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LiCo0.8 M0.2 O2 (M=Ni,Zr) films were fabricated by radio frequency sputtering deposition combined with
conventional annealing methods. The structures of the films were characterized with X-ray diffraction (XRD),
Raman spectroscopy and scanning electron microscopy (SEM) techniques. It was shown that the 700 ◦ Cannealed LiCo0.8 M0.2 O2 has an α-NaFeO2 -like layered structure. All-solid-state thin-film batteries (TFBs)
were fabricated with these films as the cathode and their electrochemical performances were evaluated. It
was found that doping of electrochemically active Ni and inactive Zr has different effects on the structural
and electrochemical properties of the LiCoO2 cathode films. Ni doping increases the discharge capacity of
the film while Zr doping improves its cycling stability.
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In order to resolve the drawbacks of LiCoO2 and improve its electrochemical performance, the compounds
of LiCox Ni1−x O2 (M= Ni, Al, Mg, Zr, Ti) have been
investigated as cathode materials [12-22]. Previous results indicated that LiCox Ni1−x O2 offers higher capacity compared to LiCoO2 and has more stable Li intercalation property than LiNiO2 due to the effect of Co
substitution at some Ni sites [12-16]. Al doping can
stabilize the structure of hexagonal LiCoO2 against the
transformation to spinel structure during electrochemical cycling [17]. LiCoO2 doped with Mg and Zr gives an
improvement in charge-discharge cycling performance
[18].
In this work, we focus on the fabrication and characterization of LiCo0.8 M0.2 O2 (M=Ni, Zr) thin-film cathodes for TFBs deposited by combining radio frequency
(r.f.) reactive magnetron sputtering and conventional
annealing methods. The effect of cation doping of
electrochemically active Ni and inactive Zr on physical
and electrochemical characterization of LiCoO2 cathode
film for all-solid-state rechargeable thin-film batteries is
clarified.

I. INTRODUCTION

With the development of the micro-scale processing techniques and materials, electronic devices are becoming smaller and more precise. This tendency has
prompted the development of all-solid-state thin-film
batteries (TFBs) [1,2] as efficient, lightweight, compact
power sources. An attempt to integrate TFBs into complementary metal oxide semiconductor (CMOS) memory chips has been made at Oak Ridge National Laboratory [3]. In the near future an extension of TFB applications to microelectromechanical systems (MEMS)
including microsensors and microactuators is expected.
It is important to explore advanced cathodic materials for high performance TFBs. The cathodes of layered
structure such as LiCoO2 , LiNiO2 and LiMnO2 have
been widely investigated [4-11]. These studies provide
some information on the fabrication and characterization of these layered structure materials. For example,
the limited capacity, high cost and toxicity of cobalt for
LiCoO2 have been considered as its drawbacks and limit
its application in practical batteries. It was found difficult to prepare the stoichiometry LiNiO2 due to the difficult oxidation of Ni2+ to Ni3+ [10]. In addition, other
unfavorable features of LiNiO2 are its limited thermal
stability in oxidized state and its poor capacity retention during cycling. LiMnO2 cathodes give a larger theoretical capacity of 285 mAh/g [9]. However, LiMnO2
is not thermodynamically stable and a spinel structure
is formed during cycling. The 1 V drop between two
plateaus of the spinel structure would hinder its exploitation.

II. EXPERIMENTS

All the thin-films of LiCo0.8 M0.2 O2 (M=Ni, Zr) were
grown on platinum-coated Si substrates by an r.f. sputtering system from LiCo0.8 M0.2 O2 targets with a 5 cm
diameter. The sputtering chamber was evacuated below
0.5 mPa with a turbo-molecular pump and a mechanical pump. LiCo0.8 M0.2 O2 (M=Ni, Zr) targets were
pressed from the powders synthesized through solid
state reactions of LiOH·H2 O(95%), Co2 O3 (99%) and
Ni2 O3 (95%) or ZrO2 (99%) in stoichiometric proportion
at 900 ◦ C for 24 h in air. Afterwards, the targets were
sintered at 800 ◦ C for 10 h in air. The ambient gas ratio
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of O2 /Ar for growing LiCo0.8 M0.2 O2 films was 1/3 and
the chamber pressure was maintained at 1.2 Pa. The
r.f. power was about 40 W and the distance between
substrate and target was 5 cm. The platinum-coated Si
substrates were heated at 200 ◦ C during the deposition
process. The deposition time was fixed at two hours after pre-sputtering the target for 0.5 h to remove target
contamination. The thickness of the films was about
100 nm. The thin-films were annealed at 700 ◦ C for 2
h in flowing oxygen gas. The chemical compositions of
the as-deposited thin-films were close to those of the targets with Co/Ni/O and Co/Zr/O = 1:4:10, determined
by an energy dispersive X-ray analysis (EDX) (Kevex
EDX spectrometer) coupled with a microscope. Subsequently, lithium phosphorus oxynitride (LiPON) solid
electrolyte film with 2.4 µm thickness was deposited
on the surface of annealed LiCo0.8 M0.2 O2 films using
a synthesized Li3 PO4 target by r.f. sputtering in pure
nitrogen ambient with r.f. power of 35 W. After the
deposition of LiPON solid electrolyte, Li metal anode
with 2.5 µm thickness was evaporated onto the surface
of LiPON thin-film by thermal evaporation at 0.5 mPa
in a dry room. These all-solid-state TFBs were cycled
in an argon-filled dry box (less than 1 µmol/L water
and oxygen).
The structure and crystallinity of LiCo0.8 M0.2 O2
thin-films deposited on Pt or Si substrates were characterized by X-ray diffraction (XRD) patterns recorded by
a Rigata/max-C diffractometer with Cu Kα radiation
and Raman spectroscopy (Dilor, LABRAM-1B). The
surface morphology and cross-section of the films were
investigated by scanning electron microscopy (SEM)
(Cambridge S-360). The cyclic voltammetry (CV) and
charge/discharge measurements of the TFBs were carried out with a CHI 660a electrochemical working station (CHI Instruments).

III. RESULTS AND DISCUSSION
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FIG. 1 XRD patterns of LiCo0.8 Ni0.2 O2 for (a) synthesized
powder, (b) as-deposited and (c) 700 ◦ C-annealed thin-films
deposited on Pt substrate.

film. Compared to the XRD pattern of LiCo0.8 Ni0.2 O2
powder, some diffraction peaks of the thin-film disappear. Only the diffractions of (003), (101) and (102)
remain. This could be ascribed to the formation of
certain texture in the thin-film [24]. Based on the reports of Bates et al. [5], the deposited film may grow in
preferred orientation in order to minimize the volume
strain energy or the surface energy due to the thickness of the film. The (003) preferential orientation is
favored to minimize the surface energy when the thickness of the film is below 1 µm, where the diffraction
peak intensity of (101) and (104) peaks are too weak to
be detected. The hexagonal structure can be identified
for the 700 ◦ C-annealed LiCo0.8 Ni0.2 O2 thin-film.
A typical XRD pattern of the LiCo0.8 Zr0.2 O2 powder synthesized at 900 ◦ C is shown in Fig.2(a). Some
of the diffraction peaks are the same as those of
LiCo0.8 Ni0.2 O2 powder, which can correspond to the
α-NaFeO2 -based layered structure. In addition, the
diffraction peaks from ZrO2 and Li2 ZrO3 in the XRD

A. Physical characterization

The XRD pattern for LiCo0.8 Ni0.2 O2 powder synthesized at 900 ◦ C is presented in Fig.1(a). The pattern
shows an orientation of α-NaFeO2 -based layered structure with well-defined diffractions of (003), (101), (102),
(104), (105) and (107). The pattern does not show any
diffraction from impurities. The XRD pattern for asdeposited LiCo0.8 Ni0.2 O2 thin-film is shown in Fig.1(b).
This pattern of only (101) diffraction shows that the asdeposited film has a crystalline structure with (101) outof-plane texture. This preferential orientation grown
at room temperature has also been reported [23]. It
was generally believed that substrate heating at 200 ◦ C
provides energy for the atomic rearrangement of substrate surface to form the preferential crystal growth
of LiCo0.8 Ni0.2 O2 thin-film. Figure 1(c) presents the
XRD pattern of 700 ◦ C-annealed LiCo0.8 Ni0.2 O2 thinISSN 1003-7713/DOI:10.1360/cjcp2006.19(6).493.6

FIG. 2 XRD patterns of LiCo0.8 Zr0.2 O2 for (a) synthesized
powder, (b) as-deposited and (c) 700 ◦ C-annealed thin-films
deposited on Si substrate.
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pattern of synthesized LiCo0.8 Zr0.2 O2 powder are observed. This result suggests that the excess zirconiumbased compounds of ZrO2 and Li2 ZrO3 have good
chemical stability at high temperature. The XRD pattern of as-deposited LiCo0.8 Zr0.2 O2 thin-film is presented in Fig.2(b). It can be seen that there are no
other diffraction peaks apart from the diffraction peak
from Si substrate, indicating that the thin-film is amorphous to XRD. Being different from the (101)-oriented
crystalline structure of as-deposited LiCo0.8 Ni0.2 O2
thin-film, the existence of zirconium-based compounds
may suppress the growth of crystalline phases in
LiCo0.8 Zr0.2 O2 . The XRD pattern of 700 ◦ C-annealed
LiCo0.8 Zr0.2 O2 thin-film is shown in Fig.2(c). The
strong diffraction of (003) suggests the thin-film has a
layered structure, though diffraction peaks of impurities also exist. The XRD pattern of 700 ◦ C-annealed
LiCo0.8 Zr0.2 O2 thin-film also reflects the thickness effect mentioned above.
Raman
spectra
of
the
700 ◦ C-annealed
LiCo0.8 Ni0.2 O2 and LiCo0.8 Zr0.2 O2 thin-films are
shown in Fig.3. There are two well-defined Raman
bands found at 486 and 595 cm−1 in LiCo0.8 Ni0.2 O2
thin-film. These bands could be assigned to Eg and A1g
of the layered HT-LiCo0.8 Ni0.2 O2 , where Eg and A1g
indicate Raman active vibrational modes. They are
the same as the Raman bands of layered HT-LiCoO2
[19]. These results are consistent with the XRD results
of 700 ◦ C-annealed LiCo0.8 Ni0.2 O2 thin-film. Raman
spectrum of the 700 ◦ C-annealed LiCo0.8 Zr0.2 O2
thin-film exhibits two peaks at 481 and 590 cm−1 ,
respectively, which could correspond to the Eg and
A1g Raman bands of layered structures respectively.
A 5 cm−1 Raman shift between LiCo0.8 Ni0.2 O2 and
LiCo0.8 Zr0.2 O2 thin-films may be due to error coming
from the experimental instrument. The shoulder peak
at 613 cm−1 could be assigned to tetragonal phase of
ZrO2 [25]. The Raman bands at 680 cm−1 could be
attributed to the existence of the Co3 O4 phase. The
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Co3 O4 phase may be nanocystalline structure, because
it could not be detected by XRD as discussed above.
Liao et al. [4] suggested the formation of Co3 O4 phase
is due to the Li deficiency in thin-film. Here, the
impure phase of Li2 ZrO3 which consumes two Li may
be related to Li deficiency in thin-film.
The cross-sectional SEM image of all-solid-state TFB
that has a structure of Li/LiPON/LiCo0.8 Ni0.2 O2 /
Pt/Si layers is presented in Fig.4, where the
LiCo0.8 Ni0.2 O2 cathode was annealed at 700 ◦ C.
The as-deposited LiPON (2.4±0.1 µm) and annealed
LiCo0.8 Ni0.2 O2 (100 nm) films are well matched without a clear interface layer between the two films.

Lithium thin film

LIPON film
Pt

LiCO0.8 Ni0.2 O2
Si

(100 nm)

FIG. 4 Cross-sectional SEM image of a typical Li/LiPON/
LiCo0.8 Ni0.2 O2 /Pt/Si TFB, where LiCo0.8 Ni0.2 O2 is
700 ◦ C-annealed.

SEM images of the sputtered LiCo0.8 Ni0.2 O2 and
LiCo0.8 Zr0.2 O2 thin-films are shown in Fig.5. The surface of as-deposited LiCo0.8 Ni0.2 O2 and LiCo0.8 Zr0.2 O2
films has a smooth morphology. The morphology
of 700 ◦ C-annealed LiCo0.8 Ni0.2 O2 film exhibits large
particles with grain size of 500 nm, but the 700 ◦ Cannealed LiCo0.8 Zr0.2 O2 film displays smaller particles
with grain size of 250 nm. The phenomenon that the
grain size of crystalline LiCo0.8 Zr0.2 O2 film is half the
magnitude of crystalline LiCo0.8 Ni0.2 O2 film suggests
that the existence of excess zirconium-based compounds
may restrain the grain growth of LiCo0.8 Zr0.2 O2 during
the annealing process.
B. Electrochemical studies

FIG. 3 Raman scattering spectra of 700 ◦ C-annealed (a)
LiCo0.8 Ni0.2 O2 and (b) LiCo0.8 Zr0.2 O2 thin-films.
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The electrochemical performance of Li/LiPON/
LiCo0.8 M0.2 O2 TFBs was examined by galvanostatic
cycling.
These TFBs were cycled in the voltage range of 3.0-4.2 V at a constant current density of 14 µA/cm2 . Figure 6(a) (inset) shows the
voltage versus charge/discharge capacity profiles of
Li/LiPON/LiCo0.8 Ni0.2 O2 (700 ◦ C-annealed) TFB. A
plateau district near 3.7 V wide was found during the
discharge process, which is ascribed to the oxidation
of Ni3+ and Co3+ . The plateau is lower than that
of LiCoO2 [4]. The capacity of the first discharge is
about 62.6 µAh/cm2 µm. The discharge capacity of
c
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FIG. 5 SEM images of (a) as-deposited LiCo0.8 Ni0.2 O2 , (b) 700 ◦ C-annealed LiCo0.8 Ni0.2 O2 , (c) as-deposited LiCo0.8 Zr0.2 O2
and (d) 700 ◦ C-annealed LiCo0.8 Zr0.2 O2 thin-films deposited on Pt/Si substrate.

FIG. 6 (a) Discharge capacity vs. cycle number of Li/LiPON/LiCo0.8 Ni0.2 O2 (700 ◦ C-annealed) TFB (Inset: Charge/
discharge curves of Li/LiPON/LiCo0.8 Ni0.2 O2 TFB), (b) Discharge capacity vs. cycle number of Li/LiPON/LiCo0.8 Zr0.2 O2
(700 ◦ C-annealed) TFB (Inset: Charge/discharge curves of Li/LiPON/LiCo0.8 Zr0.2 O2 TFB).

the TFB as a function of cycle number is shown in
Fig.6(a) (main panel). Compared with the initial discharge capacity, the capacity loss is about 13% after
50 cycles. The voltage versus charge/discharge capacity profiles of Li/LiPON/LiCo0.8 Zr0.2 O2 (700 ◦ Cannealed) TFB is presented in Fig.6(b) (inset). A
plateau district near 3.9 V wide was found during the
discharge process and is similar to that of LiCoO2
[4], which can be ascribed to the oxidation of Co3+ .
The capacity performance of Li/LiPON/LiCo0.8 Zr0.2 O2
TFB is shown in Fig.6(b) (main panel). The first dis-
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charge capacity of the TFB using a 700 ◦ C-annealed
LiCo0.8 Zr0.2 O2 cathode is 51 µAh/cm2 µm, and the
capacity fading of the TFB is negligible within 50
cycles. The Li/LiPON/LiCo0.8 Ni0.2 O2 TFB using a
700 ◦ C-annealed cathode exhibits larger special capacity than the counterpart with a 700 ◦ C-annealed
LiCo0.8 Zr0.2 O2 cathode, although the capacity retention of LiCo0.8 Ni0.2 O2 -based TFB is a little inferior to
that of LiCo0.8 Zr0.2 O2 -based TFB. These results indicate that the electrochemically active Ni-doped LiCoO2
has a better effect in improving the specific capac-
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to Li/Li+ , and 4.17 and 4.15 V compared to Li/Li+ , appeared in CV curves of the TFB using liquid electrolyte,
and that they could correspond to phase transitions between ordered and disordered Li-ion arrangements in
the layered CoO2 framework [4]. However, these small
redox peaks were not found in the present CV curves
even at a slow scan rate of 0.1 mV/s. The phase transition occurring in cathode thin-films for all-solid-state
TFBs may be suppressed.

IV. CONCLUSION

FIG. 7 Cyclic voltammograms of Li/LiPON/LiCo0.8 M0.2 O2
TFB between 3.0 and 4.2 V using (a) 700 ◦ C-annealed
LiCo0.8 Ni0.2 O2 , (b) 700 ◦ C-annealed LiCo0.8 Zr0.2 O2 film as
cathode.

ity of TFBs than electrochemically inactive Zr-doped
LiCoO2 . Considering the XRD data and SEM images, the existence of impure phases in LiCo0.8 Zr0.2 O2
may be associated with the good cycle stability because
of the restrained grain growth by impure phases mentioned above.
Cyclic voltammograms for the TFBs using 700 ◦ Cannealed LiCo0.8 Ni0.2 O2 and LiCo0.8 Zr0.2 O2 cathodes
over a potential range of 3.0-4.2 V at different scan rates
are presented in Fig.7. The positions of these redox
peaks are in good agreement with the charge/discharge
plateaus shown in Fig.6. They correspond to the deintercalation/intercalation reactions of Li ions from/into
the layered structure. In the negative sweep from 4.2
to 3.0 V, the first cycle of LiCo0.8 Ni0.2 O2 -based TFB
has two cathodic peaks at 3.85 and 3.63 V compared
to Li/Li+ at the scan rate of 0.1 mV/s. These cathodic peaks should be related to the oxidation of Co3+
and Ni3+ , respectively. One set of redox peaks of
LiCo0.8 Zr0.2 O2 -based TFB is observed near the 3.9 V
district. Their shapes of CV curves are similar to the
ones of LiCoO2 . Previous reports showed that other
sets of smaller redox peaks at 4.06 and 4.05 V compared
ISSN 1003-7713/DOI:10.1360/cjcp2006.19(6).493.6

LiCo0.8 M0.2 O2 (M=Ni,Zr) cathode thin-films were
fabricated by r.f.
sputtering deposition combined
with conventional annealing processes. According to
XRD data, 700 ◦ C-annealed LiCo0.8 M0.2 O2 shows an
α-NaFeO2 -based layered structure, while there are
some impure phases in the LiCo0.8 Zr0.2 O2 thin-film,
which can be further confirmed by Raman spectroscopy
measurement.
There are two well-defined Raman
bands corresponding to Eg and A1g of layered structure found in the 700 ◦ C-annealed samples. SEM
images of 700 ◦ C-annealed LiCo0.8 M0.2 O2 films display distinct crystalline grains. All-solid-state TFBs
of Li/LiPON/LiCo0.8 M0.2 O2 layers were fabricated,
and their electrochemical performance was investigated. Our results suggest that the addition of Ni
and Zr into LiCoO2 has different effects on changing the physical and electrochemical characterization of
LiCoO2 . The 700 ◦ C-annealed LiCo0.8 Ni0.2 O2 as cathode in all-solid-state TFBs shows larger discharge capacity of 56 µAh/cm2 µm, while the 700 ◦ C-annealed
LiCo0.8 Zr0.2 O2 cathode exhibits better cyclic retention with discharge capacity of about 50 µAh/cm2 µm.
These results demonstrate these promising cathode materials could replace the presently used LiCoO2 (with a
theoretical capacity of 69 µAh/cm2 µm or 137 mAh/g)
for future TFBs.
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