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a b s t r a c t

Amorphous LiCo1/3Mn1/3Ni1/3O2 thin films were deposited on the NASICON-type Li-ion conducting glass
ceramics, Li1+x+yAlxTi2−xSiyP3−yO12 (LATSP), by radio frequency (RF) magnetron sputtering below 130 ◦C.
The amorphous films were characterized by X-ray diffraction (XRD) and scanning electron microscopy
(SEM). The Li/PEO18–Li(CF3SO2)2N/LATSP/LiCo1/3Mn1/3Ni1/3O2/Au all-solid-state cells were fabricated
vailable online 17 March 2010

eywords:
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to investigate the electrochemical performance of the amorphous films. It was found that the low-
temperature deposited amorphous cathode film shows a high discharge voltage and a high discharge
capacity of around 130 mAh g−1.

© 2010 Elsevier B.V. All rights reserved.
ll-solid-state Li-ion batteries
adio frequency magnetron sputtering

. Introduction

In recent years, there is an increasing need for the all-solid-state
icrobatteries due to the rapid development of microelectronics

evices. The thin film Li-ion battery is one of the best choices
s power source for these devices. The findings of some inor-
anic solid electrolytes with a high Li-ion conductivity, such as
i(P,N)O3 (Lipon) [1–3], NASICON-type glass ceramics [4,5], LVSO
6,7], and LLT [8,9], make it possible for the fabrication of all-solid-
tate Li-ion batteries. Among them, the NASICON-type electrolyte,
i1+xMxTi2−x(PO4)3, has been received great interest because of
ts high Li-ion conductivity at room temperature. Recently, all-
olid-state Li-batteries based on this electrolyte have been cycled
uccessfully at room temperature [10,11].

However, the as-obtained cathode films by sputtering are gen-
rally amorphous or partially crystalline if the substrate is not
reheated. Low capacity and low operating voltage are always
bserved for these amorphous films compared with the crystalline

lms [12–15]. Therefore, preheating the substrate or post-
nnealing the film is necessary to improve the crystallization of
he films. However, these processes are complicate for the prepara-
ion of the microbatteries and cause some undesired side reactions

∗ Corresponding author at: Deparment of Materials Science and Engineering, Zhe-
iang University, Hangzhou 310027, China. Tel.: +86 571 87951203;
ax: +86 571 87951451.
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[16,17]. In this work, amorphous LiCo1/3Mn1/3Ni1/3O2 thin films
were prepared on the NASICON-type Li1+x+yAlxTi2−xSiyP3−yO12
(LATSP) substrates by radio frequency (RF) magnetron sputtering
at low-temperature (not over 130 ◦C). The as-prepared amor-
phous film exhibits a high discharge voltage and a high specific
capacity. The results show that the fabrication process of the
microbatteries can be significantly simplified when amorphous
LiCo1/3Mn1/3Ni1/3O2 thin films are used directly.

2. Experimental

The glass ceramics plates, LATSP (0.26 mm in thickness),
provided by OHARA Inc., were used as the solid electrolyte
for the following experiments, the conductivity of which was
about 10−4 S cm−1 at room temperature. LiCo1/3Mn1/3Ni1/3O2
powder was prepared by two-step solid-phase reactions using
stoichiometric amount of Li(OCOCH3)·2H2O, Co(OCOCH3)2·4H2O,
Mn(OCOCH3)2·4H2O and Ni(OCOCH3)2·4H2O as the starting mate-
rials. The mixture was pressed into pellets and heated at 400 ◦C
for 5 h. The reaction product was then ground and pressed again
into pellets, and headed at 900 ◦C for 20 h. The LiCo1/3Mn1/3Ni1/3O2
thin films (8 mm × 8 mm) were deposited on the LATSP substrates
(10 mm × 10 mm) by RF magnetron sputtering using an Ulvac

SCOTT-C3. The target (50 mm in diameter) used for sputtering
was prepared by cold pressing the LiCo1/3Mn1/3Ni1/3O2 powder.
The LiCo1/3Mn1/3Ni1/3O2 sputtering was carried out for 2 h in an
Ar/O2 mixture (30% O2) or pure Ar with a total pressure of 2 Pa
and a power of 50 W. The weight of the film was calculated by

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xiejian1977@zju.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.03.040
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he weight gain of the substrate before and after sputtering using
precise balance. The substrate with an aluminium mask was

laced 10 cm away from the target. Au film was then deposited
n the LiCo1/3Mn1/3Ni1/3O2 by RF magnetron sputtering from an
u target in pure Ar for 30 min as a current collector to form
LATSP/LiCo1/3Mn1/3Ni1/3O2/Au electrode. For comparison, the

iCo1/3Mn1/3Ni1/3O2 films were also sputtered on Au substrates
nder the same conditions to form LiCo1/3Mn1/3Ni1/3O2/Au elec-
rodes. The as-prepared electrodes were then post-annealed in air
or 0.5 h. The crystalline structure of the films was characterized by
-ray diffraction (XRD) using a RINT2000/PC diffractometer with Cu
� radiation. The surface and cross-sectional morphologies of the
lms were observed by scanning electron microscopy (SEM) using
Hitachi S-4000. The chemical composition of the film was deter-
ined by inductively coupled plasma (ICP) spectroscopy using a

himadzu ICPS-1000IV spectrometer.
Li/PEO18–Li(CF3SO2)2N/LATSP/LiCo1/3Mn1/3Ni1/3O2/Au cells

ere fabricated to investigate the electrochemical performance
f the LiCo1/3Mn1/3Ni1/3O2 thin films. A polyethyleneoxide (PEO)-
ased solid polymer electrolyte film, PEO18Li(CF3SO2)2N, was

nserted between Li and LATSP to prevent the reactions between
i and LATSP. The polymer electrolyte was prepared by our pre-
iously reported method [18]. Galvanostatic cycling of the cells
as carried out at 5 �A (7.8 �A cm−2) between 2.5 and 4.5 V.

lectrochemical impedance spectroscopy (EIS) measurement

as conducted by applying an ac signal of 10 mV amplitude

ver the frequency range from 1 MHz to 1 mHz using a Solartron
287 electrochemical interface combined with a Solartron 1260
requency response analyzer. The EIS plots were recorded at the
pen circuit voltages of about 3.4 V. For comparison, Li/liquid

Fig. 2. SEM images of the as-deposited LiCo1/3Mn1/3Ni1/3O2 thin film

ig. 3. Voltage profiles of (a) the as-deposited and (b) the 500 ◦C-annealed LiCo1/3Mn1/3N
urves were recorded between 2.5 and 4.5 V at a current density of 7.8 �A cm−2.
Fig. 1. XRD patterns of the as-deposited LiCo1/3Mn1/3Ni1/3O2 thin films on LATSP.

electrolyte/LiCo1/3Mn1/3Ni1/3O2/Au cells were also fabricated and
cycled at 5 �A between 2.5 and 4.5 V. The liquid electrolyte used
was 1 M LiClO4 in a mixture of ethylene carbonate and diethylene
carbonate (1:1 in volume). All the electrochemical measurements
were performed at 50 ◦C.
3. Results and discussion

Fig. 1 shows the XRD patterns of the LiCo1/3Mn1/3Ni1/3O2 thin
films deposited on the LATSP substrates. The XRD patterns of the

s on LATSP in Ar/O2 (30% O2): (a) surface and (b) cross-section.

i1/3O2 thin films deposited on the solid electrolyte (LATSP) in Ar/O2 (30% O2). The
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Fig. 5. Voltage profiles of the LiCo1/3Mn1/3Ni1/3O2 thin film on the solid electrolyte
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ig. 4. Nyquist plots of the LiCo1/3Mn1/3Ni1/3O2 thin films prepared on LATSP in
r/O2 (30% O2) annealed at various temperatures recorded at the open circuit volt-
ges of about 3.4 V.

iCo1/3Mn1/3Ni1/3O2 target agree well with the previous reports
19,20]. No peak attributed to LiCo1/3Mn1/3Ni1/3O2 can be found in
he as-deposited thin film in Ar/O2 (30% O2). In contrast, the film
eposited in pure Ar exhibits a partially crystalline structure with a
1 0 4) preferred orientation at diffraction angle about 44◦ (2�). The
CP analysis shows that the molar ratio of Li:Co:Mn:Ni of the as-
eposited thin film on Au is 1:0.31:0.27:0.26. Note that the content
f Li is slightly rich. For simplicity, LiCo1/3Mn1/3Ni1/3O2 is still used
n the following sections. It was found that the thin films deposited
oth in pure Ar and in Ar+ 30% O2 showed improved crystallization
pon annealing at high-temperatures, but annealing also results in
he reactions between film and the LATSP.

Fig. 2 shows the SEM images of the as-deposited
iCo1/3Mn1/3Ni1/3O2 thin film on the LATSP prepared in Ar/O2
30% O2). As seen in Fig. 2(a), the surface of the film is coarse with
ome islands, the formation of which may be due to the reactions
f the Li-rich LiCo1/3Mn1/3Ni1/3O2 thin film with air. The thickness

f the film is estimated to be 0.6 �m after 2 h sputtering as shown
n Fig. 2(b). Note that, apart from these islands, the film seems to
e uniform, dense and crack free.

Fig. 3 shows the charge–discharge curves of the
iCo1/3Mn1/3Ni1/3O2 thin films on LATSP. Note that compared

ig. 6. Voltage profiles of (a) the as-deposited and (b) the 600 ◦C-annealed LiCo1/3Mn1/3

etween 2.5 and 4.5 V at a current density of 7.8 �A cm−2 using the liquid electrolyte.
(LATSP) deposited in pure Ar. The curves were recorded between 2.5 and 4.5 V at a
current density of 7.8 �A cm−2.

with the crystalline LiCo1/3Mn1/3Ni1/3O2 using liquid electrolyte
[19], the as-deposited amorphous one shows a relatively low
capacity. This is due to the fact that the LiCo1/3Mn1/3Ni1/3O2
thin film is conducting agent free and that the active area for
electrochemical reactions is much smaller compared with the
electrode in the liquid electrolyte. Nevertheless, a discharge
capacity of around 130 mAh g−1 is comparable to that of the
well-crystallized LiCoO2. Furthermore, the irreversible capac-
ity is not so significant for this thin amorphous film on LATST.
As a result, amorphous LiCo1/3Mn1/3Ni1/3O2 prepared at a low
deposition temperature (below 130 ◦C) seems to be a promising
cathode material for all-solid-state Li-ion batteries, especially for
microbatteries considering its practicable working voltage and
specific capacity. As seen in Fig. 3(b), the capacity of the thin film
is slightly increased by annealing at 500 ◦C for 0.5 h. However,
annealing will add the complexity of batteries preparation pro-
cess and cause the undesired reactions between the deposited
film and the electrolyte. Fig. 4 shows the Nyquist plots of the
Li/PEO18–Li(CF3SO2)2N/LATSP/LiCo1/3Mn1/3Ni1/3O2/Au cells. Note
that the diameter of the semi-circlets, which corresponds to
the charge transfer resistance at the LiCo1/3Mn1/3Ni1/3O2/LATSP

interface, increases drastically with increasing the annealing
temperature. In this regard, the low-temperature processing of
thin film is favored.

Ni1/3O2 thin films deposited on Au in Ar/O2 (30% O2). The curves were recorded
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Since the as-deposited film sputtered in pure Ar shows different
icrostructure as that in Ar+ 30% O2 shown in Fig. 1, its elec-

rochemical performance was also characterized. Fig. 5 shows the
harge–discharge curves of the as-deposited film in pure Ar. Note
hat the film exhibits a rather poor electrochemical performance.
his means the sputtering atmosphere plays an important role for
he microstructure of the film.

Considering the fact that LiCo1/3Mn1/3Ni1/3O2 thin film is
hemically stable with the Au substrate upon annealing, the elec-
rochemical performance of the LiCo1/3Mn1/3Ni1/3O2 thin films
eposited on the Au substrates in Ar/O2 (30% O2) was also checked
sing the liquid electrolyte. For the as-deposited film, a larger first

rreversible capacity is evident compared with the film on LATSP as
hown in Fig. 6(a). For the 600 ◦C-annealed sample on Au, a large
rreversible capacity still exists as seen in Fig. 6(b). The obvious
apacity increase after annealing is due to the improvement of the
rystallization of the film. In addition, the film will crack after the
igh-temperature annealing. The cracking of the film will cause
he penetration of the liquid electrolyte, also contributing to the
ncrease of the capacity. For the LiCo1/3Mn1/3Ni1/3O2 thin film on
ATSP, the capacity increase is caused mainly by the improved crys-
allization of the film since the solid electrolyte is used, excluding
he penetration of the electrolyte. However, the capacity increase
y annealing in the case of solid electrolyte is slight due to the
ormation of an inert layer at the LiCo1/3Mn1/3Ni1/3O2/LATSP inter-
ace during anneling, evidenced from the impedance profiles in
ig. 4, which makes it difficult for the charge transfer reactions
ccur. Therefore, for the fabrication of all-solid-state Li-ion batter-
es, the post-annealing temperature should be controlled as low as
ossible.

. Conclusions

Amorphous LiCo1/3Mn1/3Ni1/3O2 thin films with a high oper-
ting voltage and a high specific capacity were prepared by RF
agnetron sputtering in Ar/O2 (30% O2). A discharge capacity

−1
f around 130 mAh g is obtained for the amorphous film. The
ischarge capacity is slightly increased by annealing at 500 ◦C
or 0.5 h, but the annealing also caused the interfacial reac-
ions between LiCo1/3Mn1/3Ni1/3O2 and LATSP. The amorphous
iCo1/3Mn1/3Ni1/3O2 thin film prepared in pure Ar shows a poorer

[

[
[

ces 195 (2010) 5780–5783 5783

electrochemical performance than that prepared in Ar/O2 (30% O2),
even though it exhibits somewhat enhanced crystallization. The
amorphous LiCo1/3Mn1/3Ni1/3O2 thin film on LATSP is considered
to be a promising cathode for the all-solid-state microbatteries.
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