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Manganese oxide films for lithium secondary batteries were prepared using a reactive evaporation method.
The Mn metal suffers oxidation since it is evaporated in the oxygen atmosphere. So the deposition rate is
deteriorated with increasing deposition run. This paper shows a technique which keeps off the Mn
evaporant from oxygen atmosphere during the reactive evaporation process. A stainless steel cell (SUS cell)
which has been installed in the bottom of the Mn crucible. The Mn30y films could be prepared with high
reproducibility with this SUS cell. The effect of SUS cell length on the crystal properties was investigated.
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1. Introduction

Revolution of energy sources for electric vehicles
has been started by using fuel cells and Lithium (Li)
secondary batteries. Its success depends on the high rate
discharge properties of secondary batteries. These
devices require energy density more than 100 Whikg
and power density more than 40 W/kg." The low energy
storage applications have been widely spread for a
cellular phone and a camcoder and so on. There are a lot
of potential candidate materials for secondary
batteries.”* A combination of manganese (Mn) oxide
and Li was considered as the positive and negative
electrodes, respectively. An operating voltage of 3~4 V
can be obtained by this system.

Structural  characteristics and  theoretical
_capacities of defect spinels have been investigated.>*
Defect spinel is defined by the Mn3O4 — LisMnsO12—-2
MnO, triangle in the Li-Mn-O phase diagram.
Stoichiometric spinel phase is also defined by the
Mn304- LisMnsOy; line. The A -MnO; has the highest
theoretical capacity of 308 mAh/g in the defect spinels.
But, it -has highly oxidizing character over the
compositional range 0 =x=1 in Lix[Mnz]Os. Mn304
has the theoretical capacity of 117 mAh/g. Our goal is to
prepare defect spinels defined by the LiMn04 -
LizMn4Og — LisMnsO;, triangle. These defect spinels
would have generally a high structural stability upon
lithiation. The theoretical capacity of the materials in
this triangle scatters between 148 and 213 mAb/g.
These materials are appropriate for the batteries of

electric vehicles.

Almost all the oxide powders for positive
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electrodes are prepared by the sintering.*™ These
powders have to be mixed with some binders and high
electric conductivity materials like carbon black to apply
the metal electrode. This process has complex
procedures and induces thick films. This is less
attractive in the point of energy demsity than the
deposition process proposed in this paper.

Mn oxide films have been prepared by using
many deposition methods.”**?> The Mn3O4 films with
spinel structure have been successfully prepared using a
reactive evaporation method in our early works. %!
They are so called Hausmannite. The Li-Mn-O phase
dia\grams3’4 show that defect spinels could be prepared
by reacting the Li atoms with Mn3Os4 as well as with 4
MnO,, *¢

The reactive evaporation brings oxidation of Mn
metal in the crucible (Mn evaporant) from oxygen
atmosphere. The deposition rate is decreased run by run
because of growing the thickness of oxidation layer
which covers the metallic Mn. The three methods which
overcomes the oxidation of Mn evaporant have been
invented, for example, a Mo (molybdenum)
separator%'ao, a stainless steel (SUS) cell®! and a quartz
ampoule.”? The effectiveness of SUS cell in these
devices was shown in the previous paper.”! The aim of
this study is to evaluate the effect of SUS cell length on
the oxidation of Mn evaporant. This SUS cell has a
composition of 18 Cr-8 Ni and this is so called SUS304.

The purpose of the present work is to evaluate the
ability of SUS cell by which the oxidation of Mn
evaporant is successfully prevented during the
evaporation process.
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2. Experiment

Mn oxide films were prepared on aluminum
substrates by Hotwall epitaxy. Deposition apparatus is
shown in Fig. 1. Mn metal was evaporated in the oxygen
atmosphere. The oxygen (0O2) flow rate was controlled
by a mass flow controller. The O> flow rate was fixed at
5 standard cubic centimeter per minute (sccm). The wall
(Twar) temperature was fixed at 800°C through this
study. The stainless steel crucible was heated by an
electric resistance wire.

A SUS cell with a small hole was set in the
bottom of the crucible, which contained Mn evaporant.
The hole diameter was 6 mm. It acts as a separator
which keeps Mn evaporant off the oxygen atoms. The
length of SUS cell was varied from 10 to 70 mm. The
source (Tecurce) temperature of the crucible was varied
from 815, 835 and 870°C for the length of SUS cell of
10, 30 and 50, 70 mm, respectively. The substrate
temperature (Tgw) Wwas mnot controlled during the
deposition process.

In order to obtain crystallographic characteristics,
X-ray diffraction (XRD) measurements were performed
with a RIGAKU Rotaflex 12 kW with CN2173D6
goniometer. The film thickness was measured by the
gravimetric  method. The  micro-interferometer
(Olympus) was used.

£ H [

wall

SUS cell

Fig. 1 Schematic of a SUS cell. The stainless steel
(SUS) cell with a hole is set in the bottom of the
crucible.

3. Results and Discussion

Figure 2 shows the dependence of deposition rate
on the deposition run with SUS cells which have
different length. The length of SUS cell was varied from
10 to 70 mm. The Tsoure Was chosen to get the
deposition rate of around 15 A/s at the first run for
cach length of SUS cells. This deposition rate was found
to be suitable to prepare Mn3O4 films. B Only the
deposition rate of 11.6 and 7.88 A/s could be obtained
for the length of SUS cell of 50 and 70 mm,
respectively. It is due to the limitation of heat capacity
of source heater.

In the case with a length of 30 mm, the
deposition rate does not deteriorate so much for first
several deposition runs as compared with others. This
SUS cells work very well.

parameter : length of SUS cell
O, flow rate * 5 scem

T wall : 800 °C

20 r aperture of SUS cell : 6.0 mm ¢

18 F

16
2 u = o s ot 30
L - o = ce! mm
; 12 LA ~tk w— - :3:0;1 igmm
5 10 L A
= S
2 61 x
R 4 F
& 2
8 0 [ PR Y I TEA |

123456178910

Deposition Run

Figures 2 The dependence of deposition rate on the
deposition run with SUS cells which have different
height. The height of SUS cell was varied from 10 to 70
mm.

Figure 3(a) shows the variation of XRD peak
strength of (103) of MnszO4 films with increasing
deposition run. The parameter is the length of SUS cell.
These films are so called a Hausmannite. These films
have (103) and (204) orientations as shown in the early
paper. In the case of 10 mm, the deposition rate is
slightly high to get this structure until fourth deposition
run. Large (103) peaks were obtained in the case of SUS
cell Iength of 30 and 50 mm. It is shown that the
deposition rate between 5 to 12 A/s results in the

preparation of (103) oriented films.
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Fig.3 (a) The variation of XRD peak strength of (103) of
Mn304 films with increasing deposition run. (b) The
variation of XRD peak strength of (204) of Mn3O4 films
with increasing deposition run. (¢) The variation of
XRD peak strength of (103) and (204) of Mn304 films
with increasing deposition run in the case of SUS cell
length of 30 mm.

Figure 3(b) shows the variation of XRD peak
strength of (204) of Mn3O4 films with increasing
deposition run. There are no obvious peaks in the case
of SUS cell length of 10 and 30 mm. There are small
peaks at third and second run in the case of SUS cell
length of 50 and 70 mm, respectively.

Figure 3(c) shows the variation of XRD peak
strength of (103) and (204) of Mn304 films with
increasing deposition run in the case of SUS cell length
of 30 mm. The preferred orientation of (103) can be
identified in this figure.

Figure 4 shows the variation of XRD peak strength
of (103) of Mn304 films with increasing deposition run
in the case of SUS cell length of 30 mm. The XRD
strength is usually decreases with decreasing the film
thickness. So, the XRD strength was normalized with
the thickness of films. As a result, It is recognized that
these films have obvious XRD strength even after the
sixth run.
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Fig. 4 The dependence of substrate temperature (Tsub)
on the height of SUS cell.
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Fig. 5 The dependence of variation of substrate
temperature (Tsuv) on the deposition time . The length of
SUS cell is 30 mm.

Figure 5 shows the dependence of variation of
substrate temperature (Tsu) on the deposition time . The
length of SUS cell is 30 mm. The Tap was measured on
the back side of substrate and just bellow the substrate.
They are called Toq and Theiow. The first and second run
is shown here. The temperature of Theow is gradually
increased as increasing the deposition time. This
temperature rise is saturated after 10 minute deposition.
The temperature difference between Top and Thewow iS
still about 100 °C even after saturation.

There are three parameters that govern the
composition and crystallinity of films. They are O flow
rate, Mn deposition rate, and Tew. Oy flow rate was
fixed at 5 scem and Teub Was not controlled through this
study. So the film properties depend on the correlation
between O flow rate and Mn deposition rate. A desired
composition, for example MnsOy4in this work, could be
obtained with a restricted range of deposition rate, for
example, between 5 to 12 A/s. So it is crucial to
maintain the deposition rate at this restricted range to
prepare Mn;O, films. ‘

The SUS cell successfully protects oxidation of
Mn evaporant in the crucible. So the Mn deposition rate
could be maintained at appropriate values. The
reproducibility of film composition is improved by using
the SUS cell. The deposition rate depends on the length
of SUS cell. 1t is found that the optimum length of SUS
cell is 30 mm under the condition of Tway and Tsouce of
800 and 835 °C, respectively. These values are about
100 K lower than those obtained former cases.®! This is
due to quartz caps which cover the thermocouples.
These caps could be attached to the crucible surface
with the same geometry even after changing SUS cell. It
contributes to improve the reproducibility of
temperature measurement of Tyag and Tsoyrce,

The Mn304 structure could be prepared at the
deposition rate under 12 A/s.

One of the problems to be solved is how LiMn,04
structure should be prepared from our Mn3Oj4 films. We
hope we will report on that aspect later. We are

convinced that the idea shown in the present work could
be applicable to the preparation of other oxide films.

4. Conclusion

A SUS cell was introduced in the bottom of the
Mn crucible, which successfully protected Mn evaporant
from being oxidized during the reactive evaporation
process. The properties of SUS cell which overcomes
the oxidation of Mn metal in the crucible was
investigated.

It is found that the optimum length of SUS cell is
30 mm. This SUS cell contributes to the successes of
controlling the stoichiometry as well as of protecting the
oxidation of Mn evaporant.

The Mn30, structure could be prepared under the
conditions of Mn deposition rate below 12 A/s and O,
flow rate of 5 scem.

This method could improve the reproducibility of
Mn oxide films for Li secondary batteries.
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