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Abstract:

The LiMn,0, films for Li secondary batteries have been
prepared by a RF magnetron sputtering method. The
LiMn,0, powder was used as a target material. The deposi-
tion rate, XRD, and surface morphology were investigated
as a function of substrate temperature (T,,,). It was found
that the deposition rate had a peak at around the T, of
200 °C. This research was also designed for preventing the
target material being oxidized during the reactive sputte-
ring process. A quartz tube was inserted between shutter
and target. It seems that the quartz tube is effective to
prevent oxidation of target material.
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1. Introduction

The lithium (Li) secondary batteries have been used
for cell phones, video cameras, etc. The revolution of
energy sources for electric vehicles has been started by
using fuel cells and Li secondary batteries. These devices
require the specific energy density more than 100 Wh/kg
and the power density of 40 W/kg, respectively. [1]

Various materials have been used for the positive
electrodes of Li secondary batteries. [1], [2] Recently,
various manganese oxides have been investigated as
a positive electrode material. Manganese is less-toxic
and abundant material as compared with Cobalt. We have
been focusing especially on the Li-Mn-0 defect-spinel-
structure (so called defect-spinel-structure). [3], [4] If
this structure is adopted as a positive electrode, the ope-
rating voltage and theoretical capacity are 3-4 V and 148-
213 mAh/kg, respectively. [3], [4]

The defect-spinel-structure is defined by Mn,0,,
Li,Mn;0,,, and A-Mn0, triangle in the Li-Mn-0 phase dia-
gram as shown in Fig. 1. [4] Our goal is to prepare films
with this structure. These defect-spinels are considered
to have high structural stability upon insertion and
desorption of Liions.

The defect-spinel- structure described above could be
obtained through the reaction between Li and A-Mn0, or
Mn,0,. [5], [6], [16]-[23].

Figure 2 shows the manganese-spinel-structure of
LiMn,0,. There are vacancies (16¢) near the 8a sites. Li*
ions can diffuse alternatively, for example, from 8a to16¢c
and then to 8a. [7]

All of the materials for the positive electrodes have
been prepared by a sintering method.[3]-[9] These pow-
ders have to be mixed with some binders and high electric
conductivity materials like carbon black to apply the me-

tal electrode. This process has complex procedures and
induces thick films. This is less attractive in the point of
energy density than the deposition process proposed in
this paper. In order to solve these problems, various de-
position methods have been introduced. [10]-[26] In our
early studies, Mn,0, films have been successfully prepa-
red with preventing the oxidation of evaporant during
the recative evaporation process. [16-22] But, unfortu-
nately, charge-discharge curves could not be measured.
It seems that this is due to the deficiency of Li ions move
between positive and negative electrodes during charge
and discharge processes.
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Fig. 1. Li-Mn-0 phase diagram.
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Fig. 2. Spinel structure of LiMn,0,.
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In this study, a RF magnetron sputtering method was
used to prepare manganese oxide films which involve Li
atoms. [25]-[26] The effect of quartz tube on preventing
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oxidation of target material was examined. This research
was also designed for preventing the target material
being oxidized during the reactive sputtering process.
A quartz tube was inserted between shutter and target. It
was intended that a quartz tube could act to prevent the
oxidation of target material during sputtering process.
The purpose of this work is to investigate the effect
substrate temperature (T,,) of the crystal properties of
LiMn,0, films. The effect of quartz tube on preventing the
oxidation of target material was also investigated.

2. Experiment

LiMn,0, films were prepared on 0.2 mm-thick alumi-
num (Al) substrates by a magnetron sputtering apparatus
as shown in Fig. 3. The RF powers of 100 and 200W were
used in this study. This apparatus has three targets in the
vacuum chamber. So, it is easy to prepare multi-layered-
devices without breaking vacuum.

The deposition condition is shown in Table 1. The de-
position time and Ar flow rate were fixed at 60 min and
4sccm, respectively. The substrate temperature (T,,,) was
varied from 150 to 300 °C.

In order to obtain crystallographic characteristics, X-
ray diffraction (XRD) measurements were performed with
a RIGAKU RINT Ultima II. The film thickness was measu-
red by a gravimetric method.

3. Results and Discussion

The crystal structure of films was identified as LiMn,0,
by X-ray diffraction (XRD) method.

Figure 4 (a) an (b) show the dependence of deposition
rate on the Tsub at the RF power of 100 and 200 W, res-
pectively. At the RF power of 100 W, the deposition rate is
increased as increasing the T, as shown Fig. 4(a). The
deposition rate is decreased at the Tsub higher than
250°C.
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fig. 3. Magnetron sputtering apparatus.
Table 1. Deposition condition of LiMn,0,.
vacuum [Pa] 5
deposition time [min] 60
Ar flow rate [sccm] 4
parameter: RF power [W] 100,200
parameter: T, [°C] RT,150,200,250,300
target LiMn,0,
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Fig. 4(a) and 4(b). Dependence of deposition rate on the sub-
strate temperature (T,,,). The Ar flow rate was fixed at 4sccm.

At the RF power of 200 W, the deposition rate is in-
creased as increasing the T, as shown Fig. 4(b). The de-
position rate is decreased at the T, higher than 300°C.

Fig. 5(a) and 5(b) show the XRD data of the LiMn,0,
films prepared at the RF power of 100 and 200W, respec-

tively. - - -
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Fig. 5(a) and 5(b). The XRD data of the LiMn,0, films
prepared at the RF power of 100 and 200W, respectively The
parameteris T,
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The Fig. 5(a) and (b) show that the (111) peaks were
disappeared at the T, higher than 250°C. It seemed that
the XRD peaks were disappeared due to the deliquescence
of LiMn,0, species during keeping films in air after depo-
sition. They must be kept in vacuum until XRD measure-
ments.

This research was also designed for preventing the
target material being oxidized during the reactive sput-
tering process. [25] A quartz tube was inserted between
shutter and target. Figure 6 shows the effect of the quartz
tube on the deposition rate. In this case, the oxygen gas
was introduced. The Ar to 0, flow ratio was 3:1. The total
flow rate was fixed at 4 sccm. The RF power was 100 W and
the deposition time was varied from 30 to 90 min. The de-
position rate was increased as increasing the deposition
time in the case of installing the quartz tube.

It seems that the quartz tube is effective to prevent
oxidation of target material. A detailed study are now in
progress.
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Fig. 6. The effect of the quartz tube on the deposition rate.
In this case, the oxygen gas was introduced.

4. Conclusion

The LiMn,0, films were successfully prepared by a ma-
gnetron sputtering method. A quartz tube was introduced
to prevent the oxidation of target material. It was found
that the deposition rate was decreased at the T, of
300°C. A quartz tube was inserted between shutter and
target. It seems that the quartz tube is effective to pre-
vent oxidation of target material.

ACKNOWLEDGMENTS

A part of this study has been supported by Mikiya Science and
Technology Promotion Society. The support from the Grant-in-
Aid for Scientific research (C) in the Ministry of Education,
Culture, Sports, Science and Technology in Japan was also quite
helpful. Several parts of vacuum apparatus have been made by
K. Sahara, M. Iwasawa, A. Isogai, T. Matsuno, T. Okamoto and T.
Kamio in the Manufacturing Center of Shizuoka University.

AUTHORS

Masaaki Isai* - Faculty of Engineering, Shizuoka Univer-
sity, Graduate School of Engineering, Shizuoka University
3-5-1Johoku, Naka, Hamamatsu, Japan 432-8561.
E-mail: temisai@ipc.shizuoka.ac.jp.

Koichi Nakamura, Takayuki Hosokawa - Graduate School
of Engineering, Shizuoka University 3-5-1 Johoku, Naka,
Hamamatsu, Japan 432-8561.

Takaya Izumichi, Satoshi Sekikawa - Faculty of Engine-

ering. Shizuoka University 3-5-1 Johoku, Naka, Hama-
matsu, Japan 432-8561.
* Corresponding author

References

[1] Desilvestro J., Haas 0., “Metal oxide cathode materials
for electrochemical energy storage: A Review”, J. Elec-
trochem. Soc., vol. 137, 5(C,1990.

[2] Koksbang R., Barker J., Shi H., Saidi M.Y., “Cathode ma-
terials for lithium rocking chair batteries”, Solid State
Ionics, vol. 84, issue 1,1996.

[3] Thackeray M.M., de Kock A., Rossouw M.H., Liles D., Bit-
tihn R., Hoge D., “Spinel electrodes for the Li-Mn-0 sys-
tem for rechargeable lithium batteries”, J. Electrochem.
Soc., vol. 139, 1992, p. 363 f.

[4] Gummow R.J., de Kock A., Thackeray M.M., “Improved
capacity retention in rechargeable 4V lithium/lithium
manganese oxide (spinel) cells”, Solid State Ionics, vol.
69, issue 59,1994,

[5] Hunter J.C., “Preparation of a new crystal form of man-
ganese dioxides: A-Mn0,”, J. Solid State. Chem., vol. 39,
1981, p. 142 f.

[6] Thackeray M.M., Johnson P.J., de Picciotto L.A., Bruce
P.G., Goodenough J.B. “Electrochemical extraction of
lithium from LiMn,0,”, Mat. Res. Bull., vol. 19, no. 19,
1984, pp. 179f.

[7] Thackeray M.M., David W.I.F., Bruce P.G., Goodenough
J.B., “Lithium insertion into manganese spinels”,
Mater. Res. Bull., vol.18, 1983, p. 461f.

[8] David W.I.F., Thackeray M.M., De Picciotto L.A., Good-
enough J.B., “Structure refinement of the spinel-rela-
ted phases Li,Mn,0, and Li,,Mn,0,", J. Solid State Chem.,
vol. 67,1987, p. 316 f.

[9] Xia Y., Yoshio M., "An investigation of lithium ion in-
sertion into spinel structure Li-Mn-0 compouds”, J.
Electrochem. Soc., vol. 143, 1996, p. 825 f.

[10] Bando Y., Horii S., Tanaka T., “Reactive condensation
and magnetic properties of ion oxide films”, Jpn. J.
Appl. Phys., vol. 17,1978, 1037 f.

[11]  Striebel K.A., Deng C.Z., Wen S.J., Cairns E.J., “Electro-
chemical behavior of LiMn,0, and LiCo0, thin films pro-
duced with pulsed laser deposition”, J. Electrochem.
Soc., vol. 143, 1996, p. 1821 f.

[12]  Shokoohi F.K., Tarascon J.M., Wilkens B.J., Guyomard
D., Chang C.C., “Low temperature LiMn,0, spinel films
for secondary lithium batteries”, J. Electrochem. Soc.,
vol. 139, 1992, p. 1845f.

[13]  Rougier A., Striebel K.A., Wen S.J., Cairns E.J., “Cyclic
voltammetry of pulsed laser deposited LiMn,0, thin
films”, J. Electrochem. Soc., vol. 145, 1998, p. 2975 f.

[14]  LiuP., Zhang J.G., Turner J.A., Tracy C.E., Benson D.K.,
“Lithium-manganese-oxide thin-film cathodes prepa-
red by plasma-enhanced chemical vapor deposition”, J.
Electrochem. Soc., vol. 146, 1999, p. 2001 f.

[15] Isai M., Yamaguchi K., Iyoda H., Fujiyasu H., Ito Y.,
“Oxygen gettering effect during the reactive evapora-
tion of manganese films”, J. Mater. Res., vol. 14, 1999,
p. 1653 f.

[16] Isai M., Ichikawa H., Shimada T., Morimoto K., Fujiyasu
H., Ito Y., “Priority of the Mn deposition rate in the re-
active evaporation conditions”, Jpn. J. Appl. Phys., vol.

Articles



Journal of Automation, Mobile Robotics & Intelligent Systems VOLUME 3, N°4 2009

39, 2000, p. 6676 f.

[17]  Isai M., Ichikawa H., Takahashi H., Fujiyasu H., Ito Y.,
“Anidea of overcoming the oxidation of Mn metalin the
crucible during the reactive evaporation process”,
Electrochemistry, vol. 68, 2000, p. 963 f.

[18] Isai M., Shimada T., Matsui T., Fujiyasu H., “A new
technique keeping off the Mn evaporant from oxygen
atmosphere during the reactive evaporation process”,
Jpn. J. Appl. Phys., vol. 40, 2001, p. 5069 f.

[19] TIsai M., Fujiyasu H., “Prevention against oxidation of
Mn evaporant during reactive evaporation process”,
Jpn. J. Appl. Phys., vol. 40,2001, p. 6552 f.

[20] IsaiM., NagashioY., TateiT., Fujiyasu H., “Stabilization
of deposition rate of Mn oxide films by using SUS cell”,
Trans. Mater. Res. Soc. Jpn., vol. 30, 2005, p. 1031 f.

[21] Isai M., “Research on reactively evaporated Mn oxide
films”, Trans. Mater. Res. Soc. Jpn., vol. 31, 2006, p.
1025 f.

[22] Isai M., “Preparation of manganese oxide films for Li
secondary batteries”, Trans. Mater. Res. Soc. Jpn., vol.
31,2006, p. 1037 f.

[23] Isai M., Chonan Y., Tojo Y., “Preparation of lithium
manganese oxide films for Li secondary batteries”,
Trans. Mater. Res. Soc. Jpn., vol. 32, 2007, p. 1203 f.

[24] Isai M., Chonan Y., Tojo Y., “Preparation of lithium
manganese oxide films for Li secondary batteries”,
Trans. Mater. Res. Soc. Jpn., vol. 33, 2009, p. 1313 f.

[25] Hosokawa T., Nakamura K., Hosoe S., Sakai S., Isai M.,
“Effect of doughnut-type plate on crystal properties of
LiMn,0, films prepared by RF magnetron sputtering”. In:
7" Int. Na. Con. on Glob. Res. and Edu. In New Methods in
Edu., 15"-18" September 2008, Pecs, Hungary, p. 392 f.

[26]  Isai M., Nakamura K., Hosokawa T., Sakai S., Hosoe S.,
“Preparation of LiMn,0, films by RF magnetron sputte-
ring method”, Trans. Mater. Res. Soc. Jpn., vol. 34,
2009, p. 355f.

m Articles



