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3-D MICROBATTERIES BASED ON INTERLACED MICRO-CONTAINER STRUCTURES

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S. Provisional Patent Application 60/566,205,
filed April 27, 2004, and of U.S. Provisional Patent Application 60/590,833, filed July 22,
2004. 1t is related to PCT Patent Application PCT/IL2004/000945, filed October 14, 2004.
These related applications are assigned to the assignee of the present patent application, and

their disclosures are incorporated herein by reference.

FIELD OF THE INVENTION
The present invention relates generally to electrical energy sources, and particularly to

three-dimensional (3-D) microbatteries.

BACKGROUND OF THE INVENTION

Miniature, two-dimensional thin-film microbatteries are known in the art. For example,
U.S. Paténts 5,338,625 and 5,567,210, whose disclosures are incorporated herein by reference,
describe a thin-film microbattery used as a backup or primary integrated power source for
electronic devices. The battery includes a lithium anode, an electrochemically-stable electrolyte
and a vanadium-oxide cathode. The battery is fabricated directly onto a semiconductor chip,
onto the semiconductor die or onto a portion of the chip carrier.

U.S. Patent 6,610,440, whose disclosure is incorporated herein by reference, describes
microscopic batteries that are integratable or integrated with micro-electromechanical (MEMS)
systems or other microscopic circuits. The inventors describe closed system microscopic
batteries used for internal storage of electricity using interval reactants. The batteries comprise
microscopic electrodes, electrolyte and a reservoir for the electrolyte.

A three-dimensional thin-film microbattery is described in U.S. Patent 6,197,450, whose
disclosure is incorporated herein by reference. Thin-film micro-electrochemical energy storage
cells (MEESC) such as microbatteries and double-layer capacitors (DLC) are described. The
energy storage cells comprise two thin layer electrodes, an intermediate thin layer of a solid
electrolyte and an optional fourth thin current collector layer. The layers are deposited in
sequence on a surface of a substrate. The substrate comprises multiple through cavities of
arbitrary shape, with high aspect ratio, which increase the total electrode area per volume ratio.

3-D microbatteries are also described by Long et al., in "Three-Dimensional Battery
Architectures," Chemical Review, volume 10, number 104, October, 2004, pages 4463-4492,

which is incorporated herein by reference.
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Geometric configurations of 3-D microbatteries are described by Hart et al., in "3-D

Microbatteries," Electrochemistry Communications, volume 5, 2003, pages 120-123, which is
incorporated herein by reference. The paper presents finite-element simulations showing current
and potential distribution for several cathode-anode array configurations.

A method for producing arrays of cavities in silicon is described by Kleimann et al., in
"Formation of Wide and Deep Pores in Silicon by Electrochemical Etching," Materials Science
and Engineering B, volumes 69-70, 2000, pages 29-33, which is incorporated herein by
reference. Another process for producing micro-cavity arrays is described by Li et al., in
"Microfabrication of Thermoelectric Materials by Silicon Molding Process," Sensors and
Actuators A, volume 108, 2003, pages 97-102, which is incorporated herein by reference. The
authors describe a process for fabricating thermoelectric micro-modules with densely aligned

fine scale and high aspect ratio elements.

SUMMARY OF THE INVENTION

Embodiments of the present invention provide improved 3-D microbatteries that provide
superior energy density and capacity, in comparison to microbatteries known in the art.

The disclosed microbatteries comprise two sets of high aspect-ratio micro-containers
formed in a substrate. The micro-containers are filled with appropriate anode and cathode
materials and used as the electrodes of the microbattery. The anodes and cathodes are arranged
in an interlaced pattern and are separated by walls of substrate material.

The walls of the substrate that separate the micro-containers are processed to enhance
their ion-conductivity and electrical insulation. In some embodiments, multiple microscopic
pores are formed in the separating walls, so as to enhance ion-conductivity between the anodes
and cathodes. A method for forming a porous silicon substrate using metal-assisted chemical
etching is described hereinbelow. In some embodiments, the porous walls are also oxidized to
increase their electrical insulation. The porous structure is filled with an ion-conducting and
electrically insulating substance, such as a liquid electrolyte, a composite polymer electrolyte
(CPE) or a hybrid polymer electrolyte (HPE).
| In some embodiments, the anode and cathode micro-containers are formed in opposite
surfaces of the substrate. This configuration simplifies the process of filling the micro-
containers and prevents mixing of anode and cathode materials.

In other embodiments, all micro-containers are formed in a single side of the substrate.
In this configuration, a specially-designed mask and/or a temporary filling process prevents

mixing of different electrode materials.
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In an alternative embodiment, the micro-containers are formed by micro-molding or

micro-embossing a thin and mechanically-stable porous separator membrane into recesses in the
substrate material.

In some embodiments, the disclosed 3-D microbatteries are used to power a
microelectronic circuit that is integrated together with the microbattery on the same substrate.

In comparison to other 3-D microbatteries known in the art, the microbatteries described
herein provide superior energy density. The fabrication processes described below are relatively
straightforward to implement. Furthermore, the disclosed configurations enable the use of a
large variety of anode and cathode materials, as will be demonstrated below. Similarly, the
disclosed configurations enable the use a variety of electrolyte matenals, including liquid
electrolytes.

The principles of the present invention can be used to fabricate other miniature energy
storage de?ices, such as capacitors, using interlaced sets of electrodes separated by a porous
separator.

There is therefore provided, in accordance with an embodiment of the present invention,
an electrical energy storage device, including:

a substrate, which is formed so as to define a multiplicity of micro-containers separated
by electrically-insulating and ion-conducting walls; and

a first plurality of anodes disposed in a first subset of the micro-containers, and a second
plurality of cathodes disposed in a second subset of the micro-containers, the anodes and
cathodes arranged in an interlaced pattern.

In a disclosed embodiment, the walls have pores formed therethrough. Additionally or
alternatively, the walls include a porous separator membrane applied to the substrate. Further
additionally or alternatively, at least some of the pores are filled with an electrolyte. In some
embodiments, the electrolyte includes at least one of a liquid electrolyte, a hybrid polymer
electrolyte (HPE) and a composite polymer electrolyte (CPE).

In another embodiment, the pores are formed using at least one of an electrochemical
etching process and a chemical etching process.

In yet another embodiment, the substrate includes at least one of silicon, gallium
arsenide, silicon carbide, a ceramic material, a thermoelastic polymer, a thermoplastic polymer,
a surface-oxidized metal, a sodium-ion conductor and a lithium-ion conductor.

In still another embodiment, the electrical energy storage device includes one of a
lithium and a lithium-ion microbattery.

In another disclosed embodiment, the first and second subsets of the micro-containers

are formed in a single surface of the substrate. In an alternative embodiment, the first and

1
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second subsets of micro-containers are formed in respective opposite surfaces of the substrate.

Additionally or alternatively, the substrate includes a middle wafer in which the first and second
subsets of micro-containers are formed, and at least one side wafer coupled to a surface of the
middle wafer so as to form a bottom side of at least one of the subsets of micro-containers.

In a disclosed embodiment, the walls are at least partially oxidized.

In another embodiment, the device includes at least one current collector coupled to at
least one of the plurality of anodes and the plurality of cathodes. Additionally, the at least one
current collector includes one of a metallic foil and a deposited metallic layer.

In yet another embodiment, the anodes and cathodes are disposed using at least one of a
pasting process, a vacuum-assisted insertion process and a thick-film deposition process.

In still another embodiment, the micro-containers have at least one of a square, a
triangular, a hexagonal and a round shape. In another embodiment, the micro-containers have a
depth-to-diameter ratio greater than one. In yet another embodiment, the multiplicity of micro-
containers are arranged in at least one of a square, a triangular and a hexagonal grid pattern. In
another embodiment, the multiplicity of micro-containers are formed using at least one of an
etching process and a lithographic etching process.

In a disclosed embodiment, the anodes include lithium insertion compounds including at

least one of carbon, graphite, lithium alloys and lithium. In another embodiment, the cathodes
include at least one of MoSj, FeSp, WS, LiCoO2, LiNiO7 and Lij+xMnp.yO4 material.

There is additionally provided, in accordance with an embodiment of the present
invention, a microelectronic device, including:
a substrate;
a microcircuit disposed on the substrate; and
an electrical energy storage device disposed in the substrate and coupled to provide
electrical power to the microcircuit, the storage device including:
a multiplicity of three-dimensional micro-containers formed in the substrate,
separated by electrically-insulating and ion-conducting walls; and
a plurality of anodes disposed in a first subset of the micro-containers, and a
plurality of cathodes disposed in a second subset of the micro-containers, the anodes
and cathodes arranged in an interlaced pattern.
There is also provided, in accordance with an embodiment of the present invention, a
method for constructing an electrical energy storage device, including:
forming a multiplicity of three-dimensional micro-containers in a substrate, so that the

micro-containers are separated by electrically-insulating and ion-conducting walls; and
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disposing a first plurality of anodes in a first subset of the micro-containers, and a
second plurality of cathodes in a second subset of the micro-containers, the anodes and cathodes
arranged in an interlaced pattern.

The present invention will be more fully understood from the following detailed

description of the embodiments thereof, taken together with the drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a pictorial, schematic illustration of a microbattery, in accordance with an
embodiment of the present invention;

Fig. 2 is a schematic, sectional view of a microbattery, in accordance with an
embodiment of the present invention;

Fig. 3 is a flow chart that schematically illustrates a method for fabricating a
microbattery, in accordance with an embodiment of the present invention;

Fig. 4 is a pictorial, schematic illustration of a microbattery, in accordance with another
embodiment of the present invention;

Fig. 5 is a schematic, top view of a mask used in the fabrication of a microbattery, in
accordance with an embodiment of the present invention;

Fig. 6 is a flow chart that schematically illustrates. a method for fabricating a
microbattery, in accordance with an embodiment of the present invention;

Fig. 7A is a schematic, sectional view of a microelectronic device, in accordance with an
embodiment of the present invention; and

Fig. 7B is a schematic, top view of a microelectronic device, in accordance with another

embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

DOUBLE-SIDED MICROBATTERY STRUCTURE

Fig. 1 is a pictorial, schematic illustration of a microbattery 20, in accordance with an
embodiment of the present invention. Microbattery 20 is formed in a substrate 22. The substrate
is typically a semiconductor wafer. The typical thickness of the silicon wafer is in the range of
100-800 microns, although the methods described below can be used to fabricate microbatteries
in wafers of any thickness. In one embodiment, substrate 22 comprises silicon. Alternatively,
other substrate materials may be used, including semiconductor materials such as gallium
arsenide (GaAs) and silicon carbide (SiC); ceramic materials such as alumina; glasses; plastics
such as various thermoelastic and thermoplastic polymers; surface-oxidized metal substrates;

and other suitable materials. In other embodiments, the substrate can comprise a solid ion-
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conductor such as a sodium-ion or lithium-ion conductor. (The use of such materials is

described, for example, by Owen in "lonically Conducting Glasses" and by Armand in
"Tonically conductive Polymers." Both papers appear in "Solid State Batteries," Sequeira and
Hooper (editors), Nato Science Series E, Springer, October 1985, which is incorporated herein
by reference.) In some embodiments, the microbattery comprises a lithium or a lithium-ion
battery.

The electrodes of microbattery 20 are disposed in two sets of cavities, referred to herein
as “‘micro-containers,” formed in substrate 22. A first set of micro-containers 24 is formed in a
first side of substrate 22. A second set of micro-containers 26 is formed in the opposite side of
the substrate. Micro-containers 24 are used as multiple anodes of the micro-battery, as will be
described below. Micro-containers 26 are used as multiple cathodes. (The anode and cathode
micro-containers are denoted “A” and “C” in the figure, respectively. The anodes and cathodes
are collectively referred to as “electrodes.”)

The two sets of micro-containers are typically arranged in a periodic, interlaced pattern
in substrate 22. (The interlaced pattern is sometimes referred to as an "interdigitated" pattern.)
In the example of Fig. 1, the anodes and cathodes are arranged in an interlaced pattern on a
square grid, in which each electrode has four nearest neighbors of the opposite polarity (i.e.,
each cathode has four anodes as nearest neighbors, and vice versa.) The majority of the
electrochemical reaction occurs between such nearest neighbors of opposite polarities. In other
embodiments, the anodes and cathodes can be arranged in other patterns, such as the
configurations described in the Hart paper cited above. The Hart paper describes several
alternative arrangements of micro-containers, including square, triangular and hexagonal grids.
Each arrangement is shown to be optimized for a particular performance requirement of the
microbattery, such as energy capacity, power, and current uniformity across the electrodes. In
general, the number of cathodes need not be equal to the number of anodes. Furthermore, each
electrode can have any number of anodes and any number of cathodes as nearest neighbors.

The micro-containers in the example of Fig. 1 are square in shape. In alternative
embodiments, other suitable micro-container shapes, such as triangular, rectangular, hexagonal
or round m'icro-containers can be used. The characteristic width or diameter of the micro-
containers typically ranges from several microns up to several tens of microns. The total number
of micro-containers in a typical microbattery can vary from several hundreds to several tens of
thousands, depending on the micro-container width, the wall thickness and the electrical
specifications of the battery. Typically, the micro-containers have a high aspect ratio, i.e., their
depth is significantly larger than their width or diameter. In general, the micro-containers need

not all have identical size.
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Th¢ two sets of micro-containers 24 and 26 can be fabricated using any of several
techniques' known in the art. For example, the Kleimann paper cited above describes an
electrochemical etching method for forming cavities in a silicon substrate. U.S. Patent
6,197,450 cited above describes several alternative methods for etching cavities in substrate
materials. Another example, referred to as a "dry etching" method, is an inductive-coupled
plasma (ICP) process developed by Robert Bosch, GmbH (Stuttgart, Germany). The ICP
process is described, for example, in U.S. Patent 6,720,273, whose disclosure is incorporated
herein by reference. Any other suitable method, such as etching and/or lithography methods, can
likewise be used to form the two sets of micro-containers 24 and 26. Typically, the walls
separating between the micro-containers are etched to a thickness of several microns. The
micro-container formation process is stopped before the cavities penetrate the opposite surface
of the subétyate, typically leaving a bottom thickness in the range of 1-100 microns, preferably
in the range of 10-50 microns. In some embodiments, the walls of substrate 22 that separate the
micro-containers are rendered porous, as will be explained below. The bottom of each sub-set
of micro-containers may be made totally or only partially porous, depending on its thickness
relative to the thickness of the separating walls between the micro-containers.

In an alternative embodiment, the interlaced structure of micro-container sets is
fabricated by using two or more wafers. For example, the interlaced structure can be fabricated
from three wafers. A middle wafer is etched or otherwise processed to comprise the two sets of
micro-containers, which in this configuration are allowed to penetrate through its entire
thickness. Two side wafers are fabricated. A first side wafer comprises holes that match micro-
container set 24. A second side wafer comprises holes that match micro-container set 26. The
first side wafer forms the solid bottom for micro-container set 26, and the second side wafer
forms the solid bottom for micro-container set 24. The three wafers are bonded together to form
the 3-D double-sided micro-container structure shown in Fig. 1.

Micro-containers 24 are filled with a suitable anode material and serve as the anodes of
microbattery 20. Similarly, micro-containers 26 are filled with a suitable cathode material and
serve as the cathodes of the microbattery. Several filling techniques known in the art can be
used to fill the electrodes with electrode materials. For example, pasting methods, pressure-
filling methods, casting methods and vacuum-assisted methods can be used. Any suitable
electrode materials known in the art can be used. Several exemplary microbatteries are
described in detail hereinbelow, including a description of the specific electrode materials.

In some embodiments, after filling the micro-containers with electrode materials, all
anodes are electrically connected to an anode current collector 28. Similarly, all cathodes are

connected to a cathode current collector 30. The two current collectors comprise metallic layers
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applied to the surfaces of substrate 22. The current collectors may comprise a thin metallic foil,
such as copper foil, or a thin metallic film deposited on substrate 22. Current collectors 28 and
30 comprise the voltage terminals of microbattery 20, and are connected using suitable wiring
to the circuitry powered by the microbattery.

In other embodiments, one or both current collectors can be omitted. Typically, when
either the anodes or cathodes are sufficiently electrically-conductive, the respective current
collector can be omitted. One possible method of using the electrodes as current collectors is to
allow electrode material to overflow out of the micro-containers and form a conductive layer on
the surface of the substrate, as part of the electrode filling process. This conductive layer
interconnects the electrodes and functions as a current collector.

Fig. 2 is a schematic, sectional view of microbattery 20, in accordance with an
embodiment of the present invention. The view shown in Fig. 2 is a vertical cross section of the
microbattery, in a plane located at markers denoted "II" in Fig. 1 above. The cross-sectional
view shows substrate 22 separating anode micro-containers 24 from cathode micro-containers
26. After cavities 24 are filled with anode material, the anodes can be seen to have an electrical
contact with current collector 28. The anodes are electrically insulated from current collector 30
by the substrate material. Similarly, the cathodes have an electrical contact with current
collector 30 and are isolated from current collector 28 by the substrate material.

In some embodiments, parts of the substrate are further processed to enhance their ion
conductivity and/or electrical insulation. Ion conductivity between the anodes and the cathodes
is, of course, an important part of the electrochemical reaction producing the current in
microbattery 20. In one embodiment, walls 32 separating between the micro-containers are
rendered porous to enable ions to flow through them. Exemplary processes for producing pores
in substrate 22 are described hereinbelow.

The porous walls typically comprise nanometric pores (typically several tens to several
hundreds of nanometers in diameter). The walls are then filled with an ion conducting and
electrically insulating substance. In some embodiments, the substance comprises a liquid
electrolyte that impregnates the porous structure and fills the pores. In other embodiments, the
substance comprises a hybrid polymer electrolyte (HPE) or a composite polymer electrolyte
(CPE). Some exemplary electrolyte materials, and exemplary methods for preparing such
materials, are described in the microbattery examples hereinbelow. The electrolyte-filled walls
comprise a porous separator layer between the anodes and the cathodes of the micro-battery. In
particular, some of the pores traverse the entire thickness of walls 32, connecting anode and
cathode micro-containers. Such through-pores enable ions to flow through them, as part of the

electrochemical reaction in the microbattery. The porous separator thus provides electrical
8
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insulation (electron blocking) while allowing ion conduction between the electrodes. In some
embodiments, parts of substrate 22 are oxidized before inserting the electrolyte, in order to

enhance their electrical insulation.

DOUBLE-SIDED MICROBATTERY FABRICATION METHOD

Fig. 3 is a flow chart that schematically illustrates a method for fabricating microbattery
20, in accordance with an embodiment of the present invention. The method begins by forming
a first set of micro-containers 24 in one side of substrate 22, at a first micro-container forming
step 40. As described above, step 40 typically comprises a suitable etching and/or lithography
process. The depth of the cavities is controlled, so that the micro-containers do not penetrate the
opposite surface of the substrate. Similarly, a second set of micro-containers is formed in the
opposite surface of the substrate, at a second micro-container forming step 42. The micro-
containers are separated by thin walls, typically several microns thick.

Walls 32 are made porous, at a pore formation step 44. In one embodiment, step 44

comprises a metal-assisted chemical etching process. In an exemplary process, substrate 22 is

immersed in a PdCly acidic solution (typically 0.564 mM) for five seconds. The substrate is

then immersed in a freshly-prepared etching mixture comprising HpO2:Ethanol:HF (1:2:4) for

40-60 minutes. This process is typically performed at room temperature. In other embodiments,
an electrochemical etching process is used. The electrochemical etching process typically
comprises immersing the substrate in a suitable etch solution and applying an electric field
across the substrate and the solution. An exemplary process of this sort is described in U.S.
Provisional Patent Application 60/566,205 cited above. Alternatively, any other suitable method
known in tﬁe art for producing porous structures can be used for producing pores in substrate
22.

The output of steps 40-44 is an interlaced structure of two sets of micro-containers,
formed into the two opposite surfaces of substrate 22. The micro-containers are separated by
thin, porous walls.

(In the alternative embodiment described above, in which the interlaced micro-container
structure is fabricated using three bonded wafers, steps 40-44 are replaced by a process
comprising forming through-holes in the middle wafer, forming pores in the walls that separate
the micro-containers in the middle wafer, forming alternate sets of holes in the two side wafers,
and bonding the two side wafers to opposite surfaces of the middle wafer.)

The two sets of micro-containers are filled with suitable electrode materals, at an

electrode filling step 46. Porous walls 32 are then filled with electrolyte, at a separator filling

°



10

15

20

25

30

WO 2005/101973 PCT/IL2005/000414

step 48. Finally, current collectors 28 and 30 are applied, if necessary, to the surfaces of
substrate 22, at a collector applying step 50.
In some embodiments, the order of steps 46 and 48 can be reversed, introducing the

electrolyte before filling the electrode micro-containers.

SINGLE-SIDED MICROBATTERY STRUCTURE

Fig. 4 is a pictorial, schematic illustration of a microbattery 70, in accordance with
another embodiment of the present invention. Whereas microbattery 20 described above is
formed on two surfaces of substrate 22, in some cases it is desirable to form a 3-D microbattery
on a single side of the substrate. For example, in some cases the micro-battery is used to power
a microcircuit formed on one surface of substrate 22. In such cases it is desirable to fit a
microbattery structure into the opposite, unused surface of the substrate. In other cases, the
substrate is too thick to enable a double-sided structure, such as the structure shown in Figs. 1
and 2 above.

Fig. 4 shows a grid of micro-containers formed in one side of substrate 22. The micro-
containers are divided into two interlaced sets 24 and 26, used as the anodes and cathodes of
microbattery 70, respectively. The shapes, dimensions and pattern geometries of the micro-
container sets 24 and 26 can use any suitable arrangement, as discussed in the description of
Fig. 1.

The micro-containers can be formed using any suitable fabrication method, as described
above. In some embodiments, the single-sided micro-container structure can be fabricated using
two wafers. A first wafer comprises the two sets of micro-containers, which are allowed to
penetrate through the entire thickness of the wafer. A second wafer, bonded to the first wafer,
serves as the solid bottom of the micro-containers.

In other alternative embodiments, other structures such as interlaced comb-shaped,
cochlear or spiral structures can be used as the electrodes of microbattery 70.

The micro-containers are separated by walls 32, typically several microns thick. The
walls are made porous using any suitable method known in the art, including the methods
described hereinabove. As in double-sided microbattery 20, the porous walls are made ion-
conducting by filling them with a suitable electrolyte. In some embodiments, walls 32 are also
rendered electrically-insulating by oxidation.

Fig. 5 is a schematic, top view of a mask 72 used in the fabrication of microbattery 70,
in accordance with an embodiment of the present invention. Because both micro-container sets
24 and 26 are filled with respective anode and cathode materials from the same side of the

substrate, it is desirable to use a mask for blocking one set of micro-containers while filling the
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other set. The use of mask 72 prevents mixing of the different electrode materials. Mask 72
comprises an alternating grid of openings 74 and blocked cells 76. The pattern of the openings
and blocked cells of mask 72 is designed to match the pattern of anode and cathode micro-
containers of microbattery 70.

When filling micro-containers 24 with anode material, mask 72 is placed over the
surface of substrate 22 so that openings 74 coincide with micro-containers 24. The blocked cells
coincide with micro-containers 26, thus preventing anode material from entering these micro-
containers. Similarly, when filling micro-containers 26 with cathode material, the mask is
placed so that openings 74 coincide with micro-containers 26 and blocked cells 76 protect
micro-containers 24. After placing the mask, the micro-containers are filled with electrode
material using any suitable method, as described above.

In one embodiment, two different masks are used, one mask for each set of micro-
containers. Alternatively, a single mask can be used for filling both sets of micro-containers by
changing the position of the mask. Mechanical translation and registration systems capable of
positioning mask 72 with sufficient accuracy (typically on the order of 1 micron) are well
known in the art. As noted above, the grid of micro-containers can take different shapes and
configurations. Mask 72 is produced to match the micro-container grid used. Additionally or
alternatively, before filling one set of micro-containers, the other set of micro-containers is
filled with a temporary substance such as a polymeric compound. The filling prevents the wrong
electrode material from entering the micro-containers. The temporary filling is subsequently
removed.

After filling the anodes and cathodes with the appropriate electrode material, one or two

current collectors (not shown in the figures) can be applied if necessary.

SINGLE-SIDED MICROBATTERY FABRICATION METHOD

Fig. 6 is a flow chart that schematically illustrates a method for fabricating microbattery
70, in accordance with an embodiment of the present invention. A pattern of micro-containers is
formed in a single surface of substrate 22, at a single-side cavity forming step 80. The grid
comprises the two sets of micro-containers 24 and 26. Walls 32 are made porous at a single-
sided pore formation step 82. In some embodiments, the walls are also oxidized to make them
electrically-insulating.

Micro-containers 24 are filled with an appropriate anode material, at an anode filling
step 84. Mask 72 is placed over the substrate, as described above, to prevent anode material
from entering micro-containers 26. Optionally, the surface of substrate 22 is cleaned to remove

residual anode material, at a cleaning step 86. Micro-containers 26 are then filled with an
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appropriate cathode material, at a cathode filling step 88. Mask 72 is placed over the substrate
so as to prevent cathode material from entering micro-containers 24. (The order of steps 84 and
88 can be reversed, filling the cathodes first and the anodes second.) Optionally, the surface of
substrate 22 is cleaned and planarized, at a planarization step 90.

Optionally, one or two current collectors are applied or formed, at a current collector
forming step 92. Finally, walls 32 are filled with an ion-conducting substance such as the
exemplary substances described above, at an electrolyte filling step 94. In some embodiments
step 94 can precede either or both steps 84 and 88, filling the porous layer with electrolyte

before inserting the electrode materials.

MOLDED OR EMBOSSED POROUS SEPARATOR

In an alternative embodiment (not shown in the figures), a thin and mechanically-stable
porous separator membrane is "micro-molded" or "micro-embossed” into suitable recesses in
substrate 22. Micro-molding and micro-embossing are well known techniques used in the
fabrication of MEMS devices. This process replaces the micro-container etching process. In this
alternative process, the porous membrane divides the recesses into small cavities, to produce
micro-containers. The micro-containers are then filled with anode and cathode materials. After
forming current collectors if necessary, the porous membrane is filled with an ion-conductive
electrolyte. Porous polymers and plastic materials that may be used to implement the porous
membrane are known in the art. Such materials are described, for example, by Heckele and
Schomburg in "Review on Micromolding of Thermoplastic Polymers" Joumal of
Micromechanics and Microengineering, volume 14, 2004, pages R1-R14, which is incorporated
herein by reference. The authors describe several thermoplastic polymers that have been used
for micro-molding. Electrolytes based on two of these polymers, namely Polymethylmetacrylate
(PMMA) and Polyvinylidenefluoride (PVDF), are described by Song et al., in "Review of Gel-
Type Polymer Electrolytes for Lithium-Ion Batteries,” Journal of Power Sources, volume 77,

1999, pages 183-197, which is incorporated herein by reference.

INTEGRATED MICROBATTERY AND MICROCIRCUIT

One of the applications of microbatteries is to power a microelectronic circuit using a
microbattery, which is fabricated on the same substrate as the microcircuit.

Fig. 7A is a schematic, sectional view of a microelectronic device, in accordance with an
embodiment of the present invention. The device comprises a microcircuit 100 fabricated on
substrate 22. The microcircuit is powered by a double-sided 3-D microbattery, such as

microbattery 20 described in Figs. 1 and 2 above, which is fabricated in the same substrate.
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Fig. 7B is a schematic, top view of a microelectronic device, in accordance with another
embodiment of the present invention. As in Fig. 7A above, microcircuit 100 is fabricated on
substrate 22. The microcircuit is powered by a single-sided microbattery, such as microbattery
70 described in Fig. 4 above, which is fabricated in the same substrate. Fig. 7B shows a
configuration in which the battery is mounted on the same surface of the substrate, side-by-side
with the microcircuit. Alternatively, the microbattery and the microcircuit can be fabricated on

opposite surfaces of substrate 22, reducing the total area of the dye.

EXEMPLARY MICROBATTERIES

The following examples illustrate several possible 3-D microbattery implementations
that can use the disclosed structures and methods.

Example 1
A 3-D microbattery comprising lithium-ion anodes, hybrid-polymer electrolyte and

MoS, cathodes can be fabricated in a silicon substrate. A double-sided interlaced structure of

square 50x50 micron micro-containers, separated by 10-micron thick walls may be formed in a
500-micron thick silicon wafer using the process described in the Li paper cited above. The
double-sided structure is similar to the structure shown in Fig. 1 above. The walls can be

rendered porous by immersing the structure in a freshly-prepared etching mixture comprising
HO»:Ethanol:HF (1:2:4) for 40-60 minutes.

The porous double-sided interlaced structure is filled with a hybrid polymer electrolyte
(HPE) membrane using, for example, a conventional casting process comprising vacuum filling.
A PVDF-2801 copolymer (Kynar) can be used as a binder. Fumed silica can be used as filler for
the polymer membrane. The PVDF powder is dissolved in high-purity cyclopentatone (Aldrich)
or DMSO. Fumed Silica 130 (Degussa) and propylene carbonate (PC, Merck) are added. The
mixture is stirred at room temperature for approximately 24 hours to produce a homogeneous
slurry. The slurry is used to fill the through-pores connecting the anode and cathode micro-

containers in the silicon substrate. After the solvent had evaporated completely, the cathode
micro-containers are filled with MoSy powder bonded with polystyrene. The cathode material

can be inserted by centrifuge.

The active anode material in this example may comprise lithiated graphite or a powder
of passivated metallic lithium. To produce lithiated graphite, 2.5 mmol of naphthalene and
some lithium foil are placed in 10 mL of 1-methoxybuthane. The mixture is stirred at 25°C for

approximately 24 hours under an atmosphere of dried argon, to produce a lithium-naphtalene-1-
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methoxybuthane (Li-NM) complex. The formation of the Li-NM complex can be confirmed by
the solution changing color from clear to deep purple. After forming the complex, 0.2 grams of
graphite flakes, wrapped in a stainless net, are inserted and the intercalation started. The
solution may be stirred for approximately one week.

The retained solid is filtered and washed with hexane. Distilled water is slowly added to
the solution. A known volume of LiOH, in aqueous phase, is titrated with HCL. The calculated
number of moles of LiOH is subtracted from the initial number of moles of Li-NM, to give the
actual number of moles of intercalated lithium. The lithiated graphite is mixed with polystyrene
and inserted into the anode micro-containers, for example by using the same methods used to
insert the cathode material above.

Current collectors can be connected at this stage. The porous membrane is then filled
with liquid Lilmide-ethylene carbonate (EC):dimethyl carbonate (DMC) 1:1 (v/v) electrolyte.
When filling the polymer membrane with liquid electrolyte, a gel polymer electrolyte is
produced.

The expected voltage cut-off for this battery is 1.3-2.4 volts. The charge/discharge
o . 2
current density is expected to be in the range 10-100 pA/cm .

Example 2
A single-sided 3-D microbattery comprising lithium-ion anodes, hybrid-polymer

electrolyte and MoS7 cathodes can be fabricated in a silicon substrate. For example, a single-

sided interlaced structure of square 50x50 micron micro-containers, separated by 10-micron
thick walls may be formed in a 400-micron thick silicon wafer using the process described in
the Kleimann paper cited above. The single-sided structure is similar to the structure shown in

Fig. 4 above. As in example 1 above, the walls can be rendered porous by immersing the
structure in a freshly-prepared etching mixture comprising HypO7:Ethanol:HF (1:2:4) for 40-60

minutes. The filling of alternate sets of cathode and anode micro-containers may be performed
by masking the opposite set while filling in the respective electrode material.

Example 3
A 3-D microbattery comprising lithium-ion anodes, hybrid-polymer electrolyte and FeSp

cathodes can be fabricated in a silicon substrate. Preparation of the substrate and filling of the

porous silicon with HPE can be performed in a similar manner to example 1 above. A pyrite-
based cathode material can be prepared by dispersion of FeSy powder with Lilmide P(EO);q

polymer electrolyte in acetonytrile. The components may be thoroughly mixed for several hours
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to produce a homogeneous slurry. The cathode micro-containers are filled with cathode material
using, for example, a conventional spin-coating process. The anode material may comprise
lithiated graphite, as described in example 1 above.

The voltage cut-off of this microbattery is expected to be in the range of 1.1-2.1 volts.

. o . 2
Charge/discharge current density is expected to be approximately 40 pA/cm .

Example 4

The microbattery of the present example is similar to example 1. In the present example,
however, the cathode and anode materials are first inserted into the micro-containers. Only then,
the liquid electrolyte is inserted, for example using vacuum, into the porous walls of the silicon
substrate. The insertion can be performed from both surfaces of the substrate, by using a porous
structure that extends between the two surfaces along the walls. The voltage cut-off of the

microbattery is expected to be in the range 1.3-2.4 volts. Charge/discharge current density is
expected to be approximately 50 pA/cmz.
Example 5
A microbattery similar to example 1 may be fabricated with WSy used as cathode

material.

Example 6

A microbattery comprising lithium-ion anodes, liquid or HPE electrolyte, and LiCoO9

cathodes can be fabricated in a silicon substrate. Different types of graphite, such as
mesocarbon microbeads (MCMB), natural, synthetic or expanded graphite may be used as
lithium intercalation host materials. In one embodiment, the microbattery is fabricated in a
fully-discharged state. Filling of the micro-containers typically follows the method described in

Example 1 above. The expected voltage cut-off is in the range 3.0-4.2 volts and the expected
- 2
charge/discharge current density is in the range 0.1-10 pA/cm .

Example 7

A microbattery similar to example 5 may be fabricated with cathode material comprising
Li1+xMn3.yO4.
The expected voltage cut-off of this battery is in the range of 3.5-5.3 volts, and the

2
charge/discharge current density is expected to be in the range of 0.1-10 pA/em .

Example 8
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A 3-D microbattery comprising lithium-ion anodes, composite polymer electrolyte
(CPE) and MoS cathodes can be fabricated in a silicon substrate. The cathode material may be
prepared in a similar manner to example 1 above. A 10-20 micron thick film composite polymer

electrolyte (CPE), comprising a composition of Lilmide; P(EO)p¢g EC1 9% (v/v) AlpO3, is
prepared from 45 mg Lilmide, 300 mg P(EO), 30 mg EC and 100 mg AlyO3. Polyethylene

P(EO) (Aldrich), having an average molecular weight of 5x106, is vacuum-dried at 45-50°C for

approximately 24 hours. A polymer slurry can be prepared by dispersing known quantities of
P(EO), Lilmide and ethylene carbonate (EC) in analytical grade acetonitrile, together with the

required amount of an inorganic filler, such as AlpO3 (Buehler), having an average diameter of

approximately 150A. To ensure the formation of a homogeneous suspension, a high-speed
homogenizer can be used. The suspension may be stirred for approximately 24 hours. The CPE
films are then cast on the 3-D substrate. Vacuum and spin coating processes can be used to fill

the through pores with the polymer electrolyte.
. . . 2
The current density of this battery is expected to be around 50 pA/cm . The voltage

cutoff on discharge is expected to be around 1.1 volts. The voltage cutoff on charge is expected
to be around 2.2 volts.

Example 9

A 3-D microbattery comprising lithium anodes, a liquid or composite HPE and MoS»

cathodes may be fabricated. The anode micro-containers are filled with molten lithium at
approximately 185°C. The cathodes and HPE may be prepared in a similar manner to example 1
above. The Faradic efficiency of the microbattery is expected to approach 100%.

Although the methods and devices described herein mainly address the fabrication of 3-
D microbatteries, the principles of the present invention can also be used to fabricate other
energy storage devices, such as capacitors, using interlaced sets of micro-containers and a
porous separator.

It will thus be appreciated that the embodiments described above are cited by way of
example, and that the present invention is not limited to what has been particularly shown and
described hereinabove. Rather, the scope of the present invention includes both combinations
and sub-combinations of the various features described hereinabove, as well as variations and
modifications thereof which would occur to persons skilled in the art upon reading the

foregoing description and which are not disclosed in the prior art.
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CLAIMS

1. An electrical energy storage device, comprising:

a substrate, which is formed so as to define a multiplicity of micro-containers separated
by electrically-insulating and ion-conducting walls; and

a first plurality of anodes disposed in a first subset of the micro-containers, and a second
plurality of cathodes disposed in a second subset of the micro-containers, the anodes and

cathodes arranged in an interlaced pattern.
2. The device according to claim 1, wherein the walls have pores formed therethrough.

3. The device according to claim 2, wherein the walls comprise a porous separator membrane

applied to the substrate using at least one of a micro-molding and a micro-embossing process.

4. The device according to claim 2, wherein at least some of the pores are filled with an

electrolyte.

5. The device according to claim 4, wheremn the electrolyte comprises at least one of a liquid

electrolyte, a hybrid polymer electrolyte (HPE) and a composite polymer electrolyte (CPE).

6. The device according to claim 2, wherein the pores are formed using at least one of an

electrochemical etching process and a chemical etching process.

7. The device according to any of claims 1-6, wherein the substrate comprises at least one of
silicon, gallium arsenide, silicon carbide, a ceramic material, a thermoelastic polymer, a
thermoplastic polymer, a surface-oxidized metal, a sodium-ion conductor and a lithium-ion

conductor.

8. The device according to any of claims 1-6, wherein the electrical energy storage device

comprises one of a lithium and a lithium-ion microbattery.

9. The device according to any of claims 1-6, wherein the first and second subsets of the micro-

containers are formed in a single surface of the substrate.

10. The device according to any of claims 1-6, wherein the first and second subsets of micro-

containers are formed in respective opposite surfaces of the substrate.

11. The device according to any of claims 1-6, wherein the substrate comprises a middle wafer
in which the first and second subsets of micro-containers are formed, and at least one side wafer
coupled to a surface of the middle wafer so as to form a bottom side of at least one of the

subsets of micro-containers.

12. The device according to any of claims 1-6, wherein the walls are at least partially oxidized.
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13. The device according to any of claims 1-6, and comprising at least one current collector

coupled to at least one of the plurality of anodes and the plurality of cathodes.

14. The device according to claim 13, wherein the at least one current collector comprises one

of a metallic foil and a deposited metallic layer.

5 15. The device according to any of claims 1-6, wherein the anodes and cathodes are disposed
using at least one of a pasting process, a vacuum-assisted insertion process and a thick-film

deposition process.

16. The device according to any of claims 1-6, wherein the micro-containers have at least one

of a square, a triangular, a hexagonal and a round shape.

10 17. The device according to any of claims 1-6, wherein the micro-containers have a depth-to-

diameter ratio greater than one.

18. The device according to any of claims 1-6, wherein the multiplicity of micro-containers are

arranged in at least one of a square, a triangular and a hexagonal grid pattern.

19. The device according to any of claims 1-6, wherein the multiplicity of micro-containers are

15  formed using an etching process.

20. The device according to any of claims 1-6, wherein the anodes comprise lithium insertion

compounds comprising at least one of carbon, graphite, lithium alloys and lithium.
21. The device according to any of claims 1-6, wherein the cathodes comprise at least one of

MoS3, FeSy, WSy, LiCoOy, LiNiO7 and Lij+xMnj.yO4 material.

20  22. A microelectronic device, comprising:
a substrate;
a microcircuit disposed on the substrate; and

an electrical energy storage device disposed in the substrate and coupled to provide

electrical power to the microcircuit, the storage device comprising:

25 a multiplicity of three-dimensional micro-containers formed in the substrate,
separated by electrically-insulating and ion-conducting walls; and

a plurality of anodes disposed in a first subset of the micro-containers, and a

plurality of cathodes disposed in a second subset of the micro-containers, the anodes

and cathodes arranged in an interlaced pattern.

30  23. The device according to claim 22, wherein the walls have pores formed therethrough.
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24. The device according to claim 23, wherein the walls comprise a porous separator
membrane applied to the substrate using at least one of a micro-molding and a micro-embossing

process.

25. The device according to claim 23, wherein at least some of the pores are filled with an

electrolyte.

26. The device according to claim 25, wherein the electrolyte comprises at least one of a liquid

electrolyte, a hybrid polymer electrolyte (HPE) and a composite polymer electrolyte (CPE).

27. The device according to claim 23, wherein the pores are formed using at least one of an

electrochemical etching process and a chemical etching process.

28. The device according to any of claims 22-27, wherein the substrate comprises at least one
of silicon, gallium arsenide, silicon carbide, a ceramic material, a thermoelastic polymer, a
thermoplastic polymer, a surface-oxidized metal, a sodium-ion conductor and a lithium-ion

conductor.

29. The device according to any of claims 22-27, wherein the electrical energy storage device

comprises one of a lithium and a lithium-ion microbattery.

30. The device according to any of claims 22-27, wherein the first and second subsets of the

micro-containers are formed in a single surface of the substrate.

31. The device according to any of claims 22-27, wherein the first and second subsets of micro-

containers are formed in respective opposite surfaces of the substrate.

32. The device according to any of claims 22-27, wherein the substrate comprises a middle
wafer in which the first and second subsets of micro-containers are formed, and at least one side
wafer coupled to a surface of the middle wafer so as to form a bottom side of at least one of the

subsets of micro-containers.

33. The device according to any of claims 22-27, wherein the walls are at least partially
oxidized.
34. The device according to any of claims 22-27, and comprising at least one current collector

coupled to at least one of the plurality of anodes and the plurality of cathodes.

35. The device according to claim 34, wherein the at least one current collector comprises at

least one of a metallic foil and a deposited metallic layer.
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36. The device according to any of claims 22-27, wherein the anodes and cathodes are disposed
using at least one of a pasting process, a vacuum-assisted insertion process and a thick-film

deposition process.

37. The device according to any of claims 22-27, wherein the micro-containers have at least

one of a square, a triangular, a hexagonal and a round shape.

38. The device according to any of claims 22-27, wherein the micro-containers have a depth-to-

diameter ratio greater than one.

39. The device according to any of claims 22-27, wherein the multiplicity of micro-containers

are arranged in at least one of a square, a triangular and a hexagonal grid pattern.

40. The device according to any of claims 22-27, wherein the multiplicity of micro-containers

are formed using an etching process.

41. The device according to any of claims 22-27, wherein the anodes comprise lithium

insertion compounds comprising at least one of carbon, graphite, lithium alloys and lithium.
42. The device according to any of claims 22-27, wherein the cathodes comprise at least one of

MoS3, FeSp, WSy, LiCoO2, LiNiO7 and Lij+xMnp.yO4 material.

43. A method for constructing an electrical energy storage device, comprising:
forming a multiplicity of three-dimensional micro-containers in a substrate, so that the
micro-containers are separated by electrically-insulating and ion-conducting walls; and
disposing a first plurality of anodes in a first subset of the micro-containers, and a
second plurality of cathodes in a second subset of the micro-containers, the anodes and cathodes

arranged in an interlaced pattern.

44. The method according to claim 43, wherein forming the multiplicity of micro-containers

comprises forming pores through the separating walls.

45. The method according to claim 44, wherein forming the multiplicity of micro-containers
comprises at least one of micro-molding and micro-embossing a porous separator membrane in

the substrate.

46. The method according to claim 44, wherein forming the multiplicity of micro-containers

comprises filling at least some of the pores with an electrolyte.

47. The method according to claim 46, wherein the electrolyte comprises at least one of a liquid

electrolyte, a hybrid polymer electrolyte (HPE) and a composite polymer electrolyte (CPE).
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48. The method according to claim 44, wherein forming the pores comprises etching the pores

using at least one of an electrochemical etching process and a chemical etching process.

49. The method according to any of claims 43-48, wherein the substrate comprises at least one
of silicon, gallium arsenide, silicon carbide, a ceramic material, a thermoelastic polymer, a
thermoplastic polymer, a surface-oxidized metal, a sodium-ion conductor and a lithium-ion

conductor.

50. The method according to any of claims 43-48, wherein the electrical energy storage device

comprises one of a lithium and a lithium-ion microbattery.

51. The method according to any of claims 43-48, wherein forming the multiplicity of micro-
containers comprises forming the first and second subsets of the micro-containers in a single

surface of the substrate.

52. The method according to any of claims 43-48, wherein forming the multiplicity of micro-
containers comprises forming the first and second subsets of the micro-containers in respective

opposite surfaces of the substrate.

53. The method according to any of claims 43-48, wherein forming the multiplicity of micro-
containers comprises forming the micro-containers in a middle wafer, and coupling at least one
side wafer to a surface of the middle wafer so as to form a bottom side of at least one of the

subsets of micro-containers.

54. The method according to any of claims 43-48, wherein forming the multiplicity of micro-

containers comprises oxidizing at least part of the walls.

55. The method according to any of claims 43-48, and comprising coupling at least one current

collector to at least one of the plurality of anodes and the plurality of cathodes.

56. The method according to claim 55, wherein coupling the at least one current collector

comprises at least one of applying a metallic foil and depositing a metallic layer.

57. The method according to any of claims 43-48, wherein disposing the anodes and cathodes
comprises applying at least one of a pasting process, a vacuum-assisted insertion process, a thin-

film deposition process and a thick-film deposition process.

58. The method according to any of claims 43-48, wherein forming the multiplicity of the
micro-containers comprises forming at least one of square-, triangular-, hexagonal- and round-

shaped micro-containers.
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59. The method according to any of claims 43-48, wherein forming the multiplicity of micro-

containers comprises forming the micro-containers with a depth-to-diameter ratio greater than
one.

60. The method according to any of claims 43-48, wherein forming the multiplicity of micro-
containers comprises arranging the micro-containers in at least one of a square, a triangular and

a hexagonal grid pattern.

61. The method according to any of claims 43-48, wherein forming the multiplicity of micro-
containers comprises applying an etching process.
62. The method according to any of claims 43-48, wherein disposing the anodes and cathodes

comprises blocking one of the first and second pluralities of micro-containers while filling the

other of the first and second pluralities of micro-containers with an electrode material.
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