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Electrolyte-Based On-Demand and
Disposable Microbattery

Ki Bang Lee and Liwei Lin Member, IEEE, Member, ASME

Abstract—A micromachined battery based on liquid electrolyte Positive electrode  Negative electrode (sliced zinc)
and metal electrodes for on-demand and disposable usages has (gold)
been successfully demonstrated. The microbattery uses gold as ¥
the positive electrode and zinc as the negative electrode and
is fabricated by using the standard surface micromachining Sup_POrt for
technology. Two kinds of electrolytes have been tested, including cavity

the combination of sulfuric acid/hydrogen peroxide and potassium
hydroxide. The operation of the battery can be on-demand by
putting a droplet of electrolyte to activate the operation. Theo-
retical voltage and capacity of the microbattery are formulated
and compared with experimental results. The experimental study
shows that a maximum voltage of 1.5 V and maximum capacity
of 122.2 W -min have been achieved by using a single droplet of
about 0.5l of sulfuric acid/hydrogen peroxide. [848]

Index Terms—Battery, disposable micropower, MEMS, micro-
machines, microsystems. Lower substrate

Fig. 1. Schematic of a electrolyte on-demand and disposal microbattery: both
|. INTRODUCTION positive electrode (gold) and supports for forming the electrolyte cavity are
placed on the lower substrate while the negative electrode (zinc) is capped; the
ICROPOWER generation aiming at generating poweficrobattery works after putting liquid electrolyte (see Fig. 2).

directly from microstructures may greatly impact the ap-

plication and architecture of microsystems. Various approacti@sand rechargeable microbatteries [8]-[11] have been investi-
to supply power for microscale devices are now being invesgjated by using rather complicated micromachining processes.
gated to enable standalone microsensors, actuators and fufirehermore, drawbacks can be identified among these micro-
nanostructures for various types of functionalities. The advalpatteries. For example, rechargeable microbattery with KOH
tages of these MEMS systems are severely limited by the assdigiuid electrolyte suffers from the self-discharge effect even if
ated bulky batteries and the capability of providing power sourdee battery is not in use such that it has short shelf life [g],
may well be the bottleneck for nanostructures. Some of the if$]. Rechargable thin-film microbatteries commonly use solid
tial demonstrations on microfuel cells research have shown veigctrolytes but there manufacturing processes are generally not
promising results toward the concept of “macropower from mg¢ompatible with the conventional integrated circuits (ICs) fab-
cromachinery” [1]. Most of these projects use hydrogen, oxygeigation processes [10], [11]. The disposable microbattery pre-
and other fuels to generate microcombustion and target 10stented in this paper is compatible with IC processing and can be
100 W of continuous power supply and aim to have better fugttivated by adding the liquid electrolyte on-demand to supply
efficiency [2]. However, in order to fabricate the combustiopower. Although the power efficiency may not be great in this
chambers or fuel cells for these micropower sources, it gengrototype demonstration as compared with the state-of-art bat-
ally requires complicated micromachining processes. For agry technology, it has good potential for disposable devices
ample, MIT’s microturbine project uses a six-wafer bonding/here only limited power supply is required for limited op-
process that is not compatible with most of the other MEM&ration and efficiency is not a big concern. For example, dis-
processes [3]. Furthermore, the manufacturing cost for these psable microsystems such as diagnostic devices, DNA chips,
cropower sources appears to be high and may not be competitigds-on-a-Chip, and even disposable microtransceivers will be
economically. best equipped with an on-demand, disposable microbattery that

On the other hand, a low cost, high capacity microbattetyuld provide limited power suitable for the lifetime of the mi-
is desirable for MEMS devices [4]-[6]. Previously, solar cellsrodevices.
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Electrolyte droplet TABLE |
Negative electrode (Zinc) GIBBS FREE ENERGIES ANDWEIGHTS OF THECHEMICALS
Chemical AG® [kI/mol] Weight [g/mol]
Zn 0 (definition) 65.37
Reactants H,S04 -744.53 98.08
H,0, 12035 34.02
Products ZnSO4 -891.59 161.43
(@) H,0 -228.57 18.02

Gibbs free energy change of the reaction in (4) can be written
g 5&'3&3\?&’.»:’.5‘&5ﬂfﬁ#fmffﬂ‘mff&#&&fl;&wm&!Jfm&f&‘#!‘% as [13]

Lower substrate

(b) . - .
Fig. 2. Working principle of the microbattery: (a) upon putting a quuid-Where subscripts andr indicate products and reactants in (3),

electrolyte droplet in front of the cavity, the electrolyte penetrates into tH’@SpeCtively- Using (4)_(5) and the Gibbs free en_ergy in Tabl_e 1
cavity by surface tension and (b) the microbattery works to supply power. the standard voltagé/°, in the case of tested microbattery is

calculated ad’° = 2.5 V.
operation of the microbattery is on-demand by putting a dropletIn order to obtain the theoretical capacity of the microbattery,
of electrolyte in front of the cavity as shown in Fig. 2. Surfacelectrons per mole of the reactants are used. From (1) and (2),
tension force drives the electrolyte into and fill up the cavitijwo moles of electrons move from the anode (Zn) to the cathode
quickly to power to an external load, by electro—chemic&H20-) through the external load resister when one mole of
reaction. Electrons, generated at the negative electrode (zi@¢h reactant consumes as shown in (3). Therefore the theoret-
flow through the load resister as shown in Fig. 1 and aieal electron capacity (Columb/g);..,, can be expressed as
collected at the positive electrode (gold). In this preliminaripllows:
demonstration, the combination of sulfuric a¢id,SO,) and nF
hydrogen peroxid¢H,0O-) is chosen as the liquid electrolyte. Ecap =
The sulfuric acid and hydrogen peroxide are chosen because
they can be easily obtained and mixed up as the electrolyte fdre theoretical capacity is calculated from (6) and the data of
experiments. Hydrogen peroxide is added to assist removifaple | asE.,, = 0.271 Ah/g. The gravimetric energy density
hydrogen gas in the electrochemical reaction. It is noted th@h/g) is obtained a¥ly; = V°E.., = 0.678 Wh/g. The
gold is the electron collector and is not reactive in the procestheoretical voltage and capacity of this microbattery using zinc,
The electrochemical reactions of the microbattery at the zisalfuric acid, and hydrogen peroxide are 2.5 V and 0.271 Ah/g
electrode can be expressed as the anodic reaction (oxidatiorthat are comparable to those of 2.8 V and 0.271 Ah/g of the
magnesium battery [12].

AG® = $(AG®), — S(AG), (5)

(6)

total molar mass of active components

Zn + 803~ — ZnSOy + 2e~ (1)
lll. FABRICATION
the cathodic reaction (reduction) is represented as The disposable microbattery has been designed and fabri-
cated by a standard surface micromachining process [14]. The
Hy05 + 2HT + 26~ — 2H,50 (2) process starts with the growth of a Quéa-thick low stress
low-pressure chemical vapor deposition (LPCVD) silicon
and the overall reaction is nitride layer on the silicon substrate as an electric isolation
layer. In the processing step of Fig. 3(a), a pib-thick
7n + HySO,4 + HyOy — ZnSO4 + 2H,50. (3) LPCVD polysilicon (poly0) is deposited and patterned for the

basis of the electrolyte cavity support. Aui2a-thick sacrificial
It is observed from (1)—(3) that the electrons flow through th@SG (phosphosilicate glass) layer is deposited in the step of
external load resister and ionséf- andSO2~ flow within the ~ F19- 3(b). Fig. 3(c) shows that a2m-thick polysilicon (poly1)
electrolyte, inside the cavity. The theoretical voltage can be d-deposited and patterned for constructing the support. After-
tained from the change in the Gibbs free energy between re%@rds, a 0.75:m-thick PSG2 layer is deposited and patterned

tants and products as follows [12] as shown in Fig. 3(d). A LPCVD 1.m-thick polysilicon
(poly2) is deposited and patterned for the positive electrode and
. —AG° the support in Fig. 3(e). A 0.ban-thick gold layer for positive
T ToF (4)  electrode and contact pads is then deposited and patterned using

lift-off in the processing step of Fig. 3(f). After the removal
where V°, AG®°, n and F' denote the standard voltage, thésee Fig. 3(g)] of the sacrificial PSG layers using HF solution
change in the Gibbs free energy at the standard state, theconstruct the electrolyte cavity, the microbattery is rinsed
number of moles of the changed electrons during the reacti@md dried. The process is completed by bonding a sliced piece
and Faraday defined by 96500 Coulombs, respectively. ThEzinc on the top of the silicon substrate [15] of microbattery
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Fig. 3. Fabrication process for the microbattery.

Fig. 4. SEM photograph of a fabricated microbattery before capping: the sigig. 5. Close view of” in Fig. 4 showing the positive electrode (gold), a pad
is 1 mmx 1 mm. and the cavity support.

or using adhesive for bonding as shown in Fig. 3(h). Fig. 4
shows a scanning electron microscope (SEM) photograph
of the fabricated microbattery right after the process step of The output voltage of the microbattery has been measured
Fig. 3(g) and the chip area is 1 mml mm. Gold electrode with respect to time for various combinations of electrolyte con-
with an area of 60Qumx 850 ym and two cavity supports centration and load resisters at20. After placing a droplet of

are constructed as shown. Fig. 5 is a close view of area CQrb il in front of the cavity (see Fig. 2), voltage has been mea-
Fig. 4 showing a contact pad, part of cavity support and patired by a voltmeter. The molarity of the hydrogen peroxide is
of gold layer used for the positive electrode. Fig. 6 showset at 10% higher than that of the sulfuric acid in order to mini-
the SEM photograph of capped microbattery before puttingnaize the generation of hydrogen gas in all experiments.
droplet of the electrolyte. The cap substrate, cavity and wiresFigs. 7-10 shows the measured voltages of the microbattery
for experimental measurement are also shown. when changing the concentration of sulfuric acid and the load

IV. RESULTS AND DISCUSSIONS
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Fig. 9. Measured voltage of the microbattery with 1.5 M sulfuric acid.

Fig. 6. SEM photograph of capped microbattery before putting the electrolyte. 1.6
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Fig. 10. Measured voltage of the microbattery with 2.0 M sulfuric acid, where

. . . L bubble generation is observed.
Fig. 7. Measured voltage of the microbattery with 0.5 M sulfuric acid.

1.5 Vis less than the theoretical voltage of 2.5V, obtained from
(4) and (5), it could be sufficient to drive low voltage microelec-
tronics. The service time of this prototype microbattery that has
voltage output over 1.0 V is approximately 10 minutes in Figs. 8
and 9 when using the resistance a@fi12 and sulfuric acid mo-
larity of 1 M and 1.5 M with a single droplet of electrolyte.

Fig. 11 is a battery model [12] that qualitatively explains the
output voltage reaction by Kirchhoff’s law

V=V°-V, —V,,—E,=RI @)

whereV,. is the ohmic drop in the electrodds,; is the ochmic

0 5 10 15 20 25 30 35 40 45 50 drop in the solutionf,, is the voltage drop due to reactions at
Time [min] the electrode/solution interface, and the current flowing through

the load resistor. The magnitude B8}, depends on a number

of effects, including charge transfer, nucleation and growth of

a%hases or availability of reacting species. In order to maximize

Fig. 8. Measured voltage of the microbattery with 1.0 M sulfuric acid.

resistance. It is noted from Figs. 7-9 that higher concentratin S
e output voltage, several approaches can be used to minimize

of sulfuric acid results in higher voltage output, and higher lo . andV,,, such as 1) to lessen the anode/cathode gap to lower

resistance results in longer service time but smaller output cyf* .
rent. In Fig. 10, the service period of the 2.0 M (Mole/liter) suI%S + 2) to ensure adequate electrode conductivity to loey

furic acid is shorter than that of the 1.5 M sulfuric acid in Fig. nd 3) to optimize the connections to electrodes to lolier

due to the generation of hydrogen bubbles in the eIectronteVlrt]eEuger? icnig ?% r:;)resented by substituting= F,.I and

is observed from Fig. 9 that the measured maximum voltage df
this microbattery is 1.5 V in the case of 1.5 M sulfuric acid with Ve - E,
a load resistance of M. Although the measured voltage of I'= R+ R,.+R,, (®)
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. . 2 M sulfuric acid. The bubbles size varies fromu to 10 pm. This optical
______ - photo was taken by charge-coupled device (CCD) camera of a probe station at
. . ) the entrance of the cavity Fig. 2(b) after placing a droplet ofiQ.5 front of
Fig. 11. Electrical model for the microbattery. the cavity.
The output voltage can be obtained from (7) and (8) TABLE ||
ENERGY CAPACITY OBTAINED FROM FIGS. 7-10
V=r(V°-E,) 9)
Load Resister
wherer is defined as H,S04 Concentration L10kQ 100kQ MO
1
r= . 10 0.5M 17.9 18.2 14.7
L+ B+ o
M 48.4 34.9 152
The resistancel,, of the electrolyte is a function of the sul- 1.5M 1177 82.0 21.6
furic acid conductivityx, and battery geometry [16] as follows: iy o 680 o
K
R,s = ; (11) Energy capacity in uW-min for a droplet of 0.5/ electrolyte
k=cA=c (A°° — b\/E) (12)

are several sudden turns in the recorded experiments and are
where , K,c, A, A>°, and b are the conductivity of the suspected to be the responses of local environmental changes
electrolyte, the cell constant depending on battery geometrigg§ch as generation of hydrogen bubbles, local flow variations
sulfuric acid concentration, the molar conductivity of theindlocal concentration variations due to the evaporation of elec-
electrolyte, the molar conductivity when c approaches 0, af@lyte. The most severe case is observed in Fig. 10 when the 2
a constant, respectively. After substituting (11) and (12) int@ sulfuric acid is used in the microbattery, the output voltage is
(10), the resistance ratio is represented as a function of {B@er than the case of 1.5 M solution. It clearly disobeys the an-

sulfuric acid concentration as follows: alytical model of (13) and does not follow the trend as demon-
1 strated in Figs. 7-9. After careful characterization, it is found
r= " : (13)  that hydrogen bubbles with sizes of 5—1fh in diameter have
T+ =g+ % (W) been generated in the electrolyte as shown in Fig. 12, which is

an optical photo taken by a CCD camera from a probe station at
Itis noted from (9) and (10) that the resistance ratio increasth® entrance of the battery cavity [see Fig. 2(b)] after placing a

as the external load resistance increases. Therefore, the outipaplet of 0.5u1 in the front of the cavity. This reaction is not ac-

voltage increases under higher load resistance as observedounted in the analytical model and appears to reduce the avail-

Figs. 7-9. It is also known from (11) that higher concentratioable output voltage. Issues involving the stability of the reagents,

of sulfuric acid could reduce the ohmic drop in the solutiBp,. changing chemistry and temperature during the experiment will

As a result; will increase and the output voltage increases aequire further investigations.

observed in Figs. 7-9. Furthermore, the transient voltage droprable 1l compares measured energy capacity obtained from

in Figs. 7-9 can be qualitatively explained by observing (13)umerical integration of data from Figs. 7—10. Energy capacity,

Sulfuric acid concentration is reducedras reduced over time. FE, of the microbattery is calculated as follows:

These analytical models can only qualitatively explain the trend

of the experimental observations. It will be very difficult, if pos- B / V_th (14)

sible, to obtain quantitative simulation results due to the fact that “J/ R

these electro-chemical reactions at small scale are very difficult

to control and such reactions can take different pathways dehereV, R, andt¢ denote the measured voltage, the load re-

pending on the environment. As observed in Figs. 7-9, thesistance and time, respectively. The general trend (except the
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TABLE I 1.6 , i [ , [ [
MICROBATTERY EFFICIENCIESOBTAINED FROM (9), (10),AND TABLE Il 1.4 Ai j ; : | 5 ; ;
N A A A
Load Resister 1.2 __\D_,_‘, ,,,,, ] oo
: — b i i 0 ] ' ' '
) I ' 0. ' I i !
S0, Concentration 10kQ 100kQ IMQ 2.1.0 e PSR S O SO SO
N N
0.5M 0.9 0.9 0.7 g 0.8 |- S'\D"‘“‘r ‘‘‘‘‘ [ S =T B [N RN E—
S A S
M 12 0.9 0.4 ’S 0.6 [--tO--tommmboeees \~
' \ ' il ' ' ' ' il
1 a o i ' . il ] ]
1.5M 2.0 14 0.4 =04 L. 0 % SN S SR SN =1 S SN SRR SRR
' : D‘:j‘jﬂugﬁ L T
2M 14 0.9 0.05 0.2 Lo L . e B [ [ O i [
3 : oo
Energy efficiency in % 0.0 : ! ; '

0 5 10 15 20 25 30 35 40 45 50

2 M sulfuric acid electrolyte case) from Table Il is that the en- Time [min]

ergy Capacity of the microbattery decreases when the load re&ig- 13.‘ Measured voltage of the microbattery with _1.0 M sulfuric acid and
tance increases, and increases when the concentration of thelgzi\ﬂ_resstance of M(2; the second electrolyte droplet is added after 20 min.
furic acid increases. Possible reasons are discussed. Higher elec-

trolyte concentration clearly provides higher energy capacity 4 —r 1 1 T 1 T T
as discussed previously. The reason for lower measured energy A
capacity under higher load resistance is unclear but one pos- 0.3 ¢-----h----b--ooboeeet o
sible factor is the evaporation of electrolyte. It is observed that > e
a droplet of electrolyte will evaporate in about 30 min. Experi- o

' ) : ' ' i i ' '
' i i ' ' i . I '
' i i i : i : . '
. O r-----r-----r-----r----- R SRR EEEEEE bbb S 1
j j j . I . i '
i . i ' )

ments with higher load resistance generate lower output current S So b b

and extend the battery operation. But the energy capacity may © | O"?‘®*?-°~<%—0~¢~O\CED Pl

loss over longer period of operation due to the evaporation of = 0.1 f----t---- \o\a<
electrolyte such that higher load resistance results in lower ca- bbb bbb 1T %9000~
pacity. The combination of 2.0 M sulfuric acid and RQ offers 0.0 N A O
maximum energy capacity of 1222V -min. 0 2 4 6 8 10 12 14 16 18 20

Another important number to be investigated is the efficiency.
In this prototype system, it appears that the amount of electrolyte ' _ '
is the dominant factor while zinc is not going to be consum{%roifde E’;"n’fjafo‘gg?e;’i‘s"tt:r?fe g; ltgg microbattery with 1.0 M potassium
totally. The volumetric energy densify, can be defined as '

Time [min]

nF evaporated during the process and lost to the environment. Sev-
E,=V° , . (19 irecti i iCi
total volume of active component eral directions may be taken to increase the battery efficiency.
First, sealing the electrolyte inside the micromachined cavity to
In practical batteries, the energy content of the actual systeRigvent the evaporation of the electrolyte. Second, circulating
is measured in terms of watt-hour (Wh) and the practical volthe electrolyte to provide fresh solutions to be close to the elec-

metric energy density is defined as trodes. Third, other steps discussed previously from (7) to re-
duce the voltage drops df,. andV,,. One particular experi-
> B Wh (16) ment is conducted to see the effect of adding fresh electrolyte
v,pra —

after the first droplet of electrolyte is almost consumed. Fig. 13
shows the measured voltage of the microbattery with 1 M sul-
Therefore, the efficiency of the practical battery can be calcfuric acid and the load resistance oM. The voltage of the
lated asF, ,../E.. Table Il compares battery efficiencies obfirst droplet of the sulfuric acid varies from 1.5 Vto 0.1V during
tained from (15), (16) and Table Il. From Table Ill, it is ob-+the first 20 min. After adding the second droplet, the voltage re-
served that the combination of 1.5 M sulfuric acid andkiD covers backto 1.22 V and decrease afterwards in the similar pat-
offers maximum efficiency of 2.0% that corresponds to 72 00@drn. Two possible effects are happening in this case. The first
per one liter of electrolyte. The general trend (except the 2 dbhe is the local disturbance of the electrolyte such that fresh
sulfuric acid electrolyte case and 1MX2 load resistor case) electrolyte can be supplied to the electrode area. The second
follows the energy capacity table. The efficiency increases affect is the addition of new electrolyte content to support the
the electrolyte concentration increases before hydrogen bwiperation of the battery.

bles are generated to reduce the efficiency. Moreover, the batFig. 14 shows the measured voltage of the microbattery with 1
tery efficiency reduces under high load resistance probably dueof potassium hydroxide (KOH) and the load resistance of 100
to longer operation time to loss efficiency due to the evaporke). This demonstrates the possibility of using other electrolytes
tion of electrolyte. It appears that the efficiency of these on-d& work under the same electrode system. The voltage varies
mand microbatteries is at least one order less than macrosdeden 0.3 V to 0.06 V in 20 min. It is noted that the maximum
batteries. The primary reason is that most of the electrolytevsltage of 0.3 V under 1 M of potassium hydroxide with the load

volume of electrolyte’
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resistance of 10R2 is lower than that of 1.34 V of 1 M sulfuric that a maximum voltage of 1.5 V, energy of capacity of 122.2
acid and the load resistance of 10Q as shown in Fig. 8. pW-min, and the maximum efficiency of 2% have been
The prototype battery is fabricated by a simple surface nachieved. The microbattery also works by using potassium
cromachining process. However, the operation principle can lngdroxide as electrolyte and offers a measured maximum
extended to other processes. The battery can be constructestddtage of 0.3 V. It is foreseeable that the voltage, current
adding a top electrode cap with built-in supports to complete thad capacity of the microbattery can be improved by making
construction in Fig. 1. Furthermore, the voltage, current and ceries or parallel battery designs as well as by choosing other
pacity of the microbattery can be improved by making series electrode/electrolyte systems. This battery can be used for
parallel battery designs and choosing other electrode/electrol9tedemand and disposable MEMS devices that might require

systems. low cost, small size power sources.
As observed in all experiments under one single droplet of
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