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a b s t r a c t

We fabricated all-solid-state lithium secondary batteries consisting of LiCoO2 thin films prepared by elec-
tron cyclotron resonance (ECR) sputtering LiPON and metallic lithium films, and investigated the influence
of the sputtering target composition on the performance of the batteries and LiCoO2 films. We found that
the LiCoO2 film sputtered with a stoichiometric LiCoO2 target included many impurities (mainly Co3O4)
and these impurities were eliminated by adding an excess of Li source to the sputtering target to achieve
a Li/Co atomic ratio of 2.0 elsewhere. The LiCoO2 film sputtered with a Li2.0 target exhibited a larger
discharge capacity and a high performance level for large current operation. However, the capacity of a
battery employing LiCoO2 film sputtered with a Li2.0 target decreased more rapidly than that with a Li1.0
lectron cyclotron resonance plasma
puttering
iCoO2 film
harge–discharge cycle performance
rystallinity of the LiCoO2 film

or Li1.7 target in a charge–discharge cycle test. We also investigated the cycle performance of LiCoO2 films
in an ordinary liquid electrolyte by using beaker type cells. We found that the decrease in capacity during
the cycle tests was caused by the deterioration of the LiCoO2 film, because the dependence of the target
composition on the cycle performance in the beaker type cells was similar to that in the all-solid-state
cells. We consider the capacity decrease to be caused by the deterioration in the crystallinity of the LiCoO2

film when using the Li2.0 target and caused by the formation of a Co3O4 layer on the surface of the LiCoO2
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. Introduction

Recently, the size and weight of portable electronic devices,
ncluding mobile phones, laptop computers and portable music
layers, has been decreasing rapidly. However, if we are to produce
maller and lighter devices, we must develop small high power
atteries. A promising candidate is a thin-film lithium secondary
attery consisting of a positive electrode film, a solid electrolyte
nd a negative electrode film formed on a substrate. This battery has
arious advantages including no liquid leakage, excellent safety, a
ong cycle life and a wide operating temperature range [1–8]. More-
ver, it is possible to make a flexible battery if we fabricate the
hin-film battery on a flexible polymer film. Battery flexibility in
end enhances the flexibility with which we can arrange batteries

n devices.

Many lithiated transition metal oxides have been investigated

ntensively as cathode materials for lithium secondary batteries.
f these materials, LiCoO2 has been extensively used as a positive
lectrode material owing to its ease of preparation, high voltage,

∗ Corresponding author. Tel.: +81 46 240 3754; fax: +81 46 270 3721.
E-mail address: takahasi@aecl.ntt.co.jp (M. Takahashi).

t
i
a
s
[
t
t
d

378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2008.09.108
n basis of the results of X-ray diffraction analysis and Raman spectroscopy.
© 2008 Elsevier B.V. All rights reserved.

igh specific capacity, and long stable cycle life. LiCoO2 thin film
as been deposited using various techniques including radio fre-
uency (RF) magnetron sputtering [3–9], pulsed laser deposition
PLD) [10–12] and the sol–gel method [13–15]. However, as men-
ioned in many previous reports, the as-deposited LiCoO2 film must
e annealed at an elevated temperature of more than 500 ◦C for
rystallization. Such high temperature treatment makes it difficult
o utilize flexible polymer film as the substrate because of its low
eat resistance.

We previously reported on the preparation of LiCoO2 films using
he electron cyclotron resonance (ECR) sputtering method [16].

ith this approach we obtained well-crystallized LiCoO2 films
ithout a post-annealing process by adopting favorable deposition

onditions. Sputtered LiCoO2 films show good cycle stability and a
ood discharge property at high current densities. We also reported
hat LiCoO2 film deposited by the ECR sputtering method with a sto-
chiometric LiCoO2 target included many impurities, mainly Co3O4,
nd that these impurities were eliminated by adding an excess of Li

ource to the sputtering target until the atomic ratio of Li/Co was 2.0
17]. LiCoO2 film sputtered with a Li/Co = 2.0 target exhibited a 1.6
imes greater discharge capacity per unit volume than that sput-
ered with a LiCoO2 target, and provided excellent performance
uring large current operation.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:takahasi@aecl.ntt.co.jp
dx.doi.org/10.1016/j.jpowsour.2008.09.108
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Fig. 1. Schematic illustration of the all-solid-state lithium secondary battery.

In the present study, we fabricated all-solid-state lithium sec-
ndary batteries consisting of LiCoO2 thin films prepared by ECR
puttering LiPON and metallic lithium films, and investigated the
nfluence of the sputtering target composition on the large cur-
ent discharge and charge–discharge cycle performance of the
ll-solid-state batteries. We also investigated the crystallographic
haracterization of the LiCoO2 films deposited by using targets with
arious compositions before and after a charge–discharge cycle per-
ormed in an ordinary liquid electrolyte. We used X-ray diffraction
nalysis and Raman spectroscopy to characterize the crystallinity
f the film, and we considered the reason for the capacity decrease
uring the charge–discharge cycle test using the experimental
esults we obtained (Fig. 1).

. Experimental

A schematic illustration of the all-solid-state lithium secondary
attery is shown in Fig. 1. We prepared the LiCoO2 films by ECR
puttering on a Pt current collector formed on a quartz substrate
y using AFTEX-EC3400 (MES AFTY Corporation). We formed the
puttering targets by sintering a mixture of LiCoO2 and Li2CO3 pow-
er as the Li/Co molar ratios of the targets were 1.0, 1.2, 1.7 and 2.0.
ereafter, we refer to a target where Li/Co = x as a Lix target. The
lms were sputtered with microwave and RF powers of 800 and
00 W, respectively, in a mixture atmosphere of argon and oxy-
en (Ar:O2 = 40:1). The total gas pressure was regulated at 0.14 Pa.
ubstrates were heated at 300 ◦C during sputtering. The other sput-
ering conditions have been reported elsewhere [16]. A Pt current
ollector was prepared by RF magnetron sputtering using an SPF-
30H (ANERVA Corporation). The films were sputtered with an
F power of 100 W in an argon atmosphere of 1 Pa. The Pt films
ere about 500-nm thick. We prepared the all-sold-state batteries

y depositing LiPON film on LiCoO2 by RF magnetron sputtering
nd depositing metallic lithium film on the LiPON film by vacuum
vaporation. The LiPON film was deposited by using an SPL-210
ANERVA Corporation) with an RF power of 100 W in a nitrogen
tmosphere of 1 Pa. Li3PO4 was used as a sputtering target and the
iPON films were about 1.5 �m thick. Fig. 2 shows a SEM image
f a cross-sectional view of the ECR sputtered LiCoO2 film covered
ith a LiPON film. The LiCoO2 film was sputtered with a Li1.2 tar-
et. Both the LiCoO2 and LiPON films are fairly compact and are
n contact with each other with no clearance. The LiCoO2 films
puttered with Li1.0 and Li1.7 targets exhibited similar morphol-
gy to the film shown in Fig. 2, and the film sputtered with a Li2.0
arget had a somewhat small columnar structure. A Li anode and
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ig. 2. SEM image of a cross-sectional view of the ECR sputtered LiCoO2 film covered
ith a LiPON film.

u current collector were deposited in a vacuum below 10−3 Pa.
fter sputtering the LiPON film, we handled the samples in dry
ir at a dew point of less than −50 ◦C. The crystal structure of
he deposited LiCoO2 films was investigated using X-ray diffrac-
ion (XRD) analysis with an RINT 2100HF (Rigaku Co. Ltd.) with Cu
� radiation. The angle of the incident radiation to the substrate
lane was fixed at 5◦ and the detector was moved through an angle
f 2-theta. Raman spectroscopy with a Super Labram (Dilor Co.)
as also adopted to investigate the crystalline phases in the sput-

ered LiCoO2 film. We investigated the electrochemical property of
he all-solid-state batteries by employing a charge–discharge cycle
est. The cycle test was carried out galvanostatically between 3.0
nd 4.3 V by using a Mac Pile II system (Bio-logic) in dry air. We also
sed a three-electrode beaker type cell to investigate the proper-
ies of the LiCoO2 film in the liquid electrolyte. The sputtered LiCoO2
lm on the quartz substrate with Pt film was used as a working elec-
rode. A lithium metal sheet and a lithium fragment were used as
ounter and reference electrodes, respectively. 1 mol dm−3 of LiPF6
n ethylene carbonate/dimethyl carbonate (1:1, v/v) was used as the
lectrolyte.

. Results and discussion

When using the ECR sputtering method to deposit LiCoO2 film,
he composition of the sputtering target influenced the charac-
eristics of both the LiCoO2 film and an all-solid-state battery
mploying the LiCoO2 film. These characteristics include the sur-
ace morphology, crystallinity and discharge capacity [17]. In this
tudy, we investigated the effect of the target composition on
he discharge curves and the charge–discharge cycle performance
f an all-solid-state battery employing LiCoO2 film deposited by
CR sputtering. Fig. 3(a) and (b) shows the influence of the dis-
harge current on the discharge curves of all-solid-state batteries
mploying LiCoO2 films sputtered with Li2.0 and Li1.0 targets,
espectively. The LiCoO2 film sputtered with the Li2.0 target exhib-
ted a 1.6 times greater discharge capacity per unit volume than
hat sputtered with the Li1.0 target for a 0.1 mA cm−2 discharge. We
ssumed that the small amount of impurity in the film sputtered
ith the Li2.0 target was the origin this high capacity. We mea-

ured the Li/Co ratios of sputtered LiCoO2 films with inductively
oupled plasma/atomic emission spectrometry (Seiko Instruments

nc., SPS1700). The Li/Co ratios in the films sputtered with Li1.0,
i1.7 and Li2.0 targets were 0.56, 0.57 and 0.97, respectively. Since
he theoretical Li/Co ratio of LiCoO2 is 1.0, the LiCoO2 films sput-
ered with Li1.0 and Li1.7 targets appear to include some amount
f impurity. Since the thickness of the LiCoO2 film prepared with
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ig. 3. Influence of discharge current on discharge curves of all-solid-state batteries
mploying LiCoO2 films. (a) LiCoO2 film was sputtered with a Li2.0 target and (b)
iCoO2 film was sputtered with a Li2.0 target.

he Li2.0 target was adjusted to about 60% of that prepared with
he Li1.0 target, both batteries exhibited almost the same discharge
apacity per unit area. By comparing the voltage of the plateau
egion in the discharge curves, we observed that the voltage of
he battery employing the LiCoO2 film prepared with the Li2.0
arget was higher than that employing the film with the Li1.0 tar-
et, especially in curves measured for a high discharge current.
or example, with a 3.0 mA cm−2 discharge, the voltage of the dis-
harge plateau of the cell employing the LiCoO2 film prepared with
he Li2.0 target was higher than 3.0 V. In contrast, that of the cell
mploying the LiCoO2 film prepared with the Li1.0 target is lower

han 3.0 V in the latter half. The ohmic resistance of the LiCoO2
lm increases with increasing film thickness. We consider that the
oltage drop observed during high current discharge is reduced
y reducing the ohmic resistance of the LiCoO2 film, because the

Fig. 4. Cycle performance of all-solid-state batteries employing LiCoO2 film
deposited with (a) Li1.0, (b) Li1.7 and (c) Li2.0 targets.
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ig. 5. Cycle performance of LiCoO2 films prepared with (a) Li1.0, (b) Li1.7 and (c)
i2.0 targets measured in the liquid electrolyte.

iCoO2 film prepared with the Li2.0 target needs less thickness
han the film with the Li1.0 target to achieve the same discharge
apacity.

Fig. 4 shows the cycle performance of all-solid-state batteries
mploying LiCoO2 film deposited with (a) Li1.0, (b) Li1.7 and (c)
i2.0 targets. Although, strictly speaking, we cannot compare these
atteries in terms of performance since there are certain differ-
nces as regards battery size and measurement conditions, we can
bserve the tendency of the cycle performance of each battery. The
ell employing film prepared with the Li1.0 target provided long
nd stable cycle performance. The cell employing film prepared
ith the Li1.7 target performed stably for the first 50 cycles, and

hen the capacity decreased rapidly with cycling. The capacity of
he cell employing film prepared with the Li2.0 target decreased
ontinuously during the entire cycle test even though the capacity
er unit volume of the LiCoO2 film in the initial cycle was larger
han that of the other batteries.

To investigate the mechanism of the capacity decrease in the
ycle test, it is important to analyze the structural and composi-
ional changes of the LiCoO2 film. Since the LiCoO2 film is covered
ith LiPON, Li and Cu film in the all-solid-state battery, it is dif-
cult to analyze the LiCoO2 film after the cycle test. Hence we
dopted beaker type cells and measured the cycle performance of
iCoO2 film in liquid electrolyte. Here, we can obtain the bare sur-
ace of LiCoO2 film used in the cycle test simply by rinsing off the
lectrolyte.

Fig. 5 shows the cycle performance of LiCoO2 films prepared
y using sputtering targets of various compositions in liquid elec-
rolyte. The film prepared with the Li2.0 target exhibited poor cycle
tability. The film prepared with the Li1.7 target performed stably
uring the first 50 cycles, and then the capacity decreased rapidly
ith cycling. The film prepared with the Li1.0 target provided long

nd stable cycle performance. We noted that the dependence of
he composition of the target used in LiCoO2 sputtering on the
iCoO2 film cycle performance is similar to that of the all-solid-

tate battery employing LiCoO2 film as shown in Figs. 4 and 5. If
ifferent reactions cause the capacity reduction of the all-solid-
tate batteries and that of the beaker type cell during the cycle
est, for example by the reaction of LiCoO2 and each electrolyte, the

i
w
fi
o

ig. 6. Transition in charge and discharge curves of (a) LiCoO2 film sputtered with
Li1.0 target and (b) film sputtered with a Li1.7 target in a beaker type cell.

apacity decrease and its target composition dependence should
e different in each case. The fact that the all-solid-state cell and
he beaker type cell exhibit a similar capacity reduction suggests
hat this reduction is caused by the deterioration of the LiCoO2 film
uring the charge–discharge cycle. Fig. 6 shows the change in the
harge and discharge curves of (a) the LiCoO2 film sputtered with
he Li1.0 target and (b) the film sputtered with the Li1.7 target dur-
ng a cycle test measured in a beaker type cell. A comparison of
he two figures reveals that there is little difference between the
urves of the 2nd and 50th cycles. When the Li1.0 target was used,
he voltage shift of the curves observed after the 50th cycle was rel-
tively small. In contrast, a voltage shift, especially a voltage drop

n the discharge curves, was clearly observed after the 50th cycle

hen using the Li1.7 target. The capacity decrease of the LiCoO2
lm sputtered with the Li1.7 target is caused by this increase in
vervoltage in the charge–discharge reaction.
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ig. 7. XRD pattern of the LiCoO2 films measured before and after the cycle test. The
easured film sputtered with (a) Li1.7 and (b) Li2.0 targets.

We consider that the reduction in crystallinity and the gen-
ration of impurities in the LiCoO2 film are the reasons for the
ncreased overvoltage. To investigate the change in the crystal struc-
ure of LiCoO2 film during the cycle test, we measured the XRD
attern and Raman spectrum of the film before and after the cycle
est. Several previous studies have reported that there is a corre-
pondence between each peak observed in the Raman spectra and

he material, and that Raman spectroscopy is effective for distin-
uishing the presence of LiCoO2 and Co3O4 [18,19]. We could not
easure the XRD pattern or Raman spectra of the film sputtered
ith the Li1.0 target because the cycle test of the film in the liquid

w
d
L
W

ig. 8. Raman spectra of the LiCoO2 films measured before and after the cycle test.
he measured film sputtered with (a) Li1.7 and (b) Li2.0 targets.

lectrolyte was terminated by the film peeling from the substrate.
ig. 7(a) shows the XRD pattern of LiCoO2 films sputtered with the
i1.7 target, and (b) shows that of the film sputtered with the Li2.0
arget measured before and after the cycle test. With the Li1.7 tar-
et, a sharp (0 0 3) peak was observed at around 2� = 19◦ and there
as little difference between the XRD patterns measured before

nd after the cycle test. This result indicates that film obtained

ith the Li1.7 target has good crystallinity that does not change
uring the cycle test. With the Li2.0 target, the intensity of the
iCoO2 peaks was very weak and decreased after the cycle test.
e believe that the crystal structure of the LiCoO2 film prepared
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ith the Li2.0 target deteriorates as a result of the charge–discharge
ycle.

Fig. 8 shows the Raman spectra of LiCoO2 films sputtered with
a) a Li1.7 target and (b) a Li2.0 target measured before and after
he cycle test, respectively. We can observe peaks corresponding
o HT–LiCoO2 (about 485 and 594 cm−1) and peaks corresponding
o Co3O4 (about 522 and 693 cm−1) in the Raman spectrum mea-
ured before the cycle test as shown in Fig. 7(a). In contrast, the
eaks corresponding to HT–LiCoO2 had almost disappeared from
he Raman spectrum measured after the cycle test and only the
eaks corresponding to Co3O4 were observed as shown in Fig. 7(b).
his disappearance of LiCoO2 contradicts the XRD analysis result.
s shown in Fig. 7(a), the XRD measurement confirmed that both
iCoO2 and Co3O4 were present in the film used in the cycle test. We
ssumed that the crystal structure of the LiCoO2, which is the active
aterial in the charge–discharge cycle, that was present in the sur-

ace region of the LiCoO2 film deteriorated during the cycle test, and
n inactive layer of Co3O4 was formed on the surface of the LiCoO2
lm. Since it was reported previously that disproportionation of the
iCoO2 power in a non-aqueous electrolyte generated Co3O4 [20],
iCoO2 in the surface region may change to Co3O4. Raman spec-
roscopy is more sensitive to surface material than XRD analysis,
nd so it clearly indicated the presence of a Co3O4 surface layer.
his Co3O4 surface layer inhibits the Li diffusion or charge trans-
er reaction and causes an increase in overvoltage and a capacity
eduction.

With the Li2.0 target, only the LiCoO2 peaks were observed in
he spectra obtained before and after the cycle test. However, we
an see that the peak intensity measured after the cycle test was
maller than that measured before the cycle test by comparing the
oise levels of the two spectra shown in Fig. 8(b). This result is con-
istent with the change in the XRD pattern seen in Fig. 7(b). This
eterioration of the crystal structure seems to reduce the capacity.
e consider that the presence of Co3O4 affects the crystal struc-

ure of the sputtered films and structural deterioration because the
roperties of the LiCoO2 film sputtered with the Li2.0 target such
s surface morphology, crystal structure and electrochemical per-
ormance, were very different from those of films sputtered with
i1.7 and Li1.0 targets [17]. The reduction in the capacity during
he cycle test measured in the beaker type cell was much faster
han that in the all-solid-state battery. The LiCoO2 films in the all-
olid-state batteries were securely covered with solid electrolyte
lm and this covering is assumed to suppress the deterioration of
rystal structure compared with the film in the beaker type cell.
. Conclusion

We investigated the influence of the sputtering target compo-
ition on the performance of all-solid-state batteries employing
iCoO2 film deposited by the ECR sputtering method. The capac-

[

[
[
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ty of a battery employing LiCoO2 film sputtered with a Li2.0 target
ecreased more rapidly than that sputtered with a Li1.0 or Li1.7
arget during a charge–discharge cycle test. We also investigated
he cycle performance of LiCoO2 films in ordinary liquid electrolyte
y using beaker type cells. We found that the reduction in capac-
ty during the cycle tests was caused by the deterioration of the
iCoO2 film, because the dependence of the target composition on
he cycle performance in the beaker type cells was similar to that
n the all-solid-state cells. We consider that the capacity reduction
as caused by the deterioration of the crystallinity of the LiCoO2
lm when using the Li2.0 target and by the formation of a Co3O4

ayer on the surface of the LiCoO2 film as a result of the deterioration
f the crystal structure of LiCoO2 of the surface region when using
he Li1.7 target from the results of X-ray diffraction and Raman
pectra analyses. We believe that the existence of Co3O4 affects
he crystal structure of the sputtered films and the deterioration of
he structure in a cycle test.
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