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10 And the disciples came, and said unto him, Why speakest thou unto
them in parables?

11 He answered and said unto them, Because it is given unto you to
know the mysteries of the kingdom of heaven, but to them it is not
given.

12 For whosoever hath, to him shall be given, and he shall have more
abundance: but whosoever hath not, from him shall be taken away
even that he hath.

13 Therefore speak I to them in parables: because they seeing see not; and
hearing they hear not, neither do they understand.

14 And in them is fulfilled the prophecy of Esaias, which saith, By
hearing ye shall hear, and shall not understand; and seeing ye shall
see, and shall not perceive:

15 For this people's heart is waxed gross, and their ears are dull of
hearing, and their eyes they have closed; lest at any time they
should see with their eyes and hear with their ears, and should
understand with their heart, and should be converted, and I should
heal them.

16 But blessed are your eyes, for they see: and your ears, for they hear.

17 For verily I say unto you, That many prophets and righteous men have
desired to see those things which ye see, and have not seen them;
and to hear those things which ye hear, and have not heard them.

(Matthew 13:10-17)
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ABSTRACT

In this work, we developed a novel power supply for the WIMS-ERC intraocular
sensor (WIMS-IOS), an autonomous and implantable system. This device is
representative of a broad class of microscale devices, whose full implementation in
environmental and medical systems will require significantly smaller power supplies;
presently, battery systems represent 85% mass and 50% volume of typical devices.
Strategies using both commercial and specially developed devices, using a variety of
electrochemistries have been used.

The smallest of the batteries reported to date, are thin-film lithium (Li) cells,
using a chemical vapor deposition (CVD) or a pulsed laser deposition (PLD) approach.
Thin film batteries fabricated with these techniques have achieved electrodes thicknesses
less than Sum (unpackaged), capacities of ~100pAh/cm® and footprints of lcm’.
However, clean-room fabrication and high power laser equipment needed for ceramic
materials entail high cost (~$300/Wh), and the elevated processing temperatures (500-
720°C) and use of chemicals and etchants, make them incompatible with CMOS
materials. Finally, the intrinsically high power (3.5-4.2V) of lithium chemistry
complicates integration with low-voltage MEMS, since it necessitates voltage regulation.

In our study we deposited thin film electrodes using physical vapor deposition
(PVD), a low temperature (270-500°C) purely physical process in a vacuum ~107Torr.

Our underlying hypothesis was that this technique would reduce intrinsic losses because

Xiv



of the high resulting precision, while allowing integration with chips because of more
benign processing conditions to MEMS. Our specific objectives were to: 1) analyze
commercial systems for the WIMS-IOS; 2) create batteries from commercial active
materials; and finally 3) create test and integrate novel batteries. Commercial Zn/Ag
batteries were selected using a previously developed system analyzer (POWER
algorithm). Active materials from the same commercial systems were packaged in
ceramics and tested in three cells. Six novel cells (cathode/anode) were deposited on
MEMS platforms (glass substrates). The last of these was integrated with the WIMS-10S
microchip and tested. Deposited batteries had suitable voltages (1.55) for MEMS,
thicknesses of ~25um (unpackaged) and footprints of ~2mm® with capacities
~0.1mAh/cm?, and processing conditions compatible with MEMS materials. They also

offer potentially lower cost than existing systems.
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CHAPTER1

INTRODUCTION

MOTIVATION

The reduction in size of CMOS technology has triggered a higher number of
components that could be accommodated inside MEMS (microelectromechanical
systems) and consequently has introduced a proportional increase in power consumption
and leakage [1]. Major obstacles remain in developing devices of very small scale
(<Imm) [2], presently available battery cannot meet the increasingly small dimensions
and growing power consumption of such devices [3]. The progress of mobile electronics
will depend on the development of inexpensive, small and high capacity batteries [4]. At
present the majority of portable and wireless electronic devices power supply relies on
traditional rechargeable batteries (secondary cells), with Li-ion being the most widely
used electrochemistry as reported in Table 1.1.

Continuous penetration of MEMS in the medical field has enabled
implantable systems of sub-millimeter sizes [7], however batteries on the same scale of
novel devices are not available. Hence further miniaturization and integration of
implantable systems will require new battery technologies, compatible with MEMS
(microelectromechanical systems) and of microscopic dimensions. To fulfill the

increasing demand of miniature power sources, invention and commercialization of novel



storage devices like micro- fuel cells, micro- batteries and thin-film batteries are

compelling needs and represent technological bottlenecks.

device wireless power supply power grid connection
* battery recharge
cellphone Li-ion cells (secondary) * antennas

* voice/data transfer

* battery recharge

Laptop/PDA Li-ion cells (secondary) " Internet access
 e-mail, IM and data
send/transfer

MP3 player/ .. * battery recharge

) Li-ion cells (secondary)
gaming console * data transfer
. ) * battery recharge

digital camera primary or secondary cells ,
* pictures send/transfer
* permanent connection

wireless LAN secondary cells (laptop) to power antenna

* battery recharge

Table 1.1. Wireless communication storage technologies [2, 3, 5, 6].

Traditional Zn-air, Li metal, Li-ion or Zn/AgO batteries, with costs ranging from
0.5 to 2.5%/Wh [8] have been utilized to power MEMS because of the lack of ad-hoc
power sources. Even if thin film batteries (TFBs), due to their excellent energy density,
have been investigated for powering such applications at present they require large
surface areas to output sufficient capacity, preventing their practical utilization. Currently

there are essentially no thin film batteries that have a surface area smaller than lem?, that



could achieve capacities higher than 100pnAh, or that could have lifetimes longer than a
day without carrying prohibitive costs (~$300/Wh [9]). Size reduction and increase in
electrodes capacity (3D electrodes) have scaled with manufacturing costs of batteries, due
to the application of techniques typical for microchip fabrication (photolithography,
masking, etching) and to low production volumes.

BACKGROUND

Presently, 620 million cellphones, 75 million camera phones, 50 million digital
cameras and 11.5 million PDAs are sold worldwide every calendar year [10, 11].
Consumer wireless communications and networking are used for voice, messaging
(email, instant messages, short text messages), domestic data transmission, Internet
services, home automation and sensing, entertainment, toys and games, meter reading
and biomedical applications. Wireless and autonomous MEMS devices used in
environmental [12] biological [13, 14] and medical [15, 16, 17] applications rely mainly
on batteries for power. Because power sources on the same scale of the devices cannot be
found, in all the examples above the power supplies comprise up to 80% the mass and
50% volume of the system.

Considerable work has been performed to achieve miniaturized power sources,
independent of specific applications. Li-ion microbatteries [18, 19, 20, 21, 22, 23] have
been widely investigated because of their high nominal voltage (~3.7V), giving them a
much higher capacity than other electrochemistries, e.g. Ni/Zn (~1.8V) [24, 25, 26] or
Ag/Zn (~1.55V). Very low thicknesses, ranging from ~15um (Li-ion) to ~100um (Li-ion,
Ni/Zn, Ag/Zn) have been achieved; however microelectronics and MEMS applications,

requiring high capacity (up to 20mAh/cm? [3]), cannot presently be powered by such



intrinsically low capacity technologies. Though power densities as high as 30-70mW/cm®

have been achieved by microbatteries, their low capacity (maximum ~100pAh/cm’

achieved in commercial TFBs [27]) remains a major limitation. More recently, 3D

electrode architectures have demonstrated increased specific capacities (e.g. 3.5mAh/cm®

[28], and 500mAh/g [29]) allowing use of batteries with greatly reduced surface areas.

Selection of a power source relies on more than simply the electrochemistry.

Form factor, performance, lifetime, toxicity of the chemicals and the rate of heat

generation from the battery must be weighed, particularly in implantable systems.
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Figure 1.1. Ragone plot of primary and secondary batteries compared to WIMS goals.
[30, 31, 32].



In Figure 1.1, we report a summary of gravimetric energy and power, for most
commonly used electrochemistries and novel thin film batteries (Ragone plot). The
Wireless Integrated Micro Systems — Engineering Research Center (WIMS-ERC) has
developed very low power consumption chips [33, 34], defining the lower boundary in the
MEMS power consumption domain. Even though current MEMS energy targets can be
reached by a particular electrochemistry, all of the factors named above play a key role in
selecting the winning electrochemistry for a certain application.

Dual battery systems to address variable rates of discharge have been developed
and demonstrated by other groups to be effective in addressing this issue for portable
electronics [35] and for select, implantable systems [36]. However, a method for
development of a hybrid implantable power system (HIPS) that globally addresses all key
constraints (lifetime, mass, volume, variable current draw etc.) has never been proposed
prior to the present work.

Systems requiring complicated power profiles (e.g. high pulses, spikes or steady
plateaus) or comprising subcomponent devices (e.g. the electrode array in the WIMS-CI
[37] and the heating column in the WIMS-EMT [38]), provide an opportunity for
hybridization of power supplies [39], comprising of more than one cell and/or
electrochemistry. The WIMS-ERC intra-ocular sensor (I0S), an implantable microsystem
of sub-millimeter size (~0.4mm3 volume), implanted inside the eye to monitor glaucoma
patients’ intraocular pressure during treatment (<2 years). This device presents an ultra
low power consumption profile (O~pW) that makes it suitable for battery power design.
The device is in “sleep” mode for almost 99% of the duty cycle with 1% “active” sensing

periods of 30-50milliseconds during which the power consumption never exceeds ImW.



Even if the CMOS technology used to design the device allows a fully implantable sensor
of very reduced size (~2mm2), the power source is still a major contributor to device

mass and volume and a missing component to realize a totally implantable sensor.

ORGANIZATION OF THE DISSERTATION

Chapter II details the design of an optimized power source for the WIMS
intraocular sensor by applying the strategy demonstrated in the POWER algorithm [37,
38]. For this case study the algorithm database included thin film batteries and Ni or Ag
electrochemistries. Remanufacturing of selected Zn/AgO commercial systems to reduce
the battery size for the three prototypes.

Chapter III provides the details of a novel fabrication technique compatible with
CMOS processes to manufacture microbatteries of the same scale of other MEMS
components. Electrochemistry selection and experimental techniques are presented. Five
microbattery prototypes, produced using the novel manufacturing technique, were tested
and a fully integrated device (microsystem) was demonstrated using a sixth prototype as
power source.

Chapter 1V, to conclude, summarizes the major findings and future directions of

our research.
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CHAPTER II
DESIGN OF AN IMPLANTABLE POWER SUPPLY FOR AN INTRAOCULAR

SENSOR, USING POWER (POWER OPTIMIZATION FOR WIRELESS
ENERGY REQUIREMENTS)'

INTRODUCTION

The reduction in size and power usage of MEMS (microelectromechanical
systems) devices has enabled development of fully implantable medical devices [1],
though major obstacles remain in developing devices of very small scale (<Imm) [2].
Power systems typically comprise ~85% mass and ~35% volume of these devices, with
typical representative applications shown in Table 2.1 [3,4,5,6,7,8,9]. The smallest
commercial batteries currently available on the market, with sizes that span the mm
range, comprise Zinc and Lithium based electrochemistries (Zn-air, Zn/AgO, Li-polymer,
Li/MnOQO,, etc.). A stainless steel case is typically employed to contain the fluid electrolyte
KOH (aq) or the gaseous reaction byproducts. The volume fraction of the case can
represent up to 50%, a particularly onerous requirement for implantable technologies.

Further miniaturization of implantable systems will require new battery
technologies, compatible with MEMS (microelectromechanical systems) fabrication

techniques. One of the most challenging applications, an intraocular sensor (IOS)

! Material in this chapter is a published paper: F. Albano, M. D. Chung, D. Blaauw, D. M. Sylvester, K. D.
Wise, and A. M. Sastry, “Design of an implantable power supply for an intraocular sensor, using POWER
(power optimization for wireless energy requirements),” Journal of Power Sources 170, (1), 216-224
(2007).
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developed by the Wireless Integrated Micro-Systems — Engineering Research Center
(WIMS-ERC) at The University of Michigan, is the subject of the present study. This
device has power consumption of O~nW, drawing a current of O~nA, and other

characteristics shown in Table 2.2.

operating voltage 350mV
current draw 12nA
power 4.2nW

available surface for power 1.28mm?2 (800x1600um?2)

available volume for power 0.256mm3 (800x1600x200um3)

Table 2.1. WIMS-ERC IOS specifications.

application electrochemistry clinical test location year

pacemaker zinc-mercury dogs and humans USA 1958-1959
2:",‘:’0':)'“‘*“*’ (monitoring nickel-cadmium dogs USA 1982
MEI primary MnO,/Li
(middle ear implant) secondary Ni-Cd humans JAPAN 1988
ventricular assist device, calves, pigs,
artificial heart Liion human cadavers USA b
TICA

, _ secondary Ni-Cd cats, dogs, GERMANY 1998
(hearing prosthesis) humans
spinal cord OFS )
(oscillatory field sacondary Li- rodents, dogs, USA 2005
stimulator) polymer humans

Table 2.2. Evolution of implantable batteries, and clinical trials [4,5,6,7,8,9].
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Indeed, this and other novel implantable biosensors, represent a huge change in
the domain of required power for implantable power systems (IPS). The first of these,
pacemakers, were developed in the U.S. in the late 1950s [4]. A primary battery, of ~
30cm’ in volume and with a 2-year lifetime, was implanted in a stainless steel case. The
chest cavity provided sufficient volume for the installation of the large power source. As
secondary cell technology appeared in the 1980s, with the introduction Ni-Cd
rechargeable batteries, IPS of smaller volume were produced (O~10cm3). Coupled with
novel electronics technologies, these new power sources enabled development of
auditory prostheses [6,8] that could fit within the relatively small volumes available in the
human skull. More recent improvements in safety of the Li-ion technology, one of the
most energy-dense electrochemistries, have made it a suitable candidate for medical
implants. In 2005 a battery of approximately S5cm’ was utilized to power a fully
implantable spine stimulator [9].

Selection of a power sources relies on more than simply the electrochemistry.
Form factor, performance, lifetime, toxicity of the chemicals and the rate of heat
generation from the battery must be weighed, particularly in implantable systems.
Recently, we have demonstrated a methodology for generating hybrid implantable power
systems (HIPS), resulting in increased lifetime and decreased mass and volume (key
parameters for implantation) [10,11]. Dual battery systems to address variable rates of
discharge have been developed and demonstrated by other groups to be effective in
addressing this issue for portable electronics [12] and for select, implantable systems

[13].
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However, a method for development of a hybrid implantable power system
(HIPS) that globally addresses all key constraints (lifetime, mass, volume, variable
current draw etc.) has never been proposed, to the authors’ knowledge. Thus, the goals of
this work are to do so, using the WIMS-ERC intraocular sensor (IOS) as a challenge
problem (Fig. 2.1). Our specific objectives are fourfold:

1) To model the power usage of an intraocular sensor (IOS);

2) To develop a methodology for optimization of HIPS;

3) To apply the selection tool to identify candidate power systems; and

4) To establish a methodology to fabricate and test the performance of optimized

anode and cathode couple.

Packaging optimization is reserved for future work. Our work spanned

experimental and theoretical efforts, described in the next section.

glass-cap

300 ym dia.
500 pym dia.

200 ym

hermetically
sealed cavity

lymer bond
pow 800 ym

T battery

1600 ym

Figure 2.1. Schematic of WIMS-ERC IOS [27].
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METHODS

In order to meet clinical goals, an IOS must be implanted within the eye, and
continuously monitor pressure, for the entire period of treatment of a patient suffering
from glaucoma. Treatment times vary, but are at most two years. During this time, a
power supply is subject to a constant voltage and a constant current draw.

We utilized our code POWER to select the most suitable electrochemistry/ies and
to determine the best cell configuration for this application. The input values for the code
are reported in Table 2.3. To have a conservative evaluation we introduced a current draw
for the optimization code around three orders of magnitude (103) higher than the one
specified by the WIMS-ERC for this application.

The power profile of an IOS was determined by considering the device current
draw specified by the WIMS-ERC and by coupling it with a patient daily routine. The
device draws a constant current of approximately 12.0nA when activated, and a
negligible current when kept in a sleep mode (~InA). We estimated the active portion of

the duty cycle to be 16 hours.

operating voltage [mV] 350mV
current draw [uA] 15uA
electrochemistry fima
[primary/secondary] P Y
Prioritization
mass
[mass/volume]
number of power sites 2
operation time [h] 16h

Table 2.3. Input parameters for POWER.
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Once our code selected a suitable electrochemistry, theoretical values for voltage
and capacity from the chemical reactions were calculated. Because these values can be
significantly higher than practically achievable values, appropriate correction factors
were included (typically 40% of the theoretical value is the actual capacity [14]).
Calculated voltage and capacity were used to help identify candidate materials, and to
estimate lifetime.

We proposed fabrication of a microbattery utilizing zinc and silver as electrode
materials. Our battery database was adapted for the IOS case study by including cells
with a flat discharge profile suitable for this kind of power draw, particularly Zn/AgO.
For comparative purposes, a Ni/Zn secondary cell from Bipolar Technologies [15,16]
was also added to our database to be employed as a primary cell. A comparison of these
two electrochemistries is given in Table 6. Because of the rather short lifetime required
by this application (< 2 years), rechargeability was not taken into account in the POWER
computation of the number of operation cycles provided by the battery. We investigated
rechargeability of the batteries during our experimental evaluation, however, for the
purpose of having different prototypes of batteries; we further felt it demonstrated system
robustness.

We used POWER to identify suitable candidate commercial batteries. The version
of the database used in this study comprised 194 primary batteries, including Zn/AgO,
Ni/Zn, Zn/MnO,, Alkaline, Lithium and Li/MnO, electrochemistries. The primary
constraints were the size and shape (volume and form factor) and mass of the batteries.

The secondary constraint was the implantability of the system. Electrochemistries that
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have been previously tested in mammals and humans clinical studies (Table 2.2) were
targeted.

In the present study we fabricated and tested three different cells, which we will
refer to as I0S-1, 10S-2 and 10S-3 throughout the paper. The first battery, IOS-1, was
designed to establish that a completely functional battery could be fabricated and sealed,
starting from a commercial system. The second battery, 10S-2, was fabricated to
investigate the effects of electrolyte fill inside the reaction chamber, and to determine if
the cell could be recharged. The third battery, [OS-3, was designed to asses the effects of
scaling down the battery system to the submillimeter size required by the application.

Battery IOS-1 was produced by resizing a Renata 317 Zinc/Silver oxide coin cell.
The original cell has a diameter of 7.60mm and a thickness of 1.56mm. Using a Dremel®
tool we removed the outer stainless steel case of the original cell. Anode, cathode,
separator and sealing ring were collected. Current collectors were cut from a tin (Sn) foil
into a shape suitable to contain the anode and cathode, and for connection of leads.
Macor® ceramic (see Table 2.4 for chemical composition [17]) was utilized as material
for building the battery package. Several battery half-packages were used, which had
been fabricated from a 3.0 x 3.0in” tile of Macor® ceramic. Two round half-packages of
inner diameter ~2.5mm and outer diameter ~4.5mm, with masses of ~0.05g each, were
selected, among the previously produced samples, to hold anode and cathode materials,
respectively. The electrodes were resized to fit an approximate area of ~4.9mm?
(corresponding to a half package footprint) and a polypropylene separator membrane

(DuPont® spunbonded polypropylene [18]) measuring ~4.0mm?” was dissected.
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Compound Approximate Weight %
Silicon — SiO, 46%
Magnesium — MgO 17%
Aluminium — Al,O4 16%
Potassium — K,0O 10%
Boron — B,0;4 7%
Fluorine — F 4%

Table 2.4. Macor® ceramic composition [17].

The battery was then assembled. The first half-package was filled, with a current
collector (Sn), the cathode material (AgO) and the polypropylene separator membrane
(DuPont® spunbonded polypropylene [18]). The second half-package was filled, with a
current collector (Sn) and the anode material (Zn). The two half packages were then
flooded with the electrolyte, a solution of potassium hydroxide (28% KOH, 1% Li, from
Yardney Technical Products Inc.). Using two parts epoxy resin (Emerson & Cuming type
Stycast 2850FT black [19]), the package was sealed immediately, and was set to cure into
a Plexiglass clamp for 24 hours. Rubber (PDMS) pads were used to distribute the load on
the package and prevent cracking. Masses of active materials were not measured for this
first cell, and thus theoretical capacity estimates were made after the package was sealed
based on the approximate battery volume of 4.9mm>. Once the battery was sealed, it was
discharged at a constant load of ~11MQ. The discharge current was measured using a
Keithley current meter type 6517A. The discharge setup is described by the schematic on

Fig. 2.2; data were collected using a National Instruments acquisition card type 6035E.

1R



,/// 7 . \\‘z /PC: \

microbattery:
«Zn/AgO battory tester: *voltage vs time
*0.25 mm3 BIS 600 * capacity evaluation
- discharge: * lifetime prediction
- constant 10 mA | ' “‘:m_ pm“l; -
* 10 discharge/ [ .
recharge cycles Vijf\\“ \ SNNNNINN

\\\ // K N WCRE /

Figure 2.2. Schematic of the battery discharge setup.

Battery I0S-2 was produced using two cells type Renata 317, and tested
according to the same procedure. A package was prepared by machining two pieces of
Macor® ceramic Figs. 2.3a and 2.3b detail its geometry. Inlet and outlet channels were
built into the package using a glass microtube, type uTIP™ - TIPSTW1 from WPI, as
shown in Fig. 2.4. The mass of active material was recorded, and used to estimate
theoretical capacity. The first half-package was filled with a current collector (Sn),
0.069¢g of the cathode material (AgO), and polypropylene separator membrane (DuPont®
spunbonded polypropylene [18]). The second half-package was filled with a current
collector (Sn), and 0.026g of anode material (Zn). Using two parts epoxy resin, Stycast
2850FT black, the package was sealed and cured in a Plexiglass clamp for 24 hours. No
electrolyte was inserted into the package, and air was able to flow through the glass
tubes. After the package was fully cured, electrolyte (28% KOH, 1% Li, from Yardney
Technical Products Inc.) was inserted using an Eppendorf EZ-pet automatic pipette as a

pumping device.
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I 1.83 mm

0.92 mm

-

6.70 mm

7.57 mm

Figure 2.3a. Dimensions of I0S-2 package.

A

1.03 mm

0.92 mm

1.83 mm

7.00 mm

A

Figure 2.3b. Dimensions of IOS-2 package (section A-A).
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Figure 2.4. 10S-2, showing inlet and outlet glass tubes.

After ~3cc of electrolyte were allowed to flow through the battery using the
pipette, the inlet and outlet channels were closed using PDMS stoppers. The battery was
then discharged and the voltage was recorded. Once the voltage initially dropped below
1.1V, additional electrolyte was pumped into the battery under discharge, using the
automatic pipette. After the voltage dropped a second time below 1.1V, the battery was
disconnected and additional electrolyte was inserted. After this operation, voltage was
recorded and the battery was cycled for 10 discharge/recharge cycles using a Firing
Circuits battery tester type BTS600. The discharge voltage lower limit was set to 1.0V
and the recharge voltage limit was set to 2.0V.

Battery I0S-3 was produced using another Renata 317 cell, and tested as before.
The mass of active material was recorded, and used to estimate theoretical capacity. For
this cell, current collectors were cut from a copper (Cu) foil. Two round Macor® ceramic

packages of inner diameter ~1.5mm and outer diameter ~4.5mm, with masses of ~ 0.05g
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each, were used for the external structure. The first half-package was filled with a current
collector (Cu), 0.0040g of the cathode material (AgO), and polypropylene separator
membrane (DuPont® spunbonded polypropylene [18]). The second half-package was
filled with current collector (Cu) and anode material (Zn) in the amount of 0.0060g. The

battery was again discharged according to the same procedure.

RESULTS

In Table 2.5 we report the results of our optimization routine (POWER). All three
approaches selected a Zn/AgO commercial system from the database. Approach 1
selected a battery type Renata #364, with a mass of 0.32g and a volume of ~ 78.0mm’.
Approach 2 provided only one solution in the micro-power range (uW), selecting a
battery type Maxell #SR421SW having a mass of 0.17g and a volume ~ 39.0mm’.
Approach 3 selected a battery type Renata #337 for each one of the two specified power
sites presenting a mass of 0.12g and a volume of ~30.0mm’. The resulting projected
lifetimes of all three approaches exceeded the targeted lifetime (2 years), by more than

three orders of magnitude.

WIMS-ERC - 10 testbed - mass priority - 16 hours of operation
- Total Volume
Manufacturer| Part No. cﬁfr‘r:\tirs(: ry Total No. t:la(:i ;_';?_Zf‘!ﬁsar(gg) Tota{lgl;llass [em’]
Approach 1 Renata 364 Zn/AgO 1 2.21E+06 3.20E-01 7.81E-02
Approach 2
micro Maxell SR421SW Zn/AgO 1 2.13E+07 1.70E-01 3.89E-02
TOTALS 1 2.13E+07 1.70E-01 3.89E-02
Approach 3
site 1 Renata 337 Zn/AgO 1 2.99E+04 1.20E-01 2.99E-02
site 2 Renata 337 Zn/AgO 1 2.99E+04 1.20E-01 2.99E-02
TOTALS 2 2.40E-01 5.98E-02

Table 2.5. Results of POWER analysis.
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With the specified power requirements and volume constraints (Table 2.1) a
nickel electrochemistry provides a lifetime of 0.64 years (~40% of theoretical, per [14])
not accounting for rechargeability, while a silver electrochemistry provides a lifetime of

3.63 years (~40% of theoretical, per [14]). We report detailed theoretical calculations in

Table 2.6.
electrochemical couple Ni/Zn Ag/Zn
theoretical voltage 1.73V 1.5V
specific energy 100-120mAh/g 500mAh/g
commercial cell specific energy 37.5mAh/g 29-76mAh/g
commercial cell energy density 106mAh/cm3 48-142mAh/cm?
commercial cell capacity 0.03mAh 20-180mAh
commercial cell additives unknown unknown

theoretical capacity of a 0.25

0.17mAh 0.94mAh
mm?3 cell

effective capacity of a 0.25 mm?3

cell 0.026mAh (commercial cell) 0.012-0.035mAh (commercial cell)

theoretical lifetime at 12 nA

discharge current 1.6 years 9.0 years

effective lifetime at 12 nA

discharge cumrent 0.25 years (~ 3 months) 0.34 years (~ 4 months)

Table 2.6. Theoretical calculations for Ni/Zn and Ag/Zn electrochemical couples
[14,16,28,29,30].

In Fig. 2.5 we report the discharge profile for battery IOS-1. The output voltage
measured after the battery was fabricated and connected to the discharge setup (Fig. 2.2)
was ~1.5V. The cutoff voltage for the discharge test was set to 0.8V. The initial current
draw was 136.0nA. From the discharge profile (Fig. 2.5) we estimate the cell capacity.
For this estimate, we select a cutoff voltage of 1.11V, corresponding to a time of 6.7

hours of operation. Thus the experimental capacity for battery I0S-1 was 0.67pAh.
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Based on the 4.9mm’ cell volume we extrapolate a theoretical capacity of 1.7mAbh, for an

energy density of 525Wh/L [14].

1.6
1.5 4
1.4 -

1.3 1

Voltage [V]
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Figure 2.5. Discharge profile for battery I0S-1.
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Figure 2.6. Discharge of I0S-2, showing the effect of electrolyte insertion during
discharge.
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In Fig. 2.6 we report the discharge profile for battery 10S-2. The output voltage
measured after the battery was fabricated and connected to the discharge setup (Fig. 2.2)
was ~1.5V. The cutoff voltage for the discharge test was set at ~1.1V. The initial current
draw measured was 136nA. The voltage profile shows the effect of the electrolyte
depletion from the reaction chamber due to lack of hermetic seal. After new electrolyte

was inserted, a new peak of ~1.6V was recorded.

21 - - \/oltage [V] at 10 mA current drain in BTS600 tester
2
19 4
18
17
E 16
15 |
@
S
S 14
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0.9 . . . . .
0 0.5 1 15 2 25 3 3.5 4 45
time [hrs]

Figure 2.7. Dicharge and recharge profiles for 10 cycles, 10S-2.

After battery 10S-2 reached a voltage of 1.1V for the second time, we
investigated rechargeability; results are reported in Fig. 2.7. The battery was cycled 10
times at a current draw of 10mA, which corresponds to a rate of C/5. The 10 cycles were
run over approximately 4.5 hours. From the first discharge cycle (Fig. 2.7), we estimate

the experimental capacity of cell IOS-2 to be ~7.7mAh, and we evaluate the theoretical
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capacity based on the mass of the active materials as follows. The anode material (Zn)
has a specific capacity of 0.82Ah/g [14], thus 0.026g utilized theoretically produced
21mAh. The cathode material (AgO) has a specific capacity of 0.43Ah/g [14], thus the
0.069¢g introduced theoretically produced 30mAh. Therefore, the overall cell theoretical

capacity was calculated to be 21mAh.
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Figure 2.8. Discharge profile for 10S-3.

In Fig. 2.8 we report the discharge profile for battery I0S-3. As before, the initial
voltage was ~1.5V; the test was terminated at a voltage ~1.2V. From the discharge profile
(Fig. 2.8), we estimate an experimental capacity of 0.69uAh, while we used the masses of
active materials to evaluate the theoretical capacities. Battery 10S-3 was built using a
package of ~0.56mm’, i.e. approximately 1/10 that of battery IOS-1. The amount of
anode (Zn) material utilized for this battery was 0.0060g, providing a theoretical capacity

of 4.9mAh. The amount of cathode (AgO) material employed for this cell was 0.0040g,
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providing 1.7mAh. Overall, the calculated theoretical capacity for battery 10S-3 was
1.7mAh. We attempted to recharge the battery using a 1.5V alkaline commercial cell, but

the original voltage was not reached and the cell self-discharged.

battery # volume theoretical | experimental | projected lifetime (as a primary
Y [mm?3] capacity capacity cell) @ 12nA draw
10S-1 ~4.9 1.7mAh 0.67uAh 56 hours
10S-2 ~60 21mAnh 7.7mAh 73 years
10S-3 ~0.56 1.7mAh 0.69pAh 57 hours

Table 2.7. Characteristics and performance: [0S-1, I0S-2 and IOS-3.

In Table 2.7 we summarize the projected lifetime for the batteries produced in this
study, as calculated by dividing the cell experimental capacity by the specified discharge
current (12nA). Microbatteries IOS-1 and 10S-3 achieved the projected lifetime of more
than 50 hours, while microbattery 10S-2 shows a projected lifetime one order of
magnitude above the required two years; cell volumes (mm’) and capacities (Ah) are also

presented in Table 7.

DISCUSSION
Promising steps towards the reduction in sizes of power supplies have been made,
through application of lithographic techniques [20], thin-film technology [21] and

rechargeable and caseless designs [22,23]. Yet, the size reductions achievable through
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use of secondary versus primary systems, or thin film versus thicker electrodes, are
actually less than those attainable simply by employing a hybrid architecture. Indeed,
combining these strategies appears to be the most promising route.

Such hybrid systems have been developed for a variety of applications, often with
excellent results in reduction of total system size and mass. A hybrid battery system
comprised of two cells, a 6.0V LiMnO; and a 3.0V Li-iodine cell was proposed to replace
the existing power supply of a defribillator cardioverter [13]. The new system presented a
~15% reduction in volume and ~5% reduction in mass, compared to the original unique
battery (a bigger 6.0V LiMnO,; cell), while the capacity increased by ~40%. A hybrid
system composed by a battery and a solar cell was proposed [24] to power a generic
multielement microsystem for portable wireless applications [25]. The concept system
resulted in a theoretical size reduction of ~98% compared to using just one custom-
fabricated battery. The solution to the challenges posed by the power demands of MEMS
devices such as the WIMS-ERC EMT [10] or the WIMS-ERC Amadeus cochlear implant
[11] were only possible by applying a hybrid approach, combining primary and
secondary systems, high energy and power dense systems.

Though the prototype batteries produced in the present study do not yet meet the
small scale required for the WIMS-ERC IOS of 1600x800x200um3, they did provide
proof-of-concept on capacity and lifetime. In order to achieve the small size required,
reduction in packaging will be required. Caseless battery systems have been proposed
[22,23] for implantable MEMS applications. The Mg/AgCl and Mg/CuCl batteries [22]
comprised minimum volumes of ~144mm’ and had capacity of 1.8mWh; if scaled down

to the 0.256mm’ required by the present application, the theoretical lifetime at 12nA
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would be ~ 30 days. Even if the lifetime could be increased, our main concern with
implanting this system without a casing is inherent risk in the pressure build up that
hydrogen bubbles in Mg/AgCl systems can produce [22]. The Zn/AgCl system proposed
by the second group comprised a volume of ~ 0.1mm?, which would be suitable for the
present geometry, yet the lifetime at 12.0nA would be only ~4 hours, making it
unsuitable for the present application. The glucose/O, systems proposed, capable of
providing a tenfold increase in energy density, and consequently lifetime (5000 Wh/L vs
500 Wh/L of Zn/AgCl system [23]), are based on a cathode material (bilirubin oxidase)
that is not stable [23]. It seems very unlikely, given potential toxicity, that stabilizing
additives (mainly heavy metals) could be used in these systems without a package.

The 10S-1 cell capacity (0.67pAh, estimated at 1.11V cutoff voltage after 6.71
hours of discharge under a current draw of 136.0nA) was significantly less than the
theoretical capacity of 1.7mAh (based on an energy density of 525Wh/L [14]). This four
order-of-magnitude difference was likely the result of several well-known factors. One of
these is likely incomplete filling with electrolyte. Another factor is related to electrode
design; the reduced size of the electrodes (~4.9mm?) and their flat geometry only allow
limited active material surface area to be accessible to the electrolyte.

Batteries 10S-1 and IOS-3 achieved 0.01% of theoretical capacity, while battery
10S-2 achieved 15%, as calculated by multiplying the discharge current by the discharge
time required to reach the cutoff voltage (reported in Table 2.7). This latter result
compares favorably with other microbatteries in the literature. For example, Ni/Zn
microbatteries and Li thin film batteries, which have achieved which have achieved ~7%

[16] and ~12% [21] of theoretical capacity, respectively. Losses occur because of
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capacity fade related to the discharge rate, low surface area of active material, and lack or
depletion of the electrolyte. Clearly, work is needed on identifying the optimum
discharge rate, on improving the morphology of the active material and on achieving and
preserving 100% full electrolyte within the reaction chamber.

Electrolyte management remains a challenge for other, operational reasons in
addition to its role in loss of capacity. Not only is electrolyte insertion difficult because of
the reduced size of the package, but it is practical only before the package is sealed, and
complicated by capillary forces. In Fig. 2.6 we show how the addition of new electrolyte
restores the initial value of the voltage for cell IOS-2. This result shows how a complete
fill of the reaction chamber with electrolyte is fundamental to obtain a capacity value
closer to nominal. Moreover the inlet and outlet channels in cell I0S-2 allowed better
control of the amount of electrolyte inserted into the cell casing. The voltage drop in Fig.
6 is entirely due to the electrolyte depletion, and not to actual discharge, since the starting
voltage was completely restored by the operation of replenishing electrolyte into the
chamber.

The cell lifetime (>50 hours for I0S-1 and 10S-3), estimated in Table 2.7 (by
dividing the cell experimental capacity by the specified discharge current, 12.0nA) was
significantly less than the theoretical one (60-80 years). Similarly, for I0S-2, the actual
lifetime was only 10% of the theoretical. This compares favorably with other
microbatteries in the literature (Zn miniature batteries [23] projected a lifetime of 2-4
weeks, i.e. 2% of similar commercial systems lifetimes (1-3 years); Ni/Zn and Li-ion
microbatteries [26] achieved ~25% increase in lifetime due to electrolyte management

and sealing). Microbattery 10S-3 showed a capacity, and consequently a lifetime,
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comparable to I0S-1, even with a size approximately ~10 times smaller, because of the
efficient electrolyte filling and package seal. Lower lifetimes resulted from capacity fade,
related to the discharge schedule and depletion of the electrolyte.

Clearly, work is needed on identifying the optimum discharge schedule of our
system and on improving the electrolyte management and package seal. Battery 10S-2
achieved a projected lifetime (without recharge) ~30 times higher than required. This is
mainly due to the larger size and capacity of this cell, but is also related to the fabrication
technique. A complete electrolyte fill of the reaction chamber enabled a higher output
capacity. The cycling test for [OS-2 was run for approximately 4.5 hours, and produced
10 cycles of discharge/recharge. For determining the actual cycle life of this battery,

which was not an objective of the present paper, extensive cycling tests will be required.

CONCLUSIONS/FUTURE WORK
Our study demonstrated the feasibility of design and construction of a
microbattery, by optimizing both geometry and electrochemistry through careful analysis
of a load profile. We developed Zn/AgO fabrication technique, demonstrated for three

3
and

prototype cells: 10S-1, 10S-2 and IOS-3. Cells volumes were ~4.9mm’, ~60mm
0.56mm’, respectively, with experimental capacities of 0.67uAh, 7.7mAh and 0.69uAh
(see Table 7). The original commercial system (Renata 317) had a volume of 43.6mm’ of
and a nominal capacity of 10.5mAh.

Cells I0S-1 and 10S-3 were discharged at 136nA; cell IOS-2 was discharged at

both 136nA and 10mA. Ten complete discharge and recharge cycles were successfully

obtained for cell IOS-2. Package size reduction is a key objective to achieve in order to
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integrate the battery with the I0S and make it an IPS. In order for this battery to be
implanted, a perfect seal of the package is required. In the present work, we studied the
effects of package seal and electrolyte depletion on cell rechargeability and lifetime, but
we have not yet investigated the durability of the seal for long-term implantation.

Compared to other microfabricated power systems, these Zn/AgO cells present a
higher energy density and a flatter discharge curve, which makes them suitable for
MEMS applications. By refining the fabrication techniques and cell design developed in
this study, it should be possible to build batteries that have a longer lifetime. At present,
the microbatteries do not yet meet the rigorous volume requirements (0.256mm3 ) of the
I0S; the smallest of our prototypes (IOS-3) is approximately 50% bigger than the
required size. Mass constraints have also been neglected in the current work. The present
package of IOS-3 (~0.1g) comprises almost 80% of the battery total mass.

The capability to recharge this electrochemistry can extend the ultimate lifetime
of the device and allow a longer permanent implantation. Future work will entail
continued evaluation of the hermetic package seal, while also consideration of reduction
of mass. At present, a set of microbatteries is being constructed for a fully integrated

testbed, to assess their nominal capacity and effective lifetime.
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CHAPTER III

A FULLY INTEGRATED MICRO- BATTERY FOR AN IMPLANTABLE
MICROELECTROMECHANICAL SYSTEM'

INTRODUCTION
The reduction in size and improvement in capability of microsystems (e.g. those
in Figure 3.1a and 3.1b) is presently limited by the specific and gravimetric properties,
and overall sizes, of on-board power supplies [1]. This is most readily seen in
autonomous devices used in environmental [2] biological [1,3] and medical [4,5,6]
applications (Table 3.1), which rely mainly on batteries for power. Indeed, power

supplies often comprise up to ten times the mass of the other elements of the system.

Figure 3.1a. WIMS-ERC Amadeus CI with integrated battery [41].

! Material in this chapter is a unpublished paper in progress: F. Albano, Y.S. Lin, S. Hanson, D. Blaauw, D.
M. Sylvester, K. D. Wise and A.M. Sastry, “A Fully Integrated Micro- Battery for an Implantable
Microelectromechanical System,” Journal of Electrochemical Society, 2008.
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battery

Figure 3.1b. Northstar Neuroscience, neurostimulator adapted from [42].
Typical batteries used for these devices are Zn-air, Li metal, Li-ion or Zn/AgO, with
costs ranging from 0.5 to 2.58/Wh [7]. Despite their excellent energy per unit volume
(Table 3.2), thin film batteries (TFBs) require surface areas O~cm’ in order to power
MEMS devices for times greater than one day, preventing their application. Because of
the inability to obtain scale-appropriate TFBs to date, successfully demonstrated devices
have been powered with macroscopic power sources (Table 3.1) while TFBs have only
been investigated for potential applications but never implemented or integrated in a
complete device. The WIMS-ERC intraocular sensor, selected for our study, illustrates a
critical issue concerning all microscopic power designs and their integration on-board
autonomous MEMS devices. Possibly the most significant development in autonomous

MEMS in the coming decades, for new applications, will be the achievement of fully
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integrated and optimized power supplies, realized cost-effectively, that are also capable
to achieve energy densities (~27mWh/cm® [8]) required to operate MEMS.

Considerable work has been performed to achieve such power elements (Table
3.2), independent of specific applications, including the present work. Li-ion
microbatteries [9,10,11,12,13,14] have been widely investigated because of their high
nominal voltage (~3.7V), giving them a much higher capacity than other
electrochemistries, e.g. Ni/Zn (~1.8V) [15,16,17] or Ag/Zn (~1.55V). Very low
thicknesses, ranging from ~15um (Li-ion) to ~100um (Li-ion, Ni/Zn, Ag/Zn) have been
achieved; however microelectronics and MEMS applications, requiring high capacity (up
to 20mAh/cm® [8]), cannot presently be powered by such intrinsically low capacity
technologies. Though power densities as high as 30-70mW/cm® have been achieved by
microbatteries, their low capacity (maximum ~100pAh/cm® achieved in commercial
TFBs [18]) remains a major limitation. More recently, 3D electrode architectures have
demonstrated increased specific capacities (e.g. 3.5mAh/cm” [19], and 500mAh/g [20])

allowing use of batteries with greatly reduced surface areas.
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Table 3.1. Survey of battery powered MEMS [1-6].
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Table 3.2a: Survey of microbatteries [5,9,10,12,13,14,15,16,17,18,24,45,46,47,48].
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Systems requiring complicated power profiles (e.g. high pulses, spikes or steady
plateaus) or comprising subcomponent devices (e.g. the electrode array in the WIMS-CI
[21] and the heating column in the WIMS-EMT [22]), provide an opportunity for
hybridization of power supplies [23], comprising of more than one cell and/or
electrochemistry. Two Li-ion batteries targeted different components of the WIMS-CI
and hypothetically enabled a fully implantable device by extending its lifetime up to 48
years (by assuming a continuous usage of the device for 16 hours a day and recharge at
20% depth of discharge; capacity fade was also accounted for in the calculation); a thin-
film battery coupled with a Li-ion cell comprised the power source designed for the
WIMS-EMT reducing its mass and volume by three orders of magnitude compared to
using only one battery.

At present there are essentially no thin film batteries that have footprints smaller
than lcm?, can achieve capacities higher than 100pAh or that have lifetimes longer than
one day, while still comprising reasonable cost (~$300/Wh [18]). Size reduction and
increase in electrode capacity (3D electrodes) have scaled with manufacturing costs, due
to the extensive usage of clean room facilities and low volume of manufactured products.
Outside-the-clean room manufacturing may reduce cost. In-situ manufactured batteries,
directly on the chip case or the chip carrier are only possible if the fabrication conditions
are benign for MEMS production. Thus, both temperature (<800°C [11]) and use of
etchants and solvents [16,20] are limited. Lastly the high voltage of Li chemistries,
widely proposed as thin film batteries material, makes them less suitable for intrinsically
low power MEMS devices [27,28] or where operational amplifiers cannot be used to

reduce the battery output voltage.

43



Adopting manufacturing techniques that can be performed outside-the-clean room
[24], which are also compatible with CMOS fabrication techniques, have the potential to
enable batteries to be built at the same time as the microsystem, having the same scale of
other components, optimizing its mass and volume and saving several processing steps.

Thus, in the present study, we set four objectives:

1) select and designing an optimized power supply for the WIMS-10S [23];

2) develop a fabrication technique that allows small scale, low-cost, and
integrable fabrication for CMOS systems, and experimentally demonstrate a microscopic
power source entirely fabricated using such a procedure;

3) map capacity and lifetime of several fabricated microbatteries; and

4) determine the effects of miniaturization on the power source performance and
on the device architecture.

Our methodology builds on our prior efforts in the area, including optimization of
power supplies [21,22], manufacture of novel microbatteries [23,24] and electrode

optimization [25,26].

METHODS
TESTBED
The WIMS-ERC intra-ocular sensor (IOS), an implantable microsystem of less
than ~0.4mm’ volume and ~2mm® footprint, implanted inside the eye for 6 months to 2
years to monitor glaucoma patients intraocular pressure (Figure 3.2a and 3.2b), was used

as testbed for our microbatteries.
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Figure 3.2a: WIMS-ERC IOS implant location
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Figure 3.2b: WIMS-ERC IOS with integrated battery [43].

This device is based on the Phoenix Processor [27,28], an ultra low power
consumption platform (~30pW) used in several WIMS microsystems. Its bimodal duty
cycle (Figure 3.3) comprises ~10 minute periods of “sleep,” punctuated by 30-50ms

(milliseconds) “active” sensing periods (Table 3.3a). Extrapolation of a monthlong
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profile was accomplished by considering a constant voltage step of 1.5V at a constant
current draw of 100nA during lhr, repeated 720 times to cover a 1-month period (Table
3.3b). Voltage regulation in the chip is necessitated by operation and control, at different
voltages, of several components, and it is accomplished (Figure 3.6) by use of a DC/DC
converter capable of converting variable voltages ranging 1.0-1.6V down to constant
voltages of 0.1-0.4V. The geometric constraints imposed to the design of the power
supply were a surface area of 1 to 3mm® (i.e. the entire area above the chip surface or up

to the entire area on the back of the device substrate) and a volume of ~0.42mm’ (Figure

3.2b).
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© SLEEP
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1.E-05
1.E-06
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06
time [ms]
Figure 3.3: WIMS-ERC IOS microchip DC
elapsed time voltage [V] current draw
10 min 0.5V 50pA
30-50ms 0.5V 100-500nA
(max 1uA)

Table 3.3a: WIMS-10S: microchip power draw (single DC).
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number of cycle current total total
- voltage .
cycles duration draw capacity energy
720 3(??]?)3 1.5V 100nA 72uAh 0.1mWh

Table 3.3b: WIMS-IOS: 1-month draw cycle.

BATTERY DESIGN AND FABRICATION

After the power profile and constraints (geometrical, environmental, lifetime)
were defined, we evaluated implementation of available commercial systems, using a
previously built algorithm, POWER [21,22]. This algorithm evaluates three different
optimization approaches (results in Table 3.5 are grouped by Approach 1, 2 and 3) to
screen a user-defined commercial database of cells and to propose possible candidates. In
our selection approaches, we included considerations of energy and power densities,
coupled with models for losses in capacity over time and over cycling (secondary cells)
of the cells. The current version of the database included primary silver oxide (Zn/AgO),
alkaline, zinc and lithium batteries (totaling 194 cells) and secondary Li-ion, Nickel
(NiMH and Ni-Zn) and lithium polymer batteries (totaling 61 cells), covering all
commercially available chemistries and few research systems. As the device architecture

was mostly flat, we particularly targeted electrochemistries that have planar form factors,

e.g. thin film batteries (Table 3.4).
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added/removed files # of batteries operating system/

POWER i
. (compared to prev. pmgr.am in dat.abase Matlab® version Date
version - location (p=primary,
version) s=secondary) (used to run)
in
battery_secondary.m
added: Mac OS 10.4.9 and
1 Bipolar technologies ac ) 49 an
143 cell NiOOH/zn [1], | sastrylabit.en |  p=194 Windows XP/ 06/05/07
o gin.umich.edu s =61 Matlab 7.2.0.283

1 LiCoO, Neudecker
thin film cell [2],

1 Infinitepower Li-fiber
(LiCoO,) [3]

(2006a)

Table 3.4: POWER: version information, current database constitution [12,15,18].

In order to reduce the size and enable a flat form factor for the fabricated batteries
(suitable for integration with MEMS), we utilized thin film electrodes construction. Sub-
um metallic layers of Au, Ag, Ni and Zn were deposited onto glass (SiO;) and metallic
(Cu) substrates using physical vapor deposition (PVD) and aerosol spray of metal
nanopowders [29]. To maintain fabrication costs low and facilitate scalability of the
process, deposition of the films was conducted outside-the-clean room in a vacuum
deposition chamber type EvoVac® A-Mod [30] (Figure 3.4) from Angstrom
Engineering. A pressure of the order of 107 Torr was maintained inside the chamber
while metal particles of few millimeter diameters were melted and evaporated into gas
phase. The deposition substrate was attached to a rotating disk (constant speed, to grant a
uniform deposition thickness) at the top of the chamber while the electrodes were
deposited using a maskless approach. Deposition rates and thickness of the deposited
films were monitored through multiple mass sensors located inside the chamber and
controlled through the instrument software. The anode electrodes were deposited by
directly spraying zinc (Zn) nanopowder on top of the metal current collector (Cu) at room

temperature and atmosphere. A summary of the anode samples produced in our study is
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reported in Table 3.7a. The cathode (Ag) samples were formed by vacuum deposition of
titanium (Ti, for adhesion), gold (Au, for current collector) and silver (Ag, active
material) layers, hierarchically on a glass substrate (Table 3.7b). After PVD was
completed, the Ag films were removed from the vacuum chamber and oxidized in ozone

(O3) atmosphere, using a UVO Cleaner® 342 machine for 10 and 15 minutes.

evaporation boats

423 IN.
1073 mm

ROUGH PUMP

HINGED ACCESS DOOR

Figure 3.4: Angstrom Engineering: EvoVac A-mod vacuum deposition system [44].

MATERIALS IMAGING

In order to quantify the morphology and microstructure of the anode and cathode
films, we imaged the samples in a Philips XL30 FEG scanning electron microscope
(SEM). Sizes of anode porosity and particles were recorded. Uniformity of the cathode
films was qualitatively estimated by comparing the surface morphology before and after
oxidation. X-ray energy dispersive spectroscopy (XEDS) capabilities of the instrument
were utilized to verify the purity of the deposited samples and to detect the elemental

composition of the electrodes.
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DESCRIPTION OF FABRICATED PROTOTYPES

To map the influence of size over cell capacity and cycle life, we fabricated and
tested six different cells, three with a larger footprint of the order of cm® (O~cm?), which
we will refer to as I0S-C-1, IOS-C-2 and 10S-C-3 respectively and three with a smaller
footprint of the order of mm” (O~mm?), which we will refer to as I0S-M-1, I[0S-M-2 and
I0S-X-1 respectively (summarized in Table 3.8a and 3.8b). Battery I0S-C-1 was
designed to establish the capacity of thin film Zn/AgO batteries and to evaluate their
cycle life at constant discharge rate. Batteries IOS-C-2 and I0S-C-3 were constructed to
estimate the influence of different discharge rates and to further evaluate cycle life.
Batteries IOS-M-1 and IOS-M-2 were built to evaluate the ability of reducing battery size
and to study the effects of size reduction. Finally battery 10S-X-1 was fabricated to
investigate the effects of system integration, variable discharge rate and size reduction at
the same time.

Battery IOS-C-1 was fabricated using anode-Sample II of Table 3.7a and cathode-
Sample I of Table 3.7b. A Celgard® 3401 microporous membrane (25um thick) was
used as separator. As electrolyte an aqueous solution of potassium hydroxide (28% KOH,
1% Li, from Yardney Technical Products Inc.) was employed. A hermetic seal was
achieved by means of a silicone gasket and a set of Plexiglass clamps to hold all
components together. The electrodes surface area was 0.7x1.7cm” and the volume of the
cathode was estimated to be ~1.7x107cm’.

All other cells utilized anode-Sample II of Table 3.7a in the construction.

Cathode-Sample II of Table 3.7b was utilized to fabricate respectively two of the ~lcm?
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footprint batteries, IOS-C-2 and IOS-C-3, and two of the ~2mm? ones, IOS-M-1 and

I0S-M-2.

gold (Au) wire microbattery plexiglass clamps

Figure 3.5: I0S-X-1: assembled microbattery.

To demonstrate integration with the powered device, battery 10S-X-1 was
constructed. Cathode-Sample III of Table 3.7b was utilized following the same procedure
described above. I0S-X-1 had an electrode surface area of 1.86x2.82mm’ and an
estimated cathode volume of 7.3x10™mm”. Figure 3.5 represents battery 10S-X-1 sealed

between Plexiglass clamps.

MAPPING BATTERY CAPACITY AND LIFETIME

Battery 10S-C-1 was validated, using a Solartron® 1470E battery tester, in 10
cycles of discharge and recharge at constant 250uA (~1.4C rate) current. A similar test,
10 cycles at constant 250pA (~1.4C rate) draw, was performed on battery IOS-C-3 using
a Maccor® Series 4000 battery tester. Finally battery IOS-M-1 was cycled five times, in

the Maccor® battery tester, at a constant 2.5uA (~0.7C rate) current.
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To estimate capacity as close as possible to theoretical, battery I0S-C-2 and IOS-
M-2 were discharged at a very low rate in the Maccor® tester. The first one was
discharged at a constant current of 2.5uA (~C/70 rate) while the second one was

discharged at a constant current of 25nA (~C/150 rate).

INTEGRATED DEVICE

The whole integrated device, microbattery I0S-X-1, DC/DC converter T6SA-BE
(voltage regulator) and microchip MOSIS T5AE-AA is presented in Figure 3.6. The
microchip was powered initially through a power supply type Agilent E3620A
maintaining a constant voltage of 0.62V. After the circuit operation was tested, the power
supply was replaced by battery I0S-X-1. I0S-X-1 discharge schedule was a variable
current draw imposed by the microchip. The voltage drop was recorded over time in a
Keithley 6514 Pico-Voltmeter, while the current was monitored using a Keithley 6485

Pico-Ampmeter.
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Figure 3.6: I0S-X-1: chip/battery integrated system.

RESULTS

POWER OUTPUT RESULTS

The results from POWER [21] are presented in Table 3.5. When primary cells
were considered, of all 194 batteries included in the database, a Zn/AgO battery type
Renata 317 was the predominant candidate. This battery had a high nominal capacity
(10.5mAh), with a reduced mass (0.18g) and a volume (43.5mm’). The resulting
projected lifetimes of all three approaches exceeded the targeted lifetime (6months to
2years) by more than one order of magnitude. Among 61 secondary systems, a
commercial Panasonic ML421S LiMn204 cell [31] and a research thin film LiCoO, cell
[11] met system requirements. The ML421S cell had a capacity of 2.3mAh, with a mass
of 0.11g and a volume of 38mm’. The LiCoO, thin film battery (from the reference) had

a capacity of approximately 1mAh, with a mass of 0.1g and a volume of 1.5mm".
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primary cells:
intra-ocular chip - volume priority - 30 days of operation
Manufacturer | Part No. | electrochemistry | Total No. | No. of Cycles | Total Mass [kg] | Total Volume [L]|
Approach 1 Renata 317 Zn-AgO 1 2.70E+02 1.80E-04 4.36E-05
Approach 2
micro Renata 317 Zn-AgO 1 2.70E+02 1.80E-04 4.36E-05
milli n/a n/a n/a n/a n/a n/a n/a
watt n/a n/a n/a n/a n/a n/a n/a
TOTALS 1 1.80E-04 4.36E-05
Approach 3
Site 1] Renata 317 Zn-AgO 1 2.70E+02 1.80E-04 4.36E-05
TOTALS| 1 1.80E-04 4,36E-05
secondary cells:
intra-ocular chip - volume priority - 30 days of operation
Manufacturer | Part No. | Electrochemistry | Total No.| No. of Cycles | Total Mass [kg] | Total Volume [L]
Approach 1 Panasonic | ML421S LiMnO, 1 63.9 1.10E-04 4.00E-05
Approach 2
micro| Panasonic ML421S LiMnO, 1 63.9 1.10E-04 4.00E-05
milli n/a n/a n/a n/a n/a n/a n/a
watt n/a n/a n/a n/a n/a n/a n/a
TOTALS 1 1.10E-04 4.00E-05
Approach 3
Site 1| Neudecker n/a LiCoO, 1 37.0 1.00E-04 1.50E-06
TOTALS| 1 1.00E-04 1.50E-06

Table 3.5: POWER solution for 1-month continuous operation (volume priority).

Our secondary battery database did not include Zn/AgO secondary cells. This

electrochemistry has only been used as primary systems for portable applications and as

secondary systems of very large scale [32] for space and defense applications. The

resulting projected lifetime of the commercial LiMn,O4 cell exceeded 5 years (63.9

cycles of a month) while the research LiCoO, battery projected lifetime was

approximately half of it (37 cycles of a month). For the secondary cells lifetime estimate,

rechargeability was not accounted as the required lifetime was already met when using

them as primary cells.
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BATTERY FABRICATION

In Table 3.6 properties and costs of metals that were deposited in our study, and
of lithium compounds that were found in the previous state-of-the art TFBs, are
compared.

Figure 3.7 depicts the surface of anode-Sample II of Table 3.7a. The zinc (Zn)
particles were 97% pure and presented an open porous structure that was useful to
capture the liquid electrolyte. Figure 3.8 shows a detail of individual Zn particles, from
the same sample, having diameters of 2-8um. The XEDS spectrum shows as the main
element zinc (Zn) with some traces of carbon (C) coming from the organic solvent of the
Zn spray. Figure 3.9 illustrates the cathode surface (cathode-Sample I of Table 3.7b)
XEDS spectrum showing silver (Ag), oxygen (O), silicon (Si) and titanium (Ti) peaks.
The XEDS spectrum only provides a qualitative measure for oxidation since the intensity
of the peak does not provide the amount of detected element but only its relative
abundance in the area swiped by the electron gun. Figure 3.10 depicts a larger view of

cathode-Sample I with a remarkably uneven surface morphology.
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Lo . melting | bulk density | T[°C] @
metal deposition technique point T[°C] [glcm?] 10 torr Cost [$/d]
gold (Au) PVD [1] 1962 19.32 947 33.25
nickel (Ni) PVD [1] 1453 8.91 1072 24
silver (Ag) PVD [1] 961 10.49 958 4.9
titanium (Ti) PVD [1] 1668 4.50 1235 3.0
zinc (Zn) PVD [1] 419 7.14 177 24
lithium (Li) PVD [1] 180 0.53 307 n/r
lithium thermal evaporation in
phosphate N. atmos phere 2] n/r n/r n/r 3.1
(Li;PO,) 2 P
lithium cobalt
oxide sputtering [2] n/r n/r n/r 1.75
(LiCoO,)
vanadium
pentoxide PVD [1] or sputtering [3] 690 3.36 500 0.17
(V205)

1.5g metal = 500-700A film thickness deposition

Table 3.6: PVD materials survey and physical properties [11,14,49].
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Figure 3.7: SEM picture of Zn anode surface (Sample II, aerosol spray [29] deposited).
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Figure 3.8: SEM picture of Zn anode (Sample II) particles and corresponding XEDS
spectrum.

15 min oxidation

,“

= > TN / L L ‘
2 ¥ e =S
A A »:_\‘f\J SNIaGN
o MAccV  Spot Magn  Det WD 100 pm

& 1500 kV 5.0 260
e N

J ey

10.4 42-89-01 TI50*AU500*AI400*10m|n
- Y = S

SE
" A

Figure 3.9: SEM picture of AgO cathode surface (Sample I, 15 min oxidation) and
corresponding XEDS spectrum.
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Figure 3.10: SEM picture of AgO cathode surface (Sample I, 15 min oxidation)

THEORETICAL CALCULATIONS

Very thin (~100-500nm) electrode thicknesses, suitable for MEMS power
sources, with capacities up to 75% of theoretical values, have been produced using our
novel approach. In Table 3.7a, 7b and 3.8a the thickness and mass characteristic of the
deposited films are provided. The overall theoretical capacity of Zn/Ag couple is limited
by the cathode [33]. In order to increase the achieved capacity and lifetime of our
microbatteries, 100% oxidation of the cathode material (Ag) to its highest oxidation
number (+2, AgO) needs to be achieved. To make an accurate comparison of our cells
achieved capacities with theoretical capacity, we need to make an assumption on the
degree of oxidation of Ag in the deposited films. To calculate the maximum theoretical

capacity attainable, we assume that all the silver present in the films was oxidized to AgO
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(oxidation number +2). Thus the electrochemical equivalent of cathode mass can be
calculated based on the following two chemical reactions happening at the cathode during

discharge:

240+ H,0+2¢ — Ag,0+20H" E° =+0.607V 3.1)

Ag, 0+ HO+2e —2A4g+20H" E° =+0.3421 (3.2)

In theory, for each mol of electrons (e-) lost by the cathode in the discharge reaction,
26.8Ah are produced; thus for each mol of AgO consumed at the cathode, four e- mol are
released through reactions (1) and (2), i.e. 107.2Ah. Typically, the theoretical voltage
resulting from the two reactions is above 1.7V [32] with lower voltages indicating that

only partial reactions are taking place.

anode: Zn (-)
sample layers thickness technique oxidation time
(O, atmosphere)
| Ni/Au/Zn 100A/500A/2250A PVD none
Il Cu/Zn ~5000A (Zn only) aerosol - spray [1] none

Table 3.7a: Anode (Zn) deposited films properties [29].

cathode: AgO (+)

. . oxidation time
sample layers thickness technique (O, atmosphere)
3
tep 1: PVD
| TilAu/Ag 50A/500A/1400A siep o 15 min
step 2: UV oxidation
tep 1: PVD
I Ti/Au/Ag 50A/800A/1700A step o 10 min
step 2: UV oxidation
) step 1: PVD .
] Ti/Au/Ag 50A/800A/1700A step 2: UV oxidation 15 min

Table 3.7b: Cathode (AgO) deposited films properties.
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FABRICATED BATTERY PROTOTYPES

Tables 3.8a and 3.8b summarize characteristics and performance of the batteries
produced in our study. Calculated theoretical capacities are based on the mass of the
cathode only and on the assumption that all the active material (Ag) was oxidized to its
highest oxidation number (+2), i.e. AgO. When discharged at high rate (1.4C) the
batteries with larger footprint O~cm® output a first discharge (formation cycle) capacity
ranging 47.5-100pAh. IOS-C-1 2nd cycle capacity was ~25uAh while for I0S-C-3 the
2nd cycle capacity was ~5pAh. When discharged at low rate (C/70), battery 10S-C-2
achieved ~11.25uAh. 10S-M-1 (O~mm?) achieved a capacity of 2.75uAh in the Ist
discharge cycle at 0.7C-rate and 1.25pAh in the 2nd cycle, with a total number of 5
discharge/recharge cycles. I0S-M-2 (O~mm?) output a capacity of 0.28uAh at low rate
(C/150), with no further cycling. The integrated battery IOS-X-1 under variable discharge

conditions achieved an overall capacity of 1.1pAh.

battery Agarea | Agthickness | Ag volume Ag mass Ag mass
[cm?] [nm] [em?] [a] [mol]
10S-C-1 1.2 140 1.7x105 1.8x104 1.7x10°6
10S-C-2 1.0 170 1.7x105 1.8x104 1.7x106
10S-C-3 1.0 170 1.7x105 1.8x10 1.7x10°6
I0S-M-1 0.010 170 1.7x107 1.8x10°6 1.7x108
I0S-M-2 0.010 170 1.7x107 1.8x10°6 1.7x108
10S-X-1 0.052 140 7.3x107 7.7x106 7.1x108

Table 3.8a: Fabricated batteries: mass and volume of the cathode (limiting electrode).
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battery cathode cathode theoreti_cal* discharge Corate 1st cyt.:le 2nd cy'cle number
area [cm?] | mass [mol] capacity current capacity capacity | of cycles
10S-C-1 1.2 1.7x106 182uAh 250uA 1.4C 100pAh 25pAh 10
10S-C-2 1.0 1.7x106 182uAh 2.5uA C/70 11.25pAh n/a n/a
10S-C-3 1.0 1.7x106 182uAh 250uA 1.4C 47.5pAh 5.0puAh 10
10S-M-1 0.020 3.4x108 3.64pAh 2.5uA 0.7C 2.75pAh 1.25pAh 5
10S-M-2 0.020 3.4x108 3.64uAh 25nA C/150 0.28uAh n/a n/a
10S-X-1 0.052 7.1x108 7.61pAh 100-200nA | C/70-C/40 | 1.1uAh n/a n/a

* based on cathode mass only , and assuming 100% of Ag is oxidized to AgO

Table 3.8b: Fabricated batteries: characteristics and performance.

BATTERY PACKAGING

Among the batteries produced to complete our study there were few of them that

failed to output expected capacities or that did not achieve significant voltages (less than

theoretical or failed to recharge). Although we have not included quantitative results from

those tests, we would mention them here as a group, and discuss the reasons of failure in

the discussion section, as they can provide valuable insight to improve the present

prototypes. In several cases electrodes did not properly align and the effective surface

area, that could react with the electrolyte, was significantly smaller than expected. Some

batteries did not sustain good seals, with resulting electrolyte evaporation or leakage. The

third problem manifested was the damage or displacement of the separator membrane

with consequent short circuit of the battery.
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BATTERY CAPACITY AND LIFETIME

In Figure 3.11 the voltage vs. time profile for battery I0S-C-1, discharged at
constant 250puA, is illustrated. The cathode (Ag, limiting electrode) volume, before
oxidation, was ~1.7x107cm® with a surface area of 1.2cm? and a thickness of 140nm. The
estimated silver (Ag) mass was ~1.8x10™g, i.e. ~1.7x10°mol. The initial output voltage
was ~1.5V. The battery was then cycled 10 times with cutoff voltages for discharge and
recharge of 0.9V and 1.6V respectively (highlighted in the discharge graph). From the
discharge profile (Figure 3.11) we estimated a capacity of approximately 100pAh,
resulting from a voltage drop below 0.9V experienced after ~0.4hours in the first cycle.
The duration of the second discharge cycle was ~0.1hours and the corresponding capacity

was ~25uAh.

1.7 = voltage [V] vs time [h] @ 250pA current draw

- = voltage limits [min,max]

voltage [V]

0.8

0 0.2 0.4 0.6 0.8 1
time [hrs]

Figure 3.11: IOS-C-1 discharge at 250uA: 10 cycles.
The first discharge cycle of battery I0S-M-1 is depicted in Figure 3.12. The

cathode area of the battery was ~2mm” and the silver mass (170nm thick electrode),
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before oxidation, was ~3.4x10°mol. The initial voltage read ~1.55V, which is also the
nominal voltage for this chemistry [33]. The battery was discharged at constant 2.5pA for
~1.2hours. Subsequent to the first discharge, the battery was recharged to 1.6V and
cycled for five times, at constant 2.5pA, between 0.9V and 1.6V. The voltage versus time
plot of the cycle test is reported in Figure 3.13.

Figure 3.16 shows a cycling test conducted on battery I0S-C-3. This battery had
an electrode surface area of ~lcm® with a cathode thickness of 170nm. The volume of
silver, before oxidation, was ~1.7x10°cm’ (same as battery 10S-C-1) with a
corresponding mass of ~1.7x10°mol. The battery was discharged at constant 250uA for
10 cycles. In first cycle the 0.9V cutoff was reached after ~11minutes, while in second
cycle the cutoff was reached after ~2minutes.

The results of the low rate discharge tests conducted on battery 10S-M-2 and
IOS-C-2 are shown in Figure 3.14 and Figure 3.15 respectively. I0OS-M-2 had the same
geometry and cathode mass of IOS-M-1. For this test, a constant discharge current of
25nA was applied for ~11hours before the cutoff voltage of 0.9V was reached. I0S-C-2
had an electrode area of ~lcm” and a silver mass (170nm thick electrode), of 1.7x10"
Smol. Discharged at 2.51A constant current, it reached the 0.9V cutoff voltage after

approximately 4.5hours.
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Figure 3.12: IOS-M-1 discharge at 2.5uA: Ist cycle.
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Figure 3.13: I0S-M-1 discharge at 2.5pA: cycles 2nd through 5.
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Figure 3.14: IOS-M-2 discharge at 25nA.
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Figure 3.15: IOS-C-2 discharge at 2.5pA.
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Figure 3.16: IOS-C-3 discharge at 250pA: 10 cycles.

INTEGRATED DEVICE

The discharge voltage and current versus time plots for IOS-X-1 (chip integrated
battery) are reported in Figure 3.17 and Figure 3.18 respectively. The first voltage,
measured after the battery was sealed, was ~1.6V. The battery was able to power the chip
for approximately 9 hours before reaching the 0.9V cutoff voltage. The current draw
profile is comprises three steps: 180nA lasting approximately one hour, followed by
~130nA during three hours and ~110nA for 5 hours. The estimated capacity for IOS-X-1
was ~1.1pAh. This cell cathode area was ~5.2mm’ and the silver volume, prior to

oxidation, was ~7.3x10”cm3 corresponding to a mass of ~7.1x10™*mol.
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Figure 3.18: IOS-X-1: current [A] discharge profile.
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DISCUSSION

COMPARISON TO EARLIER WORK

Inside-the-clean room thin-film battery (TFB) fabrication technologies have been
extensively demonstrated, through application of techniques like photolithography [9,15],
CVD and sputtering [11], to be effective in miniaturization of PS. However the size
reduction introduced using such techniques is only partial. TFBs currently available
(Table 3.2) present an intrinsically low capacity that requires large electrode surface areas
in order to become useful for MEMS (~30mWh/cm? goal [8]). 3D electrodes [19] and
microfabrication techniques [20], have been proposed to increase the surface area and get
closer to the energy density goal at the same time reducing battery footprint, however the
high fabrication cost has been a major limitation. A combination of these two approaches
will be needed along with the adoption of cheaper manufacturing technologies to enable

optimized power sources for MEMS.

OPTIMUM ELECTROCHEMISTRY

Zn/AgO electrochemistry (Table 3.5) was selected as primary battery candidate
based on its high energy density, which allows fabrication of batteries with reduced
volumes and masses. The low nominal voltage of this chemistry (1.55V [33]) made it
suitable for the present and similar MEMS applications that operate at low power.
Among secondary systems a non-commercial LiCoO, secondary system [11] was
proposed. It should be pointed out that this chemistry was never a practical solution for
several reasons, first it was a research system (not available); second the only equivalent

commercial battery (LS-101 from Infinite Power Solutions [18]), was too large (1x1in%)
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to fit the present geometric constraints; third the lithium (Li) nominal voltage (3.7V) was
too high to meet the maximum input voltage (1.6V) of the regulator. Selection of lithium
batteries to power low-power MEMS entails energy dissipation (waste), usage of
electronics circuitry, cells in special configurations (parallel or in series with resistors)
and additional control units. Regulation of 3.7V (optimal for high power applications) to
lower levels is therefore an impractical task, resulting in PS with bigger sizes, higher
fabrication costs (more steps) and increased complexity (overload of cells, failure

mechanisms, hazardous situations will have higher probability to occur).

FABRICATED BATTERIES

The differences between theoretical and experimental capacities across fabricated
batteries are likely to be the result of a combination of several factors. First of all the
deposited films are not 100% dense, as it is evident from the SEM pictures (Figures 3.7-
3.10). In theoretical calculations the electrodes are considered fully dense thus the
calculated capacity values are much higher than in real systems.

The second factor, more difficult to quantify, is the uniformity and thickness of
the deposited films [34]. The micrograph reported in Figure 3.10, taken after oxidation,
shows a non-uniform surface morphology of the cathode. The presence of a rougher
surface indicates that the deposited film was probably thinner in that area and allowed
higher residual stresses to concentrate and trigger a rougher surface.

Thirdly, the extent of the oxidation, and therefore the amount of active AgO/Ag,0
material in the cathode, directly affects the capacity of the cell and the achieved voltage.

The cathode film (limiting electrode) could be made of AgO (+2 oxidation number),
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Ag,0O (+1 oxidation number) or a combination of the two, while non-oxidized parts of the
cathode would still be made of pure Ag. Longer or shorter oxidation times output
different amounts of AgO/Ag,0. In our theoretical capacity calculations we assumed a
cathode made 100% of AgO with a theoretical voltage higher than 1.7V.

IO0S-C-1, 10S-C-2 and IOS-C-3 were designed to have all the same cathode
volume (Table 3.8a), thus the corresponding cathode mass for each one of them was
~1.7x10°mol. Theoretically, the maximum output capacity of such a cell would be
182uAh (Table 3.8b, 100% AgO cathode). However, several differences among these
three batteries could be responsible for their wide variation in performance. First the pure
silver (Ag) in the cathode (non oxidized or that is produced during the chemical reaction
upon recharge), provides percolated paths that help to keep the internal resistance of the
cell low [32]. At the same time, a higher oxidation extent of silver directly affects the
capacity of the batteries that is limited by the cathode (AgO). Secondly these three
batteries were constructed using cathodes of different thicknesses (Table 3.7b), thus
carrying different Ag/AgO content. Normally, graphite is added as an additive to Zn/AgO
commercial cells to increase the very poor conductivity of the silver oxide [33]. Our
batteries were made without usage of conductive additives, therefore a direct comparison

with commercial Zn/AgO batteries cannot be made.

BATTERY PACKAGING
The packaging technique utilized in our study is based only on the mechanical
action of Plexiglass clamps utilized to hold the battery electrodes together and the sealing

action of a silicone gasket. When the electrodes had millimeter size areas, if the anode
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and cathode were not perfectly aligned before the package was sealed, the capacity output
was reduced up to 90%, due to less surface area partaking in the chemical reactions. A
few batteries were not hermetically sealed and electrolyte evaporation prevented the
battery from being recharged. Due to the implantable nature of the sensor this is a
particularly critical challenge to address because it directly affects safety and lifetime of
the device.

Although this design was effective in granting hermetic seal to the batteries that
were successfully discharged, this technique would be unpractical for the final prototype
for several reasons. The size of the package would be large and conflict with our
miniaturization objective. Direct on-chip integration of the battery would be prevented
because of extra packaging processing steps, separated from the electrode deposition.
Long-term implantation and FDA approval require a material different than silicone, as it
has been shown that it reacts with body fluids and degrades over time [35,36]. Parylene-C
films [37] are a suitable alternative packaging material as they deposit, in the gas phase,
biocompatible and stress-resistant films that could hermetically seal the deposited
electrodes. To prevent leakage during fabrication of a thin-film package, the liquid KOH
electrolyte needs to be replaced with a solid or gel material. Long-term seal and leakage
of such a package need to be evaluated. Designing a package with the same dimensions
(thickness) of the deposited electrodes will reduce size, benefit implantability, and

increase specific energy properties of the battery.
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BATTERY CAPACITY AND LIFETIME

We demonstrated in this study that the Zn/AgO system could be successfully
recharged when the electrodes are manufactured as thin films. The cycling test for 10S-
C-1 was run for approximately 1 hour at 1.4C constant rate, produced 10 cycles of
discharge/recharge between the voltage of 0.9V and 1.6V. Determination of the battery
cycle life (maximum number of cycles) was not a present objective therefore as the cycle
duration (time) started to diminish the test was terminated. Similarly I0S-C-3 was
discharged at 1.4C for 10 cycles. Both batteries performed better in the first cycle than in
the subsequent cycles. The second cycle capacity of I0S-C-1 was only 25% of the first
cycle and 10% of the theoretical. For IOS-C-3 the second cycle capacity was ~10% of
first cycle and 2% of theoretical. Battery IOS-M-1 had a second cycle capacity ~45% of
the first cycle and ~34% of theoretical. The formation cycle (first discharge cycle) is
expected to be different from the subsequent cycles [32]. We believe the first discharge
outputs higher capacities than the following cycles because, when recharging a cell, Ag
does not completely oxidize back to the original AgO (+2 oxidation number), and most of
the cathode material is only constituted by Ag,O (+1 oxidation number) or simply Ag.
Cycling the cell at lower rates may provide a way to oxidize the cathode back to the
original status. Formation of the SEI layer between the cathode and the electrolyte affects
the actual capacity and cycle life of the cell by increasing the cathode resistance,
decreasing ionic mobility and conductivity [33,38]. Our thin film batteries were made of
pure metals without addition of any conductive additives or performance enhancing

particles coatings, thus lower conductivities and faster degradation over cycling are
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expected [32]. Our results could be useful to quantify the influence of such additives and
coatings to achieve higher capacity or cycle life in commercial systems.

The experimental capacity of 10S-C-1 at 1.4C discharge rate was 100pAh (first
cycle, 0.9V cutoff voltage after 0.4h at 250pA discharge current), i.e. ~55% of
theoretical. IOS-C-2 was discharged at C/70 rate and the output capacity was 11.25uAh,
i.e. only ~6% of theoretical. We believe that the thicker electrode (170nm) and the lower
oxidation time (10min) for this battery cathode were responsible for the poor
performance compared to IOS-C-1 (see Table 3.7b). The voltage was constant at 1.6V for
approximately lhour (Figure 3.15) and then it experiences a constant negative slope. The
change in slope during discharge is related to the exhaustion of the first redox reaction
taking place at the cathode (reaction (1) presented above). 10S-C-3 was discharged at
1.4C to verify that the result of IOS-C-1 was reproducible; the output capacity of the first
cycle was ~47.51Ah, i.e. ~26% of theoretical. A thicker cathode film than IOS-C-1 and a
shorter oxidation time are responsible of this difference (see Table 3.7b).

Battery I0S-M-1 and 10S-M-2 were built with identical cathode volume (Table
3.8a) and they both had a silver mass of ~3.4x10®mol. Thus the theoretical capacity for
such a cell would be 3.64pAh (Table 3.8b). I0OS-M-1, discharged at 0.7C, output a
capacity of 2.75puAh in the first cycle, i.e. ~76% of theoretical. This very high output is
related to the higher content of Ag in this cell compared to others (170nm thick cathode)
and its level of oxidation (10 minutes), as a result lower internal resistance and better
performance at high rates was achieved. 10S-M-2 was discharged at C/150 (Figure 3.14)
and produced 0.28pAh, i.e. ~8% of theoretical. The mostly flat voltage curve for IOS-M-

2 and an initial voltage below 1.6V indicate that only the monovalent silver oxide (+1)
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specie is predominant for this battery cathode. As a result this battery achieved a lower
performance compared to IOS-M-1.

Battery IOS-X-1 achieved a capacity of 1.1pAh ~14% of theoretical. This result is
related to the cathode degree of oxidation; the thicker cathode (170nm) and the longer
oxidation time (15min) are responsible for it (Table 3.7b). Another factor affecting
battery performance is the smaller size of this system compared to I0S-C-1, the
corresponding discharge rate being, for the same benchmark, C/10 instead of C/1000. It
has been shown how a variable discharge rate can affect the battery performance by more
than 50% [39]. In a Zn/Ag system employing 25% KOH as the electrolyte, when the
discharge rate is increased from 1C to 2C, the useful capacity of the cell could be limited
to 55.6% of its rated capacity [38]. In our system the initial current draw was ~180nA and
after one hour dropped to ~130nA (30% reduction) and finally down to ~110nA (40%

reduction), the resulting rate changed from C/40 to C/70.

INTEGRATED DEVICE

The integration of the battery with the powered device provides the advantage of
a more precise and realistic evaluation of the battery performance by incorporating and
accounting for the interaction of multiple factors at the same time. Moreover a realistic
device usage with a variable current draw would be difficult to simulate using a battery
tester. The effect of such a discharge is shown in Figure 3.17, the flat plateau, typical of
the Zn/Ag electrochemistry, was able to accommodate current changes up to 40% during
discharge without being affected. The voltage drop presents an inflection point after

approximately 5 hours of discharge. This is likely the result of higher oxidation state

74



cathode material AgO (+2) being exhausted and, at the same time, the onset of lower
oxidation state Ag,O (+1) being consumed. It is unlikely that the variable rate of
discharge is responsible for such an inflection point. We believe that the variable rate
however is responsible for a shorter-than-theoretical lifetime as supported by similar
results of Zn/Ag batteries in the literature [32,38].

Based on the power requirements reported in Table 3.3b, the capacity needed to
operate the device would be 100nAh per cycle, totalling 72pAh for 720 cycles (30days,
reported in Table 3.3b). In order to achieve such a capacity at 100nA constant draw,
0.67x10°mol of AgO would be required, i.e. a cathode volume of ~0.67x10mm".
Exploiting all the 3mm? surface area available on the device to deposit a battery, would

create a cell with a cathode thickness of ~220pum and a total thickness of ~500um.

CONCLUSIONS/FUTURE WORK

By modeling the duty cycle of the WIMS-IOS we were able to identify and design
an optimized power source [21,22]. The Zn/AgO was the optimum electrochemistry
selected for powering the integrated microsystem. When compared with other
microfabricated power systems (Table 3.2), Zn/AgO microbatteries have similar energy
densities with intrinsically lower power, hence they are the best candidates for MEMS
based devices and microsystems.

Direct on-chip fabrication is a key objective for size reduction and integration of
the battery, and to realize a fully autonomous and implantable microsystem. We explored
the capabilities of novel PVD and aerosol spray technologies to fabricate microbatteries.

Outside-the-clean room deposition allowed a low-cost fabrication technique. Remarkable
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size reduction introduced by PVD enabled to meet the rigorous volume requirements
(0.42mm”) of the IOS; the smallest of our prototypes presented a volume of
approximately one third of the available one if we neglect all the bulk packaging with no
functionality.

To map capacity and lifetime of the selected electrochemistry, six prototype cells
were created and successfully discharged: three O~cm? microbatteries (I0S-C-1, I0S-C-
2 and 10S-C-3) and three O~mm2 microbatteries (IOS-M-1, I0S-M-2 and 10S-X-1);
I0S-X-1 was integrated and directly tested with the device. Cells were fabricated with
footprints of 1.2cm® and 1.0cm® for the bigger ones and 2.0mm” and 5.2mm?* for the
smaller ones (Table 3.8a).

The impedance of silver—zinc cells is normally low, but can vary considerably
with factors such as content of silver [32], discharge current, state-of-charge (SoC), cells
ageing, operational temperature, separator material and more importantly, cell size [40].
The highest experimental capacity among the bigger cells was 100nAh, achieved by 10S-
C-1 at 250pA (1.4C) discharge. Among O~mm?® cells (Table 3.8b), IOS-M-1 achieved
the highest capacity (2.75nAh) at 2.5pA discharge (0.7C rate). Differences among our
results are likely to be a consequence of variation of impedance and degree of oxidation
among the samples that we utilized to fabricate our batteries.

The effects of microsystem integration and of variable current draw (variable
device usage during the day) matched the literature indication that applying a variable
discharge rate can affect battery performance by more than 50% [38]. IOS-X-1 achieved
a capacity of 1.1pAh (~15% of theoretical) while it was discharged at a variable rate

between 100-200nA (imposed by the microchip).
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For future work we would like to investigate the statistical significance of factors
that affected the performance of microfabricated batteries like electrode thickness,
impedance and degree of oxidation. Secondly evaluation of thin-film packaging leakage
and seal will be necessary to implement size reduction and evaluate shelf life of our
batteries. Thirdly demonstration of a directly on-chip deposited battery is among our

goals.
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CHAPTER 1V

CONCLUSION

SUMMARY

In our study we fabricated high-tech thin-film micro- batteries, outside-the-clean
room, to specifically respond to the increasing demand of low-cost, small-size and low-
power applications like the WIMS-ERC testbeds and other commonly used devices, e.g.
cellphones, PDA’s, mp3 players, digital cameras, implantable medical devices and
environmental sensors (defense) [1].

A novel method, based on physical vapor deposition (PVD) and aerosol spray,
was designed and implemented to build thin-film batteries of microscopic footprints,
outside-the-clean room at low temperature and potentially low cost. The method uses a
vacuum chamber with a pressure of the order of 107 Torr and evaporation boats
resistively heated to reach the melting temperatures of the metal particles deposited as
thin films. This method enables evaporation of metals at temperatures between 270°C and
500°C (1/2 to 2/3 of the melting point) creating a vapor that can be directly deposited
onto MEMS substrates and packaging. It also allows a large variety of materials to be

deposited, including pure metals, ceramic compounds and polymers. Our methodology
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represents a novel approach to fabricate thin-film micro- batteries and a valuable
alternative to the current clean-room processes used to fabricate thin-film batteries.

Using our method we built thin-film Zn/AgO microbatteries and we thoroughly
compared them with current thin-film batteries that utilize 3-D electrodes architectures
[2] and C-MEMS structure [3] and past thin-film batteries [4, 5] built using inside-the-
clean room manufacturing processes. The processing conditions of our method are
significantly different than both photolithography processing and C-MEMS
manufacturing as the process takes place at room atmosphere and without usage of any
masking or chemical etchant. Also the micro-structural and compositional analyses show
that PVD deposition gives thinner electrodes (<1um), a more porous structure and a
similar composition of other reported thin film technologies. Nonetheless the energy
density (40Wh/L) and specific capacity (100uAh/cm2) of our batteries are similar to the
other thin-film batteries reported in the literature. This comparison further verified that
PVD and spray deposition should be considered as a valuable addition to the current thin-
film battery fabrication technologies.

Uneven surface morphology was discovered in the PVD deposited silver (Ag)
films, believed to be an evidence of non-uniform film thickness distribution and stress
concentration. Surface patterns and ridges formed after the films were exposed to
oxidating atmosphere (O3) for times longer than 10 minutes. We believe the driving force
for this surface morphology is the release of residual stresses in the thin film coupled
with differences in the film thickness. The zinc (Zn) films, as produced using spray

deposition, revealed a highly porous structure with pore sizes up to few pum, believed to
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be beneficial to capture electrolyte and facilitate chemical reaction during battery
discharge.

Voltage curves resulting from the discharge experiments were analyzed and
discussed in terms of capacity. A total of nine prototype batteries were produced and
tested with sizes ranging from Imm’ to few cm’® and capacity up to 100pAh/cm?.
Capacities up to 75% of the expected theoretical values were observed. Our fabricated
micro- batteries fall within the energy density limits of commercial thin-film storage
systems (100uAh/cm2 [6]) and two orders of magnitude below the MEMS energy goal
(20mAh/cm’ [7]).

The evolution of experimental capacity with cathode composition (limiting
electrode) was investigated and compared to theoretical capacity. The effect of oxidation
extent in silver (Ag) films was investigated by testing two different oxidation times
10min and 15min and oxidizing two different electrodes thicknesses 140nm and 170nm.
The results indicated that the produced cathodes were not fully oxidized, as the output
voltage of these batteries was at the most 1.6V. Theoretically for a fully oxidized silver
(Ag) cathode (100% AgO) the output voltage vs zinc (Zn) is expected to be 1.76V. In
spite of the fact that the lack of oxidation resulted detrimental for the battery capacity, it
was found to be beneficial in the reduction of cathode internal resistance. We believe that
percolating paths of unoxidized silver act as conventional conductive additives (graphite)
in macroscopic silver-oxide cathodes, thus they facilitate electron migration and enhance
the overall performance of our batteries.

The effects of integration and variable discharge schedule were evaluated for one

of the battery prototypes by testing the system in-situ while powering the WIMS-10S
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microchip. We found out that the influence of a variable discharge schedule affects the
battery lifetime and capacity as suggested in the literature, however the full battery-
device integration presented here represents a first and was enabled by the proposed
fabrication technique to produce microbatteries of sub-millimeter footprints. The focus
for improving microbatteries has mainly been on increasing the capacity by producing
high-surface area electrodes with very exotic shapes and microstructures and
investigating new cathodes, electrolytes and conductive additives. This has not been a
huge success due to the high costs of clean-room manufacturing, the high costs of new
materials and low capacity and conductivity of produced films. Thus large surface areas
were needed to build electrodes using previously reported techniques, carrying high costs
and creating large battery footprints that prevented integration in portable electronics and
MEMS devices.

The author suggests that instead of focusing solely on the microstructure of the
cathode and the materials properties like capacity and conductivity, the focus should be
on the device as a whole including the battery as one of the elements to be optimized.
Hence size reduction, cost of processing and compatibility of the processing conditions
with MEMS materials should be all factors that considered at the same time and not

individually.

FUTURE WORK
Packaging is the most important limitation of the present prototypes. Modification
of the apparatus for PVD deposition would be of great value to enable packaging at the

same time of manufacturing. This could be done for example by adding a second
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deposition chamber, with the same vacuum atmosphere of the first one, to deposit
polymer films after the electrodes are completed. As the selected testbed (WIMS-IOS)
represents an implantable application, a perfect seal of the battery is imperative for FDA
approval. Evaluation of package hermeticity and shelf life requires long term testing that
was not performed in our study. Moreover in order to achieve on-die battery fabrication
at the same time of the device assembly, thin film packaging materials (parylene) need to
be explored and their seal and leakage quantified. Improving the packaging of thin film
batteries will also benefit the goals of size reduction, energy density increase, device
integration and implantability.

Testing other electrochemistries (e.g. lithium) fabricated using the same PVD
technique validated for fabricating silver (Ag) electrodes is a future goal. Deposition of
other metals, alloys and ceramic compounds can be demonstrated using the same vacuum
evaporation chamber. Pure lithium (Li) metal requires special care to prevent reaction by
contact with moisture, hence the employment of a glove box is necessary to handle this
kind of electrodes. The effects of using solid-state electrolyte to build thin-film lithium
batteries should be explored by characterizing the transport properties (diffusion
coefficient, ionic and electronic conductivity) of electrolyte films and interface
phenomena between electrodes and electrolyte (Solid-Electrolite Interface (SEI) layer).

Cost has been a major impediment for application of thin-film batteries
technologies in energy storage systems. We presently estimated our battery costs in
6$/Wh based on the amount of raw materials (~1.8x10™ g of Ag) utilized to fabricate a
battery of 100pAh capacity. However our method requires in average ~1.5g of material

to deposit a ~700A thick film. The electrodes we fabricated were approximately double
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this thickness and ~3g of material were used in the deposition. Thus in order to minimize
the waste of material and for this price estimate to be correct, at least 16,000 batteries
need to be produced in one deposition. Equipment costs are not included in this estimate
as they represent indirect costs, however the investment of a clean room facility is
approximately $50M [8], i.e. two orders of magnitudes higher than that of the utilized
manufacturing apparatus. In the future increasing quantity of produced battery could
reduce the cost of the final product and bring it closer to more conventional commodity

batteries.
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