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Description

FIELD OF THE INVENTION

[0001] The present invention relates to a solid-state
lithium-ion thin-film electrolyte with, for example, in-
creased lithium ion conductivity that lends itself prefera-
bly to higher power performance and extended shelf life
in thin-film batteries and a method of fabricating the elec-
trolyte.

BACKGROUND OF THE INVENTION

[0002] Solid-state lithium-ion thin-film batteries (TFBs)
that are configured with a Lipon (Lithium phosphorus ox-
ynitride-a potent lithium-ion thin-film electrolyte having
the formula of ∼Li3.1PO3.3N0.5) electrolyte exhibit accept-
able internal cell resistances over a wide temperature
range while showing electrochemical stability in contact
with very reducing electrodes, such as the metallic lithium
anode, and very oxidizing electrodes, such as a charged
Li0.5CoO2 cathode at 4.2V versus Li/Li+. In addition,
Lipon has one of the lowest electronic conductivities of
all known room-temperature lithium-ion electrolytes,
thereby providing Lipon TFBs with a 10+ year shelf-life
and an extremely low capacity loss per year (<1%) under
ambient conditions.
[0003] Currently known lithium compounds, however,
have internal cell impedances that can become undesir-
ably large when Lipon TFBs are operated below 0°C, and
in particular when employed in the -40°C range, such as
required in military or aerospace applications and by oth-
er government agencies. This characteristic is due to the
bulk ionic conductivity of the Lipon electrolyte and its
charge transfer resistances at both the cathode and the
anode interface becoming undesirably large at low tem-
peratures. The inverse of the internal cell impedance, the
current rate capability of a cell, for instance, may be rated
at 50 mA at 25°C in the 4.2-2.0V voltage window for a
standard single-cell 1 in2 TFB while increasing to more
than 2000 mA for a few seconds at 100°C, but may be
limited to 0.3 mA at -40°C.
[0004] From these performance data points, there ex-
ists a need to equip TFBs with an alternative, improved
solid-state lithium-ion thin-film electrolyte. Particularly,
there is a need for an electrolyte that possesses an equal
or better electrochemical stability than Lipon versus high-
ly reducing and oxidizing electrodes while providing a
substantially enhanced low temperature performance.
[0005] "Lithium scandium phosphate-based electro-
lytes for solid state lithium rechargeable microbatteries",
Amatucci G G et al., SOLID STATE IONICS, North Hol-
land Pub. Company. Amsterdam; NL, vol. 60, no. 4, pag-
es 357 - 365, relates to Li3Sc2(PO4)3 as a candidate for
use as an electrolyte in solid state lithium rechargeable
microbatteries.
[0006] Patent application EP1667272 (A1) relates to a
solid electrolyte represented by a general formula: LiaPb-

McOdNe, where M is at least one element selected from
the group consisting of Si, B, Ge, Al, C, Ga and S, and
a, b, c, d and e respectively satisfy a = 0.62 to 4.98, b =
0.01 to 0.99, c = 0.01 to 0.99, d = 1.070 to 3.985, e =
0.01 to 0.50, and b+c = 1.0.
[0007] Patent application US2008003493 (A1) relates
to a method including providing a hermetic barrier pack-
age for a thin film battery that includes an anode expan-
sion absorbing structure and at least one film getter.

SUMMARY OF THE INVENTION

[0008] The present invention provides a solid-state, in-
organic electrolyte and a method for fabricating such an
electrolyte as defined in the appended claims.
[0009] The solid-state thin-film electrolyte of the
present invention preferably exhibits, for example when
compared to Lipon, an equal or larger electrochemical
stability window (0-5.5 V vs. Li+/Li), an equal or smaller
electronic conductivity (10-14 S/cm at 25°C), the same
ideal transference number for Li+ ions (t = 1.000), and
an equal or higher Li+ ion conductivity over the entire
envisioned operation range of the battery (-50°C to
+200°C).
[0010] In one embodiment of the present invention, a
solid-state, inorganic electrolyte with glassy or amor-
phous morphology shows a lithium-ion conductivity of
greater than 5*10-6 S/cm at 25°C and has a chemical
composition comprising at least the elements lithium, ox-
ygen, nitrogen, and at least one element selected from
the group of aluminum, silicon, phosphorus, sulfur, scan-
dium, yttrium, lanthanum, zirconium, magnesium, and
calcium. In a further embodiment, this electrolyte may be
chemically stable in contact with metallic lithium. The
electrolyte may also be chemically stable in contact with
positive cathode materials that are charged to at least
+3.9V versus a metallic lithium reference electrode.
[0011] In another embodiment, the electrolyte may
comprise a thickness of less than 5mm. In a further em-
bodiment, the electrolyte may comprise a change in
chemical composition between one electrolyte interface
and the opposing other.
[0012] In another embodiment of the present invention,
a method for fabricating, by physical vapor deposition
(PVD), a solid-state, inorganic electrolyte is described.
The method may be utilized to fabricate an electrolyte
with glassy or amorphous morphology with lithium ion
conductivity of greater than 5*10-6 S/cm at 25°C and a
chemical composition comprising at least the elements
lithium, oxygen, nitrogen, and at least one element se-
lected from the group of aluminum, silicon, phosphorus,
sulfur, scandium, yttrium, lanthanum, zirconium, magne-
sium, and calcium. The method may further comprise
changing the chemical composition of the electrolyte
from one electrolyte interface to the other.
[0013] In another embodiment of the present invention,
a specific glassy or amorphous electrolyte with the com-
position Li3(Sc2-xMx)(PO4-yNz)3 wherein M = Al and/or
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Y, x ≤ 2, 0 < z ≤ 8/3, and 2y = 3z is provided, as described
herein in greater detail below.
[0014] In yet another embodiment of the present in-
vention, a specific glassy or amorphous electrolyte with
the composition Li8-3.5xP1.5xZr1-xO6-yNz wherein x ≤ 0.8,
z ≤ 4, and 2y = 3z is provided, as described herein in
greater detail below.
[0015] In yet another embodiment of the present in-
vention, a specific glassy or amorphous electrolyte with
the composition Li8-3xLaxZrO6-yNz wherein 0 < x ≤ 2, z ≤
4, 2y = 3z is provided, as described herein in greater
detail below.
[0016] In yet another embodiment of the present in-
vention, a specific glassy or amorphous electrolyte with
the composition Li6-0.75xP1.75xZr2-2xO7-yNz wherein x ≤
0.8, z ≤ 14/3, and 2y = 3z is provided, as described herein
in greater detail below.
[0017] In an example not part of the invention, a spe-
cific glassy or amorphous electrolyte with the composi-
tion Li3-3xP1-xAlxO4-4x-yNx+z wherein 0 < x ≤ 0.6, y ≤ 1.6,
and 2y = 3z is provided, as described herein in greater
detail below.
[0018] It is to be understood that both the foregoing
general description and the following detailed description
are exemplary and explanatory only and are not restric-
tive of the invention, as claimed.

DETAILED DESCRIPTION OF THE INVENTION

[0019] It is to be understood that the present invention
is not limited to the particular methodology, compounds,
materials, manufacturing techniques, uses, and applica-
tions described herein, as these may vary. It is also to
be understood that the terminology used herein is used
for the purpose of describing particular embodiments on-
ly, and is not intended to limit the scope of the present
invention. It must be noted that as used herein and in the
appended claims, the singular forms "a," "an," and "the"
include the plural reference unless the context clearly
dictates otherwise. Thus, for example, a reference to "an
element" is a reference to one or more elements and
includes equivalents thereof known to those skilled in the
art. Similarly, for another example, a reference to "a step"
or "a means" is a reference to one or more steps or means
and may include sub-steps and subservient means. All
conjunctions used are to be understood in the most in-
clusive sense possible. Thus, the word "or" should be
understood as having the definition of a logical "or" rather
than that of a logical "exclusive or" unless the context
clearly necessitates otherwise. Structures described
herein are to be understood also to refer to functional
equivalents of such structures. Language that may be
construed to express approximation should be so under-
stood unless the context clearly dictates otherwise.
[0020] Unless defined otherwise, all technical and sci-
entific terms used herein have the same meanings as
commonly understood by one of ordinary skill in the art
to which this invention belongs. Preferred methods, tech-

niques, devices, and materials are described, although
any methods, techniques, devices, or materials similar
or equivalent to those described herein may be used in
the practice or testing of the present invention. Structures
described herein are to be understood also to refer to
functional equivalents of such structures.
[0021] A wide electrochemical stability window can
preferably be achieved when basing the chemical com-
position of the electrolyte of the present invention on a
group of principal materials that are known to be either
thermodynamically stable with, or least kinetically inert
against (in other words, a reaction does not occur due to
the existence of a large enough activation energy hin-
drance between the reaction candidates), metallic lithium
or highly oxidizing environments or, most preferably,
against both. Then, these base materials may be sub-
jected to a combinatorial chemistry screening, that is,
specific compositions of PVD fabricated multinary-ele-
ment electrolyte compositions, and perhaps also multi-
nary phases, of the principal group materials may be test-
ed electrochemically in asymmetric polarization cells
(Li/electrolyte/polarizable metal electrode) using the
Hebb-Wagner method (see, for instance, Neudecker et
al., 143 J. Electrochem. Soc. 2198 (1996) and Yu et al.,
144 J. Electrochem. Soc. 524 (1997)) and cyclic voltam-
metry (see, for instance, Appetecchi et al., 145 J. Elec-
trochem. Soc. 4126 (1998) and Abraham et al., 147 J.
Electrochem. Soc. 1251 (2000)).
[0022] The PVD combinatorial chemistry screening
may be easily and inexpensively accomplished by em-
ploying, for example, a magnetron sputter target (sputter-
up configuration) that may be composed of a selected
and readily available principal material, for instance
Li3PO4, upon which flat pressed powder pellets of one
or more different principal materials are placed. The so-
constructed multinary element target may then be mag-
netron-sputtered, which will deposit a specific multinary
film composition onto a given substrate.
[0023] The group of preferred principal materials com-
prise, but are not limited to, Li5AlO4, Li4SiO4, Li2SiO3,
Li3PO4, Li2SO4, LiScO2, LiYO2, LiLaO2, Li6Zr2O7,
Li8ZrO6, Al2O3, SiO2, P2O5, Y2O3, La2O3, ZrO2, Li2O,
MgO, and CaO (cf., Neudecker et al., 143 J. Electrochem.
Soc. 2198 (1996)). The PVD deposition of these materi-
als may preferably result in predominantly glassy or
amorphous thin films (e.g., materials that exhibit a crys-
tallinity / crystallographic long-range order of about 0 -
100 Å or more) whose composition may be further mod-
ified and fine-tuned by the introduction of, for example,
preferably, nitride doping through variations in the sputter
atmosphere, such as, for instance, sputtering in Ar/N2
mixtures.
[0024] To maximize the power performance of a thin
cell battery, it is preferred to keep the internal cell resist-
ance as small as possible. Thickness of the thin-film elec-
trolyte is one factor that can contribute to internal cell
resistance. For example, the internal cell resistance of a
Lipon cell at 25°C increases by at least a factor of three
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when going from 1mm Lipon to 5mm Lipon. Thus, it is
preferable to have an electrolyte layer of a minimum thick-
ness. In addition, thin-film layers are fairly cost-sensitive
compared to battery materials/layers fabricated by wet
chemistry, such as the cell phone batteries.
[0025] An electrolyte in a TFB may, for example, pref-
erably be only about 1mm thick. Due to this thinness,
particularly in a TFB that is, for example, equipped with
a metallic lithium anode, the electrolyte is preferably not
crystalline or exhibit any substantial grain boundary mor-
phology. Such a condition may allow or potentially cause
metallic lithium anode material to creep along the elec-
trolyte grain boundaries and eventually reach the cath-
ode, thereby resulting in a short-circuit within the TFB.
The reason for this potential creep tendency of metallic
lithium along the grain boundaries of the electrolyte lies
in the higher impurity concentration and off-composition
in those electrolyte locations with which the metallic lith-
ium partially reacts while forming pathways for additional
metallic lithium to follow. This creep phenomenon is anal-
ogous to dendrite growth in liquid or polymeric electrolyte
technology.
[0026] Although some embodiments of the present in-
vention contain a single-phase electrolyte material that
preferably can withstand direct contact (i.e, among other
things, avoid the creeping problem discussed above) to
both the highly reducing anode and the highly oxidizing
cathode in high-performance TFBs, other embodiments
contain a gradiented or stepped thin-film electrolyte com-
position to serve this purpose. This gradiented or stepped
electrolyte may be designed to be stable with, or inert
against, metallic lithium at the anode interface while gra-
dienting or step-changing its composition in a suitable
manner along its thickness axis, thereby rendering it sta-
ble with, or inert against, a highly oxidizing cathode such
as, for example, one that is charged to at least +3.9V in
comparison to a metallic lithium reference electrode. The
gradienting or composition stepping may be accom-
plished, for example, through sputter depositing the thin-
film electrolyte either from one sputter target by changing
the sputter gas composition or by using more than one
sputter targets over which the growing thin-film electro-
lyte is placed in a sequential or alternating manner. Rel-
ative to the finished electrolyte film, the gradiented prin-
ciple was realized by Eveready (Jones et al., 53-56 Solid
State Ionics 628 (1992)) and ORNL (Bates, U.S. Pat. No.
5,314,765 (1994)) by interposing a protection layer be-
tween the reducing anode and the solid state electrolyte,
which could be considered an electrolyte with different
interface compositions.
[0027] A further, in certain circumstances, relatively
important or useful property of the electrolyte of the
present invention is, for example, its potential increased
Li+ ion conductivity compared to Lipon. This increased
Li+ ion conductivity may provide TFBs with a much im-
proved low temperature power performance. The theory
for solid-state lithium-ion electrolytes was mainly devel-
oped between about 1970-1995; the latter date being

associated with the introduction of the Lipon electrolyte
into TFBs. In this time frame, papers on entirely inorganic,
solid-state Li+ ion electrolytes from A.R. West, R.A. Hug-
gins, C.C. Liang, P. Hagenmuller, J. B. Bates, and M.
Greenblatt (to name a few) taught certain techniques for
building those electrolytes and how to change the pa-
rameters of the Li+ ion conductivity, which in turn is given
by 

wherein σLi+ is the Li+ ion conductivity at a given temper-
ature T[K], R represents the gas constant while the factor
A denotes the pre-exponential factor, a measure for the
theoretically maximally achievable Li+ ion conductivity.
This conductivity would be realized if the activation en-
thalpy for Li+ ion conduction, Ea (chemical barrier inside
the electrolyte network for Li+ ion conduction), did not
exist in the solid-state glass (or crystalline) network of
the electrolyte, which then under TFB operation would
allow all Li+ ion jump attempts from one electrolyte net-
work site to another to become successful.
[0028] In the instant thin-film electrolyte compositions
of certain embodiments, the activation enthalpy for Li+

ion conduction Ea may be reduced by adequate electro-
lyte network vacancy and interstitial doping approaches
(e.g., aliovalent doping of Li3PO4 with Li4SiO4) as well
as by reducing the pinning electrostatic forces (e.g., re-
placing some of the more electronegative oxide ions by
less electronegative nitride ions, as very successfully re-
alized in Lipon over Li3PO4) that the Li+ ion encounters
when moving through the electrolyte network. Because
all sputter deposited thin-film electrolyte compositions
may, in certain embodiments, be expected to be glassy
or amorphous in their as-fabricated state, which by def-
inition is more disordered than their crystalline counter-
parts, a substantial Li+ ion conductivity boost may be an-
ticipated, as previously demonstrated for crystalline
Li3PO4 (Y-W. Hu et al., 11 Materials Research Bulletin,
1227 (1976)) versus sputter deposited glassy Li3PO4
(Bates et al., 53-56 Solid State Ionics, 647 (1992)).
[0029] The additional desirable properties, a low elec-
tronic conductivity, a high temperature stability, and a
transference number of unity, are preferably given by the
specific choice of the principal materials listed above,
because they are preferably (i) high-temperature com-
pounds, and so are their multinary derivatives, such as
Li4SiO4 doped Li3PO4, (ii) strong electronic insulators,
and (iii) composed of highly charged, and thus immobile
ions except for the singly charged, small and thus very
mobile Li+ ion, which, for example, results in the Li+ ion
being the only mobile species in the electrolyte network,
which in turn leads to a Li+ ion transference number of
unity.
[0030] As mentioned above, the charge transfer resist-
ances to both the anode and cathode may contribute
substantially to the overall cell impedance. One exem-
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plary approach regarding how to limit these cell imped-
ance contributors to a minimum may be to maximize the
contact area at the thin-film electrolyte interfaces by op-
timizing the thin-film deposition process of both the thin-
film electrolyte onto the cathode and subsequently the
anode deposition process onto the thin-film electrolyte
surface.
[0031] Previously crystalline Li3(SC2-xMx)(PO4)3 (M =
Al3+, Y3+) was found to potentially exhibit Li+ ion conduc-
tivities in excess of 10-5 S/cm at room temperature for x
= 0.4, which is approximately more than five times the
Li+ ion conductivity of Lipon (Amatucci et al., Solid State
Ionics 60 (1993) 357). Through sputter depositing
Li3(SC2-xMx)(PO4)3 (M = Al3+, Y3+), a glassy or amor-
phous morphology of this electrolyte material may be
achieved, which may be beneficial when using it in thin
film batteries in conjunction with the metallic lithium an-
ode as explained above while, in addition, the glassiness
alone may increase the Li+ ion conductivity of the elec-
trolyte by more than one order of magnitude. In certain
embodiments, doping the composition with nitride ions
that may replace some of the oxygen ions in the glass
network may enhance the Li+ ion conductivity of the thin-
film electrolyte through reduction of the activation en-
thalpy for Li+ ion conduction Ea, in addition to rendering
the electrolyte material more stable with, or inert against,
a metallic lithium anode. Although the use of a single-
piece sputter target of this 5 to 7 element material may
be preferred, one may sputter deposit from a suitable
sputter target in reactive N2 atmosphere, with or without
any additional admixed gases such as, for instance, ar-
gon. A suitable sputter target may be a readily available
Li3PO4 sputter target onto whose sputter surface a spe-
cific number of pressed powder pellets of Al2O3, Sc2O3,
and Y2O3 of a given footprint are located in order to attain
the desired film composition and electrochemical prop-
erties in the Li-Sc-Al-Y-P-O-N system. The resulting, so-
deposited, typically glassy, thin-film electrolyte is de-
scribed to have the composition Li3(Sc2-xMx)(PO4-yNz)3
wherein M = A1 and/or Y, x ≤ 2, 0 < z ≤ 8/3, and 2y = 3z.
[0032] In another embodiment of the present invention,
the parent compound Li8ZrO6 (cf., e.g., Scholder et al.,
Zeitschrift für Anorganische und Allgemeine Chemie,
Band 362 (1968) 149; Delmas et al., Materials Research
Bulletin 14 (1979) 619; Ohno et al., Journal of Nuclear
Materials 132 (1985) 222), which is stable against both
metallic lithium and high oxidation environments, that is,
high positive voltages against a lithium reference elec-
trode, may be aliovalently doped at the cation and anion
positions in order to substantially enhance its lithium ionic
conductivity. Preferred doping materials comprise
Li3PO4, which can formally be rewritten as "Li4.5P1.5O6",
and nitrogen, wherein the latter replaces some of the
oxide ions in the so-doped, final compound whose com-
position is described as (1-x) Li8ZrO6 * x Li4.5P1.5O6 : N
or, more precisely, Li8-3.5xP1.5xZr1-xO6-yNz wherein x ≤
0.8, z ≤ 4, and 2y = 3z.
[0033] The nitrogen doping may be accomplished in a

thin-film electrolyte that may be fabricated through a re-
active sputter deposition from a sputter target material
of the composition (1-x) Li8ZrO6 * x Li4.5P1.5O6 in a re-
active N2 atmosphere, with or without any additional ad-
mixed gases such as, for instance, argon. This film may
be glassy or amorphous and therefore exhibit no sub-
stantial grain boundaries, which is the preferred morphol-
ogy for some embodiments of the thin-film electrolytes
as explained above.
[0034] Instead of the Li3PO4 doping approach from
above, which aliovalently doped the parent compound at
the high-valence position, the zirconium position, one
may aliovalently dope Li8ZrO6 at the lithium position with,
for instance, lanthanum, thereby arriving at chemical
compositions that is described by Li8-3xLaxZrO6-yNz
wherein z ≤ 4, 2y = 3z, and preferably 0 < x ≤ 2.
[0035] The nitrogen doping may be accomplished in a
thin-film electrolyte that may be fabricated through a re-
active sputter deposition from a sputter target material
of the composition Li8-3xLaxZrO6 in a reactive N2 atmos-
phere, with or without any additional admixed gases such
as, for instance, argon. This film may be glassy or amor-
phous and therefore exhibit no substantial grain bound-
aries, which is the preferred morphology for thin-film elec-
trolytes as explained above.
[0036] The substantially glassy or amorphous com-
pound of the present invention Li8-3xLaxZrO6-yNz wherein
z ≤ 4, 2y = 3z, and preferably 0 < x ≤ 2 that does not show
substantial grain boundaries and thus differs substantial-
ly from the specific crystalline Garnet compounds that
Weppner et al. describes in WO 2005/085138 A1, US
2007/0148553, and DE 10 2007 030 604 A1. These crys-
talline Garnet compounds may not be used in thin-film
batteries wherein the thin-film electrolyte may be thinner
than or equal to 5mm. Otherwise, specifically lithium from
the anode may creep along the crystalline grain bound-
aries of this rather thin electrolyte layer and eventually
create an electronic leakage current path or even short-
circuit with the cathode, resulting in destruction of the
thin-film battery. Furthermore, PVD deposited oxide and
oxy-nitride films of the present invention typically deposit
in glassy or amorphous morphology so that an undesir-
able heat treatment would be necessary to crystallize
these films, which in itself, however, is undesirable for
the reasons given above. Notwithstanding the undesired
crystalline morphology for thin-film electrolytes, a crys-
tallizing heat treatment may additionally cause an un-
wanted chemical reaction of the electrolyte with the an-
ode and/or cathode. As previously discussed, crystalline
thin-film electrolyte films have numerous drawbacks that
are preferably to be avoided. On the other hand, PVD
processes, such as magnetron sputter deposition, lead
to glassy or amorphous thin-film electrolytes that may
not need any further heat treatment but, in view of best
TFB operation, may already be their preferred morpho-
logical state immediately after their fabrication.
[0037] In yet another embodiment of the present in-
vention one may use a related lithium zirconium oxide
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as a starting compound, such as Li6Zr2O7 (cf. Abrahams
et al., Journal of Solid State Chemistry 104 (1993) 197),
which could be considered to formally consist of 3Li2O *
2ZrO2 or (1.5Li2O * ZrO2)2, which therefore possesses
only 1.5/4 or 38% of the formal Li2O residing in Li8ZrO6,
which in turn may formally be described as 4Li2O * ZrO2.
When doped with Li3PO4 and nitrogen, we obtain com-
pounds whose formulae can be represented by
Li6-0.75xP1.75xZr2-2xO7-yNz wherein z ≤ 14/3, 2y = 3z, and
preferably x ≤ 0.8.
[0038] Nitrogen doping may be accomplished in a thin-
film electrolyte that may be fabricated through a reactive
sputter deposition from a sputter target material of the
composition Li6-0.75.P1.75xZr2-2xO7 in a reactive N2 at-
mosphere, with or without any additional admixed gases
such as, for instance, argon. This film may be glassy or
amorphous and therefore exhibit no substantial grain
boundaries, which is the preferred morphology for thin-
film electrolytes as explained above.
[0039] An example not part of the invention, relate to
AlN doped Li3PO4, which introduces vacancies at the Li+

ion cation position and the oxygen anion position while
replacing some of the Li+ ion pinning, electron rich oxygen
ions and their 2p atomic orbitals with the less Li+ ion pin-
ning, less electron rich, 2p nitrogen orbitals, according
to the formula Li3-3xP1-xAlxO4-4xNx wherein preferably 0
< x ≤ 0.6.
[0040] Sputtering AlN doped Li3PO4 material, for in-
stance, in a reactive N2 atmosphere, with or without any
additional admixed gases such as, for instance, argon,
may allow the fabrication of an electrolyte film that is fur-
ther doped with nitrogen and may be described by a com-
position of Li3-3xP1-xAlxO4-4x-yNx+z wherein preferably 0
< x ≤ 0.6, y ≤ 1.6, and 2y = 3z. This film may be glassy
or amorphous and therefore exhibit no substantial grain
boundaries, which is the preferred morphology for thin-
film electrolytes as explained above.
[0041] All of the various compositions of the thin-film
electrolyte of the present invention are thermally stable
up to at least 150°C while some specific compositions
may be thermally stable well above 300°C or even above
500°C. This thermal property may allow the use of the
thin-film electrolyte of the present invention in TFBs that
are exposed to higher (up to 150°C) to high (above
150°C) temperature environments for extended periods
of time, such as days or even months or years. It is to be
understood, however, that the thermal stability of a TFB
is not solely dependent on the thermal stability of the
electrolyte but may also be determined by, for instance,
the thermal stability of the packaging of the TFB or the
state of charge of the positive cathode material when
exposed to higher or high temperatures.

EXAMPLES

[0042] Example 1: In a particular embodiment of the
present invention, the Li+ ion conductivity of the electro-
lyte is demonstrated in a conductivity test cell using two

sandwiching inert metal electrodes. The electrolyte ex-
hibits an improved activation enthalpy Ea of less than
0.5eV (compared to Lipon Ea = 0.514 eV) that leads to
a Li+ ion conductivity of greater than 5*10-6 S/cm at 25°C.
The electrolyte possesses a Li+ ion conductivity at 0°C
of 1.48*10-6 S/cm, which is five times higher than that of
Lipon (2.95*10-7 S/cm) and ten times higher (8.1*10-8

S/cm) at -40°C (Lipon: 8.1*10-9 S/cm). The electrolyte of
the present invention has at least an electrochemical sta-
bility window from 0-5.5V vs. Li+/Li before the electrolyte
breaks down and shows a substantial electronic conduc-
tivity of more than 1*10-6 S/cm.
[0043] Example 2: In a further embodiment, a 1 in2

large TFB fabricated with the electrolyte of the present
invention supplies 700 mAh at 1/2C rate at 25°C in the
voltage range 4.2-2.0V and delivers 250 mAh at 100 mA
(140C rate) at the same temperature and within the same
voltage window. This TFB is fabricated onto 50mm metal
foil substrate, which also serves as the positive terminal,
together with 0.5mm conductive barrier layer, 3.5mm
LiCoO2 positive cathode, 1.2mm electrolyte of the
present invention, ∼9mm Li anode, and a standard metal
foil encapsulation.
[0044] Example 3: A further embodiment of the present
invention encompasses fabricated TFBs that supply 700
mAh at 1/2C rate at 25°C in the voltage range 4.2-2.0V
and are capable of delivering a continuous current of 0.4
mA within the same voltage window but at -40°C.
[0045] Example 4: The thin-film electrolyte of the com-
position Li3(ScAl)(PO3.4N0.4)3, formally comprising
Li3PO4*P2O5*1/2 Sc2O3*1/2 Al2O3:N, is fabricated in a
RF magnetron sputter deposition using "sputter-up" con-
figuration in an 10 mTorr N2 reactive atmosphere onto a
graphite substrate by employing a 4 inch diameter Li3PO4
sputter target whose sputter surface is covered by ap-
proximately 33% with about 2mm thick and about 1cm2

in diameter large, pressed and sintered powder pellets
of P2O5, by approximately 17% with about 2mm thick
and about 1cm2 in diameter large, pressed and sintered
powder pellets of Al2O3, and by approximately 17% with
about 2mm thick and about 1cm2 in diameter large,
pressed and sintered powder pellets of SC2O3. The re-
sulting, deposited thin-film electrolyte film at a distance
of 7.5cm from the Li3PO4 target surface is XRD amor-
phous and may be analyzed by quantitative EDS and/or
quantitative RBS to exhibit a Sc:Al:P:O:N stoichiometric
ratio of 1 : 1 : 1 : 3.4 : 0.4. The stoichiometric factor of
lithium may be obtained via back-calculation using the
chemical electro-neutrality rule and the known formal va-
lence states of Li(+1), Sc(+3), Al(+3), P(+5), O(-2), and
N(-3).
[0046] Example 5: The thin-film electrolyte of Example
4 may be heat treated in an inert argon atmosphere con-
tinuously at 150°C for 7 days without substantially chang-
ing its Li:Sc:Al:P:O:N stoichiometric ratio of 3 : 1 : 1 : 1 :
3.4 : 0.4.
[0047] The embodiments described above are exem-
plary only. One skilled in the art may recognize variations
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from the embodiments specifically described here, which
are intended to be within the scope of this disclosure. As
such, the invention is limited only by the following claims.
Thus, it is intended that the present invention cover the
modifications of this invention provided they come within
the scope of the appended claims. Further, specific ex-
planations of theories regarding the formation or perform-
ance of electrochemical devices according to the present
invention are presented for explanation only and are not
to be considered limiting with respect to the scope of the
present disclosure or the claims.

Claims

1. A solid-state, inorganic, electrolyte with glassy or
amorphous morphology, said electrolyte having a
lithium ion conductivity of greater than 5*10-6 S/cm
at 25°C and comprising a chemical composition se-
lected from:

(a) Li3(Sc2-xMx)(PO4-yNz)3 wherein x ≤ 2, 0 < z
≤ 8/3, 2y = 3z, and M is selected from the group
of Al, Y, and Al1-aYa wherein a < 1;
(b) Li8-3.5xP1.5xZr1-xO6-yNz wherein x ≤ 0.8, z ≤
4, and 2y = 3z;
(c) Li8-3.5xLaxZrO6-yNz wherein 0 < x ≤ 2, z ≤ 4,
and 2y = 3z; and
(d) Li6-0.75xP1.75xZr2-2xO7-yNz wherein x ≤ 0.8, z
≤ 14/3, and 2y = 3z.

2. The electrolyte of claim 1 wherein the electrolyte is
kinetically inert with a metallic lithium anode.

3. The electrolyte of claim 1 wherein the electrolyte is
kinetically inert with a positive cathode charged to a
potential of at least +3.9V, said potential measured
in comparison to a metallic lithium reference elec-
trode.

4. The electrolyte of claim 1 wherein the electrolyte is
thermally stable at ambient temperatures up to
150°C.

5. The electrolyte of claim 1 wherein the electrolyte is
kinetically inert with metallic lithium at ambient tem-
peratures of up to 150°C.

6. The electrolyte of claim 1 wherein the electrolyte is
kinetically inert with positive cathode materials that
are charged to a potential of +3.9V at ambient tem-
peratures of up to 150°C, said potential measured
in comparison to a metallic lithium reference elec-
trode.

7. The electrolyte of claim 1 wherein a thickness of said
electrolyte is less than 5mm.

8. The electrolyte of claim 1, wherein said electrolyte
has a crystallinity of 0 - 100 Å.

9. The electrolyte of claim 1, wherein chemical compo-
sition (a) further comprises at least one element se-
lected from the group of, silicon, sulfur, lanthanum,
zirconium, magnesium and calcium.

10. The electrolyte of claim 1, wherein chemical compo-
sition (b) further comprises at least one element se-
lected from the group of aluminum, silicon, sulfur,
scandium, yttrium, lanthanum, magnesium and cal-
cium.

11. The electrolyte of claim 1, wherein chemical compo-
sition (c) further comprises at least one element se-
lected from the group of aluminum, silicon, phospho-
rus, sulfur, scandium, yttrium, magnesium and cal-
cium.

12. The electrolyte of claim 1, wherein chemical compo-
sition (d) further comprises at least one element se-
lected from the group aluminum, silicon, sulfur, scan-
dium, yttrium, lanthanum, magnesium and calcium.

13. The electrolyte of claim 1, wherein chemical compo-
sition (e) further comprises at least one element se-
lected from the group of silicon, sulfur, scandium,
yttrium, lanthanum, zirconium, magnesium, and cal-
cium.

14. A method of fabricating a solid-state, inorganic elec-
trolyte of any of the preceding claims, said method
comprising:

providing a vacuum chamber;
providing at least one deposition substrate in
said chamber;
providing at least one deposition target in said
chamber, said at least one deposition target
comprising at least one target material;
providing a deposition gas atmosphere in said
vacuum chamber;
evaporating said at least one target material into
said deposition gas atmosphere;
forming a deposition material within said depo-
sition gas atmosphere; and
depositing said deposition material onto said at
least one deposition substrate;
whereby said electrolyte has a crystallinity of 0
- 100 Å, whereby said deposited material has a
lithium ion conductivity of greater than 5*10-6

S/cm at 25°C, and

whereby said deposition material has a chemical
composition comprising at least the elements lithi-
um, oxygen, nitrogen, and at least one element se-
lected from the group of aluminum, silicon, phospho-

11 12 



EP 2 235 782 B1

8

5

10

15

20

25

30

35

40

45

50

55

rus, sulfur, scandium, yttrium, lanthanum, zirconium,
magnesium, and calcium.

15. The method of claim 14 wherein said deposition gas
atmosphere comprises materials selected from the
group of: argon, nitrogen, oxygen, dinitrogen oxide,
and any mixture thereof.

Patentansprüche

1. Anorganischer Festkörperelektrolyt mit einer glasar-
tigen oder amorphen Morphologie, wobei der Elek-
trolyt eine Lithiumionenleitfähigkeit aufweist, die grö-
ßer ist, als 5*10-6 S/cm bei 25 °C und eine chemische
Zusammensetzung umfasst, die ausgewählt ist aus:

(a) Li3(Sc2-xMx)(PO4-yNz)3 wobei x ≤ 2, 0 < z ≤
8/3, 2y = 3z und M ausgewählt ist aus der Grup-
pe von Al, Y und Al1-aYa, wobei a<1;
(b) Li8-3.5xP1.5xZr1-xO6-yNz, wobei x ≤ 0,8, z ≤ 4
und 2y = 3z;
(c) Li8-3.5xLaxZrO6-yNz, wobei 0< x ≤ 2, z ≤ 4 und
2y = 3z; und
(d) Li6-0.75xP1.75xZr2-2xO7-yNz, wobei x ≤ 0,8, z
≤14/3 und 2y = 3z.

2. Elektrolyt nach Anspruch 1, wobei der Elektrolyt mit
einer metallischen Lithiumanode kinetisch inert ist.

3. Elektrolyt nach Anspruch 1, wobei der Elektrolyt mit
einer positiven Kathode kinetische inert ist, die mit
einem Potential von zumindest +3,9 V geladen ist,
wobei das Potential im Vergleich zu einer metalli-
schen Lithiumreferenzelektrode gemessen ist.

4. Elektrolyt nach Anspruch 1, wobei der Elektrolyt bei
Umgebungstemperaturen bis zu 150 °C thermisch
stabil ist.

5. Elektrolyt nach Anspruch 1, wobei der Elektrolyt mit
metallischem Lithium bei Umgebungstemperaturen
bis zu 150 °C kinetisch inert ist.

6. Elektrolyt nach Anspruch 1, wobei der Elektrolyt mit
positiven Kathodenmaterialien bei Raumtemperatu-
ren bis zu 150°C kinetisch inert ist, die mit einem
Potential von +3,9 V geladen sind, wobei das Poten-
tial im Vergleich zu einer metallischen Lithiumrefe-
renzelektrode gemessen ist.

7. Elektrolyt nach Anspruch 1, wobei eine Dicke des
Elektrolyts kleiner ist als 5 mm.

8. Elektrolyt nach Anspruch 1, wobei der Elektrolyt eine
Kristallinität von 0 bis 100 Å aufweist.

9. Elektrolyt nach Anspruch 1, wobei die chemische

Zusammensetzung (a) ferner zumindest ein Ele-
ment ausgewählt aus der Gruppe Silizium, Schwe-
fel, Lanthan, Zirkonium, Magnesium und Kalzium
umfasst.

10. Elektrolyt nach Anspruch 1, wobei die chemische
Zusammensetzung (b) ferner zumindest ein Ele-
ment ausgewählt aus der Gruppe Aluminium, Silizi-
um, Schwefel, Scandium, Yttrium, Lanthan, Magne-
sium und Kalzium umfasst.

11. Elektrolyt nach Anspruch 1, wobei die chemische
Zusammensetzung (c) ferner zumindest ein Element
ausgewählt aus der Gruppe Aluminium, Silizium,
Phosphor, Schwefel, Scandium, Yttrium, Magnesi-
um und Kalzium umfasst.

12. Elektrolyt nach Anspruch 1, wobei die chemische
Zusammensetzung (d) ferner zumindest ein Ele-
ment ausgewählt aus der Gruppe Aluminium, Silizi-
um, Schwefel, Scandium, Yttrium, Lanthan, Magne-
sium und Kalzium umfasst.

13. Elektrolyt nach Anspruch 1, wobei die Zusammen-
setzung (e) ferner zumindest ein Element ausge-
wählt aus der Gruppe Silizium, Schwefel, Scandium,
Yttrium, Lanthan, Zirkonium, Magnesium und Kalzi-
um umfasst.

14. Verfahren zum Herstellen eines anorganischen
Festkörperelektrolyten nach irgendeinem der vor-
hergehenden Ansprüche, wobei das Verfahren um-
fasst:

Bereitstellen einer Vakuumkammer;
Bereitstellen zumindest eines Ablagerungssub-
strats in der Kammer;
Bereitstellen von zumindest einem Ablage-
rungsziel in der Kammer, wobei das zumindest
eine Ablagerungsziel zumindest ein Zielmaterial
umfasst;
Bereitstellen einer Ablagerungsgasatmosphäre
in der Vakuumkammer;
Verdampfen von zumindest einem Zielmaterial
in die Ablagerungsgasatmosphäre;
Bilden eines Ablagerungsmaterials in der Abla-
gerungsgasatmosphäre; und
Ablagern des Ablagerungsmaterials auf das zu-
mindest eine Ablagerungssubstrat;
wobei der Elektrolyt eine Kristallinität von 0 bis
100 Å aufweist, wobei das abgelagerte Material
eine Lithiumionenleitfähigkeit von mehr als
5*10-6 S/cm bei 25 °C aufweist und wobei das
Ablagerungsmaterial eine chemische Zusam-
mensetzung von zumindest den Elementen Li-
thium, Sauerstoff, Stickstoff und zumindest ein
Element ausgewählt aus der Gruppe Alumini-
um, Silizium, Phosphor, Schwefel, Scandium,
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Yttrium, Lanthan, Zirkonium, Magnesium und
Kalzium umfasst.

15. Verfahren nach Anspruch 14, wobei die Ablage-
rungsgasatmosphäre Material ausgewählt aus der
Gruppe Argon, Stickstoff, Sauerstoff, Distickstoffo-
xid und irgendeine Mischung davon umfasst.

Revendications

1. Electrolyte inorganique à l’état solide présentant une
morphologie vitreuse ou amorphe, ledit électrolyte
ayant une conductivité de l’ion lithium supérieure à
5*10-6 S/cm à 25 °C et comprenant une composition
chimique choisie parmi :

(a) Li3(Sc2-xMx)(PO4-y)Nz)3, dans laquelle x≤2,
0<z≤8/3, 2y=3z, et M est choisi dans le groupe
consistant en Al, Y et Al1-aYa, avec a<1 ;
(b) Li8-3,5xP1,5xZr1-xO6-yNz, dans laquelle x≤0,
8, z≤4 et 2y=3z ;
(c) Li8-3,5xLaxZrO6-yNz, dans laquelle 0<x≤2,
z≤4 et 2y=3z ; et
(d) Li6-0,75xP1,75xZr2-2xO7-yNz, dans laquelle
x≤0,8, z≤14/3 et 2y=3z.

2. Electrolyte selon la revendication 1, l’électrolyte
étant cinétiquement inerte vis-à-vis d’une anode au
lithium métallique.

3. Electrolyte selon la revendication 1, l’électrolyte
étant cinétiquement inerte vis-à-vis d’une cathode
positive chargée à un potentiel d’au moins +3,9 V,
ledit potentiel étant mesuré par comparaison avec
une électrode de référence au lithium métallique.

4. Electrolyte selon la revendication 1, l’électrolyte
étant thermiquement stable aux températures am-
biantes allant jusqu’à 150 °C.

5. Electrolyte selon la revendication 1, l’électrolyte
étant cinétiquement inerte vis-à-vis du lithium métal-
lique aux températures ambiantes allant jusqu’à 150
°C.

6. Electrolyte selon la revendication 1, l’électrolyte
étant cinétiquement inerte vis-à-vis de matériaux de
cathode positive qui sont chargés à un potentiel de
+3,9 V à des températures ambiantes allant jusqu’à
150 °C, ledit potentiel étant mesuré par comparaison
avec une électrode de référence au lithium métalli-
que.

7. Electrolyte selon la revendication 1, une épaisseur
dudit électrolyte étant inférieure à 5 mm.

8. Electrolyte selon la revendication 1, ledit électrolyte

ayant une cristallinité de 0 à 100 Å.

9. Electrolyte selon la revendication 1, dans lequel la
composition chimique (a) comprend en outre au
moins un élément choisi dans le groupe consistant
en le silicium, le soufre, le lanthane, le zirconium, le
magnésium et le calcium.

10. Electrolyte selon la revendication 1, dans lequel la
composition chimique (b) comprend en outre au
moins un élément choisi dans le groupe consistant
en l’aluminium, le silicium, le soufre, le scandium,
l’yttrium, le lanthane, le magnésium et le calcium.

11. Electrolyte selon la revendication 1, dans lequel la
composition chimique (c) comprend en outre au
moins un élément choisi dans le groupe consistant
en l’aluminium, le silicium, le phosphore, le soufre,
le scandium, l’yttrium, le magnésium et le calcium.

12. Electrolyte selon la revendication 1, dans lequel la
composition chimique (d) comprend en outre au
moins un élément choisi dans le groupe consistant
en l’aluminium, le silicium, le soufre, le scandium,
l’yttrium, le lanthane, le magnésium et le calcium.

13. Electrolyte selon la revendication 1, dans lequel la
composition chimique (e) comprend en outre au
moins un élément choisi dans le groupe consistant
en le silicium, le soufre, le scandium, l’yttrium, le lan-
thane, le zirconium, le magnésium et le calcium.

14. Procédé de fabrication d’un électrolyte inorganique
à l’état solide selon l’une quelconque des revendi-
cations précédentes, ledit procédé comprenant :

la fourniture d’une chambre à vide ;
la fourniture d’au moins un substrat de dépôt
dans ladite chambre ;
la fourniture d’au moins une cible de dépôt dans
ladite chambre, ladite au moins une cible de dé-
pôt comprenant au moins un matériau cible ;
la fourniture d’une atmosphère de gaz de dépôt
dans ladite chambre à vide ;
l’évaporation dudit au moins un matériau cible
dans ladite atmosphère de gaz de dépôt ;
la formation d’un matériau de dépôt à l’intérieur
de ladite atmosphère de gaz de dépôt ; et
le dépôt dudit matériau de dépôt sur ledit au
moins un substrat de dépôt ;

dans lequel ledit électrolyte présente une cristallinité
de 0 à 100 Â, ledit matériau déposé présente une
conductivité de l’ion lithium supérieure à 5*10-6 S/cm
à 25 °C, et ledit matériau de dépôt présente une
composition chimique comprenant au moins les élé-
ments lithium, oxygène, azote et au moins un élé-
ment choisi dans le groupe consistant en l’alumi-
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nium, le silicium, le phosphore, le soufre, le scan-
dium, l’yttrium, le lanthane, le zirconium, le magné-
sium et le calcium.

15. Procédé selon la revendication 14, dans lequel ladite
atmosphère de gaz de dépôt comprend des maté-
riaux choisis dans le groupe consistant en l’argon,
l’azote, l’oxygène, le protoxyde d’azote et un mélan-
ge quelconque de ceux-ci.

17 18 



EP 2 235 782 B1

11

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• EP 1667272 A1 [0006]
• US 2008003493 A1 [0007]
• US 5314765 A, Bates [0026]

• WO 2005085138 A1 [0036]
• US 20070148553 A [0036]
• DE 102007030604 A1 [0036]

Non-patent literature cited in the description

• Lithium scandium phosphate-based electrolytes for
solid state lithium rechargeable microbatteries. AM-
ATUCCI G G et al. SOLID STATE IONICS. North
Holland Pub. Company, vol. 60, 357-365 [0005]

• NEUDECKER et al. J. Electrochem. Soc., 1996, vol.
143, 2198 [0021] [0023]

• YU et al. J. Electrochem. Soc., 1997, vol. 144, 524
[0021]

• APPETECCHI et al. J. Electrochem. Soc., 1998, vol.
145, 4126 [0021]

• ABRAHAM et al. J. Electrochem. Soc., 2000, vol.
147, 1251 [0021]

• JONES et al. Solid State Ionics, 1992, vol. 53-56,
628 [0026]

• Y-W. HU et al. Materials Research Bulletin, 1976,
vol. 11, 1227 [0028]

• BATES et al. Solid State Ionics, 1992, vol. 53-56,
647 [0028]

• AMATUCCI et al. Solid State Ionics, 1993, vol. 60,
357 [0031]

• SCHOLDER et al. Zeitschrift für Anorganische und
Allgemeine Chemie, 1968, vol. 362, 149 [0032]

• DELMAS et al. Materials Research Bulletin, 1979,
vol. 14, 619 [0032]

• OHNO et al. Journal of Nuclear Materials, 1985, vol.
132, 222 [0032]

• ABRAHAMS et al. Journal of Solid State Chemistry,
1993, vol. 104, 197 [0037]


	bibliography
	description
	claims
	cited references

