DOCUMENT TITLE: SPECIFICATION

TITLE OF THE INVENTION: COMPOUND AND METHOD FOR PRODUCING
LITHIUM-CONTAINING FILM

TECHNICAL FIELD
(0001]

The present invention relates to a compound and a method for producing a
lithium—containing film.

BACKGROUND ART

[0002]

Lithium—containing thin films are widely used as a surface coating layer of an
electrode material in lithium ion battery applications. During the first cycle of a
lithium ion battery, a solid electrolyte interface (SEI) is observed to form on the
anode and/or the cathode due to decomposition of the electrolyte at the
electrolyte/electrode interface. Consumption of lithium causes loss of capacity in a
lithium ion battery. The SEI layer formed becomes uneven and unstable, and cracks
and dendrite crystals appear, which can cause thermal runaway. A barrier potential
is further formed in the SEI layer, which makes intercalation (insertion) to the
electrode more difficult.

[0003]

Coating the electrode surface by atomic layer deposition (ALD) or chemical vapor
deposition (CVD) is the method of first choice for forming the intended solid
electrolyte interface thin film, and therefore avoids forming these unstable layers. A
lithium—containing thin film is a very desirable candidate for a protective electrode
coating by virtue of its good conductivity and high electrochemical stability.

[0004]

Another important application of a lithium—containing thin film is for forming a solid
electrolyte material used in a solid—state battery. A solid—state battery is a solvent—
free system that has a longer life, a faster charge time, and a higher energy density
than conventional lithium ion batteries. The following technical step may be
considered during development of these batteries. A solid electrolyte comprising a
lithium—containing thin film, such as lithium phosphate, lithium borate, or lithium
borophosphate, is deposited by ALD/CVD. This can give an even, conformal lithium—
containing thin film even on a complex structure such as a 3D battery.



[0005]

Various methods have been hitherto reported for forming a lithium—containing film,
including for lithium battery applications and other applications (for example, Patent
Documents 1 to 4).

PRIOR ART DOCUMENTS
PATENT DOCUMENTS
[0006]
PATENT LITERATURE 1: WO 00/67300 At
PATENT LITERATURE 2: WO 02/27063 A2
PATENT LITERATURE 3: WO 2011/002920 A2
PATENT LITERATURE 4: US 2012/0276305 A1
SUMMARY OF THE INVENTION
PROBLEMS THAT THE INVENTION IS TO SOLVE
[0007]

Previous lithium compounds for forming a lithium thin film, however, have the
following problems.

[0008]

First, lithium compounds are present as various aggregates in a solution or a solid
state. These molecules usually have a multimer, typically a trimer or tetramer,
structure, which gives high molecular weight, a high melting point, and low volatility.
For example, n—BulLi is a tetramer in diethyl ether and a hexamer in cyclohexane.
Since lithium compounds are not very volatile, only the quickly delivered portion is
heated when heating to a high temperature is necessary. The remaining lithium
compound is held in a “mother tank” under ambient conditions. In this case, it is
important to supply the residual lithium compound by a practical method to a tank
heated to a high temperature. Additionally, delivering a solid at a stable supply rate
brings about difficulties when taking account of changes in the form thereof.
Typically, smaller particles have a high surface bulk ratio and larger particles are
consumed more quickly. Conversely, melting the particles may potentially destabilize
the supply rate.



[0009]

Therefore, a volatile, liquid lithium compound is required in this technical field,
especially in the semiconductor industry. When the lithium compound is a liquid, the
flow rate can be accurately measured and/or controlled and the liquid can be
transferred and filled through a tank simply by opening a valve.

[0010]

Next, organic lithium compounds such as an alkyl lithium or a lithium amide are a
well-known type of lithium compound, and these usually have high reactivity and
moisture sensitivity, and may sometimes be a pyrophoric species. These lithium
compounds normally require special safety measures, as will be understood from the
fact that they are commercially available in a solution.

[0011]

A well-known ALD/CVD process for forming a lithium—containing thin film typically
proceeds at a temperature of between 250° C and 350° C. These temperatures are
permissible when deposition occurs on a component such as an active material
powder. These temperatures are not suitable for deposition on a temperature—
sensitive material such as a lithium ion battery electrode.

[0012]

The present invention takes account of these problems, and an object of the
present invention lies in providing a compound having a low melting point, enhanced
volatility, and excellent thermal stability, and a method for producing a lithium—
containing film.

MEANS OF SOLVING THE PROBLEMS
[0013]

As a result of diligent study, the inventors discovered that the object can be
achieved by adopting the following configuration, and so perfected the present
invention.

[0014]

In one embodiment, the present invention relates to a compound represented by
the following formula (1).

[CHEMICAL EXPRESSION 1]



(D);(-- Li—A 1)

(In the formula (1), A is a nitrogen atom, a phosphorus atom, a boron atom, or an
aluminum atom;

E, and E, are independently a carbon atom, a silicon atom, a germanium atom, or a
tin atom;

R; to Rs are independently a hydrogen atom or a C1-10 hydrocarbon group having
a constituent atom optionally substituted with a heteroatom; however, all of Ry to R;
may not be a hydrogen atom;

D is a monodentate or polydentate neutral ligand structure;

x is 0 or an integer of 1 or greater and y is an integer of 1 or greater; however, if A
is a nitrogen atom and none of the carbon atoms constituting R; to Rg is substituted
with the heteroatom, x is a number of 1 or greater and y is a number of 1 or greater;
and

if there are more than one of A, E,, E,, and R to R, these may be the same or
different.)

[0015]

The compound represented by the formula (1) (hereafter also called “compound
(1)”) has a lower melting point, higher volatility, and better thermal stability than
conventional lithium compounds. As a result, a vapor deposition process at a lower
temperature can be carried out to enable the formation of a lithium—containing film
even on a temperature—sensitive material such as a lithium ion battery electrode.
Although the reason for which these characteristics are obtained is not exactly
known, the following is hypothesized. Introducing a specific bulky ligand or
substituent to lithium atoms increases the saturation of the ligand sphere of the
compound (1) (the space that can be involved in coordination around the compound)
and has a delaying effect on oligomerization of compounds (1). As a result, this



seems to lower the melting point of the compound (1) and exhibit volatility. The
bulkiness also gives the compound (1) structural stability, which seems to lead to
thermal stability. However, the present invention is not bound to these theories.

[0016]

In one embodiment, the compound is preferably represented by the following
formula (i).

[CHEMICAL EXPRESSION 2]
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(In the formula(i), R, to R;s are independently a hydrogen atom or a C1-10 alkyl
group having a constituent atom optionally substituted with a heteroatom; however,
all of Ry; to Ry may not be a hydrogen atom;

D, is a bidentate or tridentate neutral ligand structure; and
x1 and y1 are independently an integer of 1 or greater.)
[0017]

The compound represented by the formula (i) (hereafter also called “compound
(1)) has a chelate structure introduced by the bulkier polydentate ligand, which is
preferred in terms of greater improvement in low melting point, high volatility, and
thermal stability.

[0018]
In one embodiment, R;; to R;s in the compound (i) are preferably all methyl groups;

D, is preferably 1,2—diethoxyethane, diethylene glycol dimethyl ether, NN,N” N” -
tetramethylethylenediamine, N,N,N’ N’ —tetraethylethylenediamine, NN,N' N’ —



tetramethyl-1,3—diaminopropane, or NJN,N’ ,N” N”—-pentamethyldiethylenetriamine;
and

x1 and y1 are preferably 1.

[0019]

By specifically having this structure, the compound (i) can achieve a low melting
point, high volatility, and a high level of thermal stability.

[0020]

In another embodiment, this compound is preferably represented by the following
formula ii).

[CHEMICAL EXPRESSION 3]

(ii)

(In the formula (ii), E; and E, are defined the same as in the formula (1);
Zy and Z, are independently a single bond or a divalent linking group;

R, to Ry are independently a hydrogen atom or a C1-10 alkyl group having a
constituent atom optionally substituted with a heteroatom; however, all of Ry to Ry
may not be a hydrogen atom;

D, is a monodentate or bidentate neutral ligand structure;

x2 is 0 or an integer of 1 or greater; and y2 is an integer of 1 or greater.)



[0021]

The compound represented by the formula (ii) (hereafter also called “compound
(ii)”) employs a phosphorus—containing ligand as a neutral donor for imparting
electronic and three—dimensional characteristics. As a result, the compound (ii) can
achieve an excellent low melting point, high volatility, and thermal stability, can
introduce phosphorus atoms into a phosphorus—containing film, and can be applied
to a solid electrolyte for a solid—state battery.

[0021a]

In one aspect, there is provided compound represented by the formula (ii), wherein
in the formula (ii), E; and E, are independently a carbon atom, a silicon atom, a
germanium atom, or a tin atom; Z; and Z, are independently a single bond or a
divalent linking group; R, to Ry are independently a hydrogen atom or a C1-10 alkyl
group having a constituent atom optionally substituted with a heteroatom; however,
all of R,y to Rys may not be a hydrogen atom; D, is a monodentate or bidentate
neutral ligand structure; x2 is 0 or an integer of 1 or greater; and y2 is an integer of
1 or greater, however, if none of the carbon atoms constituting R,; to Ry is
substituted with a heteroatom, x2 is a number of 1 or greater and y2 is a number of
1 or greater.

[0022]

In one embodiment, E; and E, in the compound (ii) are preferably a carbon atom or
a silicon atom;

Z, and Z, are preferably a methylene group or an ethylene group;

R,1, Ry, Ry, and Ry are preferably a methyl group, an ethyl group, an n—propyl
group, an i—propyl group, an n—butyl group, an i—butyl group, or a t—butyl group;

R,; to Ry are preferably a hydrogen atom, a methyl group, or an ethyl group;

D, is preferably a chain or cyclic ether, a chain or cyclic thioether, or a tertiary
amine;

x2 is preferably 0 or 1; and y2 is preferably 1.
[0023]

By specifically having this structure, the compound (ii) can achieve a low melting
point, high volatility, and a high level of thermal stability.

[0024]



Ta

In a further embodiment, this compound is preferably represented by the following
formula iii).

[CHEMICAL EXPRESSION 4]
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(In the formula (iii), A; is a phosphorus atom, a boron atom, or an aluminum atom;
E, and E, are defined the same as in the formula (1);

Rs;; to Rss are independently a hydrogen atom or a C1-10 alkyl group having a
constituent atom optionally substituted with a heteroatom; however, all of R3;; to R
may not be a hydrogen atom;

D, is a monodentate or bidentate neutral ligand structure;

x3 is 0 or an integer of 1 or greater; and y2 is an integer of 1 or greater.)
[0024a]

In another aspect, there is provided a compound, represented by formula (iii),
wherein in the formula (iii), A; is a boron atom, or an aluminum atom; E; and E, are
independently a carbon atom, a silicon atom, a germanium atom, or a tin atom; R to
Rs6 are independently a hydrogen atom or a C1-10 alkyl group having a constituent
atom optionally substituted with a heteroatom; however, all of R3; to Rss may not be
a hydrogen atom; D; is a monodentate or bidentate neutral ligand structure; and x3
is 0 or an integer of 1 or greater; and y2 is an integer of 1 or greater.

[0025]

The compound represented by the formula (iii) (hereafter also called “compound
(iii)”) can achieve a low melting point, high volatility, and a high level of thermal
stability by introduction of a bulky ligand. Development into a solid electrolyte for a
solid—state battery can furthermore be anticipated as a result of introduction of
phosphorus atoms, boron atoms or aluminum atoms.

[0026]

In one embodiment, A; in the compound (iii) is preferably a phosphorus atom;
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E, and E, are preferably a silicon atom;

Rs; to R are preferably a methyl group, an ethyl group, an n—propyl group, or an i—
propyl group;

D, is preferably N,N,N’ N’ —tetramethylethylenediamine, NN,N" N’ —
tetraethylethylenediamine, N,N,N’ N’ —tetramethyl-1,3—diaminopropane, or
N,N,N’ ,N” N”-pentamethyldiethylenetriamine;



x3 is preferably 0 or 1; and y3 is preferably 1.
[0027]

By specifically having this structure, the compound (iii) can achieve a low melting
point, high volatility, and a high level of thermal stability.

[0028]

In one embodiment, the compounds (1) and (i) to (iii) (hereafter sometimes called
“the compound” without any distinction) are preferably liquids at 25° C, or a
temperature demonstrating a vapor pressure of 133.3 Pa is preferably 100° C or
less. As a result, the compound can be present as a liquid or a low melting point
solid at room temperature, and a vapor deposition process for forming a lithium—
containing film can be carried out efficiently at a low temperature.

[0029]

In one embodiment, a region having 95% or greater weight loss at 300° C or less is
preferably present according to thermogravimetric analysis of the compound. As a
result, the majority of the compound stably volatilizes in this temperature range,
which can therefore suppress formation of a residue after reaction, or formation of a
residue by decomposition of the compound after volatilizing. That is, the compound
can achieve excellent thermal stability by virtue of this weight loss characteristic.

[0030]

In one embodiment, the compound can be suitably used for thin film vapor
deposition by virtue of this characteristic.

[0031]

In one embodiment, the present invention relates to a method for producing a
lithium—containing film, comprising the steps of:

preparing a reaction chamber having at least one substrate placed inside;

introducing a gas containing the vaporized compound into the reaction chamber:
and

forming a lithium—containing film on at least a portion of the surface of the
substrate using a vapor deposition process for contacting the substrate with the
gas.

[0032]
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The compound having a low melting point, enhanced volatility, and thermal stability
is used in this production method, which therefore enables transfer thereof without
condensation. This can also suppress formation of a residue during the process. As
a result, deposition of a lithium—containing film can be carried out efficiently and
stably at a lower temperature than conventionally.

[0033]

In one embodiment, the vapor deposition process is preferably carried out at
200° C or less. Employing the compound enables a vapor deposition process at a
low temperature of 200° C or less.

[0034]

In the present specification, the abbreviation “Me” means a methyl group, the
abbreviation “Et” means an ethyl group, the abbreviation “Pr” means an n—propyl
group (linear propyl group), the abbreviation “iPr” means an isopropyl group (i-propyl
group), and the abbreviation “tBu” means a tertiary butyl group (t-butyl group).

BRIEF DESCRIPTION OF THE DRAWINGS

[0035]

FIG. 1 shows weight change in relation to temperature at atmospheric pressure
during thermogravimetric analysis (TGA: atm, m: 14.72 mg, 10° C/min) of
LiN(SiMe;), (TMEDA);

FIG. 2 shows weight change in relation to temperature at atmospheric pressure
during thermogravimetric analysis (TGA: at, m: 28.77 mg, 10° C/min) of LiN(SiMe3,),
(1,2-bis(dimethylamino)propane;

FIG. 3 shows weight change in relation to temperature under reduced pressure
during thermogravimetric analysis (TGA: vac, m: 17.65 mg, 10° C/min) of
LiN(SiMe,CH,PiPr,),;

FIG. 4 shows the position/thickness relationship for formation of a lithium oxide
film formed at 150° C;

FIG. 5 shows the position/thickness relationship for formation of a lithium oxide
film formed at 200° C:

FIG. 6 shows the position/thickness relationship for formation of a lithium
phosphate film formed at 150° C; and
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FIG. 7 shows the position/thickness relationship for formation of a lithium
phosphate film formed at 200° C; and

MODE FOR CARRYING OUT THE INVENTION

[0036]

An embodiment of the present invention will be described hereinafter with
reference to the drawings. The embodiment described below describes an example
of the present invention. The present invention is not in any way limited to the
following embodiment, and includes various modifications within a scope that does
not alter the essence of the present invention. The elements described hereinafter
are not all necessarily essential to the present invention.

[0037]
Compound (1)

The compound according to the present embodiment is represented by the
following formula (1).

[CHEMICAL EXPRESSION 5]

(D);—- Li—A ™)

(In the formula (1), A is a nitrogen atom, a phosphorus atom, a boron atom, or an
aluminum atom;

E, and E, are independently a carbon atom, a silicon atom, a germanium atom, or a
tin atom;

R; to Rs are independently a hydrogen atom or a C1-10 hydrocarbon group having
a constituent atom optionally substituted with a heteroatom; however, all of R; to Rg
may not be a hydrogen atom;
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D is a monodentate or polydentate neutral ligand structure;

x is 0 or an integer of 1 or greater, and y is an integer of 1 or greater; however, if A
is a nitrogen atom and none of the carbon atoms constituting R; to Rg is substituted
with a heteroatom, x is a number of 1 or greater and vy is a number of 1 or greater;
and

if there are more than one of A, E;, E,, and R; to R;, these may be the same or
different.)

[0038]

The C1-10 hydrocarbon group having a constituent atom optionally substituted
with a heteroatom includes a group in which at least one of the carbon atoms and
hydrogen atoms constituting the hydrocarbon group is substituted with a heteroatom
other than these two atoms. Heteroatoms which may be cited include: nitrogen
atoms, oxygen atoms, phosphorus atoms, boron atoms, sulfur atoms, and halogen
atoms (chlorine atoms, fluorine atoms, iodine atoms and bromine atoms), etc.

[0039]

Examples of C1-10 hydrocarbon groups which may be cited include: a C1-10 chain
hydrocarbon group, a C3-10 monovalent alicyclic hydrocarbon group, and a C6-10
monovalent aromatic hydrocarbon group.

[0040]
Examples of a C1-10 chain hydrocarbon group which may be cited include:

an alkyl group such as a methyl group, ethyl group, n—propyl group, i—propyl group,
n—butyl group, 2-methylpropyl group, 1-methylpropyl group, and t—-butyl group;

an alkenyl group such as an ethenyl group, propenyl group, or butenyl group; and
an alkynyl group such as an ethynyl group, propynyl group, or butynyl group.
[0041]

Examples of a C3-10 alicyclic hydrocarbon group which may be cited include:

a monocyclic cycloalkyl group such as a cyclopropyl group, cyclobutyl group,
cyclopentyl group, or cyclohexyl group;

a polycyclic cycloalkyl group such as a norbornyl group, adamantyl group, or
tricyclodecyl group;
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a cycloalkenyl group such as a cyclopropenyl group, cyclobutenyl group,
cyclopentenyl group, or cyclohexenyl group; and

a polycyclic cycloalkenyl group such as a norbornenyl group or tricyclodecenyl
group.

[0042]

Examples of a C6—20 monovalent aromatic hydrocarbon group which may be cited
include:

an aryl group such as a phenyl group, tolyl group, xylyl group, or naphthyl group;
and an aralkyl group such as a benzyl group or phenethyl group.

[0043]

The monodentate or polydentate neutral ligand structure is not specifically limited,
and a monodentate or polydentate neutral ligand structure which is well known in
this technical field may be employed, such as an ether, a thioether, an amine, or an
unsaturated hydrocarbon.

Specific examples of a monodentate neutral ligand structure which may be cited
include: tetrahydrofuran (THF), dioxane, pyridine, pyrrole, imidazole, dimethy! ether,
diethyl ether, methyl ethyl ether, dipropyl ether, di-i—propy! ether, dimethyl! thioether,
diethyl thioether, methyl ethyl thioether, and cyclopentadiene, etc.

Specific examples of a bidentate neutral ligand structure which may be cited
include: 1,2—dimethoxyethane (DME), 1,2—diethoxyethane, bipyridine, diene,
N,N,N’ N’ —tetramethylethylenediamine (TMEDA), NNN,N” N’ -
tetraethylethylenediamine (TEEDA), and 1,2—bis(dimethylamino)propane, etc.

Specific examples of a tridentate neutral ligand structure which may be cited
include: triene, diglyme (diethylene glycol dimethyl ether), and NJN,N” N7, N”-
pentamethyldiethylenetriamine (PMDTA), etc.

[0044]

Compound (i)

As one embodiment, the compound (1) is preferably represented by the following
formula ().

[CHEMICAL EXPRESSION 6]
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(In the formula(i), R, to R;s are independently a hydrogen atom or a C1-10 alkyl
group having a constituent atom optionally substituted with a heteroatom; however,
all of Ry; to Ry may not be a hydrogen atom;

D, is a bidentate or tridentate neutral ligand structure; and
x1 and y1 are independently an integer of 1 or greater.)
[0045]

The same alkyl group as that of the compound (1) may be suitably used as the C1-
10 alkyl group having a constituent atom optionally substituted with a heteroatom.

[0046]

The bidentate or tridentate neutral ligand structures in the compound (1) may be
cited as suitable bidentate or tridentate neutral ligand structures, although there is

no specific limitation.

[0047]

Among these structures, R;; to Rys in the formula (i) are preferably all methyl

groups;

D, is preferably 1,2—diethoxyethane, diethylene glycol dimethyl ether, NN,N” N’ -
tetramethylethylenediamine, NNN,N" N’ —tetraethylethylenediamine, 1,2—
bis(dimethylamino)propane, or N,N.N’ ,N” N”-pentamethyldiethylenetriamine; and

x1 and y1 are preferably 1.

[0048]
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Specific examples of the compound (i) which may be cited include: LiN(SiMe,),
(1,2—diethoxyethane), LiN(SiMe,), (diglyme), LiN(SiMe,), (TMEDA), LiN(SiMe,), (1,2—
bis(dimethylamino)propane, LiN(SiMe;), (TEEDA), and LiN(SiMe,), (PMDTA), etc.

[0049]
Compound (i)

As one embodiment, the compound (1) is preferably represented by the following
formula ii).

[CHEMICAL EXPRESSION 7]

Ra4
\
/P_'R22
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(In the formula (i), E; and E, are defined the same as in the formula (1);
Zy and Z, are independently a single bond or a divalent linking group;

R, to Ry are independently a hydrogen atom or a C1-10 alkyl group having a
constituent atom optionally substituted with a heteroatom; however, all of R, to Ry
may not be a hydrogen atom;

D, is a monodentate or bidentate neutral ligand structure;

x2 is 0 or an integer of 1 or greater; and y2 is an integer of 1 or greater.)

[0050]
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Examples of the divalent linking group which may be cited include: a C1-10 divalent
linear or branched hydrocarbon group, a C4—12 divalent alicyclic hydrocarbon group,
or a group constituted from one or more of these hydrocarbon groups and at least
one group from among —~CO-, —O—, -NH-, and —S-, etc.

[0051]

The same alkyl group as that of the compound (1) may be suitably used as the C1—
10 alkyl group having a constituent atom optionally substituted with a heteroatom.

[0052]

The monodentate or bidentate neutral ligand structures in the compound (1) may
be cited as suitable monodentate or bidentate neutral ligand structures, although
there is no specific limitation.

[0053]

Among these, E; and E, in the compound (ii) are preferably a carbon atom or a
silicon atom;

Z, and Z, are preferably a methylene group or an ethylene group;

R1, Ry, Ry, and Ry are preferably a methyl group, an ethyl group, an n—propyl
group, an i—propyl group, an n—butyl group, an i-butyl group, or a t—butyl group;

Ry, to Ry are preferably a hydrogen atom, a methyl group, or an ethyl group;

D, is preferably a chain or cyclic ether, a chain or cyclic thioether, or a tertiary
amine;

x2 is preferably 0 or 1; and y2 is preferably 1.
[0054]

Specific examples of the compound (ii) which may be cited include:
LiN(SiMe,CH,PMe,),, LiN(SiMe,CH,PEt,),, LiN(SiMe,CH,PEt,), (dioxane),
LiN(SiMe,CH,PEt,), (THF), LiN(SiMe,CH,PEt,), (nPrMe), LiN(SiMe,CH,PEt,), (iPr,0),
LiN(CH,CH,PMe,),, LiIN(CH,CH,PEt,),, LIN(CH,CH,PiPr,),, and LiN(CH,CH,PtBu,),,
etc.

[0055]

In one embodiment, the compound (1) is preferably represented by the following
formula (iii).
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[CHEMICAL EXPRESSION 8]

(Dgé-)zé Li—Ag (iii)

(In the formula (iii), A; is a phosphorus atom, a boron atom, or an aluminum atom;
E, and E, are defined the same as in the formula (1);

R;; to Ry are independently a hydrogen atom or a C1-10 alkyl group having a
constituent atom optionally substituted with a heteroatom; however, all of R3; to Ry
may not be a hydrogen atom;

D; is a monodentate or bidentate neutral ligand structure;
x3 is 0 or an integer of 1 or greater; and y2 is an integer of 1 or greater.)
[0056]

The same alkyl group as that of the compound (1) may be suitably used as the C1-
10 alkyl group having a constituent atom optionally substituted with a heteroatom.

[0057]

The monodentate or bidentate neutral ligand structures in the compound (1) may
be cited as suitable monodentate or bidentate neutral ligand structures, although
there is no specific limitation.

[0058]
Among these, A, in the compound (iii) is preferably a phosphorus atom;
E; and E, are preferably a silicon atom;

R;; to Ry are preferably a methyl group, an ethyl group, an n—propyl group, or an i—
propy! group;
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D, is preferably N,N,N” N’ —tetramethylethylenediamine, N.N,N' N’ -
tetraethylethylenediamine, N.N,N’ N” —tetramethyl-1,3—diaminopropane, or
N,N,N" N” N”-pentamethyldiethylenetriamine;

x3 is preferably 0 or 1; and y3 is preferably 1.
[0059]

Specific examples of the compound (iii) which may be cited include LiN(SiMe;),,
LiP(SiMe;), (TMEDA) and LiP(SiMe;), (PMDTA), etc.

[0060]

In the present embodiment, the compound is preferably a liquid at 25° C, or a
temperature demonstrating a vapor pressure of 133.3 Pa is preferably 100° C or
less. The temperature demonstrating a vapor pressure of 133.3 Pa is more
preferably 90° C or less. As a result, the compound can be present as a liquid or a
low melting point solid at room temperature, and a vapor deposition process for
forming a lithium—containing film can be carried out efficiently at a low temperature.

[0061]

In the present embodiment, there is preferably a region having 95% or greater
weight loss at 300° C or less in thermogravimetric analysis, more preferably a
region having 95% or greater weight loss at 280° C or less, and even more
preferably a region having 95% or greater weight loss at 250° C or less. As a result,
the majority of the compound stably volatilizes in this temperature range, which can
therefore suppress formation of a residue after reaction, or formation of a residue
by decomposition of the compound after volatilizing. That is, the compound can
achieve excellent thermal stability by virtue of this weight loss characteristic.

[0062]

In the present embodiment, the compound can be suitably used for thin film vapor
deposition by virtue of this characteristic. Although not limited, examples of suitable
vapor deposition methods which may be cited include heat, plasma, or remote
plasma processes, or a combination of these processes, in atomic layer deposition
(ALD), plasma enhanced atomic layer deposition (PE—ALD), chemical vapor
deposition (CVD), pulsed chemical vapor deposition (P-CVD), and low pressure
chemical vapor deposition (LPCVD).

[0063]

Method for Producing the Compound
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The compound (1) and preferred embodiments of compounds (i) to (iii) may be
produced using a method which is well known in this technical field. For example, the
compound (i) may be obtained by reacting a corresponding lithium amide and a
compound corresponding to a neutral ligand structure, in a solvent (such as toluene).
The compound (ii) may be obtained by first reacting an alkyl phosphate and an
organic lithium compound to prepare a lithium alkyl phosphate, then reacting this
with a terminal halogenated alkylamine, and finally reacting with an organic lithium
compound. The compound (iii) may be obtained by reacting a corresponding lithium
amide and a compound corresponding to a neutral ligand structure, in a solvent
(such as toluene). Other structures may also be produced by appropriately modifying
the above methods.

[0064]

Method for Producing a Lithium—Containing Film

The method for producing a lithium—containing film according to the present
embodiment comprises the steps of:

preparing a reaction chamber having at least one substrate placed inside;

introducing a gas containing the vaporized compound into the reaction chamber:
and

forming a lithium—containing film on at least a portion of the surface of the
substrate using a vapor deposition process for contacting the substrate with the gas

[0065]
Reaction Chamber Preparation Step

In this step, a reaction chamber having at least one substrate placed inside is
prepared. The type of substrate on which the lithium—containing film is deposited is
suitably selected depending on the final application. In several embodiments, the
substrate may be selected from among oxides used as an insulating material in MIM,
DRAM, or FeERAM technology (for example, an HfO, base material, a TiO, base
material, a ZrO, base material, a rare earth oxide base material, or a ternary oxide
base material, etc.) or from among nitride base films used as an oxygen barrier
between copper and a low—k film (for example, TaN). Other substrates may be used
to produce a semiconductor, a photovoltaic cell, an LCD-TFT, or a flat panel device.
Although not limited, examples of such substrates which may be cited include other
substrates including any from among solid substrates such as metal nitride—
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containing substrates (for example, TaN, TiN, WN, TaCN, TiCN, TaSiN, and TiSiN);
insulators (for example, SiO,, Si;N,, SiON, HfO,, Ta,0s, ZrO,, TiO,, Al,Os, and barium
strontium titanate); or combinations of these materials. The actual substrate used
also depends on the specific embodiment of the compound used.

[0066]

The reaction chamber may be any closed container or chamber of a device inside
which vapor deposition is carried out. Although not limited, specific examples which
may be cited include: a parallel plate reactor, a cold wall reactor, a hot wall reactor,
a sheet reactor, a multi-wafer reactor, or another type of deposition system.

[0067]
Gas Introduction Step

In this step, a gas containing the vaporized compound is introduced into the
reaction chamber. A neat (single) compound or a blended (multiple) compound may
be supplied in a liquid state to a vaporizer, where the compound is vaporized before
being introduced into the reaction chamber. Alternatively, the compound may be
vaporized by passing a carrier gas through a container containing the compound or
by bubbling a carrier gas into the compound. Next, the carrier gas and the gas
containing the vaporized compound are introduced into the reaction chamber. If
necessary, the container may be heated to a temperature that enables the
compound to have a sufficient vapor pressure. Although not limited, Ar, He, N,, and
mixtures thereof may be cited as carrier gases. An oxygen supply source may also
be provided; for example, O, O, NO, H,0, H,0,, a (C,—C, linear or branched)
carboxylic acid, acetic acid, formalin, formic acid, an alcohol, para—formaldehyde, and
combinations thereof; preferably O, O, H,0, NO, and combinations thereof; and
more preferably H,O. The container can be kept at a temperature in a range of
about 0° C to about 150° C, for example. A person who is skilled in the art will
understand that the temperature of the container may be adjusted by a known
method so that the quantity of compound vaporized can be controlled.

[0068]

The compound may be supplied in a pure form (for example, as a liquid or a low
melting point solid) or in a blended form with a suitable solvent. Although not limited,
exemplary solvents which may be cited include: an aliphatic hydrocarbon, an
aromatic hydrocarbon, a heterocyclic hydrocarbon, an ether, a glyme, a glycol, an
amine, a polyamine, a cyclic amine, an alkylated amine, and mixtures thereof.
Examples of preferred solvents which may be cited include: ethylbenzene, diglyme,
triglyme, tetraglyme, pyridine, xylene, mesitylene, decane, dodecane, and mixtures
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thereof. The concentration of the compound is typically in a range of about 0.02 M
to about 2.0 M, and preferably a range of about 0.05 M to about 0.2 M.

[0069]

In addition to optional mixing of the compound and the solvent before introduction
into the reaction chamber, the gas containing the vaporized compound may be mixed
with reaction species inside the reaction chamber. Although not limited, exemplary
reactive species which may be cited include a metal precursor, such as a strontium-—
containing precursor, a barium—containing precursor, or an aluminum—containing
precursor such as TMA, for example., and any combination thereof.

[0070]

The reaction chamber may be kept at a pressure in a range of about 0.5 mTorr to
about 20 Torr. In addition, the temperature inside the reaction chamber may be in a
range of about 50° C to about 600° C, and preferably a range of about 80° C to
about 550° C. A person who is skilled in the art will be able to optimize the
temperature by experience to achieve the desired result.

[0071]

The substrate may be heated to a sufficient temperature to obtain the desired
lithium—containing film in the desired physical state and at a sufficient growth rate.
An example of a non-limiting exemplary temperature range capable of heating the
substrate is 50° C to 500° C. The substrate is preferably kept at a temperature of
300° C or less.

[0072]
Lithium—Containing Film Formation Step

In this step, a lithium—containing film is formed on at least a portion of the surface
of the substrate using a vapor deposition process for contacting the substrate with
the gas. In one exemplary atomic layer deposition process, the vapor phase of the
compound is introduced into the reaction chamber, where it is contacted with a
suitable substrate. Subsequently, excess compound is removed from the reaction
chamber by purging and/or evacuating the reaction chamber. An oxygen supply
source is introduced into the reaction chamber where it reacts in a self-limiting
manner with the absorbed compound. Subsequently, the excess oxygen supply
source is removed from the reaction chamber by purging and/or evacuating the
reaction chamber. When the desired film is a lithium oxide film, this two—step
process may provide the desired film thickness, or the two—step process may be
repeated until a film having the necessary thickness is obtained.
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[0073]

Alternatively, when the desired film is a lithium metal oxide film, a vapor of the
metal precursor may continue to be introduced into the reaction chamber following
this two—step process. The metal precursor is selected on the basis of the
properties of the lithium metal oxide to be deposited. The compound contacts the
substrate after being introduced into the reaction chamber, Excess compound is
removed from the reaction chamber by purging and/or evacuating the reaction
chamber. An oxygen supply source may be introduced again into the reaction
chamber to react with the metal precursor. The excess oxygen supply source is
removed from the reaction chamber by purging and/or evacuating the reaction
chamber. This process may be ended once the desired film thickness is obtained.
The whole of the four—step process may be repeated, however, if a thicker film is
desired. A film of the desired composition and thickness can be deposited by
interchanging supply of the compound, the metal precursor, and the oxygen supply
source.

[0074]

The lithium—containing film or lithium—containing layer obtained by the production
method of the present embodiment may have the general formula Li,M,0, (where M
= Ni, Co, Fe, V, Mn, or P, and x, y, and z are in a range of 1 to 8). Preferably, the
lithium—containing film is selected from among Li,NiO,, Li,CoO,, Li,V;0g, Li,V,05, and
Li,Mn,0., where x is in a range of 1 to 8. A person who is skilled in the art will be
able to obtain the desired film composition by suitably selecting a suitable compound
and reactive species.

[0075]

The composition of the film to be deposited depends on the application. For
example, the lithium—containing film may be used for a fuel cell or storage battery
application.

EXAMPLES

[0076]

The present invention will be described in greater detail using examples, but the
present invention is not limited to the following examples, as other examples are
possible within the scope of the present invention.

[0077]

Synthesis of Compound (i): LiN(SiMe ), (TMEDA)
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LiN(SiMe3), (2 g, 12 mmol) was dissolved in toluene (40 mL), and NNN.N" N’ -
tetramethylethylenediamine (1.8 mL, 12 mmol) was slowly added thereto at 0° C.
The resulting solution was stirred for 1 hour, then volatile substances were removed
under vacuum. A white solid was isolated and washed with pentane. The crude
substance was purified by sublimation to obtain 3.12 g of the white solid. Yield (92%).
"HNMR (C¢Ds, 400 MHz): 1.75 ppm (s, 12H), 1.48 ppm (m, 4H), 0.38 ppm (s, 18H)

[0078]

FIG. 1 shows weight change in relation to temperature at atmospheric pressure
during thermogravimetric analysis (TGA: “TGA/DSC 3+ STAR® System”, produced
by Mettler Toledo, atm, m: 14.72 mg, 10° C/min) of LiN(SiMe,), (TMEDA).

[0079]

Synthesis of Compound (i): LIN(SiMe),(1,2-bis(dimethylamino)propane)

1,2-Bis(dimethylamino)propane (2.89 mL, 18 mmol) was added dropwise at 0° C to
a toluene (30 mL) solution of LiN(SiMe3), (2 g, 12 mmol). The reaction mixture was
then stirred overnight. The following day, the solvent was removed under vacuum.
The crude substance was refined by distillation under vacuum (95 to 97° C, 15 Pa)
to obtain 922 mg of a colorless oily material. Yield (26%). 'HNMR (C¢D¢, 400MHz):
2.1 ppm (m, 1H), 2 to 1.6 ppm (m, 13H), 1.2 ppm (dd, 1H, *Jy = 13.3 Hz, *Jyy = 3.2
Hz ), 0.32 ppm (s, 18H), 0.21 ppm (dd, 3H, J = 6.4Hz)

[0080]

FIG. 2 shows weight change in relation to temperature at atmospheric pressure
during thermogravimetric analysis (TGA: at, m: 28.77 mg, 10° C/min) of
LiN(SiMe;),(1,2-bis(dimethylamino)propane.

[(0081]

Synthesis of Compound (ii): LIN(SiMe,CH,PiPr,),

LiN(SiMe,CH,PiPr,), was synthesized by nucleophilic substitution of chlorine by an
iPr,PLi salt in accordance with the improved method described in Inorg. Chem. 2002,
41, 5615.

[0082]

n-BuLi (133 mL, 1.6 M solution, 0.213 mol) in hexane was added to a THF (250 mL)
solution of diisopropylphosphine (25 g, 0.213 mol) at —78° C. The resulting solution
was yellow, and iPr,PLi was apparent. Subsequently, the cold bath was removed and
the reaction mixture was stirred at room temperature for 1 hour. Next,



24

(CICH,SiMe,),NH (15.6 mL, 71 mmol) was added dropwise at 0° C. The reaction
mixture was stirred for 45 minutes and the reaction mixture changed to colorless. A
second portion of n—BuLi (44 mL, 1.6 M solution, 71 mmol) was slowly added at

0° C. The reaction solution turned yellow and was stirred and mixed for 45 minutes.
(CICH,SiMe,),NH 5.2 mL, 23.7 mL) was added, and stirred and mixed for a further 45
minutes. Finally, a third portion of n—BuLi (15 mL, 1.6 M solution, 23.7 mmol) was
added at 0° C. The reaction solution turned yellow and was stirred and mixed for 45
minutes. (CICH,SiMe,),NH (1.76 mL, 7.9 mL) was added, and stirred and mixed for a
further 45 minutes. Next, the solvent was removed under vacuum and the residue
was extracted with hexane (150 mL). After filtration through a celite pad to remove
LiCl, hexane was evaporated off to obtain an orange oily material. The crude
substance was distilled under reduced pressure (140 to 150° C, 20 Pa) to obtain 1 g
of a colorless oily material. Yield (73%). 'HNMR (C¢Ds, 400MHz): 1.70 ppm (m, 4H),
1.06 ppm (m, 24H), 0.69 ppm (d, 4H, 2J,» = 5.9 Hz ), 0.48 ppm (s, 12H).

[0083]

FIG. 3 shows weight change in relation to temperature under reduced pressure
during thermogravimetric analysis (TGA: vac, m: 17.65 mg, 10° C/min) of
LIN(SIMGQCHzplprz)Q

[0084]

Comparative Substance

LiOtBu (produced by Sigma—Aldrich) was used as a comparative substance.
[0085]

The prepared compounds and the comparative substance had the following
characteristics. The melting point and vapor pressure were measured by the
thermogravimetric analysis described earlier.

TABLE 1
Compound Melting Point Vapor pressure
LiN(SiMes)2 (TMEDA) 60 — 62°C 81°C, 133.3Pa

LiN(SiMes)2 (1,2-
bis(dimethylamino)propane)
LiN(SiMe2CH2PiPr2)2 Liquid at 25°C 144°C, 133.3Pa
LiOtBu 148 — 150°C 140°C, 106.7Pa

Liquid at 25°C 85°C, 133.3Pa
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[0086]

Formation of Lithium—Containing Film Using LiN(SiMe ,CH,PiPr,),

A silicon or amorphous carbon substrate (about 20 mm X about 20 mm X
thickness about 0.75 mm) was introduced into an ALD reactor or a CVD reactor.
Next, the substrate was heated in a nitrogen atmosphere to a set point of 100 to
500° C for each experiment. When the set value had been reached, the reactor was
flushed with LiN(SiMe,CH,PiPr,), serving as the compound, an oxygen source, and a
carrier gas, and a film was deposited on the substrate. During this process, water
vapor or oxygen was used as the oxygen source, nitrogen was used as the carrier
gas, and the pressure was kept at 266.6 Pa.

[0087]

As a result, when water vapor was used as the oxygen source, a lithium oxide film
was deposited by means of ALD at 100° C, 120° C, 150° C, 175° C, 200° C, and
250° C. A lithium oxide film was furthermore obtained by means of CVD at 200° C,
300° C, and 400° C, whereas a lithium silicate film was deposited by means of CVD
at 500° C. Meanwhile, a lithium oxide film was deposited by means of ALD at
100° C, 120° C, 150° C, 175° C, 200° C, and 250° C, with oxygen serving as the
oxygen source. The following table shows the compositions of typical lithium oxide
films and lithium silicate films on an Si substrate. The film compositions were
evaluated using an X-ray photoelectron spectrometer (“K—Alpha” produced by
ThermoScientific, in a vacuum at room temperature (without heating)).

[0088]

TABLE 2

Deposition method Temperature | Film composition (molar ratio in

[°C] parentheses)

ALD
Compound:
LiN(SIMe2CHzPiPrz)2 100 Li(1)O(1)+<10%C
Oxygen source: Water
or O2

ALD
Compound:
LiN(SIMe2CHzPiPrz)2 150 Li(1)O(1)+<10%C
Oxygen source: Water
or O2
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CVD

Compound:
LiN(SiMe2CH2PiPr2)2
Oxygen source: Water

200 Li(1)O(1)+<10%C, P

CvD

Compound:
LiN(SiMe2CH2PiPr2)2
Oxygen source: Water

500

Li(2.0)Si(2.4)0(4.)

[0089]

The deposition rates in the ALD experiments at 100° C, 150° , and 200° C on an
Si substrate are indicated below. Each experiment employed 200 cycles of an
LiN(SiMe,CH,PiPr,), pulse, a water vapor or oxygen pulse, and purging. The
deposition rates were measured by using film thickness measurement employing
spectral ellipsometry (“UVISEL”, analysis software “DeltaPsi2”, produced by
HORIBA Jobin Yvon, under the atmosphere, at room temperature).

[0090]

TABLE 3

Temperature [°C]

Deposition rate

Oxygen source: Water

Oxygen source: Oxygen

(Alcycle) (Alcycle)
100 0.4 0.4
150 0.95 0.3
200 1 0.5

[0091]

The lithium oxide films formed at 150° C and 200° C were evaluated for
uniformity of film thickness. The thickness of the lithium oxide films obtained was

measured at a total of six points every 10 cm or 20 cm. FIG. 4 shows the

position/thickness relationship for formation of a lithium oxide film formed at

150° C. FIG. 5 shows the position/thickness relationship for formation of a lithium

oxide film formed at 200° C. The film thickness was measured using the spectral

ellipsometry described earlier.

[0092]
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Formation of Lithium Phosphate Film Using ALD

The deposition rates in the ALD experiments at 100° C, 150° C, and 200° C on
an Si substrate are indicated below. Each experiment employed 400 cycles of an
LiN(SiMe;), pulse, a trimethyl phosphate pulse, and purging. A tube furnace was
used, and the 30—cm position was deemed the center point of the furnace.

[0093]
TABLE 4
Temperature [°C] Deposition rate (A/cycle)
100 0.07
150 0.12
200 0.38
[0094]

The lithium phosphate films formed at 150° C and 200° C were evaluated for
uniformity of film thickness. The thickness of the lithium phosphate films obtained
was measured at a total of six points every 10 cm. FIG. 6 shows the
position/thickness relationship for formation of a lithium phosphate film formed at
150° C. FIG. 7 shows the position/thickness relationship for formation of a lithium
phosphate film formed at 200° C. The film thickness was measured using the
spectral ellipsometry described earlier.

[0095]

Lithium—containing films could be obtained at 100° C, 150° C, and 200° C at a
high deposition rate by using LiN(SiMe,CH,PiPr,),, and water as an oxygen source.
The deposition rate at low temperatures (100 and 150° C) was seven to eight times
higher than a conventional deposition procedure employing LiN(SiMe,), and trimethy!
phosphate. Good uniformity was observed at 150° C and 200° C, although the
deposition rate for forming a lithium oxide film was much higher than for forming a
lithium phosphate film.
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DOCUMENT TITLE: CLAIMS
CLAIM 1

A compound represented by the following formula (ii):

[CHEMICAL EXPRESSION 3]

(ii)

wherein in the formula (ii), E; and E, are independently a carbon atom, a silicon atom,
a germanium atom, or a tin atom;

Z, and Z, are independently a single bond or a divalent linking group;

R, to Ry are independently a hydrogen atom or a C1-10 alkyl group having a
constituent atom optionally substituted with a heteroatom; however, all of R, to Ry
may not be a hydrogen atom;

D, is a monodentate or bidentate neutral ligand structure;

x2 is 0 or an integer of 1 or greater; and y2 is an integer of 1 or greater, however,
if none of the carbon atoms constituting R,; to Ry is substituted with a heteroatom,
x2 is a number of 1 or greater and y2 is a number of 1 or greater.

CLAIM 2

The compound according to claim 1, wherein E; and E, are a carbon atom or a
silicon atom;

Z, and Z, are a methylene group or an ethylene group;
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Rs1, Ry, Ry, and Ryg are a methyl group, an ethyl group, an n—propyl group, an i—-
propyl group, an n—butyl group, an i—butyl group, or a t—butyl group;

R,; to Ry are a hydrogen atom, a methyl group, or an ethyl group;
D, is a chain or cyclic ether, a chain or cyclic thioether, or a tertiary amine;

x2is0or 1;and y2 is 1.



