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

Cross Reference {o Related Applications
[0001]  The present application claims the benefit of U.S. Application No. 82912458, filed
Qclober 08, 2018, and U.S. Application No. 82815263, filed October 15, 2019, being
incorporated herein by reference in their entireties for all purposes.

Technical Field
[0002] Disclosed are silicon-free lithium precursors for depositing a lithium-containing
filrn, 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
iquid at 25°C, which is suitable for deposition technigues such as ALD and CVD
applications.

Background
[0003] Li-containing films are well-known for their applications to form surface coating
layers or films of electrode materials in lithium-ion battery applications. Examples of Li-
containing films include LIPON, lithium phosphate, lithium borate, lithium borophosphats,
lithium nichate, lithium titanate, lithium zirconium oxides, etc. The absence of silicon, or the
presence of silicon in a smail 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 sclid elecirolyte interface (SEI) on
the annde and/or on the cathode are observad from the decomposition of the electrolyie 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 SE! lavers are not uniform and
unstable, so that cracks and dendrites may occur and lead to thermal runaway.
Furthermore, the formed SEI 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) technigues has been used to form
an intended SE! 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. Ancther important application of Li-



containing films is the formation of solid electrolyte materials used in solid-state batteries.
Solid-state batteries are solvent-free systems having longer lifetime, faster charger time
and higher energy density than conventional lithium-ion batteries. They are considered as
the next technology step in battery development. Lithium-containing film solid electrolytes
such as lithium phosphate, lithium borate and lithium borophosphate are deposited by
ALD/CVD techniques. Uniform and conformal Li-containing films may even be obtained on
complex architecture like 3D batteries.

[0004] With the raising energy storage needs, higher capacity retention together with
improved safety performances is demanded. Li-containing films may effectively prevent or
reduce the formation of Solid Electrolyte 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 electrolyte, 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 fluoride is also an
interesting material for optical or as a potential gate dielectric owing to high band-gap and
high dielectric constant.

[0005] WO 00/67300 A1 to Gordon, et al. discloses synthesis of alkali lithium amides
precursors with the general formula: MN(E'R'R2R3)(E2R*R°R®), wherein M is an alkali
metal:Li, Na, K; E' and E? = C, Si, Ge or Sn; R, R?, R3, R4, R5, R® are H, alkyl groups or
fluoroalkyl groups. All the compounds are liquid at 20°C. Formation of films containing alkali
metals by CVD is disclosed.

[0006] WO 02/27063 A2 to Gordon, et al. discloses CVD and ALD of lithium phosphate
using LiN(SiMes)2, LIN(SiEtMe2)2 and Li(TMPD) as lithium precursor. Diisopropylphosphate
was used as phosphate precursor. TMPD stands for 2,2,6,6-tetramethylpiperidide.

[0007] 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?R3R*R°Cp).D, Li(NR-amd).D and Li(NR-fmd).D, where
D = monodentate, bidentate, tridentate, or polydentate neutral coordinating ligand system;
R, R', R?, R3, R4, R®, R® are H or alkyl groups.

[0008] US 2012/0276305 to Hamalainen, et al. discloses the syntheses of LiN(SiMes)z,
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)3 where R is an alkyl group. In the examples,
LiN(SiMe3)2 and LiOtBu are used in combination with trimethylphosphate (TMPO) for ALD
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of lithium phosphate. Li(thd) and Li{hfac) are also disclosed for LiO, 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.

foo0s]  More prior art for formation of Li-containing films may include Chem. Mater., 6987-
68993, 27(20), 2015 (ALD of Lithium Phosphorus Oxynitride); Nano Lett., 12768-1281, 16(2),
2016 (Atomic/Molecular Layer Deposition of Lithium Terephthalate Films as High Rate
Capability Li-lon Battery Ancdes);, US 20170087181 (Method for producing lithium
phosphorus oxynitride layer); Jounal of Vacuum SBcience & Technology, A, Vacuum,
Surfaces, and Films, 01B133/1-01B133/8, 35(1), 2017 {(Enhanced process and composition
control for atomic layer deposition with lithium trimethyisilanociate), RSC Advances, 6315-
8322, 2(15), 2012 (ALD of fithium nitride and carbonate using lithium silylamide), WO
2012076817 (Method for producing lithium-based fayers by CVD}, J. Mater. Chem., 8767-
8771, 18(48}, 2009 (ALD of Lithium-containing thin fiims);, US 7,615,250 (Organoaluminum
precursor compounds); US 8,871,304 (Amide amino alkane) metal compound, method of
manufacturing metal-containing thin film using said metal compound), Chem. Eur. J., 1091-
1094, 5(3), 1999 (X-ray Crystal Structures and Some Solution Structures of Lithium Amides
with intramolecular Complexation of Lithium), US 6294495 (Tridentate ligand-containing
metal catalyst complexes for olefin polymerization); Org. Lett., 5378-8381, 12(23), 2010
(isomerization of Allyl Ethers Initiated by Lithium Diisopropylamide); Tetrahedron 1657-
1866, 58(9), 2002 (Use of hithium N,O-dimsethylhydroxylamide as an efficient in situ
protecting agent for aromatic aldehydes), J. Mater. Chem., 2877-2881, 20(14), 2010
{Lanthanum titanaie and lithium lanthanum titanate fiilms grown by atomic layer deposition).
[0010]  Other applications of interest for the use of lithium precursors include the formation
of Li-containing clusters or islels.

fooi1] Lithium precursors containing silicon may commonly be used, such as
LiN(SiMes),. Although this solid precursor is quite stable and sufficiently voiatile, silicon
would remain in part in the resuiting 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
precursors for deposition applications.

Sunwmnary
f0012) Disclosed are methods for forming a Li-containing film, islet or cluster on a
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substrate, the method comprising the steps of:

introducing a lithium precursor having a general formula:

[Li-NLL2-Dy (1)

into a reactor containing the substrate disposed therein, wherein
L' has a general formula: Cote, (CaHa)-ER'R?) or (CulHa)-E'RY), wherein

&

®

CmHa is a linear, branched or cyclic atkyl groups;

m and n are independent infegers, 1sm=<16, 13n<16;

Eis B, N;

E' is a divalent element;

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
substituied by other atoms or groups;

L? has a general formula: {CoHg)-ERR? or (CoHgj-E'R?, wherein

®

@

CoHg is a linear, branched or cydlic alkyl groups;

p and g are independent integers, 15ps16, 150516;

EisB, N,

E'is a divalent element;

R3 and R* each ars independently selected from the group consisting of linear,
branched or cydlic aikyl groups, or linear, branched or cyclic alkyl groups
substituted by other atoms or groups;

D is independently selected from monodentate, bidentate, fridentate, or polydentate

neutral coordinating ligand system;

X is an integer, 0sxs4; and

y is the degree of association of the molecule, 1<y<8; and

depositing at least part of the Iithium precursor onto the subsirate 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:

e L'is a Ci-Cys linear, branched or cyclic carbon chains, or of the form (CotHn)-ER'R?
or (CmHn)-E'RY, wherein
CnHn is an alkyl chain and may be linear, branched or cydlic 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 §;

n is an independent integer ranging from 2 to 186;

R is independent and selected from the group consisting of hydrogen, linear,



branched or cyclic C4-Cg alkyl groups, or linear, branched or cyclic alkyl
groups substituted by other atoms or groups;

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

L2 is of the form (CpHg)-ER3R* or (CpHq)-E’R3, wherein

CoHgq 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, S;

p and g are independent integers ranging from 1 to 16, preferably p is comprised
from 1 to 8 and q 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 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;

X is an integer comprised between 0 and 4;

y represents the degree of association of the molecule and is comprised between
1 and 6;

o the lithium precursor being silicon-free;

e the lithium precursor being selected from LiNMe(CH>CH2NMey),
LiNMe(CH2CH2NMe»)(1,2-diethoxyethane), LINMe(CH>CH2NMe2)(1,2-
dimethoxyethane), LINEt(CH2CH2NMe:>), LiNiPr(CH>.CH2NMey),
LiNtBu(CH2CH2NMe:), LiNtBu(CH2CH2NEtMe), LiNtBu(CHMeCH2NMez),
LiNtBu(CH2CHMeNMe:), LiN(CH2CH2NMez)2, LIN(CH2CH2NEt?)2,
LiN(CH2CH2NiPr2)2, LIN(CH2CH2NEtMe)2, LIN(CH2CH2CH2NMez)2,
LiN(CHMeCH2NMez)2, LIN(CHMeCH2NMe2)(CH2CH2NMey),
LiN(CH2.CHMeNMe:)2, LIN(CH.CHMeNMez)(CH2CH2NMe:),
LiN(CHEtCH2NMe2)(CH2CH2NMez), LiIN(CH2CHEtNMe2)(CH2CH2NMe:),
LiN(CMe2CH2NMe2)(CH2CH2NMez2), LiIN(CH2CMe2NMe2)(CH2CH2NMe?),
LiN(CH2CH2NMez)(CH2CH2CH2NMez), LiNMe(CH2CH.OMe),
LiNMe(CH2CH20Et), LiNMe(CH2CH20iPr) LiNMe(CH2CH20tBu),
LINEt(CH2CH2OMe), LINEt(CH2CH20Et), LiNiPr(CH2CH20Me),
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LINtBU(CH2CH.OMe), LIN(CH2CH.OMe)z, LIN(CH2CHROE ), LIN(CH,CHLCIP),,
LIN(CH2CH20tBuU)2, LIN{CH2CHzNMe2)(CHCHOMe),

LIN(CHCHaNMe CHCHOEL, LIN{CH2CH:NMe }{ CHCHLQ1P,
LIN(CH2CHoNMe, ) (CHLCH.OtBUY), LiNMe(CHLCH(OMe)s), or the like;

e the lithium precursor being LINIBU(CH2CHzNMez), LINIBu(CHCH2NEMe),
LINtBU(CHMeCH:NMey), LINIBU(CHCHMeNMe,), LIN(CHCHNEtMe)z,
LIN{CHCH20EL),, LIN(CHCHNMe),, LIN(CHCHCHoNMe:z),,
LIN(CH2CHoNMeE),, LIN(CHMeCHNMe ) (CHCHNMes),
LIN(CHzCHMeNMe)(CHCHzNMes), LIN(CHEICHNMez)(CHCHzNMesz),
LIN(CH2CHEtNMe2)(CH2CHaNMes), LIN(CMezCHaNMe)( CHoCHaNMes),
LIN(CH2CMeaNMea)(CHaCHaNMes), LIN(CH2CH:NIPR)2,
LIN(CH2CHaNMe ) (CHCH2CHaNMes), LIN(CHCH2OEL),, LINMe(CHCHLOEL),
LINMe{CH,CH(OMsg)p) or the like;

+ the lithium precursor being LINMe{CH;CHzNMes);

e the lithium precursor being LiNMe(CHxCHaNMe2)(1;2-disthoxyethane),

¢ the lithium precursor being LiINMe(CHCHNMe»)(1;2-dimethoxyethane),

» the lithium precursor being LINEH{CHCHzNMey),

+ the lithium precursor being LINIPH{CH2CHaNMes);

e the lithium precursor being LINIBUWCHzCH:NMey);

s the lithium precursor being LINIBU({CH,CHNEe):

= the lithium precursor being LINIBu(CHMeCHNMes);

e the lithium precursor being LINIBU(CH.CHMeNMe,),

¢ the lithium precursor being LIN(CHCH:NMez)s;

s the lithium precursor being LIN(CHCHNEDL)2;

= the lithium precursor being LIN(CHCHaNiPr2)»;

= the lithium precursor being LIN(CH2CH:NEIMe)2;

e the lithium precursor being LIN(CHCHCHaNMes)s;

s the lithium precursor being LINICHMeCHNMez):

« the lithium precursor being LIN(CHMeCHNMeax(CHCHaNMes);

e the lithium precursor being LIN(CH:CHMeNMez):;

e the lithium precursor being LIN(CH,CHMeNMe)(CHCHoNMe,);

= the fithium precursor being LIN(CHEtCHNMe ) (CHLCHaNMes);

» the lithium precursor being LIN(CHCHEINMe,)(CH2CHNMey);

¢ the lithium precursor being LIN(CMe2CHzNMes)( CHoCHaNMe:2);
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the lithium precursor being LIN(CHCMe NMe )} CH=CHaNMey);

the lithium precursor being LIN(CHCHaNMe){(CHCHCHoNMes),

the lithium precursor being LiNMe(CHCHOMe);

the lithium precursor being LINMe(CHCHOE);

the lithium precursor being LiNMe(CH2CHQiPr);

The lithium precursor being LINMe(CHCHOtBuY,

the lithium precursor being LINEH{CH,CHOMe);

the lithium precursor being LINEHCH:CH.OEY;

the lithium precursor being LINIPr{CHzCHOMe),

the lithium precursor being LINIBu(CH.CHOMe);

the lithium precursor being LIN{CHCH:OMe)z;

the lithium precursor being LIN(CHCH,OE()»,

the lithium precursor being LIN(CH2CH0iPr)2;

the lithium precursor being LIN(CH:CHOtBu)2;

the lithium precursor being LIN{CH2CHNMe,) (CH,CHOMe),

the lithium precursor being LIN{CH2CHzNMez)(CH2CH:OEY;

the lithium precursor being LIN(CHCHaNMe Y CHCHLGIP);

the lithium precursor being LIN(CH2CHzNMe){CHCHOtBuU);

the lithium precursor being LiNMe(CHCH(OMe)2);

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

the vapor deposition method being ALD;

the vapor deposition method being CVD;

the temperature within the reaction chamber ranging from a temperature below
room temperature;

the temperature within the reaction chamber ranging from about 0°C to about
&00°C;

the temperature within the reaction chamber ranging from about 15°C to about
600°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 {o
approximately 1000°C,;

the deposition temperature ranging from approximately 20°C to approximately

]



550°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 approximately 200°C to approximately
800°C for a thermal process;

the deposition temperature ranging from approximately 400°C to approximately
600°C for a thermal process;

the deposition temperature being 100°C for ALD;

the deposition temperature 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;

the deposition temperature being 250°C for ALD;

the deposition temperature being 500°C for ALD;

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;

the temperature of the substrate ranging from room temperature to approximately
600°C;

the lithium precursor being a silicon-free lithium precursor;

the lithium precursor being a monomer, a dimer, a trimer, or combinations thereof;
further comprising the step of delivering into the reactor a co-reactant;

the co-reactant being selected from Oz, O2, H20, trimethylphosphate, an
alkylphosphate, an alkylphosphimine, NO, N2O, H20>, O radicals, or combinations
thereof;

the co-reactant being selected from N2, NH3, N2Ha, or an alkylhydrazine;

the co-reactant being O3;

the lithium precursor being liquid below 150°C;

the lithium precursor being liquid at 50°C;

the lithium precursor being liquid at 25°C;



e the Li-containing film, islet or cluster being a film, islet or cluster of Li>O, LiOH, Li2S,
LisN, LiF, lithium carbonate, lithium aluminum fluoride, lithium aluminum oxide,
lithium aluminum, lithium cobalt oxide, lithium titanate, lithium zirconate, lithium
niobate, LiPON, lithium phosphate, lithium borate, lithium borophosphate, lithium
niobate, lithium zirconium oxides, or the like.
[0013] Also, disclosed is a composition comprising a lithium precursor having a general
formula:
[Li-NL'L2-Dy]y ()
wherein
L" has a general formula: CnHn, (CmHn)-ER'R?) or (CmHn)-E’'R"), wherein
e CnHhyis a linear, branched or cyclic alkyl groups;
e m and n are independent integers, 1=m<16, 1<n<16;
e 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 formula: (CpHq)-ER3R* or (CoHq)-E'R3, wherein

e CyHgis alinear, branched or cyclic alkyl groups;

e pand q are independent integers, 1<p<16, 1<q<16;

e EisB,N;

o FE'is adivalent element;

e R3and 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 atoms or groups;

D is independently selected from monodentate, bidentate, tridentate, or polydentate
neutral coordinating ligand system;
X is an integer, 0<x<4; and
y is the degree of association of the molecule, 1<y<6.
The disclosed compositions include one or more of the following aspects:
e L' being a C1-C1s linear, branched or cyclic carbon chains, or of the form (CmHn)-
ER'R? or (CmHn)-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, S;
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m is an integer which value is 1 or an integer ranging from 1 to 8;

nis an independent integer ranging from 2 tc 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 alkyl
groups substituted by other atoms or groups;

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 substituted by other atoms or groups;

L2 being of the form (CoH)-ER*R?* or (CpH)-E'R®, wherein

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

E represents B, N;

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

p and g are independent integers ranging from 1 to 16, preferably p is comprised
from 1 1o 8 and ¢ 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 selected from monodentate, bidentate, tridentate, or
polydeniate 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
1 and G

provided that L' = Me, L2 = {CH; = CH2CHo, E = N, and both R® and R* are Me}, x
= {J {5 exciuded;

provided that L' = Et, L? = {THy = CHCH,, E = N, and both R® and R* are Me}, x
= 0 is excluded;

provided that L' = iPr, L2 = {CoHq = CH2CHz, E = N, and both R® and R* are Me}, x
= (J is excluded:

provided that L' = tBu, L2 = {C,Hy = CHCH,, E = N, and both R? and R* are Me}, x
= ( is excluded:

provided that L' = {Bu, L? = {CiHy = CMeHCHz, E = N, and both R® and R?* are Me},
x = 0 is excluded;

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

10
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x = 0 is excluded;

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

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

« provided that L' = Me, L2 = {CHy = CHoCHa, B = O, R?is Me}, x = 0 is excluded,

+ the lithium precursor being selected from LINMe(CHCHaNMey),
LiNMe(CH.CHzNMe2)(1,2-diethoxyethane), LINMe(CHCHoNMe:){1,2-
dimethaxyethane), LINEYCHCHNMe,), LINIPr(CHCHaNMeas),
LINBU{CHoCHoNMe,), LINEBu(CHCHoNEMe), LINtBu(CHMeCHNMe),
LINIBu(CH2CHMeNMez), LIN(CHzCHaNMez)z, LIN({CHzCHzNEL):,
LIN{CHoCHoNiPra)s, LIN(CHCHNEMe)z, LIN{CHCHCHNMes)s,
LIN{CHMeCHNMez),, LIN(CHMeCHNMez)(CH2CHoNMez), LIN(CH2CHMeNMe:z)s,
LIN(CH2CHMeNMe:z)(CHCHoNMez), LIN(CHEICHzNMe)(CHCHaoNMes),
LIN{CHCHEINMez)(CHCHaNMe;), LIN(CMeCHNMeaz)(CHCHNMe,),
LIN(CHCMe NMe: {CHCHaNMes), LIN(CHCHaNMe){CHCHCHaNMe:),
LINMe(CHCH20Me), LiINMe(CHCH0ED, LiNMe(CHCH20IPT)
LINMe(CHCHOtBY), LINEH{CHCHOMe), LINEYCHCH.0EY),
LINIPr{CH-CH.OMe), LINIBu(CH2CHOMe), LIN(CH2CHOMe)z, LIN(CHCHOEL),,
LIN(CH2CH20iPr)z, LIN(CH2CH20tBU)z, LIN(CH2CHoNMe2){CHCH0Me),
LIN{CHCHoNMe{ CH2CHROEL), LiN(CHCHaNMe (CHCHLOiPr),
LIN{CH2CHoNMe)(CH2CH20tBu), LINMe(CH-CH(OMe)z), or the like;

e the lithium precursor being selected from LINIBU{CHxCHzNMe»),
LINtBu(CHCH NEtMe), LiNtBW(CHMeCHNMe;) LINtBu(CHCHMeNMe,),
LIN(CH2CHzNEIM®e),, LIN(CH2CHLOE2, LIN(CH2CHa2NMes):,
LIN(CH2CH2CHzNMez)z, LIN(CH2CH2NMeEt)s,
LIN{CHMeCH NMe ) (CHCHaNMe:), LIN(CHCHMeNMe ) CH.CHoNMes),
LIN(CHEtCHNMe )(CHzCHaNMe,), LIN(CHCHEINMez)(CH-CHaNMey),
LIN{CMe2CHaNMe }{CH2CHNMes), LIN({CHCMeNMe2)}(CHCHzNMez),
LIN{CH2CHNIP),, LIN(CHCHNMe ) (CHCH2CHaNMez), LIN(CH2CH-OE:,
LINMe(CH.CH.OE!), LINMe(CH.CH{OMe).), or the like;

e the lithium precursor being LiNMe{CH,CHaNMes):

s the lithium precursor being LiNMe(CHCHzNMez)(1,2-diethoxyethane),

e the lithium precursor being LiNMe{CHCHxNMey)(1,2-dimethoxyathane),

e the lithium precursor being LINEHCHCHxNMey),

11
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» the lithium precursor being LINIPH{CHCHzNMe,);

e the lithium precursor being LINIBu{CHCHNMez);

« the lithium precursor being LINIBu(CHCH:NEMe};

e the lithium precursor being LINIBu(CHMeCH:NMe:);

s the lithium precursor being LINtBu(CHCHMeaNMes);

e the lithium precursor being LIN(CHCHzNMez)s;

+ the lithium precursor being LIN(CH2CH2NEL);

= the lithium precursor being LIN(CH2OHNIP):

e the lithium precursor being LIN(CHCHaNEIMe):!

e the lithium precursor being LIN{CHCHCHaNMez)s;

« the lithium precursor being LIN(CHMeCHNMez)2;

+ the lithium precursor being LIN(CHMeCH:NMe,){CH,CH,oNMe»);
e the lithium precursor being LIN(CHCHMaNMey)z,

s the lithium precursor being LIN{CHCHMeNMe:)(CHCHNMeo);
& the lithium precursor being LIN(CHEICHNMe ) (CHCHaNMes);
s the lithium precursor being LIN(CH:CHEtNMe:)}(CHCHNMe,),
e the lithium precursor being LIN(CMeCHoNMe ) (CHCHNMey),
s the lithium precursor being LIN{CH2CMe:NMez}(CHCHoNMe));
& the lithium precursor being LIN(CHCHaNMep ) (CHCHCHoNMey),;
s the lithium precursor being LiNMe{CHCH-OMa);

e the lithium precursor being LiNMe{CHCH,OE);

e the lithium precursor being LINMe(CHxCHOIPT);

« the lithium precursor being LINMe(CHCH:OtBY);

e the lithium precursor being LINEH{CHCH-OMe);

e the lithium precursor being LINEHCH.CHOE;

+ the lithium praecursor baing LINIPr{CHCH,OMe),

e the lithium precursor being LiNIBu(CHCH.OMe);

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

+ the lithium precursor being LIN{CHCHOEL),;

« the lithium precursor being LIN(CHCH0iPr)z;

= the lithium precursor being LIN(CHCH01BU)2;

e the lithium precursor being LIN{CHCHaNMe (CHCHOMe);

¢ the lithium precursor being LIN{CH2CHaNMez ) (CHCHOET);

« the lithium precursor being LIN(CHxCH2NMe ) CHCHOIP);

12
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» the lithium precursor being LIN{CHCHaNMe ) (CHCHOtBU);
e the lithium precursor being LINMe(CHCH(OMe),), and
+ the lithium precursor having a purity of ranging from approximately 93% by weight
or wiw to approximately 100% wiw, preferably ranging from approximately 99%
wiw {0 approximately 99.958% wiw, more preferably, ranging from approximately
99% wiw to approximately 100% wiw.
[0014] Also, disclosed is a film, islet or cluster forming precursor having a general formuia:
[Li-NL'L2-Dy, (H
wherein
LY has a general formula: Cotn, (CrHe)-ER'R?) or (Coln)-E'RY), whersin

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

« mand n are independent integers, 1sm=16, 1sn<18;

s EisB N,

« E'is g divalent element;

e R'" and R? each are independently selected from the group consisting of
hydrogen, linear, branched or cyciic atky! groups, orlinear, branched or cyciic
alkyl groups substituted by other atoms or groups,

L? has a general formula: (CoHo-ERR® or (CoHg)-E'R?, wherein

s CoHyis alinear, branched or cyclic alky! groups;

¢ pandqare independent integers, 1sps18, 150316,

« EisB N;

s E'is adivaient element

s« R3 and R* each are independently selected from the group consisting of
hydrogen, linear, branched or cydlic altkyl 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, 0sxs4; and
y is the degres of association of the molecule, 15y<6.
The disclosed film, islet or cluster forming precursors include one or more of the
following aspects:
e L' being a C+-Cis linear, branched or cyclic carbon chains, or of the form (CaHa)-
ER'R? or (CrHa)-E'RY, wherein
Cals 18 an alkyl chain and may be linear, branched or cyclic alky! groups;
E represents B, N;
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E’ represenis a divalent element such as O, §;

m is an integer which value is 1 or an integer ranging from 1 (0 8;

n is an independent integer ranging from 2 tc 15;

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 substituted by other atoms or groups;

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

s |2 being of the form (C.Hy)-ER®*R* or (CpHq)-E'R?, wherein

CgHg 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, §;

p and g are independent integers ranging from 1 to 18, preferably pis
comprised from 1 t© 8 and q 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 atkyl groups, or linear, branched or
cyclic alkyl groups substituted by other atoms or groups;

s D being independently selected 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; and

sy representing the degree of association of the molecule and is comprised between
1and 8;

« the film, islat or cluster forming pracursor being selected from
LINMe(CH,CHzNMes), LINMe({CH,CH, NMe,)(1,2-diethoxyethane),
LINMa(CH2CHaNMe2) (1, 2-dimethoxyethane), LINEY{CH2CH2NMez),
LINIPr{CHCHaNMes), LINtBu(CHCHNMey), LINtBU(CHCHoNEtMe),
LINIBu{CHMeCHNMez), LINBu{CH,CHMeNMe;), LIN(CH,CHaNMes)s,
LIN{CHoCHaNED),, LIN{CHCHaNIPT)2, LIN(CHCHaNEMe);,
LIN(CH2CHCHzNMez)z, LIN(CHMeCHzNMez)z,

LIN(CHMeCH NMe:}(CHCH NMe,), LIN{CH,CHMeNMe,),,
LIN{CHCHMeNMe}(CHCHaNMey), LIN{CHEICH:NMez)(CHCHoNMe,),
LIN(CH2CHEINMex ) CHCHzNMes), LIN(CMezCHaNMe)(CH2CHNMes),
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LIN(CH,CMesNMea){(CH,CHaNMe,), LIN(CH,CHNMe(CH2CH.CHNMe,),
LINMe(CH2CHOMe), LiNMe(CHCH:OEL), LiNMe(CHCHOIPr)
LINMe(CH2CH0tBu), LINEH{CH2CHOMe), LINEY(CHCH.OED,
LINIPr{CH,CH2OMe), LINtBu(CH2CH20Me), LIN(CH.CH2OMe),, LIN(CHCHZOEY),,
LIN(CH2CHaOIPr)2, LIN(CH2CH20tBW)2, LIN(CH2CH2NMez)(CHCHZOMe),
LIN{CHCHaNM e ) CHRCHOED), LIN(CHCHNMe ) CHOH0IP,
LIN(CH2CHzNMe:) {(CHLCHOBu), LINMe(CH,CH(OMe),), or the like;

= the fiim, islat or cluster forming precursor baing LINIBu(CHCHNMey),
LINtBu(CH2CHaNEtMe), LiNIBu(CHMeCHNMe:) LINtBu(CH.CHMeNMez),
LIN(CH2CHaNEtMe)z, LIN{CH:CH2OEt)2, LIN{CHCHoNMez)o,
LIN(CH2CHCHaNMez)z, LIN(CHCHaNMeE )2,
LIN(CHMeCH:NMe:z)( CHaCHaNMe:), LIN(CH.CHMeNMe{(CHCHaNMe:),
LIN(CHELCHNMe2){CH2CHNMa,), LIN(CHCHEINMe,)(CHCHz2NMe:),
LIN{CMeCHNMe {CHCHNMe,), LIN(CHCMeaNMe, )(CHCHNMe:),
LIN{CH2CHzNiPra)s, LIN(CH2CHaNMe {(CHCHCHoNMes), LIN(CHCHROE:,
LINMe(CH2CH.0ED, LiINMe(CH,CH(OMe),) or the like;

s the film, islet or cluster being LiINMe{CH2CHaNMe);

+ the fiim, islat or cluster being LiNMe{CHCHNMe){1;2-diethoxyethane);

= the film, isiet or cluster being LINMe{CHCHNMe) (1 2-dimethoxyethane);

e the film, islet or cluster being LINEK{CHzCH NMes);

e the film, islet or cluster being LINIPr{CHCHxNMe»);

« the film, islet or cluster being LiNtBu{CHCH NMe:);

+ the film, isiet or cluster being LINIBU{CHCH:NEtMe);

e The film, isiet or cluster being LINIBU{CHMeCHNMez);

s the film, islef or cluster being LINIBUW(CH.CHMeNMey);

= the film, isiet or cluster being LIN{CHCHaNMez)s;

s the film, isiet or cluster being LIN({CHCHzNE),;

e the film, isiet or cluster being LIN{CH2CH2NIPr)2;

e the film, islet or cluster being LIN{CHCHoNEtMe)2;

& the film, islet or cluster being LIN{CH2CH.CHaNMez)s;

+ the film, islet or cluster being LIN(CHMeCH2NMez)z;

o the film, islet or cluster being LIN(CHMeCH:NMe}(CH CHoNMes);

s the film, islet or cluster being LIN(CHCHMeNMez)s;

+ the film, islet or cluster being LIN(CHCHMeNMe }(CHCHNMe,);

e the film, isiet or cluster being LIN(CHEICHNMez { CH.CH:NMe,);
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?

the fiim,
the film,
the film,
the film,
the film,
the film,
the film,
the film,
the film,
the film,
the film,
the film,
the film,
the film,
the film,
the film,
the film,
the film,
the film,
the film,
the film,

islet or cluster being LIN(CHCHEINMe ) CHCH:NMey);
islet or cluster being LIN{CMe2CHNMe {(CH2CHaNMes);
islet or cluster being LIN(CH>CMe NMe (CHCH:zNMes);
islet or cluster being LIN(CH,CHaNMe { OHCHLCHNMe,);
isiet or cluster being LINMe(CH2CHOMe);

islet or cluster being LINMe(CH.CH20EY),

islet or cluster heing LINMe({CHCH 0P,

isiet or cluster being LINMe(CHCHOBu);

isiet or cluster being LINE{CHCHOMe);

islet or cluster being LINEH{CHCHCEY);

islat or cluster being LINIPH{CHCHOMe),

isiet or cluster being LINIBu(CHCH:OMe);

islet or cluster being LIN(CHCH,OMe)2;

isiet or cluster being LIN(CHCHOED:;

islet or cluster being LIN{CH,CHaOiPr);

islet or cluster being LIN(CHCH:OtBuU);

islet or cluster baing LIN({CHCHNMe ) (CHCH.OMe),
islet or cluster being LIN({CHCHaNMe{CHCH:0OEY),
islet or cluster being LIN(CHCHaNMe { CHCHL0iFT);
islet or cluster being LIN{CHCHNMe }{CHCHLO0BW);
islet or cluster being LINMe(CH:CH{OMe)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% w/w to approximately 99.999% wiw, more preferably,

ranging from approximately 29% whw {0 approximately 100% wiw.

Notation and Nomenciature

[0018] The following detailed description and claims utilize a number of abbreviations,

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

[0016] As used herein, the indefinite article 8" or "an” means one or more.

[0017] As used herein, “about’ or “around” or “approximately” in the text or in a claim

means £10% of the value stated.

f00i8] As used herein, “room temperature” in the text or in a claim means from

approximately 20°C to approximately 25°C.

0018 The term ‘“ambient {emperature” refers o an environment temperature
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approximately 20°C to approximatsly 25°C.

fo0207  Asusedin the disclosed embodiments, the term “independently” when used in the
context of describing R groups should be understood 1o denote that the subject R group is
not only independently selected relative 1o other R groups bearing the same or different
subscripts or superscripts, but is also independently selecied relative to any additional
species of the same R group. For example in the formula MR, (NR?R%) 4., where x is 2 or
3, the two or three R groups may, but need not be identical to each other orto R2or to R®,
Further, it should be understood that unless specifically stated 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 salurated
functional groups containing exclusively carbon and hydrogen atoms. The hydrocarbyl
group may be saturated or unsaturated. Either term refers to linear, branched, or cyclic
groups. Examples of lingar alky! groups include without lirmnitation, methyl group, ethyi group,
propyl group, butyl group, efc. Examples of the branched alkyls group include without
limitation, t-butyl. Examples of cyclic alkyl groups include without limitation, cyciopropyl
groups, cyclopentyl groups, cyclohaxyl groups, efc.

[0022] As used in the disclosed embodiments, the abbreviation "Me” refers to a methyl
group; the abbreviation “Et” refers to an sthyl group, the abbreviation “Pr’ refers to a propyl
group.

00237 The term “islet” or “cluster” used herein refer to the formation of a small
agglomerate of some material laid on or spread over a surface and that the surface may
range from as large as the entire wafer to as small as a trench or a line.

[0024] The term “substrate” refers to a material or materials on which a process is
conducted. The substrate may refer to a wafer having a material or materials on which a
process is conducted. The subsirates may be any suitable wafer or support used in
sermiconductor, photovoltaic, flat panel, LCD-TFT device manufacturing, MEMS, lithium ion
hattery manufacturing, electrochromic window manufacturing, organic or inorganic powder,
electrode and/or material deposited upon. The substrate may alsc 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 (e.q., Si0Oz, 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, fluorinated
carbons, fluorinated hydrocarbons, fluorine-containing materials, or combinations thergof,
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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
glectrode active materials. One of ordinary skill inn the art will recognize that the term “film”
or “layer” used herein refer to a thickness of some material laid on or spread over a surface
and that the surface may be a trench or a line. Throughout the specification and claims, the
wafer and any associated layers, islets and/or clusters thereon are referred (o as substrates.
f0025) The term "wafer” or “patterned wafer” refers to a wafer having a stack of films such
as silicon-containing films on a substrate and a patterned hardmask layer on the stack of
the films such as silicon-containing films formed for pattern etch. The term “wafer” or
“‘patterned wafer’ may also refer to a trench wafer having an aspect ratic.

fo028] The term "support” refers to a material consisting of a composite of materials, for
axample electrode active materials, binders, electrolyte and carbons.

fo027] 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
to the film. 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 iaid 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. Note that herein, the terms “islet” and “clusters” may be used interchangeably. 1t is
understood that a islet may correspond to, or related to a cluster, and that the cluster may
refer to the islet.

[0028] Note that herein, the terms “deposition temperasture”, "process temperature”,
“substrate temperature” and “reactor temperature” may be used interchangeably. it is
understood that a subsirate temperature or a reactor temperature or a process temperature
may correspond to, or be related t0 a deposition temperature, and that the deposition
temperature may refer to the substrate temperature or reactor temperature or a process
temperature.

[0028] Note that herein, the terms “precursor’ and “deposition compound” and
“deposition gas” may be used interchangeably. It is understeod that a precursor may
corraspond to, or be related to a deposition compound, and that the deposition compound
may refer to the pracursor.

{00301 The standard abbreviations of the elemenis from the pericdic table of elements are
used herein. I should be understoed that elements might be referred o by these
abbreviation {e.g., Li refers to lithium, Si refers to silicon, N refers 1o nitrocgen, O refers {o
oxvgen, C refers to carbon, H refers to hydrogen, F refers to fluorine, efc.).

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

f00327 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.

f0033] Ranges may be expressed herein as from about one particular value, andfor to
about another particular value. When such a range is expressed, it is 1o be understood that
another embodiment is from the one particular value andfor to the other particular vaiue,
along with all combinations within said range. Any and all ranges recited in the disclosed
embodiments are inclusive of their endpoints {(i.e., x=1 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.

f0034] Reference herein to “one embodiment” or “an embodiment” means that a particular
feature, structure, or characteristic described in connection with the embodiment may be
included in at least one embodiment of the invention. The appearances of the 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 mutuaily

exclusive of other embodiments. The same applies to the term “implementation.”

Brief Description of the Drawings

[00358] For g further understanding of the nature and cbjects of the present invention,
reference should be made to the foliowing 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{CHCHaNMeo)s;

FIG. 2 is a graph of the TGA (15 Torr) of LIN(CHCHNMez)2;

FIG. 3 is a graph of the TGA {15 Torr) of LIN(CHMeCH:NMe: ) {({CHCHoNMey),

FiG. 4 is a graph of the TGA {18 Torr) of LIN(CHCHoNEL)2;

FIG. 5 is a graph of the TGA (18 Torr) of LINMe{CH,CHoNMe:)-;

FiG. 6 is a graph of the TGA {15 Torr) of LINtBU{CHZCH2NMe2);

FIG. 7 is a graph of the TGA (15 Torr) of the mixture of LINIBUW{CHMeCH2NMez) and
LiNtBu(CH2CHMeNMe2) (8.5:1);

FIG. 8 is "M NMR Spectrum of the mixture of LiNtBu({CHMeCH:NMe;) and
LINIBu(CHCHMaNMe,) in Calls;
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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 resuits of the deposited LisPOq 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 125°C to 250°C with Os;

FIG. 12 is GPC resulls at 150°C with Og;

FIG. 13 is Rl results of the deposited LisPQO4 film at 150°C with O3,

FiG. 14 is GPC resuits at 135°C with Oy,

FIG. 15 is Rl results of the deposited LisPQO4 film at 135°C with Og;

FiG. 16 is XP3 results at 135°C on TiN substrate; and

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

Description of Preferred Embodiments
[00368] Disclosed are lithium-containing films, islets or cluster forming compositions
comprising silicon-free lithium precursors, methods of synthesizing silicon-free lithium
precursors, and methods of using silicon-free lithium precursors (o deposit a lithium-
containing film, islet or cluster. The disclosed silicon-free lithium precursors are liquid below
150°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.
f0037] The disclosed silicon-free lithium precursors have a general formuia:
[LI-NL'L2D), {3
wherein
L' has a general formula: CnHy, (CaHa)-ER'R?) or (CrHe)-E'RY, wherein

e Cmih is @ linear, branched or cyclic alky! groups;

¢« mand nare independent integers, 1sms16, 1sn<18;

« EisB N;

= E'is adivalent element;

= R'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;
L2 has a general formuia: (CpHg)-ER®*R* or (CpHg)-E'R?, wherein
o CpHgis alinear, branched or cyclic alkyl groups;
s+ pand g are independent integers, 1<ps16, 150516,
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e EisB N;

s F'is adivalent slement;

s R3and R* each are independently selected from the group consisting of iinear,
branched or cydlic aikyl groups, or lingar, branched or cyclic alkyl groups
substituted by other atoms or groups,

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

x is an integer, 0sxs4,; and

y is the degree of association of the molecule, 1sys6.
f0038] FPreferably, in the general formula (D, D is a monocdentate or a bidentate, Eis N, B,
Eis O, 8 mis 1sms8 and n is 23ns16; pis 1sms8 and g is 2$ns18; respectivaly.
[0038] More preferably, the disclosed silicon-free lithium precursors having the general
formula (1), wherein:

L' is a Cy-Ce linear, branched or cyclic carbon chains, or of the form (CHa)-ER'R?
or (CaHa)-E'RY, whersin

o (M 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, §;

e mis an integer which valug is 1 or an integer ranging from 110 8;

¢ 1 is an independent integer ranging from 2 {0 16;

s 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 substituted by other atoms or groups;

» R?is independent and selected from the group consisting of hydrogen, linear,
branched or cyclic C1-Cs alkyl groups, or linear, branched or cyclic alkyl
groups substituied by other atoms or groups;

L2 is of the form {CpMHg)-ER3R? or (ColHe)-E'R3, wherein

e (Mg is an alkyl chain and may be linear, branched or cydlic alkyl groups;

s [ represents B, N,

+ E'represents a divalent efement such as O, §;

¢ p and g are independent integers ranging from 1 to 18, preferably p is
comprised from 1 1o 8 and q 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 lingar, 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 integer comprised between 0 and 4; and

y represents the degree of association of the molecule and is comprised between 1
and 6,

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

provided that x=0, p=2 or 3, q=4 or 6, E=N, L2= tertiary butyl, R® and R* are methyl
is excluded;

provided that x=0, m=p=2, n=q=4, E=N, all R, R2, R3, 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 methyl is excluded;

provided that L' = Me, L2 = {CoHq = CH2CH>, E = N, and both R® and R* are Me}, x
=0 is excluded;

provided that L' = Et, L? = {CoHq = CH2CH2, E = N, and both R® and R* are Me}, x =
0 is excluded;

provided that L' = iPr, L2 = {C,Hq = CH2CH>, E = N, and both R3 and R* are Me}, x
=0 is excluded;

provided that L' = tBu, L? = {Cp,Hq = CH2CH>, E = N, and both R® and R* are Me}, x
=0 is excluded;

provided that L' = tBu, L2 = {C,Hq = CMeHCHo>, E = N, and both R3 and R* are Me},
x = 0 is excluded;

provided that L' = tBu, L? = {C,Hq = CH2CHMe, E = N, and both R® and R* are Me},
x = 0 is excluded:;

provided that L' = {CmH» = CH2CH>, E = N, both R" and R? are Me}, L2 = {CyHq
CH2CHa, E = N, both R® and R* are Me}, x = 0 is excluded;

provided that L' = {CnHn = CH2CH2, E = N, both R' and R? are Et}, L? = {C,Hq
CH2CHg, E = N, both R% and R* are Et}, x = 0 is excluded; and

provided that L' = Me, L2 = {Cp,Hq = CH2CH2, E’ = O, R3is Me}, x = 0 is excluded.
[0040] Exemplary examples of the disclosed silicon-free lithium precursors shown in the
general formula (1) include LiN'Bu(CH2CH2NMez), LiN'Bu(CH2CH2NEtMe),
LiN'‘Bu(CHMeCH2NMe:), LiN'‘Bu(CH2CHMeNMe:), LiN(CH2CH:2NEtMe)2,
LiN(CH2CH2OEt)2, LiIN(CH2CH2NMez)2, LIN(CH2CH2CH2NMe?2)2, LiIN(CH2CH2NMeEt)2,
LiN(CHMeCH2NMez)(CH2CH2NMe32), LiN(CH2CHMeNMe:)(CH2CH2NMey),
LiN(CHEtCH2NMe2)(CH2CH2NMez), LiN(CH2CHEtNMe2)(CH2CH2NMe),
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L!N(CM g, CHoN Me;}(CHzC HzNMGz) LiN (C H,CMesN MQZ)(CHQCHEN M@z),
LIN(CH2CHaNPr2)2, LIN(CHzCH2NMez)(CHZCHZCHaNMez), LIN(CHCHZOE):,

.
™~ N A \\‘{_ ,r‘”}\

LiNMe(CHCHOED, LINMe(CHCH(OMe):) ( 5’% N ), etc.

[0041] The disclosed silicon-free lithium precursors include LIN(CH2CHzNMes)-,
LIN(CHMeCHNMe ) CHCHNMe,), LIN{CHCHMaNMez)(CH.CHaNMay),
LIN(CHEICHNMe,)(CHCHaNMe:), LIN(CHCHEINMez ) (CH-CH:NMe:),
LIN{CMe,CHoNMe:)(CHCHaNMez), LIN(CHCMeaNMe: )(CHCHzNMes),
LINtBU(CHCHaNMey), LINIBUWCHCH NEIMe), LINGBu(CHMeCH NMez),
LiNtBu(CHCHMeNMes), LIN(CHCHNEtMe), and LIN(CHCHLOEL), and
LiNMeg(CHCH(OMe)z).

[0042] The disclosed silicondrea lithium precursor is LINIBu(CHCH:NMe,). The
disciosed silicon-free lithium precursor is LINIBUWOCHCHNEIMe). The disclosed silicon-free
lithium precursor is LINIBu(CHMeCHNMe,). The disclosed silicon-free lithium precursor is
LiNtBu(CHCHMeNMe;).  The  disciosed  silicon-free  lithium  precursor s
LIN(CH,CH NEtMe). The disclosed silicon-free lithium precursor is LIN(CHCHLOE,. The
disclosed silicon-free lithium precursor is LIN(CH.CHaNMez),. The disclosed silicon-free
fithium precursor is LIN(CHCH,CHaNMes). The disclosed silicon-free lithium precursor is
LIN{CHCHzNMeE).. The disclosed silicon-free fithium precurser is
LIN(CHMeCHNMe {CHCHaNMez2). The disclosed silicon-free lithium precursor is
LIN(CH-CHMeNMea){CHCHNMe,). The disclosed silicon-free  lithium  precursor is
LIN(CHEICHNMe)(CHCHoNMes). The  disclosed  silicon-free  lithium  precursor s
LIN(CHzCHEINMe }(CHCHoNMep). The disclosed  silicon-free  lithium  precursor is
LIN(CMeaCHaNMe ) {(CHCHNMe). The  disclosed  silicon-free  lithium  precursor s
LIN(CH CMeNMe: ) CHCHaNMey). The  disclosed  silicon-free  lithium  precursor 8
LIN{CHCHoNIPT),. The disclosed silicon-free lithium precursor is
LIN(CH2OHNMe W CHCHLCHNMe:). The disclosed silicon-free  lithium  precursor s
LIN(CHCH:OQEL). The disclosed silicon-free lithium precursor is LINMe(CH.CHQEL). The

% ki N ,.,-“D)\,\
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-

[0043] The disclosed silicon-free lithium precursors may be formulated on a form of a

L
disclosed silicon-free lithium precursor is LINMe(CHCH(OMe)z) { U

monomer, & dimer or a trimer with different associations or combinations.
fo044] Furthermore, the disclosed silicon-free lithium precursors may be specified
through the following sub-formuila.

f0045) In one embodiment, the disclosed silicon-free lithium precursors may be lithium
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amincamides, where L' = CyHy L% = (GoHg)-NR'R? in the formula (1), having a general
formula:

[LI-N{CrHH{CpH-NRTR2)-D0y ()
wherein

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

e m, n, p, qeach are independent integers, 1sm<16, 1<n<16, 1spsiB, 1<0516,
preferably with n=2m+1 and/or g=2p, more preferably 1sms8, 1<p=8, 2=n<186,
25gs16;

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

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

e X is aninteger, Osxs4; and

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

[0048] bBxemplary examples of the disclosed silicon-free lithium precursors shown in the
general formula (I} include: LiNMe(CHCH:NMey), LiNMe(CHCHoNMey)(1,2-
diethoxyethane);,  LiNMe(CHCHoNMes)(1,2-dimethoxyethane),  LINE{CH.CHoNMey),
LINIPr{CHCHaNMey), LINIBU(CHCH2NMey), LINtBU{CH-CHaNEtMe),
LiNtBu(CHMeCH NMe,), LINIBu{CHCHMeNMe:), 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 L' = {CpHa)-NR'R?; L2 = (CpHy)-NR3R* in the formula (1), having a
general formula:

[LI-N{CrHa)-NRTR2)((CoHg)-NR*RY-Dyy (1
wherein

e  CnHy and CpoHq each are independently linear, branched or cyclic alkyi groups;

s m, n, p, g each are independent integers, 13m=16, 1=5ns16, 1<p=18, 150186,
preferably with n=2m and/or g=2p, more preferably 1sms4, 1spsd4, 25ns8,
250s8;

« R' R? R°® and R* sach are independently selected from hydrogen, linear,
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, fridentate, or polydentate neutral
coordinating ligand system, preferably D is a monodentate or bidentate;

s xis aninteger, 03x=4,; and

« Y is the degree of association of the molecule, 15y<8.

[0048] bExemplary examples of the disclosed silicon-free lithium precursors shown in the
general formula (D) include, LIN(CHz2CHaNMez)z, LIN(CHoCHzNEL )2, LIN(CH2CHNIP)2,
LIN{CHCH NEIMe)e, LIN(CHCHCHoNMeg),, LIN(CHMeCHNMes),
LIN(CHMeCH:NMe )} CHCHNMes), LIN(CHCHMeNMe:z)s,
LIN(CHCHMeNMe ) CHCHNMe,), LIN(CHEICHNMe: ) (CHCHNMe,),
LiN(CHCHEINMe ) (CHCHaNMes), LIN(CMe CHaNMe {CHCHNMes),
LIN(CH2CMeaNMe) (CHCHzNMe:z), LIN(CH2CHaNMe)(CHLCHCHNMes), etc.
[0048] Allernatively, the disclosed silicon-free lithium precurseors may he Hthium
alkoxyamides, where L' = CyoHn L® = (CpHg)-OR' in the formula (1), having a general
formula:

[Li-N(CaH{(CoHg)-ORJ-Dyy (V)
wherein

s  CnHa and CgHg each are independently linear, branched or cyclic alkyl groups;

e M, N, p, g each are independent integers, 13m=<16, 1=n<16, 1=5p<iB, 1202186,
preferably with n=2m+1 and/or g=2p, more preferably 1sms=8, 15p<8, 2:n<16,
22q=16;

« R'is independently selected from hydrogen, linear, branched or cyclic alkyl
groups, or linear, branched or cyclic alky! 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;

» XIS aninteger, 0sx<4; and

¢ Yy is the degree of asscciation of the molecule, 1sy=6.

fo050] Exemplary examples of the disclosed silicon-free lithium precursors shown in the

general  formula (V) include LiNMe(CH2CHOMe), LiNMe(CHCHLOED,

LiNMe(CH2CH:0IPr)  LiINMe(CHCH20OtBuU), LINEY{CH2CHOMe), LINEY{CH2CHL0EY),
o

~ o~ 3
‘\Nr N
- i

-
LINIPH(CH.CH,OMe), LINBU{CHCH.OMe), LINMe(CHCH(OMe)2) ( 1 P~ ) ete

f0051] Alternatively, the disclosed silicon-free lithium pracursors may be  lithium
diatkoxyamides, where L' = (CoHa)-OR'; L? = (CoHg)-OR? in the formula (1), having a general
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formula:
wherain

@

&

[0052]

[LIFN((CanHa-ORM(CoH)-OR-D,y (V)

CmtHn and CoHy each are independently linear, branched or cyclic alky! groups;
m, n, P, g each are independent integers, 1sms<18, 15ng16, 1<pg16, 150<16,
preferably with r=2m and/or g=2p, more preferably 1sms4, 1<ps4, 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 substiiuied by other
atoms or groups;

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

X is an integer, Osxs4; and

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

Exemplary examples of the disclosed siticon-free lithium precursors shown in the

general formula (V) include LIN(CH>CH2OMe)z, LIN(CH2CH20EL)2, LIN(CHCHLOiPr)2,
LIN{CH.CH201Bu),, etc.
fo053] Alternatively, the disciosed silicon-free lithium precursors may be  lithium

amincalkoxyamide complexes, where L' = (CuHn)-NR'R?, L2 = (CoHy)-OR® in the formula

(B, having a general formula:

wherain
&

&

[LI-N{(Cin)-NRTRZ)((Colq)-OR)-Didy Vi)

CalHa and CoHg each are independently linear, branched or cyclic alkyl groups;
m, R, P, g each are independent integers, 1sms18, 1<ns16, 15psi16, 15016,
preferably with n=2m andfor g=2p, more preferably 1smsd, 1=ps4, 2<n<8,
25g<8;

R' R? and R® are independently selected from hydrogen, linear, branched or
cyclic alkyl groups, or linear, branched or cyclic alky! 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 integer, 0=x=4; and

y is the degree of association of the molecule, 1<y<6.
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[0054] Exemplary examples of the disclosed silicon-free lithium precursors shown in the
general formula (V1) include LIN{CH2CH NMe2)(CH.CHOMe),
LIN(CH2CHNMe N CHCHLOED, LIN(CHCHaNMe:  {CHLCH-OIPT),
LIN{CH,CH2NMe2)(CH.CHLOtBU), etc.

foos5] The disclosed silicon-free lithium precursors exhibii good volatility and thermal
stability. Moreover, the disclosed silicon-free lithium pracursors may be liquid or low melting
point solids. The low melting point of the disclosed silicon-free fithium pracursors may be
<160°C, preferably less than 80°C, more preferably approximately 25°C. The disclosed
silicon-free lithium pracursors 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 functionalities 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.

[00571 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-containing layers using the disclosed
silicon-free lithium precursors may be performed at a temperature range between 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 electrodes may be performed.

f0058] To our knowledge, the use of the disclosed silicon-free lithium precursors
described in the general formula (§) 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, lithium 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, LixS, LisN, LiF, lithium carbonate,
lithium aluminum fluoride, lithium aluminum oxide, lithium aluminum, lithium cobalt oxide,
lithium titanate, lithium zirconate, lithium niobate, LiPON, lithium phosphate, lithium borate,
lithium borophosphate, lithium niobate, lithium zirconium oxides, etc.

[0059] Preferably, the disclosed silicon-free lithium precursors have suitable properties
for vapor deposition methods, such as vapor pressure ranging from approximately 0.1 Torr
at 23°C to approximately 1,000 Torr at 23°C, a melting point below 20°C (preferably being
in liquid form at room temperature) and more preferably below -20°C to prevent freeze/thaw
issues, and exhibiting 0% by volume or v/v to 1% v/v 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/CVD
precursor vaporization is also possible using sublimators such as ones disclosed in PCT
Publication WO 2009/087609 to Xu et al. Alternatively, solid precursors may be mixed or
dissolved in a solvent to reach a usable melting point and viscosity for usage by Direct
Liquid Injection systems. While the disclosed silicon-free lithium precursors are ideally
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 93% by weight or w/w to approximately 100% w/w, preferably
ranging from approximately 99% w/w to approximately 99.999% w/w, more preferably,
ranging from approximately 99% w/w to approximately 100% w/w. One of ordinary skill in
the art will recognize that the purity may be determined by '"H NMR or gas or liquid
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, pentane, cyclohexane, heptanes, toluene,
halogenated metal compounds. Preferably, the total quantity of these impurities is below
0.1% w/w. The purified composition may be produced by recrystallization, sublimation,
distillation, and/or passing the gas or liquid through a suitable adsorbent, such as 4A
molecular sieves.

[0062] The disclosed Li-containing film, islet or cluster forming composition contains less
than 5% v/v, preferably less than 1% v/v, more preferably less than 0.1% v/v, and even

more preferably less than 0.01% v/v of any of its analogs or other reaction products. This

28



WO 2021/072036 PCT/US2020/054720

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 metalioids in the purified Li-containing film,
islet or cluster forming composition may each range independently from approximately O
ppbw o approximately 100 ppbw, and more preferably from approximately 0 ppbw to
approximately 10 ppbw. These metal or metalioid impurities include, but are not limited 1o,
Arsenic{As), Barium{Ba), Beryllium(Be), Bismuth(Bi), Cadmium(Cd),
Calcium{Ca), Chromium{Cr), Cobalt{Co), Copper{Cu), Gallium(Ga), Germanium {Gs),

Aluminum(Ab,
Hafmium{Hf), Jirconium(Zr), Indium{in}, ltron{Fe), Lead(Pb), Magnesium(Mg),
Manganese(Mn), Tungsten(W), Nickel{Ni), Potassium(K), Sodium{Na), Strontium(Sn,
Thorium(Th), Tin{Gn), Tilanium(Ti, Uranium{U), Vanadium(Vy and Zinc{Zn). The
concentration of X (where X = Cl, Br) in the purified Li-containing film, islet or cluster forming
composition may range between approximately 0 ppmw and approximately 100 ppmw and
more preferably between approximately 0 ppmw to approximately 10 ppmw.

[0064] Care should be taken to prevent exposure of the disclosed Li-containing film, islet
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 battery industry.

f0066]  The disclosed Li-containing film, islet or cluster forming compositions may be used
to deposit Li-containing films or islets using any deposition methods known 1o 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. Exemplary CVD methods include thermal CVD, puised CVD (PCVD), low
pressure CVD (LPCVD), sub-atmospheric CVD (SACVD) or atmospheric pressure CVD
{(APCYD), hot-wire CVD or hot filament CVD (also known as cat-CvD, in which a hot wire
serves as an energy source for the deposition process), hot wall CVD, cold wall CVD,
aerosol assisted CVD, direct liquid injection CVD, combustion CVD, hybrid physical-CVD,
metalorganic CVD, rapid thermal CVD, photo-initiated CVD, laser CVD, radicals
incorporated CVD, plasma enhanced CVD (PECVD) including but not fimited to flowabie
PECVD, and combinations thereof. Exemplary ALD methods include thermal ALD, plasma
gnhanced ALD (PEALD), spatial isolation ALD, temporal ALD, selective or not ALD, hot-
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wire ALD (HWALD), radicals incorporated ALD, and combinations thereof. Super critical
fluid 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-
hased deposition are exemplified by spin-on deposition (SOD), spray deposition, dip-
coating, slit-coating.

{00677 The deposition methods should be chosen 80 as not 1o be harmiul 1o 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 to a defect free or pinhole free layer,
as it is 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 icns separate
lithium-containing layers, but wherein no physical or slectric contact shouid be made
between the layers to avoid an ireversible reduction in the battery efficiency. The layers
should provide the least ionic resistance so that the importanice to control the layer quality
18 thus critical.

fo068] The deposition processes may be done in reactanis treating flat or quasi-flat
surfaces, like single-substrate, batch, roli-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 coatings 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 {0 each cther 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 {0 the principle of Helmholiz
resonance, an incoming gas flow is forced over and into a cavity causing vibrations into the
ouigoing 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 disclosed 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 substrate.

[0070]  The disclosed methods may include forming a himetal-containing layer on a
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substrate using the vapor deposition process and, more specifically, for deposition of
LiNBQs, LiZrOy lavers. The disciosed methods may be useful in the manufacture of lithium-
ion batleries.

f0071F  The vapor of the Li-containing filim, islet or cluster forming composition is generaied
and then introduced into a reaction chamber containing a substraie. The temperature and
the pressure in the reaction chamber and the temperaiure of the substrate 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 reaction chamber, conditions within the reaction chamber are adjusted such that at
least part of the precursor is deposited onto the subsirate {¢ form the Li-coniaining 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.

f0072] 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 parallei-plate type
reactor, a cold-wall type reactor, a hot-wall type reactor, a singie-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
from about 15°C to about 800°C. More preferably, the temperature within the reaction
chamber may range from about 20°C o about 600°C. One of ordinary skill in the art will
recognize that the temperature may be optimized through mere experimentation to achieve
the desired resull.

[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 heated includes from approximately 20°C to approximately 1000°C.
Alternatively a non-limiting exemplary temperature io 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 to a sufficient temperature to obtain the
desired Li-containing film at a sufficient growth rate and with desired physical state and
composition. 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 suitable substrate used in semiconductor or lithium battery
industry. Examples of suitable substrates include wafers or supports, such as silicon, silica,
glass substrates. The support may have one or more layers of differing materials deposited
on it from a previous manufacturing step. For example, the supports may include silicon
layers (crystalline, amorphous, porous, etc.), 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 powders made of metallic oxides (especially
lithium nickel oxide, lithium nickel manganese oxide, lithium nickel cobalt oxide, lithium
nickel cobalt manganese oxide, lithium nickel cobalt aluminum oxide, lithium iron
phosphate, and the corresponding materials with dopants, or combinations thereof.
Additionally, the wafers may include copper layers or noble metal layers (e.g. platinum,
palladium, rhodium, or gold). The layers may include oxides which are used as dielectric
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, etc. Plastic layers, such as poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) [PEDOT:PSS] may also be used. The
layers 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 CHy, wherein x is greater than zero. The preferred underlying materials
are a graphitic or amorphous carbon, a lithium nickel manganese oxide, a lithium nickel

manganese cobalt oxide, a lithium nickel cobalt aluminum oxide.
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[0078] The disciosed 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 {o approximately 100:1.
Furthermore, one of ordinary skill in the art will recognize that the terms “film” or "ayer”
used herein refer to a thickness of some material laid on or spread over a surface and that
the surface may be a trench or a line. Throughout the specification and claims, the wafer
and any associated layers thereon are referred 1o as substrates. In many instances though,
the preferred subsirate utilized may be selected from hydrogenated carbons, silicon-based
carbons, lithium metal oxides or Si type substrates.

00777 The disclosed Li-containing film forming compositions may be supplied either in
neat form or in a blend with a suitable solvent, such as toluene, ethyl benzene, xylene,
mesitylene, decane, dodecane, octane, hexans, pentane, terliary amines, acetone,
tetrahydrofuran, ethanol, ethylmsthylketone, 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.
fo078] 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 and/or flow
meters. The compaosition in vapor form may be produced by vaporizing the neat or blended
composition through a conventional vaporization step such as direct vaporization,
distillation, by bubbling, or by using a sublimator such as the one disclosed in PCT
Publication WO2009/087608 to Xu ef a/. The neat or blended composition may be fad in
liquid state 10 a vaporizer where it is vaporized before it is introduced inio the reactor.
Alternatively, the neat or blended composition may be vaporized by passing a carrier gas
into a container containing the compaosition or by bubbling of the carrier gas into the
composition. The carrier gas may include, but is not limited to, Ar, He, or N, and mixtures
thergof. Bubbling with a carrier gas may also 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 g temperature that permits the Li-
containing film forming composition to be in its liguid 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 skilled in the art recognize that the temperature of the container may be
adjusted in a known manner {0 control the amount of Li-containing film forming composition

33



WO 2021/072036 PCT/US2020/054720

vaporized.

fo0807 In addition to the disciosed silicon-free lithium precursors, a reactant or a co-
reactant may aiso 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
riot limited to, oxidizers such as, Os, Oy, Hz0, trimethyiphosphate, an alkyiphosphate, an
alkylphosphimine, NO, NoG, Ha0,, O radicals, or combinations thereof, preferably Os or Oz
Typically, Os/0, mixtures are used for high temperature {(e.g., approximately 500°C or
higher) oxide deposition. In addition, the co-reactant may be Nz, NHs, NaHs, or an
alkythydrazine.

[0081] The disclosed vapor deposition processes (e.g., ALD, CVD) typically include a step
o 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 sector under high
vacuum andfor a carrier gas curtain.

fo082] 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 uiilized as a reducing agent when
treated with plasma. Forinstance, the plasma may be generated with a power ranging from
about 50 W to about 500 W, preferably from about 100 Wio 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 plasma
treatment.

[0083] When the desired Li-containing film also contains another element, for example
and without limitation, P, Ga, Ge, As, B, Ta, Hf, Nb, Mg, Al, Sr, Y, Ba, Ca, As, Sb, Bi, Sn,
Pb, Co, Ni, Fe, Mn, lanthanides, or combinations thereof, the co-reactants may include
another precursor which is selected from, bui 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 exampie, the Li-containing film, islet
or cluster forming composition may be introduced in one pulse and two additional reactants
may he introduced together in a separate pulse (e.g., modified ALD). Alternatively, the
reaction chamber may already contain the co-reactant prior o introduction of the disclosed
Li-cortaining 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 to the reaction chamber continuously while other reactants
are introduced by pulse (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
each co-reactant may last for a time period ranging from about 0.01 seconds to about 120
seconds, alternatively from about 1 seconds {o about 30 seconds, alternatively from about
2 seconds {0 about 20 seconds. In each example, the pulse of purge may last for a time
period ranging from about 0.01 s to about 50 s, alternatively from about 0.3 s to about 30 5,
alternatively from about 1 s to sbout 20 s, aiternatively from about 2 s to about 10 s. In
another alternative, 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).

[ooss] In one nondimiting 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, 3i0;, AlOs, s, 1o 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. He or NHs is introduced into the reaction chamber where
it reacts with the adsorbed Li-containing laver in a self-limiting manner. Any excess H or
NHa is removed from the reaction chamber by purging andf/or 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.

fo086] Alternatively, if the desired Li-containing film, islet or cluster contains a second
glement {.e., LiM, where M is P, Ga, Ge, As, B, Ta, Hf, Nb, Mg, Al, 5r, Y, Ba, Ca, As, Sb,
Bi, Sn, Fb, Co, lanthanides, or combinations thergof), 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, Hx or NHs may be introduced
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into the reaction chamber to react with the second precursor. Excess H: or NHz is removed
from the reaction chamber by purging and/or evacuating the reaction chamber. If a desired
film, islet or cluster thickness has beean achieved, the process may be terminated. However,
if & thicker film, islet or cluster is desired, the entire four-step process may be repeated. By
alternating the provision of the silicon-freg Li-containing precursor, second precursor, and
Ha or NHs, & film of desired composition and thickness may be deposited.

f0087) The disclosed silicon-free lithium precursors may contain any of the following
impurities: undesired co-generic species; solvents, chliorinated metal compounds; or other
reaction products. In one altemative, the tolal quantity of these impurities is below 0.1%
wihw.

fons8] Solvents, such as hexane, pentane, dimethyl ether, or anisole, may be used in the
precursors synthesis. The concentration of the solvent in the disclosed Si-containing
precursors may range from approximately 0% wfw to approximately 5% w/w, preferably
frorn approximately 0% wiw to approximatsly 0.1% w/iw. Separation of the solvents from the
precursor may be difficult if both have similar boiling points. Cooling the mixture may
produce solid precursor in liquid solvent, which may be separated by fiitration. Vacuum
distillation may also be used, provided the precursor product is not heated above
approximately its decomposition point.

fo089] In one alternative, the disclosed silicon-free lithium precursors coniain less than
5% vlv, preferably less than 1% v/v, more preferably less than 0.1% viv, and even more
preferably less than 0.01% viv of any of its undesired co generic species, reactants, or other
reaction products. This alternative may provide better process repeatability. This alternative
may be produced by distillation of the disclosed silicon-free lithium precursors.

[0090] 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.

f00917 Also disclosed are methods or processes for forming Li-containing layers on a
subsirate using an ALD or CVD process in a reaction chamber. The disclosed silicon-free
lithium precursors may be used to deposit Li-containing films or islets using ALD or CVD
methods known to those of skill in the art.

[0082] The disclosed vapor deposition processes (e.q., 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 temperature
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.
[0093] The substirate exposure time in the disclosed vapor deposition processes (e.g.,
ALD, CVD) using the disclosed precursors may range from 1 millisecond to 5 minutes,
preferably from 1 second to 80 seconds. The co-reactant exposure time in the disclosed
ALD processes using the disclosed precursors may range from 1 millisecond 1o 1 minute,
preferably from 100 milliseconds to 30 seconds.

fo084] 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 heid
between approximately 0.1 mTorr and approximately 1000 Torr, preferably between
approximately 0.1 Torr and approximately 400 Torr, more preferably between
approximately 1 Torr and approximately 100 Torr, even more preferably between
approximately 1 Torr and approximately 16 Torr.

[o0a5] The disclosed silicon-free lithium precursors and the co-reactanis may be
introduced into the reactor either sequentially (ALD) or simultaneously (CVD). The reactor
may be purged with an inert gas between the introduction of the precursor and the
introduction of the co-reactant. Alternatively, the substrate may be moved from one area for
precursor exposure to another area for co-reactant exposure {Spatial ALD).

[0086] Depending on the particular process parameters, deposition may take place for a
varying length of time. Generally, deposition may be allowed 1o continue as long as desired
or necessary o produce a film with the necessary thickness. Typical film thicknesses may
vary from an atomic monoclayer 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 alsc be performed as many times as necessary o
obtain the desired film.

[0087] Inone non-limiting exemplary ALD type process, the vapor phase of the disclosed
silicon-free lithium precursor is introduced 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, Oz)
is introduced into the reactor where it reacts with the physi- or chemisorped 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-step 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.

[0098] The Li-containing films or islets formed by the disclosed silicon free Li-containing
precursors through vapor deposition process include Li-O, LiOH, Li»2S, LisN, LiF, lithium
carbonate, lithium aluminum fluoride, lithium aluminum oxide, lithium aluminum, lithium
cobalt oxide, lithium titanate, lithium zirconate, lithium niobate, LiPON, lithium phosphate,
lithium borate, lithium borophosphate, etc.

[0099] 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(SIMez3)2, 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, LiNbO3 or
LiZrOx where silicon may lead to adverse electrochemical 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
tetrameric, leading to high molecular weight, high melting point and low volatility. For
example, n-BulLi is tetrameric in diethyl ether and hexameric in cyclohexane. Li(SiMe3) is
reported as a trimer in solid state, LiOtBu is said to evolve as a hexamer. The use of liquid
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 controlled 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 a 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”. It is then important to feed the heated tank in
a practical way. Liquids or low melting point solids may be transfilled with simple valve
opening. The melting point should be thus significantly lower than Li(OtBu) or Li(SiMes)z,
e.g. below 150°C, preferably 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 contrary, particles may merge, making the
feed rate potentially 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 ususlly highly reactive,
moisture sensitive and sometimes pyrophoric species. Special safety requiremeants are
necessary. They are usually commercially availabie in solution. Whereas the disclosed
silicon-free lithium precursors may require less special safely requirements than
organclithium compounds as lithium precursor source.

[0102] Known ALD/CVD processes for lithium-coniaining film formation proceed at
temperatures fypically 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 temperature 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 siectrodes.

[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 reguire 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 cases, only a small amount of Li-containing
materials, in the form of islets or clusters, €.g. non-continuous deposits, are enough to
improve the eiectrochemical behavior of the materials. In photovoltaic applications or
sermiconductor applications, fraces of lithium on the surface are also known to favor the
crystal growth of the materials aimed to be deposited such as copper indium gallium
selenide (CIGS), copper zinc tin sulfide (CZTS) absorbing layers, 2D-materials such as
molybdenum or fungsten chalcogenides, leading to crystallites of much greater size, hence
dramatically improving their physical properties, especially their electronic properties such
as carrier mobility. These traces of lithium may be formed of islets or clusters using gas
phase deposition technigues for instance.

Examples
[01058] 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 limit the scope of the inventions described hersin,
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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 600°C;

Reactor pressure: 1 Torr,

Lithium precursor canister temperature: 110°C;

Lithium precursor canisier pressure: 20 Torr,

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

Trimethylphosphate (TMPQ) canister temperature: 80°C,;

TMPO canister pressure: 20 Torr,

Flow rate of N, bubbling of TMPO: 40 scom;

Substrate: 5i or TiN;

Deposition method: ALD;

Number of cycles: 200; and

Fulse conditions in a cycle: lithium precursor: 80 s or 160 s; purge: 20 5; TMPO: 10
8; purge: 30 s, s 58; purge: 5 8.
[0107] The deposited film composition was siudied by X-Ray Photoelectron
Spectroscopy (XPS) and refractive index (Rl).

Example 1. Synthesis of LIN(CHCHNMe,),

[0108] Ina 100 ml flask, N{CHCHaNMez)s {(5.11 g, 22.0 mmeol) was dissolved in pentane
(200 mL). A solution of tBuLi in pentane (1.9 M, 11.8 mL, 22 mmol} was added dropwise {0
the flask at -78°C. After stirring at room temperature for 1 hour, all volatiles were removed
under reduced pressure to obtain a yellow powder of the LIN(CHCHzNMe;); (340 gas a
crude powder). Then the solid was dissolved in a2 amall amount of pentane {ca. 10 mL}. The
resuiting solution was cooled at - 30°C fo obtain yellow crystalline solid of the
LIN{CHzCHaNMeo)z (2.80 g, 17.6 mmol 79% vyield). The yellow crystalline solid may be
further purified by sublimation under dynamic vacuum at 100°C. "H NMR (CsDe, 400 MHz)
was measured at 1.80 — 2.20 ppm (m, 12H), 2.20 ~ 2.30 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 anaiysis
(TGA) (760 Torr) of LIN(CHCH:NMe:), illustrating the weight loss vs. temperature in
conditions representative of delivery conditions (10°C/min). FIG. 2 shows the graph of the
TGA (15 Torr) of LIN(CH2CHzNMez)z ilustrating the weight loss vs. temperature in
conditions representative of delivery conditions (10°C/min).
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Example 2: Synthesis of LIN(CHMeCHNMe)(CHCHxNMey)

[0108] In a 100 mL Schienk tube, HN{CHMeCH:NMe,)(CHCH.NMez) (1.34 g, 7.70
mmol) was dissolvad in pentane (20 mL). At 0°C, a solution of nBull 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 ware removed under reduced pressure o give the crude
compound  of LIN(CHMeCHNMe)(CHCH:zNMez) {1.37 ¢, guantitative vield). The
compound was purified by recrystallization from a pentane solution at -30°C. FiG. 3 shows
the graph of the thermogravimetric analysis (top: 760 Torr: bottom: 15 Torr) of
LiN(CHMeCHNMe){CHCHoNMe,)  Hllustrating the weight loss vs. temperature in
conditions representative of delivery conditions (10°C/min).

Example 3. Synthesis of LIN{CHCH:zNEL).
[0110] In a 100 mbL Schienk tube, HN(CHCH:NEL): (3.92 g, 18.2 mmol) was dissolved
in pentane (30 mL). At0°C, a solution of nBuliin hexane (1.6 M, 11.4 mL, 18.2 mmol) was
added dropwise. After the reaction mixture was stirred at room temperature for 1 hour, all
volatiles were removed under reduced pressure o oblain the crude compound of
LIN(CH:CHuNEt): (4.01 g, guantitative yield). The crude compound was purified by
recrystaliization from a pentane solution at -30°C. "H NMR (C8D8, 400 MHz) was measured
at 0.95 ppm (1, 12H), 2.3 - 3.2 ppm {m, 12H), 3.38 ppm {1, 4H). FIG. 4 shows the graph of
the TGA (15 Tor) of LIN(CHCHNEDL): illustrating the weight loss vs. temperature in

conditions representative of delivery conditions (10°C/min).

Example 4. Synthesis of LiNMe(CHCH:NMe,)
[0111] In a 500 mi flask, NN N-tfrimethylethylenediamine (11.7 g, 114 mmol) was
dissolved in pentane (250 mbL). At 0°C, a solution of nBuli in pentane (1.6 M, hexane, 71
mi, 114 mmol) was added to the flask. After stirring at room temperature for 1 hour, all
volatiles were removed under reduced pressure to oblain white solid of
LiNMe(CHCH NMez) (12.3 g, 113 mmol 98% vield). The white solid was crystallized from
a pentane solution at -30°C. "H NMR (CesDs, 400 MHz) was measured at 1.99 ppm (brs,
8H), 2.44 ppm (t, 2H), 3.10 (brs, 3H), 3.20 (brs, 2H). FIG. 5§ shows the graph of the TGA
{15 Torr) of LINMe{CHCHaNMe,), ilustrating the weight loss vs. temperature in conditions

representative of delivery conditions (10°C/min).

Exampile 8§ Synthesis of LINtBu{CH,CH.NMe;)
[0112] In a 100 mL Schienk tube, HNIBU{CH.CH:NMes) (4.58 g, 31.7 mmol) was
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dissolved in pentane (80 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(CHCH:NMe;) {(4.07 g, quantitative yield). The crude compound was purified by
recrystallization from a pentane solution at -30°C. "H NMR (CB8D8, 400 MiHz) was measured
at 1.33 ppm (s, 9H), 1.95 (s, 6H), 2.3-2.5 (brs, 2H), 3.2 (1, 2H}. Fi(. 8 shows the graph of
the TGA (15 Torr) of LINtBu(CHCH:MNMe:) illustrating the weight ioss vs. temperature in
conditions representative of delivery conditions (10°C/min).

Example 6. Synthesis of a mixture of HNIBu({CHMeCH>NMe:) and
HNIBU{CHCHMeNMes) (8.5 1)

[01131 Ina 2 L flask, tBuNH: (800 mi, 5.70 mol) was dissolved in deionized water (400
mL). A solution of 2-chlorcdimethylaminopropane hydrochicride (300 g, 1.9C mol) in
deionized water (400 mL) was slowly added {o the flask under cooling with anice bath. The
reaction solution was stirred at room temperature overnight. A solution of NaCH (153 g,
3.82 mol) in deionized water (300 mL) was slowly added. The water phase was divided into
4 portions. Each portion was extracted with pentane (100 mL x 8). After dried over MgSQ.,
the organic phase was evaporated under reduced pressure to obtain crude liquid. The crude
liquid was distilied under static vacuum to remove the dissolved solid. Fractional distiliation
(85°C, 10 kPa) to the liquid was conducted to obtain a colorless liquid of
HNtBU{CHMeCHNMe,) and HNIBU(CH,CHMeNMe:) (6.8 : 1) (175 g, 58% yield). H NMR
{CBD6, 400 MHz) of HNIBU{(CHMeCHNMez) was measured under 0.78 ppm (d, 3H), 1.08
ppm (s, OH), 1.39 ppm (brs, TH), 2.08 pom (s, 8H), 2.38 ppm (m, 1H), 2.50 pom (m, 1H),
2.71 ppm (m, 1H). *H NMR (CsDe, 400 MHz) of HNtBu{CH,CHMeNMe,) was measured
under 1.07 ppm (d, 3H), 1.11 ppm (s, 9H), 1.680 ppm (brs, 1H), 1.88 ppm (m, 1H), 2.03 ppm
(s, 8Hy, 2.12 ppm {m, 1H), 2.78 ppm (m, 1H).

Example 7. Synithesis of a mixture of LINIBu(CHMeCH:NMe») and
LINIBu(CHCHMeNMey) (6.5 1 1)
[0144] In a 500 mbL flask, a mixiure of HNBuWCHMeCH.NMes) and
LiNtBu{CHCHMeNMe:) (ratio; 8.5 0 1, 70.8 g, 448 mmol) was dissolved in pentane (100
mL). At0°C, a solution of nBuLi in hexane (1.8 M, 280 mL., 448 mmol) was added dropwise.
After the reaction mixture was stirred at room temperature for 1 hour, solvents were
removed under reduced pressure to give yellow crude liquid {gquantitative yield). The liquid
was distilled under dynamic vacuum at 100°C to obtain slightly yeliow 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 Tomr) of LINIBWCHMeCH:NMe;) and
LiNtBu(CHCHMeNMey) (6.5 © 1) illustrating the weight Ioss vs. temperature in conditions
representative of delivery conditions (10°C/min). Fig. 8 is 'H NMR Spectrum of the mixture
of LINtBu(CHMeCHaNMes) and LINtBU{CHCHMeNMez) in CsDs.

Example 8 Deposition of Lithium phosphate

[0118] Li-containing films wers deposited by ALD on siicon substrates using
LIN(CHCHNMe2)e and trimethyiphosphate (TMPO) in a sequential mode using & gydlic
mode g3 follows. LIN(CH2CHaNMen), was pulsed during 10 5 at a flow rate of 1.2 socom. Mo
was flown for 30 s to purge the excess of LIN(CHCHoNMe),. TMPO was pulsed during
10s at & flow rate of 5 scom. The number of cycles is 200 The lemperature and prassure
conditions were set at 2580°C and 2 Torr. With those conditions, a film of about 80 A was
deposiied, implying a growth rate of 0.4 A per cycle. The formed film has a refractive index
of about 1.50. The film composition measured by XPS is determined {0 be about Liz POas,
sorresponding 1o a targeted range of material composition.

Example 9: ALD of LisPQq fitm using LIN(CH.CHaNMez). from 125°C to 250°C
[04161 The LisPOs film was deposited by ALD using LIN{CHCHzNMey)z, trimethyl
phosphate (TMPO) and ozone (Os) at a temperature ranging from 125°C to 250°C on a Si
wafer using a fiuidized bed reactor after 200 ALD cycles. The pulse of LIN(CHCHoNMez)»
was 60 s. FIG. 8 is growth per cycle (GPC) at the temperatures from 125°C to 25¢°C. The
reactor temperature varies from 125°C to 250°C. FIG. 10 is XPS resuits of the deposited
LioPOy film. Based on XPS analyses, the film deposited in these conditions leads to &
refatively constant atomic percentage at a wide range of temperature, e.g. Li. 34.6%, P
13.8%, O: 48.8%, C: 2.3%, N: 0.8% at 125°C. In addition, refractive index is 1.58, see FIG.
41, which is close to that (1.59) of bulk LisPOs. Thus, under these conditions, the material
deposited is thus a lithium phosphate, LisPOs The LizPOy film growth at low deposition
temperature {e.g., < 200°C) is quite unexpected and has never beean reported to 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 LisPO4 layer provides an effective interface between the electrolyte and the
electrode material that is said to catalyze the decomposition of the electrolyte at exireme
voltages.
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Example 10: ALD of LizsPOq film using LIN(CH2CH2NMe»), at 150°C

[01471 The LibPO,4 film was deposited by ALD using LIN(CHCHaNMe;)., 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(CHCHNMeaz): was 60 s and 180s. The
GPC (FIG. 12) reaches1 .6 A after 60s (about 1.4 cc) of LIN{CH2CHzNMes)z, with a refractive
index of 1.56 (FIG. 13). This LisPO, deposition process is thus very atiractive for a number
of batiery applications, especially protective coating layers for Li-ion batlferies and solid-
state batteries.

Example 11. ALD of LisPOq4 film using LIN(CH:2CHzNMes)2 on Si wafer at 135°C
[0118] The LisPO4 film was deposited by ALD using LIN(CH:CH:NMes),, 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(CHCH:NMez) was 80 s and 160s. FIG.
14 is GPC resuits at 138°C. Fi3. 158 is Rl resulis 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.

[0119] In addition, using a patterned Si wafer, under the same conditions, the films
obtained on the patterned Si wafer (aspect ratio = 6.25 ~ 18) had a good conformality of
nearly 70%.

Example 12: ALD of LizPO4 film using LIN(CH.CHaNMes), on TiN substrate at 135°C
[0120] The Li;PO4 film was deposited by ALD using LIN(CHCHzNMez)s, 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. LisPOu film growth is also observed on TiN
subsirate (FIG. 16).

Example 13; ALD of LizPO, film at 135°C without O3
[0121] The LisPO4 film was deposited by ALD using LIN(CH,CH NMez), and TMPO at a
temperaturg 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
containing 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(CH2CHaNMe2)2

[0122] Silicon or amorphous carbon substrates were introduced into an ALD or CVD
reactor. Then, the subsiraies were heated under nitrogen atmosphere to the set point from
100 to 500°C for each experiment. After the temperature reached o the set point, the
LIN(CHCHaNMe2)a pracursor, reactant and carrier gases were flowed into the reactor {0
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 Tor. 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. Expacted formation of the Li-containing films using

LIN(CH2CHzNMeo)-
[0423] Silicon or amorphous carbon substrates were introduced into an ALD or CVD
reactor. Then, the substrates were heated under nitrogen atmosphere to the set point from
100 io 500°C for each experiment. After the temperature reached to the set poini, the
LIN({CHzCHoNMeo): and NbCp{=NiBu)(NMes); precursor mixiure, 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 nichate 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(CHzCHzNMes):
[0124] Silicon or amorphous carbon substrates 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{CH:CHaNMes), 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 Tor. 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 {o few
minutes.

(04257 1twill be undersiood that many addifional changes in the details, materials, steps,
and arrangement of parts, which have been herein described and illustrated in crder to
explain the nature of the invention, may be made by those skilled in the art within the
principle and scope of the invention as expressed in the appended claims. Thus, the present
invention is not intended 1o be limited to the specific embodiments in the examples given
above and/or the attached drawings.

[0126] 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 describad herein, but is only limited by the claims which follow, the scope
of which shall include all equivalents of the subject matter of the claims.
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What is claimed is:

1. A method for forming a Li-containing film, islet or cluster on a substrate, the
method comprising the steps of:
introducing a silicon-free lithium precursor having a general formula
[Li-NL'L2-Dy]y (1)
into a reactor containing the substrate disposed therein, wherein
L' has a general formula: CrnHn, (CmHn)-ER'R?) or (CmHn)-E’R"), wherein
e CnHhis a linear, branched or cyclic alkyl groups;
e m and n are independent integers, 1<=m<16, 1<n<16;
e EisB,N:;

E’ is a divalent element;

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 atoms or groups;
L2 has a general formula: (CpHq)-ER3R* or (CoHq)-E'R3, wherein

e CpHqis alinear, branched or cyclic alkyl groups;

e pand q are independent integers, 1<p<16, 1<q<16;

e EisB,N;

E’ is a divalent element;

R3 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 atoms or groups;

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

X is an integer, 0<x<4; and

y is the degree of association of the molecule, 1<y<6; and

depositing at least part of the silicon-free lithium precursor onto the substrate to

form the Li-containing film, islet or cluster using a vapor deposition method.

2. The method of claim 1, wherein
L"is a C1-C16 linear, branched or cyclic carbon chains, or of the form (CnHn)-ER'R?
or (CmHn)-E'R", wherein

e CnHnis an alkyl chain and may be linear, branched or cyclic alkyl groups;
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E represents B, N;

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

m is an integer which value is 1 or an integer ranging from 1 to 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 C4-Cg alkyl groups, or linear, branched or cyclic
alkyl groups substituted by other atoms or groups;

R? is independent and selected from the group consisting of hydrogen,
linear, branched or cyclic C1-Csg alkyl groups, or linear, branched or cyclic

alkyl groups substituted by other atoms or groups;

L2 is of the form (C,Hq)-ER3R* or (CpHq)-E’'R3, wherein

CpHq 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, S;

p and g are independent integers ranging from 1 to 16, preferably p is
comprised from 1 to 8 and q 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 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;

X is an integer comprised between 0 and 4; and

y represents the degree of association of the molecule and is comprised

between 1 and 6.

3. The method of claim 1, wherein the silicon-free lithium precursor is selected from
LiNMe(CH2CH2NMe»), LiINMe(CH2CH2NMes)(1,2-diethoxyethane),
LiNMe(CH2CH2NMe2)(1,2-dimethoxyethane), LINEt(CH2CH2NMe:2), LiNiPr(CH2CH2NMe»),
LiNtBu(CH2CH2NMey), LiNtBu(CH2CH2NEtMe), LiNtBu(CHMeCH2NMe3),
LiNtBu(CH2CHMeNMe>), LiN(CH2CH2NMez2)2, LIN(CH2CH2NEt2)2, LIN(CH2CH2NiPr2)2,
LiN(CH2CH2NEtMe)2, LiIN(CH2CH2CH2NMez)2, LIN(CHMeCH2NMez)2,
LiN(CHMeCHzNMe2)(CH2CHz2NMez), LiN(CH2CHMeNMez)2,
LiN(CH2.CHMeNMez)(CH2CH2NMe3), LiN(CHEtCH2NMez)(CH2CH2NMe?),
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LiN(CH2CHEtNMe2)(CH2CH2NMe:>), LiN(CMe2CH2NMe2)(CH2CH2NMe?),
LiN(CH2CMe2NMe2)(CH2CH2NMe:2), LiN(CH2CH2NMe2)(CH2CH2CH2NMey),
LiNMe(CH2CH20Me), LINMe(CH2CH2OEt), LiNMe(CH2CH20iPr) LiNMe(CH2CH-OtBu),
LiINEt(CH2.CH20Me), LINEt(CH2CH2OEt), LiNiPr(CH2CH>OMe), LiNtBu(CH2CH>-OMe),
LiIN(CH2CH20OMe)z, LiIN(CH2CH2OEt)2, LiIN(CH2CH20iPr),, LIN(CH2CH20tBu)2,
LiN(CH2CH2NMe2)(CH2CH20OMe), LiN(CH2CH2NMe2)(CH2CH2OEt),
LiN(CH2CH2NMe2)(CH2CH2QiPr), LiN(CH2CH2NMe2)(CH2CH-0tBu), or
LiNMe(CH2CH(OMe)2).

4. The method of claim 1, wherein the silicon-free lithium precursor is selected from
LiNtBu(CH2CH2NMez), LiNtBu(CH2CH2NEtMe), LiNtBu(CHMeCH2NMez),
LiNtBu(CH2CHMeNMe:), LiIN(CH2CH2NEtMe)2, LIN(CH2CH20Et)2, LIN(CH2CH2NMes),,
LiN(CH2CH2CH2NMez)2, LiIN(CH2CH2NMeEt)2, LIN(CHMeCH2NMe2)(CH2CH2NMez),
LiN(CH2.CHMeNMez)(CH2CH2NMe32), LiN(CHEtCH2NMez)(CH2CH2NMe?),
LiIN(CH2CHEtNMe2)(CH2CH2NMe3), LiIN(CMe2CH2NMe2)(CH2CH2NMey),
LiN(CH2CMez2NMe;)(CH2CH2NMez), LIN(CH2CH2NiPr2)2,
LiIN(CH2CH2NMe2)(CH2CH2CH2NMe»), LIN(CH2CH2OELt),, LINMe(CH2.CH2OEt), or
LiNMe(CH2CH(OMe)2).

5. The method of claim 1, wherein the silicon-free lithium precursor is
LiN(CHzCHzNMez)z.
6. The method of claim 1, wherein the silicon-free lithium precursor is a monomer, a

dimer, a trimer, or combinations thereof.

7. The method of claim 1, wherein the silicon-free lithium precursor is liquid below
150°C.

8. The method of claim 1, wherein the vapor deposition method is ALD, CVD, spray

coating, dip coating, slit coating, spin-on deposition or a combination thereof.

9. The method of any one of claims 1 to 8, further comprising the step of delivering
into the reactor a co-reactant selected from O3, Oz, H20, trimethylphosphate, an
alkylphosphate, an alkylphosphimine, NO, N2O, H>O2, O radicals, or combinations

thereof.
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10. The method of claim 9, wherein the co-reactant is Os.

11. The method of any one of claims 1 to 8, wherein the Li-containing film, islet or
cluster is a film, islet or cluster of Li2O, LiOH, Li2S, Li3N, LiF, lithium carbonate, lithium
aluminum fluoride, lithium aluminum oxide, lithium aluminum, lithium cobalt oxide, lithium
titanate, lithium zirconate, lithium niobate, LiPON, lithium phosphate, lithium borate,

lithium borophosphate, lithium niobate, lithium zirconium oxides, or the like.

12.  The method of any one of claims 1 to 8, wherein the temperature within the reactor

ranges from about 0°C to about 600°C.

13. A composition comprising a lithium precursor having a general formula:
[Li-NL'L2-Dy]y )]
wherein
L' has a general formula: CnH,, (CmHn)-ER'R?) or (CmHn)-E'R"), wherein
e CnHsis a linear, branched or cyclic alkyl groups;
e m and n are independent integers, 1<m<16, 1<n<16;
e 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 formula: (CpHq)-ER3R* or (CoHq)-E'R3, wherein

e CyHqis alinear, branched or cyclic alkyl groups;

e pand q are independent integers, 1<p<16, 1<q<16;

e EisB,N;

E’ is a divalent element;

R3 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 atoms or groups;

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

X is an integer, 0<x<4; and

y is the degree of association of the molecule, 1<y<6.
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14. The composition of claim 13, wherein
L"is a C1-C16 linear, branched or cyclic carbon chains, or of the form (CnHn)-ER'R?
or (CmHn)-E'R", wherein

e CnHhnis an alkyl chain and may be linear, branched or cyclic alkyl groups;

e E represents B, N;

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

e mis an integer which value is 1 or an integer ranging from 1 to §;

e nis anindependent integer ranging from 2 to 16;

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

e R?isindependent and selected from the group consisting of hydrogen,
linear, branched or cyclic C1-Cg alkyl groups, or linear, branched or cyclic
alkyl groups substituted by other atoms or groups;

L2 is of the form (C,Hq)-ER3R* or (CpHq)-E’'R3, wherein

e CyHqis an alkyl chain and may be linear, branched or cyclic alkyl groups;

e E represents B, N;

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

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

¢ R3and 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;

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; and

y represents the degree of association of the molecule and is comprised between 1
and 6,

provided that L' = Me, L? = {C,Hq = CH2CHa, E = N, and both R3 and R* are Me}, x
= 0 is excluded,

provided that L' = Et, L2 = {C,Hq = CH2CH>, E = N, and both R3 and R* are Me}, x

=0 is excluded;
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provided that L' = iPr, L? = {C;Hq = CH2CH2, E = N, and both R? and R* are Me}, x
= 0 is excluded,

provided that L' = tBu, L2 = {C,Hq = CH2CHg, E = N, and both R3 and R* are Me}, x
= 0 is excluded;

provided that L' = tBu, L? = {C,Hq = CMeHCHo>, E = N, and both R® and R* are Me},
x = 0 is excluded;

provided that L' = tBu, L2 = {C,Hq = CH2.CHMe, E = N, and both R3 and R* are Me},
x = 0 is excluded,;

provided that L' = {CnH, = CH2CHg, E = N, both R" and R? are Me}, L? = {C,Hq =
CH2CHo>, E = N, both R3 and R* are Me}, x = 0 is excluded;

provided that L' = {CnH, = CH2CHg, E = N, both R" and R? are Et}, L2 = {C,Hq =
CH2CHg, E = N, both R% and R* are Et}, x = 0 is excluded; and

provided that L' = Me, L2 = {CpHq = CH2CH2, E’ = O, R3is Me}, x = 0 is excluded.

15. The composition of any one of claims 13 and 14, wherein the lithium precursor is
selected from LiNMe(CH2CH2NMe:), LiINMe(CH2CH2NMe:)(1,2-diethoxyethane),
LiNMe(CH2CH2NMe:)(1,2-dimethoxyethane), LINEt(CH2CH2NMe:2), LiNiPr(CH2CH2NMez),
LiNtBu(CH2CH2NMey), LiNtBu(CH>CH2NEtMe), LiNtBu(CHMeCH2NMe3),
LiNtBu(CH2CHMeNMez2), LiIN(CH2CH2NMez2)2, LIN(CH2CH2NEt2)2, LIN(CH2CH2NiPr2)2,
LiN(CH2CH2NEtMe)2, LIN(CH2CH2CH2NMez)2, LIN(CHMeCH2NMez)2,
LiN(CHMeCH2NMe2)(CH2CHz2NMez), LiN(CH2CHMeNMez)2,
LiN(CH2.CHMeNMez)(CH2CH2NMe32), LiN(CHEtCH2NMez)(CH2CH2NMe?),
LiIN(CH2CHEtNMe2)(CH2CH2NMey), LIN(CMe2CH2NMe2)(CH2CH2NMey),
LiN(CH2CMe2NMe2)(CH2CH2NMe?), LiN(CH2CH2NMe2)(CH2CH2CH2NMe3),
LiNMe(CH2CH20OMe), LiNMe(CH2CH20Et), LINMe(CH2CH20iPr) LiNMe(CH2CH20tBu),
LiINEt(CH>.CH20OMe), LINEt(CH2CH2OEt), LiNiPr(CH>.CH20OMe), LiNtBu(CH>CH>OMe),
LiN(CH2CH20Me)2, LiIN(CH2CH20Et)2, LIN(CH2CH20iPr)2, LIN(CH2CH20tBu)z,
LiN(CH2CH2NMe2)(CH2CH2OMe), LiN(CH2CH2NMez)(CH2CH-OEt),
LiN(CH2CH2NMe2)(CH2CH2QiPr), LiN(CH2CH2NMe2)(CH2CH-0tBu), or
LiNMe(CH2CH(OMe)2).

16.  The composition of any one of claims 13 and 14, wherein the lithium precursor is
selected from LiNtBu(CH2CH2NMe:>), LiNtBu(CH2CH2NEtMe), LiNtBu(CHMeCH2NMey),
LiNtBu(CH2CHMeNMe:), LiIN(CH2CH2NEtMe)2, LiIN(CH2CH20Et)2, LIN(CH2CH2NMes)2,
LiIN(CH2CH2CH2NMez)2, LIN(CH2CH2NMeEt)z, LIN(CHMeCH2NMe2)(CH2CH2NMe:»),
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LiN(CH2.CHMeNMez)(CH2CH2NMe32), LiN(CHEtCH2NMez)(CH2CH2NMe?),
LiN(CH2CHEtNMe2)(CH2CH2NMe:), LiN(CMe2CH2NMe2)(CH2.CH2NMe»),
LiN(CH2CMe2NMez)(CH2CH2NMez), LIN(CH2CH2NiPr2).,
LiN(CH2CH2NMe2)(CH2CH>CHzNMez), LIN(CH2CH2OEt),, LINMe(CH2CH2OEY), or
LiNMe(CH2CH(OMe).).

17. The composition of any one of claims 13 and 14, wherein the lithium precursor is
LiN(CH2CH2NMez)2.

18.  Afilm, islet or cluster forming precursor having a general formula:
[Li-NL'L2-Dy]y )]
wherein
L' has a general formula: CrnHn, (CmHn)-ER'R?) or (CmHn)-E'R"), wherein
e (CmHn) is alinear, branched or cyclic alkyl groups;
e m and n are independent integers, 1<m<16, 1<n<16;
e EisB,N;

E’ is a divalent element;

R" and R? each are independently 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;
L2 has a general formula: (CoHq)-ER3R* or (Cp,Hq)-E'R3, wherein

e CpHqis alinear, branched or cyclic alkyl groups;

e pand q are independent integers, 1<p<16, 1<q<16;

e EisB,N;

E’ is a divalent element;

R3 and R* each are independently 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;

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

X is an integer, 0<x<4; and

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

19. The film, islet or cluster forming precursor of claim 18, wherein
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L' is a C4-C16 linear, branched or cyclic carbon chains, or of the form (CnHn)-ER'R?
or (CmHn)-E'R", wherein

e CpHyis an alkyl chain and may be linear, branched or cyclic alkyl groups;

e E represents B, N;

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

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

e nis anindependent integer ranging from 2 to 16;

e R'isindependent and selected from the group consisting of hydrogen,
linear, branched or cyclic C1-Csg alkyl groups, or linear, branched or cyclic
alkyl groups substituted by other atoms or groups;

¢ R2is independent and selected from the group consisting of hydrogen,
linear, branched or cyclic C4-Cg alkyl groups, or linear, branched or cyclic
alkyl groups substituted by other atoms or groups;

L2 is of the form (CpHq)-ER3R* or (CpHg)-E’R3, wherein

e CyHgqis an alkyl chain and may be linear, branched or cyclic alkyl groups;

e E represents B, N;

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

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

¢ R3and 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;

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; and

y represents the degree of association of the molecule and is comprised between 1
and 6.

20.  The film, islet or cluster forming precursor of any one of claims 18 and 19, being
selected from LiNMe(CH2CH2NMez2), LiNMe(CH2CH2NMe2)(1,2-diethoxyethane),
LiNMe(CH2CH2NMe2)(1,2-dimethoxyethane), LINEt(CH2CH2NMe:2), LiNiPr(CH2CH2NMe»),
LiNtBu(CH2CH2NMez), LiNtBu(CH2CH2NEtMe), LiNtBu(CHMeCH2NMez),
LiNtBu(CH2CHMeNMe:), LIN(CH2CH2NMez)2, LIN(CH2CH2NEt2)2, LIN(CH2CH2NiPr2)2,
LiN(CH2CH2NEtMe)2, LIN(CH2CH2CH2NMez)2, LIN(CHMeCH2NMez)2,
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LiN(CHMeCH2NMe2)(CH2CH2NMez), LiIN(CH2CHMeNMez).,
LiN(CH2CHMeNMe:)(CH2CH2NMe>), LIN(CHEtCH2NMe2)(CH2CH2NMey),
LiN(CH2CHEtNMe2)(CH2CH2NMe>), LiN(CMe2CH2NMe2)(CH2CH2NMe>),
LiN(CH2CMezNMe2)(CH2CHzNMe), LiIN(CH2CHzNMez)(CH2CH2CH2NMes),
LiNMe(CH2CH2OMe), LiNMe(CH2CH2OEt), LINMe(CH2CH20iPr) LiINMe(CH2CH20OtBu),
LINEt(CH.CH20Me), LINEt(CH.CH,OE), LiNiPr(CH2CH.OMe), LiNtBu(CH2CH20OMe),
LiN(CH2CH20Me)2, LIN(CH2CH20Et),, LiIN(CH2CH2QiPr)2, LIN(CH2CH20tBu)2,
LiN(CH2CH2NMe2)(CH2CH20Me), LiN(CH2CH>NMez)(CH.CHOE),
LiN(CH2CH2NMe2)(CH2CH20iPr), LiN(CH2CH2NMe2)(CH2CH20tBu), or
LiNMe(CH2CH(OMe).).
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