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In this paper, lithium-excess Al-doped lithium manganese oxide films were prepared by R.F. magnetron
sputtering at ambient temperature. X-ray diffraction, scanning electron microscopy, Raman spectra and
constant current charge/discharge cycling were employed to study the post-deposition annealing effect.
It has been found that the annealing temperature threshold for a single spinel phase was about 600 °C

in oxygen atmosphere. The films annealed at 500°C showed a composite structure with fine particles,
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which resulted in good capacity retention capability in both 4V and 3 V regions. When annealed at 700°C,
a lithium deficient phase appeared, which led to structure reorganization and reduced adhesion of the
cathode films to underlying Pt films, which caused poorer capacity retention capability.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Spinel LiMn, 04 has attracted significant attention as an alter-
native cathode material for lithium ion batteries in recent years
because it is more cost-effective and environmentally benign
than other lithium transition-metal oxides. However, LiMn, 04 suf-
fers considerable capacity fading, especially at high temperature,
when it is cycled with organic electrolyte, which prevents it from
widespread commercial applications. Capacity fading mechanisms
for LiMn;04 has long been studied and the contributing factors dis-
cussed in the literature can be summarized as follows [1-7]: (a)
electrolyte decomposition at high voltage region; (b) disproportion
reaction of Mn3* to Mn** and Mn?*, in which Mn?* may readily
dissolve into electrolyte; (c) local Jahn-Teller distortion at high dis-
charge rates; (d) structure failure in the two-phase (4.2V) region
and (e) oxygen defects.

The most common way to stabilize its structure and thereby
improve its cycleability is by doping with metal ions such as Li*
[8], La* [9], Ga3* [10], Bi?* [11], AI?* [12,13] and Sn** [14]. The
other approach is by surface modification with protective coatings
including Al,03 [15], ZnO [16], ZrO, [17] and SiO, [18]. Among all
of the methods mentioned above, many researchers have reported
that spinel LiMn;04 with slight Al-doping showed better electro-
chemical properties than the pristine one [12,13]. The underlying
mechanisms for this improvement are proposed as follows: (a) easy
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formation of LiMn,_,Al,O4 solid solution because AI3* has ionic
radius (0.057 nm) closer to that of Mn3* (0.066 nm); (b) stronger
chemical bonding between AI** and oxygen ions, which prohibits
dissolution of Mn ions into electrolyte solution and (c) suppres-
sion of Jahn-Teller distortion by reduction of Mn3*. In addition,
electrochemical properties of doped or pristine LiMn,04 have also
been reported to be dependent on its particle size, morphology
and structure [6,8,12-14]. Therefore, LiMn,0,4 prepared by differ-
ent synthesis routes or precursors showed substantially different
performance.

LiMn; 0y in thin film form, prepared by either PVD or solution-
deriving methods [19-29], is widely considered as a promising
cathode material for all-solid-state thin film battery, which can
be used as an integrated and self-sustained power source for
MEMS devices, micro-sensors, smart cards and nonvolatile mem-
ory chips. The electrochemical properties of thin LiMn, 04 film were
found to vary significantly with preparation conditions. As a result,
many attempts have been made to improve structural stability and
cycleability of thin LiMn,04 film by optimization of deposition
parameters or doping. Recently, Li and Fu reported that addition
of ZrO, to LiMn, 04 film could overcome the disadvantage of two
distinct voltages in 3V and 4 V regions [26]. Ogumi and co-workers
reported that lithium-ion excess Lijg3Mny 9704 thin film showed
better capacity retention capability than the nearly stoichiometric
Li101Mn19904 [7]. Chen et al. showed that oxygen plasma treat-
ments significantly improved the electrochemical properties of
LiMn;04 thin films prepared by R.F. magnetron sputtering [30].
However, the effect of dual ions doping with lithium and Al on
performance of thin LiMn; 04 film has rarely been studied so far.
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In this work, lithium-excess Al-doped lithium manganese oxide
films were prepared by R.F. magnetron sputtering and their
structure and electrochemical performance was investigated as a
function of post-annealing temperature.

2. Experimental details

The @60 mm targets for R.F. magnetron sputtering were made by cold-pressing
and calcining mixture of LiMn; ggAlg 0204 and Li; CO3 (molar ratio: 0.075:1) at 850°C
for 6h in air. LiMn;9gAlp 0204 was received from Great Power Battery Company,
Guangzhou, China. Some of the targets were bonded to copper plates by thermal
conducting Ag epoxy to enhance their mechanical strength and durability dur-
ing ion bombardment. All film were deposited onto Pt metalized Si substrates (Pt
(300nm)/Ti (30nm) Si0,/Si) using a R.F. power of 70W. The base pressure was
typically below 10-° Pa and the target-substrate distance was fixed to 6 cm. The
processing gas was a mixture of Ar and O, with flow ratio of 3:1 and the process-
ing pressure was set to 10 mTorr. Post-deposition annealing was carried out in an
0,-flowing tube furnace at 500°C, 600°C, 700°C, especially, for 2 h.

The structure of as-deposited and annealed films was examined by X-ray diffrac-
tion with Cu-K radiation (Pillips X’pert plus) and Raman spectroscopy (Renishaw
RM3000). The surface and cross-sectional morphology of as-prepared and cycled
films were observed using a field-emission scanning electron microscope (LEO
1530VP). Films cycled 20 times were rinsed by acetone in glove box and dried in air
prior to SEM observation. Charge and discharge cycles were performed in a home-
made three-electrodes cell on Autolab PGSTAT 30 in an argon-filled glove box with
the content of oxygen and moisture less than 2 ppm. Both the counter and reference
electrode were lithium (battery grade). The electrolyte was 1 M LiClO4 in propylene
carbonate (PC) (battery grade, water content <30 ppm). Constant current for charge
and discharge cycles was 10 pAcm~2 in 4V region (cutoff voltage: 3.4-4.3V) and
both 4V and 3V regions (cutoff voltage: 2.5-4.3V).

3. Results and discussion
3.1. Morphology evolution

It can be inferred that as-deposited films were lithium-excess by
combining the results of Raman spectra and initial charge voltage
profiles of annealed films, as can be found later in the correspond-
ing part. To avoid confusion, as-deposited films will be denoted
as Lij,sMnqggAlpg204. Fig. 1 shows surface morphology evolu-

tion of Li;+sMnqggAlg 204 films before and after post-deposition
annealing. As shown in Fig. 1(a), as-deposited Li;,sMny9gAlg 0204
film was smooth and dense. These films are more featureless than
those prepared at higher R.F. power density [26]. Therefore, lat-
eral diffusion of impinging species on Pt metalized Si substrates
could be more adequate in this case. One possible reason is that
the deposition rate, about 5nm/min in this work, was a little
less than that reported by ref. [26] (7-8 nm/min). As we can see
later, as-deposited Lij+sMnggAlg o204 films were lithium-excess.
Lithium is less loosely bonded in LiMn,;04 and thus the activation
energy for lithium diffusion is much less than that of other strongly
bonded ionic species. Thereby, the other possible reason is that
more lithium was incorporated into the as-deposited films in this
work than in Ref. [26]. And higher content of lithium species con-
tributes to more adequate lateral diffusion. After post-deposition
annealing at 500°C for 2 h, LiyMn1.ggAlg 9204 films exhibit a gran-
ular morphology with a very fine and uniform particle size of less
than 100 nm. A small amount of the debris was also observed on
the surface. This can be seen more clearly in zoomed-out SEM
images (not shown) and is believed to result from the crystalliza-
tion of Lij,sMnyggAlg o204 films when subjected to annealing. As
the annealing temperature increased to 600 °C, Li;+sMny.9gAlp 9204
film shows a granular morphology without any debris on the sur-
face. Furthermore, larger particle agglomerates and inter-particle
necking were observed, as shown in the inset of Fig. 1(c). It can be
concluded that the particles grow upon annealing. As the annealing
temperature further increased to 700 °C, the particle agglomerates
coarsened slightly, whereas their feature size is still below 100 nm.
Besides, a considerable amount of secondary particles with a well-
defined shape and a feature size of several hundred nanometers
were embedded in the films. These secondary particles could result
from a phase transition triggered by high temperature annealing.
Cross-sectional morphology evolution of Li;,sMnyggAlgg204
films after post-deposition annealing was shown in Fig. 2. It can be
seen that Li;,sMn g9gAlg 0204 films exhibited a dense fibrous struc-
ture after annealing at 500 °C. A loosely packed columnar structure

Fig. 1. Surface-view SEM images of Li;.sMny.9gAlp 0204 films: (a) as-deposited, (b) annealed at 500°C, (c) annealed at 600 °C and (d) annealed at 700°C. The inset in (c) shows

its larger particle agglomerates and inter-particle necking.
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Fig. 2. Cross-sectional view of SEM images of Li;+sMnj9sAlp 0204 films: (a) annealed
at 500°C, (b) annealed at 600°C and (c) annealed at 700°C.

developed when the annealing temperature increased to 600°C.
After annealing at 700 °C, the microstructure of Li+sMn ggAlg 0204
films reorganized and an equiaxial crystal structure formed. These
results are consistent with the surface morphology evolution. The
driving force for grain coarsening should be minimization of as-
deposited residual film stress and surface energy of the particles. It
should be stressed that the adhesion between Li;,sMnj9gAlg 0204
films and underlying Pt metalized Si substrate becomes weaker as
a result of structure reorganization after annealing at 700 °C.

3.2. Structure characterization

As-deposited Lij,sMnqggAlg 204 films were confirmed to have
an X-ray amorphous structure (not shown), which is consistent with
other results on pristine LiMn, 0,4 films. Fig. 3 shows the powder
X-ray diffraction patterns of Lij,sMny9gAlg 204 films annealed at
500°C, 600°C and 700°C, respectively. Besides peaks from the sub-
strates, one broadened peak at 18.63° and the other at 32.38° were
found for the Li;,sMnq9gAlp 204 films annealed at 500 °C. The for-
mer can be ascribed to (11 1) peak of spinel LiMn,04 phase. The

Pt
= = g
= o g
o o o)
z =1\ 2
’;: Lic M
L
=
2 (b)
2
= unlInown
(a)
1 1 1 1 1 n 1 1 1 1 1

10 15 20 25 30 35 40 45 50 655 60 65
26 (deg.)

Fig. 3. X-ray diffraction patterns of Li;+sMny9gAlg0204 films annealed at 500°C (a),
600°C (b) and 700°C (c). (LMO is referred to as spinel LiMn,04 phase. The arrow
shows an unknown peak from annealed Li;.sMn9gAlg 0204 film at 500°C.)

latter could be due to the other phase and will be discussed later.
When the annealing temperature elevated to 600°C, peak (111)
became sharper and peak (31 1) also appeared. Peaks (111) and
(311)were even sharper and peak (4 00) emerged as the annealing
temperature increased to 700°C. It can be concluded that crys-
tallinity of Li;+sMny 9gAlg 0204 films was improved as the annealing
temperature increased because the higher the annealing temper-
ature, the narrower the reflection peaks. Typical sputtered and
annealed films, like LiCoO,, are highly textured as a result of resid-
ual stress imparted by the sputter deposition process. (11 1) texture
may exist in the Li;;sMnqggAlg 0204 films annealed at 500°C since
no peaks other than (11 1) were found. Apart from nano-sized par-
ticle, which can be readily discerned from the SEM morphology in
Fig. 1(b), the residual stress may also contribute to the broadening
of peak (111). When annealed at 600°C, both (311) and (111)
reflections can be discerned, which means no strong preferred ori-
entation existed any more. After annealing at 700 °C, the structure
of Liy+sMny 9gAlg 0204 films reorganized as a consequence of mini-
mization of as-deposited residual film stress and surface energy of
the particles. As a result, there is no preferred orientation in films
annealed at 700°C.

Fig. 4 shows Raman spectroscopy of Lij.sMnjggAlg 0204 films
annealed at 500°C, 600°C and 700°C, respectively. According to
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Fig. 4. Raman spectra of Li;.sMnj9gAl 0204 films annealed at 500°C (a), 600°C (b)
and 700°C (¢). (LMO is referred to as spinel LiMn;04 phase.)
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the factor group theory, Raman spectra of spinel LiMn,0,4 have
five characteristic modes (Aqg+Eg+3F;) [23]. These five modes
result from the localized vibration of MnOg octahedra and LiO4
tetrahedra. For Lij+sMnqggAlg 0204 films annealed at 500°C, two
Raman peaks, at 640 cm~! and 495 cm~!, appeared. The 640 cm™!
peak represents the Ajg Mn-O stretching vibration mode and the
495cm~! peak corresponds to Fzg(z) vibration mode. As we can
see from Fig. 4(a), the 640cm~! peak was asymmetric and sig-
nificantly broadened. It may be composed of several overlapping
peaks. By comparison with Raman spectra of LiMn,Og4, Li;Mn;04
and LiMnO,, the broadened 640 cm~! might be resulted from the
coexistence of these three phase: LiMn(Al); 04, Li;Mn(Al);04 and
LiMn(Al)O,, in which the doped Al can be assumed to equally locate
in the Mn sites of these phase and will be denoted as Mn(Al) in
the rest of this manuscript. The extra X-ray reflection at 32.38° of
Li;+sMnq98Alg 0204 films annealed at 500°C might be caused by
Li;Mn(Al);04 or LiMn(Al)O,. Due to the coexistence of the above-
mentioned phases, the average Li/Mn ratio of films annealed at
500°C should be more than 1:2. It can be seen that films annealed
at 500°C were lithium-rich, and therefore, the same were the
as-deposited films. As-deposited Lij.sMnjggAlg o204 films were
homogenous and had an amorphous structure. After 500 °C anneal-
ing, as-deposited films crystallized and decomposed into two
phases, one spinel LiMn(Al),04 and one lithium rich, Li;Mn(Al);04
or LiMn(Al)O,. During the process of crystallization and decom-
position, it is likely that a small amount of lithium species was
evaporated. As mentioned above, there was a small amount of
debris on the surface of Li;,sMniggAlpo204 films annealed at
500°C. These debris might due to interfacial reaction of evapo-
rated lithium species with residual CO, in the tube furnace and,
therefore, they might be Li;CO3. After annealing at 600 °C, the Aqg
mode shifted to 634cm~! and became narrower. This means that
the amount of unstable Li; Mn(Al), 04 and LiMn(Al)O, phase greatly
decreased. However, the A1z mode was splitted into two peaks, one
at 629 cm~! and the other at 660 cm~! after at 700 °C. Similar phe-
nomenon was also observed in pristine LiMn,04 films annealed
at high temperature and is believed to result from a cationic dis-
order in the Mn-0O framework [23]. This can be interpreted by
phase mixing of spinel LiMn,04 and lithium deficient manganese
oxide, possibly Mn(Al)O, or Mn(Al)304, which means that the films
annealing at 700 °C were lithium deficient. By comparing the phase
structure of films annealing at different temperatures, it can be
found that lithium content decreased as the temperature increased.

3.3. Electrochemical performance

The constant charge and discharge curves of Li;,5sMnj9gAlg 0204
films annealed at 500°C, 600°C and 700°C were shown in Fig. 5.
Apart from two sloped voltage plateaus at about 4V, there was a
short charge plateau at 2.95V and a short sloped charge plateau
at about 3.75V for of Lij+sMnj9gAlg 0204 films annealed at 500°C.
When annealed at 600°C, Li;,sMnj9gAlpp204 films show well-
defined voltage plateaus at both 3V and 4V regions, which is the
fingerprint of spinel LiMn,;04. Furthermore, they show the largest
capacity in both 4V and 3V regions and the polarization was also
reduced. As the annealing temperature was further increased to
700°C, the characteristic plateaus of spinel LiMn,04 remained
while the capacity in both 4V and 3 V regions decreased. It is noted
that the open circuit voltage of as-annealed Lij.sMnqggAlg 0204
increased with annealing temperature. This indicates that the com-
position of Lij+sMnqggAlg o204 films changed after subjected to
post-deposition annealing. The voltage plateau at 2.95V is the fea-
ture of tetragonal Li;Mn; 04 and the sloped plateau at 3.75 V should
be due to layered LiMn(Al)O,. These results are consistent with the
conclusion drawn from the Raman spectra that Li;,sMny.9gAlg 9204
films annealed at 500°C were lithium-excess and composed of
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Fig. 5. The initial constant current charge and discharge voltage profiles of
Liy+sMny9gAlg0204 films annealed at 500°C (a), 600°C (b) and 700°C (c).

three phases: LiMn(Al); 04, LiyMn(Al), 04 and LiMn(Al)O,, in which
spinel LiMn(Al),04 was dominated. Due to poor crystallinity of
Li;+sMnq98Alg 0204 films annealed at 500°C, there existed a sig-
nificant polarization as can be seen from the gap between charge
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Fig. 6. Capacity vs cycle number plot of Li;+sMnj 9gAlg 0204 films annealed at 500 °C,
600°C and 700°C in 4V region (a) and in both 4V and 3V regions (b).
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Fig. 7. Surface-view SEM images of Li;.sMnj.93Alg 0204 films cycled in 4V region for 20 times after annealed at 500°C (a), 600 °C (b) and 700°C (c) and those cycled in both

4V and 3V regions for 20 times after annealing at 500°C (d), 600°C (e) and 700 °C (f).

and discharge curves. After 600°C annealing, the composition of
Lij+sMnq93Alg 0204 films may be close to that of stoichiometric
spinel LiMny ggAlg 9204, for it shows characteristic charge and dis-
charge voltage profile of spinel LiMn,0,4. Lithium deficient may
exist in Liy+sMny ggAlg 0204 films annealed at 700 °C because it had
a higher OCV (open circuit voltage) and less capacity than those
annealed at 600 °C. This is consistent with the results obtained by
SEM and Raman spectra that a second phase, possibly Mn(Al)O,
or Mn(Al)304, was formed. Li;,sMnjggAlg 0204 films annealed at
700°C besides the spinel phase.

3.4. Capacity fading upon cycling

When cycled only in 4V region, Lij.sMnqggAlgo204
films annealed at 600°C exhibited the highest capacity
(38 wAhcm~2 wm~!) combined with reasonable capacity retention
capability, as can be seen in Fig. 6(a). However, Li;,sMny.9gAlp 9204
films annealed at 500°C showed better capacity retention capa-
bility, although their initial discharge capacity was as low as
23 pAhcm~—2 pm~'. When annealing temperature increased to
700°C, the capacity of Lij,sMnqggAlgg204 films decreased and
degraded very fast. Good retention capability of Li;sMny.9gAlg 9204
films annealed at 500 °C may result from the fact that they had a
composite structure with fine particles. It was also observed
that a lot of precipitates formed on the surface of cycled

Lij+sMnq9gAlp 204 films annealed at 500°C (Fig. 7(a)). Those
precipitates could be due to the interfacial reaction between
lithium-excess Lij.sMnyggAlp 204 films and the liquid organic
electrolyte solution. The precipitates may contribute to capacity
retention capability by acting as a protective layer and prevent-
ing further side reactions that is commonly observed for spinel
LiMn; 04 [7]. By comparing the surface morphology change before
(Fig. 1(b)) and after 600 °C (Fig. 7(b)) annealing, it can be seen that
surfaces of the cycled films were smoother and more featureless.
Therefore, capacity fading mechanism of Li;,sMny ggAlg o204 films
annealed at 600°C could be the same as that of pristine spinel
LiMn;,0y4, for which Mn dissolves into the liquid electrolyte as
a result of disproportion reaction (2Mn3* — Mn** +Mn?*). The
Lij+sMnq9gAlg 204 films annealed at 700°C cracked and peeled
off after cycling, as shown in Fig. 7(c). This is believed to be caused
by the poor adhesion between the films and underlying Pt films as
a sequence of structure reorganization and particle coarsening. As
a consequence, the capacity of Li;,sMnggAlp 0204 films annealed
at 700°C degraded very fast.

When the cutoff voltage extended to 3V region (2.5-4.3V),
the capacity of annealed Lij,sMnqggAlpp204 films was dou-
bled, as shown in Fig. 6(b). However, their capacity fading was
much more severe. Cracks were formed on the surface of cycled
Liy+sMny ggAlg o204 films and should be caused by Jahn-Teller dis-
tortion, the phase transition from cubic phase to tetragonal phase
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with large volume change. It can be concluded that very small
amount of Al doping (LiMn1 ggAlg g204) cannot prohibit Jahn-Teller
distortion at room temperature. But further investigation is needed
to address the Al-doping effect by varying the Al doping content.
Li;+sMnq.98Alg 0204 films annealed at 500 °C showed the best capac-
ity retention capability in the extended voltage window. The reason
could be the same as proposed above that they had a composite
structure with fine particles and a thicker passive layer formed on
their surface acted as a protective layer. It is interesting that the
morphology of the precipitates varied greatly when the cutoff volt-
age extended to 3 Vregion for Li;,sMnq ggAlg 0204 films annealed at
500°C. The detailed chemistry and formation mechanism of these
precipitates need to be further investigated. Similar to those cycled
in only 4V region, Li;,sMnggAlg o204 films annealed at 700°C
peeled off due to poor adhesion to the underlying Pt film when
cycled in the broadened voltage window.

4. Conclusions

Lithium-excess Li;.sMnqggAlg o204 films were deposited by R.F.
magnetron sputtering from a sintered Li;15MnggAlg o204 target.
Post-deposition annealing temperature was shown to have a crit-
ical impact on the morphology, structure and electrochemical of
Li;+sMnqggAlg 9204 films. The particles in the deposited film coars-
ened when subjected to post-deposition annealing. When annealed
at500°C, Li+sMn1.93Alg 0204 films have a composite structure with
fine particles, in which three phases, LiMn(Al),04, Li;Mn(Al);04
and LiMn(Al)O,, co-exited, and thus have very good capacity reten-
tion capability in both 4V and 3 V regions. Li;sMnyggAlg 9204 films
annealed at 600 °C showed a well-crystallized single-phase struc-
ture of stoichiometric spinel LiMn ggAlg 9204 films and had higher
discharge capacity. However, a lithium deficient phase, possibly
Mn(Al)O, or Mn(Al)304, formed when annealing temperature was
increased to 700°C. This phase transition leaded to structure reor-
ganization and reduced adhesion of the cathode films to underlying
Pt films and thereby caused poorer capacity retention capability.
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