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a fabrication technique allowing small scale, low-cost, and integrable fabrication for CMOS systems,
and experimentally demonstrate a microscopic power source; (3) map capacity and lifetime of several
fabricated microbatteries; (4) determine the effects of miniaturization on capacity, lifetime and device
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Integrated Physical vapor deposition (PVD) was used to deposit thin layers (<1 wm) of metal sequentially onto
MEMS glass substrates (SiO,, as used in the device). To map the influence of size over cell capacity and cycle
POWER life, we fabricated and tested five stand-alone cells using a Solartron® 1470E battery tester and a Maccor®
Thin-film 4000 series tester. A sixth battery was fabricated to investigate the effects of system integration, variable
PVD discharge rate and size reduction simultaneously. The highest experimental capacity among the larger
Implantable cells O(cm?) was 100 wAh, achieved by 10S-C-1 at 250 wA (1.4 C) discharge. Among O(mm?) cells, [0S-M-1
achieved the highest capacity (2.75 wAh, ~76% of theoretical) at 2.5 p.A discharge (0.7 C rate).
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1. Introduction power consumption platform (~30pW) used in several WIMS

) o ) ) o microsystems. Its small scale (~0.4 mm? in volume, with a footprint
The reduction in size and improvement in capability of  of 2> mm2 Fig 1) is required, to allow implantation in the eye to

microsystems is presently limited by the specific and gravimetric monitor intraocular pressure during treatment of glaucoma, for up
properties, a.rld overgll sizes, of on—board power ?uPPI‘?S [1]. This to 2 years. At present (Table 2), there is no commercial power supply
is most readily seen in autonomous devices used in environmental available which fits within the 2 mm?2 device area. and simultane-

[2] biological [1,3] and medical [4-6] applications (Table 1), which ously meets the lifetime and implantability requirements of the
rely mainly on batteries for power. Indeed, power supplies often device.
comprise up to ten times the mass of the other elements of the Despite their excellent volumetric energy (Table 2), existing

system, combined. thin-film batteries require surface areas of O(cm?) to power typ-

The Wireless Integrated Microsystems Engineering Research ical MEMS devices, for more than 1 day. With specific capacities
Center’s Intraocular Sensor (WIMS-ERC 10S) was studied here as of 100-300 pAh cm~2, limited by the maximum thickness of thin-

a model system for an integrated, autonomous implantable device. film electrodes construction (<5 um), these batteries have been

This device is based on the Phoenix Processor [7,8], an ultra low  ypaple to meet the required lifetime of MEMS sensors and actua-

tors. Moreover, typical thin-film processing conditions involve high

temperatures (500-900 °C) and masking and etchant materials that

are incompatible with chip materials and packages. To date, none
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Nomenclature

C discharge rate (A); C/5 is the current (A) to fully dis-
charge a battery in 5h

Cl cochlear implant

CVD chemical vapor deposition

DC duty cycle

EO standard electrode potential (V)

FEG field emission gun

10S intraocular sensor

[0S-C-1 first O(cm?2) battery prototype

10S-C-2 second O(cm?) battery prototype

10S-C-3 third O(cm?) battery prototype

[0S-M-1 first O(mm?) battery prototype

10S-M-2 second O(mm?) battery prototype

10S-X-1 on-chip battery prototype

MAV micro-air vehicle

MEMS  microelectromechanical system

0o() Landau notation, O(cm?)=order of cm?

POWER power optimization for wireless energy require-
ments, a Matlab® algorithm

PVD physical vapor deposition

SEM scanning electron microscope

SOA state of the art

WIMS-ERC Wireless Integrated Microsystems-Engineering
Research Center

XEDS  X-ray energy dispersive spectroscopy

Possibly the most significant development in autonomous
MEMS in the coming decades, for new applications, will be the
achievement of fully integrated and optimized power supplies,
realized cost-effectively, that are also capable to achieve energy
densities (~27 mWh cm~2 [9]) required to operate MEMS. Adopt-
ing manufacturing techniques that can be performed outside the
clean room [10], which are also compatible with CMOS fabrication
techniques, have the potential to reduce processing steps. Thus, in
the present study, we had four objectives:

(1) Select and designing an optimized power supply for the WIMS-
10S;

(2) develop a fabrication technique allowing small scale, low-cost,
and integrable fabrication for CMOS systems, and experimen-
tally demonstrate a microscopic power source;

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

N2

—~

wrigoz wrpoy

Fig. 1. WIMS-ERC IOS with integrated battery [38].

Table 1

Survey of battery powered MEMS [1-6]

Refs.

Year

Clinical test

Battery

System mass (no Battery mass

battery) (g)

Battery volume

(mm?)

System volume (no
battery) (mm?)

Application

Microsystem

chemistry

(1]

2008

Green June Beetle (Cotinis

Texana)
n/r

Zn-air

04

Micro-air vehicle (MAV) 3.0 (no electrodes) 110 0.26

Cyborg beetle

(2]

2006

Environmental/biological 150 350 0.25 3.0 Lithium
monitoring

Multi-sensor

3]

2005

Marmoset monkey (Callithrix

Jacchus)

n/r (1.5V)

n/r

Biological potential monitoring 7.3x1073 326 1.1 (with battery)

Bio-potential

recording

system
Microelectronic

[4]

2004

n/r

5.2 Zn/AgO

7.0

1.2 x 103

0.5

Remote biomedical
measurements

pill

Neural

5]

Li-ion Rhesus macaque (Macaca 2004

40

195

1.61 x 10°

3.51 x 10°

Neural recording

mulatta) owl monkey (Aotus

nancymae)

recording
system
Radio-

(6]

2000

Behaving barn owls (Tyto alba)

Zn-air

1.0

3.1

800

1.25 x 10°

Neural recording

transmitter

1525
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Table 2

Survey of microbatteries [10,23-31,39-46]

Year

2007
PVD
AgO

2001

2007

2004

1999-2000 1996-1999 1996-1999

1999-2000

1995

Sputtering, electroplating

NiOOH
Zn

LPCVD, sputtering etching

Pt

Pulsed laser deposition

LiCoO;,

Li

Sputtering, thermal evaporation

Process

LiNig g C00.15Al0.0502

CUZ Sb

LiMl’l204

Li

an 04
Li

LiCoO;
Li

V,05
Li

Cathode
Anode

Al

27 wt% KOH

155

20 wt% KOH-ZnO

1.7-1.8
100

KOH/KCI/H, 0,

0.8-1.3

EC/DEC
24-4
0.25
1.0

300

40

LiCLO4
3.2-3.6

LiCLO4
3.2-3.6

Solid Li glass
4.0-4.5
0.3’

LIPON
4.0

LIPON
3.75
7-15
1.21

Electrolyte

Nominal voltage (V)

Thickness (jpm)
Area (cm?)

0.2-1.5
3.0

252

30

0.2-1.5
3.0

216

30

72

10

n/r

n/r

n/r

2.2°-15

0.007°-0.02
1.9-6.79

n/r

1.0
64
240
400
240

1.0°

1.0°-3.22

160

100
250
100
250

15
10

13.5-18.5

Capacity (nAh)

100

2.42-48.4
20-120
2-40

n/r

Discharge current (lA)

¢ (wAhcm—2)

277-970
7-10°
70

55

300
40

84
10

20-60
n/r
30
n/r
n/r

60-150
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100-4000

30

%)

P (mWcm—2)

i(pRAcm-
e (WhI1)

4.8-6.5

n/r
n/r
n/r

n/r
n/r
n/r

40

300-600

n/r

2070
n/r

425
101

[1]

" Thickness of the cathode only.

3.0

n/r

& (Whkg1)

Refs.

[16]

[12-14]

[11]

[2-6] [7-9] [7-9] [10]

[2-6]

1 ACTIVE — current [uA]
=z 10-1
= 102 A
E 3 4
g ‘e SLEEP
3 10+ 1
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1 10 102  10%® 104 105 106
time [ms]

Fig. 2. WIMS-ERC IOS microchip duty cycle.

(4) determine the effects of miniaturization on capacity, lifetime
and device architecture.

Our methodology builds on our prior efforts in the area, includ-
ing optimization of power supplies [11,12], manufacture of novel
microbatteries [13,10] and electrode optimization [14,15].

2. Methods
2.1. Testbed

The WIMS-ERC intraocular sensor has a bimodal duty cycle
(Fig. 2) comprising ~10min periods of “sleep,” punctuated by
30-50 ms (milliseconds) periods of “active” sensing (Fig. 2). A 1-
month duty cycle was assumed; a constant voltage step of 1.5V at
a constant current draw of 100 nA during 1 h, repeated 720 times
was used. Voltage regulation in the chip was necessitated by oper-
ation and control, at different voltages, of several components; it
was accomplished (Fig. 4) by use of a DC/DC converter capable of
converting variable voltages ranging 1.0-1.6V down to constant
voltages of 0.1-0.4 V. The geometric constraints were a surface area
of 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
~0.42 mm? (Fig. 1).

2.2. Battery design

We evaluated implementation of available commercial systems,
using a previously built algorithm, POWER [11,12]. This algorithm
evaluates three different optimization approaches to screen a user-
defined commercial database of cells and to identify candidate cells.
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. Elec-
trochemistries considered included primary silver oxide (Zn/AgO,
Table 3), alkaline, zinc and lithium batteries (totaling 194 cells
[11]) and secondary Li-ion, Nickel (NiMH and Ni-Zn) and lithium
polymer batteries (totaling 61 cells [11]), covering a wide range of
commercially available chemistries and several thin-film research
systems.

2.3. Battery fabrication

Physical vapor deposition (PVD) was used to deposit thin layers
(<1 wm) of titanium (Ti, adhesion layer), gold (Au, current collector)
and silver (Ag, active material) sequentially onto glass substrates
(SiO,, same as the device). A vacuum chamber type EvoVac® A-
Mod from Angstrom Engineering [16] with a pressure of the order
of 10~7 Torr was employed; pure metal particles of few millimeter
diameters were melted and evaporated into gas phase from resis-
tively heated boats at the bottom of the chamber. The substrate
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Table 3
POWER Zn/AgO database used for analysis [47,48]

Electrochemistry Manufacturer Number of cells Accounting for Specific energy Energy density Specific power (Wkg1) Power density
included capacity fade (Whkg1) (WhI1) (WI1)
Calculated [1] Literature
Zn-AgO Renata 42 8 62-128 253-516 0.1-0.2 600 [2] 0.3-0.8
Duracell 14 1 73-120 270-500 0.01-1 0.4-4
Maxell 43 2 2-116 75-600 0.002-0.25 0.06-1
Energizer 43 1 50-150 200-500 0.1-1 0.4-4

was attached to a rotating disk (constant speed, to provide uniform
deposition) at the top of the chamber. Films were deposited using
a maskless approach. Deposition rates and thickness of the films
were monitored through multiple mass sensors located inside the
chamber, and controlled through the instrument software. After
PVD was completed, the films were removed from the chamber
and oxidized in ozone (03) atmosphere, using a UVO Cleaner® 342
machine for 10 and 15 min.

Anodes were deposited by directly spraying zinc (Zn) nanopow-
der, obtained from 3M [17], on top of copper foil (Cu) current
collectors at room temperature and atmosphere. A Celgard® 3401
microporous membrane (25 wm thick) was used as separator and
hold in place by two silicone gaskets utilized to seal the bat-
tery. The hermetic seal was achieved by means of the gaskets
and a set of Plexiglass clamps. An aqueous solution of potassium
hydroxide (28% KOH, 1% Li, from Yardney Technical Products Inc.)
was employed as electrolyte. The reaction chamber between the
anode and cathode was completely filled with the electrolyte before
clamping. In Table 4 we report the final footprint and cathode mass
of the battery prototypes after assembly.

2.4. Materials imaging

Morphologies and microstructures of the anode and cathode
films were imaged in a Philips XL30 FEG scanning electron micro-
scope (SEM), before battery prototypes were assembled. Anode
porosity and particles sizes were recorded. Uniformity of the cath-
ode films was qualitatively estimated by analyzing the surface
images. 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.

microbattery

plexiglass clamps

Fig. 3. Microbattery I0S-X-1, a cell with 5.24 mm? footprint to be integrated with
the device microchip.

2.4.1. Description of stand-alone batteries

To map the influence of size over cell capacity and cycle life,
we fabricated and tested five stand-alone cells using a Solartron®
1470E battery tester and a Maccor® 4000 series tester. The first
three cells O(cm?2), which we will refer to as 10S-C-1, I0S-C-2 and
10S-C-3 throughout this work, had a footprint, respectively of 1.2,
1.0 and 1.0 cm?, and the last two cells O(mm?), which we will refer
to as [0S-M-1, I0S-M-2, had a smaller footprint of 2 mm? (Table 4).
Battery 10S-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 10S-C-2 and I0S-C-3 were constructed to
estimate the influence of different discharge rates and to further
evaluate cycle life. Batteries I0S-M-1 and 10S-M-2 were built to
evaluate the ability of reducing battery size and to study the effects
of size reduction. Battery I0S-C-1 was validated in 10 cycles of dis-
charge and recharge at constant 250 nA (~1.4C rate) current. A
similar test, 10 cycles at constant 250 wA (~1.4C rate) draw, was
performed on battery 10S-C-3. Finally, battery I0S-M-1 was cycled
five times at a constant 2.5 pA (~0.7 C rate) current. To estimate
theoretical capacity as precisely as possible, batteries I0S-C-2 and
10S-M-2 were discharged at a very low rate in the Maccor® tester.
10S-C-2 discharged at a constant current of 2.5 WA (~C/70 rate);
I0S-M-2 was discharged at a constant current of 25nA (~C/150
rate).

2.5. Description of integrated battery

Battery 10S-X-1 was fabricated to investigate the effects of
system integration, variable discharge rate and size reduction
simultaneously. 10S-X-1 (Fig. 3) had an electrode surface area
of 1.86mm x 2.82mm and an estimated cathode volume of
7.3 x 10~4 mm3. The integrated device top view, microbattery I0S-
X-1, DC/DC converter T68A-BE (voltage regulator) and microchip
MOSIS T5AE-AA, is reported in Fig. 4. Initial microchip power
was provided through an Agilent E3620A power supply (constant

microbattery
I0S-X1

voltage regulator

processor
DC/DC converter MOSIS T5AE-AA
T68A-BE

Fig. 4. Top view of 10S-X-1with integrated system.
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Table 4
Summary of characteristics and performance of all fabricated cells

Battery Size (cm?) Cathode mass Theoretical Current (pA) 1st cycle capacity (nAh) % of theoretical Specific capacity
(g) capacity (nAh) capacity (pAhcm~2)
10S-C-1 1.2 1.8x10* 182 250 (~1.4C) 100.00 55.0 83.3
10S-C-2 1.0 1.8 x 104 2.5 (~C/[70) 11.25 6.2 1.3
10S-C-3 250(~1.40) 47.50 26.1 47.5
10S-M-1 2.0x 1072 3.6 x 1076 3.64 2.5(~0.7C) 2.75 75.5 137.5
10S-M-2 0.025 (~C/150) 0.28 7.7 14.0
10S-X-1 524 x 102 7.7 x 10~ 7.6 0.1-0.2 (~C/70-C/40) 1.10 14.5 21.0

0.62 V) and subsequently was switched to battery I0S-X-1. The cur-
rent draw was variable, depending on the microchip operation. The
battery voltage drop was recorded over time in a Keithley 6514 Pico-
Voltmeter, while the current draw was monitored using a Keithley
6485 Pico-Ampmeter.

3. Results
3.1. POWER output results

For POWER [11] calculations all 194 primary batteries included
in the present database version were considered. A Zn/AgO bat-
tery type Renata 317 [18] was the best candidate, due to its high
nominal capacity (10.5mAh), and low mass (0.18¢) and a vol-
ume (43.5mm?3). The resulting projected lifetimes of all three
approaches exceeded the targeted lifetime (<2 years) by more than
one order of magnitude. Among 61 secondary systems, a commer-
cial Panasonic ML421S LiMn,04 cell [19] and a research thin-film
LiCoO, cell [25] met system requirements. The ML421S cell had a
capacity of 2.3 mAh, with a mass of 0.1 g and a volume of 38 mm?.
The LiCoO, thin-film battery (from the reference) had a capacity of
approximately 1 mAh, with amass of 0.1 gand a volume of 1.5 mm?3.
The electrochemistry Zn/AgO was considered to operate as a pri-
mary system, since secondary systems have been of very large scale
[20], mainly for space and defense applications.

Secondary systems were also considered. Lifetimes of selected
commercial LiMn;04 cells exceeded 5 years (63.9-month long
cycles) while research-grade LiCoO, battery projected lifetimes
were approximately half of that (37-month long cycles). In estima-
tion of secondary cell lifetimes, rechargeability was not considered,
since the target lifetime for several candidates was already met
when used as primary cells.

0 200x
[y

Fig. 5. SEM picture of Zn anode surface for [0S-C-1.

3.2. Fabricated novel cells

Sizes and masses of the cathodes (where the AgO was the elec-
trode) for the fabricated cells are reported in Table 4. Cells final
volumes (with package) ranged from 3.16 to 200 mm?3, while cell
final masses varied from 0.15 to 2.78 g. The cathode mass varied
from ~3.6 x 1076 g (3.4 x 10~8 mol) to 1.8 x 104 g (1.7 x 10-5 mol).
The anode mass was in excess with respect to the cathode by
one order of magnitude, due to the different deposition technique
that resulted thicker films (~10 wm), and the values varied from
~9.1x107°g(1.4 x 10~ mol)to 10-2 g (1.5 x 10~% mol). This design
provided more than stoichiometric conditions; therefore the over-
all theoretical capacity of the Zn/Ag couple was limited by the
cathode [21].

3.3. Theoretical calculations

Capacities of up to ~76% of theoretical values were achieved
using the cathodes produced in our study (Table 4). The theoreti-
cal capacity, based on the cathode mass (1.7 x 10~6 mol), for 10S-1,
10S-2 and 10S-3 was 182 wAh. For the smaller cells I0S-M1 and
10S-M2 the theoretical capacity was ~3.64 pAh while for 10S-X1
~7.61 wAh. To calculate the theoretical capacity, we assumed that
all the silver present in the films was oxidized to AgO (oxidation
number +2). Thus the electrochemical equivalent of cathode mass
was calculated based on the following two simultaneous reactions

in the cathode during discharge:
2Ag0 + Hy0 + 2~ — Agy0 + 20H-  E°= +0.607V (1)
Ag;0 + Hy0 + 2e~ — 2Ag + 20H-  E%= +0.342V (2)

For each mole of electrons (e~) lost by the cathode in the dis-
charge reaction, 26.8 Ah are produced theoretically; thus for each
mole of AgO consumed at the cathode, four e~ mole are released
through reactions (1) and (2), i.e. 107.2 Ah. Typically, the theoret-

Zn

Zn

06 1.2 18 24 30 36 42 48 54 keV
Fig. 6. Detail SEM picture of Zn anode particles and corresponding XEDS spectrum

for 10S-C-1.



F. Albano et al. / Journal of Power Sources 185 (2008) 1524-1532 1529

1 2 3 4 5 6 7 8 9 keV

Fig. 7. SEM picture of AgO cathode surface and corresponding XEDS spectrum for
10S-C-1.

ical voltage resulting from the two reactions above is >1.7V [21]
with lower voltages indicating that only partial reactions are taking
place.

3.4. Electrode microstructures

Electrode microstructure affects both theoretical capacity and
conductivity of active materials [14,15]. Fig. 5 shows the surface
of one of the anode samples. Deposited zinc (Zn) films were open
porous structures, which preferred, for infiltration with liquid elec-
trolyte. Fig. 6 is a detailed image of individual Zn particles, from
the same sample, having diameters of 2-8 wm. The XEDS spec-
trum shows that zinc (Zn) was the main constituent, with some
traces of carbon (C), presumably from the organic solvent of the
aerosol spray. Fig. 7 illustrates the cathode surface and the XEDS
spectrum, showing silver (Ag), oxygen (O), silicon (Si) and tita-
nium (Ti) peaks. The XEDS spectrum only provides a qualitative
measure of oxidation, since the intensity of each peak shows only
the element’s relative abundance in the area swept by the electron
gun.

3.5. Stand alone batteries: discharge curves

Constant current discharge are shown in Fig. 8, for all O(cm?)
fabricated cells and Fig. 9, for all O(mm?) fabricated cells. The
initial output voltages of the cells were between 1.5 and 1.6V.
All tests were conducted with a cutoff voltage of 0.9V upon
discharge and 1.6 V upon recharge. Experimental capacity, extrap-
olated from the first discharge cycle for all batteries, ranged from
11.25 to 100 wAh for the bigger batteries O(cm?2), and from 0.25 to
2.75 wAh for the smaller ones O(mm?). Battery 10S-C-1 and 10S-
C-3 were cycled 10 times while battery 10S-M-1 was only cycled
5 times.

3.6. Integrated battery: discharge curves

The integrated battery 10S-X-1 discharge voltage and current
versus time plots are reported in Fig. 10; overall achieved capacity
under variable discharge conditions was 1.1 wAh. The first output
voltage was ~1.6V, after the battery was sealed. The battery was
able to power the chip for approximately 9 h before reaching 0.9V
cutoff. The current draw profile comprises three steps: 180 nA last-
ing approximately 1 h, followed by ~130 nA during 3 h and ~110 nA
for 5h.

™
2

16 -
15
14
13
1.2
11
1.0
1

Voltage [V]

0 0.2 0.4 0.6 0.8 1.0
Time lhrsl

B

1.7 4
1.6 4
1.5 4
144
1.3 4
1.2
1.1+
1.0 4
0.9 4
0.8 T T T T
0.0 1.0 2.0 3.0 4.0
Time [hrs]

Voltage [V]

(c) 1.7
1.6 -
1.5 4
1.4 -
1.3 4
1.2 4
1.1 4
1.0 4
0.9 -

0.8 : T : )
0.0 0.1 0.2 0.3 0.4
Time [hrs]

Voltage [V]

Fig. 8. Discharge profiles for O(cm?) batteries: (a) I10S-C-1 250 pA (~1.4 C), (b) 10S-
C-2 2.5 pA (~C/70), (c) 10S-C-3 250 A (~1.4C).

4. Discussion

4.1. Comparison with state-of-the-art (SOA)

Our fabrication process is compatible with MEMS materi-
als and allows battery electrodes to be deposited directly on
chips or chip packages. Fabrication methods for other thin-film
batteries are not generally compatible with MEMS produc-
tion, because of high temperature (>800°C [25]) and use of
etchants and solvents [25,30]. Li thin-film batteries cost around
$300/Wh [22] mainly related to the extensive use of the
clean-room in the manufacturing process coupled with the
numerous fabrication steps. Based on the raw material cost
of Ag ($4.9/g) and Zn ($2.4/g), we estimated a materials cost
of $8.3/Wh for our cells, though manufacturing costs are not
yet easily estimated, to compare with present Li battery costs
(Table 5).

The Zn/Ag nominal voltage (1.55 V) matches the present applica-
tion requirements and is suitable for MEMS devices with similar bus
voltages. Li-ion microbatteries [23-28,43-45] have been studied as
thin-film cells for MEMS (Table 2) because their high nominal volt-
age (~3.7V) affords them a much higher specific energy than other
electrochemistries, e.g. Ni/Zn (~1.8 V) [29-31] or Ag/Zn (~1.55V).
However the intrinsically high voltage can also necessitate use of
operational amplifiers to power MEMS devices [7,8], because of low
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Table 5
Comparison of fabricated prototypes to SOA and targets [9,18,25,27,49]

F. Albano et al. / Journal of Power Sources 185 (2008) 1524-1532

SOA: Ag-Zn systems SOA: Li systems

Present work: PVD Targets

Thickness 2-5mm Limited to 0.5-5 pm 25 pm (without Depends on application
(without package)-15 wm package)-1.7 mm
(with package) [2] (with package)
Footprint >10 mm? >1cm? 0-1mm? 0-1mm?
Capacity ~100 mAh cm—2 ~0.1 mAh cm—2 ~0.1 mAh cm—2 20 mAhcm—2 [4]
Fabrication with MEMS Add-ons Incompatible Compatible Compatible
Stackable NA Capable, not demonstrated Capable, not Necessary, given larger capacities
demonstrated
Bus voltage Ag-Zn: ~1.55 Li: ~3.5-4.5V requires Ag-Zn: ~1.55 Dropping
compatible with bus voltage regulation compatible with
voltage, 1.5 bus voltage, 1.5

bus voltages in low-power systems; this, in turns, adds both mass
and system complexity.

The batteries produced in our study had electrodes of thick-
nesses 140-170 nm, and overall thicknesses of ~1.7 mm (including
packaging); the surface areas were >2mm? and similar to the
device scale O(mm?). Electrode thicknesses limit actual capacity in
thin-film batteries, including those in the present work. Very small
overall thicknesses, ~15 um (Li-ion) to ~300 um (Li-ion, Ni/Zn,
Ag/Zn), have been achieved in several thin-film batteries (Table 2)
with the smallest reported footprint being ~1 cm?2. When we com-
pare electrodes without packaging, the PVD electrodes (novel cells)
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Fig.9. Discharge profiles for O(mm?)batteries: (a)I0S-M-1 1st cycle 2.5 pA(~0.7 C),
(b) I0S-M-1 2.5 pA (~0.7 C), and (c) I0S-M-2 25 nA (~C/150).

were one-tenth the thickness of other thin-film electrodes, and
comprised less than one-hundredth the surface area.

The impedance of silver-zinc cells is normally low, but can vary
considerably with factors such as content of silver [21], discharge
current, state-of-charge (SoC), cells aging, operational temperature,
separator material and more importantly, cell size [32]. 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.

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. Our approach enables a small overall
volume (0.42 mm?3) of the I0S. The smallest of our prototypes had
a volume of approximately 80% of a commercial system, neglecting
nonfunctional packaging.

Capacities ranging from 6.2% to 75.5% of theoretical were
achieved in our tested prototypes (Table 4). The higher content
of Ag in cells with thicker cathodes (170 nm) resulted in lower
internal resistance and better performance of the tested proto-
types at higher rates. We believe that the extent of oxidation of
the cathode films (amount of AgO/Ag;0), resulting from different
oxidation times (10-15min) affected the capacity output; how-
ever a direct measurement of the AgO content in the cathodes
was not performed. An initial voltage below 1.6V indicates higher
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Fig. 10. Discharge profile for on-chip battery: (a) I0S-X-1 discharge voltage and (b)
10S-X-1 discharge current (~100-200 nA).
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content of monovalent silver oxide (+1) in the cathode. A change
of slope in the discharge curve or the presence of an inflection
point is related to the exhaustion of the first redox reaction at the
cathode (divalent AgO) and onset of the second reaction (mono-
valent Ag,0). The capacity of the integrated battery (I0S-X-1) was
~14% of theoretical. This value is considered separately, since the
test was conducted at a variable discharge rate between 100 and
200nA. These results are consistent with other reports, wherein
variable discharge rates have been shown to affect the battery per-
formance by more than 50% [33]. Compared to commercial Zn/AgO
systems (e.g. the ones reported in Table 3) that provide as low as
2-3% of theoretical capacity, the present batteries offered an order
of magnitude improvement in actual versus theoretical capacity,
supporting our underlying hypothesis.

The batteries deposited in our study achieved a specific capac-
ity <138 wAhcm~2 and were comparable to the thin-film batteries
reported in the literature, whose specific capacities ranged from 20
to 300 wAh cm—2. Wireless sensor networks based on MEMS tech-
nology require higher capacities, up to 20 mAh cm~2 [9]. Higher
specific capacities may be achieved in the future by designing bat-
teries with 3D architectures

4.2. Limitations of present work

The differences between theoretical and experimental capac-
ities across fabricated batteries are likely to be the result of a
combination of several factors.

Even though recharging is not required for the present appli-
cation as the batteries could meet the target lifetime when used
as primary cells, it is important to be able to recharge the device
if longer treatment periods are required. The cycle life of the
present prototypes needs improvement if the rechargeability of the
device becomes a goal. This could be achieved by employing spe-
cial separators or introducing additives that limit dendrite growth,
increase conductivity and accelerate diffusion processes. Loss of
electrolyte also affected battery performance and rechargeability.
Upon recharge, lower rates of discharge resulted in lower capacity
recovery, this is unusual and partly due to package seal and evap-
oration of electrolyte. We believe that, as the time of discharge is
longer for these cells, electrolyte evaporation, electrode dissolu-
tion and dendrite formation phenomena may be more important
and limit the recovered capacity. Several batteries had failures in
their hermetic seals, resulting in electrolyte leakage and evapora-
tion; this prevented recharge. 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. Parylene-C [34] is
a suitable alternative to the present package as can be deposited,
in the gas phase, as a biocompatible and stress-resistant film.

Self-discharge, in cells having millimeter and sub-millimeter
size, is a factor that has a relevant influence on battery lifetime
[35], in the present application this could prevent achieving the 2
years lifetime required shortening the device lifetime. Long-term
testing of the battery needs to be performed in order to establish
the battery shelf life. Injection of electrolyte and activation of the
cell as needed could prevent self-discharge. Another measure that
could be implemented, after the battery has been activated, is the
design of hybrid systems including capacitors or energy scavenging
devices [36] that could prevent discharge and enhance lifetime of
the battery and of the device.

Finally, the extent of the oxidation, and therefore the content of
active AgO/Ag,0 material in the cathode, directly affects the capac-
ity of the cell and the achieved voltage. The cathode film (limiting
electrode) could be made of AgO (oxidation number +2), Ag, O (oxi-
dation number +1) or a combination of the two, while non-oxidized
parts of the cathode would still contain pure Ag. In our theoretical

capacity calculations, we assumed a cathode made 100% of AgO
with a theoretical voltage higher than 1.7 V. The pure silver (Ag)
in the cathode (nonoxidized, or that is produced during the chem-
ical reaction upon recharge), increases the cathode conductivity
keeping the internal resistance of the cell low [21].

5. Conclusions

Systems like the WIMS-IOS, requiring variable power profiles
over time (e.g. pulses, spikes or steady plateaux) or compris-
ing combinations of subcomponents, provide an opportunity for
hybridization of power supplies, comprising more than one cell
and/or electrochemistry. Modeling the duty cycle of the WIMS-IOS,
an intrinsically low power system (42 pW cycle~1), we were able to
identify and design a suitable power source [11,12]. The present
application is both an implantable device and a low-power MEMS
(1.6 V. maximum), thus Zn/AgO represents a natural choice over Li
(nominally 3.7 V). Regulation of 3.7 V (optimal for high power appli-
cations) to lower levels requires energy dissipation (waste), usage
of electronics circuitry, cells in special configurations (parallel or in
series with resistors) and additional control units.

The capacity and lifetime of Zn/AgO fabricated microbatteries
(<76% of theoretical) was superior to available commercial systems
(as low as 2-3% of theoretical). Five stand-alone cells were created
and successfully discharged: three O(cm?) microbatteries (I0S-C-
1,10S-C-2 and 10S-C-3) and two O(mm?) microbatteries (I0S-M-1,
10S-M-2). Cells were fabricated with footprints of 1.2 and 1.0 cm?
for the larger cells, and 2.0mm? the smaller cells (Table 4). The
highest experimental capacity among the larger cells was 100 wAh,
achieved by I0S-C-1 at 250 p.A (1.4C) discharge. Among O(mm?)
cells (Table 4), I0S-M-1 achieved the highest capacity (2.75 wAh,
~76% of theoretical) at 2.5 wA discharge (0.7 C rate).

Our microbatteries are projected to meet the application life-
time requirements (<2 years). Based on the experimental capacity
of battery 10S-M1 (2.75 wAh), the energy content of this cell is
~4.26 wWh under a nominal voltage of 1.5 V. Without losses, such
battery could operate the device for ~101,428 cycles of 10 min, i.e.
for ~16,904 h or ~1.93 years.

Future work will focus on improving manufacturing, and more
detailed interrogation of the effects of microstructure on per-
formance. This work will be focused on enabling ever smaller,
and more efficient, power supplies for autonomous MEMS. Self-
discharge evaluation and long term testing are necessary due to the
implantable nature of this application. Testing at 37 °C to replicate
body temperature, accurate evaluation of the reaction byprod-
ucts, oxygen formation during recharge, are necessary to estimate
the long term effects of implantation on the power source. Addi-
tional optimization criteria will results from this analysis, and it is
anticipated that additional engineering approaches to design and
optimization [37] will be required.
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