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Abstract

Large-sized and thin-filmed lithium ion rechargeable batteries composed of Mni,O, positive electrode, a 305 negative electrode
and a LsPOy_4Ny electrolyte have been developed on glass substrates by using a sputtering method, and their electrochemical characteristic
were investigated. A typical cell size of the batteries was 10000 mm in area and about 3.In in thickness as a whole. The battery
with a maximum cell size of 200 mx 200 mm was also successfully fabricated. These pinhole-free batteries showed a good rechargeable
performance between 3.5 and 0.3 V with a typical charge—discharge capacity of about 0.9 mAh for the battery with ax10@0mm size
and of about 5.5 mAh for the battery with a 200 200 mm size. These batteries having almost the same characteristics have stably been
fabricated with a good yield rate, and they could drive a digital watch as one of realistic portable devices more than 1 month with only one
time charge.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction practical electronic devices, and it is expected to increase the

charge—discharge capacity. One of the effective methods to
Recently, much attention has been paid to the investiga-increase the capacity is to enlarge the cell size. In this study,

tions of solid-state lithium ion rechargeable batteries and we report the fabrication of large-sized and thin-filmed

lithium-metal-free batteriefl-5]. If such a rocking-chair lithium ion rechargeable batteries, their charge—discharge

type of battery is constructed with only a thin-filmed type of properties, and possibilities as a realistic battery to drive

electrode and electrolyte, it will be very compact, light and practical devices.

highly reliable, and therefore, find widespread application

in many types of portable electronic devices. As one of

such batteries, we have developed a thin-filmed lithium ion 2. Experimental

rechargeable battery by using a sputtering metf&id It

was composed of a thin-filmed LiM@; positive electrode, Using a dc/rf magnetron sputtering equipment, of which

a V205 negative electrode, a $#°0sxNx, so-called LIPON  chamber size was 800 mm in diameter and in which four

electrolyte[2], and V films as a collector, and the cell size targets were installed, lithium ion rechargeable batteries

was lcnf in area and about 2j2m in thickness. Such a  were fabricated on glass substrates installed in the chamber

thin-filmed battery showed a good rechargeable performanceas follows. First, on a glass substrate, of which size was

with a charge—discharge capacity of aboutpX81. The 100 mmx 100mm in area and 1.1mm in thickness, a V

charge—discharge capacity, however, is slightly small to drive cyrrent collector film was deposited by a dc-magnetron
sputtering method (dc method) from a V metal target with

* Corresponding author. Tel.: +81 3 3759 9325; fax: +81 33759 8789. @ typical dc power of 1.0kwW and an Ar-gas pressure of
E-mail addresshiromi_nakazawa@geomatec.co.jp (H. Nakazawa). 2.0 mTorr. The film thickness was 300 nm. Next, a thin film
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of Lio_xMn»04 as a positive electrode was deposited on it
by an rf-magnetron sputtering method (rf method) from a
LioMn,04 sintered target with a typical power of 1.2 kW
in a mixture gas of Ar and ©(9:1). The gas pressure was
3.0mTorr and the film thickness was 800 nm. Expecting
the battery to enhance its charge—discharge capacity by
increasing the ratio of Li atom, the iMn,0O,4 target was
used this time for a positive electrode instead of the Liln
one. Next, a thin film of solid lJPOy_xNy electrolyte was
deposited 1000 nm by using the rf method from gRQy
sintered targetin plgas. After that a YOs negative electrode
was deposited 300 nm by using the rf method from,®Yy
sintered target in a mixture gas of Ar and (9:1). Finally, a
V film was deposited again 300 nm by using the dc method,
and SiN; was deposited 400 nm on it to avoid invasion of
moisture by using the rf method from a8l sintered target
in Ar gas. These films were all deposited at room temperature
without heating the glass substrate. An effective cell size was
80 mmx 80 mm in area and about 3uIn in thickness as a
whole. The number of the substrates that could be installed
into the chamber was 10 at a time, so 10 thin-filmed batteries
were fabricated at once. We repeated fabrication of these
batteries several times with the same condition to confirm
reproducibility and to determine a yield rate. A schematic di- Of each film has been executed by using a sintered target
agram of the thin-filmed battery in a cross section is shown in of which the atomic composition ratio was indicated with
Fig. 1, and a photograph of the plane view is showfig. 2 the subscripts of each compound described above. Then, the
In addition to those batteries with a 100 mx1100 mm atomic composition ratio of each film would be thought to
size, we have fabricated a wider battery on a glass substratenearly agree with that of the sintered target, but such a ratio
of which size was 200 mm 200 mm in area and 3dm in is not correctly investigated yet, because the precise determi-
thickness, by the same fabricating conditions. The effective nation of atomic ratios in case of amorphous films, especially
cell size was 170 mmx 170 mm in area and only one sam- for a Li atom, are considerably difficult.
ple was fabricated at a time, because it is too large for the ~Charge—discharge properties of these batteries were
200 mmx 200 mm glass substrate to be installed into the measured with a current of 0.4 mA between 3.5 and 0.3V
chamber more than two pieces. for the batteries with a 100 mm 100 mm size and with
The crystal structures of those films were investigated by & current of 1.0mA between 3.5 and 0.3V for the battery
XRD measurement. No XRD peaks, however, were observedWith a 200 mmx 200 mm size by using a charge—discharge
for any of the films. Therefore, it was confirmed that these measuring instrument.
films were all in an amorphous state. Here, the deposition
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Fig. 2. A photograph of the thin-filmed battery with a 100 mr@00 mm
size in a plane view.

— 3. Results and discussion

SiNy barrier film

V collector

The charge—discharge characteristics of the thin-filmed
battery with a 100 mnx 100 mm size on the first five cycles
are shown inFig. 3. At the first charge cycle, the charge
voltage starts from a negative voltage and the capacity
reaches about 2.4 mAh which exceeds largely the following
" LisPOsxNy electrolyte - : discharge capacity of about 1.1 mAh. After the second cycle,
NI Dl e the discharge capacity agrees with the charge one. Though

7 irreversible Liions corresponding to the capacity of 1.3 mAh
Li2xMn 204 positive electrode (=2.4— 1.1 mAh) exist at the first charge—discharge cycle, it
ZZ is considered that the reversible charge—discharge processes
succeed after the first cycldzig. 4 shows the charge—

TR o e JORRINIEND S e vt s aimost e same carge-ciscna
Glass substrate . .
except the first cycle show almost the same charge—discharge

profile and the reversible charge—discharge performance,
Fig. 1. A schematic diagram of the thin-filmed battery in a cross-section. and the charge capacity agrees with the discharge one of
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Fig. 3. Charge—discharge characteristics of the thin-filmed battery with a Fig. 6. Self-discharge characteristics of the thin-filmed battery with a

100 mmx 100 mm size on the first five cycles.
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Fig. 4. Charge—discharge characteristics of the thin-filmed battery with a
100 mmx 100 mm size until the 90th cycle.

about 0.9 mAh. In comparison with ordinary non-solid type
Li batteries, the present thin-filmed battery is not changed in
quality in spite of a deep discharge down to 0.3V, although

the voltage decreases rapidly a little at a discharge process.

Fig. 5shows a cycle performance of the thin-filmed battery
on the discharge capacity until about the 100th cycle. During

100 mmx 100 mm size during about 30 days.

Charge—discharge properties were measured for other
thin-filmed batteries with a 100 mx 100 mm size, and it
was confirmed that 9 batteries among 10 batteries which
were fabricated at the same time showed almost the same
charge—discharge characteristics as shown above. Also, we
repeated the fabrication of the thin-filmed batteries with a
100 mmx 100 mm size for three times by the same condition
and every time we confirmed that about 9 batteries among 10
batteries showed roughly the same charge—discharge proper-
ties as shown above.

A self-discharge characteristic was investigated by mea-
suring the voltage of the battery everyday after charging it
upon 3.5V at a current of 0.4 mAcig. 6 shows the self-
discharge characteristic of this thin-filmed battery. At first
the voltage is 3.0V and decreases gradually day by day. But
the rate of its decrease is gentle and even after 30 days the
battery maintains a voltage of 2.4 V.

The present large-sized and thin-filmed battery with those
characteristics of the charge—discharge and of the self-

the first 10 cycles, the capacity shows a gradual decreasetJIischarge is possible to drive a realistic portable device. To

After that, however, it retains almost a constant capacity of
0.9 mAh with a small scatter and the discharge capacity is
50 times larger than that of about L8h of the cell with
a 1cnf size that we have fabricated befd@. The cycle

performance on the charge capacity also showed almost the Fig. 7 shows the charge—

confirm this, we tried to drive a digital watch by this large-
sized and thin-filmed battery. After being charged upon 2.0V
at a current of 0.4 mA only one time, the battery could drive
the digital watch more than 1 month.

discharge characteristics of the

same one on the discharge capacity. Corresponding to the fu”thin-filmed battery with a 200 mm 200 mm size until the

capacity of the cell, the capacity per unit area is estimated to

be about 14.Ah cm~2, and this value is a little smaller than
that of 18wAh cm~2. The capacity per unit positive electrode
volume is estimated to be about 180 mAh<chn
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Fig. 5. Cycle performance of the thin-flmed battery with a 100 sam
100 mm size on the discharge capacity until about the 100th cycle.

100th cycle. At any cycle, the discharge capacity almost
agrees with the charge one. Although the charge and dis-
charge capacities gradually decrease, the profiles of the
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Fig. 7. Charge—-discharge characteristics of the thin-filmed battery with a
200 mmx 200 mm size until the 100th cycle.
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~90 in thickness as a whole, and of which the maximum size
was 200 mmx 200 mm in area. These batteries showed good
charge and discharge characteristics between 3.5 and 0.3V
with a typical charge—discharge capacity of about 0.9 mAh
for the battery with a 100 mm 100 mm size and of about
5.5 mAh for the battery with a 200 mm 200 mm size. These
40l ] batteries with almost the same characteristics has been fab-
ricated stably with a good yield rate, and they could drive a
[ ——_———— S S .

0 10 20 30 40 50 60 70 80 90 100 digital watch as a realistic portable device more than 1 month

Cycle Number with only one time charge.
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Fig. 8. Cycle performance of the thin-filmed battery with a 200 mm
200 mm size on the discharge capacity until the 100th cycle.
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