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ABSTRACT

Microscopic batteries, integratable or integrated with and
integrated circuit, including a MEMS microcircuit, and
methods of microfabrication of such microscopic batteries
are disclosed.
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MICROSCOPIC BATTERIES FOR MEMS
SYSTEMS

GOVERNMENTAL SPONSORSHIP

[0001] This invention was made with Government support
under contract F20601-96-C-0078 awarded by the United
States Department of the Air Force. The Government has
certain rights in the invention.

FIELD OF THE INVENTION

[0002] This invention relates generally to electrical power
sources and more particularly to microscopic batteries some
forms of which are integrated or integratable with and
providing internal power to MEMS and integrated micro-
circuits, either on a retrofit or original manufacture basis.
MEMS (microelectromechanical systems) involve the fab-
rication and use of miniature devices which comprise micro-
scopic moving parts (such as motors, relays, pumps, sensors,
accelerometers, etc.). MEMS devices can be combined with
integrated circuits, and can perform numerous functions.

BACKGROUND OF THE INVENTION

[0003] Integrated circuits, including microelectronic cir-
cuits, have been used extensively, and have the advantage of
small size and low production costs particularly when pro-
duced on a large scale. A class of integrated circuits that are
of particular interest comprise microelectronic circuits hav-
ing at least one MEMS device. MEMS may comprise
complex engineering systems comprising microscopic
mechanical elements, such as motors, pumps, relays, sen-
sors, accelerometers and other components, which are pow-
ered by electrical energy. MEMS devices make possible
controlled physical movement of tiny parts within miniature
circuits.

[0004] MEMS devices have the potential to revolutionize
computational technology. The concept of MEMS fabrica-
tion provides the promise of low cost comparable to the cost
effectiveness in producing integrated electronic circuitry.
MEMS can include sensing and actuating components. In
defense systems, MEMS are expected to revolutionize the
gathering, evaluation, and communication of militarily-sig-
nificant information. “MEMS will create new military capa-
bilities, make high-end functionality affordable to low-end
military systems, and extend the operational performance
and lifetimes of existing weapons platforms.” (Department
of Defense [DOD], 1995).

[0005] The great strength of MEMS as a technology
fundamentally depends on: 1) the ability of MEMS to obtain
increased functionality in a single, integrated system; 2) the
low-cost, high-volume nature of MEMS fabrication; and 3)
the overall reduction in size and mass of sensor/actuator
systems. Heretofore, MEMS technology has typically
focused on the need to fabricatt MEMS and electronic
devices that meet these three goals, but has failed to address
the difficult problem of electrical energy availability and
management. The overall goals of many MEMS applica-
tions has not and will not be met unless one or more
appropriate MEMS power sources are developed.

[0006] While power and energy availability and manage-
ment are problems for all integrated circuits, they are acute
problems for MEMS. Many MEMS devices require periodic
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power pulses. Conventional wisdom has required and still
requires that electrical power be supplied from relatively
large, heavy external sources. Moving electrical current into
an integrated circuit from such an external power source is
difficult, and results in high power losses, particularly for a
MEMS circuit where high capacities are required. Addition-
ally, present MEMS devices must be continuously con-
nected to the external power source. Thus, autonomous
(self-contained), portable or remote operation of MEMS
devices (such as MEMS sensors) is difficult if not impossible
to achieve using an external fixed power source. It is
reported that the 1994 market for MEMS was $500M. The
projections of potential future market, based on expected
growth of existing markets and expansion into anticipated
markets within a decade, are that the production of MEMS
will approach $3 billion per year.

[0007] A large fraction of MEMS production presently
occurs in two areas, sensors and accelerometers ($200M/
year). These two markets are expanding very rapidly at
present. In addition, other types of MEMS applications are
rapidly emerging. Presently, none of these devices are using
integrated batteries, because none exist, nor have they
previously been invented and developed.

[0008] One analysis of the MEMS sensor and accelerom-
eters applications are that nearly 100% of the sensor market,
and approximately 30% of the accelerometer market, would
use microscopic batteries, if they were available. On this
basis, it is estimated that a market for microscopic batteries
in these two fields would be $50M/year, if such a product
existed. Other significant markets would also come into
place if a microscopic battery could be provided, such that
within a decade microscopic batteries, would have a market
of over $100M/year.

[0009] While the storage of energy in miniature, recharge-
able devices for MEMS application is contrary to the
state-of-the-art, a long term unsatisfied need for such has
existed. If miniature energy sources were inventively cre-
ated, significant advantages would be obtained, which are
not presently available. First, more autonomous MEMS
devices could be produced because the present dependency
on continuous supply of power from an external source
would be overcome. Second, significant improvement in
energy efficiency would result. The supply of electrical
energy would be at low power, stored temporarily, and then
released at higher power levels in close proximity to the
point of use, thus reducing overall power losses. Third, the
cost of the MEMS system its integrated power supply would
be lowered by reducing the complexity of electrical con-
nections. Presently, it is difficult if not impossible to effec-
tively store energy locally within a MEM system. Miniature
capacitors have unacceptable useful discharge times (and
hence unacceptable energy storage capacity). Fourth, cells
can selectively be arrayed in series and in parallel to achieve
different (and variable) combinations of operating voltage
and capacity.

[0010] Further, unitary simultaneous formation, for
example, of a microcircuit, one or more MEMS devices and
a microscopic battery would provide a substantial advan-
tage.

[0011] Presently, batteries for MEMS devices are unsat-
isfactory external power sources, which undesirably con-
tributing to both the overall weight and volume of the
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MEMS device, and have other disadvantages. There are two
primary reasons for this. The first primary reason is the size
of the batteries. The smallest commercial batteries are the
button-shaped energy cells used in watches, calculators and
hearing aids. These are huge when compared with the
MEMS to which such an external battery heretofore has
supplies power. The second primary reason is that the need
for energy supply in MEMS is at a relatively high power
level. High power is often needed to produce mechanical
movement in MEMS devices. Commercially available bat-
teries typically maximize the amount of energy they store, as
opposed to providing high power release of stored energy.
Consequently, conventional external batteries must be
overly large in order to supply the power levels required by
the circuit.

[0012] A further limitation of present commercially avail-
able external batteries for MEMS is that no small batteries
are rechargeable batteries. Rechargeability is mandated by
many MEMS applications.

[0013] Table 1, below, compares the characteristics of
several power source solutions with respect to size, weight,
capacity, and assembly difficulty. Table 2, below, is a partial
list of potential DOD applications for MEMS taken from the
text “Microelectromechanical Systems: A DOD Dual Use
Technology Industrial Assessment” (DOD, 1995), together
with an indication of the power source requirements for the
majority of applications in the given area. As stated above,
a significant portion of MEMS production presently occurs
in two areas, sensors and accelerometers. Military applica-
tions for remote sensors and accelerometers include: safing
and arming of fuses; friend or foe identification; embedded
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[0014] Many of the application areas in Table 2 will
require an integrated or integrable microscopic battery
power. In general, systems that require mobile, autonomous,
extensively-integrated sensors will require microscopic bat-
teries. A requirement for mobility excludes standard wired
power sources. A requirement for autonomy excludes pri-
mary battery systems that cannot provide power to inte-
grated systems for extended periods. Requirements for small
size, extensive integration and large numbers of units
exclude the use of coin-type or standard format batteries
because of the difficulty of mounting such batteries into the
format required by integrated systems. Microscopic batter-
ies, once available, will have performance advantages that
will prove to be critical to specific system applications, such
as multiple, definable voltage levels, lower power require-
ments, and better power distribution.

TABLE 1

Qualitative Comparison of Power Source Characteristics

Energy Assembly
Power Source Size Weight Capacity  Difficulty
From a Wall Very Large  N/A High N/A
Socket
Battery Pack Large Heavy Moderate ~ Very

Difficult

Burton Cell Small Light Low Difficult
Microscopic Microscopic  Very Light ~ Low Expected to

Battery be Simple
sensors for system integrity monitoring; communications
systems monitoring, such as with satellites; low power
mobile displays; flexible sensing surfaces; and numerous
others. [0015]
TABLE 2
MEMS Applications and Associated Power Source Requirements
Application Remote Flexible Integrated Low- MicroOpto
Require- Sensing  Sensing Fluidic Safing and ~ Power Embedded  Mechanical
ments Arrays Surfaces Systems ~ Arming Displays ~ Sensors Systems
Size Micro- Micro- Small Micro- Small/ Micro- Micro-
scopic scopic scopic/ Large scopic/ scopic/
Small Small Small
Weight Very Very Light  Light/ Light/ Light/ Light/ Heavy/
Light Heavy Very Light  Heavy Very Light  Light
Energy Low Low Moderate Low Moderate Low Low/
Capability Moderate
Assembly Expected  Expected Moderate  Expected Moderate  Expected Expected
Difficulty to be to be to be to be to be
Simple Simple Simple/ Simple/ Simple/
Moderate Moderate Moderate
Recharge Required  Required Not Not Required  Required Not
Capability Always Always Always
Required  Required Required
Applicable Micro- Micro- Coin/ Coin/ Battery Micro- Coin/
Power scopic scopic Micro- Micro- Pack/ scopic Micro-
Solution Battery Battery scopic scopic Micro- Battery scopic
Battery Battery scopic Battery

Battery
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[0016] FIG. 17 (adapted from Raistrick, 1992 and Olsze-
wski and Morris, 1987) contrasts the power and energy
capabilities of several prior energy storage technologies.
Traditional electrostatic capacitors have the highest peak
specific power (up to 10" kW/kg) of prior technologies. The
two major disadvantages of electrostatic capacitors are low
specific energy and exponential discharge behavior. Specific
energies are 0.01-0.1 J/g. The exponential decay in power
output vs. time is not suitable for applications which require
a flatter discharge profile. The advantage of electrostatic
capacitors is that high voltages are possible, limited only by
the ability of the dielectric material to sustain the voltage.
The surface areas of the capacitor plates, where the charge
is stored, are not high. Efforts to improve specific energy by
increasing the plate areas have not achieved the objective.

[0017] Double layer capacitors, which have existed for
decades (Becker, 1957) are not capable of high potential
differences (<3 V, as opposed to >10 V for electrostatic
capacitors), but through the use of high surface area material
in the electrodes, energy densities can be made to be much
higher than electrostatic capacitors. High surface area car-
bon and sulfuric acid are the most common electrode
material and electrolyte. Specific energies of 0.05-0.8 J/g are
considered typical (Boos, 1970; Boos et al., 1971; Currie et
al., 1985; Boos and Metcalf, 1972 and Isley 1972; Selover
et al.,, 1977; Rose, 1988; Rose, 1989). Peak specific powers
are typically 10-30 W/g. Miniaturization of these very high
surface area materials, however, would be difficult, if not
impossible.

[0018] A more thorough treatment of recent advances in
capacitor technology are given by Raistrick (1992) and
Oxley (1988). Progress has been made through the use of
improved electrodes and electrolytes, but attempts to pro-
vide a combination of very high specific power (>50 W/g)
and specific energy (>30 J/g) have failed using capacitor
technology.

[0019] A wvariety of electrochemical capacitors exist,
which have been developed, and which have been substan-
tially improved during the past decade. These range in their
mode of operation from double-layer capacitors, which
strictly use non-faradaic processes, to devices which are
somewhat similar to batteries and which use faradaic reac-
tions to release energy. Intermediate devices exist between
pure double layer capacitors and batteries in their operation.
During discharge of these devices, the double-layer releases
a charge, but the electrode surfaces themselves also undergo
faradic (charge transfer) reactions. Hence, these intermedi-
ate devices employ both faradaic (bulk) and non-faradaic
(surface) reactions, which increase the energy which can be
stored in the cell.

[0020] In contrast to capacitors, traditional secondary
(rechargeable) batteries, which store energy in chemical
form, have the highest specific energy of the technologies
presented in FIG. 5 (i.e. 90-400 J/g for existing Systems, up
to 3000 J/g for some systems under development). Batteries
have normally been designed to maximize the specific
energy, at the expense of the specific power. Typical specific
power values are low, i.e. 0.03-0.3 W/g (Linden, 1984).

[0021] Of the available electrical energy storage technolo-
gies, batteries are probably the leading candidate for use in
MEMS. As shown in FIG. 17, batteries can be designed to
provide adequate levels of both power and energy. The
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major obstacle in using batteries in MEMS is the size and
weight of available batteries. To date, large external batteries
have been used. Internal batteries must be microscopic, not
macro-scopic. Dimensions must be in micrometers, rather
than centimeters, and good specific power and specific
energy must be available. Presently, the smallest external
batteries available commercially are of the order of 0.1 to 1
cm® in volume and 1 to 3 g in weight. For example, button
cells employing a variety of electrochemical couples (such
as silver/zinc, zinc/air, and lithium/manganese dioxide), are
built which are approximately 1.06 cm? in cross-sectional
area, are 0.54 cm in height, and weigh 1 to 3 g (Linden,
1984). The open circuit potential of these single cells is 1.5
to 3.0 V. The highest capacity batteries in this class can
deliver 1440 C of energy, with a specific energy of 100-1000
J/g (400-3200 J/cm?). The biggest difficulty in their use to
power MEMS, along with their size and weight, is the fact
that all such batteries are primary and are not secondary or
rechargeable batteries.

[0022] Batteries for internal MEMS applications would
need to have several important characteristics. First, many
MEMS applications require the capability of large numbers
of repeated charge/discharge cycles. Second, they must have
a minimum of internal resistance to limit energy losses
during battery operation. Third, they must be robust, so that
changes in temperature, pressure, and other conditions do
not damage performance. Fourth, MEMS batteries must be
produced in large quantities, at low cost, and low rejection
rate.

[0023] Recently, efforts have been made to provide
smaller secondary (rechargeable) batteries which can oper-
ate at very high efficiency. Such smaller secondary batteries
are far larger than microscopic circuits. Smaller bipolar lead
acid batteries have been built and demonstrated, which had
open circuit potentials of 2-8 V (1-4 V per individual cell).
(LaFollette 1988; LaFollette and Bennion, 1990). These
batteries were designed for high efficiency to produce very
short bursts (0.1-100 ms) of very high levels of power. These
batteries produced up to 5 A for 1-2 Ms, for a power output
of 35 W during that time. Their specific energy was approxi-
mately 70 J/g which, though modest by battery standards, is
far better than capacitors. Peak specific power was 200-800
W/g (800-3000 W/cm?). Typical values for commercially
available batteries are 0.1 W/g or 0.4 W/c>m). This specific
power was achieved through the use of an efficient bipolar
cell design, and the use of lightweight, high performance
cell components. These batteries can also deliver multiple,
high power discharges without a significant recharge
(LaFollette, 1995).

[0024] While these efforts at building smaller batteries
represent a decrease of two orders of magnitude in battery
size from traditional batteries, the batteries in question are
large when compared to the microscopic size needed to
provide internal circuit power to a MEMS. What is required
is an entirely new class of batteries (i.e. microscopic bat-
teries) with peak specific powers much higher than present
batteries, with specific energies many times that of capaci-
tors, and which are built on a microscopic scale suitable for
internal integration either into an existing MEMS, for ret-
rofit purposes, or unitarily fabricated as part of the MEMS,
for original manufacturing purposes.

[0025] The art includes certain thin-film batteries, which
are also large by microelectronics standards. Included in this
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category are lithium batteries which may be able to provide
high specific energy (Levasseur et al., 1989). The first totally
thin-film rechargeable lithium battery was a Li/TiS, cell
built by Kanehori, et al (1983). Since that time a variety of
cells with different electrolyte and cathode materials have
been made. In spite of their differences, all of these thin-film
batteries an evaporated layer of metallic lithium as the
anode.

[0026] The most common electrolyte used in solid-state
lithium batteries is a lithium glass. For example, xLi O-
yB,0; or xB,0,-yLi,0-zLi,SO, (Jones et al., 1994; Levas-
seur et al., 1989; Balkariski et al., 1989) may be used. These
glasses are typically sputter-deposited at a thickness less
than 5 um. The resulting electrolyte layers have room
temperature ionic conductivities ranging from 107 to 1073
S/em, depending on the composition of the electrolyte
(Jones et al., 1994). In contrast, the ionic conductivity of a
5M KOH electrolyte is approximately 0.5 S/cm. One of the
key problems with the lithium glass electrolytes has been an
absence of long term stability in contact with metallic
lithium (Bates, et al., 1993). This problem has been pursued
by the Eveready Battery Company (EBC). A thin layer of Lil
was deposited by vacuum evaporation between the lithium
electrode and the glassy electrolyte (Jones et al., 1994). The
Lil, however, has a conductivity which is less than %iooth of
the glassy electrolyte and was, therefore, kept as thin as
possible. An alternate attempt to solve the stability problem
was recently undertaken by Oakridge National Laboratories
(ORNL), which developed a LiPON electrolyte which is
stable when in contact with lithium (Bates, et al. 1993).

[0027] A common characteristic of cathodes used in thin-
film lithium batteries is that they are all lithium intercalation
compounds which have open channels through which Li*
ions can diffuse without severely disrupting the surrounding
framework (Bates, et al., 1993). Two cathode materials
which have been used in recent thin-film cells assembled by
ORNL and EBC are V,05 and TiS,, respectively. While
other cells are also described in the literature, these two cells
appear to be representative of the current state-of-the-art.

[0028] Oakridge National Laboratories has recently
assembled batteries with TiS,, V,0s, and Mn,0, cathodes
which incorporate a LiPON electrolyte developed at
Oakridge (Bates, et al, 1993). Of these, the Li/V,05 cell
exhibited the best performance with a capacity of 120
#A/cm?. As with all intercalation electrodes, the cell voltage
decreased steadily during constant current discharge, owing
to insertion of lithium ions into the cathode. The cell was
discharged from an open circuit voltage of 3.9 V to a
cutoffvoltage of 1.5 V at current densities of 100 uA/cm?.
According to the authors, cathode utilization decreased by
only a few tenths of a percent or less per cycle. The authors
also concluded that the cathode was the major contributor to
the battery resistance.

[0029] The battery made by EBC uses sputter-deposited
TiS, as a cathode and has an open circuit voltage of 2.5 when
the cell is fully charged. This cell is typically operated in the
potential range from 2.5 to 1.8 V. The cell may vary from 8
to 12 um in thickness and have a capacity between 35 and
100 wAh/cm?®. This battery has a long cycle life. EBC
batteries routinely complete more than 1000 cycles at cur-
rent densities as high as 300 uA/cm® and have actually
cycled more than 10,000 times at a current density of 100
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#A/cm?. These batteries are also able to deliver current
pulses of two seconds duration at current densities of
approximately 2 mA/cm?®. By comparison, four cell bipolar
lead acid batteries have been constructed with a much larger
total thickness of about 400 microns which discharged at a
current density of 10-25 A/cm? for short duration pulses,
over four orders of magnitude greater than the EBC cell.
(LaFollette and Bennion, 1990) Because lithium is highly
reactive, it is essential that lithium batteries be sealed with
a protective coating that is impermeable to both gas and
water.

[0030] Lithium cells can also be assembled with a solid
ion-conducting polymer as the electrolyte instead of the
glass electrolytes (Owens, 1995). Such cells are not really
thin-film cells since the thickness of the electrolyte (~50-100
um) is typically much greater than that of a 1 um thickness
used in the thin-film cells. Polyethylene oxide was the initial
polymer used in lithium polymer electrolyte cells. However,
other polymeric electrolytes with increased room tempera-
ture conductivity have since been developed. The long term
stability of the polymer and the formation of resistive layers
at the metallic lithium/polymer interface are both issues of
concern with respect to these cells.

[0031] Thin-film batteries, other than those based on
lithium, have also been investigated. In particular, silver and
copper systems have been examined because of the high
ionic conductivity of silver- and copper-based solid electro-
lytes (Julien & Nazri 1994; Levasseur, et al, 1989). By and
large, these batteries have been found to be impractical
owing to their relatively high cost and low energy density.
One study of interest was performed by Takahashi and
Yamamoto who fabricated a Ag/A;SI/L,, C cell (Takahashi
& Yamamoto, 1971). Six of these cells were stacked entirely
by vacuum evaporation and provided an OCY of 1.2 V at 25°
C. The cells were discharged at a high rate of 10 mA/cm?.
Unfortunately, the cells are not without problems as the
iodine oxidizes the solid electrolyte. Reference may be made
to Levesseur, et al (1989) and Julien & Nazri (1994) for
information on other types of nonlithium thin-film batteries.

[0032] Fuel cells are limited in their power output and
specific energy due to the need for manifolding of individual
cells to introduce fuel and oxidant into the cells and remove
reaction products. The complexity of these systems would
seem to preclude their consideration for adaption to micro-
scopic size. Dyer has reported a proton exchange membrane
fuel cell which is only 0.2 cm? in area (Dyer. 1990). The fuel
cell can be mounted (according to the Dyer disclosure)
directly onto a printed circuit. It consisted of a thin-film
platinum electrode (<0.0001 ¢cm) mounted on a substrate, a
gas-permeable, proton exchange membrane separator which
is only 0.0005 cm thick over this lower electrode, and a
porous platinum electrode on the other side of the mem-
brane. A mixture of hydrogen and oxygen is introduced into
the vessel containing the fuel cell. Apparently, the mem-
brane allowed hydrogen gas to move to the inner electrode,
but restricted much of the oxygen mobility, thus allowing the
fuel cell to operate. Power output was low (<0.005 W/cm?),
probably due to the diffusion resistance of the hydrogen
transport to the inner fuel cell. The energy efficiency was
probably also quite low, due to recombination of hydrogen
and oxygen at the outer electrode. Power output from this
fuel cell was low. While this technology is certainly prom-
ising, they can’t store or deliver adequate energy for use as
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a microscopic source of electrical power for MEMS and
other microcircuits. Fuel cells, of course, are difficult to
recharge.

[0033] Previous efforts have been made to integrate a
satisfactory source of electrical power and a MEMS. A
number of different thin-film (but large area) batteries have
been documented in the literature. Of these, rechargeable
lithium batteries have shown the best performance, as dem-
onstrated by excellent cycle life and shelf life. At least one
notable effort to apply such batteries to use in conjunction
with MEMS has been made by workers at Oak Ridge
National Laboratory (Bates, et. al., 1993).

[0034] The lithium batteries are limited to low discharge
rates. Therefore, the area of these thin-film batteries must be
large in order to increase the power available from the
battery to acceptable levels.

[0035] Also, lithium is very reactive with water and O, so
that such batteries must be completely isolated from the
environment to be useful. It is believed that the lithium
batteries are relatively expensive to build. For example, the
EBC battery uses TiS,, which is a high cost cathode mate-
rial.

[0036] It can be seen that if an integratable microscopic
battery were made available it would fill an long existing,
unsatisfied need in the MEMS and microelectronic tech-
nologies described above.

SUMMARY AND OBJECTS OF THE
INVENTION

[0037] The present invention involves microscopic batter-
ies, which comprise a very tiny footprint (area), typically on
the order of 0.1 cm? down to 0.0001 cm?, and accommodate
direct integration into microcircuits, and/or MEMS, either
on a retrofit or unitarily with the microcircuit and MEMS at
the time of manufacture. The microscopic batteries of the
present invention provide a solution to long existing MEMS
energy and power management problems of the past, and
will significantly enable MEMS technology for increased
utilization. The present invention also involves novel meth-
ods of making microscopic batteries.

[0038] As mentioned above, one of the limiting factors in
the operation of MEMS has been energy transmission and
storage. In conventional practice, electrical energy for a
MEMS is supplied from an external source into the micro-
circuit, which causes substantial power losses. The reduction
of the power losses is a profoundly significant aspect of the
present invention and is accomplished by the complete
integration of the batteries of the invention with the MEMS
or with a non-MEMS microelectronic circuit, either on a
retrofit or unitary original manufacture basis.

[0039] Microscopic batteries of the invention are adapted
to be located internally within a MEMS or other microcir-
cuitry, in close proximity to the requirements for power.
During periods of high energy usage, high specific power is
immediately available from the fully integrated internal
microscopic battery, without significant power loss. In typi-
cal applications, the battery can be recharged from an
external source at a lower rate, thus reducing power trans-
mission losses although recharging is not normally required
at frequent intervals. The battery serves as a load-leveling
energy storage device. Thus, features of importance of the
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microbatteries of the invention are reduced power loss when
integrated into a MEMS or like microscopic system, higher
energy efficiency, remotely controlled microscopic robotics,
and mobility via the autonomy of the system. The invention
also embraces novel methods of microfabrication of micro-
scopic batteries including unitary fabrication of the micro-
scopic battery as an integrated part of an autonomous
integrated circuit, such as MEMS. Such circuits, therefore,
are complete with an internal microscopic source of elec-
trical energy and can operate without any external power
supply or connections thereto.

[0040] Rechargeable microscopic batteries of the present
invention address and solve the power and energy problems
heretofore associated with MEMS. Microscopic batteries of
the invention offer far more energy storage capability than a
capacitor, sufficient to operate MEMS for extended time
periods from a single charge. Portable, remote and autono-
mous MEMS are thus accommodated by the invention.
Substantial reduction in power losses is achieved in certain
MEMS using an integrated microscopic battery according to
the present invention.

[0041] The form and nature of a microscopic battery
according to the present invention may vary significantly
depending upon the specific intended purposes. Neverthe-
less, microscopic batteries of this invention typically will
possess one or more of the following features, among others:
(1) is an internal source of energy within a microcircuit
which may also comprise a MEMS device; (2) is integrated
at the time of manufacture or integratable thereafter, on a
retrofit basis, with a MEMS or other microcircuit; (3) is
microscopically small and light weight providing for port-
ability and autonomy of an integrated system; (4) is highly
efficient, providing high specific power and often high
specific energy; power discharge values within the range of
10 W/ecm? to 0.001 W/cm* being available depending on
whether the electrolyte is liquid or solid, among other things;
(5) can be charged and discharged a large number of times;
(6) is most often a secondary battery but may be primary; (7)
has low internal resistance, with very low power losses; (8)
provides a footprint normally within a range on the order of
one square millimeter to one square #m and a volume on the
order of one cubic millimeter to one cubic um; (9) comprises
most often thin film deposited and etched electrodes; (10) in
some configurations can be of a wire-in-a-can or peg-in-a-
hole species; (11) often will comprise a series of intercon-
nected cells which can be arranged to provide more than one
output voltage; (12) is formed using film deposition, mask-
ing, spin-coating, sacrificial removal and photolithographic
pattern etching techniques; (13) capable of manufacture
using MEMS microfabricating techniques; (14) often is
hermetically sealed; (15) can be rigid or conformal; (16)
accommodate a large range of materials for use as micro-
scopic electrodes and a microscopic quantity of electrolyte;
(17) can be configured into thin flat cells, bipolar stacks,
linear cells, concentric wire-like or tubular cells, and/or
spirally wound embodiments; (18) the components of which
can be successively layered upon either a rigid substrate or
a flexible conformal base; (19) can be mass produced on a
high quality/low cost basis; (20) is adaptable for recharging
using one or more solar collectors; and (21) is reconfigurable
by the user to change the characteristics of the microscopic
battery where it is being or to be used.
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[0042] With the foregoing in mind, it is a prime object of
the invention to overcome or alleviate problems of the past
by providing a microscopic battery.

[0043] Another major object of the present invention is the
provision of microscopic batteries having one or more of the
twenty-one features set forth above.

[0044] Tt is also an object of the invention to provide
microscopic batteries, which accommodate integration into
a microelectronic integrated circuit, either unitarily at the
time of manufacture or later on a retrofit basis.

[0045] 1t is a further valuable object to provide an internal
rechargeable battery integrated or integratable into a MEMS
or non-MEMS microcircuit.

[0046] An object of significance is the provision of unique
methodology by which microscopic batteries are made.

[0047] An additional object of dominance is the provision
of novel methodology by which a microscopic battery and a
MEMS or non-MEMS microcircuit are formed simulta-
neously and unitarily.

[0048] 1t is further an object of the invention to provide
microscopic batteries with, significantly reduced size and
improved power properties accommodating integration into
a MEMS.

[0049] An object of significance is to integrate micro-
scopic batteries with microscopic integrated circuits and/or
MEMS, as internal low power loss sources of electrical
power.

[0050] Yet another object of the invention is to provide
microscopic batteries that can be used to efficiently power
integrated circuits and MEMS circuits.

[0051] An important object of the invention it to provide
a multicell microscopic battery system having at least two
distinct voltage outputs.

[0052] Another object of the invention is to provide a
multi-cell microscopic battery system with matrix of a cell
elements supported on a common substrate.

[0053] 1t is also an object of the invention to provide a
microscopic battery supported on a flexible conformable
substrate.

[0054] Tt is further an object of the invention to provide a
MEMS or integrated microcircuit with liquid components in
the circuit.

[0055] An object of significance is to provide a process for
the micro-forming of electrodes and a liquid electrolyte
space in a microscopic battery by the selective application
and removal of a sacrificial layer.

[0056] Yet another object of the invention is to provide
microscopic batteries integrated into a micro-circuit and/or
MEMS to form an autonomous system.

[0057] A further object of the invention is to provide
microscopic batteries that may be connected to existing
integrated circuits or MEMS, as a power source.

[0058] Yet an important object of the invention is to
provide microscopic batteries that are rechargeable.
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[0059] Another object of the invention is to provide micro-
scopic batteries which comprise a liquid or a solid electro-
Iyte.

[0060] Tt is also an object of the invention to provide new
and modified microfabrication processes for the manufac-
ture of microscopic batteries.

[0061] Tt is further an object of the invention to provide a
process wherein microscopic batteries are manufactured
photolithographically.

[0062] An object of significance is to provide various
novel integrable and integrated microscopic battery configu-
rations applicable to various power requirements in micro-
circuits.

[0063] Yet another object of the invention is to provide a
thin film deposition and etching process for the manufacture
of microscopic battery electrodes.

[0064] An object is the use of lithographic, thin-film
processes to form microbatteries that are connected through
microswitches that can be used to dynamically reconfigure
a collection of microbattery cells in an arbitrary configura-
tion of parallel and series cells or arbitrary connection to
other MEMS components.

[0065] An object is the use of reconfigurable microbattery
cells to match microbattery charging and/or discharging
configurations.

[0066] Further objects of the invention will become evi-
dent in the description below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0067] FIGS. 1 @) through f) show in profile (cross sec-
tion) thin film components fabricated during successive
micro-fabricating steps, in accordance with principles of the
present invention, by which a microscopic battery compris-
ing thin film microscopic electrodes and a microscopic
cavity comprising a receptor for a minute amount of aqueous
electrolyte;

[0068] FIG. 2 is a profile of a completed single cell,
lithographically formed, thin film aqueous electrolyte micro-
scopic battery comprising one form of the present invention;

[0069] FIG. 3 is a profile of a further lithographically
formed, thin film, aqueous electrolyte embodiment of the
present invention, showing microscopic batteries arranged
in series and in parallel;

[0070] FIG. 4 is a profile of a lithographically formed thin
film embodiment of the invention integrated with a MEMS
or non-MEMS microcircuit and including digital/RF capa-
bility, the microscopic battery being rechargeable by a solar
cell and all components being carried on a flexible substrate
which can be removed from the rigid substrate by destruc-
tion of a sacrificial layer, to accommodate placement on a
non-flat surface;

[0071] FIG. 5 is a profile substantially similar to FIG. 4,
except the microscopic battery, the system, including digital/
RF capability, and the solar cell are permanently mounted on
a rigid base or substrate, as opposed to a rigid base or
substrate;

[0072] FIG. 6 is a profile of another lithographically
formed thin film embodiment of the present invention com-
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prising a MEMS microswitch/second level interconnect by
which the microscopic cells or batteries of the system can be
dynamically reconfigured for charging and discharging;

[0073] FIG. 7 is a profile of a further embodiment of the
present invention which comprises a support comprising a
rigid substrate coated with silicon dioxide, a first thin film
microscopic electrode, a plurality of microscopic cavities
formed in a separator layer for aqueous electrolyte and a
plurality of second electrodes in the form of microscopic
rods or pins, one for each cavity;

[0074] FIGS. 8 and 9 are diagrammatic representations
showing two stacking arrangements for a microscopic bat-
tery and a MEMS or other microcircuit;

[0075] FIG. 10 is a schematic plan view showing micro-
scopic battery cells of a microscopic battery system arranged
to provide various voltage and current/capacity outputs;

[0076] FIG. 11 is a schematic of a flat cell microscopic
battery according to the present invention;

[0077] FIG. 12 is a schematic of a plurality of flat cells
connected in series comprising a microscopic battery system
according to the present invention;

[0078] FIG. 13 is a schematic of a parallel wires confor-
mal microscopic battery according to the present invention;

[0079] FIG. 14 is a schematic of a concentric tubular
configuration of a microscopic battery according to the
present invention;

[0080] FIG. 15 is a schematic of a wire-in-the can micro-
scopic battery configuration according to the present inven-
tion;

[0081] FIG. 16 is a schematic of a spirally-wound micro-
scopic battery according to the present invention;

[0082] FIG. 17 is a Rygone graph representation of the
specific energy and specific power characteristics of various
energy storage technologies;

[0083] FIG. 18 is a perspective with a part broken away
for clarity, of a thin film microscopic battery cell, showing
in particular a microscopic electrolyte cavity;

[0084] FIG. 19 is a perspective of a microscopic battery
comprising a microscopic peg or pin electrode and a hollow
receptor electrode;

[0085] FIG. 20 is a block diagram of a MEMS sensor
system comprising an integrated microscopic battery, among
other things; and

[0086] FIG. 21 is a plan schematic of a remote sensor
array for military purposes.

DETAILED DESCRIPTION OF THE
ILLUSTRATED EMBODIMENTS

Fabrication of Microscopic Batteries

[0087] The microscopic batteries of the invention are
fabricated using techniques parallel to those heretofore used
in the formation of integrated circuits (IC) and MEMS
(Microelectromechanical Systems), but novelly applied to
the field of energy storage and delivery. The new processes
are used to form the components of the microscopic battery,
e.g., the microscopic electrodes, the storage of a microscopic
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amount of electrolyte in a cavity or space of microscopic
size, an insulating or separator layer in some configurations,
cell seals, etc. In general, these processes can be described
as forming successive thin film patterned layers upon a
substrate to obtain the desired microscopic battery configu-
ration. A layer may be formed of a sacrificial substance
which is chemically removed to form a microscopic cavity
for electrolyte and/or expose a surface area of a microscopic
electrode. The narrative below describes the application of
the novel processes of this invention by which microscopic
batteries of the present invention are formed.

[0088] In order for a microscopic battery to be optimal for
internal inclusion in an integrated circuit, such as a MEMS,
the batteries must be integrated with the circuit (either on a
retrofit or original manufacture basis). The processes used to
make microscopic batteries are intended for the most part to
be compatible with those used to make components in the
circuit, particularly where integration is obtained at the time
of manufacture.

[0089] Processes applicable to the present invention can
typically be described as the deposition of thin film layers in
superimposed relationship on a dielectric or other suitable
substrate, base or carrier (or over pre-formed layers) and
lithographic formation of patterns in some or all of the
layers. A microscopic cavity or reservoir for electrolyte may
be selectively etched in a sacrificial layer. The composition
and pattern of the layers depends upon its function.

Substrate

[0090] The batteries of the invention are presently most
often formed upon a suitable substrate, either rigid or
flexible (conformal). Commonly a silicon wafer is used as
the base or substrate. Other suitable materials may be used,
as will be apparent to those of skill in the art.

[0091] The substrate may be used not only as a base or
carrier upon which a microscopic battery is formed but a
base upon which other elements of the microcircuit are
formed. Thus, a microcircuit with an internal integrated
microscopic battery may be formed simultaneously or sub-
stantially simultaneously on a common base. Typically, the
substrate is first be treated before formation of the micro-
scopic battery to create an insulating or isolation layer. Parts
of selected layers are removed to form a desired battery
profile.

[0092] The substrate may be rigid where appropriate or
formed of a conformable, yieldable or flexible material,
usually of a dielectric polymeric material. The flexible base
may also be supported by a rigid temporary silicon substrate
or other suitable material. A sacrificial layer, such as SiO,,
can be superimposed upon the rigid substrate, beneath the
flexible substrate layer. The microscopic battery alone or
with the microcircuit is fabricated on flexible substrate. The
sacrificial layer is then etched away, freeing the flexible
conformable substrate and the microscopic battery and other
components mounted thereon from the rigid substrate for
conformal mounting upon a non-planar surface.

Fabrication of the Electrodes

[0093] Abattery comprises two electrodes separated by an
electrolyte. The first battery component applied to the sub-
strate is usually a deposition-created thin film microscopic
electrode (cathode).
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[0094] The microscopic cathode frequently comprises a
thin film metal in an oxidized state. Such materials may be
applied by a suitable deposition technique, such as evapo-
rative sputtering, chemical vapor deposition (CVD), or
electrodeposition. The cathode is typically a microscopic
layer of metal which is modified by oxidation, diffusion, or
ion-implantation. The cathode may be formed in a charged
state or a discharged state, depending upon process consid-
erations and the nature of the electrochemical couple of the
battery. The cathode may be a metal oxide, such as nickel
hydroxide, which, as such, may be precipitated onto a
desired surface. While such is sometimes called “plating”
better terms are electrodeposition and precipitation.

[0095] The microscopic anode is frequently a thin film
metal or a metal hydride, and can be applied using any
method for applying metal layers, such as sputtering, CVD,
vapor deposition or electrodeposition. Zinc, when used as
the active anode material, can be easily applied using
available micro-fabrication techniques, and has the addi-
tional advantage of high operating potential when used in
conjunction with many cathode materials. For example, zinc
cells supply 1.65 V, with a nickel hydroxide cathode, vs 1.3
V for a metal hydride with a nickel hydroxide cathode.
Multi-component microscopic anodes, such as metal
hydrides, are more difficult to obtain by such techniques
(sputtering, CVD, vapor deposition or electrodeposition),
because of their multi-component composition and the need
for a homogeneous thin film as the microscopic anode.
However, they can be created by spin-coating a slurry
containing powders of the appropriate composition.

The Electrolyte

[0096] The electrolyte has, as its key property, the ability
to conduct ions, while restricting the movement of electronic
current. The electrolyte used in these microscopic batteries
may be any suitable material, the quantity of which is of a
microscopic amount. The electrolyte may be an aqueous
liquid disposed in a microscopic cavity fabricated between
the microscopic electrodes, or an aqueous liquid disposed in
a porous separator material between the microscopic elec-
trodes. Aqueous liquid electrolyte systems are typically
preferred where a higher power density is required. Novel
techniques are available to fill an etched microscopic cavity
with a miniquantity of electrolyte.

[0097] In one embodiment of the invention, a liquid elec-
trolyte is contained in a microscopic electrolyte cavity. The
microscopic cavity is formed by etching a polyimide layer
underneath the anode through a hole in the anode layer. This
same hole in the anode is used for filling the completed
battery cell with a microscopic amount of aqueous liquid
electrolyte. The liquid electrolyte may be delivered to the
microscopic cavity of the battery using a syringe comprising
a thin gauge medical-grade needle, which is positioned
through the hole with the aid of a microscope, or in any other
suitable way. The hole is thereafter sealed. Sealing may
comprise filling and/or covering the hole with sealant or
covering the entire cell.

[0098] In another embodiment a porous separator satu-
rated with liquid electrolyte is used. The porous separator
may obviate the need to form the electrolyte cavity. Cellu-
lose, polymers (porous and/or nonporous) and/or fiberglass,
each saturated with aqueous electrolyte may be used. Aque-
ous solutions of potassium hydroxide or sulfuric acid are
frequently used as liquid electrolyte.

Feb. 23, 2006

[0099] Solid microscopic electrolytes may, under some
circumstances be used as part of the present invention, and
have the advantage of not requiring a filling process. Solid
electrolytes offer advantages of pliancy for conformal appli-
cations where required power levels are lower.

Fabrication of the Connectors

[0100] The microscopic batteries of the invention can be
separately made and thereafter connected to other circuit
components, for example on a retrofit basis, through use of
suitable connectors. Microscopic wire bond, flip chip or
TAB (tape automated bonding) connections are preferred,
although and suitable technique available to those skilled in
the art may be used.

[0101] The microscopic batteries of the invention may
also be integrated (built unitarily and simultaneously) with
an IC or MEMS, for example, to provide an autonomous
system. Interconnection between the battery and the other
components of the integrated circuit may be made by
common thin film deposition, overlapping thin film deposi-
tion, wire bond, flip chip, TAB and/or in any other suitable
way.

Seals

[0102] A minute amount of liquid electrolyte is sealed
within the microscopic cavity or within the microscopic
pores of a separator layer. The entire cell may be encapsu-
lated by a suitable polymeric or other dielectric layer.
Riston™ or polypropylene are examples of suitable sealants.

Choice of Electrochemical Couple

[0103] Battery couples and electrochemical couples are
synonymous. Each refers to the basic chemistry of the cell.
An electrochemical couple consists of two electrodes and an
electrolyte. More commonly the name of the electrolyte is
omitted when specifying a couple, such that the two elec-
trode materials define the couple.

[0104] Many different kinds of electrochemical couples
have been used. The lead acid battery uses the lead dioxide/
sulfuric acid, water/lead couple. It is typically called the lead
dioxide/lead couple, or the lead/acid couple. Another com-
mon electrochemical couple is the nickel/potassium hydrox-
ide, water/cadmium couple, or the nickel/cadmium couple
(i.e. N;-Cad batteries). Others are nickel/zinc, silver oxide/
zine, lithium/ion, and zinc/air. Each couple has different
electrode materials, and has different characteristics, such as
cell voltage, power capability, cost, life, rechargeability, and
so forth. The choice of the optimum couple depends on the
application and other factors.

[0105] The electrochemical couple for the microscopic
battery of the invention must have microscopic electrodes
and a microscopic amount of electrolyte where formation is
by microfabrication processes discussed herein. Ordinarily
the selection of the electrochemical couple will determine
the temperature range at which the microcircuit and battery
need to be operated.

[0106] In most applications, microscopic batteries of the
invention will be secondary (rechargeable) batteries, to
accommodate a long useful life. However, primary micro-
scopic batteries of the present invention may be fabricated
for single use purposes, where recharging is not required.
Circuits with secondary microscopic battery systems of this
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invention may include microcircuits and devices for
recharging the secondary microscopic batteries. Solar cells,
electromagnetic couples, and other suitable recharging
devices may be used.

[0107] Rechargeable batteries are, of course, batteries
which can be recharged following discharge. Non-recharge-
able batteries cannot accept a charge following discharge, or
at least can only do so with exceeding difficulty and possibly
danger. The reasons that some batteries can be recharged and
others cannot, are normally due to the internal chemistry of
the cell, especially the electrode processes. During dis-
charge, each electrode experiences chemical reactions,
which involve the transfer of electrical charge. As a result of
the reaction processes, reaction products are formed. These
products are usually a different chemical compound. An
example is the lead acid cell. During discharge, the follow-
ing reactions occur:

[0108] Positive Electrode
PbO,+HSO, +3H"+2e -->PbSO,+2H,0
[0109] Negative Electrode
Pb+HSO, ——>PbSO +H"+2¢"

[0110] When electronic contact is made between the two
electrodes (typically by placing a load across the cell), a flow
of electrical charge (¢7) occurs. Internal to the cell, the solid
electrode reactants, PbO, and Pb, combine with the sulfuric
acid, and, form the discharge products, PbSO, (note: in the
case of the lead acid cell, the discharge product is the same
for both electrodes. In general, this is not the case, how-
ever.). The lead acid cell is rechargeable. The recharge
reactions are the reverse of the discharge reactions:

[0111] Positive Electrode
PbO,+HSO, +3H++2e<~-PbSO,, ,H,0
[0112] Negative Electrode
Pb+HSO, <~-PbSO +H*2e~

[0113] In a rechargeable battery, the electrode reactions
can proceed back and forth, in either direction. In other
words, the cell is reversible. In a non-rechargeable battery,
this is not the case. Electrode reactions are not easily
reversible, if at all. Attempts to do so can result in excessive
cell heating or explosion. Another name for rechargeable
batteries is secondary batteries. Another name for non-
rechargeable batteries is primary batteries.

[0114] There is a large number of materials available for
inclusion in electrochemical couple for microscopic batter-
ies according to the present invention. By way of example
only, microscopic electrochemical couples of the present
invention may comprise, among other things microscopic
electrodes formed of nickel, zinc, metal hydride, lead,
lithium, silver, copper, platinum, carbon, cadmium and
lanthanum, and derivatives thereof, combined into pairs of
microscopic electrodes in a manner known in the art, and
electrolyte, solid or liquid, in microscopic quantities formed
of aqueous potassium hydroxide, aqueous sulfuric acid,
lithium glass, an ion-conducting polymer, a polymer con-
taining an ionically-conductive material, or a porous sepa-
rator saturated with a suitable liquid electrolyte, as is known
in the art. The porous separator may be of porous spun
polymer, cellulose or a pervious fiberglass. A non-porous
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separator may be used where electrolyte is otherwise inter-
posed between microscopic electrodes.

[0115] Among the preferred couples for the invention are
nickel/metal hydride and nickel/zinc. Others are lead acid,
lead/zinc, nickel/cadmium, silver/zinc and lithium/carbon.
Both couples are well-known as secondary couples using an
aqueous electrolyte usually potassium hydroxide or sulfuric
acid. Typical operating voltages (1.0-1.3 V for nickel/metal
hydride, and 1.3-1.6 V for nickel/zinc) are suitable for
MEMS applications. It is of importance that the invention
accommodate connection of cells in parallel and in series to
provide a satisfactory range of output voltages. The nickel
hydroxide electrode is an excellent cathode for applications
requiring long cycle life. This electrode has several advan-
tages, e.g. it is suitable for at least moderate rates of
discharge and it is dimensionally stable and can be used with
a variety of different anodic materials. It can also be made
in both the charged and discharged states.

[0116] Zinc anodes are attractive because of their low
equivalent weight, high reactivity, and good electronegativ-
ity. Sometimes zinc secondary batteries fail due to zinc
dendrite formation and redistribution of the zinc during
cycling. Such is less likely to occur with the present micro-
scopic batteries due to the small dimensions and the sim-
plified microscopic cell geometry. The metal hydride-anode
has the advantages of dimensional stability and reasonable
good cycle life. Its past disadvantages are high self-dis-
charge rate and modest electronegativity.

[0117] Silver/zinc cells are suitable using liquid in porous
materials for the electrolyte. The porous materials may
comprise spun polymers containing an electrolyte (5 M
KOH/H,0). This type of cell may have a lower cycle life
(number of charge/discharge cycles) due to silver migration
to the negative electrode. The use of cellulose as a separator
would enhance cycle life, but may pose fabrication difficul-
ties.

[0118] Lead dioxide/zinc cells are also suitable, but may
have a low cycle life due to the very high solubility of zinc
in acid electrolytes.

[0119] Nickel/cadmium cells perform comparably to
nickel/metal/hydride cells. However, this electrochemical
couple may present some problems because of cadmium
toxicity and the possibility of cadmium contamination of
fabrication equipment and other fabrication problems.

[0120] Tead acid cells are capable of good cycle life and
excellent power output. The lead acid cells may be thermo-
dynamically unstable because of the thin film nature of the
lead dioxide electrode, which may retain a charge. Lead acid
microscopic batteries can deliver a power discharge per cell
of on the order of 10 W/cm? for short (ms) discharge times.
The power discharge rate per cell decreases to 1 W/em?, 0.1
W/cm? and 0.01 W/cm? for discharge times in seconds,
minutes and hours respectively.

[0121] Nickel/zinc microscopic batteries have maximum
power discharge rates of 1 W/cm?, while cells with solid
electrolyte have much lower maximum power discharge
rates, e.g. 0.01 W/cm?.

[0122] A good metal hydride material which is useful in
batteries, is one which can accept, store, and release hydro-
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gen within its structure. In order to do this, both the
composition and structure of the metal are important.

[0123] A metal mixture used as a hydride is prepared such
that the composition (the relative amounts of the various
constituents, such as nickel and lanthanum) is proper. The
metal when it is deposited consists largely of two distinct
phases: nickel metal, and lanthanum metal. Mixing of the
two is normally not adequate. However, if the deposited
material is heated to a proper elevated temperature, then the
mobility of the metal atoms increases, and the lanthanum
and nickel migrate and mix with one another. Thus, heating
improves mixing of the two metals. Heating can also cause
the metal structure to re-organize itself into other crystal
structures. Some crystal structures are better than others with
respect to hydrogen acceptance.

Characteristics of Microscopic Batteries

[0124] With some variation, microscopic batteries accord-
ing to the present invention typically comprise the following
characteristics:

Characteristic Lower Limit Upper Limit
A. Voltage
open cireuit (ie. 1.0V 40V
w/o load)
during operation 0.0V 35V
B. Current 0 (no load) 100 mA
C. Discharge Power Output 0 (no load) 10w
Recharge Power Input: 0 1w
Energy Storage 0.00005 Joules 4 Joules
Charge/Discharge Cycles 0 (One Discharge) Millions (limit
unknown)
Operating Temperatures —-40° C. 80° C.

Discharging Time: 0.001 seconds Days—Months

Recharge Time: 0.1 seconds Days—Months
D. Internal energy losses: 107° W 10w
E. Current Density 0 (Open Cireuit) 10 Afem?
1 uA/em? (Load)
. Inter-electrode gap 1 pm 100 pm

(o)

. Coulombic Capacity 0.000025 C 1 C (Coulomb)

[0125] Typical specific energy and specific power charac-
teristics are show in dotted lines in the graph of FIG. 17. The
features of merits shown in FIG. 17, specific power and
specific energy are the most relevant and common features
of merit for traditional batteries. It is most desirable to
maximize energy storage per unit mass, or power per unit
mass. It is also common to assess energy storage and power
per unit volume. In other words, it is important to minimize
the mass and/or volume of the battery.

[0126] In integrated circuits, mass and volume are rela-
tively unimportant, but the area of the battery (the amount of
the surface on the circuit or chip) is very important. As such,
a more useful feature of merit is energy per area (J/cm?, or
Wehr/cm?), and power per area (W/cm?). The graph of FIG.
17 is useful for relative comparisons between different
energy storage concepts.

Method of Integration

[0127] A microscopic battery of the present invention may
be integrated with a MEMS or other integrated circuit by
concurrent, simultaneous or unitary formation of both upon
a silicon substrate wafer, or other suitable base. For example,
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methods for fabrication of flexible, thin-film interconnec-
tions used in multi-chip packaging and methods involving
lithographic, sacrificial release and etching may be used
which parallel the fabrication of MEMS. These processes
provide for integration of the microscopic battery into an
integrated, interconnected microcircuit system, which is
required for autonomous applications. The support base may
be flexible and may comprise a flexible sensing surface.

[0128] Several microscopic batteries or microscopic cells
of the invention may also be integrated, interconnected,
arranged and combined to provide a power system from
which different voltage outputs are available. This allows for
matching of the voltage for the electronic and MEMS
components, which often require different voltages for opti-
mum performance. The systems may comprise electronic
reconfigurating components, i.e., switching devices, for
example, to change or reconfigurate the combination of cells
to achieve a different or changed set of output voltages.
More specifically this allows, for example, a power system
to produce different voltages, as selected manually or by
programing, or to permit a high voltage output, with a low
voltage recharging circuit.

Battery Configurations

[0129] A flat cell microscopic battery configuration, of the
type shown in FIGS. 2 and 11, is the simplest approach
from a fabrication standpoint. The flat cell 60 is arranged
somewhat like a sandwich, i.e. a set of superimposed layers
with two ultra thin space electrodes on either side of a
microscopic space containing electrolyte. See FIG. 2, for
example.

[0130] A variation of the flat cell is a linear cell 62. See
FIG. 13. The materials used for each electrode are thin film
deposited adjacent to but spaced from one another in parallel
lines. Electrolyte is placed between and around the two lines
of electrode material. The result is a wire-shaped micro
battery. The region on an integrated-circuit board or the like
intended to be devoted to a wire can be replaced by the
wire-shaped battery. Connections are made to either end of
the cell (at the opposite electrodes). Such cells need not be
straight, but can conform to any desired shape.

[0131] Other configurations are also embraced by the
invention, which use the same or similar fabrication proce-
dures. Each has advantages with respect to capacity, current
output, voltage, convenience and/or cost effective manufac-
ture. The present invention accommodates an embodiment
comprising a bipolar stack which is normally best for high
voltage. The bipolar stack may be made by superimposing
several single flat cells 60 one on top of the next, which
provides high-voltage availability from a small area on a
substrate. The bipolar configuration may have a lower
capacity when compared with other configurations.

[0132] Another way of achieving high voltage is to con-
nect several flat cells 60 in series with connecting wires
interposed between the electrodes of successive cells. See
FIG. 12. This configuration is simple, but uses a large
substrate area and also may have a low capacity.

[0133] A high capacity configuration is a “wire-in-can”
arrangement 64. See FIG. 15. This configuration may be
difficult to fabricate. A small cylindrical container is made
from the anodic metal, such as zinc. A wire or thin plate is
made from suitable cathodic material and placed into the
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anodic can, in spaced or separated relationship, along with
electrolyte. The cell is then sealed.

[0134] Another configuration is the concentric wire
arrangement 66, which has the advantages of being flexible
and conformable, as well as being of simple construction.
See FIG. 14. This configuration is made by using a wire
made from a metal anodic material (such as zinc), coating
the wire with electrolyte (with or without a porous separa-
tor), and concentrically surrounding the electrolyte and wire
with tubular-shaped cathode material. This type of cell is
extrudable and its pliancy accommodates conformability
into almost any shape. Attachment of the cell to a substrate,
base or the like would not require attachment to the base at
several points, but the cell can be attached at one end so as
to extend perpendicular to the base or substrate. This con-
formal wire-shaped configuration typically comprises a
diameter within the range of 50 to 1000 microns or less, but
may comprise a length of several centimeters. Long rolls of
wire microscopic battery 66 can be made and wound upon
a spool. The spool can be rotated to remove a desired length
of battery 66, which is cut and integrated with a desired
circuit, where the length is a function of the amount of
energy storage required.

[0135] Another high-capacity configuration is the spirally-
wound configuration 68, which also occupies only a small
arca on the substrate or base. See FIG. 16. Thin, flat ribbons
of opposing thin film electrode materials are superimposed
on top of one another with a thin separator layer between
them and an additional separator layer placed on top. The
thin electrodes comprise a conductive tab or connector. The
combination is then rolled into a spiral and placed in a
cylindrical container. After containment, the spiral is filled
with electrolyte, the container is sealed and the completed
microscopic battery is positioned on the substrate.

[0136] As shown in FIG. 8, a MEMS or other microcircuit
80 may be stacked upon a substrate-mounted microscopic
battery 82 of this invention. The reverse arrangement is
shown in FIG. 9.

[0137] FIG. 7 depicts the stock arrangement of FIG. 8,
but with a somewhat different microscopic battery 90.
Microscopic battery 90 is of thin film construction and
comprises a support comprising rigid substrate 32 coated
with silicon dioxide 30, first thin film microscopic electrode
34", a plurality of microscopic cavities 92 formed in a
separator layer 94, in which aqueous electrolyte is con-
tained, and a plurality of second electrodes in the form of
microscopic rods or pins 94, one for each cavity 92. Each pin
94 is secured in an aperture or bore 96, which may be formed
by drilling or in any other suitable way. MEMS or other
microcircuit 80 is shown as superimposed upon battery 90.

Description of Processes

[0138] The methodology of the invention involves micro-
fabrication techniques parallel to those used to form inte-
grated circuits generally and MEMS in particular. Hereto-
fore conventional wisdom has dictated use of large external
power sources for MEMS and other microcircuits. Micro-
circuits with integrated or internal microscopic batteries
have been viewed as not viable. Micro-fabrication tech-
niques have not heretofore been employed in an attempt to
invent or provide a cost effective microscopic battery for
internal microcircuit purposes. The micro-fabrication tech-
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niques used in the manufacture of microscopic batteries of
the invention are to a large extent adaptations from IC
fabrication techniques.

[0139] Fabrication of microscopic battery components
involves the lithographic application of superimposed layers
carried by a substrate. Layer deposition techniques include
Chemical Vapor Deposition (CVD), evaporation or vapor
deposition, sputtering, spin coating and electrodeposition.
CVD is generally known for the application of silicon,
silicon oxide, refractory ceramic compounds (e.g. SizN,),
and refractory metals and metal oxides. CVD involves the
thermal decomposition and/or reaction of gaseous com-
pounds to form thin films upon a surface. For the present
invention, CVD is used for deposition of one or both thin
film electrodes (anode or cathode) of the microscopic bat-
tery.

[0140] Evaporation or vapor deposition involves the heat-
ing of a metal to form a vapor and then redeposition of the
metal vapor to form a thin metallic film upon a desired
surface. Evaporation can be used in microscopic battery
construction for the fabrication of the microscopic thin film
electrodes.

[0141] Sputtering is achieved by bombarding a target with
energetic ions, typically Ar~, and knocking loose atoms from
the surface of the target, which atoms are transported and
deposited upon a substrate. Sputtering can be used in micro-
scopic battery construction for the fabrication of metal and
metal oxide thin film electrodes.

[0142] Spin coating is accomplished by spinning a sub-
strate in the plane of its surface and applying a liquid coating
material, which is spread evenly over the surface by cen-
trifugal force. Spin coating of a suitable polymeric material
over a thin film electrode creates battery separators or
spacers, which are insulating layers, dielectric spacers and
passivating layers. A porous polymeric layer may be created
by spin coating between the electrodes and thereafter satu-
rating the porous polymeric layer with liquid electrolyte. A
completed microscopic battery or microscopic battery cell
can be externally coated or sealed using spin coating pro-
cedures. Spin coating is an important step in the lithographic
patterning process used to custom etch electrodes into the
desired shape and to remove a specific part of a polymeric
coating or layer to create a microscopic cavity for liquid
electrolyte, for example. In one form, a polyimide layer may
be used so that selective removal of a portion thereof creates
an electrolyte cavity. Spin coating may also used for appli-
cation of certain electrode materials where the electrode
materials are supplied as a slurry and the slurry stabilized by
photolithographic techniques to form thin electrode layers.
For example, a metal hydride powder may be slurried with
an appropriate liquid and then spin coated.

[0143] Electrodeposition is a process heretofore applied to
microfabrication of IC and MEMS, but not to making
microscopic batteries. This process involves application of a
conductive film, such as a metal, to create a first thin film
microscopic electrode on a substrate and, thereafter,
immersing the coated substrate in a current-driven elec-
trodeposition solution to form a thin film microscopic
counter electrode of suitable composition in spaced relation
to the first electrode. This process may be used in the present
invention for the deposition of electrodes, such as nickel
oxide electrodes, for example, PbO, and AgO cathodes may
also be formed by electrodeposition.
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[0144] Patterning is the shaping or configuring of layers
by masking portions to be retained and removal of undesired
portions to customize various structures or shapes within the
microscopic battery cell. This can involve the selective
application of layers and removal of predetermined seg-
ments of a selected layer, or the masking of the substrate by
a sacrificial masking layer, followed by applying the next
layer and etching to remove the mask. Lithographic pro-
cesses, including but not limited to photolithography, are
applied in a known manner consistent with the microscopic
battery to be formed; therefore, the processing is a modifi-
cation, adaption and/or variation of prior non-battery tech-
nologies.

[0145] After the thin film layers are applied and before or
after they are shaped by patterning, they may be modified by
any of various processes. These include the chemical modi-
fication of the layer, using oxidation, diffusion, and ion-
implantation techniques. These processes are used in con-
junction with lithography to modify only selected parts of
patterned portions of the layer being treated, or to mask
other layers.

[0146] Etching is used for the removal of undesired parts,
usually by chemical reaction, and is often used in conjunc-
tion with lithography to pattern a layer or protect other
layers. The method-of-etching and the etchant composition
depend on the material to be removed. These include, by
way of examples only, hydrofluoric acid for silicon dioxide
materials, wet acid etching for suitable metal oxides and
metals, oxygen plasma etching for polymeric or other
organic materials. Etching is used here in conjunction with
other processing techniques to apply surface micro-machin-
ing techniques to microscopic battery construction. Etching
of a part of a layer can be used to form a cavity for a liquid
electrolyte.

[0147] The above-described micro fabrication steps lend
themselves well to mass production, which produces low
costs of manufacture and low rejection rates.

EXAMPLE I

Fabrication of Zinc/Nickel Hydroxide Microscopic
Batteries with Aqueous Liquid Electrolyte

[0148] Small area, thin film nickel/zinc aqueous micro-
scopic batteries of the invention with a footprint of 350 um
by 350 um were built and tested. The batteries utilized a SM
KOH/H,O electrolyte.

[0149] The cathode was made as an ultra thin, continuous
film of nickel hydroxide, without large crystals or rough
deposits. Voids in the film were avoided. The film adhered
to its current collector (in this case, a thin nickel film on a
silicon wafer). The thickness of this layer was about 1-5 yum.
The nickel hydroxide was electrodeposited from an aqueous
solution of 0.1 M Ni(NO,),. The substrate was a four-inch
silicon wafer with a thin nickel film vapor deposited on one
face. A thin film nickel counter electrode was used. The two
electrodes were held apart (2.5 cm spacing), and a cathodic
current of 50 mA was used for deposition. In order to prevent
the vapor-deposited nickel film from detaching from the
silicon wafer, a layer of titanium was first vapor-deposited
on the silicon wafer before vapor deposition of the nickel
film, and the combination was annealed. Particulate matter,
especially nickel hydroxide, was excluded from the solution
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to avoid formation of large particles. Filtering the deposition
solution reduced the number of large particles formed and
improves adhesion. For optimal performance, the films of
nickel hydroxide are made thin and homogeneous in com-
position.

[0150] The nickel film was then electrochemically oxi-
dized (in aqueous KOH solution) to form NiOOH for
microscopic cells fabricated in the charged state. The result-
ing ultra thin layers may be approximately 5 um thick and
have a capacity of >0.2 C/cm?.

[0151] The zinc anode electrodes were made by evapora-
tion of zinc metal onto the targeted surface.

[0152] FIGS. 1a-f are profile schematics illustrative of the
lithographic steps by which a thin film, aqueous electrolyte,
small area microscopic battery of the invention may be
formed. The profiles are illustrated from the vantage point of
a cleaved-cross section of the thin film layers being applied
and configured at various times during the process. The scale
for the x- and y-directions is not the same in order to better
illustrate the layers with clarity.

[0153] The process illustrated in FIGS. 1a-f began, for
example, by growing a global, thermal SiO, layer 30 on the
top of the silicon substrate or base 32. The SiO, layer, in the
alternative, may be CVD deposited and is capable of being
etched when and to the extent appropriate. Oxide growth
was followed by deposition of the NiOOH cathode material
34 as described above. See FIG. 1a. A photoresist layer 36
was then spin-deposited on the wafer and sized or patterned
as shown in FIG. 1b. Areas of the photoresist layer 36 were
exposed to carefully focused light, which effects a change in
the structure of the resist layer thus exposed, allowing for its
easy removal (while leaving the rest of the resist in place).
Then, metal can be deposited only in the areas not covered
by the resist. Finally, the remainder of the resist is removed
at the appropriate time. The patterned photoresist was thus
used as a conformal mask for a wet metal etch, which
reduced and thereby defined the peripheral dimensions of
the bottom electrode 34' and provided for ample separation
between individual microbattery cells, where more than one
cell was formed. See FIG. 1c.

[0154] A 10 um layer 38 of Dupont 2611D polyimide
(other suitable material may be used including silicon diox-
ide) was spin-deposited on the top and edges of the bottom
electrode 34' and along the exposed part of the top surface
of Si0, layer 30. The polyimide layer 38 was fully cured by
using a 400° C. anneal in a nitrogen atmosphere.

[0155] After the polyimide cure, a thin film microscopic
layer 40 of zinc was evaporated onto the top surface of the
layer 38. FIG. 1d represents the wafer profile at this point in
the process. A photoresist layer 42 was spin-deposited over
the top of all layers superimposed upon the wafer 32 and
patterned to both separate cells and to create a fill hole etch
mask in the zinc layer. The photoresist pattern was then used
as a mask in conjunction with the wet etch patterning of the
zinc electrode layer, to produce the contoured configuration
shown in FIG. le.

[0156] Following patterning of the zinc layer 40 to con-
figure the second microscopic electrode 40' into the desired
shape, the polyimide layer 38 underneath the zinc layer was
etched in an oxygen plasma to create the polyimide spacers
38' shown in FIG. 1f. The transformation of polyimide layer
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38 into spacers 38' also created a microscopic cavity 42 into
which a microscopic amount of aqueous electrolyte was
later placed.

[0157] The size and characteristics of the etched electro-
lyte cavity were visually verified with a test wafer. A
separate test wafer was processed identically to the micro-
scopic battery wafer, except that the zinc electrode layer was
replaced with a transparent SO layer. This transparent layer
allowed visual inspection of the electrolyte cavity. The
microscopic battery and test wafers were processed simul-
taneously, under the same conditions, and the test wafer was,
therefore, a replica used to accurately predict the size of the
electrolyte cavity. FIG. 18 is a perspective of a microscopic
cell showing the underlying NiOOH microscopic electrode
layer 34' and the microscopic electrolyte cavity 42 in the
polyimide layer 38'.

[0158] After formation of the microscopic electrolyte cav-
ity 42, the cell was filled with KOH/H,O through aperture
46 (FIG. 18), using a surgical needle mounted on a micro-
manipulator (used on a sub-micron probe station). The
aperture 46 had a diameter of about 300 yum. Other suitable
ways for placing electrolyte in the microscopic cavity 42
may be used. After filling the cavity 42, the hole 46 and/or
the entire cell can be sealed using a suitable material, such
as Riston™ or vapor deposited Parylene.

[0159] A polyimide sealant 43 was next deposited over the
top of the microscopic assemblage of FIG. 1f for form the
completed microscopic cell or battery 44 shown in FIG. 2.
Other suitable sealants may be used.

[0160] The microscopic battery of FIG. 18 comprised a
footprint approximately 750 ym by 750 yum with an adjoin-
ing tab for electrical connection. Other microscopic cells
with side dimensions or footprints of 250 um and 500 um
have also been fabricated. Similar cells with other configu-
rations have been built.

[0161] A microscopic battery was fabricated and tested.
The cell was built in the charged state with electrodes 34"
and 40' of metallic zinc and NiOOH with a separator 38'
interposed between. The initial open circuit potential was
approximately one volt. It is believed that the fabrication
procedure may have influenced the condition of the elec-
trodes, particular, the etching of the electrolyte cavity may
have changed the nature of the electrode surfaces. The cell
further comprised an etched electrolyte cavity 42 and a
micro-aperture 46. Etching of the cavity can be through the
aperture 46. Aqueous electrolyte was deposited into the
cavity 42 through the aperture 46. The cell was charged and
discharged 13 times at current densities ranging from 0.2 to
5.1 mA/cm? based on the approximate area of the NiOOH
electrode. The current densities were approximated based
upon the estimated extent of undercut of the electrolyte
cavity. These results represent the first set of current/voltage
data taken from a truly microscopic battery with an active
area less than 0.001 cm?.

[0162] Batteries of this invention may be described as
comprising “features,” i.e. a first microscopic electrode, a
second microscopic electrode and a space or spaces in which
electrolyte is placed between the electrodes (with or without
an ultra thin separator). Batteries according to the present
invention may comprise a feature as small as V, of one
micron.
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EXAMPLE II

Fabrication of a Metal-Hydride/Nickel Hydroxide
Microscopic Battery with Liquid Electrolyte

[0163] A microbattery was constructed, essentially as in
Example I, except that the anode comprised a metal hydride
instead of zinc metal. For the metal-hydride anode elec-
trodes, a two component hydride of lanthanum/nickel alloy
was used. This electrode was constructed in the discharged
state (i.e., not loaded with hydrogen). Thin films of La—Ni
were formed by evaporating from a La—Ni melt. The
composition and temperature of the La—Ni melt was care-
fully controlled. Also, the metal was alloyed after deposition
to ensure that the hydride had the best structure for hydrogen
insertion.

EXAMPLE IIT

Fabrication of Zinc/Nickel Hydroxide Microscopic
Battery with Liquid Electrolyte in Porous Spacer

[0164] A zinc/nickel hydroxide microbattery was con-
structed. The cathode is formed essentially as in Example I
by forming an oxide layer and thereafter a NiOOH cathode.
After patterning of the cathode, a layer of porous material
for the electrolyte is formed.

EXAMPLE IV

Fabrication of Solid Electrolyte Microscopic
Battery

[0165] Microscopic batteries with a solid-state electrolyte
were made. Despite their lower power performance relative
to liquid electrolyte batteries, solid electrolyte batteries are
attractive for applications which require, for example, bat-
teries to bend or conform to a particular shape, or to operate
over a broad range of temperatures.

[0166] Two different solid electrolyte materials were used,
ie. tetramethylammonium  hydroxide  pentahydrate
(TMAOH) and polyethylene oxide/potassium hydroxide
(PEO/KOH). TMAOH is a solid electrolyte material used
heretofore in a solid-state Ni/MH battery which can provide
current densities of 10 mA/cm® PEO, widely used in solid
state cells, is a polymer to which a salt can be added to
produce a finite ionic conductivity.

EXAMPLE V

Fabrication of Flat-Cell Chain Microbattery and
Construction of an Array

[0167] Numerous microscopic nickel/zinc cells were
made on a single substrate. Six cells were connected in
parallel by appropriately attaching microscopic wires. These
cells were then charged and discharged together, and suf-
fered no appreciable capacity loss through over 250 charge/
discharge cycles. Specific capacity (C/cm?) of the parallel-
connected bank of cells was essentially the same as that of
a single cell being discharged by itself.

EXAMPLE VI

Fabrication of Wire in Can Microbattery

[0168] A “wire in a can” cell was made comprising a high
surface area porous nickel thin film first electrode, wrapped
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in a thin porous separator and placed inside a cylindrical
container comprising a thin film of zinc at the inside surface
and containing an electrolyte comprising 5 M KOH/H,O.

EXAMPLE VII

Fabrication of Concentric Wires Microbattery

[0169] A hole was create down the axis of a zinc wire. A
nickel wire was thinly coated with nickel hydroxide mate-
rial, and then by a thin separator soaked in KOH/H,O. This
wire, thus coated, was then inserted into the zinc wire. The
open circuit potential of the cell was 1.65 V, which is
expected from zinc/nickel cells. The cell was operated
through numerous charge/discharge cycles without signifi-
cant loss of capacity.

[0170] The concentric wires microbattery may be consid-
ered a “long” version of the wire in a can cell (i.e. a very
long can). The concentric wire battery lends itself well to
mass-productive methods, such as extrusion.

The Embodiments of FIGS. 3-6

[0171] FIG. 3 illustrates a plurality of microscopic cells or
batteries 44; formed unitarily and simultaneously in the
manner described above. The parts of the battery or cell 44
of FIG. 2 are identically numbered in FIG. 3. The part
identified prime numerals of FIG. 3 are substantially similar
to the parts of FIG. 2 so enumerated. The microscopic cells
44' at the left and in the center are interconnected in parallel,
the two sharing a common first microscopic electrode 34."
The common first thin film microscopic electrode 34" and
the first thin film microscopic electrode 34" are in electrical
communication with a thin film first level interconnect 46.
The right microscopic cell 44' is in series with the other cell
44" A second level interconnect 47 is in electrical commu-
nication with the second microscopic thin film 40." Note that
electrical interconnections in FIG. 3 comprise thin film or
ribbon interconnection. Connections between one or more
microscopic batteries or cells of the present invention and a
MEMS or non-MEMS integrated circuit can likewise be thin
film or ribbon connectors.

[0172] Various arrangements and combinations of micro-
scopic battery cells comprising single cells, cells in parallel
and cells in series are embraced by the present invention.
One of these arrangements is show in FIG. 10, wherein
some of the cells 44 are connected anode to cathode and by
which several output voltages are available.

[0173] FIG. 4 illustrates a further combination according
to the present invention, which comprises one microscopic
battery 44, of the type described in conjunction with FIG.
1a through 1f and 2 with modest variations. Microscopic
battery 44 of FIG. 4 is illustrated as comprising a wire bond
51 connection between the second microscopic thin film
electrode 48 and a second level interconnect 49, and a wire
bond 53 connection between a first level interconnect 55 and
a battery recharging solar cell 57. The first microscopic thin
film electrode 34" is in electrical communication with both
the first level interconnect 55 and an IC or MEMS circuit 59
(via wire bond 61). The circuit 59 is connected to the solar
cell 57 via wire bond 63, conductor 65 and wire bond 67.

[0174] All of the micro components identified above in
conjunction with FIG. 4 are stably carried on a flexible
polymeric substrate 69 from which the underlying sacrificial
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layer 71 is entirely etched to accommodate placement
(mounting) of the flexible polymeric substrate and the
superimposed micro components in conforming relation
upon a non-linear surface.

[0175] The integrated circuit/microscopic battery arrange-
ment of FIG. 5 is identical to the heretofore described
integrated circuit/microscopic battery arrangement of FIG.
4, and has been correspondingly enumerated. However, the
mounting of the FIG. 5 arrangement differs from mounting
of FIG. 4. Specifically the integrated circuit/microscopic
battery arrangement of FIG. § is mounted upon SiO, layer
30, which in turn is superimposed upon rigid silicon sub-
strate 32.

[0176] The left and central portions of FIG. 6 are essen-
tially the same as the left and portions of FIG. 3, and have
been correspondingly enumerated. The right portion of FIG.
6 is different. Specifically, the right side of FIG. 6 comprises
a MEMS microswitch/second level interconnect 81, show in
an open condition. When closed, switch 81 is placed in
electrical communication with the common first thin film
microscopic  electrode 34" across interconnect 46.
Microswitch 81 responds to an externally-applied electrical
impulse, and either open or shut a circuit. It is used to
re-configure an array of cells in a variety of ways. For
example, a string of cells can be connected in series, when
switches 81 placed between them are closed. In this manner,
high voltages can be obtained. On the other hand, if the
switches 81 are open, each cell can be isolated from the
others. Using microswitches 81, a number of cells can be
temporarily connected in parallel, i.e. all of the negative
electrodes from each cell are in electrical contact one with
another, and all of the positive electrodes from each cell are
in electrical contact one with another. In this manner, a given
group of cells can be arranged as isolated individual cells, as
a series-connected string of cells, as a parallel-connected
group of cells, or in some combination thereof, depending
on the location and condition of various microswitches. One
useful application of this concept is the series-connection of
cells used to achieve a high-voltage discharge, and the
subsequent parallel-connection of cells to achieve a low-
voltage charge.

The Embodiment of FIG. 19

[0177] FIG. 19 depicts a microscopic battery 90 which
comprises a pin or peg-in-a-block configuration. More spe-
cifically, microscopic battery 90 comprises a pin, peg or rod
microscopic electrode 92, which accommodates wire bond
connection at 94 to a MEMS or non-MEMS integrated
circuit. Electrode 92 is of a predetermined microscopic
diameter. Microscopic battery 90 also comprises a block or
receptor microscopic electrode 96, which accommodates
wire bond connection at 98 to the MEMS or non-MEMS
integrated circuit. The microscopic receptor electrode 96
comprises a blind bore 100, the microdiameter of which is
slightly greater than the diameter of microscopic rod elec-
trode 92. The rod 92 and a suitable electrolyte are appro-
priately placed in the receptor 96, with the receptor verti-
cally erect to complete assembly of the microscopic battery
90. Typically, the assembled battery 90 is sealed.

[0178] By way of example, the rod electrode 92 of the
microscopic battery 90 may comprise nickel foam, while
block electrode 96 may comprise zinc. A separator soaked in
KOH/H,O may be interposed between the electrodes. The
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diameter of rod electrode 92 may be on the order of 1.65
mm, while the blind bore 100 may comprise a diameter on
the order of 2.0 mm.

Solid Electrolyte

[0179] In some configurations, the present invention may
comprise ultra thin solid electrolyte interposed between two
microscopic electrodes. Despite their lower power perfor-
mance relative to liquid electrolyte microscopic batteries,
solid electrolyte microscopic batteries are attractive for
applications which require, for example, batteries to bend or
conform to a particular shape, or to operate over a broad
range of temperatures.

[0180] Two different solid electrolyte materials, TMAOH
(tetramethylammonium hydroxide pentahydrate) and PEO/
KOH (polyethylene oxide/potassium hydroxide) were sub-
stantially tested. TMAOH is a solid electrolyte material
which may comprise part of a solid-state Ni/MH (metal
hydride) microscopic battery which provided current densi-
ties of 10 mA/cm2, considerably more than that of other
known solid-state batteries in the literature. PEO is a poly-
mer to which a salt can be added to produce a finite ionic
conductivity.

[0181] Lithium glass is a solid electrolyte heretofore used
in lithium batteries. Polyethylene oxide containing ionically-
conducting material may also comprise a solid electrolyte.

Examples of Adaptation of Microscopic Batteries to MEMS
Technology

[0182] An important aspect of the present invention is the
adaptation of the novel microscopic battery technology
disclosed herein to MEMS and like microcircuits. This
unique combination solves long standing power source
problems in each of the major user segments of the MEMS
market, i.e. general military, space, and commercial. The
illustrative applications discussed herein are remote sensing
arrays (general military), flexible sensing surfaces (space),
and smart sensors (commercial). Each of these applications
illustrate the importance of an integrated microscopic bat-
tery with the system and the system constraints on the
microscopic battery. It should be emphasized that numerous
other MEMS applications exist for integratable microscopic
batteries, in addition to those mentioned here.

[0183] FIG. 21 illustrates the use of a sensing array for
battlefield context, while FIG. 20 is a block diagram of one
way basic elements of a MEMS sensor system may be
assembled and interconnected. The application typically
calls for large numbers of small, autonomous sensors with
the system capability to sense, analyze data, and communi-
cate through RF. Microscopic batteries are critical for battle-
field sensor purposes because: 1) the system must be autono-
mous and, therefore, must have its own, rechargeable power
source which can be moved from place-to-place with the
system; 2) the entire system including the integrated micro-
scopic battery must be small to facilitate element delivery;
and 3) components must be extensively integrated in order
to accommodate mass production to provide a cost effective
end result.

[0184] Two major challenges face a microscopic battery
source of power for MEMS: ie. (1) an integrated power
source solution, and (2) provision of different operating
voltages for the RF and digital portions of the system. It is
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desirable to provide a power dissipation requirement of 10
UW or more for the sensing element. The present invention
achieves this requirement and is suitable for use with a
MEMS as an integrated internal power source that is small.
The present invention also provides a microscopic battery
having two or more power supply voltages. The voltage
supply required for the digital circuitry is approximately 1
volt while the voltage supply required for the RF commu-
nication circuitry is approximately 4 volts.

[0185] The microscopic batteries of the invention meet the
foregoing needs. The thin film nature of the battery facili-
tates inclusion as part of an integrated substrate which also
carries MEMS circuitry. Photolithographic patterning of the
electrode metallization makes possible custom connection
of microbattery cells into partitions with differing output
voltages in a single battery array. FIG. 10 shows a schematic
of a microscopic battery that has been partitioned into a
nominal 1.0 cell voltage section to power digital circuitry; a
high-power, low-voltage section to power the MEMS-sen-
sor; and, among other things, a smaller, lower current
nominal 4.0 voltage section to power the RF circuitry. The
operating voltage of a given cell can be up to 3.5 V. This
thin-film microscopic battery can be integrated onto a single
substrate together with a MEMS and/or another integrated
circuit, using the parallel fabricating and mounting tech-
niques. Any desired low voltage can be provided and the
microscopic battery cell can be arranged or reconfigured into
appropriate series and/or parallel arrangements to achieve
one or more desired low voltages.

Remote Sensing Arrays

[0186] FIG. 20 illustrates the use of sensing arrays for
battlefield awareness and FIG. 21 is a schematic indicating
how individual elements might be arranged. The application
calls for large numbers of small, autonomous sensors with
the capability to sense, analyze data, and communicate
through RFE. Microscopic batteries are needed for this appli-
cation because: 1) each element must be autonomous and
therefore must have its own, rechargeable power source (it
is impractical to use a primary battery to last the lifetime of
the device), 2) the entire system must be small to facilitate
element delivery, and 3) components of each element must
be extensively integrated in order to keep costs reasonable
for large arrays of elements.

[0187] Inorder to demonstrate the need for microbatteries,
we will discuss a specific implementation of remote sensor
array. Sensing systems according to the present invention
integrate, a motion sensor with digital logic and RF com-
munication circuitry into a single small system. The system
is intended to provide battlefield awareness through the
distribution of the remote sensing elements over the battle-
field area.

[0188] Two major challenges face a microscopic battery
system for MEMS; an integrated power solution, and dif-
ferent operating voltages for the RF and digital portions of
the system. FIG. 10 illustrates such an arrangement. One of
the major limitations to improving the sensing system to
provide a suitable MEMS comprising a power source that is
small and is integrated into the system. Another challenge is
the need for two power supply voltages; one for digital
circuitry (approximately 1 volt) and another for the RF
communication circuitry (approximately 4 volts).

[0189] The microscopic batteries of the invention meet
these needs. The thin film nature of the battery facilitates
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inclusion in an integrated substrate with MEMS sensors and
digital-analog circuitry. Photolithographic patterning of the
electrode metallization makes possible custom connection
of microbattery cells into partitions with differing voltages
in a single battery array. FIG. 10 shows a schematic of a
microbattery that has been partitioned into a 1.0 volt section
to power digital circuitry; a high-power, low voltage section
to power the MEMS-sensor; and a smaller, lower current 4.0
volt section to power the RF circuitry. This thin-film micro-
battery can be integrated onto a single substrate together
with the MEMS sensor and the integrated circuits using the
same assembly techniques used to mount and connect the
other components.

Flexible Sensing Surfaces (Space)

[0190] Many space sensing systems will be greatly ben-
efited by the present invention. Specifically, various forms of
the present invention can be conformably mounted to a
non-flat satellite or vehicle surface. Such surfaces require
autonomous power sources. Solar cell recharging is an
available option. The sensor, circuitry, microscopic battery,
and solar cell or cells can all be mounted, for example, on
a flexible membrane surface using conventional integrated
circuit mounting techniques such as die attach/wire bonding,
flip chip and/or TAB. Autonomous power sources are nec-
essary in order to reduce power consumption and improve
reliability.

[0191] A microscopic battery of this invention can be
fabricated on a flexible substrate, such as Riston™, or can be
fabricated as part of the flexible membrane substrate on
which integrated circuits and MEMS sensors are mounted.
FIG. 4 shows the profile of an interconnection substrate that
is rigid during processing, but with a flexible substrate that
can be released by etching a sacrificial layer located beneath
the flexible substrate. The sacrificial release process is
widely used in surface micromachining processes.

[0192] This flexible substrate can also be used as a base
upon which other system components are mounted. FIG. 4
illustrates the microscopic battery fabricated on a polymeric
membrane that also serves as the carrier for a MEMS or
other integrated circuit (IC), as well as a solar cell for
recharging the microscopic battery. The interconnections
between components are illustrated as being wire bond, but
may be flip chip or TAB. The rigid substrate serves as a
temporary mounting base until fabrication of the microbat-
tery and the system is complete. A protective coating, such
as vapor-deposited Parylene, may be used to encapsulate all
components. The sacrificial layer may typically be etched at
room temperature using hydrofluoric acid. The flexible
substrate or membrane itself can be used as part of a smart
sensing surface in certain configurations.

[0193] Tt should be noted that this flexible base embodi-
ment requires use of a microscopic battery that can be
integrated upon and to the flexible substrate. The approach
can be used to fabricate relatively large sensing surfaces.

Smart Sensors (Commercial)

[0194] The requirements for smart sensors are very similar
to those for remote sensing arrays. Smart sensor applications
exist where large numbers of autonomous sensors are
needed, such as in inventory control, commercial security
systems, and control of sensitive manufacturing processes.
The components are the same components typically required
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for commercial smart sensor systems, although the inte-
grated circuit and sensing elements may different somewhat.
The need for an integrated microscopic battery is just as
stringent for commercial smart sensing systems as for the
military sensing systems. In fact, because the cost require-
ments are even more challenging, the need for an integrated
microscopic battery solution for providing power to com-
mercial smart sensing system may be greater.

[0195] 1t is anticipated that microscopic batteries will
eventually find use in many other microelectronic circuits.

[0196] While this invention has been described with ref-
erence to certain specific embodiments and examples, it will
be recognized by those skilled in the art that many variations
are possible without departing from the scope and spirit of
this invention, and that the invention, as described by the
claims, is intended to cover all changes and modifications of
the invention which do not depart from the spirit of the
invention.
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a microcircuit comprised of a plurality of microlayers
formed by microfabrication comprising microdeposi-
tions of materials and selective removal of sacrificial
material from at lease one microlayer to at least form a
pattern of microconductors;

a microfabricated battery internal of the system and
having a microsize congruent with the microsize of the
microcircuit to accommodate a size compatibility and
internal integration of the microfabricated battery into
the circuit without external connectors, the microfab-
ricated battery comprising microlayers formed by
microfabrication comprising microdeposition of mate-
rial and selective removal of sacrificial material from at
least one microlayer to form a pattern, the microfabri-
cated battery comprise a microanode, a microcathode
and a microscopic amount of electrolyte spanning
between the microanode and the microcathode.

104. A system according to claim 103 wherein the micro-
fabrication of the microcircuit and microfabrication of the
microfabricated battery occur together.

105. A system according to claim 103 wherein the micro-
circuit and the microfabricated battery are microfabricated
on a common substrate.

106. A system according to claim 103 wherein the
removal of sacrificial material is by microlithography in
both instances.

107. A system according to claim 103 wherein the
removal of sacrificial material is by microphotolithography
in both instances.

108. A microscopic electronic system selected from the
group consisting of (a) a microscopic electronic system
having at least one microelectromechanical component and
(b) microelectronic systems without a microelectromechani-
cal component but having at least one microelectromechani-
cal component, the microscopic electronic system compris-
ing:

microscopic circuitry and an internal microfabricated
battery without external conductors, the microscopic
circuitry and the microfabricated battery being com-
prised of microscopic layers, at least one of which is
common to the microscopic circuit and the microfab-
ricated battery, formed using microfabrication tech-
niques comprising deposition of microscopically thin
material, sacrificial removal of some of the microscopi-
cally thin material and etching.
109. A microscopic electronic system according to claim
108 wherein the microscopic layers of the microfabricated
battery comprise a plurality of stacked miscroelectrodes.

110. In stacked combination, a rigid non-conductive sub-
strate, a microscopic battery formed by microfabrication
comprising layer deposition and selective removal of mate-
rial, the microscopic battery being superimposed upon the
substrate, and a microscopic circuit formed by microfabri-
cation comprising layer deposition and selective removal of
deposited material, superimposed upon and electronically
integrated without external conductors to the microfabri-
cated battery.

111. A microfabricated battery formed by microfabrica-
tion comprising microscopic film electrodes and micro-
scopic amount of electrolyte having low power loss char-
acteristics and a power discharge capability within a range
of no more than 10 W.cm?.
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112. A microfabricated battery according to claim 111
wherein the electrolyte is liquid and the power discharge
capability is within a range of no more than 1 W/cm®.

113. A microfabricated battery according to claim 111
wherein the electrolyte is solid and the power discharge
capability is within a range of no more than 0.01 W/cm=.

114. A microscopic battery comprising spaced concentric
microfabricated microscopic electrodes with a microscopic
amount of electrolyte in a microscopic reservoir concentri-
cally interposed between the microscopic electrodes.

115. A method of making a microscopic battery compris-
ing the steps of:

providing extrudible sources of cathode material, anode
material and electrolyte materially and extruding
microscopic amounts of the three materials simulta-
neously in concentric microscopic relation with the
extruded electrolyte material being in a microscopic
amount interposed between the extruded microscopic
amounts of anode and cathode materials.
116. A microscopic battering having elements comprising
spaced microscopic electrodes and a microscopic cavity
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containing electrolyte spanning between the electrodes, at
least one of the element having a dimension as small as ¥
micron.

117. A method of unitarily fabricating an integrated
microscopic circuit and microfabricated battery as an inter-
nal part of the integrated circuit comprising seriatim the acts
of microfabrication by depositing as thin film microlayers a
first microscopic electrode layer, a separator layer and a
second microscopic electrode layer while correspondingly
integratingly microfabricating the integrated circuit at the
same site so as to electrically interconnecting the microfab-
ricated battery to the integrated microscopic circuit during
microfabrication at least one microlayer comprising an
etched reduction in deposited material.

118. A microscopic battery comprising a microscopic film
anode, a microscopic film cathode, microscopic amount of
electrolyte spanning between the anode and cathode, the
microscopic battery comprising specific energy within the
range of 10" to 1> KJ/kg and specific power within the
range 10-'* to 1071 kW/kg.
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