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bstract

Thin films of LiCoO2 prepared by the electron cyclotron resonance (ECR) sputtering method are investigated under various deposition conditions.

ell-crystallized LiCoO2 films were obtained without a post-annealing process in a high microwave and RF power range with a low O2 to Ar ratio.
ll-solid-state thin-film lithium batteries using the LiCoO2 films (thickness: 6.2 �m) provided a discharge capacity of about 250 �Ah cm−2 with
ood cyclability.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Recently electronic devices such as RF ID tags and paper
isplays have attracted much attention as portable communi-
ation tools. There is also a strong demand to reduce the size
nd weight of these devices. To satisfy these requirements, it is
mportant that we develop thin and light microbatteries for the
evices. An all-solid-state thin-film lithium battery is a promis-
ng microbattery candidate. This battery has various advantages
ncluding no liquid leakage, excellent safety, a long cycle life
nd a wide operating temperature range [1–6]. These features
ake the battery very attractive as a micro power source.
If we are to apply thin-film batteries to electronic devices we

ust first increase the battery capacity and reduce the production
ost. These problems can be overcome by preparing a thicker
ositive oxide film by using a process that does not involve post-
nnealing in an electric furnace. Such a process makes it possible
o form the batteries on flexible polymer substrates, instead of the

onventionally used metal or glass substrates. Thin-film batteries
ormed on flexible substrates would find a wide range of uses in
arious devices because of their ease of handling.

∗ Corresponding author. Tel.: +81 46 240 3760; fax: +81 46 270 3721.
E-mail address: mhayashi@aecl.ntt.co.jp (M. Hayashi).
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In research on lithium secondary batteries, LiCoO2 has been
idely used as the positive electrode material due to its ease of
reparation, high voltage, high specific capacity, and long sta-
le cycle life. LiCoO2 thin films are conventionally deposited
y using both dry and wet processes such as the radio frequency
RF) magnetron sputtering method [3–7], pulsed laser depo-
ition (PLD) [8–10] and the sol–gel method [11]. However,
n many previous reports on these methods, a post-annealing
rocess is employed to crystallize the as-deposited amorphous-
ike oxide films. In reports on LiCoO2 preparation by the PLD

ethod, the crystallization of LiCoO2 films was enhanced by
eeping the substrates at elevated temperatures of 600–700 ◦C
uring the deposition. We prepared LiCoO2 films using an elec-
ron cyclotron resonance (ECR) plasma sputtering method. To
ur knowledge, there have been no previous reports on LiCoO2
lms prepared by this method. The oxide film can be deposited
nder high-energy ionic radiation with this method [12]. This
eans that crystalline LiCoO2 film can be prepared at a lower

emperature thus avoiding the possibility of distorting the poly-
er substrate.
We investigated the conditions for preparing LiCoO2 films
y the ECR plasma sputtering method. Thin-film lithium bat-
eries were prepared by depositing LiPON electrolyte (Li ion
onductor) and metallic negative Li film on positive LiCoO2
lms. We investigated the electrochemical properties of thin-film

mailto:mhayashi@aecl.ntt.co.jp
dx.doi.org/10.1016/j.jpowsour.2007.06.081
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atteries using LiCoO2 films prepared under appropriate sput-
ering conditions.

. Experimental

A schematic illustration of the ECR plasma sputtering equip-
ent (NTT AFTY Co., AFTEX-EC3400R) is shown in Fig. 1.
CR plasma is generated by introducing microwaves (2.45 GHz)

nto a magnetic field produced by applying electric currents
o a coil under an Ar and O2 gas flow. The ECR plasma,
hich includes argon and oxygen, moves in a circle toward a
iCoO2 ceramic target. Sputtering is undertaken by inducing

he ECR plasma to the ceramic target impressing RF power.
he microwave and RF powers can be arbitrarily changed. The
lectric currents supplied to the coil were adjusted to meet
he resonance condition. Li–Co–O film is deposited when the
lasma flow, which includes Li, Co and O, collides with the
ubstrate. Stainless steel (SUS) or quartz glasses are used as the
ubstrates. The SUS substrates are mechanically polished to pro-
ide them with a mirror surface. Pt and Ti layers are deposited as
urrent collectors on the quartz glasses by RF magnetron sputter-
ng (ANELVA Corp., SPF-430H). The sputtering conditions are
xamined by preparing Li–Co–O films under various conditions
s regards microwave power, RF power, and the argon and oxy-
en gas flow ratio. The obtained Li–Co–O films were identified
ith X-ray diffraction (XRD) analysis equipment (Rigaku Co.
td., RINT2100HF). An X-ray with a small incident angle of
◦
 was used to evaluate the thin oxide film. The thickness of the
xide films was measured by using a stylus technique (ULVAC,
nc., Dectak3030) and a scanning electron microscope (JEOL
td., JSM-890).

ig. 1. Schematic illustration of ECR plasma sputtering equipment. Arrows in
he chamber indicate the ECR plasma flow direction.
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Electrochemical tests using the obtained film were carried out
sing beaker-type three-electrode cells in electrolyte solutions
f 1 mol l−1 LiPF6/EC-DMC (1:1 in volume) under galvanos-
atic conditions. Metallic lithium was used as the counter and
eference electrodes.

All-solid-state thin-film lithium batteries were prepared as
escribed below. A lithium phosphorus oxynitride (LiPON)
lectrolyte film and a metallic negative lithium film were
eposited on the LiCoO2 film by RF magnetron sputtering
ANELVA Corp., SPL-210) and vacuum thermal evaporation,
espectively [3]. The heat treatment was carried out at 200 ◦C
n Ar gas to improve the contact between LiCoO2 and LiPON.
iPON films were prepared by RF magnetron sputtering using
Li3PO4 target under a N2 and Ar gas flow. The conduc-

ivities of the LiPON films deposited on comb-shaped gold
icroelectrodes were measured with an AC impedance analyzer

Solartron, SI1260). Finally, a copper current collector was also
eposited on lithium film by the vacuum thermal evaporation
ethod. Metal or plastic masks of various sizes were used in

ach process to avoid a short circuit. The resulting thin-film
atteries were investigated with respect to their electrochemical
roperties. All the electrochemical experiments were carried out
ith Mac Pile II system (Bio-Logic) in a dry atmosphere at a
ew point of less than −50 ◦C.

. Results and discussion

Li–Co–O films were prepared by the ECR plasma sputter-

ng method at microwave and RF powers of (a) 500, 500 W, (b)
00, 300 W, and (c) 800, 500 W, respectively, under fixed gas
atios of Ar: 20 sccm and O2: 5 sccm. Fig. 2 shows XRD pat-
erns of these films, indicating peak positions corresponding to

ig. 2. XRD patterns of Li–Co–O films prepared by the ECR plasma sputtering
ethod at microwave and RF powers of (a) 500, 500 W, (b) 800, 300 W, (c) 800,

00 W, respectively, under Ar and O2 gas flows of 20 and 5 sccm, respectively.
puttering time: 6 h.
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Fig. 3. XRD patterns of LiCoO2 films prepared by ECR plasma sputtering
method under the condition of microwave power: 800 W and RF power: 500 W.
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heating the substrate to 300 ◦C. As a result, the oxide film pre-
2 flow rate (sccm): (a) 0, (b) 0.5, (c) 5.0 and (d) 20. Ar flow rate (sccm): (a–d)
0. Sputtering time: (a) 3 h, (b–d) 6 h.

iCoO2 (JCPDS No. 50-0653) and Co3O4 (No. 43-1003). It is
ell known that Co3O4 coexists with LiCoO2 because of the
eficiency in the Li content in films prepared by the sputtering
ethod [3–7]. The main phase of the film prepared at microwave

nd RF powers of 500 and 500 W, respectively, is identified
s Co3O4 as shown in this figure. The peaks near 2θ = 36◦ are
hifted to the 37◦ peak that corresponds to LiCoO2 by increasing
he microwave power, although small Co3O4 peaks are observed.
s a result, the microwave power is an effective factor for
btaining the LiCoO2 phase. As regards the RF power, the film
eposition rate can be improved by increasing the RF power.
hen we compare sample (b) with sample (c), the deposition

ate of the latter (8.9 nm min−1) was indeed higher than that
f the former (4.2 nm min−1). However, the degree of crystal-
ization of these oxide films seemed to be relatively low as the
ositive electrode film. Hence more precise sputtering condi-
ions were investigated with fixed microwave and RF powers of
00 and 500 W, respectively. The LiCoO2 films were prepared
y changing the gas mixture ratio, e.g. O2: 0, 0.5, 5, 20 sccm with
fixed Ar flow rate of 20 sccm. The pressure values of the total
as were, 0.13, 0.13, 0.15 and 0.21 Pa, respectively. Fig. 3 shows
RD patterns of as-deposited LiCoO2 films prepared by sputter-

ng at microwave and RF powers of 800 and 500 W, respectively,
n the above mixed gas flow. At high ratios of O2: 5 and 20 sccm,
he oxide films are found to contain the LiCoO2 phase despite the
oexistence of Co3O4 impurities. These XRD patterns suggest
hat all the peaks that correspond to LiCoO2 are rather broad,
hich indicates that these films are not highly crystallized. The
lms obtained at O2: 5 and 20 sccm are not suitable for use as a
ositive electrode due to the low degree of crystallization. On the
ther hand, at low ratios of O2: 0 and 0.5 sccm, the oxide films
re comparatively well crystallized as indicated by their strong
nd sharp peaks. The film obtained at O2: 0.5 sccm has a sharp
nd strong (0 0 3) peak, although the film obtained without an

2 flow contains CoO as impurities. The preparation of LiCoO2
lms at least requires the use of plasma including oxygen to pre-
ent reduction from Co3+ to Co2+. It is difficult to understand

p
fl
b
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he formation mechanism of the LiCoO2 films prepared by the
CR plasma sputtering method. In a forthcoming paper, we will
rovide a detailed analysis of the crystal growth mechanism of
iCoO2 films prepared in this way, which we will include how
iCoO2 coexists with Co3O4. On the basis of the above results,
e concluded that the LiCoO2 film obtained at O2: 0.5 sccm was

he most appropriate for use as the positive electrode film of a
hin-film battery.

Fig. 4 shows SEM images of a top view and a cross-sectional
iew of LiCoO2 film prepared on an SUS substrate at O2:
.5 sccm, which is indicated as sample (b) in Fig. 3. The top-view
mage revealed that the surface of the LiCoO2 film consisted of
ubmicron grains and was homogeneous without large promi-
ent grains. The LiCoO2 film had a columnar structure with a
hickness of about 6.0 �m as shown in the cross-sectional image.
he oxide crystal was found to grow vertically to a thickness of

ess than 0.5 �m and decline slightly at a certain angle. The depo-
ition rate of this film was estimated to be about 17 nm min−1.
t is well known that the deposition rates have a roughly linear
elationship with the Ar to O2 ratios when oxide film is prepared
y the sputtering method [6]. A high Ar ratio of Ar:O2 = 20:0.5
eemed to enhance the sputtering efficiency, thus allowing us to
repare thicker film. The oxide films obtained in this study have
olycrystalline structures. There are a great number of grain
oundaries that are composed by connecting the oxide crystal-
ites to each other. The grain boundaries may act as barriers when
i ions diffuse in the oxide films. In a film with a columnar struc-

ure, as shown in Fig. 4(b), the electrode performance, especially
ith high-rate charging and discharging, would be improved
y reducing the number of grain boundaries. Moreover, a posi-
ive film of micrometer order thickness would provide a larger
attery capacity.

Bates et al. [3–5] reported that when they prepared LiCoO2
lms by RF magnetron sputtering, peaks corresponding to the
1 0 1) and (1 0 4) planes were clearly observed, and the (0 0 3)
lane was not observed for films thicker than about 1 �m.
hese results are different from ours where the XRD pattern
f the film with a thickness of about 6 �m has a strong and
harp (0 0 3) peak. This suggests that the growth of LiCoO2
lm by ECR plasma sputtering may involve another mechanism
elated to the energy and temperature of the plasma and the
eposition reaction on the substrate, which are different from
hose of the conventional sputtering method. We consider that
he ionic radiation density and the ECR plasma propagation

echanism caused the differences in the oxide crystal growth
echanism.
During the deposition process, the substrate temperature

ncreased to about 200 ◦C with 6 h of plasma radiation with-
ut the substrate heating. Consequently, additional experiments
evealed that the temperature homogeneity and deposition rate
f the oxide film could be improved at substrate temperatures
elow 300 ◦C. A heat-resistant polymer such as polyimide can
e used as a flexible substrate even when the process includes
ared under the substrate heating below 300 ◦C in a low O2
ow is suitable for the positive electrode film of a thin-film
attery.
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Fig. 4. SEM image of (a) top view and (b) cross-sectional view of
Fig. 5 shows the electrochemical performance of samples
b) and (c) shown in Fig. 3 in electrolyte solutions with a cur-
ent density of 20 �A cm−2. In this figure, samples (b) and
c) are denoted as LCO1 and LCO2, respectively. The film

ig. 5. Electrochemical properties of (a) charge and discharge curves at 75th
ycle and (b) cycle performance of LiCoO2 films prepared by ECR sputtering
ethod in an electrolyte solution of 1 mol l−1 LiPF6/EC-DMC under a galvanos-

atic condition of 20 �A cm−2. LCO1 and LCO2 indicate sample (b) and sample
c) as shown in Fig. 3, respectively.
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osited LiCoO2/SUS prepared by ECR plasma sputtering method.

hicknesses of LCO1 and LCO2 were 6.0 and 3.3 �m, respec-
ively. The charge and discharge capacities were normalized
y the film thickness for comparison. LCO1 exhibited a larger
apacity and smaller overpotential than LCO2 as shown in
ig. 5(a). Moreover LCO1 exhibited a superior cycle prop-
rty to LCO2 as shown in Fig. 5(b). LCO1 is found to have
igher crystallinity than LCO2 from the XRD patterns. These
esults indicate that the high crystallinity of the LiCoO2 film
ontributes to the good electrochemical performance, and the
lm will be suitable for use as the positive electrode of an
ll-solid-state thin-film battery. However, the specific capacity
f about 40 �A cm−2 �m−1 for LCO1 is rather low compared
ith the theoretical specific capacity of 69 �A cm−2 �m−1

ecause of the existence of Co3O4 impurities and the compar-
tively low densities of the oxide films. The specific capacity
f LiCoO2 film would be improved by reducing the impu-
ity content and growing oxide crystals with higher packing
ensity under the more precisely controlled sputtering condi-
ions.

Fig. 6 shows the temperature dependence of the conductivity

f LiPON films deposited in a N2 and Ar gas flow. The conduc-
ivity is improved by increasing the N2 content of the flow. A
iPON film deposited in a pure N2 flow has the highest con-

ig. 6. Temperature dependence of conductivities of LiPON films deposited in
N2 + Ar gas flow.
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F ery using positive LiCoO2 film prepared by the ECR sputtering method under a
g cycle and (b) cycle performance.
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ig. 7. Electrochemical properties of an all-solid-state thin-film lithium batt
alvanostatic condition of 20 �A cm−2; (a) Charge and discharge curves at 5th

uctivity of �S cm−1 order at room temperature. This value is
onsistent with previous reports [3–5].

All-solid-state thin-film lithium batteries were fabricated by
epositing LiPON, lithium and copper in sequence on a LiCoO2
lm. Here the LiCoO2 film was prepared by keeping the sub-
trate temperature at 300 ◦C under the same power and gas
ow conditions as those used for sample (b) in Fig. 3, and
ith Pt/Ti/quartz glass as the substrate. The XRD pattern of

he LiCoO2 film was almost the same as the pattern obtained
ithout heating the substrate. The LiPON film was deposited

n a pure N2 flow by RF magnetron sputtering. The oxide film
as 6.2 �m thick. The total thickness excluding the Pt/Ti/quartz

ubstrate, and the effective surface area of this battery were
bout 10 �m and 0.48 cm2, respectively. Fig. 7(a) shows a
harge–discharge curve for the fifth cycle under a galvanos-
atic condition of 20 �A cm−2 in the 4.3–2.5 V voltage range.
he cycling performance of this cell is shown in Fig. 7(b). As
hown in this figure, plateaus were observed near 3.9 V in the
harging, and discharging processes and both capacities had
lmost the same value. This behavior is consistent with pre-
ious reports [3–6]. Moreover the discharge capacities shown in
ig. 7 have almost the same values as those measured in the elec-

rolyte solution shown in Fig. 5. This indicates that as-deposited
iCoO2 film can function as a positive electrode regardless of

he film thickness of about 6 �m, and the interfaces of both
iCoO2/LiPON and LiPON/Li are electrochemically intact to

orm the path for the Li-ion diffusion. The thin-film battery
xhibited a discharge capacity of about 250 �Ah cm−2, and the
nergy density was estimated to be about 1 mWh cm−2. The cell
n this study had a rather large energy density yet reported. Fur-
hermore this cell exhibited a stable cycle performance as shown
n Fig. 7(b).

Fig. 8 shows the discharge curves of an all-solid-state thin-
lm lithium battery under a galvanostatic condition of various
urrent densities. The downward shift of the curves to a lower

olatge and the decrease in the battery capacities were caused by
he cell resistance. However, this battery exhibits high discharge
apacities of more than 100 �Ah cm−2 at high current densities
f mA cm−2 order. The rapid decrease in the cell voltage would

s
o
E
e

ig. 8. Discharge curves of an all-solid-state thin-film lithium battery under a
alvanostatic condition of (a) 0.02, (b) 0.2, (c) 1.0, (d) 1.5, (e) 2.0, (f) 3.0 and
g) 4.0 mA cm−2.

e avoided by improving the interface contact of each electrode
lm.

. Conclusions

The conditions for depositing of LiCoO2 films by the
CR plasma sputtering method were investigated as regards
icrowave power, RF power, gas flow composition and sub-

trate temperature. Of these parameters, the O2 to Ar ratio was
ery important in terms of obtaining well-crystallized LiCoO2
lms without a post-annealing process. All-solid-state thin-film

ithium batteries, prepared by depositing LiPON and metal-
ic lithium on the as-deposited LiCoO2 films with a thickness
f 6.2 �m, exhibited a rather large energy density of about
mWh cm−2 and a stable cycle performance. The batteries
howed good properties even at high current densities. Based
n the results obtained in this study, we consider that the
CR plasma sputtering method offers the great advantage of
nabling us to prepare well-crystallized oxide films using a low-
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emperature process. The ECR plasma sputtering method is a
romising candidate for preparing high-performance positive
lectrodes at a lower cost without the need for a post-annealing
rocess. Moreover, we revealed the feasibility of preparing
hin-film batteries on flexible polymer substrates without the
ost-annealing process by using the ECR plasma sputtering
ethod.
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