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bstract

All-solid-state thin-filmed lithium-ion rechargeable batteries composed of amorphous Nb2O5 negative electrode with the thickness of 50–300 nm
nd amorphous Li2Mn2O4 positive electrode with a constant thickness of 200 nm, and amorphous Li3PO4−xNx electrolyte (100 nm thickness), have
een fabricated on glass substrates with a 50 mm × 50 mm size by a sputtering method, and their electrochemical characteristics were investigated.
he charge–discharge capacity based on the volume of positive electrode increased with increasing thickness of negative electrode, reaching about

−3
00 mAh cm for the battery with the negative electrode thickness of 200 nm. But the capacity based on the volume of both the positive and
egative electrodes was the maximum value of about 310 mAh cm−3 for the battery with the negative electrode thickness of 100 nm. The shape of
harge–discharge curve consisted of a two-step for the batteries with the negative electrode thickness more than 200 nm, but that with the thickness
f 100 nm was a smooth S-shape curve during 500 cycles.

2007 Published by Elsevier B.V.

e; Li2

w
a
t
fi
c
fi
s
c
a
c

V
r
a
t
w

eywords: Li-ion battery; Thin-filmed solid-state battery; Amorphous electrod

. Introduction

Recently, much attention has been paid to the investigations of
olid-state lithium-ion rechargeable batteries and lithium-metal-
ree batteries [1–6]. If such a rocking-chair type of battery is
onstructed with only a thin-filmed type of electrodes and elec-
rolyte, it will be very compact, light and highly reliable, and
herefore we can find widespread application in many types
f portable electronic devices. As one of such batteries, we
ave developed a thin-filmed lithium-ion rechargeable battery
abricated using a sputtering method [6]. It was composed
f a thin-filmed LiMn2O4 positive electrode, a V2O5 nega-
ive electrode, a Li3PO4−xNx, so-called LIPON electrolyte [2],
nd V films as an electric collector. The cell size was 1 cm2

n area and about 2.2 �m in thickness, and it showed a good
harge–discharge performance with a capacity of about 18 �Ah.
But the charge–discharge capacity is too small to drive prac-
ical electronic devices, so that we recently have accomplished
arge-sized and thin-filmed lithium-ion rechargeable batteries of
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hich the typical cell size was 100 mm × 100 mm in area and
bout 3.1 �m in thickness by using amorphous Li2Mn2O4 posi-
ive electrode, V2O5 negative electrode, and LIPON electrolyte
lms [7]. The reason to use amorphous films is to prevent a
rack and a peeling by stress that grows largely in crystallized
lm as the size and thickness of the cell increase. The battery
howed good charge and discharge characteristics with a typi-
al capacity of about 0.9 mAh and it could drive a digital watch
s a portable device for more than 1 month with only one time
harging.

However, the charge–discharge curve of the battery using a
2O5 negative electrode is not flat and the voltage decreased

apidly with discharge [7]. Moreover the V2O5 has toxicity. In
ddition, the charge–discharge capacity of the thin-filmed bat-
ery is not enough yet to drive portable devices in comparison
ith normal battery with a liquid electrolyte. So, it is expected

o improve the charge–discharge characteristics and to increase
he capacity by using other negative electrode materials instead
f V2O5.

We examined charge–discharge properties of the several thin-

lmed batteries composed of various negative electrodes and a
i2Mn2O4 positive electrode, and found that Nb2O5 can be used
s a suitable thin-filmed negative electrode. In present work,
e report charge–discharge properties of thin-filmed batteries
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aving amorphous Nb2O5 thin films with different thicknesses
s a negative electrode.

. Experimental

Using a DC/RF magnetron sputtering equipment, of which
hamber size was 800 mm in diameter and in which four targets
ere installed, lithium-ion rechargeable batteries were fabri-

ated on glass substrates installed in the chamber as follows [7].
irst, on a glass substrate (50 mm × 50 mm in area and 1.1 mm

n thickness), a V metal current collector film was deposited by
dc-magnetron sputtering method (DC method) from a V metal

arget with a typical dc power of 1.0 kW and an Ar-gas pressure
f 2.0 mTorr. The film thickness was 100 nm. Next, a thin film
f positive electrode was deposited on it by an rf-magnetron
puttering method (RF method) from a Li2Mn2O4 sintered tar-
et with a typical power of 1.2 kW in a mixture gas of Ar and
2 (9:1). The gas pressure was 3.0 mTorr and the film thickness
as 200 nm. Then, a thin film of solid Li3PO4−xNx electrolyte

100 nm) was deposited by using the RF method from a Li3PO4
intered target in N2 gas. After that, a negative electrode was
eposited by using the RF method from a Nb2O5 sintered target
ith a power of 1.0 kW in a mixture gas of Ar and O2 (9:1).
inally, a V film (100 nm) was deposited again by using the DC
ethod. The thickness of Nb2O5 negative electrode was changed

rom 50 to 300 nm to optimize the thickness. These films were
ll deposited at room temperature without heating the glass sub-
trate. An effective cell size was 32 mm × 32 mm in area. A
chematic diagram of the thin-filmed battery in a cross-section
s shown in Fig. 1, and a photograph of the plane view is shown
n Fig. 2.

The crystal structures of those films were investigated by
RD measurement. No XRD peaks were observed for any film,

onfirming that all these films were in an amorphous state. Here,

he chemical compositions of the deposited films were indicated
y those of the used targets such as Nb2O5 and Li2Mn2O4.

Charge–discharge properties of these batteries were mea-
ured at room temperature with a current of 0.02–0.10 mA

ig. 1. A schematic diagram of the thin-filmed Nb2O5/Li2Mn2O4 battery in a
ross-section.
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ig. 2. A photograph of the thin-filmed battery with a 50 mm × 50 mm size in
plane view.

etween 3.5 and 0.3 V by using a charge–discharge measuring
nstrument.

. Results and discussion

Fig. 3(a)–(d) shows the charge–discharge characteristics of
he batteries having Nb2O5 negative electrode with different
hicknesses and a Li2Mn2O4 positive electrode at a current of
.02 mA. Here, the charge–discharge capacities were obtained
ased on the volume of positive electrode in those batteries.
s generally observed in any battery, the initial charge capacity

xceeded the following discharge one, showing a considerable
rreversibility. The irreversible capacities at the Nb2O5 thick-
esses of 200 nm (c) and 300 nm (d) are larger than those at the
hicknesses of 50 nm (a) and 100 nm (b). After the 2nd cycle,
teady cycling behaviors are observed. This may be attributed to
he fact that a considerable amount of Li is trapped in the neg-
tive electrode as irreversible Li during the 1st cycle. As seen
n Fig. 3, at initial stage of the first charge process the voltage
nce decreased rapidly, then increasing with capacity. This is
robably attributed to intrinsic property of Nb2O5 thin film.

The charge–discharge curves consist of smooth S-shape pro-
le at any cycle without any plateau for the negative electrode
ith smaller thicknesses of 50 and 100 nm ((a) and (b)). At
igher thickness of 200 nm, however, a shoulder appears and
t grows with cycling (c). Moreover, for the larger thickness of
00 nm, a two-step variation clearly appears with cycling (d).

The appearance of the two-step voltage variation at a higher

b2O5 thickness would be due to the structural variation of

morphous Li2Mn2O4 positive electrode [8–10]. The prepared
i2Mn2O4 film is in an amorphous state from XRD measure-
ent. The average discharge potential of crystalline Li2Mn2O4
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ig. 3. Charge–discharge characteristics of the batteries having Nb2O5 negativ
00 nm.

LiMnO2) is about 3.3 V versus Li/Li+ and the potential changes
n the range of 2.0–4.5 V versus Li/Li+ on cycling [11,12].
he prepared Nb2O5 negative electrode has also amorphous
tructure and the average discharge potential is about 1.6 V ver-
us Li/Li+ [3,13], and the potential smoothly changes in the
ange of 1.0–2.6 V versus Li/Li+ on discharge. Thus, the 1st
harge–discharge profile of Nb2O5/Li2Mn2O4 battery becomes
smooth S-shape curve having average voltage of about 1.7 V

nd the voltage may vary in broad voltage range of 3.5–0.3 V,
ith cycling.
On the other hand, the high crystalline spinel-related

iMn2O4, normally prepared by high-temperature calcination,
hows a two-step discharge profile at the potential of 3 and 4 V
ue to the two kinds of the crystallographic sites of tetrahedral
a and octahedral 16c for lithium incorporation [14]. As can be
een in Fig. 3, the stepwise discharge curves appear with increas-
ng thickness in the Nb2O5 electrode and also with increasing
ycling number. This indicates that during a charging process
ore amounts of Li were removed from the Li2Mn2O4 elec-

rode with increasing thickness of Nb2O5 films, reaching to the
omposition of Li1−xMn2O4 (x < 1). A considerable amount of
i remained in the Nb2O5 electrode during the initial discharge,

eading to the larger irreversible capacity with increasing Nb2O5
hickness. The much amount of Li removal from amorphous
i2Mn2O4 may form spinel-related crystal domain in the amor-
hous structure [9,12]. This may create the tetrahedral 8a site

howing a high Li insertion potential of about 4 V. Thus, the
learer two-step discharge voltage profile would appear with
ncreasing Nb2O5 film thickness and increasing cycling num-
er. We are now investigating the electrochemical behavior and

2
6
w
a

ctrodes with different thicknesses: (a) 50 nm, (b) 100 nm, (c) 200 nm, and (d)

tructural variation of single Li2Mn2O4 and Nb2O5 film elec-
rodes. The experimental results will be reported elsewhere.

For the Nb2O5/Li2Mn2O4 battery, the discharge voltage is
igher than that of V2O5/Li2Mn2O4 battery [7]. Practically, the
oltage more than 1.0 V is necessary to drive electric devices
uch as digital watch using liquid crystal even if they consume
ow electric power. For the battery with V2O5 negative electrode,
he ratio of the capacity at the working voltage of 1.0–3.5 V
ompared to the total capacity between 0.3 and 3.5 V is 30%
7]. While the ratio is about 80% for the batteries with a thin-
er Nb2O5 negative electrode (thickness: 50–100 nm) and it is
bout 50–60% for those with a thicker Nb2O5 negative elec-
rode (thickness: 200–300 nm), as seen in Fig. 3. Thus, Nb2O5
s found to be more profitable negative electrode for the thin-
lmed batteries in comparison with V2O5 negative electrode,
nd the battery with a Nb2O5 negative electrode of the thick-
ess of 100 nm shows especially excellent charge–discharge
erformance.

Fig. 4(a) shows cycle performances on the discharge capaci-
ies at a current of 0.02 mA. The capacities were obtained based
n the volume of positive electrode in those batteries. For the
atteries having Nb2O5 negative electrode thicknesses of 50 and
00 nm, the capacities gradually decreased during 30 cycles,
hen being almost constant with about 300 and 480 mAh cm−3,
espectively. For the thicknesses of 200 and 300 nm, the capac-
ties decreased until about 10th cycle, then increased. After

0–30 cyclings, they reached almost constant capacity of about
00 mAh cm−3 for both the thicknesses. Such a battery behavior
ould correspond to appearance of a shoulder shown in Fig. 3,

s discussed above. In comparison with V2O5, the capacities of
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Fig. 4. Cycle performances of the batteries with different Nb2O5 electrode thick-
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2nd cycle, the discharge capacity almost agrees with the charge
one. These phenomena are similar to the case at a current of
0.02 mA shown in Fig. 3(b). The stable charge–discharge curve
esses: (a) the capacity is based on the volume of positive electrode and (b) the
apacity is based on the volume of both positive and negative electrodes at a
urrent of 0.02 mA.

00–600 mAh cm−3 based on the volume of positive electrode
or a Nb2O5 negative electrode are larger than that of about
80 mAh cm−3 for a V2O5 negative electrode [7].

The capacity increases as the negative electrode thickness
ncreases until the thickness of 200 nm, and the capacity with
00 nm is almost same as that with 200 nm, as seen in Fig. 4(a).
his is attributed to that the capacity on the Li2Mn2O4 positive
lectrode with the constant thickness of 200 nm corresponds to
he capacity on the Nb2O5 negative electrode with the thickness
f 200 nm. Thus the amount of Li2Mn2O4 electrode limits the
apacity of the present battery system.

Fig. 4(b) shows cycle performances on the discharge capac-
ties based on the volume of both the positive and negative
lectrodes in the batteries. The stable capacity of the bat-
ery with the negative electrode thickness of 100 nm is about
10 mAh cm−3, which is largest among all the batteries during
00 cycles. The batteries with negative electrode thicknesses of
0 and 300 nm show smaller capacity of about 230 mAh cm−3.
hese capacities of 230–310 mAh cm−3 based on the volume of

oth positive and negative electrodes for a Nb2O5 negative elec-
rode is larger than that of about 130 mAh cm−3 for the battery
ith V2O5 negative electrode [7].

F
a

ig. 5. Charge–discharge characteristics of the battery with a Nb2O5 negative
lectrode with a thickness of 100 nm at a current of 0.10 mA until 500 cycles.

In application to practical devices, it is important to increase
he capacity based on a volume, or a cell thickness of the film bat-
ery, nearly corresponding to the capacity based on the volumes
f positive and negative electrodes, because the thicknesses of
lectric collector and solid electrolyte are nearly constant regard-
ess of the thicknesses of positive and negative electrodes. So,
he negative electrode thicknesses of 100 and 200 nm are suit-
ble for application to realistic devices. Especially, the Nb2O5
egative electrode with the thickness of 100 nm is more favor-
ble from the stability of the charge–discharge curve, as seen in
ig. 3.

Fig. 5 shows the charge–discharge characteristics of the bat-
ery consisting of a Nb2O5 negative electrode with the thickness
f 100 nm at a current of 0.10 mA during prolonged 500 cycles.
he charge–discharge capacities were obtained based on the vol-
me of positive electrode. At early stage of the initial charging,
he voltage once decreased and then increased, and the initial
harge capacity exceeds the following discharge one. After the
ig. 6. Cycle performance of the battery with a Nb2O5 negative electrode with
thickness of 100 nm at a current of 0.10 mA until 500 cycles.
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onsisting of a smooth S-shape curve without any shoulder was
btained on prolonged cyclings.

Fig. 6 shows cycle performance of the battery with a Nb2O5
egative electrode (100 nm thickness) at a current of 0.10 mA
uring 500 cycles. The capacities were obtained based on the
olume of positive electrode. Until about 50 cycles the capacities
ecrease gradually to the capacity of 400 mAh cm−3, then retain-
ng almost a constant capacity of 400 mAh cm−3 during 500
ycles. This capacity of 400 mAh cm−3 is a little smaller in com-
arison with that of 480 mAh cm−3 at a current of 0.02 mA. So
his battery using a Nb2O5 negative electrode with 100 nm thick-
ess is found to show a fairly stable performance for prolonged
ycling at higher current of 0.10 mA.

. Summary

We have investigated the electrochemical characteristics
f all-solid-state thin-filmed lithium-ion rechargeable batteries
omposed of amorphous Nb2O5 negative electrode with var-
ous thicknesses, Li2Mn2O4 positive electrode with constant
hickness of 200 nm and LIPON electrolyte. The battery perfor-
ance depended on the negative electrode thickness, resulting

n different charge–discharge curves, capacities per unit volume,
nd cyclic performances. The batteries with a negative electrode
hicker than 200 nm showed an unstable cycling behavior con-
isting of a two-step curve, while the batteries with a negative
lectrode thinner than 100 nm showed a stable cycling curve

haracterized by an S-shape as the cycle goes on. Especially,
he battery with the Nb2O5 negative electrode of the thickness
f 100 nm showed most favorable charge–discharge properties
ith the capacity of 310–380 mAh cm−3 based on the volume of

[
[

[
[

r Sources 174 (2007) 838–842

oth the positive and negative electrodes, and with stable cycling
urve for 500 times.
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