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(57) ABSTRACT 

A method and apparatus for making thin-film batteries having 
composite multi-layered electrolytes with soft electrolyte 
between hard electrolyte covering the negative and/or posi 
tive electrode, and the resulting batteries. In some embodi 
ments, foil-core cathode sheets each having a cathode mate 
rial (e.g., LiCoO) covered by a hard electrolyte on both sides, 
and foil-core anode sheets having an anode material (e.g., 
lithium metal) covered by a hard electrolyte on both sides, are 
laminated using a soft (e.g., polymer gel) electrolyte sand 
wiched between alternating cathode and anode sheets. A hard 
glass-like electrolyte layer obtains a Smooth hard positive 
electrode lithium-metal layer upon charging, but when very 
thin, have randomly spaced pinholes/defects. When the hard 
layers are formed on both the positive and negative elec 
trodes, one electrode's dendrite-short-causing defects on are 
not aligned with the other electrode's defects. The soft elec 
trolyte layer both conducts ions across the gap between hard 
electrolyte layers and fills pinholes. 
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THIN-FILMBATTERIES WITH POLYMER 
AND LIPON ELECTROLYTE LAYERS AND 

METHOD 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This invention claims benefit of U.S. Provisional 
Patent Application 60/699,895 filed Jul. 15, 2005, which is 
hereby incorporated by reference in its entirety. This is also 
related to U.S. patent application Ser. No. 10/895,445 entitled 
LITHIUMAAIR BATTERIES WITH LPONASSEPARA 
TOR AND PROTECTIVE BARRIER AND METHOD filed 
Oct. 16, 2003 by J. Klaassen, the inventor of the present 
application, and to U.S. patent application Ser. No. 11/031, 
217 entitled LAYERED BARRIER STRUCTURE HAV 
ING ONE OR MORE DEFINABLE LAYERS AND 
METHOD filed Jan. 6, 2005, U.S. patent application Ser. 
No. 1 1/ entitled “THIN-FILM BATTERIES WITH 
SOFT AND HARD ELECTROLYTE LAYERS AND 
METHOD (Attorney docket number 1327.031us 1) and U.S. 
patent application Ser. No. 1 1/ entitled “APPARA 
TUS AND METHOD FOR MAKING THIN-FILM BAT 
TERIES WITHSOFT AND HARD ELECTROLYTE LAY 
ERS’ (Attorney docket number 1327.031us3), filed on even 
date herewith, which are all incorporated herein in their 
entirety by reference. 

FIELD OF THE INVENTION 

0002 This invention relates to solid-state energy-storage 
devices, and more specifically to a method and apparatus for 
making thin-film (e.g., lithium) battery devices with a soft 
(e.g., polymer) electrolyte layer, and one or more hard layers 
(e.g., LiPON) as electrolyte layer(s) and/or protective barrier 
(s), and the resulting cell(s) and/or battery(s). 

BACKGROUND OF THE INVENTION 

0003 Electronics have been incorporated into many por 
table devices such as computers, mobile phones, tracking 
systems, scanners, and the like. One drawback to portable 
devices is the need to include the power supply with the 
device. Portable devices typically use batteries as power Sup 
plies. Batteries must have sufficient capacity to power the 
device for at least the length of time the device is in use. 
Sufficient battery capacity can result in a power Supply that is 
quite heavy and/or large compared to the rest of the device. 
Accordingly, Smaller and lighter batteries (i.e., power Sup 
plies) with Sufficient energy storage are desired. Other energy 
storage batteries (i.e., power Supplies) with Sufficient energy 
storage are desired. Other energy storage devices, such as 
Supercapacitors, and energy conversion devices, such as pho 
tovoltaics and fuel cells, are alternatives to batteries for use as 
power Supplies in portable electronics and non-portable elec 
trical applications. 
0004 Another drawback of conventional batteries is the 
fact that some are fabricated from potentially toxic materials 
that may leak and be subject to governmental regulation. 
Accordingly, it is desired to provide an electrical power 
Source that is safe, Solid-state and rechargeable over many 
charge/discharge life cycles. 
0005 One type of an energy-storage device is a solid 
state, thin-film battery. Examples of thin-film batteries are 
described in U.S. Pat. Nos. 5,314,765; 5,338,625; 5,445,906; 
5,512, 147: 5,561,004: 5,567,210: 5,569,520, 5,597,660; 
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5,612,152; 5,654,084; and 5,705,293, each of which is herein 
incorporated by reference. U.S. Pat. No. 5,338,625 describes 
a thin-film battery, especially a thin-film microbattery, and a 
method for making same having application as a backup or 
first integrated power source for electronic devices. U.S. Pat. 
No. 5,445,906 describes a method and system for manufac 
turing a thin-film battery structure formed with the method 
that utilizes a plurality of deposition stations at which thin 
battery component films are built up in sequence upon a 
web-like substrate as the substrate is automatically moved 
through the stations. 
0006 U.S. Pat. No. 6,805,998 entitled “METHOD AND 
APPARATUS FOR INTEGRATED BATTERY DEVICES 
(which is incorporated herein by reference) issued Oct. 19. 
2004, by Mark L. Jenson and Jody J. Klaassen (the inventor of 
the present application), and is assigned to the assignee of the 
present invention, described a high-speed low-temperature 
method for depositing thin-film lithium batteries onto a poly 
mer web moving through a series of deposition stations. 
0007 K. M. Abraham and Z. Jiang, (as described in U.S. 
Pat. No. 5,510,209, which is incorporated herein by refer 
ence) demonstrated a cell with a non-aqueous polymer sepa 
rator consisting of a film of polyacrylonitrile swollen with a 
propylene carbonate/ethylene carbonate/LiPF electrolyte 
Solution. This organic electrolyte membrane was sandwiched 
between a lithium metal foil anode and a carbon composite 
cathode to form the lithitun-air cell. The utilization of the 
organic electrolyte allowed good performance of the cell in an 
oxygen or dry air atmosphere. 
0008. As used herein, the anode of the battery is the posi 
tive electrode (which is the anode during battery discharge) 
and the cathode of the battery is the negative electrode (which 
is the cathode during battery discharge). (During a charge 
operation, the positive electrode is the cathode and the nega 
tive electrode is the anode, but the anode-cathode terminol 
ogy herein reflects the discharge portion of the cycle.) 
0009 U.S. Pat. No. 6,605,237 entitled “Polyphosp 
haZenes as gel polymer electrolytes' (which is incorporated 
herein by reference), issued to Allcock, et al. on Aug. 12, 
2003, and describes co-substituted linear polyphosphazene 
polymers that could be useful ingel polymer electrolytes, and 
which have anion conductivity at room temperature of at least 
about 10 S/cm and comprising (i) a polyphosphazene hav 
ing controlled ratios of side chains that promote ionic con 
ductivity and hydrophobic, non-conductive side chains that 
promote mechanical stability, (ii) a Small molecule additive, 
Such as propylene carbonate, that influences the ionic con 
ductivity and physical properties of the gel polymer electro 
lytes, and (iii) a metal salt, Such as lithium trifluoromethane 
sulfonate, that influences the ionic conductivity of the gel 
polymer electrolytes, and methods of preparing the polyphos 
phaZene polymers and the gel polymer electrolytes. Allcock 
et al. discuss a system that has been studied extensively for 
solid-polymer electrolyte (SPE) applications, which is one 
that is based on poly(organophosphaZenes). This class of 
polymers has yielded excellent candidates for use in SPEs due 
to the inherent flexibility of the phosphorus-nitrogen back 
bone and the ease of side group modification via macromo 
lecular substitution-type syntheses. The first poly(organo 
phosphazene) to be used in a phosphazene SPE (solid 
polymer electrolyte) was polybis(2-(2-methoxyethoxy 
ethoxy)phosphazene (hereinafter, MEEP). This polymer 
was developed in 1983 by Shriver, Allcock and their cowork 
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ers (Blonsky, P. M., et al. Journal of the American Chemical 
Society, 106, 6854 (1983)) and is illustrated in U.S. Pat. No. 
6,605,237. 
0010. Also, the following U.S. Pat. Nos. 7,052,805 (Poly 
merelectrolyte having acidic, basic and elastomeric subunits, 
published/issued on 2006 May 30); 6,783,897 (Crosslinking 
agent and crosslinkable solid polymer electrolyte using the 
same, 2004 Aug. 31); 6,727.024 (Polyalkylene oxide polymer 
composition for solid polymer electrolytes, 2004 Apr. 27); 
6,392,008 (Polyphosphazene polymers, 2002 May 21); 
6,369,159 (Antistatic plastic materials containing epihalohy 
drin polymers, 2002 Apr. 9); 6.214.251 (Polymer electrolyte 
composition, 2001 Apr. 10); 5,998.559 (Single-ion conduct 
ing Solid polymer electrolytes, and conductive compositions 
and batteries made therefrom: 1999 Dec. 7); 5,874,184 (Solid 
polymer electrolyte, battery and solid-state electric double 
layer capacitor using the same as well as processes for the 
manufacture thereof, 1999 Feb. 23); 5,698,664 (Synthesis of 
polyphosphaZenes with controlled molecular weight and 
polydispersity, 1997 Dec. 16): 5,665,490 (Solid polymer 
electrolyte, battery and solid-state electric double layer 
capacitor using the same as well as processes for the manu 
facture thereof, 1997 Sep. 9); 5,633,098 (Batteries containing 
single-ion conducting solid polymer electrolytes, 1997 May 
27): 5,597,661 (Solid polymer electrolyte, battery and solid 
state electric double layer capacitor using the same as well as 
processes for the manufacture thereof, 1997 Jan. 28); 5,567, 
783 (Polyphosphazenes bearing crown ether and related 
podand side groups as solid solvents for ionic conduction, 
1996 Oct. 22): 5,562.909 (Phosphazene polyelectrolytes as 
immunoadjuvants, 1996 Oct. 8); 5,548,060 (Sulfonation of 
polyphosphaZenes, 1996 Aug. 20); 5,414,025 (Method of 
crosslinking of solid state battery electrolytes by ultraviolet 
radiation, 1995 May 9); 5,376.478 (Lithium secondary bat 
tery of Vanadium pentoxide and polyphosphaZenes, 1994 
Dec. 27): 5,219,679 (Solid electrolytes, 1993 Jun. 15); 5,110, 
694 (Secondary Li battery incorporating 12-Crown-4 ether, 
1992 May 5); 5,102,751 (Plasticizers useful for enhancing 
ionic conductivity of solid polymer electrolytes, 1992 Apr. 7); 
5,061,581 (Novel solid polymer electrolytes, 1991 Oct. 29); 
4,656,246 (Polyetheroxy-substituted polyphosphazene puri 
fication, 1987 Apr. 7); and 4,523,009, (Polyphosphazene 
compounds and method of preparation, 1985 Jun. 11), which 
are all incorporated herein by reference. Each discuss poly 
phosphaZene polymers and/or other polymer electrolytes 
and/or lithium salts and combinations thereof 

0011 U.S. patent application Ser. No. 10/895,445 entitled 
LITHIUMAATR BATTERIES WITH LPONASSEPARA 
TOR AND PROTECTIVE BARRIER AND METHOD” by 
the inventor of the present application (which is incorporated 
herein by reference) describes a method for making lithium 
batteries including depositing LiPON on a conductive sub 
strate (e.g., a metal Such as copper or aluminum) by deposit 
ing a chromium adhesion layer on an electrically insulating 
layer of silicon oxide by vacuum sputter deposition of 50 mu 
of chromium followed by 500 nm of copper. In some embodi 
ments, a thin film of LiPON (Lithium Phosphorous OxyNi 
tride) is then formed by low-pressure (<10 mtorr) sputter 
deposition of lithium orthophosphate (LiPO) in nitrogen. In 
some embodiments of the Li-air battery cells, LiPON was 
deposited over the copperanode current-collector contact to a 
thickness of 2.5 microns, and a layer of lithium metal was 
formed onto the copper anode current-collector contact by 
electroplating through the LiPON layer in a propylene car 
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bonate/LiPF electrolyte solution. In some embodiments, the 
air cathode was a carbon-powder/polyfluoroacrylate-binder 
coating (Novec-1700) saturated with a propylene carbonate/ 
LiPF organic electrolyte solution. In other embodiments, a 
cathode-current-collector contact layer having carbon gran 
ules is deposited, such that atmospheric oxygen could operate 
as the cathode reactant. This configuration requires providing 
air access to Substantially the entire cathode Surface, limiting 
the ability to densely stack layers for higher electrical capac 
ity (i.e., amp-hours). 
0012. There is a need for rechargeable lithium-based bat 
teries having improved protection against dendrite formation 
and with improved density, electrical capacity, rechargeabil 
ity, and reliability, and smaller volume and lowered cost. 

BRIEF SUMMARY OF THE INVENTION 

0013. In some embodiments, the present invention 
includes a battery having an electrolyte structure that com 
bines a plurality of layers of different electrolytes (e.g., hard 
soft-hard). In some embodiments, a thin (0.1 to 1.0 micron) 
LiPON electrolyte layer serves as a hard coating on the nega 
tive electrode preventing the formation of lithium dendrites 
(especially when paired with a corresponding LiPON elec 
trolyte layer coating on the positive electrode) and/or provid 
ing an even (Smooth), hard layeroflithium metal on, or as part 
of the negative electrode when the battery is charged. In some 
embodiments, a thin (0.1 to 1.0 micron) LiPON electrolyte on 
only one electrode (e.g., the negative electrode) may not 
prevent the formation of lithium dendrites over the long term 
(e.g., many thousands of discharge-recharge cycles), since 
the lithium growing through a pinhole may only need to grow 
about 3 microns or less across the electrolyte to short the 
battery (i.e., providing a metal electrical conduction path 
directly from anode to cathode). When LiPON is also used as 
a coating at the positive electrode (e.g., an electrode that 
includes LiCoO) the random locations of the pinholes will 
not lineup (e.g., across the electrolyte from anode to cathode) 
so lithium would also need to grow sideways in the electro 
lyte, which doubly ensures that lithium plating at a defect site 
(which would typicall, form a dendrite) will not short the 
battery. In some embodiments, a soft electrolyte layer bridges 
the gap between the hard electrolyte layer on the negative 
electrode and the hard electrolyte layer on the positive elec 
trode. At both electrodes, the LiPON layer also provides an 
improvement in environmental resistance to water vapor and 
oxygen, especially during manufacture before the battery is 
completed and otherwise sealed. In some embodiments, the 
soft electrolyte includes a solid polymer electrolyte (SPE) 
layer that islocated between and contacts with the LiPON 
layer on the positive electrode and the LiPON layer on the 
negative electrode. In some embodiments, the electrolyte 
structure includes a polymer electrolyte such as PEO-LiX 
(poly-ethylene oxide lithium-X, where LiX=a metal salt, 
such as LiPF6, LiBN, LiCFSO, CFSO, Li (lithium trifluo 
romethanesulfonate, also called triflate), lithium bisperfluo 
roethanesulfonimide, lithium (Bis) Trifluoromethanesulfon 
imide, and/or the like, for example). In some embodiments, 
the electrolyte structure includes a polymer electrolyte such 
as polyPN-LiX (Polyphosphazene with lithium-X, where 
LiX=LiPF LUBE, LiCFSO, and/or the like, for 
example). In some embodiments, a small-molecule additive, 
Such as propylene carbonate, that influences the ionic con 
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ductivity and physical properties of the polymer electrolytes 
is added to form a gel electrolyte that better fills defects and 
acts as an adhesive. 
0014. The present invention provides both a method and 
an apparatus for making thin-film batteries having composite 
(e.g., multi-layered) electrolytes with a soft electrolyte layer 
between hard electrolyte layers covering the negative and/or 
positive electrodes, and the resulting batteries. In some 
embodiments, metal-core cathode sheets each having a cath 
ode material (e.g., LiCoO2) deposited on a metal foil, screen, 
or mesh (e.g., copper, nickel, or stainless steel) or a metal 
covered insulator (e.g., a sputtered metal film on a polymer 
film, a SiO2-covered silicon wafer, or an alumina or sapphire 
substrate) and is covered by a hard electrolyte (some embodi 
ments form such electrodes on both sides of the substrate), 
and foil-core anode sheets having a anode material (e.g., 
lithium metal) deposited on a metal foil (e.g., copper, nickel, 
or stainless steel) or a metal-covered insulator (e.g., a sput 
tered metal film on a polymer film, a SiO2-covered silicon 
wafer, oran alumina or Sapphire Substrate) and is also covered 
by a hard electrolyte (some embodiments form such elec 
trodes on both sides of the substrate), and such sheets are 
laminated using a soft (e.g., polymer gel) electrolyte sand 
wiched between alternating cathode and anode sheets. In 
Some embodiments, a hard glass-like electrolyte layer obtains 
a Smooth hard positive-electrode lithium-metal layer upon 
charging, but when Such a layer is made verythin, will tend to 
have randomly spaced pinholes/defects. When the hard layers 
are formed on both the positive and negative electrodes, one 
electrode's dendrite-short-causing defects on are not aligned 
with the other electrode's defects. The soft electrolyte layer 
conducts ions across the gap between hard electrolyte layers 
and/or fills pinholes, thin spots, and other defects in the hard 
electrolyte layers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.015 FIG. 1A is a schematic cross-section view of a 
lithium cell 100 of some embodiments of the invention. 
0016 FIG. 1B is a schematic cross-section view of a 
lithium cell 101 of some embodiments of the invention. 
0017 FIG. 1C is a schematic cross-section view of a 
lithium cell 102 of some embodiments of the invention. 
0.018 FIG. 2 is a schematic cross-section view of a 
lithium-battery manufacturing process 200 of some embodi 
ments of the invention. 

0019 FIG. 3 is a schematic cross-section view of a paral 
lel-connected lithium battery 300 of some embodiments of 
the invention. 

0020 FIG. 4 is a schematic cross-section view of a series 
connected lithium battery 400 of some embodiments of the 
invention. 

0021 FIG. 5A is a schematic cross-section view of a par 
allel-connected Screen-cathode current-collector contact 
lithium-battery 500 of some embodiments of the invention. 
0022 FIG. 5B is a schematic cross-section view of a 
series-connected Screen-cathode-current-collector contact 
lithium-battery 501 of some embodiments of the invention. 
0023 FIG. 6A is a perspective view of an electrode 600 
having a hard-electrolyte-covered current collector with a 
plating mask 119. 
0024 FIG. 6B is a perspective view of another electrode 
601 having a hard-electrolyte-covered current collector with 
a plating mask 119. 
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0025 FIG. 6C is a perspective view of a plating system 
610. 

0026 FIGS. 7A, 7B, 7C, 7D, 7E, and 7F are schematic 
cross-sectional views of the fabrication of an atomic level 
matrix of copper and copper oxides as cathodes on a substrate 
of some embodiments of the invention. 
0027 FIGS. 8A, 8B, 8C, 8D, and 8E are schematic cross 
sectional views of the fabrication of an atomic level matrix of 
copper and copper oxides as cathodes on a copper foil Sub 
strate of some embodiments of the invention. 
0028 FIG. 9 is a schematic cross-section view of a paral 
lel-connected foil-cathode-current-collector contact lithium 
battery 900 of some embodiments of the invention. 
0029 FIG. 10A is a schematic cross-section view of an 
encapsulated surface-mount micro-battery 1000 of some 
embodiments of the invention. 
0030 FIG. 10B is a perspective view of an encapsulated 
surface-mount micro-battery 1000 of some embodiments of 
the invention. 
0031 FIG. 11 is a flow chart of a method 1100 for making 
a battery cell according to some embodiments of the inven 
tion. 
0032 FIG. 12 is a flow chart of a method 1200 for making 
a stacked battery according to some embodiments of the 
invention. 
0033 FIG. 13 is an exploded perspective view of an 
embodiment of a device as part of a system. 
0034 FIG. 14 is an exploded perspective view of another 
embodiment of a device as part of a portable system. 

DETAILED DESCRIPTION OF THE INVENTION 

0035 Although the following detailed description con 
tains many specifics for the purpose of illustration, a person of 
ordinary skill in the art will appreciate that many variations 
and alterations to the following details are within the scope of 
the invention. Accordingly, the following preferred embodi 
ments of the invention are set forth without any loss of gen 
erality to, and without imposing limitations upon the claimed 
invention. 
0036. In the following detailed description of the preferred 
embodiments, reference is made to the accompanying draw 
ings that form a parthereof, and in which are shown by way 
of illustration specific embodiments in which the invention 
may be practiced. It is understood that other embodiments 
may be utilized and structural changes may be made without 
departing from the scope of the present invention. 
0037. The leading digit(s) of reference numbers appearing 
in the Figures generally correspond to the Figure number in 
which that component is first introduced. Such that the same 
reference number is used throughout to refer to an identical 
component, which appears in multiple Figures. Signals (such 
as, for example, fluid pressures, fluid flows, or electrical sig 
nals that represent such pressures or flows), pipes, tubing or 
conduits that carry the fluids, wires or other conductors that 
carry the electrical signals, and connections may be referred 
to by the same reference number or label, and the actual 
meaning will be clear from its use in the context of the 
description. 
0038 Terminology 
0039. In this description, the term metal applies both to 
Substantially pure single metallic elements and to alloys or 
combinations of two or more elements, at least one of which 
is a metallic element. 
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0040. The term substrate or core generally refers to the 
physical structure that is the basic work piece that is trans 
formed by various process operations into the desired micro 
electronic configuration. In some embodiments, Substrates 
include conducting material (Such as copper, stainless steel, 
aluminum and the like), insulating material (Such as Sapphire, 
ceramic, or plastic/polymer insulators and the like), semicon 
ducting materials (such as silicon), non-semiconducting, or 
combinations of semiconducting and non-semiconducting 
materials. In some, other embodiments, Substrates include 
layered structures, such as a core sheet or piece of material 
(such as iron-nickel alloy and the like) chosen for its coeffi 
cient of thermal expansion (CTE) that more closely matches 
the CTE of an adjacent structure Such as a silicon processor 
chip. In some such embodiments, such a Substrate core is 
laminated to a sheet of material chosen for electrical and/or 
thermal conductivity (Such as a copper, aluminum alloy and 
the like), which in turn is covered with a layer of plastic 
chosen for electrical insulation, stability, and embossing 
characteristics. An electrolyte is a material that conducts elec 
tricity by allowing movement of ions (e.g., lithium ions hav 
ing a positive charge) while being non-conductive or highly 
resistive to electron conduction. An electrical cellor battery is 
a device having an anode and a cathode that are separated by 
an electrolyte. A dielectric is a material that is non-conducting 
to electricity, such as, for example, plastic, ceramic, or glass. 
In some embodiments, a material Such as LiPON can act as an 
electrolyte when a source and sink for lithium are adjacent the 
LiPON layer, and can also act as a dielectric when placed 
between two metal layerS Such as copper or aluminum, which 
do not form ions that can pass through the LiPON. In some 
embodiments, devices include an insulating plastic/polymer 
layer (a dielectric) having wiring traces that carry signals and 
electrical power horizontally, and vias that carry signals and 
electrical power vertically between layers of traces. 
0041. In some embodiments, an anode portion of a thin 
film solid-state battery is made (as described in U.S. patent 
application Ser. No. 10/895,445 discussed above) using a 
method that includes depositing LiPON on a conductive sub 
strate (e.g., a metal such as copper or aluminum) that is 
formed by depositing a chromium adhesion layer on an elec 
trically insulating layer of silicon oxide (or on a polymer 
sheet) using vacuum-sputter deposition of 50 nm of chro 
mium followed by 500 nm of copper. In some embodiments, 
a thin film of LiPON (Lithium Phosphorous OxyNitride) is 
then formed by low-pressure (<10 mtorr) sputter deposition 
of lithium orthophosphate (LiPO) in nitrogen, or by sput 
tering from a LiPON source. In some embodiments LiPON is 
deposited over the copperanode current-collector contact to a 
thickness of between 0.1 microns and 2.5 microns. In some 
embodiments, a layer of lithium metal is formed onto the 
copper anode current-collector contact by electroplating 
through the LiPON layer (which was earlier deposited on the 
copper anode current-collector contact) in a propylene car 
bonate/LiPF organic electrolyte solution. The LiPON acts as 
a protective layer during fabrication of the battery, and in the 
assembled battery, it operates as one layer of a multi-layer 
electrolyte. (In other embodiments, the layer of lithium metal 
of the anode is formed by an initial charging operation after 
the battery is assembled.) In some embodiments, a cathode 
portion of the thin-film Solid-state battery is made Sputtering 
LiCoO onto a first of metal foil from a LiCoO source, over 
which is deposited a LiPON layer, which in the assembled 
battery, operates as another layer of the multi-layer electro 
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lyte. In some embodiments, a solid or gel polymer electrolyte 
is used as a structural connection or adhesive between the two 
LiPON electrolyte layers, as well as forming an ion-conduc 
tive path between the positive and negative electrodes of the 
battery. 
0042. It is desirable, in some embodiments, to form a very 
thin electrolyte. If a single very thin layer of LiPON is used, 
it tends to have defects (e.g., thin spots or pinholes) and 
lithium ions will preferentially travel through these paths of 
least resistance and plate to spike-shaped lithium-metalden 
drites that short out the battery. If a single verythin solidorgel 
polymer electrolyte layer is used, any Surface irregularities 
(e.g., bumps or ridges in the anode or cathode material) will 
tend to connect through the electrolyte and short the battery. 
By having two independently formed verythin LiPON (hard) 
electrolyte component layers, one formed on the battery's 
anode and another formed on the battery's cathode, any Such 
thin spots or pinholes in one layer will not line up with a thin 
spot or pinhole in the other layer. The third electrolyte layer 
(e.g., a soft polymer electrolyte that conducts lithium ions 
between the two LiPON layers) made of a solid and/or gel 
polymer electrolyte material does not get shorted out by 
bumps or other irregularities in either electrode since those 
irregularities will tend to be coated with LiPON and/or the 
corresponding spot on the other side will be coated with 
LiPON. Accordingly, one or more (even all) of the plurality of 
layers can be made verythin without the danger of having an 
initial short (from a polymer electrolyte that is too thin allow 
ing the anode and cathode to touch) or a later-developed short 
(from a pinhole in a LiPON electrolyte layer that allows 
formation of a lithium-metal dendrite after one or more 
charge/discharge cycles). Further, the dense, hard, glass-like 
LiPON layer causes the lithium ions that pass through it to 
form a lithium-metal layer that is dense and smooth. In other 
embodiments, one or more other hard and/or glass-like elec 
trolyte layers are used instead of one or more of the LiPON 
layers. 
0043 U.S. Pat. No. 6,605,237 entitled “Polyphosp 
hazenes as gel polymer electrolytes' discusses MEEP (poly 
bis(2-(2-methoxyethoxy ethoxy)phosphazene) and other 
polymers, which are used in Some embodiments of the 
present invention as structural connector and polymer elec 
trolyte sublayer between two LiPON sublayers. The poly 
phosphazene (herein called polyPN) used as the connective 
layer is soft and sticky. Its adhesive properties are what allow 
the electrode to be and to remain joined. Its softness allows for 
defect correction and/or for defects to not cause poor battery 
performance and reliability. In other embodiments, other soft 
or gel-like ion-conducting polymers are used. 
0044) U.S. Pat. Nos. 4,523,009, 5,510,209, 5,548,060, 
5,562,909, 6,214,251, 6,392,008 6,605,237, and 6,783,897 
(which are all incorporated herein by reference) each discuss 
polyphosphaZene polymers and/or other polymer electrolytes 
and/or various lithium salts and compounds that can be used 
as, or included in, one or more component layers of an elec 
trolyte in some embodiments of the present invention. 
0045. The term vertical is defined to mean substantially 
perpendicular to the major Surface of a Substrate. Height or 
depth refers to a distance in a direction perpendicular to the 
major Surface of a Substrate. 
0046 FIG. 1A is a schematic cross-section view of a 
lithium cell 100 of some embodiments of the invention. In 
some embodiments, cell 100 includes a first sheet 111 (a 
cathode or positive-electrode Subassembly) having a first 
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metal foil 110 (which acts as a current collector) onto which 
is deposited a film of cathode material 112, such as, for 
example, LiCoO, for example, by sputtering from a LiCoO. 
target, and over which is deposited a relatively hard LiPON 
layer 114 (which acts as a hard-electrolyte current spreader). 
In some embodiments, cell 100 includes a second sheet 121 
(an anode or negative-electrode Subassembly) having a sec 
ond metal foil 120 (which acts as a current collector) onto 
which is deposited a film of LiPON 124 (which acts as a 
hard-electrolyte current spreader and as an environmental 
barrier for lithium that is later plated through this layer), and 
a layer of lithium 122 (which forms the active portion of the 
anode or negative-electrode) is plated through the LiPON 
film 124 (either before or after the entire battery is assembled: 
if the cathode contains sufficient lithium to start, then the 
anode lithium layer is formed after assembly by the initial 
charging of the battery, while if the cathode has little or no 
lithium to start with, then the anode lithium layer is formed 
before assembly, e.g., by electroplating in a liquid electrolyte 
or solution from an external sacrificial lithium-metal elec 
trode). In some embodiments, a sheet or layer of polymer 
electrolyte 130 is sandwiched between the first sheet 111 and 
the second sheet 121. In some embodiments, the layer of the 
polymer electrolyte is deposited onto LiPON layer 114, 
LiPON layer 124, or a portion of the polymer electrolyte is 
deposited onto both LiPON layer 114 and LiPON layer 124, 
and then the first sheet 111 and the second sheet 121 are 
pressed together or otherwise assembled (in some embodi 
ments, two or more of the sheets are squeezed together 
between a pair of rollers). 
0047. In some embodiments, it is the hard-soft-hard com 
bination of electrolyte layers that provide a low-cost, high 
quality, high-reliability, highly rechargeable battery system. 
In some embodiments, the hard layers act as protective barrier 
layers during manufacture and as current spreader electro 
lytes that obtain a smooth hard layer of lithium on the anode 

Reference Function or 
Number Property 
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upon charging. In some embodiments, the hard layers are or 
include a glass or glass-like electrolyte material (e.g., 
LiPON). When they are made very thin (in order to increase 
cell conductivity and reduce cell resistance), these hard layers 
tend to have randomly spaced pinholes, bumps, or other 
defects (thicker layers can eliminate many such defects, but 
will have decreased cell conductivity and increased cell resis 
tance). When the hard layers are formed on both the positive 
electrode and the corresponding negative electrode, the pin 
holes and defects of the electrolyte covering one electrode 
will tend not to be aligned with the pinholes and defects of the 
electrolyte covering the other electrode. The soft electrolyte 
layer both conducts ions across the gap between hard layers 
and tends to fill the pinholes and defects of the hard electro 
lyte coverings. In some embodiments, the Soft electrolyte 
layer can be a solid or gel polymer electrolyte (these also act 
as adhesives to hold the cells together and as seals to reduce 
contamination of the cell from environmental factors and to 
reduce leakage of the Soft electrolyte layer), or can be a liquid 
electrolyte, optionally infused in a structural element (such as 
a sponge, Screen, or ridges formed of a host solid-polymer 
(e.g., polyethylene, polypropylene, fluoroethylene or the like) 
on one or more of the hard electrolyte layers (e.g., by micro 
embossing). 
0048. In some embodiments, the soft electrolyte layer 
includes a gel that includes a polyvinylidene difluoride 
(PVdF), propylene carbonate, and a lithium salt. PVdF is a 
polymer that does not conduct lithium ions, that is, lithium 
salts will not dissolve in PVdF. However, PVdF can be swol 
len with a liquid such as propylene carbonate in which a 
lithium salt has been dissolved. The gel that results can be 
used as a soft electrolyte. 
0049. In some embodiments, the thickness of each of the 
hard electrolyte layers is one micron or thinner, and the thick 
ness of the soft electrolyte layer is about three microns or 
thinner. The structure shown in FIG. 1A is also represented in 
the following Table 1: 

TABLE 1. 

Example Materials 

optionally, more battery layers stacked above . . . 
110 cathode metal foil (e.g., one that does not alloy with Li, such as copper, 

current nickel, stainless steel and the like), metal screen, or metal film on 
collector polymer film or SiO2 layer on Si wafer, (can have electrode formed 

on both sides for battery stack) 
112 cathode LiCoO2 (Sputtered or powder-pressed in place), carbon powder, 

material CuO powder (any of the above can be infused with polyPN 
electrolyte material to increase conductivity and lithium transport), 
O 

atomic matrix of copper and copper oxides (which, in some 
embodiments, includes a tapered composition Cu and Ostructure 
with more copper towards the top and more oxygen towards the 
bottom, e.g., Cu metal gradually mixed to . . . CuO ... Cu2O ... CuO ... 
CuO) 

114 hard LPON or 
electrolyte other lithium-glass material 

130 soft polyPN with lithium (e.g., LiPF), or 
electrolyte other polymer (e.g., PEO, polypropylene, etc.) electrolyte material 

124 hard LPON or 

electrolyte other lithium-glass material 
122 anode Lithium, (can be plated through the hard (e.g., LiPON) layer before 

material or after assembly) (could be Zinc with Suitable changes to 
electrolytes and cathode material) 



US 2011/0200868 A1 

TABLE 1-continued 

Reference Function or 
Number Property Example Materials 

110 anode metal foil (e.g., copper), 
current metal screen, or 
collector metal film on polymer film or SiO2 layer on Si wafer, 
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(can have electrode formed on both sides for battery stack) 
optionally, more battery layers stacked below 

0050 FIG. 1B is a schematic cross-section view of a 
lithium cell 101 of some embodiments of the invention. In 
some embodiments, cell 101, which is assembled in an 
uncharged State, includes a first sheet 111 (a cathode or posi 
tive-electrode subassembly) similar to that of FIG. 1A, except 
that the hard electrolyte 114 extends laterally over first metal 
foil 110 well beyond the lateral edges of the film of cathode 
material 112. In some embodiments, the lateral extent of 
cathode material 112 (such as, for example, LiCoO, for 
example) is defined using photoresist and lithographic pro 
cesses similar to those used for semiconductor integrated 
circuits (e.g., the cathode material is masked using photore 
sist, or a hard material Such as SiO2 covered by photoresist 
and etched and the photoresist is removed so that the hard 
layer (e.g., SiO2) acts as the mask, to define the lateral extent 
of cathode material 112 (e.g., LiCoO), and the mask is then 
removed. The hard electrolyte layer 114 (e.g., LiPON) is 
deposited on the cathode material 112 as well as onto Sub 
strate 110 around the sides of cathode material 112. This 
sideward extension of the hard LiPON layer 114 acts as a seal 
to the sides of the lithium in the cathode to protect it from 
environmental contaminants such as oxygen or water vapor. 
In some embodiments, cell 101 includes a second sheet 121 
(an anode or negative-electrode Subassembly similar to that 
of FIG. 1A, except that no lithium is yet present) having a 
second metal foil 120 (which acts as a current collector) onto 
which is deposited a film of LiPON 124 (which acts as a 
hard-electrolyte current spreader and as an environmental 
barrier for lithium that is later plated through this layer), and 
a mask layer 119 around all of the sides of what will be plated 
lithium layer 122 (see FIG.1C) that is later plated through the 
portions of LiPON film 124 not covered by mask 119 (after 
the entire battery is assembled). (In other embodiments, mask 
layer 119 is an electrical insulator, such as SiO, deposited 
directly on metal foil 120, and photolithographically pat 
terned to expose the metal substrate in the center, and the hard 
electrolyte layer LiPON film 124 is deposited on top of the 
mask layer). In some embodiments, the mask material 119 is 
photoresist and/or an insulator Such as SiO2 that have lateral 
extents that are photolithographically defined. As above, in 
some embodiments, a layer of soft polymer electrolyte 130 
(either a solid polymer electrolyte (SPE) or a gel or liquid 
polymer electrolyte) (Such as polyphosphaZene having 
lithium salts such as LiPF to assist lithium conductivity) is 
sandwiched between the first sheet 111 and the second sheet 
121. 

0051 FIG. 1C is a schematic cross-section view of a 
lithium cell 102 of some embodiments of the invention. In 
some embodiments, the lithium metal layer 122 is plated 
before assembly (a combination of the methods described for 
FIG. 6C and FIG. 2 below). In other embodiments, a battery 
101 (such as shown in FIG. 1B) is assembled before any 
lithium metal is in the anode assembly 121, and is initially 

charged by plating lithium from the cathode 112 through 
electrolyte layers 114, 130, and 124 and onto the anode cur 
rent collector 120 to form lithium metal layer 122. 
0.052 FIG. 2 is a schematic cross-section view of a 
lithium-battery manufacturing process 200 of some embodi 
ments of the invention. In some embodiments, one or more 
double-sided anode sheets 121 are alternated with one or 
more cathode sheets 111 (wherein an cathode material 112 is 
deposited on both major faces of foil 110 inside of LiPON 
layer 114), with a polymer layer 130 placed or formed 
between each sheet. In some embodiments of anode sheets 
121, an anode material 122 is deposited on both major faces 
of foil 120 inside of (or plated through) LiPON layer 124 
(note that, in some embodiments, by this stage, the mask 119 
(see FIG. 1B) has been removed from the lateral sides of the 
anode after lithium metal has been pre-electro-plated through 
the LiPON not covered by the mask 119 onto current collector 
121 using a liquid electrolyte and a lithium sacrificial elec 
trode. 
0053. In some embodiments, the soft polymer electrolyte 
layer 130 is spun on as a liquid and then dried. In other 
embodiments, the soft polymer electrolyte layer 130 is dip 
coated. In other embodiments, the soft polymer electrolyte 
layer 130 is cast on. In some embodiments, the soft polymer 
electrolyte layer 130 is deposited from a liquid source 225, 
“squeegeed’ (by squeegee 221) and/or doctor-bladed (by 
doctor-blade 222) in place onto both sides of each foil-core 
double-sided anode sheet 121 (having previously had LiPON 
layer 124 and anode layer 122 formed thereon), and onto both 
sides of each foil-core double-sided cathode sheet 111 (hav 
ing previously had cathode-material layer 112 and LiPON 
layer 114 formed thereon). In some embodiments, the soft 
polymer electrolyte layer 130 is deposited by an apparatus 
that is essentially an offset printing press, wherein a liquid 
soft polymer electrolyte material and/or solvent mix ("ink”) 
is printed to the areas to which the soft polymer electrolyte 
layer 130 is desired.), and the stack is laminated together 
(“calendared e.g., by being pressed between rollers 250 (for 
example, pressed between rubber-coated steel rollers, which, 
in Some embodiments, are heated (e.g., by flowing hot oil 
inside the rollers)). Note that rollers 250 are schematically 
shown relative to two central battery layers, where 
0054. In some embodiments, two or more such resulting 
stacks are then laminated together in a similar fashion. In 
other embodiments, all of the alternating layers of a battery 
device are laminated in a single pressing step. 
0055 FIG. 3 is a schematic cross-section view of a paral 
lel-connected lithium battery 300 of some embodiments of 
the invention, resulting from the laminating method of FIG.2. 
In some embodiments, the outermost layer 111 and the out 
ermost layer 121 are single sided, having a metal face facing 
outwards. In other embodiments, all layers 111 are identical 
one to another (and each is mirror-symmetrical about the 
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center plane of foil 110), and all layers 121 are identical one 
to another (and each is mirror-symmetrical about the center 
plane of foil 120). In some embodiments, the edges of layers 
111 are electrically connected to one another (for example, 
soldered, spot-welded or pressed together on the right-hand 
side) to form external cathode current-collector contact 321, 
and the edges of layers 121 are electrically connected to one 
another (for example, Soldered, spot-welded or pressed 
together on the left-hand side) to form external anode current 
collector contact 322, thus connecting all the cells in parallel 
to provide higher output current. In some embodiments, 1- to 
30-mA-hour (or more) single cells are thus formed (depend 
ing on the area of each cell), and the battery has an amp-hour 
capacity of about the sum of the parallel cells. 

TABLE 2 
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face FIG. 4). In some embodiments, the outermost layers are 
single sided as shown, having a metal face facing outwards. In 
other embodiments, all layers 125 are identical one to 
another, including the outermost layers. In some embodi 
ments, the edge of the top-most layer 125 is electrically 
connected (for example, on the right-hand side) to form exter 
nal cathode current-collector contact 421, and the edge of 
bottom-most layer 126 is electrically connected (for example, 
on the left-hand side) to form external anode current-collector 
contact 422, thus connecting all the cells in series. Each repeat 
unit 420 shows one basic stack layer. Up to one-A-hour or 
more single cells are thus formed, in some embodiments, 
depending on the area of each cell. 

Materials List for FIG. 3 - 1 repeat unit 

Material Thickness 
(microns) Layer Mass (mg/cm) 

/2 cathode collector foil 1.5 and up (e.g., 6.25) 4.94 
Nickel seed 0.1 to 0.3 (e.g., 0.3) O.27 
LiCoO, 0.5 to 10 (e.g., 5.0) 2.80 
LiPON (cathode protect) 0.1 to 2.5 (e.g., 1.0) O.21 
soft polymer electrolyte and/or “glue 0.5 to 10 (e.g., 5.0) O.75 
LiPON (anode protect) 0.1 to 2.5 (e.g., 1.0) O.21 
Lithium (plated from LiCoO) about 0.3 times the LiCoO, O.08 

thickness (e.g., 1.5) 
Copper (or Al, Ni, stainless steel, and 0.1 to 1 (e.g., 0.25) O.22 
he like) (used as the Li plate Surface) 
Anode collector foil 3.0 and up (e.g., 12.5) 9.88 
Copper (or Al, Ni, stainless steel, and 0.1 to 1 (e.g., 0.25) O.22 
he like) (used as the Liplate Surface) 
Lithium (plated from LiCoO) about 0.3 times the LiCoO, O.08 

thickness (e.g., 1.5) 
LiPON (anode protect) 0.1 to 2.5 (e.g., 1.0) O.21 
soft polymer electrolyte and/or “glue 0.5 to 10 (e.g., 5.0) O.75 
LiPON (cathode protect) 0.1 to 2.5 (e.g., 1.0) O.21 
LiCoO, 0.5 to 10.0 (e.g., 5.0) 2.80 
Nickel seed 0.1 to 0.3 (e.g., 0.3) O.27 
/2 cathode collector foil 1.5 and up (e.g., 6.25) 5.14 

Totals (e.g., 53.1) 28.84 

*In some embodiments, the foils are about 0.5-mils (0.0005 inches = 12.52-microns) thick 

0056. In some embodiments, the cathode material layers 
112 are each about 10 microns thick or more. In some 
embodiments, 10 microns of LiCoO, provides about 0.552 
mA-hour-per-square-cm per repeat unit 320 at 80% theoreti 
cal utilization, and 2.1 mW-hour-per-square-cm at 3.8-volt 
discharge Voltage. In some embodiments, the charge-storage 
density is about 104 m.A-hour/cubic-cm, and about 19.1 
Ahour/kg. In some embodiments, the energy-storage density 
is about 395 W-hour/liter, and about 72.8 W-hour/kg. In some 
embodiments, a 10-cm by 6.5-cm by one repeat unit 320 
corresponds to 33.6 mA-hour, and about 127 mW-hour. In 
Some embodiments, a final package measuring about 10.8-cm 
long by 6.5-cm wide by 1.8-cm thick houses three sets of 320 
repeat units each, the sets tied in series to deliver 3.75A-hour 
discharge from about 12.3 volts to about 9 volts. 
0057 FIG. 4 is a schematic cross-section view of a series 
connected lithium battery 400 of some embodiments of the 
invention. In the embodiment shown, each sheet 126 has 
anode material covered with LiPON on one major face (the 
upper face in FIG. 4) of the foil 125, and cathode material 
covered with LiPON on the opposite major face (the lower 

0.058 FIG. 5A is a schematic cross-section view of a par 
allel-connected Screen-cathode-current-collector contact 
lithium-battery 500 of some embodiments of the invention. 
This embodiment is substantially similar to that of FIG. 3, 
except that, for the positive electrode, a metal screening or 
mesh 510 replaces foil 110. In some embodiments, this allows 
greater contact area to the cathode material 112, which is still 
completely covered by LiPON layer 114. In some embodi 
ments, metal screening or mesh 510 is formed by selectively 
etching one or more photo-lithographically-defined areas of a 
metal foil. In some embodiments, LiCoO is sputtered onto 
the metal screening 510. In other embodiments, a LiCoO. 
powder is packed onto the screening 510. In some embodi 
ments, the LiCoO (whether deposited by sputtering LiCoO, 
or by packing LiCoO powder onto the screening 510) is 
infused with polyPN or other polymer electrolyte material to 
enhance the ionic conductivity within the cathode. In some 
embodiments, the screening 510 is initially (before deposit 
ing LiCoO) about 50% open space, and the open space is 
filled with LiCoO and/or polyPN or other ionic-enhance 
ment material. 



US 2011/0200868 A1 

0059. In some embodiments, the metal screening or mesh 
510 of all of the layers 511 are electrically connected to one 
another (for example, on the right-hand side) to form external 
cathode current-collector contact 521, and the edges of layers 
120 are electrically connected to one another (for example, on 
the left-hand side) to form external anode current-collector 
contact 522, thus connecting all the cells in parallel. Each 
repeat unit 520 shows one basic stack layer. 

TABLE 3 

Materials List for FIG SA repeat unit 

Material Thickness Layer Mass 
(microns) (mg/cm) 

/2 cathode collector screenmesh 1.5 and up 2.59 
etched foil (e.g., 6.25) 
LiCoO (cathode) 8.0 to 40 (e.g., 12.5) 7.OO 
LiPON (cathode protection and 0.1 to 2.5 (e.g., 1.0) O.21 
electrolyte) 
soft polymer electrolyte and/or “glue 0.5 to 10 (e.g., 5.0) 0.75 
LiPON (anode protection and 0.1 to 2.5 (e.g., 1.0) O.21 
electrolyte) 
Lithium (plated from LiCoO) about 0.3 times O.26S 

LiCoO2 thickness 
(e.g., 5.0) 

Copper (or Al, Ni, stainless steel, 0.1 to 1 (e.g., 0.25) O.22 
and the like) (used as the Li 
plate Surface) 
Anode collector foil 3 and up (e.g., 12.5 9.88 
Copper (or Al, Ni, stainless steel, and 0.1 to 1 (e.g., 0.25) O.22 
thelike) (used as the Li plate surface) 
Lithium (plated from LiCoO) about 0.3 times O.26S 

LiCoO, thickness 
(e.g., 5.0) 

LiPON (anode protection and 0.1 to 2.5 (e.g., 1.0) O.21 
electrolyte) 
soft polymer electrolyte and/or “glue 0.5 to 10 (e.g., 5.0) 0.75 
LiPON (cathode protection and 0.1 to 2.5 (e.g., 1.0) O.21 
electrolyte) 
LiCoO (cathode) 8.0 to 40 (e.g., 12.5) 7.OO 
/2 cathode collector screen/mesh/ 1.5 and up 2.59 
etched foil (e.g., 6.25) 

Totals (e.g., 74.5) 32.37 

0060. In some embodiments, the cathode material layers 
include 31.25 microns LiCoO in each repeat structure (50% 
of screen volume) at 80% packing, and 95% electrical utili 
zation corresponds to 1.63 mAhr/cm/repeat unit, and 6.22 
mWhr/cm/repeat unit at 3.8 V average discharge voltage. In 
some embodiments, the LiCoO is infused with polyPN or 
other polymer electrolyte material to enhance the ionic con 
ductivity within the cathode. In some embodiments, the 
charge storage density equals 218 mAhr/cm; and 50.35 Ahr/ 
kg. In some embodiments, the energy storage density equals 
835 Whr/liter, and 192 Whr/kg. In some embodiments, each 
10 cmx6.5 cmx1 repeat unit corresponds to 106 mAhr, 404 
mWhr. In some embodiments, a final package 10.8 cmx6.5 
cmx1.8 cm houses three sets of 80 repeat units each tied in 
series to deliver 8.5 Ahr in discharge from 12.3 V to 9 V. 
0061 FIG. 5B is a schematic cross-section view of a 
series-connected screen-cathode-contact lithium-battery 501 
of some embodiments of the invention. This embodiment is 
substantially similar to that of FIG. 4, except that a metal 
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screening or mesh is laminated to the bottom side of foil 535 
(a foil corresponding to foil 110 of FIG. 4), or the bottom side 
of foil 535 (starting with a foil 110 of FIG. 1A) is selectively 
etched only part-way through to form a foil top side and a 
bottom side that has a mesh-like quality. In some embodi 
ments, this allows greater contact area to the cathode material 
112, which is still completely covered by LiPON layer 114. In 
some embodiments, foil-mesh layer 535 is formed by selec 
tively etching a photolithographically-defined areas of a 
metal foil, but not all the way through. In some embodiments, 
the outermost layers are single sided as shown, having a metal 
face facing outwards. In other embodiments, all layers 535 
are identical one to another, including the outermost layers 
(wherein the electrode layers facing outwards are non-func 
tioning). In some embodiments, the edge of the top-most 
layer 535 is electrically connected (for example, on the right 
hand side) to form external cathode current-collector contact 
531, and the edge of bottom-most layer 535 is electrically 
connected (for example, on the left-hand side) to form exter 
nal anode current-collector contact 532, thus connecting all 
the cells in series. Each repeat unit 530 shows one basic stack 
layer. 
0062. In some embodiments, the thin (0.1 to 1.0 micron) 
LiPON electrolyte serves as a hard coating at the negative 
electrode preventing the formation of lithium dendrites. Its 
use as a coating at the positive electrode (i.e., LiCoO) doubly 
ensures that lithium plating at a defect site will not short the 
battery. At both electrodes, LiPON also provides an improve 
ment in environmental resistance to water vapor and oxygen. 
0063. In some embodiments, the use of a relatively soft 
solid polymer electrolyte (SPE) simplifies the construction of 
cells over a full hard-electrolyte solid-state (e.g., LiPON only 
as the electrolyte) design. The soft polymer electrolyte func 
tions as an “electrolyte glue” that allows the positive and 
negative electrodes to be constructed separately and adhered 
to each other later in the assembly process. In some embodi 
ments, the Soft polymer electrolyte is sprayed, Squeegeed, or 
otherwise deposited in liquid form, and later solidified. 
0.064 
using a soft polymer electrolyte would need sufficient soft 

Without the LiPON coating, some embodiments 

polymer electrolyte thickness to have mechanical rigidity or 
mechanical strength, which reduces energy density and 
increases cell resistance. Without the soft polymer electrolyte 
(“electrolyte glue'), LiPON films would need to be perfect 
(defect free) over very large areas to achieve high-energy 
cells. The combination of the two electrolyte material sys 
tems eliminates shortcomings of either used alone. 
0065. Numerous metals can be used as the anode in battery 
cells of the present invention. One common anode metal is 
lithium. The lithium must be protected from oxygen and 
water vapor during manufacturing, assembly, and use of the 
battery. Zinc is another common anode metal used in some 
embodiments of the present invention. Zinc is the most elec 
tronegative metal that has good stability and corrosion resis 
tance, with the appropriate inhibitor chemistry, in aqueous 
Solutions. Several possible metal-air systems are listed in 
Table 4 along with a summary of their theoretical character 
istics. 
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TABLE 4 

Characteristics of metal-air cells. From “Handbook of Batteries, 3 Ed., 
David Linden and Thomas B. Reddy, Eds., Table 38.2, McGraw-Hill 

Handbooks, New York, 2002. 
SUMMARY OF OTHER LITHIUMFAIR RESEARCH 

Electro- Theoretical 
chemical specific 

equivalent of Theoretical energy Practical 
Metal metal, cell voltage, Valence (of metal), operating 
anode Ahg *V change kWh/kg voltage, V 

Li 3.86 3.4 1 13.0 2.4 
Ca 1.34 3.4 2 4.6 2.0 
Mg 2.2O 3.1 2 6.8 1.2-1.4 
Al 2.98 2.7 3 8.1 1.1-1.4 
Zn O.82 1.6 2 1.3 1.0-1.2 
Fe O.96 1.3 2 1.2 1.O 

*Cell voltage with oxygen cathode 

0066 Lithium, the lightest alkali metal, has a unique place 
in battery systems. Its gravimetric electrochemical equiva 
lence of 3.86 amp-hrS/g; is the highest of any metallic anode 
material. It can be seen from Table 3 that lithium has the 
highest operational Voltage and greatest theoretical specific 
energy of the metals listed. Using a lithium anode leads to a 
very light, high energy density battery. The difficulty with 
lithium technology is providing practical systems that operate 
in real world conditions. It is possible to construct lithium 
cells utilizing an aqueous electrolyte, but these cells have 
limited applicability due to corrosion of the lithium metal 
anode by water. The lithium anode may also corrode from 
contact with oxygen. A solution to the rapid corrosion of 
lithium metal anodes in lithium-air cells includes the use of 
LiPON as a protective barrier and separator in the structure of 
an organic-electrolyte lithium cell. 
0067. In some embodiments, a cell utilizes a LiPON thin 
film acting as both a portion of the electrolyte structure and a 
protective barrier against moisture and oxygen corrosion of 
the lithium metal anode. The structure of thin, flexible, 
lithium cells lends itself well to high-speed web-deposition 
processes, as described in U.S. Pat. No. 6,805.998 (which is 
incorporated herein by reference). 
0068. In some embodiments, a battery of the present 
invention (e.g., reference numbers 100,300, 400, 500, 600 or 
900) is incorporated in an electrical device such as a hearing 
aid, compass, cellular phone, tracking system, Scanner, digi 
tal camera, portable computer, radio, compact disk player, 
cassette player, Smart card, or other battery-powered device. 
0069. In some embodiments, the back (outside) of the 
cathode is exposed (or can be exposed, for example, by 
removing a protective polymer film layer) to air, Such that 
oxygen acts as a cathode material. In some Such embodi 
ments, the air cathode battery is a primary battery that cannot 
be recharged, while in other embodiments, the air cathode 
battery is a secondary battery that can be recharged. 

Other Embodiments Of the Invention 

0070. One aspect of the invention includes an apparatus 
including a lithium anode covered by a LiPON electrolyte/ 
protective layer, a lithium-intercalation-material cathode 
covered by a LiPON electrolyte/protective layer and a poly 
mer electrolyte material sandwiched between the LiPON 
electrolyte/protective layer that covers the anode and the 
LiPON electrolyte/protective layer that covers the cathode. 
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(0071. In some embodiments, the cathode includes 
LiCoO. 
0072. In some embodiments of the invention, the anode 
overlays a copper-anode current-collector contact. 
0073. Another aspect of the invention includes a method 
including providing an anode Substrate having a conductive 
anode-current-collector contact layer thereon, depositing a 
LiPON electrolyte/barrier layer over the anode-current-col 
lector contact layer, providing a polymer electrolyte, and 
providing a cathode Substrate having a cathode-current-col 
lector contact layer, depositing a lithium intercalation mate 
rial on the cathode current-collector contact layer, depositing 
a LiPON electrolyte/barrier layer over the cathode-current 
collector contact layer, and forming a sandwich of the anode 
substrate and the cathode substrate with the polymer electro 
lyte therebetween. In some embodiments, a structure is pro 
vided having a plurality of anode Substrates and a plurality of 
cathode substrates with polymer electrolyte between each 
pair of anode and cathode Substrates. 
0074 Another aspect of the invention includes an appara 
tus that includes a Substrate having an anode current-collector 
contact, a LiPON electrolyte separator deposited on the anode 
current-collector contact, and a plated layer of lithium anode 
material between the LiPON and the anode current-collector 
COntact. 

0075. In some embodiments, the anode current-collector 
contact includes copper and the Substrate includes a polymer. 
0076 Another aspect of the invention includes an appara 
tus including a deposition station that deposits LiPON onto an 
anode current-collector contact, a plating station that plates 
lithium onto the anode current-collector contact to form an 
anode Substrate, a cathode-deposition station that deposits a 
cathode material onto a substrate and deposits LiPON onto 
the cathode material to form a cathode Substrate, and an 
assembly station that assembles the anode substrate to the 
cathode Substrate using a polymer electrolyte material sand 
wiched between the cathode substrate and the anode sub 
Strate. 

0077. In some embodiments of the invention, the deposi 
tion station comprises sputter deposition of LiPON. 
0078. In some embodiments, the LiPON is deposited onto 
the anode current-collector contact with a thickness of 
between about 0.1 microns and about 1 micron. In some 
embodiments, the anode's LiPON layer is less than 0.1 
microns thick. In some embodiments, this LiPON layer is 
about 0.1 microns. In some embodiments, this LiPON layer is 
about 0.2 microns. In some embodiments, this LiPON layer is 
about 0.3 microns. In some embodiments, this LiPON layer is 
about 0.4 microns. In some embodiments, this LiPON layer is 
about 0.5 microns. In some embodiments, this LiPON layer is 
about 0.6 microns. In some embodiments, this LiPON layer is 
about 0.7 microns. In some embodiments, this LiPON layer is 
about 0.8 microns. In some embodiments, this LiPON layer is 
about 0.9 microns. In some embodiments, this LiPON layer is 
about 1.0 microns. In some embodiments, this LiPON layer is 
about 1.1 microns. In some embodiments, this LiPON layer is 
about 1.2 microns. In some embodiments, this LiPON layer is 
about 1.3 microns. In some embodiments, this LiPON layer is 
about 1.4 microns. In some embodiments, this LiPON layer is 
about 1.5 microns. In some embodiments, this LiPON layer is 
about 1.6 microns. In some embodiments, this LiPON layer is 
about 1.7 microns. In some embodiments, this LiPON layer is 
about 1.8 microns. In some embodiments, this LiPON layer is 
about 1.9 microns. In some embodiments, this LiPON layer is 
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about 2.0 microns. In some embodiments, this LiPON layer is 
about 2.1 microns. In some embodiments, this LiPON layer is 
about 2.2 microns. In some embodiments, this LiPON layer is 
about 2.3 microns. In some embodiments, this LiPON layer is 
about 2.4 microns. In some embodiments, this LiPON layer is 
about 2.5 microns. In some embodiments, this LiPON layer is 
about 2.6 microns. In some embodiments, this LiPON layer is 
about 2.7 microns. In some embodiments, this LiPON layer is 
about 2.8 microns. In some embodiments, this LiPON layer is 
about 2.9 microns. In some embodiments, this LiPON layer is 
about 3 microns. In some embodiments, this LiPON layer is 
about 3.5 microns. In some embodiments, this LiPON layer is 
about 4 microns. In some embodiments, this LiPON layer is 
about 4.5 microns. In some embodiments, this LiPON layer is 
about 5 microns. In some embodiments, this LiPON layer is 
about 5.5 microns. In some embodiments, this LiPON layer is 
about 6 microns. In some embodiments, this LiPON layer is 
about 7 microns. In some embodiments, this LiPON layer is 
about 8 microns. In some embodiments, this LiPON layer is 
about 7 microns. In some embodiments, this LiPON layer is 
about 9 microns. In some embodiments, this LiPON layer is 
about 10 microns. In some embodiments, this LiPON layer is 
more than 10 microns. 

0079. In some embodiments, the LiPON is deposited onto 
the cathode current-collector contact with a thickness of 
between about 0.1 microns and about 1 micron. In some 
embodiments, the cathode's LiPON layer is less than 0.1 
microns thick. In some embodiments, this LiPON layer is 
about 0.1 microns. In some embodiments, this LiPON layer is 
about 0.2 microns. In some embodiments, this LiPON layer is 
about 0.3 microns. In some embodiments, this LiPON layer is 
about 0.4 microns. In some embodiments, this LiPON layer is 
about 0.5 microns. In some embodiments, this LiPON layer is 
about 0.6 microns. In some embodiments, this LiPON layer is 
about 0.7 microns. In some embodiments, this LiPON layer is 
about 0.8 microns. In some embodiments, this LiPON layer is 
about 0.9 microns. In some embodiments, this LiPON layer is 
about 1.0 microns. In some embodiments, this LiPON layer is 
about 1.1 microns. In some embodiments, this LiPON layer is 
about 1.2 microns. In some embodiments, this LiPON layer is 
about 1.3 microns. In some embodiments, this LiPON layer is 
about 1.4 microns. In some embodiments, this LiPON layer is 
about 1.5 microns. In some embodiments, this LiPON layer is 
about 1.6 microns. In some embodiments, this LiPON layer is 
about 1.7 microns. In some embodiments, this LiPON layer is 
about 1.8 microns. In some embodiments, this LiPON layer is 
about 1.9 microns. In some embodiments, this LiPON layer is 
about 2.0 microns. In some embodiments, this LiPON layer is 
about 2.1 microns. In some embodiments, this LiPON layer is 
about 2.2 microns. In some embodiments, this LiPON layer is 
about 2.3 microns. In some embodiments, this LiPON layer is 
about 2.4 microns. In some embodiments, this LiPON layer is 
about 2.5 microns. In some embodiments, this LiPON layer is 
about 2.6 microns. In some embodiments, this LiPON layer is 
about 2.7 microns. In some embodiments, this LiPON layer is 
about 2.8 microns. In some embodiments, this LiPON layer is 
about 2.9 microns. In some embodiments, this LiPON layer is 
about 3 microns. In some embodiments, this LiPON layer is 
about 3.5 microns. In some embodiments, this LiPON layer is 
about 4 microns. In some embodiments, this LiPON layer is 
about 4.5 microns. In some embodiments, this LiPON layer is 
about 5 microns. In seine embodiments, this LiPON layer is 
about 5.5 microns. In some embodiments, this LiPON layer is 
about 6 microns. In some embodiments, this LiPON layer is 
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about 7 microns. In some embodiments, this LiPON layer is 
about 8 microns. In some embodiments, this LiPON layer is 
about 7 microns. In some embodiments, this LiPON layer is 
about 9 microns. In some embodiments, this LiPON layer is 
about 10 microns. In some embodiments, this LiPON layer is 
more than 10 microns. 

0080. In some embodiments, the plating station performs 
electroplating at densities of about 0.9 mA/cm and voltage of 
about 40 mV at 0.6 mA between a lithium counterelectrode 
and the plated lithium of the anode. 
I0081. In some embodiments of the invention, during a 
precharge of the anode, the lithium is conducted through a 
liquid propylene carbonate/LiPF (or other suitable lithium 
salt) electrolyte solution and the LiPON barrier/electrolyte 
layer for the lithium to be wet-bath plated onto the anode 
connector or conduction layer (e.g., copper foil or a copper 
layer on an SiO, or polymer substrate. 
I0082 FIG. 6A is a perspective view of an electrode 600 
having a hard-electrolyte-covered current collector with a 
plating mask 119. In some embodiments, a starting Substrate 
such as 721 shown in FIG. 7B has its metal layer 720 (e.g., 
copper) photolithographically defined to form patterned 
metal layer 620 having contact pad 629, used for plating (such 
as shown in FIG. 6C) and for connecting to the external 
electrical conductor in the finished battery. In some embodi 
ments, on top of patterned metal layer 620 is a patterned (e.g., 
photolithographically) hard electrolyte layer 624 (e.g., Such 
as a hard electrolyte layer 124 described in FIG. 1C, but with 
some of its lateral edges removed). In some embodiments, an 
optional mask layer 119 is formed and/or patterned over the 
metal viabetween the main body of patterned metal layer 620 
(which will be plated with lithium through patterned hard 
electrolyte layer 624 (e.g., LiPON)). In some embodiments, 
mask 119 prevents lithium from plating on the via, thus leav 
ing sealed the interface between patterned hard electrolyte 
layer 624 and the metal via (otherwise, water vapor or air 
could cause the lithium plated in this area to corrode, leaving 
a gap that could cause more corrosion of the main body of the 
lithium on patterned metal layer 620. Because the patterned 
hard electrolyte layer 624 extends laterally beyond the lateral 
extent of patterned metal layer 620 on the rest of its periphery, 
no mask is required in those areas, since the lithium will not 
plate there and the sealed interface between patterned hard 
electrolyte layer 624 and the underlying non-conductive sub 
strate remains intact and sealed. 

I0083 FIG. 6B is a perspective view of another electrode 
601 having a hard-electrolyte-covered current collector with 
a plating mask 119. In some embodiments such as shown 
here, the entire substrate surface is metal, so a mask 119 is 
deposited and/or patterned over the outer periphery of hard 
electrolyte layer 124 (e.g., LiPON), mask 119 with an interior 
opening 129 through which lithium will plate through the 
LiPON layer 124 to most of the central portion of the face of 
Substrate 120 (e.g., a metal foil). In some embodiments, mask 
119 is a photoresist layer that is patterned and left in place 
during plating. In other embodiments, mask 119 is another 
material (Such as deposited SiO2) that is patterned using 
photoresist, which is then removed. In still other embodi 
ments, mask 119 is a material (such as SiO) that is deposited 
directly on the metal substrate 120, and is patterned using 
photoresist that is then removed before deposition of the hard 
electrolyte layer 124 (e.g., LiPON), thus preventing lithium 
from plating around the periphery (i.e., the mask 119 is under 
the LiPON, in some embodiments). 
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0084 FIG. 6C is a perspective view of a plating system 
610. In some embodiments, one or more electrodes 600 and/ 
or electrodes 601 are partially or completely submerged in a 
liquid electrolyte 606 (e.g., propylene carbonate and/or eth 
ylene carbonate with dissolved LiPF or other suitable elec 
trolyte). In some embodiments, a sacrificial block of lithium 
605 is kept submerged in the electrolyte 606, and a suitable 
plating voltage is applied between the lithium block 605 and 
electrode(s) 600 and/or 601. In some embodiments, the con 
tact pad 629 is kept out of the liquid to prevent lithium from 
plating there. 
0085 FIGS. 7A, 7B, 7C, 7D, 7E, and 7F are schematic 
cross-sectional views of the fabrication (shown as a series 700 
of operations) of an atomic level matrix of copper and copper 
oxides as cathodes on a Substrate of some embodiments of the 
invention. FIG. 7A shows a cross-section view of the starting 
Substrate 710 (e.g., silicon, alumina, stainless Steel, alumi 
num, or polymer, or a composite of different materials). In 
Some embodiments, an aluminum-foil Substrate (or other 
metal that could spontaneously alloy with lithium and thereby 
degrade performance of the battery) or an insulator or non 
conductor (such as silicon or polymer, which does not con 
duct the electricity from the battery) is coated with copper or 
nickel (or other metal that conducts electricity and does not 
readily alloy with lithium and thereby helps maintain perfor 
mance of the battery). 
I0086. In some embodiments, a cathode starting material 
contains no lithium (e.g., a copper foil, Screening, or insulator 
coated with a copper conduction layer, then coated with a 
high-surface area carbon or CuO (which has a high Volu 
metric energy density) or other material useful as a lithium 
battery electrode, optionally infused with polyPN). In some 
embodiments, (see FIG. 7B) a metal layer 720 (e.g., copper, 
nickel, or other suitable metal that does not readily alloy with 
lithium during charging or discharging of the battery) is 
deposited (e.g., by Sputtering copper with no oxygen) on one 
or more major faces (e.g., the top and/or bottom Surfaces 
shown in the figures) of a substrate 710 (e.g., a silicon wafer 
optionally having an SiO insulation layer on one or both 
sides, an alumina or glass wafer, or a polymer film), to form a 
metal-coated substrate 721. In some embodiments, metal 
coated substrate 721 can be used as the current collector base 
(rather than metal foil 111 or 121) for either the anode or 
cathode of any of the above-described embodiments. 
0087. In some embodiments, the starting substrate 
includes a plurality of metal layers (e.g., aluminum or copper 
moisture-barrier layers) alternating with a Smoothing layer 
(e.g., spun-on photoresist or polyurethane) between each pair 
of metal layers to form a barrier stack (e.g., see U.S. patent 
application Ser. No. 11/031,217 filed Jan. 6, 2005, Attorney 
Docket: 1327.027 US 1 entitled “LAYERED BARRIER 
STRUCTURE HAVING ONE OR MORE DEFINABLE 
LAYERS AND METHOD, which is incorporated herein by 
reference), wherein the top-most metal layer of this stack is a 
metal that (unlike aluminum) does not readily alloy with 
lithium during battery charging or discharging (e.g., a metal 
Such as copper). Such a moisture-barrier stack is particularly 
useful for sealing a substrate that transmits some moisture 
and/or oxygen over time (e.g., a polymer film Substrate Such 
as polyethylene or KaptonTM), where the barrier stack. 
0088 For some embodiments using a lithium-free starting 
cathode, copper is then is sputtered in a partial Oatmosphere 
onto metal-coated substrate 721 (in some embodiments, the 
concentration of oxygen is increased over time Such that the 

Aug. 18, 2011 

first material deposited is mostly copper, and gradually the 
material includes more and more oxygen in the copper-cop 
per-oxide matrix) in argon (e.g., forming an atomic-scale 
mixture of copper, CuO in layer 722 (see FIG.7C), CuO in 
layer 724 (see FIG. 7D), Cu"O and/or CuO in layer 728 (see 
FIG. 7E), or a succession of the copper substrate 720, then 
mostly CuO in layer 722, then mostly CuO in layer 724, 
then CuO and then CuO in layer 728 and/or an atomic 
scale matrix of copper and copper oxides). In some embodi 
ments, a layer of hard electrolyte 714 (see FIG. 7F), such as 
LiPON, is deposited across the finished cathode material. 
0089 FIGS. 8A, 8B, 8C, 8D, and 8E are schematic cross 
sectional views of the fabrication (shown as a series 800 of 
operations) of an atomic level matrix of copper and copper 
oxides as cathodes on a copper-foil substrate of some embodi 
ments of the invention. In some embodiments, (see FIG. 8A) 
a copper foil 711 or film is the starting material. In some 
embodiments, the starting foil is sputtered with argon to clean 
the Surface(s) to be used for cathodes (e.g., the top and/or 
bottom surfaces shown), then copper is sputtered in a partial 
O atmosphere (in some embodiments, the concentration of 
oxygen is increased over time such that the first material 
deposited is mostly copper, and gradually the material 
includes more and more oxygen in the copper-copper-oxide 
matrix) in argon (e.g., forming an atomic-scale mixture of 
copper, CuO 722 (see FIG. 8B), CuO 724 (see FIG.5C), 
CuO and/or CuO 728 (see FIG.8D), or a succession of the 
copper substrate 720, then mostly CuO 722, then mostly 
CuO 724, then CuO and then CuO 728 and/or an atomic 
scale matrix of copper and copper oxides). In some embodi 
ments, a layer of hard electrolyte 714 (see FIG. 8E) such as 
LiPON is deposited across the finished cathode material. 
0090. In some such embodiments, the copper metal 
spreads through the copper oxides (which intercalate lithium, 
in Some embodiments), providing better electrical conductiv 
ity as the lithium migrates in and out of the cathode. In some 
embodiments, the anode is precharged by electroplating 
lithium through the LiPON electrolyte that has been depos 
ited thereon. 

0091. In other embodiments, one or more copper oxides 
and/or copper powder are powder-pressed onto a copper Sub 
strate or screen (i.e., the cathode conduction layer). In still 
other embodiments, an ink, having one or more copper oxides 
and/or copper powder, is printed, sprayed, doctor-bladed, or 
otherwise deposited on the cathode conduction layer. In some 
embodiments of the invention, the cathode material is 
charged with lithium that is conducted through a liquid pro 
pylene carbonate/LiPF electrolyte solution and the LiPON 
barrier/electrolyte layer for the lithium to be plated onto/into 
the cathode material and/or connector or conduction layer. 
0092 FIG. 9 is a schematic cross-section view of a paral 
lel-connected foil-substrate-cathode-current-collector con 
tact thin-film battery 900 of some embodiments of the inven 
tion. Battery 900 includes two cells connected in parallel, 
where two-sided anode current collector 120 has anode mate 
rial 122 (e.g., lithium metal) that has been electroplated 
through hard electrolyte layers 124 (e.g., LiPON) on both 
sides of central current collector layer 120 (e.g., a metal foil or 
metal-coated polymer film), as defined by masks 119. In 
some embodiments, two cathode current collectors 110 each 
have cathode material 112 (e.g., LiCoO) deposited and pho 
tolithographically patterned and covered with hard electro 
lyte layers 124 (e.g., LiPON), Pinhole 992 inhard electrolyte 
layer 124 and/or pinhole 991 in hard electrolyte layer 124 
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would cause failures of a typical single-layer electrolyte bat 
tery, but in the present invention, the pinholes do not align 
(e.g., vertically in the figure) with one another, and, in some 
embodiments, are filled with the soft polymer electrolyte 130, 
which acts to fill such holes and automatically “heal’ the 
battery. Other details of this battery areas described above for 
FIG. 3. 

0093 FIG. 10A is a schematic cross-section view of an 
encapsulated Surface-mount single-cell micro-battery device 
1000 of some embodiments of the invention (other embodi 
ments use stacks of cells as described above). In some 
embodiments, a silicon wafer Substrate has a plurality of such 
cells fabricated on it, and is diced apart to form silicon sub 
strate 1011 having a metal current collector 1010 on its sur 
face, which then has cathode material 112 and hard electro 
lyte layer 114 deposited thereon to form the cathode 
component. A foil anode component having foil substrate 
120, anode metal 122, and hard electrolyte layer 124 is then 
laminated to the cathode component using a soft polymer 
electrolyte glue 130. This battery is then connected to a lead 
frame having cathode connector 1051 and anode connector 
1052 and encapsulated in encapsulant material 1050, and the 
leads formed as gull-wing leads as shown or bent into 
J-shaped leads that curl under the package. Surface-mount 
device 1000 can then be soldered to a circuit board to provide 
Small amounts of battery power to other components on the 
circuit board (such as real-time clocks or timers, or static 
random-access memories, RFID circuits, and the like). In 
other embodiments, a plurality of foil battery cells is used 
instead and encapsulated to form a Surface-mount chip-like 
battery having higher current and/or higher Voltage capabili 
ties. 

0094 FIG. 10B is a perspective view of the outside of 
encapsulated surface-mount micro-battery device 1000 (de 
scribed above in FIG. 10A), of some embodiments of the 
invention. In some embodiments, a stack of foil battery cells 
(e.g., such as those described in FIG. 3, FIG. 4, FIG. 5A, 
and/or FIG.5B, and, in some embodiments, with or without a 
silicon wafer substrate) is encapsulated in this form factor to 
create a surface-mount chip-like battery having higher cur 
rent and/or higher Voltage capabilities. 
0095 FIG. 11 is a flow chart of a method 1100 for making 
a battery cell according to Some embodiments of the inven 
tion. In some embodiments, method 1100 includes providing 
1110 a first sheet (e.g., 121) that includes an anode material 
and a hard electrolyte layer covering the anode material, 
providing 1112 a second sheet (e.g., 111) having a cathode 
material and a hard electrolyte layer covering the cathode 
material, and Sandwiching 1114 a soft (e.g., polymer) elec 
trolyte material between the hard electrolyte layer of the first 
sheet and the hard electrolyte layer of the second sheet. Some 
embodiments of the method 1100 further include the func 
tions shown in FIG. 12. 

0096 FIG. 12 is a flow chart of a method 1200 for making 
a stacked battery according to some embodiments of the 
invention. In some embodiments, method 1200 includes per 
forming 1210 the method 1100 of FIG. 11, providing 1212 a 
third sheet that includes an anode material and a hard elec 
trolyte layer covering the anode material, providing a fourth 
sheet that includes a cathode material and a hard electrolyte 
layer covering the cathode material, Sandwiching 1216 a 
polymer electrolyte material between the hard electrolyte 
layer covering the anode material of the third sheet and the 
hard electrolyte layer covering the cathode material of the 
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fourth sheet, and between the hard electrolyte layer covering 
the anode material of the first sheet and the hard electrolyte 
layer covering the cathode material of the fourth sheet. 
(0097 FIG. 13 is a perspective exploded view of informa 
tion-processing system 1300 (such as a laptop computer) 
using battery device 1330 (which, in various embodiments, is 
any one or more of the battery devices described herein). For 
example, in various exemplary embodiments, information 
processing system 1300 embodies a computer, workstation, 
server, Supercomputer, cell phone, automobile, washing 
machine, multimedia entertainment system, or other device. 
In some embodiments, packaged circuit 1320 includes a com 
puter processor that is connected to memory 1321, power 
supply (energy-storage device 1330), input system 1312 
(such as a keyboard, mouse, and/or voice-recognition appa 
ratus), input-output system 1313 (such as a CD or DVD read 
and/or write apparatus), input-output system 1314 (Such as a 
diskette or other magnetic media read/write apparatus), out 
put system 1311 (Such as a display, printer, and/or audio 
output apparatus), wireless communication antenna 1340, 
and packaged within enclosure having a top shell 1310, 
middle shell 1315, and bottom shell 1316. In some embodi 
ments, energy-storage device 1330 is deposited (e.g., as 
vapors forming thin-film layers in a vacuum deposition sta 
tion) or laminated (as partially assembled electrode films) as 
thin-film layers directly on and Substantially covering one or 
more surfaces of the enclosure (i.e., top shell 1310, middle 
shell 1315, and/or bottom shell 1316). 
0.098 FIG. 14 shows an information-processing system 
1400 having a similar configuration to that of FIG. 13. In 
various exemplary embodiments, information-processing 
system 1400 embodies a pocket computer, personal digital 
assistant (PDA) or organizer, pager, BlackberryTM-type unit, 
cell phone, GPS system, digital camera, MP3 player-type 
entertainment system, and/or other device. In some embodi 
ments, packaged circuit 1420 includes a computer processor 
that is connected to memory 1421, power-supply battery 
device 1430, input system 1412 (such as a keyboard, joystick, 
and/or voice-recognition apparatus), input/output system 
1414 (Such as a portable memory card connection or external 
interface), output system 1411 (Such as a display, printer, 
and/or audio output apparatus), wireless communication 
antenna 1440, and packaged within enclosure having a top 
shell 1410 and bottom shell 1416. In some embodiments, 
battery device 1430 (which, in various embodiments, is any 
one or more of the battery devices described herein) is depos 
ited as film layers directly on and Substantially covering one 
or more surfaces of the enclosure (i.e., top shell 1410 and/or 
bottom shell 1416). 
0099. In some embodiments, at least one of the hard elec 
trolyte layers is a glass like layer that conducts lithium ions. In 
some such embodiments, at least one of the hard electrolyte 
layers includes LiPON. In some embodiments, the first hard 
electrolyte layer and the second hard electrolyte layer are 
both LiPON. In some such embodiments, each of the hard 
electrolyte layers is formed by sputtering from a LiPON 
Source onto Substrates having one or more electrode materi 
als. In some such embodiments, each of the hard electrolyte 
layers is formed by Sputtering from a lithium phosphate 
Source in a nitrogen atmosphere onto Substrates having one or 
more electrode materials. In some embodiments, each of the 
hard electrolyte layers is formed by sputtering from a lithium 
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phosphate source in a nitrogen atmosphere, using an ion 
assist Voltage, onto Substrates having one or more electrode 
materials. 
0100. In some embodiments, the soft electrolyte layer 
includes one or more polymers having a gel-like consistency 
at room temperatures. 
0101. In some embodiments, the soft layer includes a 
polyphosphaZene polymer. In some such embodiments, the 
Soft layer includes co-substituted linear polyphosphaZene 
polymers. In some Such embodiments, the soft layer includes 
polyphosphaZene polymers having a gel-like consistency at 
room temperatures. In some such embodiments, the soft layer 
includes MEEP (polybis(2-(2-methoxyethoxy ethoxy) 
phosphaZene). 
0102. In some embodiments, the soft-electrolyte layer is 
formed by depositing soft-electrolyte material onto the hard 
electrolyte layer on the positive electrode, depositing soft 
electrolyte material onto the hard-electrolyte layer on the 
negative electrode, and pressing the soft-electrolyte material 
on the positive electrode and the soft-electrolyte material on 
the negative electrode against each other. 
0103) In some embodiments, the soft layer includes a 
polymer matrix infused with a liquid and/or gel electrolyte 
material (e.g., polyPN). In some Such embodiments, the poly 
mer matrix is formed by Waffle embossing (micro-embossing 
to leave raised structures, e.g., about 0.1 microns high to 
about 5 microns high: in some embodiments, about 0.1 
microns, about 0.2 microns, about 0.3 microns, about 0.4 
microns, about 0.5 microns, about 0.6 microns, about 0.7 
microns, about 0.8 microns, about 0.9 microns, about 1.0 
microns, about 1.2 microns, about 1.4 microns, about 1.6 
microns, about 1.8 microns, about 2.0 microns, about 2.2 
microns, about 2.4 microns, about 2.6 microns, about 2.8 
microns, about 3.0 microns, about 3.5 microns, about 4 
microns, about 4.5 microns, about 5 microns, about 6 
microns, about 7 microns, about 8 microns, about 9 microns, 
or about 10 microns high) a heated polymer material onto at 
least one of the positive electrode and the negative electrode. 
In some Such embodiments, the waffle embossing forms a 
pattern of dots. In some such embodiments, the waffle 
embossing forms a pattern of lines. In some such embodi 
ments, the waffle embossing forms a two-directional/two 
dimensional pattern of lines (e.g., in some embodiments, 
intersecting lines forming squares, triangles, hexagons, and/ 
or the like, while in other embodiments, non-intersecting 
geometric patterns such as circles, squares, triangles, and/or 
the like). In other embodiments, a one-directional pattern of 
lines is microembossed in one direction on the positive elec 
trode and in another direction on the negative electrode. 
0104. In some embodiments, the soft electrolyte layer 
includes a thin (e.g., 0.5 to 5.0 microns thick) polymer Sponge 
or screen (e.g., a polypropylene sponge) infused with a liquid 
and/or gel electrolyte material (e.g., polyPN) and placed 
between the two hard electrolyte layers. 
0105. In some such embodiments, the soft-electrolyte 
layer is formed by depositing a thin soft-electrolyte layer onto 
the hard electrolyte layer on the positive electrode, depositing 
a thin soft-electrolyte layer onto the hard electrolyte layer on 
the negative electrode, and pressing the soft electrolyte layer 
on the positive electrode and the soft electrolyte layer on the 
negative electrode against each other. In some Such embodi 
ments, at least one of the thin soft-electrolyte layers is formed 
by doctor blading. In some such embodiments, at least one of 
the thin met-electrolyte layers is formed by spraying. In some 
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such embodiments, at least one of the thin soft-electrolyte 
layers is formed by silk-screening. In some such embodi 
ments, at least one of the thin soft-electrolyte layers is formed 
by printing. 
0106. In some embodiments, the battery includes a posi 
tive electrode that includes a LiCoO layer deposited on a 
copper current-collector layer, about 1 micron of LiPON 
deposited on the LiCoO layer, a layer of between about 1 
micron and three microns of polyphosphaZeneflithium-salt 
electrolyte material, and about 1 micron of LiPON on the 
negative electrode. In some embodiments, the negative elec 
trode includes a copper current collector onto which LiPON 
is deposited and that is precharged by wet plating lithium onto 
the copper current collector through the LiPON layer. In some 
embodiments, the layer of polyphosphaZeneflithium-salt 
electrolyte material is formed by depositing about 1 micron of 
polyphosphaZene/lithium-salt electrolyte material on the 
LiPON deposited on the positive electrode, depositing about 
1 micron of polyphosphaZeneflithium-salt electrolyte mate 
rial on the LiPON on the negative electrode and contacting the 
polyphosphaZene/lithium-salt electrolyte material on the 
positive electrode to the polyphosphazene/lithium-salt elec 
trolyte material on the negative electrode. In some Such 
embodiments, the contacting includes pressing between roll 
CS 

0.107 Some embodiments of the invention include an 
apparatus that includes a battery cell having a positive elec 
trode, a negative electrode, and an electrolyte structure ther 
ebetween, wherein the electrolyte structure includes a soft 
electrolyte layer and at least one hard electrolyte layer. 
0108. In some embodiments, the electrolyte structure 
includes a hard electrolyte layer on the negative electrode, 
and the soft electrolyte layer is sandwiched between the posi 
tive electrode and the hard electrolyte layer on the negative 
electrode. In some Such embodiments, the invention omits the 
hard electrolyte covering on the positive electrode. 
0109. In some embodiments, the soft electrolyte layer 
includes a polyphosphaZene. In some embodiments, the soft 
electrolyte layer includes MEEP some embodiments, the soft 
electrolyte layer also includes a metal salt, such as LiPF6, 
LiBF4, LiCF3SO4, CF3SO3Li (lithium trifluoromethane 
sulfonate, also called triflate), lithium bisperfluoroethane 
sulfonimide, lithium (Bis) Trifluoromethanesulfonimide, or 
the like or a mixture or two or more Such salts, for example. 
0110. In some embodiments, the electrolyte structure 
includes a hard electrolyte layer on the positive electrode and 
a hard electrolyte layer on the negative electrode, and the soft 
electrolyte layer is sandwiched between the hard electrolyte 
layer on the positive electrode and the hard electrolyte layer 
on the negative electrode. In some embodiments, the thick 
nesses of the hard electrolyte layer on the positive electrode 
and of the hard electrolyte layer on the negative electrode are 
each about one micron or less. In some embodiments, the 
thicknesses of the hard electrolyte layer on the positive elec 
trode and of the hard electrolyte layer on the negative elec 
trode are each about 0.5 microns or less. In some embodi 
ments, the thickness of the soft electrolyte layer is about three 
microns or less. In some embodiments, the thickness of the 
soft electrolyte layer is about two microns or less. In some 
embodiments, the Thickness of the soft electrolyte layer is 
about one micron or less. 
0111. In some embodiments, the hard electrolyte layer on 
the positive electrode includes is Substantially the same mate 
rial as the hard electrolyte layer on the negative electrode. In 
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some embodiments, the hard electrolyte layer on the positive 
electrode includes is Substantially the same thickness as the 
hard electrolyte layer on the negative electrode. 
0112. In some embodiments, the hard electrolyte layer on 
the positive electrode includes LiPON and the hard electro 
lyte layer on the negative electrode includes LiPON. 
0113. In some embodiments, the soft electrolyte layer 
includes a gel. 
0114. In some embodiments, the soft electrolyte layer 
includes a gel that includes a polyvinylidene difluoride 
(PVdF), propylene carbonate, and a lithium salt. PVdF is a 
polymer that does not conduct lithium ions, that is, lithium 
salts will not dissolve in PVdF. However, PVdF can be swol 
len with a liquid Such as propylene carbonate in which a 
lithium salt has been dissolved. The gel that results can be 
used as a Soft electrolyte. 
0115 Some embodiments further include an encapsulat 
ing material Surrounding the battery cell, and one or more 
electrical leads connecting from the battery cell to an exterior 
of the encapsulating material. 
0116. Some embodiments further include an electronic 
device and a housing holding the electrical device, wherein 
the battery cell is within the housing and supplies power to the 
electronic device. 
0117 Some embodiments of the invention include a 
method that includes providing a positive electrode compo 
nent, providing a negative electrode component, coating at 
least the negative electrode component with a hard electrolyte 
layer, and forming a battery cell using the positive electrode 
component, the negative electrode component that is coated 
with the hard electrolyte layer, and a soft electrolyte layer in 
between. 
0118. Some embodiments of the method further include 
coating the positive electrode component with a hard electro 
lyte layer, wherein an electrolyte structure of the battery cell 
includes the hard electrolyte layer on the negative electrode, 
the hard electrolyte layer on the positive electrode, and the 
soft electrolyte layer which is sandwiched between the hard 
electrolyte layer on the positive electrode and the hard elec 
trolyte layer on the negative electrode. 
0119. In some embodiments of the method, the electrolyte 
structure includes a hard electrolyte layer on the positive 
electrode and a hard electrolyte layer on the negative elec 
trode, and the soft electrolyte layer is sandwiched between the 
hard electrolyte layer on the positive electrode and the hard 
electrolyte layer on the negative electrode. 
0120 In some embodiments of the method, the hard elec 
trolyte layer on the positive electrode includes LiPON and the 
hard electrolyte layer on the negative electrode includes 
LPON. 
0121. In some embodiments of the method, the soft elec 
trolyte layer includes a polyphosphaZene and a lithium salt. In 
some embodiments, the soft electrolyte layer includes MEEP 
and a lithium salt. In some embodiments, the lithium salt 
includes LiPF6, LiBF4, LiCF3SO4, CF3SO3Li (lithium tri 
fluoromethanesulfonate, also called triflate), lithium bisper 
fluoroethanesulfonimide, lithium (Bis) Trifluoromethane 
Sulfonimide, or the like or a mixture or two or more Such salts, 
for example. 
0122 Some embodiments of the invention include an 
apparatus that includes a positive electrode component coated 
with a hard electrolyte layer, a negative electrode component 
coated with a hard electrolyte layer, and electrolyte means for 
connecting the hard electrolyte layer on the negative elec 
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trode component to the hard electrolyte layer on the positive 
electrode component to form a battery cell. 
I0123. In some embodiments, the means for connecting 
further includes means for fixing defects in one or more of the 
hard electrolyte layers. 
0.124. In some embodiments, the hard electrolyte layer on 
the positive electrode includes LiPON and the hard electro 
lyte layer on the negative electrode includes LiPON. 
0.125. In some embodiments, the means for connecting 
includes MEEP. In some embodiments, the means for con 
necting includes a polyphosphaZene and a lithium salt. In 
Some embodiments, the means for connecting includes 
MEEP and a lithium salt. In some embodiments, the lithium 
salt includes LiPF6, LiBF4, LiCF3SO4, CF3SO3Li (lithium 
trifluoromethanesulfonate, also called triflate), lithium 
bisperfluoroethanesulfonimide, lithium (Bis) Trifluo 
romethanesulfonimide, or the like or a mixture or two or more 
Such salts, for example. 
0.126 Some embodiments further include an encapsulat 
ing material Surrounding the battery cell, and one or more 
electrical leads connecting from the battery cell to an exterior 
of the encapsulating material. 
0127. Some embodiments further include an electronic 
device, wherein the battery cell supplies power to at least a 
portion of the electronic device. 
0128. Some embodiments of the invention include an 
apparatus that includes a first battery cell having a negative 
electrode, a positive electrode, and an electrolyte structure, 
wherein the negative electrode includes an anode material 
and a LiPON layer covering at least a portion of the negative 
electrode, the positive electrode includes a cathode material 
and a LiPON layer covering at least a portion of the positive 
electrode, and the electrolyte structure includes a polymer 
electrolyte material sandwiched between the LiPON layer of 
the negative electrode and the LiPON layer of the positive 
electrode. 
0129. In some embodiments, the cathode material 
includes LiCoO2 that is deposited on a positive electrode 
current-collector material, and the LiPON layer of the posi 
tive electrode is deposited on the LiCoO2. In some such 
embodiments, the positive electrode current-collector contact 
material includes a metal mesh around which the cathode 
material is deposited. 
0.130. In some embodiments, the negative electrode 
includes a negative-electrode current collector made of a 
metal that does not readily alloy with lithium during a plating 
operation, and lithium metal is plated onto the negative-elec 
trode current collector through the LiPON layer covering the 
negative electrode. In some Such embodiments, the metal of 
the negative-electrode current collector includes copper. In 
Some Such embodiments, the negative electrode includes a 
mask layer covers a periphery of the negative-electrode cur 
rent collector and lithium metal is plated through the LiPON 
layer covering the negative electrode onto an area of the metal 
negative-electrode current collector defined by the mask. 
I0131. In some embodiments, the negative electrode 
includes a current-collector metal layer, and the anode mate 
rial includes lithium metal deposited on at least one of two 
major faces of the metal layer that is at least partially covered 
by the LiPON layer of the negative electrode. 
0.132. In some embodiments, the anode material is depos 
ited on both major faces of the metal layer of the negative 
electrode, each face at least partially covered by the LiPON 
layer of the negative electrode. 
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0133. In some embodiments, the positive electrode 
includes a current-collector metal layer, and the cathode 
material is deposited on both major faces of the metal layer 
and is at least partially covered by the LiPON layer. 
0134. In some embodiments, the negative electrode 
includes a current-collector metal layer, and the anode mate 
rial includes lithium metal plated onto both major faces of the 
negative-electrode current-collector metal layer through the 
LiPON layer covering the negative electrode. 
0135) In some embodiments, the negative electrode 
includes a current-collector contact foil coated with the 
LiPON layer of the negative electrode, the lithium anode 
material includes lithium metal plated onto a first major face 
of the current-collector contact foil through the LiPON layer 
covering the current-collector contact foil, the lithium cath 
ode material of a second battery cell is deposited onto a 
second major face of the current-collector contact foil of the 
negative electrode of the first battery cell, and the LiPON 
barrier/electrolyte layer covering the cathode material of the 
second battery cell is then deposited by Sputtering. 
0136. In some embodiments, the positive electrode 
includes a current-collector foil, the lithium cathode material 
is deposited onto both major faces of the positive electrode 
current-collector contact foil, and the LiPON barrier/electro 
lyte layer covering the positive electrode is then deposited by 
Sputtering. 
0.137 In some embodiments, the positive electrode 
includes a current-collector contact mesh, the lithium cathode 
material is deposited onto both major faces of the cathode 
current-collector contact mesh, and the LiPON barrier/elec 
trolyte layer covering the positive electrode is then deposited 
by Sputtering. 
0138. Some embodiments of the invention include a 
method that includes providing a first sheet that includes an 
anode material and a LiPON barrier/electrolyte layer cover 
ing the anode material, providing a second sheet that includes 
a cathode material that includes lithium and a LiPON banter/ 
electrolyte layer covering the cathode material, and sand 
wiching a polymer electrolyte material between the LiPON 
barrier/electrolyte layer covering the anode material of the 
first sheet and the LiPON barrier/electrolyte layer covering 
the cathode material of the first cathode sheet. 
0139 Some embodiments of the method further include 
providing a third sheet that includes an anode material and a 
LiPON barrier/electrolyte layer covering the anode material, 
providing a fourth sheet that includes a cathode material that 
includes lithium and a LiPON barrier/electrolyte layer cov 
ering the cathode material, sandwiching a polymer electro 
lyte material between the LiPON barrier/electrolyte layer 
covering the anode material of the third sheet and the LiPON 
barrier/electrolyte layer covering the cathode material of the 
fourth sheet, and sandwiching a polymer electrolyte material 
between the LiPON barrier/electrolyte layer covering the 
anode material of the first sheet and the LiPON barrier/elec 
trolyte layer covering the cathode material of the fourth sheet. 
0140. In some embodiments of the method, the anode is 
deposited as a layer on a copper anode current-collector con 
tact layer through a LiPON layer. 
0141. In some embodiments of the method, the deposition 
of a lithium anode is done by electroplating in a propylene 
carbonate/LiPF6 electrolyte solution. 
0142. In some embodiments of the method, the first sheet 
includes a cathode material on a face opposite the anode 
material and a LiPON barrier/electrolyte layer covering the 
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cathode material, and the second sheet includes an anode 
material that includes lithium on a face opposite the cathode 
material and a LiPON barrier/electrolyte layer covering the 
anode material, wherein the method further includes provid 
ing a third sheet that includes an anode material that includes 
lithium and a LiPON barrier/electrolyte layer covering the 
anode material on a first face, and an anode material that 
includes lithium and a LiPON barrier/electrolyte layer cov 
ering the anode material on a second face opposite the first 
face, and sandwiching a polymer electrolyte material 
between the LiPON barrier/electrolyte layer covering the 
anode material of the first sheet and the LiPON barrier/elec 
trolyte layer covering the cathode material of the third sheet. 
0.143 Some embodiments of the invention include an 
apparatus that includes a first sheet that includes an anode 
material that includes lithium and a LiPON barrier/electrolyte 
layer covering the anode material on a first face of the first 
sheet, a second sheet that includes a cathode material that 
includes lithium and a LiPON barrier/electrolyte layer cov 
ering the cathode material on a second face of the second 
sheet, and means for passing ions between the LiPON layer 
on the first face of the first sheet and the LiPON layer on the 
second face of the second sheet to form a first battery cell. 
0144. In some embodiments, the first sheet includes a 
LiPON layer on a second face of the first sheet, and the 
apparatus further includes a third sheet that includes an anode 
material that includes lithium and a LiPON barrier/electrolyte 
layer covering the anode material on a first face of the third 
sheet, a fourth sheet that includes a cathode material that 
includes lithium and a LiPON barrier/electrolyte layer cov 
ering the cathode material on a second face of the fourth sheet 
and a cathode material that includes lithium and a LiPON 
barrier/electrolyte layer covering the cathode material on a 
first face of the fourth sheet, means for passing ions between 
the LiPON layer on the first face of the third sheet and the 
LiPON layer on the second face of the fourth sheet to form a 
second battery cell, and means for passing ions between the 
LiPON layer on the second face of the first sheet and the 
LiPON layer on the first face of the fourth sheet to form a third 
battery cell. 
(0145. In some embodiments, the first sheet includes a 
copper anode current-collector layer, and the anode material 
includes lithium deposited as a lithium-metal layer on the 
copper anode current-collector layer through the LiPON 
layer of the first sheet, 
0146 In some embodiments, a periphery of the lithium 
metal layer is defined by a mask, and the deposition of a 
lithium anode is done by electroplating in a liquid propylene 
carbonate/LiPF6 electrolyte solution. 
0.147. In some embodiments, the first sheet includes a 
cathode material on a second face opposite the anode material 
on the first face and a LiPON barrier/electrolyte layer cover 
ing the cathode material of the first sheet, and the apparatus 
further includes a third sheet having an anode material that 
includes lithium and a LiPON barrier/electrolyte layer cov 
ering the anode material on a first face of the third sheet, and 
means for passing ions between the LiPON layer on the 
second face of the first sheet and the LiPON layer on the first 
face of the third sheet to form a series-connected pair of 
battery cells. 
0.148. Some embodiments of the invention include an 
apparatus that includes a deposition station that deposits a 
hard electrolyte layer on a negative electrode component, a 
deposition station that deposits a hard electrolyte layer on a 
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positive electrode component, and a lamination station that 
laminates the hard electrolyte layer on the negative electrode 
component to the hard electrolyte layer on the positive elec 
trode component with a soft electrolyte layer therebetween to 
form a composite electrolyte structure. 
0149 Some embodiments further include a deposition sta 
tion that deposits a soft electrolyte layer on the hard electro 
lyte layer on the negative electrode component. In some 
embodiments, the soft electrolyte layer includes a polyphos 
phaZene. 
0150. Some embodiments further include a deposition sta 
tion that deposits a soft electrolyte layer on the hard electro 
lyte layer on the negative electrode component, and a depo 
sition station that deposits a soft electrolyte layer on the hard 
electrolyte layer on the positive electrode component. 
0151. In some embodiments, the deposition station that 
deposits the hard electrolyte layer on the positive electrode 
deposits a material that includes LiPON, the deposition sta 
tion that deposits the hard electrolyte layer on the negative 
electrode component deposits a material that includes 
LiPON, and the deposition station that deposits the soft elec 
trolyte layer deposited on the hard electrolyte layer on the 
positive electrode component and the deposition station that 
deposits the soft electrolyte layer on the hard electrolyte layer 
on the negative electrode deposits a material that includes a 
polyphosphaZene and a lithium salt. In some embodiments, 
the soft electrolyte layer includes MEEP. 
0152. In some embodiments, the deposition station that 
deposits the hard electrolyte layer on the positive electrode 
deposits a material that includes LiPON and the deposition 
station that deposits the hard electrolyte layer on the negative 
electrode deposits a material that includes LiPON. 
0153. Some embodiments further include a deposition sta 
tion that deposits a LiCoO2 layer on the positive electrode 
before the hard electrolyte layer is deposited on the positive 
electrode component. 
0154 Some embodiments further include an electroplat 
ing station that plates a lithium metal layer on the negative 
electrode through the hard electrolyte layer after the hard 
electrolyte layer is deposited on the negative electrode com 
ponent. 
0155 Some embodiments further include a patterning sta 
tion that deposits a photoresist layer and patterns a mask that 
defines an area on the negative electrode component to which 
a lithium metal layer can be formed. 
0156 Some embodiments of the invention include a 
method that includes providing a positive electrode compo 
nent, providing a negative electrode component, depositing a 
hard electrolyte layer on the negative electrode component, 
depositing a hard electrolyte layer on a positive electrode 
component, and laminating the hard electrolyte layer on the 
negative electrode to the hard electrolyte layer on the positive 
electrode with a soft electrolyte layer therebetween to form a 
composite electrolyte structure. 
0157. In some embodiments of the method, the depositing 
of the hard electrolyte layer on the positive electrode compo 
nent includes sputtering a LiPON layer, and the depositing of 
the hard electrolyte layer on the negative electrode compo 
nent includes sputtering a LiPON layer. 
0158. In some embodiments of the method, the soft elec 
trolyte layer includes a polyphosphaZene and a lithium salt. 
0159. Some embodiments further include depositing a 
soft electrolyte layer on the hard electrolyte layer on the 
negative electrode component, and depositing a soft electro 
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lyte layer on the hard electrolyte layer on a positive electrode 
component, and wherein the laminating presses the Soft elec 
trolyte layer on the hard electrolyte layer on the negative 
electrode component against the Soft electrolyte layer on the 
hard electrolyte layer on the positive electrode component. 
0160. In some embodiments, the depositing of the soft 
electrolyte layer on the hard electrolyte layer on the negative 
electrode component includes doctor blading. 
0.161. In some embodiments, the depositing of the soft 
electrolyte layer on the hard electrolyte layer on the negative 
electrode component includes spraying soft electrolyte mate 
rial in a liquid form. 
0162. In some embodiments, the depositing of the soft 
electrolyte layer on the hard electrolyte layer on the positive 
electrode component includes spin coating soft electrolyte 
material in a liquid form. 
(0163 Some embodiments of the invention include an 
apparatus that includes a source of a positive electrode com 
ponent, a source of a negative electrode component, means 
for depositing a hard electrolyte layer on the negative elec 
trode component, means for depositing a hard electrolyte 
layer on a positive electrode component, and means for lami 
nating the hard electrolyte layer on the negative electrode to 
the hard electrolyte layer on the positive electrode with a soft 
electrolyte layer therebetween to form a composite electro 
lyte structure. 
(0164. Some embodiments further include means for 
depositing a soft electrolyte layer on the hard electrolyte layer 
on the negative electrode component, and means for depos 
iting a soft electrolyte layer on the hard electrolyte layer on a 
positive electrode component, and wherein the means for 
laminating presses the soft electrolyte layer on the hard elec 
trolyte layer on the negative electrode component against the 
soft electrolyte layer on the hard electrolyte layer on the 
positive electrode component. 
0.165. In some embodiments, the hard electrolyte layer 
deposited on the positive electrode component includes 
LiPON and the hard electrolyte layer deposited on the nega 
tive electrode component includes LiPON. 
0166 In some embodiments, the soft electrolyte layers 
include a polyphosphaZene and a lithium salt. 
0167. In some embodiments, the soft electrolyte layers 
include MEEP. 

(0168 Some embodiments of the invention include an 
apparatus that includes a battery cell having an anode, a 
cathode, and an electrolyte structure, wherein the anode 
includes an anode material that, when the battery cell is 
charged, includes lithium and a LiPON barrier/electrolyte 
layer covering at least a portion of the anode, the cathode 
includes a cathode material that includes lithium and a 
LiPON barrier/electrolyte layer covering at least a portion of 
the cathode, and the electrolyte structure includes a polymer 
electrolyte material sandwiched between the LiPON barrier/ 
electrolyte layer covering the anode and the LiPON barrier/ 
electrolyte layer covering the cathode. 
0169. In some embodiments of the apparatus, the cathode 
material includes LiCoO deposited on a cathode-current 
collector contact material, and then the LiPON barrier/elec 
trolyte layer covering the cathode is deposited. 
0170 In some embodiments of the apparatus, the cathode 
material includes LiCoO deposited on a cathode-current 
collector contact material, and then the LiPON barrier/elec 
trolyte layer covering the cathode is deposited. 
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0171 In some embodiments of the apparatus, the lithium 
anode material is plated onto a copperanode current-collector 
contact or current collector through LiPON barrier/electro 
lyte layer covering the anode. 
0172. In some embodiments of the apparatus, the anode 
material is deposited on both major faces of a metal sheet at 
least partially covered by the LiPON barrier/electrolyte layer. 
0173. In some embodiments of the apparatus, the cathode 
material is deposited on both major faces of a metal sheet and 
is at least partially covered by the LiPON barrier/electrolyte 
layer. 
0.174. In some embodiments of the apparatus, the cathode 
current-collector contact material includes a metal mesh 
around which the cathode material is deposited. 
0.175. In some embodiments of the apparatus, the lithium 
anode material is plated onto both major faces of an anode 
current-collector contact foil through LiPON barrier/electro 
lyte layer covering the anode current-collector contact layer. 
0176). In some embodiments of the apparatus, the lithium 
anode material is plated onto a first major face of a current 
collector contact foil through LiPON barrier/electrolyte layer 
covering the current-collector contact foil the lithium cathode 
material is deposited onto a second major face of the current 
collector contact foil, and the LiPON barrier/electrolyte layer 
covering the cathode is then deposited by Sputtering. 
0177. In some embodiments of the apparatus, the lithium 
cathode material is deposited onto both major faces of a 
cathode current-collector contact foil, and the LiPON barrier/ 
electrolyte layer covering the cathode is then deposited by 
Sputtering. 
0178. In some embodiments of the apparatus, the lithium 
cathode material is deposited onto both major faces of a 
cathode current-collector contact mesh, and the LiPON bar 
rier/electrolyte layer covering the cathode is then deposited 
by Sputtering. 
0179. In some embodiments, another aspect of the inven 
tion includes a method that includes providing a first sheet 
that includes an anode material that includes lithium and a 
LiPON barrier/electrolyte layer covering the anode material, 
providing a second sheet that includes a cathode material that 
includes lithium and a LiPON barrier/electrolyte layer cov 
ering the cathode material, and Sandwiching a polymer elec 
trolyte material between the LiPON barrier/electrolyte layer 
covering the anode material of the first sheet and the LiPON 
barrier/electrolyte layer covering the cathode material of the 
second sheet. 

0180. Some embodiments of the method further include 
providing a third sheet that includes an anode material that 
includes lithium and a LiPON barrier/electrolyte layer cov 
ering the anode material, providing a fourth sheet that 
includes a cathode material that includes lithium and a 
LiPON barrier/electrolyte layer covering the cathode mate 
rial, Sandwiching a polymer electrolyte material between the 
LiPON barrier/electrolyte layer covering the anode material 
of the third sheet and the LiPON barrier/electrolyte layer 
covering the cathode material of the fourth sheet, and sand 
wiching a polymer electrolyte material between the LiPON 
barrier/electrolyte layer covering the anode material of the 
first sheet and the LiPON barrier/electrolyte layer covering 
the cathode material of the fourth sheet. 

0181. In some embodiments of the method, the anode is 
deposited as a layer on a copper anode current-collector con 
tact layer through a LiPON layer. 
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0182. In some embodiments of the method, the deposition 
of a lithium anode is done by electroplating in a propylene 
carbonate/LiPF electrolyte solution. 
0183. In some embodiments of the method, the first sheet 
includes a cathode material on a face opposite the anode 
material and a LiPON barrier/electrolyte layer covering the 
cathode material, and the second sheet includes an anode 
material that includes lithium on a face opposite the cathode 
material on the second sheet and a LiPON barrier/electrolyte 
layer covering the anode material, and the method further 
includes providing a third sheet that includes an anode mate 
rial that includes lithium and a LiPON barrier/electrolyte 
layer covering the anode material on a first face, and an anode 
material that includes lithium and a LiPON barrier/electrolyte 
layer covering the anode material on a second face opposite 
the first face, and sandwiching a polymer electrolyte material 
between the LiPON barrier/electrolyte layer covering the 
anode material of the first sheet and the LiPON barrier/elec 
trolyte layer covering the cathode material of the third sheet. 
0184. In some embodiments, another aspect of the inven 
tion includes an apparatus that includes a first sheet that 
includes an anode material that includes lithium and a LiPON 
barrier/electrolyte layer covering the anode material, a sec 
ond sheet that includes a cathode material that includes 
lithium and a LiPON barrier/electrolyte layer covering the 
cathode material, and means for sandwiching a polymer elec 
trolyte material between the LiPON barrier/electrolyte layer 
covering the anode material of the first sheet and the LiPON 
barrier/electrolyte layer covering the cathode material of the 
second sheet. 
0185. Some embodiments of this apparatus include a third 
sheet that includes an anode material that includes lithium 
and a LiPON barrier/electrolyte layer covering the anode 
material, a fourth sheet that includes a cathode material that 
includes lithium and a LiPON barrier/electrolyte layer cov 
ering the cathode material, means for sandwiching a polymer 
electrolyte material between the LiPON barrier/electrolyte 
layer covering the anode material of the third sheet and the 
LiPON barrier/electrolyte layer covering the cathode mate 
rial of the fourth sheet, and means for Sandwiching a polymer 
electrolyte material between the LiPON barrier/electrolyte 
layer covering the anode material of the first sheet and the 
LiPON barrier/electrolyte layer covering the cathode mate 
rial of the fourth sheet. 

0186. In some embodiments, the first sheet includes a 
cathode material on a face opposite the anode material and a 
LiPON barrier/electrolyte layer covering the cathode mate 
rial, and the second sheet includes an anode material that 
includes lithium on a face opposite the cathode material and 
a LiPON barrier/electrolyte layer covering the anode mate 
rial, and the apparatus further includes a third sheet that 
includes an anode material that includes lithium and a LiPON 
barrier/electrolyte layer covering the anode material on a first 
face, and an anode material that includes lithium and a LiPON 
barrier/electrolyte layer covering the anode material on a 
second face opposite the first face, and means for sandwich 
ing a polymer electrolyte material between the LiPON bar 
rier/electrolyte layer covering the anode material of the first 
sheet and the LiPON barrier/electrolyte layer covering the 
cathode material of the third sheet. 

0187. It is to be understood that the above description is 
intended to be illustrative, and not restrictive. Although 
numerous characteristics and advantages of various embodi 
ments as described herein have been set forth in the foregoing 
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description, together with details of the structure and function 
of various embodiments, many other embodiments and 
changes to details will be apparent to those of skill in the art 
upon reviewing the above description. The scope of the inven 
tion should, therefore, be determined with reference to the 
appended claims, along with the full scope of equivalents to 
which Such claims are entitled. In the appended claims, the 
terms “including and “in which are used as the plain-En 
glish equivalents of the respective terms "comprising and 
“wherein, respectively. Moreover, the terms “first.” “sec 
ond' and “third,' etc., are used merely as labels, and are not 
intended to impose numerical requirements on their objects. 

1-31. (canceled) 
32. A method of forming a battery cell having a composite 

electrolyte structure comprising: 
a) providing a positive electrode component; 
b) providing a negative electrode component; 
c) depositing a first electrolyte layer having randomly 

spaced defects therein on the negative electrode compo 
nent; 

d) depositing a second electrolyte layer having randomly 
spaced defects therein on a positive electrode compo 
nent; 

e) providing a third electrolyte material that comprises a 
polymer or a gel that is soft compared to the first and 
second electrolyte layers; 

f) laminating the first electrolyte layer on the negative 
electrode to the second electrolyte layer on the positive 
electrode using a the third soft electrolyte material to at 
least partially fill and fix the defects in at least one of the 
first and second electrolyte layers to form a the compos 
ite electrolyte structure of a the battery cell; 

wherein the third electrolyte layer is applied as a liquid and 
then dried. 

33. The method of claim 1, wherein the third electrolyte 
layer is applied as a dip coating. 

34. The method of claim 1, wherein the third electrolyte 
layer is spun on. 

35. The method of claim 1, wherein the third electrolyte 
layer is cast on. 

36. The method of claim 1, wherein the third electrolyte 
layer is deposited from a liquid source and Squeegeed and/or 
doctor-bladed in place. 

37. The method of claim 1, wherein the third electrolyte 
layer is printed to areas to which the third electrolyte is 
desired. 

38. The method of claim 1, wherein the first and second 
electrolyte layers are LiPON. 

39. The method of claim 7, wherein the third electrolyte 
layer comprises polyvinylidene difluoride, propylene carbon 
ate, and a lithium salt. 

40. The method of claim 7, wherein the third electrolyte 
layer comprises MEEP. 

41. The method of claim 7, wherein the third electrolyte 
layer comprises a polyphosphaZene and a lithium salt. 

42. A battery cell having a negative electrode, a positive 
electrode, and an electrolyte structure, wherein 

a) the negative electrode includes a first electrolyte layer 
covering at least a portion of the negative electrode and 
having randomly spaced defects; 

Aug. 18, 2011 

b) the positive electrode includes a cathode material and a 
second electrolyte layer covering at least a portion of the 
positive electrode and having randomly spaced defects; 
and 

c) the electrolyte structure includes a third electrolyte 
material that comprises a polymer or a gel that is soft 
compared to the first and second electrolyte layers sand 
wiched between the first electrolyte of the negative elec 
trode and the second electrolyte layer of the positive 
electrode: 

wherein the randomly spaced defects in the first and second 
electrolyte layers are at least partially filled by the third soft 
electrolyte material and wherein the third soft electrolyte 
layer fixes defects in at least one of the first and second 
electrolyte layers. 

43. The battery cell of claim 11 wherein the positive elec 
trode current-collector material includes a metal mesh around 
which the cathode material is deposited. 

44. The battery cell of claim 11, wherein the negative 
electrode includes a negative-electrode current collector 
made of a metal that does not readily alloy with lithium during 
a plating operation, and lithium metal is plated onto the nega 
tive-electrode current collector through the first electrolyte 
layer covering the negative electrode. 

45. The battery cell of claim 11, wherein the negative 
electrode includes a mask layer that covers a periphery of the 
negative-electrode current collector and lithium metal is 
plated through the first electrolyte layer covering the negative 
electrode onto an area of the metal negative-electrode current 
collector defined by the mask. 

46. The battery cell of claim 11, wherein: the negative 
electrode includes a current-collector metal layer and an 
anode material, and the anode material includes lithium metal 
deposited on at least one of two major faces of the metal layer, 
which is at least partially covered by the first electrolyte layer 
of the negative electrode. 

47. The battery cell of claim 11, wherein: the anode mate 
rial is deposited on both major faces of the metal layer of the 
negative electrode, each face at least partially covered by the 
first electrolyte layer of the negative electrode. 

48. The battery cell of claim 11, wherein: the positive 
electrode includes a current-collector metal layer, and the 
cathode material is deposited on both major faces of the metal 
layer and is at least partially covered by the second electrolyte 
layer. 

49. The battery cell of claim 11, wherein: the negative 
electrode includes a current-collector metal layer and an 
anode material, and the anode material includes lithium metal 
plated onto both major faces of the negative-electrode cur 
rent-collector metal layer through the first electrolyte layer 
covering the negative electrode. 

50. The battery cell of claim 11, further comprising: an 
encapsulating material Surrounding the battery cell; and one 
or more electrical leads connecting from the battery cell to an 
exterior of the encapsulating material. 

51. The battery cell of claim 11, further comprising: an 
electronic device; and a housing holding the electronic 
device, wherein the battery cell is within the housing and 
Supplies power to the electronic device. 

52. The battery cell of claim 11, wherein: the positive 
electrode comprises oxides of copper. 

c c c c c 


