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LOW RESISTANCE COMPOSITE SILICON-BASED ELECTRODE

BACKGROUND

[0001] The present invention relates to interfaces with silicon-based |layers with reduced interfacial
resistancefimpedance. More specifically, the invention relates to combined lithium containing conductive and
structural enhangcing layers interfacing with silicon-based layers to reduced interfacial and charge-transfer

resistance in energy storage devices.

[0002] The integration of energy storage devices, e.g. batteries, in microprocessor and memory chips is an
important requirement for loT (Internet of Things) devices. In addition to loT applications, emerging applications
integrating on-board next generation energy storage devices include mobile devices; telecommunications
equipment, remote power for: drones, vehicles, robotics, sensory equipment; autonomous environmental,

biological, and social functioning machines; smart dust; and/or biomedical sensory/medication-delivery devices.

[0003] Further, there is a need to scale electrochemically active materials and electrochemical processes while
integrating them with conventional applications, e.g., electric vehicles, mobile computing and telecommunication

devices, grid storage, etc.

[0004] Ashuman controlled and autonomous devices increasingly become miniaturized, total energy
consumption requirements from the energy sources powering the electronic devices will decrease. However, even
though power consumption is expected to be lower than 1 Watt for these integrated devices, the energy and power
density per unit volume will continue to increase for miniaturized devices because miniaturization causes device

volumes to decrease as well.

[0005] To achieve this higher energy and power density per unit volume, lithium electrode material is integrated
into the overall cell structures of semi-solid or all solid-state energy storage devices due to lithium (Li) metal’s
extremely high theoretical specific capacity (~3860 mAh/g). In many applications, lithium-based energy storage
devices will be embedded in and/or interface with Complementary Metal Oxide Semiconductor (CMOS) circuits and
therefore one or more lithium-based components will interface with silicon (Si) layers. Itis also assumed that
whatever high energy / power dense storage device which can be fabricated and mass produced on a miniaturized
scale, is directly applicable for scalable applications such as mobile electronics, electric vehicles, renewable grid

storage, etc.

[0006] There is need for low resistance interfaces between silicon-base layers and lithium-based, components,
particularly in storage devices with high energy and power density. These low resistance interfaces are needed to
reduce power losses, improve efficiencies, and/or to prevent degradation of the silicon-active electrode containing

devices due to volume expansion, over-heating, or Li-dendrite formation within these devices.

RECTIFIED SHEET (RULE 91) ISA/EP
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SUMMARY

[0007] According to an embodiment of the present invention a composite electrode comprising a silicon-based
electrode with two layers in combination (a layer pair) is disclosed. The layer pair includes: 1. a thin, semi-
dielectric, Li-conductive layer made of a lithium (Li) compound, e.g. lithium fluoride, LiF, disposed on and adhering
to an electrode surface of the silicon-based electrode and 2. a molten Li-ion concentrated, conductive layer of a
lithium containing salt (lithium salt layer) disposed on the semi-dielectric layer. The lithium salt layer is highly

conductive for lithium ions (Li*).

[0008] One or more device layers can be disposed on the layer pair. Non-limiting examples of device layers
include one or more cathode electrodes, one or more solid polymer electrolyte (SPE) layers or a liquid electrolyte

layer, one or more anode layers, and/or one or more other internal battery component layers.

[0009] The layer pair creates an interface between the device layers and silicon-based electrode with a
surprisingly low impedancefresistance due to the layer pairs effect on lowering charge transfer resistance across
the silicon interface as well as the electrolyte/layer pair interface. The layer pair has uses in devices with silicon-
based electrodes, including micro-resistors, next generation ion-based analog memory devices, and energy storage

devices like lithium ion batteries.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Various embodiments of the present invention will be described below in more detail, with reference to the
accompanying drawings, now briefly described. The Figures show various apparatus, structures, and process

steps related to embodiments of the present invention.

[0011] Figure 1is a cross sectional view of one embodiment of a symmetric cell containing two layer pairs

disposed symmetrically between two silicon-based electrodes and around a separation layer.

[0012] Figure 2 is a cross sectional view of an alternative embodiment of a cell containing a layer pair disposed
on a silicon-based electrode with a separation layer between solid polymer electrolyte (SPE) layers and some of the

device layers disposed on the layer pair.

[0013] Figure 3is a micrograph showing a thin, semi-dielectric layer made of a Lithium (Li) compound, e.g. lithium

fluoride, LiF, disposed on and adhering to an electrode surface of the silicon-based electrode.

[0014] Figure 4 is a micrograph showing a layer pair disposed on a silicon-based electrode with one or more

device layers disposed on the layer pair.
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[0015] Figure 5is an RC (resistor/capacitor) model of an energy storage device, e.g. a symmetric cell energy

storage device, used for fitting Electrochemical Impedance Spectroscopy (EIS) spectra.

[0016] Figure 6 is a Nyquist plot with the fitted RC model from Figure 5 used to determine component values of

the symmetric cell.

[0017] Figure 6Ais an expanded view of the high-to-mid frequency data points from the Nyquist plot in Figure 6.

[0018] Figure 7 is a block diagram showing the layer pair disposed on a silicon-based electrode used in a lithium

battery.

[0019] Figure 8 is a flow chart of a process of making a lithium battery using the layer pair to substantial reduce

the resistance at the interface with the silicon-based electrode.

DETAILED DESCRIPTION

[0020] Itis to be understood that embodiments of the present invention are not limited to the illustrative methods,
apparatus, structures, systems and devices disclosed herein but instead are more broadly applicable to other
alternative and broader methods, apparatus, structures, systems and devices that will become evident to those

skilled in the art given this disclosure.

[0021] In addition, itis to be understood that the various layers, structures, and/or regions shown in the
accompanying drawings are not drawn to scale, and that one or more layers, structures, and/or regions of a type
commonly used may not be explicitly shown in a given drawing. This does not imply that the layers, structures,

and/or regions not explicitly shown are omitted from the actual devices.

[0022] In addition, certain elements may be left out of a view for the sake of clarity and/or simplicity when
explanations are not necessarily focused on such omitted elements. Moreover, the same or similar reference
numbers used throughout the drawings are used to denote the same or similar features, elements, or structures,
and thus, a detailed explanation of the same or similar features, elements, or structures will not be repeated for

each of the drawings.

[0023] The semiconductor devices, structures, and methods disclosed in accordance with embodiments of the
present invention can be employed in applications, hardware, and/or electronic systems. Suitable hardware and
systems for implementing embodiments of the invention may include, but are not limited to, semiconductors,

personal computers, communication networks, electronic commerce systems, portable communications devices

(e.g., cell and smart phones), solid-state media storage devices, expert and artificial intelligence systems, functional
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circuitry, neural networks, etc. Systems and hardware incorporating the invention in semiconductor devices and

structures are contemplated embodiments of the invention.

[0024] Asused herein, “height’ refers to a vertical size of an element (e.g., alayer, trench, hole, opening, etc.) in
the cross-sectional or elevation views measured from a bottom surface to a top surface of the element, and/or

measured with regpect to a surface on which the element is located.

[0025] Conversely, a “depth” refers to a vertical size of an element (e.g., a layer, trench, hole, opening, etc.) in the
cross-sectional or elevation views measured from a top surface to a bottom surface of the element. Terms such as
“thick”, “thickness”, “thin” or derivatives thereof may be used in place of *height” where indicated.

nu

[0026] Asused herein, “lateral,” “lateral side,” “side,” and “lateral surface” refer to a side surface of an element

(e.g., alayer, opening, etc.), such as aleft or right-side surface in the drawings.

[0027] Asused herein, “width” or “length” refers to a size of an element (e.g., a layer, trench, hole, opening, etc.)
in the drawings measured from a side surface to an opposite surface of the element. Terms such as “thick”,

“thickness”, “thin” or derivatives thereof may be used in place of “width” or “length” where indicated.

[0028] Asused herein, terms such as “upper”, “lower”, “right’, “left’, “vertical”, “horizontal’, “top”, “bottom”, and
derivatives thereof shall relate to the disclosed structures and methods, as oriented in the drawing figures. For
example, as used herein, “vertical’ refers to a direction perpendicular to the top surface of the substrate in the
elevation views, and “horizontal” refers to a direction parallel to the top surface of the substrate in the elevation
views.

[0029] As used herein, unless otherwise specified, terms such as “on”, “overlying”, “atop’, “on top”, “positioned
on” or “positioned atop” mean that a first element is present on a second element, wherein intervening elements
may be present between the first element and the second element. As used herein, unless otherwise specified, the
term “directly” used in connection with the terms “on”, “overlying”, “atop”, “on top”, “positioned on” or “positioned
atop,” “disposed on,” or the terms “in contact’ or “direct contact’” means that a first element and a second element
are connected without any intervening elements, such as, for example, intermediary conducting, insulating or

semiconductor layers, present between the first element and the second element.
[0030] Itis understood that these terms might be affected by the orientation of the device described. For
example, while the meaning of these descriptions might change if the device was rotated upside down, the

descriptions remain valid because they describe relative relationships between features of the invention.

[0031] Refer now to the Figures.
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[0032] Figure 1is across sectional view of one embodiment of a symmetric cell 100 containing two layer pairs
(150/150U) disposed symmetrically between two silicon-based electrodes 105/105U and around a separation layer
115. The symmetric cell 100 is used in an Electrochemical Impedance Spectroscopy (EIS) analysis described

below.

[0033] Each of the layer pairs 150/150U is made of a semi-dielectric layer 111/111U and a molten-ion conductive
layer 1121112, respectively. The molten-ion conductive layers 112/112U each have a respective interface
140/140U with the semi-dielectric layer 111/111U. Each of the semi-dielectric layers 111/111U has a semi-
dielectric layer thickness 121 and each of the molten-ion conductive layers 112/112U has a molten-ion conductive

layer thickness 122.

[0034] Each silicon-based electrode 105/105U combine with the respective layer pair 150/150U to form a

composite electrode 105/150.

[0035] The separator layer 115 electrically insulates the layer pair 150 and silicon-based electrode 110 on one
side of the separator layer 115 from the layer pair 150U and silicon-based electrode 110U on the other side of the
separator layer 115, In other words, the separator layer 115 substantially prevents the flow of electrons between
the layer pairs 150/150U and silicon-based electrodes 110/110U on opposing sides of the separator layer 115, This
prevents the electrical shorting of the cell 100. However, the separator layer 115 does allow ions, e.g. lithium ions
(Li+) to pass through. Therefore, the separator layer 115 permits an ionic current to flow while preventing the far

majority of electron current.

[0036] A solid polymer electrolyte (SPE) layer 114 is included. In this embodiment 100, the separator layer 115
splits the solid polymer electrolyte (SPE) layer 114 into an upper SPE layer 114B above the separator layer 115
and a lower SPE layer 114A below the separator layer 115, The SPE layer 114A/114B saturates through the

separator layer 115 as well.

[0037] In some embodiments, the electrolyte layer 114 (e.g. 114A/114B) is composed of a garnet/polymer
electrolyte composite (e.g., LissLasZri5Taos012 / PEO composites) which function both as a solid polymer
electrolyte 114 and a separator 115. In other embodiments, if the electrolyte is harder than Li-metal (e.g.,

sputtered LIPON, then no separator is needed because the electrolyte acts as both separator and electrolyte.

[0038] In this Figure 1 the “U” in the reference number represents that the layer is in a relative position above (or
opposite from) and symmetrically around the separation layer 115 with respect to the layer without the “U” in the
reference number. In following discussions, the “U” in common numeric designators may be left out for clarity when

descriptions of the layers that are common and symmetrical, without loss of generality.
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[0039] The layer pair 150 has a pair top surface 151 (separator 115 side surface) and a pair bottom surface 152
(electrode side surface 152/152U). The layer pair 150 is directly disposed on a silicon-based electrode 110 so that
the pair bottom surface 152 is in direct physical and electrical contact with an electrode pair surface 131 (semi-
dielectric layer 111 side) of the silicon-based electrode 110. An electrode interface 131/152 (131U/152U,
respectively) is where the pair bottom surface 152 (electrode side surface 152/152U) and the electrode pair surface

131/131U, respectively, are in direct contact.

[0040] In some embodiments, the silicon-based electrode 110/110U is disposed on an electrode contact
105/105U, respectively. The silicon electrode-based 110 has a silicon-based electrode surface 132/132U in
electrical contact with the electrode contact 105/105U and the electrode pair surface 131/131U is in electrical
contact at the electrode interface 131/152 (131U/151U, respectively) with the semi-dielectric layer 111 the pair
bottom surface 152 (or semi-dielectric layer bottom surface 152, i.e. the electrode contact 105 side). In some
embodiments, the silicon-based electrode 110 is a disc with a diameter of about 15.5 millimeters (mm) and with the

electrode pair surface 131 area of about 1.88 cm2,

[0041] The optional electrode contact 105/105U is made of a conductive material, e.g. a metal, such as, for
example, copper (Cu), titanium (Ti), platinum (Pt), nickel (Ni), aluminum (Al), gold (Au), tungsten (W), or titanium
nitride (TiN). The electrode contact 105/105U may include a single layer of a conductive metal, e.g. a conductive
metal nitride, or a material stack including at least two different conductive metals and/or conductive metal nitrides.
In one example, the electrode contact 105 can include a stack (not shown) of, from bottom to top, titanium (Ti),
platinum (Pt) and titanium (Ti). The electrode contact 105 can be formed utilizing deposition techniques well known

to those skilled in the art.

[0042] If present, the electrode contact 105 may be mechanically or chemically attached, adhered, or bonded with

the silicon electrode surface 132 of the silicon-based electrode 110.

[0043] The silicon electrode-based 110/110U may include a semiconductor material and/or any other material
having semiconductor properties along with silicon. In one embodiment, the silicon-based electrode 110/110U is a
bulk semiconductor substrate. By “bulk” it is meant that the base substrate is entirely composed of at least one
semiconductor material, e.g. crystalline silicon. In one example, the silicon-based electrode 110/110U may be
entirely composed of silicon which may be single crystalline. In some embodiments, the bulk semiconductor may
include a multilayered semiconductor material stack including at least two different semiconductor materials, one of
which is silicon. In one example, the multilayered semiconductor material stack may compriss, in any order, a stack
of Si and a silicon germanium alloy. In another embodiment, the multilayered semiconductor material may
comprise, in any order, a stack of Si and single or multiple silicon-based alloys, such as silicon-germanium or

carbon-doped silicon-based alloys.
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[0044] In accordance with the present application, the silicon electrode 110 is composed of a silicon-containing
material, i.e., the silicon electrode 110 is silicon-based. The term “silicon-based” is used throughout the present
application to denote a material that includes at least silicon and has semiconductor material properties. Examples
of silicon-based materials that made can be employed as the silicon-based electrode 110 include silicon (Si), a
silicon germanium alloy, or a carbon-doped silicon-based alloy. Typically, the silicon-based electrode 110 is

composed entirely of silicon (Si).

[0045] The silicon-based materials that provided in the silicon-based electrode 110 can be non-crystalline

semiconductor materials or crystalline semiconductor materials. The silicon-based electrode 110 may be entirely
non-porous, entirely porous or contain some regions that are hon-porous and other regions that are porous. The
silicon containing materials may be non-doped, doped, or contain some regions that are doped and other regions

that are non-doped. The dopant can be a p-type dopant or an n-type dopant.

[0046] The term "p-type" refers to the addition of impurities to an intrinsic ssmiconductor that creates deficiencies
of valence electrons. In a silicon-containing semiconductor material, examples of p-type dopants, i.e., impurities,
include, but are not limited to, boron, aluminum, gallium and indium. The concentration of p-type dopant within the
silicon-containing material that provides silicon-based electrode 110 can range from 1E16 atoms/cm? to 3E20

atoms/cm?.

[0047] The term "n-type" refers to the addition of impurities that contributes free electrons to an intrinsic
semiconductor. In a silicon containing semiconductor material, examples of n-type dopants, i.e., impurities, include,
but are not limited to, antimony, arsenic and phosphorous. The concentration of n-type dopant within the silicon-

containing material of the silicon-based electrode 110/110U can range from 1E16 atoms/cm? to 1E21 atoms/cmd,

[0048] lllustrative examples of silicon-containing materials that can used as the silicon-based electrode 110/110U
include non-porous silicon, partially porous crystalline silicon, single-crystal hon-porous silicon, crystalline silicon, a
low resistance doped crystalline silicon, boron doped crystalline silicon or boron doped crystalline porous silicon. In
one embodiment, boron doped crystalline silicon having a boron dopant concentration of from 1x10'° atoms/cm? to

3x102° atoms/cm? is used as the silicon-based electrode 110.

[0049] The term “low resistance doped crystalline silicon” denotes a silicon-based electrode 110 that is of unitary
construction (i.e., a monolith structure) and includes a hon-porous region and a porous region, as defined in U.S.
Serial No. 16/026,461 entitled “Battery Structure with an Anode Structure Containing a Porous Region and Method

of Operation”, filed on July 3, 2018, the entire content and disclosure of which is incorporated herein by reference.

[0050] The low resistance doped crystalline silicon that can be used as the silicon-based electrode 110/110U can
be made using an anodization process in which a substrate including at least an upper region of a p-type silicon

material, which has been cleaned using a standard organic cleaning process, is immersed into a solution of
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concentrated HF (49%) while an electrical current is applied with platinum as the anode and the substrate as the
cathode. The anodization process is performed utilizing a constant current source that operates at a current density
from 0.05 mA/ecm? to 150 mA/ecm?, wherein mA is milli-Amperes. In some examples, the current density is 1
mA/cmZ, 2 mAlcm?, 5 mA/cm?, 50 mA/cm?, or 100 mA/cmZ. In a preferred embodiment, the current density is from

1 mA/cm?to 10 mA/cm2. The current density may be applied for 1 second to 5 hours. In some examples, the
current density may be applied for 5 seconds, 30 seconds, 20 minutes, 1 hour, or up to 3 hours. In an embodiment,
the current density may be applied for 10 seconds to 4800 seconds, specifically for the doping level in the range
10'° atoms/cmd range. The anodization process is typically performed at nominal room temperature from (20°C) to
30°C) or at a temperature that is slightly elevated from room temperature. Following the anodization process, the

structure is typically rinsed with deionized water and then dried.

[0051] The semi-dielectric layer 111 (111U) is a thin layer 121 that adheres well to the silicon-based electrode
110 (110U, respectively) at the electrode pair surface 131, electrode interface 131/151 (131U/151, respectively).
The thickness 121 of the semi-dielectric layer 111 involves a tradeoff. Since the semi-dielectric layer 111 is an
electrical insulator, using a dielectric material in contact with the electrode pair surface 131 normally would increase
the resistancefimpedance at the electrode interface 131/152 (131U7152U) and between the silicon-based electrode
110 and the molten-ion conductive layer 112. However, keeping the semi-dielectric layer 111 very thin 121 reduces
this resistance at the electrode interface 131/152. Still the thickness 121 of the semi-dielectric layer 111 has to be
large enough to enable strong adhesion to the silicon-based electrode 110 and maintain a uniform contact across
the entire electrode pair surface 131. In some embodiments, the thickness 121 of the semi-dielectric layer 111 is
between 15 nanometers (nm) and 30 nm. |n other embodiments, the thickness 121 is between 15 nm and 23 nm

and in other embodiments, the thickness 121 is between 18 nm and 23 nm.

[0052] In some embodiments, the semi-dielectric layer 111 is made of a dielectric containing lithium. In some
embodiments, the semi-dielectric layer 111 is made of lithium fluoride (LiF). The lithium fluoride semi-dielectric
layer 111 can be deposited on the silicon-based electrode 110 by evaporation on the electrode pair surface 131
forming an amorphous lithium fluoride layer 111 directly disposed on the silicon-based electrode 110 electrode pair

surface 131 and forming the electrode interface 131/152.

[0053] The semi-dielectric layer 111 can be made of other materials including but not limited to titanium dioxide,
niobium oxide, rubidium oxide, tungsten oxide, aluminum oxide, zinc oxide, zirconium oxide, and lithiated versions

of any of the foregoing.

[0054] The evaporation includes providing a source material of lithium fluoride. The source material is then
evaporated in a vacuum. The vacuum allows vapor particles of the lithium fluoride, LiF, to travel to the silicon-
based electrode 110, where the vapor particles condense back to a solid state. The evaporation includes an
evaporation apparatus that contains at least a vacuum pump and an energy source that evaporates the source

material, e.g. LiF, to be deposited. The evaporation process may include, but is not limited to, e-beam evaporation,
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thermal evaporation using Ni, Ta, Mo, or W boat or radio frequency (RF) sputtering. The pressure during deposition
is typically controlled from 10E-8 to 10E-4 Torr and the temperature from 875°C to 1180°C. The thickness 121 of
the semi-dielectric layer 111 can be controlled either through pre-measuring the mass of the evaporated material or

through quartz microbalance rate monitor.

[0055] In some embodiments, crystalline boron doped (at above defined concentrations) silicon discs 110, 5/8” in
diameter, were etched in a 4% to 10% concentration of hydrofluoric acid between 25 seconds and 60 seconds to
remove hative oxide layers. These silicon discs were then immediately mounted to a steel plate 105 and vacuum
sealed as the target object in an evaporation system located inside a nitrogen environment glove box. A layer of
lithium fluoride, LiF, was thermally evaporated using a premeasured amount of between 3.5 to 6.5 milligrams (mg)
of LiF weighed out and deposited into a conductive powder sample holder, which is attached to the user controlled
power source of an evaporation system. The LiF powder was resistively heated in the tungsten boat and fully
evaporated under a vacuum of less than 2x10bar by applying current from 20 Amps to 50 Amps which heated the
boat to over 1100°C.

[0056] The molten-ion conductive layer 112 is then deposited on the semi-dielectric layer 111 to complete
formation of the layer pair 150. Deposition of the molten-ion conductive layer 112 forms a pair interface 140
between the semi-dielectric layer 111 and the molten-ion conductive layer 112. The pair top surface 151 is a

surface of the molten-ion conductive layer 112 opposite the pair interface 140.

[0057] The molten-ion conductive layer 112 is made of a material highly conductive to ions, in particular, highly
conductive to lithium ions (Li+). In some embodiments, the molten-ion conductive layer 112 is made of a lithium
containing salt. In some embodiments, the molten-ion conductive layer 112 is made of one or more of the following
lithium containing salts: lithium hexafluorophosphate, lithium perchlorate, lithium trifluoromethanesulfonate, lithium
fluoride, LiBF4, LiBFe, lithium chloride, lithium phosphate compounds, lithium bromide compounds, lithium
bis(trifluoromethanesulfonyl)imide (LITFSI), lithium difluoro(oxalato)borate (LIDFOB), or lithium
bis(oxalato)borate(LiBOB).

[0058] In some embodiments, the molten-ion conductive layer 112 is made of bis(trifluoromethanesulfonyl)imide
(LITFSI).

[0059] The molten-ion conductive layer 112 can be formed by depositing a layer of a lithium containing salt, as
defined above, on the semi-dielectric layer 111. The depositing of the layer of the lithium containing salt may
include any conventional deposition technique such as, for example, drop coating and then using a doctor blade to
provide a homogeneous and uniform layer of the lithium containing salt on the surface of the semi-dielectric layer
111. Next, the layer of the lithium containing salt is heated to a temperature that provides a molten lithium
containing salt. In some embodiments of the present application, the heating can be performed at a temperature of

greater than 350 degrees Celsius (°C) to provide molten lithium ions. The heating can be performed in an inert
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ambient such as, for example, helium (He), neon (Ne), argon (Ar) and/or nitrogen (N2). In one example, heating is
performed at 415°C in a nitrogen glove box. The molten salt has increased adhesion (wetting) of high concentrated
mobile lithium on the semi-dielectric layer 111 providing a uniform layer thickness 122. The molten lithium
containing salt is then cooled to form the molten-ion conductive layer 112 composed of the molten lithium
containing salt. Cooling is performed from the heating temperature to nominal room temperature which can be in a
range from 15°C to 25°C, or below. Once cooled, the molten-ion conductive layer 112 is a solid, continuous layer

that forms on the semi-dielectric layer 111 at the pair interface 140.

[0060] In some embodiments, the molten-ion conductive layer 112 can have a thickness 122 between 1 nm to
500 nm. In other embodiments, the molten-ion conductive layer 112 can have a thickness 122 between 1 hm to 50

nm. Other thicknesses are envisioned.

[0061] The order of layer deposition can reverse when on opposite sides of the separation layer 115,

[0062] Figure 2 is a cross sectional view of an alternative embodiment 200 of a single layer pair 150 disposed on

a silicon-based electrode 110 with one or more device layers 175 disposed on the layer pair 150.

[0063] A solid polymer electrolyte (SPE) layer 114 is included. In this alternative embodiment 200, the separator
layer 115 splits the solid polymer electrolyte (SPE) layer 114 into an upper SPE layer 114B above the separator
layer 115 and a lower SPE layer 114A below the separator layer 115.

[0064] In some embodiments, the electrolyte layer 114 is composed of a garnet/polymer electrolyte composite
(e.g., LissLasZrisTans012 / PEO composites) which function both as a solid polymer electrolyte 114 and a separator
115, In other embodiments, if the electrolyte is harder than Li-metal (e.g., sputtered LiIPON, then no separator is

needed because the electrolyte acts as both separator and electrolyte.

[0065] In Figure 2, layers 175 (e.g. 114 (114A and 114B), 115, 116, 118, 120) formed on the pair top surface 151
are called device layers, typically 175. Device layers 175 can take multiple forms and can be in multiple
combinations depending on the structure of the device/fembodiment 100. As described below, the combination of
the silicon-based electrode 110, the layer pair 150, and one or more device layers 175 will have a reduced
resistance/impedance through the entire structure resulting from the reduced resistancefimpedance at the electrode

interface 131/152 between the pair layer 150 and the silicon-based electrode 110.

[0066] In one battery embodiment, an electrolyte layer 114 is disposed on the pair top surface 151 as a device
layer 175. The electrolyte layer 114 can be any known electrolyte used in prior art batteries. In one embodiment,

the electrolyte layer 114 is made of a solid electrolyte or a solid polymer electrolyte (SPE).
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[0067] Non-limiting embodiments of the solid polymer electrolyte layer (SPE) 114 include any solid polymer
material that can conduct Li ions. In one embodiment, the solid polymer electrolyte layer 114 is composed of a

mixture of a polymer structure host material, a Li-conductive/plasticizing material, and a lithium containing salt.

[0068] In such an embodiment, the mixture includes from 35 weight percent to 50 weight percent of the polymer
structure host material, from 15 weight percent to 25 weight percent of the conductive/plasticizing material, and
from 30 weight percent to 45 weight percent of the lithium containing salt. In some embodiments, the polymer host
material and conductive/plasticizing material are dissolved into anhydrous acetonitrile with a solid: solvent ratio
between 1:2 to 1:10, with one preferred ratio of 1:3. The mixture can be made utilizing techniques well known to

those skilled in the art.

[0069] Illustrative examples of polymer structure host materials include at least one of poly(ethylene oxide)

(PEOQ), poly(propylene oxide) (PPO), poly(dimethylsiloxane), poly(vinyl chloride), or polycaprolactone.

[0070] [Illustrative examples of Li-conductive/plasticizing material include at least one of succinonitrile (SN),

poly(ethylene glycol) (PEG), an aprotic organic solvent, and/or dimethylsulfoxide (DMSO).

[0071] [Illustrative lithium containing salts that can be used in forming the solid polymer electrolyte layer include,
but are not limited to, lithium hexafluorophosphate, lithium perchlorate, lithium trifluoromethanesulfonate, lithium
fluoride, LiBF4, lithium chloride, lithium phosphate compounds, lithium bromide compounds, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), lithium difluoro(oxalato)borate (LIDFOB), or lithium
bis(oxalato)borate(LiBOB).

[0072] The lithium containing salt that is present in the solid polymer electrolyte (SPE) layer 114 can be the same
as, or different from, the lithium containing salt that is used in providing the molten-ion conductive layer 112.
Typically, the lithium containing salt used in the solid polymer electrolyte layer 114 is the same as that used for the
molten-ion conductive layer 112. In one embodiment, the lithium containing salt used in the solid polymer
electrolyte layer 114 and in the molten-ion conductive layer 112 are both made of lithium

bis(trifluoromethanesulfonyl)imide (LITFSI).

[0073] In one exemplary embodiment, the silicon-based electrode 110 is composed of boron doped crystalline
silicon, the semi-dielectric layer 111 is made of LiF, the molten-ion conductive layer 112 made of
bis(trifluoromethanesulfonyl)imide (LiTFSI), and the solid polymer electrolyte layer 114 is made of a mixture of

polycaprolactone, succinonitrile (SN), and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI).

[0074] The solid polymer electrolyte layer 114 may be formed utilizing a deposition process such as, drop casting,

spin coating, doctor blading, etc.
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[0075] In some embodiments, an optional interfacial layer 116 can form on the solid polymer electrolyte layer 114,
The optional interfacial layer 116 may have a thickness from 1 nm to 50 nm. In some embodiments, the interfacial
layer 116 is omitted. When present, the interfacial layer 116 forms an interface 116 between the solid polymer

electrolyte layer 114 and a counter electrode 118.

[0076] In some embodiments, the interfacial layer 116 is a solid electrolyte interphase (SEI) layer which develops
on the cathode/electrolyte interface upon electrochemical cycling. The interfacial layer 116 is conductive to Li-ions

but not to electrons.

[0077] In some embodiments (typically used when the counter electrode 118 is made of a silicon-containing
material similar to or the same as the material that makes the silicon-based electrode 110), the interfacial layer 116
is composed of a lithium containing salt. The lithium containing salt making the interfacial layer 116 can be one or
more of the lithium containing salts used in the molten-ion conductive layer 112 mentioned above. In one
embodiment, the interfacial layer 116 and the molten-ion conductive layer 112 are made of the same lithium
containing salt. In alternative embodiments, the lithium containing salt making the molten-ion conductive layer 112
and the interfacial layer 116 are different materials. In one embodiment, the molten-ion conductive layer 112 and

the interfacial layer 116 are both made of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI).

[0078] In some embodiments, (typically used when the counter electrode 118 is made of a silicon-containing
material similar to or the same as the material that makes the silicon-based electrode 110), the interfacial layer 116
is composed of a lithium containing salt mixed within a polymer. In one embodiment, the interfacial layer is

composed of polyaniline mixed with LITFSI lithium salt.

[0079] In some embodiments (typically used when the counter electrode 118 is made of a cathode material or
electrode material), the interfacial layer 116 is composed of an interfacial additive material such as, for example, a
carbon (C) based material, gold (Au) or a dielectric oxide material such as, for example, aluminum oxide. The
material making the interfacial layer 116 may be a mixture with any combination of electrically insulating as well as

Li-ion ionic-conducting components, such as but not limited to LiNbQs, LiZrO,, LiaSiOs, or LisPOa.

[0080] As dependent on the interfacial layer 116 material chosen, the interfacial layer 116 can be formed using a
deposition process including, for example, chemical vapor deposition (CVD), plasma enhanced chemical vapor
deposition (PECVD), evaporation, electrochemical plating, drop casting, spin coating, or atomic layer deposition
(ALD).

[0081] In embodiments where the silicon-based electrode 110 has an electrode polarity, a counter electrode 118
has a counter electrode polarity that is opposite from the electrode polarity. In some embodiments of the present

application, the silicon-based electrode 110 may be an anode electrode, while the counter electrode 118is a
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cathode electrode. In other embodiments of the present application, the silicon-based electrode 110 may be a

cathode electrode, while the counter electrode 118 is an anode electrode.

[0082] The counter electrode 118 can be formed on the solid polymer electrolyte (SPE) layer 114, or optionally on
the interfacial layer 116. The counter electrode 118 can function as anode electrode or a cathode electrode but

typically, the counter electrode 18 is a lithium hosting electrode, e.g. a cathode.

[0083] In embodiments where the silicon-based electrode 110 is an anode electrode, the counter electrode 118 is
a cathode electrode. In such embodiments, the cathode electrode (i.e., counter electrode 118) can also be made of
a silicon-based material. When the counter electrode 118 is made of a silicon-based material, the counter electrode
118 material may be compositionally the same as, or compositionally different from the material making the silicon-

based electrode 110 and can be one of the silicon-based electrode 110 materials listed above.

[0084] In some embodiments, where the counter electrode 118 acts as a cathode electrode 118 the material
making the cathode electrode 118 is a lithium-containing cathode material. The lithium-containing cathode material
may include a lithium-containing material such as, for example, a lithium-based mixed oxide. Examples of lithium-
based mixed oxides that may be employed as the lithium-containing cathode material include, but are not limited to,
lithium cobalt oxide (LiCoQ,), lithium nickel oxide (LiNiO,), lithium manganese oxide (LiMn,04), lithium manganese
oxyfluoride (Li2MnO2F), lithium vanadium pentoxide (LiV20s), lithium nickel manganese cobalt (NMC), nickel cobalt
aluminum oxide (NCA), any combination of sulfur-based materials with lithium and other structure supporting

elements such as iron, or lithium iron phosphate (LiFePQO4).

[0085] In some embodiments, e.g. when a polymer or liquid electrolyte 114 is used, a layer of the lithium-
containing cathode (counter electrode 118) material may be formed using a deposition process such as slurry
casting, laminating and calendaring, or electroplating. In one embodiment, a layer of the lithium-containing cathode
material is formed by sputtering when using a non-liquid based electrolyte using any conventional precursor source
material or combination of precursor source materials. In one example, a lithium precursor source material and a

cobalt precursor source material are employed in forming a lithium cobalt mixed oxide.

[0086] Sputtering may be performed in an admixture of an inert gas and oxygen. In such an embodiment, the
oxygen content of the inert gasfoxygen admixture can be from 0.1 atomic percent to 70 atomic percent, the
remainder of the admixture includes the inert gas. Examples of inert gases that may be used include argon, helium,

neon, nitrogen or any combination thereof in conjunction with oxygen.

[0087] In some embodiments, the layer of lithium-containing cathode 118 material may be formed by slurry
casting, which may contain a mixture of electrochemically active [cathode materials, electron-conducting materials

(e.g., carbon-based materials)] and inactive (binder materials) components. The thickness of such layers could
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range from 5 umto 500 um. These slurries may also have an electrolyte component in the mixture, along with a

lithium-based salt(s).

[0088] In embodiments in which the silicon-based electrode 110 is a cathode electrode, the counter electrode 118
is an anode electrode. In such an embodiment, the anode electrode (i.e., counter electrode 118) may be a second
silicon-based electrode. This second silicon-based electrode 118 may be compositionally the same as, or

compositionally different from the silicon-based electrode 110.

[0089] In some embodiments, the anode electrode (i.e., counter electrode 118) includes a lithium ion source
material or lithium intercalation active material. Examples of materials that may be used as the anode electrode
118 include, but are not limited to, lithium metal, a lithium-base alloy such as, for example, LixSi, pre-lithiated carbon
based material, pre-lithiated silicon based material or a lithium-based mixed oxide such as, for example, lithium
titanium oxide (Li2TiO3). The anode electrode can be formed utilizing deposition techniques that are well known to

those skilled in the art. In some embodiments, the anode electrode can be formed by sputtering.

[0090] A current collector 120 or counter electrode 118 contact 120 may be formed atop the counter electrode
118. The current collector 120/counter electrode contact 120 is made of one or more electrically conductive
materials similar or identical to those materials making the electrode contact 105. In some embodiments, the

counter electrode contact120 can be formed using techniques well known to those skilled in the art.

[0091] In the embodiment illustrated in Figure 2, the solid polymer electrolyte layer has a lower region 14A and an
upper region 14B, and a separator (or dielectric region) 115 is present between the lower region 114A and the
upper region 114B. The separator (or dielectric region) 115 can be composed of at least one of polyacrylnitrile
(PAN), polyethylene oxide (PEO) based copolymer matrices or structural membranes, a quarternized polysulfone

membrane, electrospun polyvinylidene fluoride, or a methylmethacrylate (MMA)/polyethylene (PE) composite.

[0092] The separator layer 115 electrically insulates the silicon-based electrode 110 from the counter electrode
118. In other words, the separator layer 115 substantially prevents the flow of electrons between the silicon-based
electrode 110 and the counter electrode 118. However, the separator layer 115 does allow ions, e.g. lithium ions
(Li+) to pass through. Therefore, the separator layer 115 permits an ionic current to flow while substantially
preventing any electron current. In some embodiments where liquid electrolyte 116 is employed, the separator

material can be made of a liquid-permeable membrane, e.g., nafion.

[0093] In some embodiments, the cell 200 can be used as a micro-resistor. For example, when lithium is
intercalated into an electrode, the resistance of the cell changes. By controlling he amount of lithium moved into the
electrode 110 and holding the amount constant, the cell 200 has a particular resistance or resistance state. By
creating or changing the resistive state of the cell, the device can be used as a resistor-based computing device

where memory is stored as the state of resistance held within the cell. In some embodiments, variable resistive
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state cells have a cathode 118, electrolyte 114, and host anode (e.g., silicon, carbon) 110.

[0094] Figure 3 is a micrograph 300 showing a thin, semi-dielectric layer 111 made of a Lithium (Li) compound,
e.g. lithium fluoride, LiF, disposed on and adhering to the electrode pair surface 131 of the silicon-based electrode
110. The thickness 121 of the semi-dielectric layer 111 is 23.29 nm. No molten-ion conductive layer 112 is shown

and no layer pair 150 is formed in this micrograph 300.

[0095] The micrograph 300 does show superior adhesion of the semi-dielectric layer 111 to the silicon-based

electrode 110.

[0096] The semi-dielectric layer 111 was made by evaporating 5.7 mg of LiF powder with between 30 to 33 Amps
in an evaporation system and condensing the LiF on the surface 152 of the electrode pair surface 131, as described

above,

[0097] Figure 4 is a micrograph 400 showing a layer pair 150 disposed on a silicon-based electrode 110 with one
or more device layers 175 disposed on the layer pair 150. The micrograph represents a structure 400 after
dissection of the symmetric cell, i.e. 100, post EIS testing. The upper half (designated by “U’s”) of the symmetric cell
100 was separated during cleaving of the symmetric cell 100—thereby only displaying one half of the symmetric cell
100.

[0098] The semi-dielectric layer 111 is made by evaporating and condensing LiF powder as described in Figure 3.
In addition, a molten-ion conductive layer 112, is made by depositing a layer of LITFS| salt and heating until the
molten phase creates the well adhered molten-ion conductive layer 112 on the semi-dielectric layer 111 to form the
layer pair 150. The layer pair 150 is formed on the silicon-based electrode 110, as described above. The semi-
dielectric layer 111 is 26.04 nm thick 121 and the molten-ion conductive layer 112 is 39.75 nm thick 122. The

electrode interface 131/152 is shown.

[0099] An interphase layer 425, a device layer 175, is formed by the movement of materials, ions, and electrons
throughout the structure 400 once the cell is complete and contains an inherent voltage difference between the two
electrodes in the device structure 400. Additionally, the small applied potential amplitude used in the EIS
measurements can also facilitate the mobilization of Li-ions in the system and therefore also facilitate the formation
of the interphase layer 425. Typically, interphase layers 425 occur due to reaction of the electrolyte material 114
with electrode surfaces 110/110U, to form the interphase 425. A solid electrolyte interphase (SEI) layer 425
electrically insulates the electrodes while ionically facilitating ion charge mobility. In this instance, the interphase
layer 425 is 42.49 nm thick.

[00100] Figure 5is an RC model 500 of a symmetric cell energy storage devics, e.g., silicon/layer-pair/SPE-

PAN/layer-pair/silicon, used for fitting an Electrochemical Impedance Spectroscopy (EIS) generated spectra.
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[00101] Generally, in EIS analysis, R, is measured/estimated as the real part of the impedance at the higher or

highest frequency (left-most data point) of a Nyquist plot as shown in Figure 6. Rs is a pure resistive component,
denoted as an ohmic or series type resistance, between the electrodes, e.g. the anode and cathode, of a battery
and can often be associated with contact resistance of the cell and/or electrolyte resistance within the cell due to

the electrolyte’s electrical conductivity.

[00102] Generally, resistor components in the model 500 refer to resistor-like elements in the electrochemical
model makeup of the cell; capacitor elements refer to an impedance component of the cell which has a
voltage/current phase change (towards -90 degrees) with respect to the current flowing through resistive element in
the component AC current response at a given frequency. For example, an EIS element with a high degree of
capacitance character (e.g., a“C” element) corresponds to one or more surfaces in the cell 1007200 often
associated with layers, e.g. unintimate contact (delaminated layers). Constant phase elements (CPE) are elements
in cell impedance which can maintain a constant phase of AC current response over a given frequency range (often
associated with transition layers grown or established in-situ). These elements are often utilized in RC models of

best fit when interphase layers are formed in-situ and/or interfacial additive layers are adhered in-situ or ex-situ.

[00103] The model comprises a series or ohmic associated resistance, Rs; in series with a parallel combination of
aresistor, R1, and capacitor element, C1, and its associated impedance; in turn in series with a parallel
combination of resistor, R2 and a constant phase element CPE2. A “Warburg” impedance element, Ws1, is also in

series.

[00104] It is posited that the combined elements R1 and C1 in the RC model 500 show the effects of the real and
imaginary components of impedance detected as current at a given applied voltage (e.g., 50mV) across the high
(1MHz) to mid (~100Hz) frequency range, representing the electrode interface 131/152, i.e. the electrode pair
surface 131 in electrical contact with the semi-dielectric layer 111 the pair bottom surface 152 (or semi-dielectric
layer bottom surface 152). Hence the R1/C1 time constant present in the RC model is representative of the charge
transfer resistance across the layer pair/silicon interface. The impedance of the combination of resistor, R2, and
constant phase element, capacitance CPE2, is thought to represent the interface of the interphase 425 and the
SPE 114. The R2/CPE2 time constant is expected to represent a higher impedance magnitude due to the in-situ

interphase formation.

[00105] A Warburg impedance, Ws1, models the 100/200 impedance effects due to diffusion of ions, e.g. diffusion
of lithium ions, through the electrode and electrolyte cell components. Generally, in EIS analysis of cells with high
performing ion diffusion, for electrodes 110/118 and/or mass transport (electrolyte migration) associated with the
electrolyte, the Warburg impedance component of the cell across the mid (~100Hz) to low (200mHz) frequency

range is observed as a hear 45 degree “straight, diagonal” section of the Nyquist plot.
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[00106] The series resistance, Rs, represents a pure resistance component of impedance associated with contact
resistance of the cell and/or electrolyte resistance within the cell due to the electrolyte’s electrical conductivity.
Accordingly, the value of resistor, Rs, has an important effect on the power losses and heat generated by the
battery/cell 100/200 as it impacts the ease of charge particle mobility within the cell. The present invention,
including a thin semi-dielectric layer 111 included in the layer pair 150, substantially reduces the resistance and
resistance per area (resistivity) value of resistor Rs by a factor of between 5 and 10 over currently known structures.
Accordingly, use of the thin semi-dielectric layer 111 within the layer pair 150 reduces power losses and heat
generated by the battery/cell 100/200.

[00107] Figure 6 is a Nyquist plot 600 along with the fitted plot 625, 615 from the RC model 500 used in EIS

analysis described in Figure 5.

[00108] The battery structure used for the Nyquist plot 600 was a symmetric cell comprising a silicon-based
electrode 110 with a layer pair 150, a solid polymer electrolyte (SPE) with a polyacrylonitrile (PAN) separator, with
the cell sandwiched together with a complimentary silicon-based electrode 110 with a layer pair 150. The semi-
dielectric layer 111 of the layer pair 150 was a 23 nm thick 121 LiF layer. The molten-ion conductive layer 112 was
made of LiTFSI salt brought approximately to, or beyond its melting temperature. The SPE layer 114 was a mixture
of mixture of Polycaprolactone (PCI), succinonitrile (SN), and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and

contained a saturated polyacrylonitrile (PAN) separator.

[00109] A Nyquist plot 600 is a plot of a series of points, where each point, typically 605, is measured at a given
frequency of excitation voltage across a cell, e.g. 100. At each frequency, the associated point on the Nyquist plot
600 represents the real component, Z, of total impedance of the cell (100, 200) as measured in ohms on the x-axis
624 versus the imaginary component, Z*, of total impedance as measured in ohms on the y-axis 626 of the Nyquist
plot 600. Typically, the imaginary components, Z”, are negative values (indicating capacitance), as shown. The
points 605 measured at lower frequencies are on the right side of the Nyquist plot 600 where more initially
scanned/plotted points leftward have higher frequency—with the highest frequency typically being closest to the 0/0

apex point. Each point 605 is the impedance measured at one independent frequency.

[00110] Curve 610 is a line curve fitting the exact impedances measured at the respective points 605. Curve 615
is a “best fit" curve of the points 605 on curve 610, as generated from the RC model from Figure 5. Region 625 on
curve 615 is approximately linear and has a slope near 45 degrees. This indicates that the transport/diffusion of
ions, e.g. lithium ions, Li+, through the cell 1007200 is efficient across a wide range of frequencies—and thereby

warranting the use of the Warburg impedance element displayed in Figure 5.

[00111] In thisillustrative example, the frequency of the applied voltage varied from 1 megahertz to 200 millihertz

with an excitation potential amplitude of 50 millivolts where the whole cell was biased at 0 volts.
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[00112] Figure 6A is a graph of a magnified portion 650 of Figure 6, showing the points 605 and RC model line fit
615 in the high to mid frequency of the large Nyquist plot 600. Again, at each frequency, the associated point on
the Nyquist plot 650 represents the real component, Z', of total impedance of the cell (100, 200) as measured in
ohms on the x-axis 664 versus the imaginary component, Z’, of total impedance as measured in ohms on the y-axis
665 of the Nyquist plot 650.

[00113] In this plot, the value 675 of R1 represents the silicon-based electrode 110 and layer pair interface
resistance, which is determined to be 17 ohms. The value is extracted from the diameter of the small semicircle in
the high frequency region, as indicated with the black arrow pointing from R1. The value 685 of R2 is determined to
be 1114 ohms. It is proposed that the value of R2, the bulk cell resistance which represents the mass transport and
diffusion resistance through electrolyte and electrodes, could be further decreased by reducing the thickness 121 of
the SPE electrolyte and potentially the layer pair. Rsis estimated as the real resistance (X-axis value) from the

first, highest frequency data point.

[00114] Prior art symmetric cell/batteries of the same dimensions, without a layer pair 150 between the silicon-
based electrode 110 and the SPE 114 have an R1 value in a range around 150 ohms and an R2 value in a range
around 4527 ohms. Therefore, by including the layer pair 1500, the value of R1 improves by a factor of nearly 10

and the value of R2 improves by a factor of about 4.

[00115] Stated another way, the resistance values of R1 and R2 can be normalize with respect to the 1.88 cm?
area of the silicon-based electrode 110 result in a cell/battery 100/200 with a R1, a silicon-based interface
resistivity, of 32 ohm-cm? (or less than 40 ohm-cm?) and a R2, a bulk cell resistivity, of 2094 ohm-cm? (or less than
2x10% ohm-cm?). Additionally, the time constants (the amount of time it takes charge current to pass through the
representative material) for the R1/C1 and R2/CPE1 parallel RC components are 2.25E-6 seconds and 1.26E-2

seconds; where the capacitance (1.137E-5 F) from CPE1 was calculated from the following formula:

1-n

1
Cepg = R(T)QZ ; where R = R2, n = pre-exponential factor (CPE-P from RC fitting) and Q = pseudo
capacitance (CPE-T from RC model fitting).

[00116] Figure 7 is a block diagram showing the layer pair 110 disposed on a silicon-based electrode used in a 3D

patterned full lithium battery cell 700.

[00117] Figure 7 is a block diagram of a novel energy storage device 700 with active anode material (LiTFSI-PANI
& graphite slurry) layered on an active silicon region 760A/110 in a silicon-based electrode substrate 110/760. The
active anode material 777 is at the base of a trench 750 and on the trench sidewalls 754 which is formed in the

partially in-situ structure 700 during initial current cycling and before formation of a lithium metal anode layer 740.
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[00118] In this embodiment, the structure 700, as an example, has the anode 777 is completely within the confines
of the 3D trench 750 of the substrate 110/760. In this non-limiting example, the cathode contact 785/118, separator
7351115, and electrolyte (732A/732B) are outside of the trench 750 and disposed on the field 756. The field 756 is
the surface of the substrate 760/110 outside of the trench 750. Additionally, the active anode material 777, the
polymer 770, and, upon cycling or in-situ, a lithium metal anode layer 740 is layered on the trench sidewalls 754
and trench base 771. Structure 700 is shown after being cycled, e.g. being exposed to current of varying amplitude

through the battery 700, to form structures and components within the battery 700.

[00119] The battery structure 700 is partially encapsulated in the trench 750 of the substrate 760/110. A
linerfinsulator 754 covers the sidewalls 751 of the trench 750 and can overlap on the field 756. The liner 754 is
made of a dielectric, electrically insulating material like Silicon Dioxide (SiO») or Silicon Nitride (SisN4) or a

combination of the multiple insulating layers, deposited by known methods.

[00120] The liner 754 does not cover the active surface 760A/110 of the trench base 771, the surface of the trench
bottom area 770 between the liner 754 layers on the sidewalls 751 of the trench 750. The electrically active surface
760A/110 at the trench base 771 is the area where the trench 750 initially interfaces with the substrate 760/110
before galvanic cycling causes the transformations at these surfaces to initially form a lithiated substrate region
760A and a lithium metal layer 740 on the trench base 771.

[00121] In some embodiments, the pair layer 150 is deposited over the active surface 725 and partially or entirely
over the insulated layer 754 on the sidewalls 751. In still other embodiments, the pair layer 150 deposits entirely on
insulated layer 754 and on the field 756 of the substrate 760/110. The different layering of the pair layer 150 are

performed by known masked deposition techniques.

[00122] In some embodiments, an adhesive region 770 is a layer that covers the trench base 771 and the
sidewalls 751 of the trench 750.

[00123] In some embodiments, an anode compasition (e.g., graphite mixture and lithium/electron conductive

adhesive) 777 also covers the sidewalls 751 of the trench 750.

[00124] In some embodiments, the battery structure 700 has an electrolyte layer 732A/114A and 732B/114B with a
separator layer 735/115. In some embodiments, the electrolyte layer(s) 732A/732B is (are) a solid polymer
electrolyte (SPE), for example, as described above. However, any electrolyte material would function in the

structure 700,

[00125] The cathode 755/118 is electrically connected to a cathode contact 785/120 which is a conductive

material, e.g. a metal like Aluminum (Al), and/or other conductive materials described above. In some
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embodiments, the cathode contact 785/120 is connected to another top outside contact 705 like a coin cell

conductive spacer and/or casing.

[00126] In some embodiments, a bottom outside contact 710, like a coin cell casing is attached to the substrate
760/110.

[00127] Figure 8 is a flow chart of a method of making or process 800 a lithium battery using the layer pair 150 so
the battery has an electrode interface resistivity, R1, of less than 40 ohm-cm? (corresponding to a charge-transfer
time constant of 2.25E-6 seconds) and a bulk cell resistivity, R2, of less than 2x103 ohm-cm?.(corresponding to a

charge-transfer time constant of 1.26E-2 seconds).

[00128] The process 800 begins with step 810 which forms the thin semi-dielectric layer 111 on the silicon-based
electrode 110, as described above. The thin semi-dielectric layer 111 has a thin semi-dielectric layer thickness 121

of 15 nanometers (hm) and 30 nm.

[00129] In step 820, the molten-ion conductive layer 112 is deposited on the thin semi-dielectric layer 111 to form

the layer pair 150, as described above.

[00130] In step 830 one or more device layers is stacked upon the layer pair 150 to form the device 100/200/700.

[00131] The descriptions of the various embodiments of the present invention have been presented for purposes of
illustration but are not intended to be exhaustive or limited to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the art without departing from the scope of the described
embodiments. For example, the semiconductor devices, structures, and methods disclosed in accordance with
embodiments of the present invention can be employed in applications, hardware, and/or electronic systems.
Suitable hardware and systems for implementing embodiments of the invention may include, but are not limited to,
personal computers, communication networks, electronic commerce systems, portable communications devices
(e.g., cell and smart phones), solid-state media storage devices, expert and artificial intelligence systems, functional
circuitry, etc. Systems and hardware incorporating the semiconductor devices are contemplated embodiments of

the invention.

[00132] The terminology used herein was chosen to explain the principles of the embodiments and the practical
application or technical improvement over technologies found in the marketplace or to otherwise enable others of
ordinary skill in the art to understand the embodiments disclosed herein. Devices, components, elements, features,
apparatus, systems, structures, techniques, and methods described with different terminology that perform
substantially the same function, work in the substantial the same way, have substantially the same use, and/or

perform the similar steps are contemplated as embodiments of this invention.
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CLAIMS

1. A composite electrode comprising:

a silicon-based electrode;

a semi-dielectric layer directly disposed on the silicon-based electrode, the semi-dielectric layer having a
semi-dielectric layer thickness between 15 nanometers (nm) and 30 nm; and

an molten-ion conductive layer disposed on the semi-dielectric layer, the molten-ion conductive layer and
semi-dielectric layer forming a layer pair, the molten-ion conductive layer being made of a lithium containing salt
that is highly conductive to lithium ions,

wherein the composite electrode has a resistivity less than 40 ohm-cmZ

2. A composite electrode, as in Claim 1, with a charge-transfer time constant of less than 2.25E-6 seconds.
3. A composite electrode, as in Claim 1, where the semi-dielectric layer thickness is between 18 nm and 23
nm.

4, A composite electrode, as in Claim 1, where the semi-dielectric layer is made of a lithium compound.

5. A composite electrode, as in Claim 4, where the lithium compound is one or more of the following: lithium

fluoride, LiF, lithium niobium oxide, lithium aluminate (LiAIO2), lithium titanate (Li»TiOs), and lithium niobite (LiNbOs).

6. A composite electrode, as in Claim 4, where the lithium compound is a lithiated version of one or more of
the following: titanium dioxide, niobium oxide, rubidium oxide, tungsten oxide, aluminum oxide, zinc oxide, and

zZirconium oxide.

7. A composite electrode, as in Claim 1, where the where the semi-dielectric layer is made of one or more of
the following: titanium dioxide, niobium oxide, rubidium oxide, tungsten oxide, aluminum oxide, zinc oxide, and

zZirconium oxide.

8. A composite electrode, as in Claim 1, where the lithium containing salt is one or more of the following
materials; lithium hexafluorophosphate, lithium perchlorate, lithium triflucromethanesulfonate, lithium fluoride,
LiBF4, LiBFs, lithium chloride, lithium phosphate compounds, lithium bromide compounds, lithium
bis(trifluoromethanesulfonyl)imide (LiITFSI), lithium difluoro(oxalato)borate (LIDFOB), and lithium
bis(oxalato)borate(LiBOB).

9. A composite electrode, as in Claim 1, where the molten-ion conductive layer has a molten-ion conductive

layer thickness between 1 nm to 50 nm.
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10. A composite electrode, as in Claim 1, where the silicon-based electrode is made of one or more of the
following materials: a bulk silicon, a crystalline silicon, a non-crystalline silicon, a doped silicon, a boron doped

silicon, a porous silicon, a non-porous silicon, a silicon germanium alloy, and a carbon-doped silicon-based alloy.

1. A composite electrode, as in Claim 1, further comprising an electrode contact made of one or more of the
following: a conductive material, a metal, a metal nitride, tungsten (W), copper (Cu), titanium (Ti), platinum (Pt),
nickel (Ni), aluminum (Al), gold (Au), and titanium nitride (TiN).

12. A composite electrode, asin Claim 1, where the layer pair is directly disposed on a silicon-based electrode
s0 that a pair bottom surface of the layer pair is in direct physical and electrical contact with an electrode pair
surface of the silicon-based electrode, and where the electrode interface is where the pair bottom surface and the

electrode pair surface are in contact.

13. An energy storage device comprising:

a composite electrode as claimed in claim 1, wherein the layer pair is on a trench bottom of a trench in the
silicon-based electrode;

an anode disposed on the composite electrode and within the trench;

an electrolyte layer disposed on the anode;

a cathode electrode disposed on the electrolyte layer; and

a separator layer preventing electrode flow between the anode and the cathode.

14, A device, as in Claim 13, where the electrolyte layer is one of the following: a solid polymer electrolyte

(SPE), a solid electrolyte, a hybrid polymer/solid electrolyte, and a liquid electrolyte.

15. A devics, as in Claim 13, composed of the composite have a charge-transfer time constant of less than
2.25E-6 seconds.
16. A device, as in Claim 13, where the silicon-based electrode is made of a boron doped crystalline silicon,

the semi-dielectric layer is made of LiF, the molten ion conductive layer is made of
bis(trifluoromethanesulfonyl)imide (LiTFSI), and the electrolyte layer is made of a solid polymer electrolyte (SPE)
which further is made from a mixture of polycaprolactone, succinonitrile (SN), and lithium

bis(trifluoromethanesulfonyl)imide (LITFSI).

17. A method of making an electrical storage device comprising the steps of:;

depositing a semi-dielectric layer on a silicon-based electrode:

creating a pair layer by depositing a molten-ion conductive layer on the semi-dielectric layer, the pair layer
silicon-based electrode forming a composite electrode;

stacking of one or more device layers on the pair layer.
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18. A method, as in Claim 17, where the device layers include one or more of the following: an anode, an

electrolyte, a separator layer, and a cathode.

19. A method, as in Claim 17, the semi-dielectric layer is deposited with a thickness between 15 nanometers

(nm) and 30 nm.

20. A method, as in Claim 17, where the composite electrode has a resistivity of less than 35 ohm-cm? and

mass fransport resistivity of less than 2094 ochm-cm2,



WO 2022/037916

132U

105U
110U
152U

150U

131U

ik

e

o

A R RS RN S s N
B e
BEthbREREaRELE
i
S R
et
XY FE A

SRy

AT

;

g

ey

<

i

G

i

ey
R
enteitend
e

g

5

S
St

111U

S

112U

151, 151U

[

[ DS
1
LI
[
LI
k'{
7. M

&

o

e

i

<)
]

Rl
Hae e
i
G de
Eegean i
PR ERGELTEE
B0 Gh e

gy

et
i

S
ey
s

o

P
oty
s

HEhgroe
R, U
e
oA
oo

PCT/EP2021/071199

100



WO 2022/037916 PCT/EP2021/071199
2/9

115

152

_— 114,114B, 175
200

5

Fitetsl

5

SRR
phe 5

5

o

S

g

o

5

5

i

o

S

5%

gae

o

S

o

o

i

WL

fE

7oi

s

s

cxncacn

ene

e

S

£

[,

122
150 { §
Figure 2

114, 114A, 175



PCT/EP2021/071199

WO 2022/037916

3/9

I€l

VI ZHG 18 = ) 8 alielg
UL DLE$E = 18 abelg

SLT ‘P11

susu|

rOL-Y Bw 6 IS NO 4+
2096 00 CZPLLLL SLOZAONZ

W 'z
AMooE

¢ aIngI

_ _ XN vo'eet

wu ggl

4!



PCT/EP2021/071199

WO 2022/037916

4/9

00t { 2131

T WZTX G dNI wwGg — .
W 990’ 18 = A Je 958G XASFI8

wuw grpa=wiesieg  SUOTUL . 188 .00 BLIB06L BLOZAONEL MI00C Wwu 0oz

TTT 411 49Ae] 0L109)91Q-1WSS

Z1T J9Ae7 aAIldNPUO)-UO| U)o

011 Gy U9Ae aseydiaiui

TSI 1€l

v1T ‘3dS




WO 2022/037916 PCT/EP2021/071199
5/9

Wsl

=
D
@\
-
= O
— —
as @

Rs



PCT/EP2021/071199

WO 2022/037916

6/9

-
-
\O

0000¢€

(wyo) .z

0000c¢

00001}

0

vC9

-00001-

-0000c¢-

9 2IN31,]

wyo) .Z

o



PCT/EP2021/071199

WO 2022/037916

7/9

-
\O

V9 2In31,]

005 00v 006 002 00 0 $L9
r99 o0 e ]
OLT:TY
00z-
008
00t
/
% -Sm./
\ 7599
OYTITIZY

$89



PCT/EP2021/071199

WO 2022/037916

00L L QIn31]

—1 011
0LL v09/
cz/ TLL
0ST 0LL
0LL 0ST
Ot/ TS/
vSL
LLL OTT/09L
05/
9c/ 95T
VYIT ‘VZEL )
STT ‘SE/
avTT ‘9zeL
81T ‘SS/

0¢T ‘S8L

S0L




PCT/EP2021/071199

WO 2022/037916

9/9

008 g 231,

0¢8
I0Ae

Ired AU} UO SIdARTT 9JIAJ(] AIOJA JO du() 3uryoels

0Z8
I9Ae T 9A1IONPUO))

UO[-Ud)[OJA & unisoda(q Aq JoAeT Jied 3unLaIL)

PO paseq
-UODI[IS B UO JOART JLIIJ[AI(-TWAS & unisoda(g

018




INTERNATIONAL SEARCH REPORT

International application No

ADD. HO1M4/02

PCT/EP2021/071199

A. CLASSIFICATION OF SUBJECT MATTER
INV. HO1M4/134 HO1M4/1395 HO1M4/38 HOIM10/0525 HOIM10/0585
HO1M50/403 HO1M50/431 HO1M50/449 HO1M50/46 HO1M50/497

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HO1IM

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Batteries",
vol. 17, no. 51,

14326-14346, XP055859691,
ISSN: 0947-6539, DOI:
10.1002/chem.201101486
page 14332 - page 14334

Conducting Electrolyte Salts for Lithium
CHEMISTRY - A EUROPEAN JOURNAL,
16 December 2011 (2011-12-16), pages

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X EP 3 244 471 Al (SAMSUNG ELECTRONICS CO 1-4,9-15
LTD [KR]; SAMSUNG SDI CO LTD [KR])
15 November 2017 (2017-11-15)
Y paragraphs [0040], [0070], [0072], 8
A [0074], [0202], [0220]; example 1 5-7,
16-20
Y ARAVINDAN VANCHIAPPAN ET AL: "Lithium-Ion 8

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

17 November 2021

Date of mailing of the international search report

26/11/2021

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Meini, Stefano

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2021/071199
Patent document Publication Patent family Publication
cited in search report date member(s) date
EP 3244471 Al 15-11-2017 CN 107359309 A 17-11-2017
EP 3244471 Al 15-11-2017
JP 2017204468 A 16-11-2017
US 2017324097 Al 09-11-2017

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - wo-search-report
	Page 36 - wo-search-report

