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Positive Li-Co-0 films for all-solid-state thin-film lithium batteries were prepared by electron cyclotron
resonance (ECR) sputtering using Liy,CoO, targets (x=1.0, 1.2, 1.7 and 2.0). The Li-Co-0 films prepared
using the x=1.0, 1.2 and 1.7 targets contained a Co304 impurity phase with high-temperature phase
LiCoO,. The film prepared using the x = 2.0 target was found to contain only a pure LiCoO, phase by Raman
spectrometry and the inductively coupled plasma/atomic emission spectrometry (ICP/AES) method, and
a thin-film battery using this film exhibited good electrochemical properties as a result of the improved
utilization of the positive film.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Recently electronic devices such as radio frequency (RF) ID tags
and paper displays have attracted a lot of attention as portable
electronic tools. It is therefore expected that thin and light micro-
batteries will be developed to reduce the size and weight of these
tools. An all-solid-state thin-film lithium battery is a promising
microbattery candidate. A thin-film battery has various advantages
including no liquid leakage, excellent safety, a long cycle life and a
wide operating temperature range [1-8].

Various positive electrode materials have been intensively
researched for lithium secondary batteries. In particular, lithium
cobalt oxide (LiCoO,) has been widely studied as a positive elec-
trode material owing to its ease of preparation, high voltage, high
specific capacity, and long stable cycle life. LiCoO, thin films are
conventionally deposited by using either a dry or a wet process such
as the radio frequency magnetron sputtering method [3-6], pulsed
laser deposition (PLD) [9-11] and the sol-gel method [12,13].

We previously reported the preparation of LiCoO, films for
thin-film batteries with an electron cyclotron resonance (ECR) sput-
tering method [8]. Well-crystallized LiCoO, films were obtained
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without a post-annealing process when the deposition was under-
taken using a high microwave and RF power range in a mixed
gas flow with a low O, to Ar ratio. Here the microwave power
represents the intensity of the ECR plasma and the RF power is
applied to a LiCoO, target to induct the plasma to the target surface.
The deposition process, which employs high-energy ionic radiation
produced by the ECR sputtering method [14], appears to contribute
to the formation of crystallized LiCoO, film. Moreover, a thin-film
battery using the LiCoO, film showed a high energy density of
about 1 mW h cm~2 and good cycle performance. However the pos-
itive electrode utilization was estimated to be less than 60% from
the theoretical capacity per unit volume with respect to LiCoO5:
69 wAhpum~'cm=2. In previous research on the preparation of
LiCoO, films or powders, Co304 spinel phases that have no elec-
trochemical activity are often produced as impurities because of a
deficient Li content [6,8,15]. It is important to increase the Li con-
tentin the positive film to obtain the pure LiCoO; phase. An effective
way to achieve this is to optimize the elemental composition of the
sputtering target (e.g. the Li/Co ratio in this study).

In this paper, our aim is to prepare positive films consist-
ing of a pure LiCoO, phase, and to improve the utilization of
the positive films. Deposition tests by ECR sputtering were car-
ried out using the Li-Co-0 targets with four different Li/Co ratios
to increase the Li content of the sputtered film. The crystallo-
graphic structures and morphological properties of the sputtered
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Fig. 1. SEM images of (i) top view, (ii) cross-sectional view and (iii) angled view of Li-Co-O films prepared using (I) x=1.0 and (II) x=2.0 targets. Sputtering time: 6 h.

Li-Co-0 films were investigated with various analysis techniques.
The most suitable sputtering conditions were determined by
estimating the Li content of the sputtered films. Thin-film bat-
teries using the sputtered films as their positive electrodes were
investigated in terms of electrochemical performance, and finally
the positive film utilization was estimated from the battery
properties.

2. Experimental

AFTEX-EC3400 manufactured by MES AFTY Corporation was
used as the ECR sputtering equipment as reported elsewhere [8].
In this study, mixtures of LiCoO, and Li,CO3 were used as the sput-
tering targets. The targets were prepared with Li to Co molar ratios
of 1.0, 1.2, 1.7 and 2.0 (x=[Li]/[Co]). These four kinds of the tar-
get are denoted as LixCoO, (x=1.0, 1.2, 1.7 and 2.0) for the sake
of simplicity. The Li-Co-0 films were deposited using microwave
and RF powers of 800 and 500W, respectively, under fixed gas
ratios of Ar: 20 standard cubic centimeters per minute (sccm) and
0,: 0.5sccm (total gas pressure: 0.14Pa). Pt and Ti layers were
deposited as current collectors on the quartz glass substrates by RF
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magnetron sputtering (ANELVA Corp., SPF-430H). The substrates
were heated at 300°C during the deposition process. The mor-
phology of the sputtered films was characterized with a scanning
electron microscope (SEM; JEOL Ltd., JSM-890). The oxide films
were identified with X-ray diffraction (XRD) analysis equipment
(Rigaku Co., Ltd., RINT2100HF). An X-ray with a small incident
angle of 5° was used to evaluate the thin oxide film. Raman spec-
trometry was used to investigate the crystallined phases in the
sputtered films. The Li to Co molar ratios (Li/Co) in the films
were determined with inductively coupled plasma/atomic emis-
sion spectrometry (ICP/AES) equipment (Seiko Instruments Inc.,
SPS1700). The sample solution for the ICP/AES measurement was
prepared by immersing the sputtered Li-Co-O films in hydrochloric
acid and nitric acid until the oxide film dissolved completely in the
solution.

All-solid-state thin-film lithium batteries composed of the pos-
itive Li-Co-0 film, a LIPON electrolyte film and a negative Li film
were prepared as reported elsewhere [8]. The electrochemical
experiments of the resulting thin-film batteries were carried out
with a Mac Pile II system (Bio-Logic Science Instruments) in a dry
atmosphere at a dew point of less than —50°C.
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Fig. 2. XRD patterns of Li-Co-O films prepared using targets of (a) x=1.0, (b) x=1.2,
(c)x=1.7 and (d) x=2.0 in Li,CoO, targets. Sputtering time: 6 h.

3. Results and discussion

3.1. Characterization of Li-Co-0 films prepared using LixCoO,
targets (x=1.0. 1.2, 1.7 and 2.0)

Li-Co-0 films were prepared by depositing for 6 h with four
different targets where x=1.0, 1.2, 1.7 and 2.0. SEM observation
revealed that the morphological structures of the films prepared
using the x=1.0, 1.2 and 1.7 targets were largely similar. Fig. 1 shows
SEM images of a top view and a cross-sectional view of Li-Co-0O
films prepared with the x=1.0 and 2.0 targets. Moreover an angled
view of the film prepared using x=2.0 is also shown to clarify the
surface morphology. As for the film prepared using the x=1.0 tar-
get, the surface image revealed that the film surface consisted of
submicron grains. The film had a columnar structure as shown in
the cross-sectional image. In contrast, the film prepared using the
x=2.0 target had a smoother and more homogeneous surface with-
out the large prominent grains from the surface and the angled
images seen in Fig. 1(Il). As shown in the cross-sectional images,
the film prepared with the x=2.0 target also had a fine columnar
structure which consisted of smaller grains than those of the film
prepared with the x=1.0 target. The oxide films obtained in this
study are composed of polycrystalline grains. A large number of
grain boundaries connect the oxide crystallites to each other in the
films. The grain boundaries may act as barriers when Li ions diffuse
in the oxide films. In a film with a columnar structure, the electrode
performance, especially with high-rate charging and discharging,
would be improved by reducing the number of grain boundaries. It
is therefore important to investigate the electrochemical properties
of the Li-Co-O film, prepared using the x=2.0 target, with a finer
columnar structure. The cross-sectional images showed that the
sputtered Li-Co-O films prepared using the x=1.0, 1.2, 1.7 and 2.0
targets were found to be 7.1, 6.9, 6.9 and 3.7 pwm thick, respectively.
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Fig.3. Raman spectra of Li-Co-O films prepared using targets of (a) x= 1.0, (b) x= 1.2,
(c)x=1.7 and (d) x=2.0 in LiyCoO, targets. Sputtering time: 6 h.

Fig. 2 shows XRD patterns of Li-Co-0 films prepared using the
x=1.0. 1.2 1.7 and 2.0 targets under the same sputtering condition.
Miller indices corresponding to LiCoO, (JCPDS No. 50-0653) and the
peak positions of Co304 (No. 43-1003) and Pt are indicated in this
figure. It is well known that Co304 coexists with LiCoO, because of
the deficiency in the Li content of films prepared by the sputter-
ing method [3-5,8]. Small peaks near 56° identified as Co304 are
observed in all the patterns except for x = 2.0. However, it is difficult
to discuss this quantitatively for oxide films with a crystal orienta-
tion, and it is suggested that the main phase of these films is LiCoO5,
which also contain a small amount of Co304. Moreover these films
have sharp and strong peaks of (00 3), indicating the high degree
of oxide crystallization. On the other hand, the pattern of the film
prepared using the x=2.0 target was clearly different from the pat-
terns of the other films. All the peaks, excluding Pt and clays for
fixing substrates, of the film using x = 2.0 was identified as LiCoO,,
and the main peak was not (003) but (101). The degree of oxide
crystallization is rather low compared with that of the other films.
This behavior suggests that the growth mechanism of the oxide
films changes greatly between x=1.7 and 2.0.

Raman spectroscopic analysis was carried out to investigate
the oxide phase in the Li-Co-O films. It is well known that a
high-temperature phase (HT-LiCoO;), a low-temperature phase
(LT-LiC00;), and a Co304 spinel phase can be produced in the sput-
tered Li-Co-O films [6,15,16]. Of these three phases, HT-LiCoO,
(R3m) exhibits excellent electrochemical properties as the cath-
ode material in lithium secondary batteries. Raman spectrometry
is a useful technique for investigating which phases are contained
in sputtered Li-Co-O films [6,15,16]. Fig. 3 shows Raman spectra
of Li-Co-0 films prepared using x=1.0, 1.2, 1.7, and 2.0 targets.
Two peaks at 485 and 595 cm~! corresponding to HT-LiCoO, are
observed in all the films. This indicates that HT-LiCoO, can be
prepared without a post-annealing process under the sputtering
conditions used in this study. On the other hand, no peaks corre-
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Fig. 4. Dependence of Li/Co ratios in sputtered Li-Co-O films and deposition rates
on x in LixCoO, targets.

sponding to the LT-LiCoO, phase with a spinel structure (Fd3m)
were observed in any of all the films at 445, 478, 583 or 603 cm™!
[16]. In the films other than the x=2.0 film, two peaks at 520 and
690cm~! were also observed corresponding to the Co304 phase.
In the x=2.0 film, a rather broad peak was observed at 690cm™1,
which indicated that a very small amount of Co304 phase was
present in this film. Additionally the peaks of the x=2.0 film are
broad compared with those of the other films. This is due to the
low degree of oxide crystallization. This trend in the spectrum
is consistent with the XRD pattern results shown in Fig. 2. Here
Raman spectrometry is unsuitable for quantitative discussions of,
for example, the content of the impurity phase, and it is neces-
sary to investigate the Li/Co ratios in the sputtered films by using a
quantitative analysis technique such as the ICP/AES method.

The molar ratios of Li and Co (Li/Co) contained in the Li-Co-0O
films were quantitatively evaluated with the ICP/AES method. Fig. 4
shows the dependence of the Li/Co ratios on x in the LiyCoO, tar-
gets, together with the deposition rates which were calculated from
the cross-sectional SEM images. The deposition rates had almost
the same value of about 18 nm min—! between x=1.0 and 1.7, and
the rate for the x=2.0 target decreased greatly to 10nmmin~—!. The
films other than the x=2.0 film showed Li/Co ratios of about 60%.
This value suggests that the films contained not only LiCoO, phases
but also about 40% of Co304 phases. On the other hand, the Li/Co
ratio of the film prepared using the x=2.0 target was almost 1.0,
which indicated that the oxide film was composed of pure LiCoO,
phase. This is consistent with the results obtained by XRD measure-
ment and Raman spectrometry shown in Figs. 2 and 3, respectively.
When preparing the Li-Co-0 films, it appears that the Co304 phase
is produced owing to a deficiency in the Li species which can bounce
off the target and reach the substrate surface. This deficiency may
be caused by the low sputtering yield on Li contained in the LixCoO,
targets. In this study, the LixCoO, targets are composed of LiCoO,
and Li; CO3. These two compounds have intrinsic sputtering yields.
When using the x=2.0 target, the great change in the Li/Co ratios
might be caused by the mixed state of LiCoO, and Li,CO3 in the
targets. For example, when one compound with a higher yield was
entirely covered with the other compound with a lower yield, a
large amount of Li species might bounce out form the target and
reach the substrate surface. And consequently a pure LiCoO, phase
might be obtained when using the x=2.0 target.
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Fig. 5. XRD patterns of Li-Co-O films with various film thicknesses prepared using
(i) x=1.0 and (ii) x = 2.0 targets. Film thickness: (1) 0.13 pm, (2) 0.53 wm, (3) 2.3 m,
(4) 7.1 pm, (5) 0.70 pm, (6) 2.1 wm, and (7) 3.7 pm.

Considering the large change in the deposition rate at x=2.0,
the deposition process using the x=2.0 target appears to pro-
ceed via another reaction mechanism when using the other targets
as described above. As a result, such a slow deposition rate at
x=2.0 may be a disadvantage as regards the battery manufactur-
ing cost, however the Li-Co-0 film containing no impurity phases
that was prepared using the x=2.0 target is expected to exhibit
good electrochemical properties with high positive electrode
utilization.

3.2. Characterization of Li-Co-O0 films with various thicknesses
using LixCoO, targets (x=1.0, 1.2, 1.7, and 2.0)

Fig. 5 shows XRD patterns of Li-Co-0 films with various thick-
nesses prepared using Li;oCoO, and Li; gCoO, targets. All the
patterns of the films prepared using the x=1.0 target have char-
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Fig. 6. Raman spectra of Li-Co-O films prepared using the Li; oCoO, target with
thicknesses of (5) 0.70 wm, (6) 2.1 wm, and (7) 3.7 pm.

acteristic peaks of (003) near 19°, although there are also small
peaks at 56° that correspond to Co30,4 phases. These tendencies
are similar to those shown in Fig. 2(a). All the peaks corresponding
to LiCoO, phases become stronger and sharper as the film thickness
increases. There were no significant differences in the peak posi-
tions of any of the films. This suggests that the oxide crystals grow
monotonously in the same way despite the increasing film thick-
ness. Such behavior was almost the same for the films prepared
using the x=1.2 and 1.7 targets. This result is clearly different from
that obtained using the x = 2.0 target as described below. Compared
with the x=1.0 films, the films prepared using the x=2.0 exhibit
a lower degree of crystallization without containing Co304 impu-
rity phases. Moreover, the peaks in the XRD patterns change with
increasing the film thickness. The 0.70-pm thick film has strong
peaks of (003) and (113) and small peaks of (101), (015) and
(110). On the other hand, the (003) peak completely disappears
in XRD patterns of the films with thicknesses of 2.1 and 3.7 pm.
By contrast, these films have main peaks of (10 1) and sharp peaks
of (006), (012) and (110). Among these peaks, (006) and (012)
are not observed at all in the 0.70 wm thick film. It was clear that
the crystal growth mechanism of the Li-Co-0 film varied depend-
ing on the film thickness when prepared using the x=2.0 target.
According to previous reports by Bates et al. [3,4], when preparing
LiCoO, films by RF magnetron sputtering, (101) and (104) peaks
were clearly observed, and the (00 3) plane was not observed for
films thicker than about 1 wm. When using the x= 1.0 target, these
results are different from ours where the XRD pattern of the film
has a strong and sharp (00 3) peak, independent of film thickness.
On the other hand, when using the x = 2.0 target, the results of this
study, namely that the (00 3) peaks are not observed in films more
than 2.1-pm thick, are very similar to those reported by Bates et
al. This suggests that the growth of the sputtered Li-Co-O film is
affected by the ratios of the Li and Co contained in the sputtering
targets.

Fig. 6 shows Raman spectra of Li-Co-O0 films with various thick-
nesses prepared using the Li; oCoO, targets. With all the films, two
peaks at 485 and 595 cm~! were observed corresponding to HT-
LiCoO,, however the peak at 690 cm~! corresponding to Co30,4 was

Li / Co Ratio in Sputtered Li-Co-O Film

0.4

Film Thickness (um)

Fig. 7. Dependences of Li/Co ratios in sputtered Li-Co-O films prepared using (a)
Li10Co0; and (d) Li cCoO, targets on the film thickness.

very small and broad. This result revealed that all Li-Co-0 films
prepared using the x =2.0 target were composed of pure HT-LiCoO,
phase, regardless of the film thickness. In addition, the Raman spec-
tra of these films are not affected by changes in crystal orientation
caused by the film thickness shown in Fig. 5(1I).

Fig. 7 shows the film thickness dependence of the Li/Co ratios
in sputtered Li-Co-O films prepared using x=1.0 and 2.0 targets.
The Li/Co ratios of the Li-Co-0 films prepared using the x=1.0 tar-
gets have values in the 0.47 and 0.57 range. This result shown in
Fig. 7(a) is almost the same as that for the films using x=1.2 and
1.7 targets. These Li/Co ratios of less than 1.0 indicate that the films
contain the Co304 impurity phase, as shown in Fig. 3, due to Li
deficiency. On the other hand, the Li/Co ratios of the films using
the x=2.0 target increased greatly to values of more than 0.9 as
shown in Fig. 7(d). In particular, films with thicknesses of 2.1 and
3.7 wmexhibit Li/Coratios of almost 1.0. On the basis of these results
obtained by ICP/AES method and Raman spectrometry, it was found
that the Li-Co-O films obtained using the x=2.0 target were com-
posed of pure LiCoO, phase. These results suggest that pure LiCoO,
films prepared using the x = 2.0 target would improve the utilization
of the positive electrode and provide larger discharge capacities per
unit volume of film. An interesting feature of all the films was that
the Li/Co ratios increased with increasing film thickness. This find-
ing indicates that Li species that bounce from the target may react
with the Pt/Ti layer on the substrates during the sputtering process.
This behavior will be discussed in detail in a forthcoming paper.

As described above, the crystallographic structure and orienta-
tion, the film composition such as the Li/Co ratio, and the oxide
phases such as LiCoO, and Co304 with respect to the Li-Co-0 films
obtained when using the x=1.0, 1.2, and 1.7 targets were very dif-
ferent when using the x=2.0 targets. Based on the finding that
pure LiCoO, phase with characteristic crystallographic features was
obtained with the x=2.0 target, the film deposition may be affected
by the Li/Co ratios in the deposition process where Li, Co and O
species bounce out from the LixCoO, targets and strike the sub-
strate surface. The film deposition using the x=2.0 target may be
also affected by the mixed state and the differences in the sputter-
ing yields of LiCoO, and Li;CO3 contained in the targets as stated
in Section 3.2.
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Fig. 8. Discharge curves of all-solid-state thin-film lithium batteries using positive
Li-Co-O films prepared with (a) Li;9Co0, and (d) Li»,cCoO, targets. Sputtering time:
6 h. Film thickness: (a) 7.1 wm and (d) 3.7 pm.

3.3. Electrochemical properties of Li-Co-O0 films prepared using
Li; 9Co0, and Li, gCoO, targets

Fig. 8 shows discharge curves of all-solid-state thin-film lithium
batteries using positive Li-Co-0 films (sputtering time: 6 h) pre-
pared with Li; gCoO;, and Li; gCoO, targets under a galvanostatic
condition of 0.2 mAcm~2. In this figure, the discharge capacities
are normalized by the unit volume of the Li-Co-0 film to evalu-
ate the utilization of the positive electrode. When the discharge
capacities are evaluated in terms of the effective area of the bat-
tery, both batteries exhibit almost the same energy densities of
about 1mW h cm~2 even though the two positive electrodes have
different film thicknesses. However, there was clearly a large dif-
ference in capacities per unit volume as shown in this figure.
Thin-film batteries using the positive Li-Co-0 films prepared with
the x=1.0 and 2.0 targets exhibited the discharge capacities of 38
and 67 pAhcm—2 wm™!, respectively. It is considered that the dif-
ferences in these capacities reflect the amount of impurity phase in
the positive films. Electrode utilization, which is calculated in terms
of the discharge capacities shown in Fig. 8, of positive Li-Co-0 films
prepared with x=1.0 and 2.0 targets is shown in Table 1, together
with the Li/Coratios of the films used in the discharge tests shown in
Fig. 7. From this table, the positive film prepared with the x = 2.0 tar-
get exhibited higher utilization than that prepared with the x=1.0
target. It should be noted that the film for the x = 2.0 target exhibited
almost 100% utilization. Furthermore the utilization for the x=1.0
and 2.0 targets is consistent with the Li/Co ratios in the films. As a
result, a high utilization for the x=2.0 target found to be achieved
by reducing the content of the Co30,4 impurity phase in the film.

Table 1

Utilization and Li/Co ratios of positive Li—-Co-O films prepared with (a) Li; 0CoO; and
(d) Liz0Co0; targets (sputtering time: 6 h) incorporated in all-solid-state thin-film
lithium batteries

Target Positive film utilization (%) Li/Co? (molar ratio)
Li1 0CoO; 55 0.56
Li5 cCo0, 97 0.97

2 Measured by ICP/AES method (Fig. 7).
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Fig. 9. Discharge rate properties of all-solid-state thin-film lithium batteries using
positive Li-Co-0 films prepared with (a) Li;0CoO; and (d) LicCoO, targets. Sput-
tering time: 6 h. Film thickness: (a) 7.1 wm and (d) 3.7 pm.

Fig. 9 shows discharge capacities of all-solid-state thin-film
lithium batteries using Li-Co-0 films prepared with Li; ¢CoO, and
Li; oCo0O, targets under a galvanostatic condition with various cur-
rent densities. The battery using the Li-Co-O film prepared using
the x=2.0 target had a larger capacity than the x=1.0 target over
the entire current range. This is because of higher utilization and
lower resistance of the positive film prepared using the x=2.0 tar-
get in the battery. The electrical resistance of both films should
have obvious differences since the positive film using the x=1.0
target is almost twice as thick as the film using the x=2.0 target.
This reduced thickness of the film using the x=2.0 target appears to
improve the discharge rate performances by reducing the diffusion
length of the Liions in the film. The batteries can also be discharged
under the conditions of mA order. These high performances would
meet the demand for high-power thin-film lithium batteries.

4. Conclusions

Positive Li-Co-0 films for thin-film lithium batteries were pre-
pared by ECR sputtering using LiyCoO, targets (x=1.0, 1.2, 1.7 and
2.0). Li-Co-0 films prepared using x=1.0, 1.2, and 1.7 contained
Co304 impurity phases with HT-LiCoO, phases. The XRD patterns of
these films revealed that they exhibited a high degree of oxide crys-
tallization with sharp and strong (0 0 3) peaks, regardless of the film
thickness. On the other hand, the film prepared using the x = 2.0 tar-
get contained only the pure LiCoO, phase. Compared with the other
targets, the crystal structure of the film obtained using the x=2.0
target changed with increasing the film thickness. As mentioned
above, the crystallographic and compositional properties changed
greatly depending on the LixCoO, target used. Thin-film lithium
batteries containing LiCoO, films prepared using the x=2.0 target
provided higher energy densities of about 1 mW h cm~2 and higher
utilization of the positive films, compared with the other targets, as
the positive films contained no Co304 impurity phases. Moreover
the thin-film batteries could be discharged even at high current
densities of mA order. It was found that the battery performances
could be improved by using positive LiCoO, films prepared with
appropriate sputtering targets.
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