°C and 2 Torr. With those conditions, a film of about 80 A was
deposited, implying a growth rate of 0.4 A per cycle. The formed film has a refractive index
of about 1.50. The film compasition measured by XP5 is determined to be about Lis «POs

corresponding o a targeted range of material composition,

Example 9: ALD of LisPQ, film using LIN(CH.CHaNMez). from 125°C to 250°C
[0116] The LisPO4 film was deposited by ALD using LIN{CHCHzNMez),, trimethyl
phosphate (TMPO) and ozone {(Os) at a temperature ranging from 125°C to 250°C on a Si
wafer using a fluidized bed reactor after 200 ALD cycles. The puise of LIN(CHCHoNMeg)
was 60 s. FIG. 8 is growth per cycle (GPC) ai the temperatures from 125°C to 250°C. The
reactor temperature varies from 125°C to 250°C. FIG. 10 is XPS results of the deposited
LisPOs film. Based on XPS analyses, the film deposited in these conditions leads to a
relatively constant atomic percentage at a wide range of temperature, e.g. Li: 34.6%, P
13.8%, O: 48.86%, C: 2.3%, N: 0.6% at 125°C. In addition, refractive index is 1.55, see FIG.
11, which is close to that (1.59) of bulk LisPC4. Thus, under these conditions, the material
deposited is thus a lithium phosphate, LizPOs. The LisPO4 film growth at low deposition
temperature (8.g., < 200°C) is guite unexpacted and has never been reported 1o our
knowledge. Above 200°C, the GPC reaches above 3A, a thickness inconsistent with a self-
saturation and ALD process. However, the process may be of interest as long as the
resulting LiaPO4 layer provides an effective interface between the electrolyte and the
glectrode material that is said to catalyze the decomposition of the electrelyte at extreme
voltages.
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Example 10: ALD of LisPOy film using LIN(CH2CH2NMey)2 at 150°C

[0117] The Li;PO, film was deposited by ALD using LIN(CH.CH2NMe;),, TMPO and O3
at a temperature of 150°C on a Si wafer using a fluidized bed reactor after 200 ALD cycles.
The reactor temperature is 150°C. The pulse of LIN(CH.OHzNMe:z), was 60 s and 180s. The
GPC (FIG. 12) reaches .6 A after 60s (about 1.4 cc) of LIN(CH2CHzNMes)2, with a refractive
index of 1.56 (FIG. 13). This LisPQO, depaosition process is thus very atiractive for a number
of batiery applications, especially protective coating layers for Li-ion batteries and solid-
state batieries.

Example 11. ALD of LisPOq film using LIN(CH2CH:NMes)» on Si wafer at 135°C
[0118] The LisPO, film was deposited by ALD using LIN(CH2CHaNMe;),, TMPO and O3
at a temperature of 135°C on a Si wafer using a fluidized bed reactor after 200 ALD cycles.
The reactor temperature is 135°C. The pulse of LIN(CHCHoNMes)o was 80 s and 160s. FIG.
14 is GPC results at 135°C. FIG. 18 is R results of the deposited LisPQO, film at 135°C. At
low temperature (e.g., T < 150°C), self-saturation of GPC is observed. As far as we know,
there is no report concerning LisPOs ALD at T < 150°C.

[0118] In addition, using a patterned Si wafer, under the same conditions, the fiims
obtained on the patterned Si wafer (aspect ratio = 8.25 ~ 18) had a good conformality of
nearly 70%.

Example 12: ALD of LizsPQOq4 film using LIN(CH2CH NMes), on TiN substrate at 135°C
[0120] The LisPOy film was deposited by ALD using LIN{CH2CHzNMez)2, TMPO and Os
at a temperature of 135°C on a TiN wafer using a fluidized bed reaction after 200 ALD
cycles. The reactor temperature is 135°C. LisPOy film growth is aiso observed on TiN
subsirate (FIG. 18).

Example 13 ALD of LisPO, film at 135°C without Os
[0121] The LisPO, film was deposited by ALD using LIN(CHCHaNMez), and TMPO at a
temperature of 135°C on a Si wafer without O; using a fluidized bed reactor after 200 ALD
cycles. The reactor temperature is 135°C. According to XPS analyses, a very thin film
centaining lithium, phosphorus, oxygen is observed. See FIG. 17. However, the GPC is
very low (0.05%).
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Prophetic Example 1. Expected formation of the Li-containing films using
LIN{CHoCHzNMez)z

[0122] Silicon or amorphous carbon subsirates were introduced into an ALD or CVD
reactor. Then, the subsirates were heated under nitrogen atmosphere to the set point from
100 to 500°C for sach experiment. After the temperature reached o the set point, the
LIN(CHCH2NMez)2 precursor, reactant and carrier gases were flowed into the reactor {o
deposit the films on the subsirates. During this step, water vapor or oxygen as the reactant
and nitrogen as the carrier gas were used, and the pressure was kept at 2 Tomr. in the
results, with water vapor as reactant, lithium oxide films would be deposited by ALD at
100°C, 120°C, 180°C, 175°C, 200°C and 250°C. Lithium oxide films would also be obtained
by CVD at 200°C, 300°C, 400°C whereas lithium oxide films were deposited at 500°C by
CVD. On the other hand, with oxygen as reactant, lithium oxide films would be deposited
by ALD at 100°C, 120°C, 150°C, 175°C, 200°C and 250°C.

Prophetic Example 2. Expected formation of the Li-containing films using

LIN(CHzCH:NMe»),
[0123] Silicon or amorphous carbon subsirates were introduced into an ALD or CVD
reactor. Then, the substrates were heated under nitrogen atmosphere to the set point from
100 to 500°C for each experiment. After the temperature reached to the set point, the
LIN(CHzCH NMez), and NbCp(=NiBu)(NMez); precursor mixture, reactant and carrier
gases were flowed into the reactor to deposit the films on the substrates. During this step,
water vapor or oxygen as the reactant and nitrogen as the carrier gas were used, and the
pressure was kept at 2 Torr. In the results, with water vapor as reactant, lithium nicbate
films would be deposited by ALD at 100°C, 120°C, 150°C, 175°C, 200°C and 250°C.
Lithium niobate films would also be obtained by CVD at 200°C, 300°C, 400°C whereas
lithium niobate films were deposited at 500°C by CVD. On the other hand, with oxygen as
reactant, lithium niobate films would be deposited by ALD at 100°C, 120°C, 150°C, 175°C,
200°C and 250°C.

Prophetic Example 3: Expected formation of the Li-containing islets using
LIN(CH2CHzNMes)2
[6124] Silicon or amorphous carbon subsirates were introduced into an ALD or CVD
reactor. Then, the substrates were heated under nitrogen atmosphere to the set point from
100 to 500°C for each experiment. After the temperature reached to the set point, the
LiN{CHCHyNMez)» precursor, reactant and carrier gases were flowed into the reactor to
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deposit the islets on the substrates. During this step, water vapor or oxygen as the reactant
and nitrogen as the carrier gas were used, and the pressure was kept at 2 Tom. In the
results, with water vapor as reactant, lithium containing islets would be formed by ALD,
using a very limited number of cycles, typically less than 10, at 100°C, 120°C, 150°C,
175°C, 200°C and 250°C. Lithium containing islets would aiso be obtained by CVD at
200°C, 300°C, 400°C when the CVD process duration is limited to few seconds to few
minutes.

[0125] 1t 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
principie and scope of the invention as expressed in the appended claims. Thus, the present
invention is not intended to be limited to the specific embediments in the examples given
above and/or the attached drawings.

[0128] 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 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 matier of the claims.
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