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ABSTRACT

LiMn, 0, thin films are deposited on gold coated polyimide flexible substrates using RF magnetron sputtering technique
maintained at a moderate substrate temperature of 300°C. The films exhibited characteristic peaks with predominant
(111) orientation representing cubic spinel structure of Fd3m symmetry with an evaluated lattice parameter of 8.199 A.
The surface topography of films exhibited pyramidal shaped grains oriented vertical to the substrate surface with root
mean square surface roughness of 90 nm. The Pt/LiMn,0, electrochemical cell in aqueous region exhibited two step
de-insertion and insertion kinetics of Li ion during oxidation and reduction reaction with an initial discharge capacity of

36 pAh-em 2um .
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1. Introduction

In the existing prompt developing science and techno-
logy decade, much attention has been devoted to the de-
velopment of all solid state thin film microbatteries to
power the miniaturized micro and nano electronic de-
vices such as MEMS and NEMS [1,2]. The realization of
such microbatteries is originated from the synthesis and
properties of thin film cathode materials with high en-
ergy density and specific capacity [3,4]. Lithium manga-
nese oxide (LiMn,0,4) with spinel structure is one of the
most extensively studied cathode material for Li/Li" re-
chargeable batteries due to its low cost, non-toxicity and
relatively high energy density [5-13]. Most of the re-
searchers prepared LiMn,O4 thin films on solid sub-
strates using various physical [14-19] and chemical
[20,21] vapour deposition techniques and studied their
electrochemical performance and durability at device
level [22]. But, the fabrication of thin film coatings on
polyimide flexible substrate is a challenging and novel
research area for the future cutting-edge technologies.
Since, they are flexible, so that they can bent and stick to
any curved shape objects without altering its basic pro-
perties, they are weightless and are easy to carry and can
be folded. To the best of our knowledge, no reports are
available explaining the growth, microstructure, and
electrochemical properties of LiMn,O, thin films on
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flexible polymer substrates using RF magnetron sputter-
ing technique. Bing-Joe Hwang et al. [23] deposited
LiMn,Oy, films on ITO coated Pt/Al flexible substrates
using RF magnetron sputtering technique and observed a
discharge capacity of 67.5 mAh/g. Hee-Soo Moon et al.
[24] deposited LiMn,O, thin films on stainless steel sub-
strates using RF magnetron sputtering and reported a
discharge capacity of 24 pAh-cm 2um . A discharge ca-
pacity of 43.5 pAh-cm 2um ' was observed for ten cy-
cles by Jayanth et al. [25] for the LiMn,O, films depos-
ited on metallized silicon substrates using RF magnetron
sputtering technique.

Among the various physical vapour deposition tech-
niques, RF magnetron sputtering technique is observed to
be one of the most favorable and industrially viable tech-
nique since it enables the formation of homogeneous
films with definite thickness along with good adhesion.
The chief advantage is that RF magnetron sputtering ac-
tivates broad ionization even at low sputtering powers
and allow the film to crystallize at moderate substrate
temperatures, especially during long sputtering times.
Also, the microstructural properties can be altered by
properly controlling the deposition parameters. Hence, in
the present investigation, thin films of LiMn,0O, are de-
posited on Au/polyimide flexible substrates using RF
magnetron sputtering technique at a moderate substrate
temperature and studied the growth and microstructural
properties. The electrochemical properties are studied in
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aqueous electrolyte media by investigating cyclic vol-
tametry and chronopotentiometry measurements.

2. Experimental

LiMn,0, thin films are deposited from a three inch di-
ameter cold pressed and sintered lithium rich (10%)
LiMn,0, target using RF magnetron sputtering technique
on gold coated polyimide (Kapton) substrates (obtained
from M/s Aarthai engineers). During the depositions, the
substrate temperature was kept at 300°C and the sput-
tered gas (O,/Ar) composition of 1:6 was maintained to
minimize the loss of lithium [26]. The RF power applied
to the LiMn,0, target during sputtering was 140 W. The
sputtering pressure maintained during the deposition was
0.9 pascals. The thickness of the films was 0.8 um. The
structural properties were studied by the X-ray diffrac-
tion technique (Siefert computerized X-ray diffractome-
ter, model 3003 TT). The surface morphological charac-
teristics of the films have been studied by scanning elec-
tron microscope (Carl Zeiss, EVO MA 15). The electro-
chemical measurements like cyclic voltammetry (CV)
and chronopotentiometry (CP) were performed by de-
signing a prototype aqueous electrochemical cell to un-
derstand the fast transport kinetics of the Li-ions in
LiMn,0, thin film positive electrode. The design of the
cell (Pt/LiMn,O4) was comprises of three-electrodes
which were electrochemically suffused in saturated
Li,SO,4 aqueous electrolyte media (Pt/saturated Li,SO4/
LiMn,0, film). The RF sputtered LiMn,O, thin film de-
posited on gold coated polyimide Kapton substrates was
employed as working electrode (cathode). A platinum
counter electrode (anode), which acts as a reversible
source and sink of lithium (conducting) ions, and a com-
mercial calomel reference (Hg/Hg") electrode by which
the electrochemical analysis was calibrated in the pre-
sence of saturated Li,SO, aqueous solution as electrolyte,
were employed. CHI 608C (CH Instruments Inc., USA)
electrochemical analyzer was used for the aqueous cell
measurements and is operated in the cut-off voltage re-
gion0.0-1.2 V.

2. Results and Discussion
2.1. Microstructural Properties

Figure 1 shows the XRD pattern of LiMn,0, films de-
posited on Au/polyimide substrates maintained at 300°C.
All the diffraction peaks are ascribed to the spinel struc-
ture of LiMn,0,. The films exhibited characteristic peaks
with predominant (111) orientation representing cubic
spinel structure of Fd3m symmetry, in which the oxygen
ions are placed on a face-centered cubic array. The lith-
ium ions occupy the tetrahedral 8a sites of the oxide
network, whereas the Mn is placed in the octahedral 16¢

Copyright © 2013 SciRes.
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Figure 1. The X-ray diffraction patterns of (a) Au/Kapton
substrate and (b) LiMn,0O, thinfilms on Au/Kapton sub-
strates.

sites [17]. The lattice parameter, and Mn-O interatomic
distances were also calculated for the films by consider-
ing full width at half maximum (FWHM) value of (111)
orientation and oxygen positional parameter (u) as 0.265
[25] and are observed to be 8.199 A, 2.898 A and 1.918
A respectively. The lattice parameter of bulk LiMn,O, at
room temperature was 8.246 A [27]. The lower value of
lattice parameter is due to the presence of compressional
strain in the films [28]. The micro-strain within the crys-
tallite (¢) was estimated considering the full width half
maxima (FWHM) of predominant (111) orientation using
the formula proposed by Li and coworkers [29]:

gz(ﬂl/z coté?)/4 1)

The corresponding strain observed for the films depo-
sited at a moderate substrate temperature of 573 K was
4.5 x 107, From XRD studies the average grain size for
the films was calculated by considering FWHM values
and is observed to be as 190 nm.

The Raman scattering measurements were carried out
for the LiMn,0y film deposited on Au/Flexible substrates
and the spectrum is shown in Figure 2. The Raman spec-
trum revealed all vibrational peaks resembled as deve-
loped in solid substrates [30]. As per the factor group
analysis for the Fd3m symmetry five Raman modes (A,
+ E; + 3F,) at 366, 427, 484, 581, 625 cm ! are located
at their respective positions. The main band at 625 cm™'
has A, symmetry and corresponds to the symmetric
Mn-O stretching vibration of MnOg groups. The bands at
427 and 484 cm™' can be assigned to Li-O vibrations of
LiO, groups. The band at 366 cm' may correspond to
the bending vibration of MnOg groups. These results in-
dicate that LiMn,0O, films deposited on flexible Kapton
substrates have cubic spinel structure.
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Figure 2. The Raman spectra of the film deposited on flexi-
ble substrates.

2.2. Surface Morphological Studies

The scanning electron micrograph of LiMn,0y thin films
is shown in Figure 3(a). The morphological growth of
LiMn,O, films is observed to be improved by the nu-
cleation of large size target particulates with high rate of
deposition incepted by increasing the RF power ie. at
140 W and is shown in Figure 3(a). The 3D surface
texture of the SEM image was subjected to image pro-
cessing using “imagel]” software (model 1.44p) and is
shown in Figure 3(b).

The image processing of the SEM images were carried
out in two steps: 1) denoising using a median filter of
radius 9.3 nm (2 pixels); 2) Quantification of grain sur-
face area fraction and surface roughness using the “3D”
and “roughness calculation” Java pug-ins [31]. The sur-
face of the films is composed of vertically aligned na-
nocrystalline columns which are uniformly distributed.
The growth of grains are observed to be perpendicular to
the substrate surface which leads to the existence of more
stress and strain components in the deposited films which
has lower lattice parameter in films as observed from
XRD data. The surface cross section of LiMn,O4 co-
lumns is observed to have a roughness of about 90 nm
(obtained from image] software) provided with sharp
headed nano grains of average grain size of the order of
164 nm.

The surface nucleation and film formation density on
flexible polymer is quite critical because of poor rate of
adatom mobility induced by the lower aggregation en-
ergy of the sputter ejected particles on the substrate sur-
face [32]. Since the kinetic energy of the incident posi-
tive ions is proportional to the applied power. To im-
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Figure 3. (a) The SEM image of LiMn,0 thin films; (b) The
3D surface topography of LiMn,0, thin films.

prove the sputtering yield the RF power was maintained
at 140 W where the observed deposition rate was 150
A/min. The ejected large particle from the target at this
power processes to have higher kinetic energy and im-
pinges onto the substrate surface and initiates the growth.
At constant substrate temperature, the adatom mobility is
constant on the surface of the substrate and favors the
formation of greater number of crystallite centers rather
than the coalescence of islands. The enhancement of cry-
stallite size and the surface roughness of the films grown
on flexible substrate is a positive observation for electro-
chemical research. Generally this type of surface topo-
graphical features of LiMn,0y films is more favorable for
obtaining improved electrochemical response of positive
electrode films.

2.3. Electrochemical Studies

Figure 4 shows the cyclic voltammogram recorded at a
scan rate of 0.5 m'Vs! for LiMn,O, thin film deposited
on Au coated polyimide flexible Kapton substrate. Two
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Figure 4. The cyclic voltammogram of LiMn,0, thin film at
a sweep rate of 0.5 m-Vs .

sets of well-separated peaks are clearly seen, which
correspond to the potential plateaus. The peaks located at
0.789 V and 0.961 V during cathodic scan corresponding
to the Li ion deintercalation from LiMn,0O, host matrix to
form A-MnQO,, while the peaks located at 0.590 V and
0.773 V during anodic scan correspond to Li ion inter-
calation in to 1-MnO, to form LiMn,Oy4. This two step
deinserted and inserted kinetics of Li ion during oxi-
dation and reduction reactions indicates characteristic
property of the spinel LiMn,O4 [33]. In the spinel
LiMn,0y, lithium ions occupy tetrahedral (8a) sites, Mn
ions occupy (Mn**/Mn*") octahedral (16d) sites and O*
ions occupy (32¢) sites. The oxygen ions form a cubic
close-packed array, tetrahedral (8a) sites share face with
vacant octahedral sites (16c), so that they form a three
dimensional vacant channels. Lithium ions can inter-
calate/de-intercalate through these channels during the
electrochemical reaction [34].

The first oxidation peak (O,) at 0.789 V is attributed to
the removal of lithium ions from half of the tetrahedral
sites, whereas the second oxidation peak (O,) at 0.961 V
is due to the removal of lithium ions from the remaining
tetrahedral sites. Figure 5 shows the first discharge curve
of LiMn,0O, thin film. It can be seen that the discharge
curve for the film have two distinct potential plateaus,
which is in agreement with the reduction potentials ob-
served from the cyclic voltammogram. The upper plateau
region of the discharge curve represents a two-phase
equilibrium between A-MnO, and LiysMn,O,, whereas
the second plateau represents phase equilibrium between
LiysMn,04 and LiMn,0,. The discharge capacitiy for the
films is estimated to be around 36 pAh-cm >um' for the
first cycle. The low discharge capacity may be due to
presence of small grains and high compressional stresses
in the films. The discharge capacity for ten cycles is
shown in Figure 6. The discharge capacity was decrea-
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Figure 5. The first charge-discharge curve of flexible
LiMn,0, thin film.
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Figure 6. The discharge capacity of LiMn,0, thin film for
ten cycles.

sed to 32.8 mAh/cm”. mm for 10 cycles. The platinum
counter electrode couldn’t act as a perfect reversible
source and sink of lithium ions and may be one of the
reason for the low cyclic retention of the Pt/LiMn,O4
cells. However the results are seem to be encouraging
and further investigations are in progress to understand
detailed electrochemical behavior of the films.

3. Conclusion

LiMn,0Oq films are deposited successfully on metallized
polyimide flexible substrates at a moderate temperature
of 300°C using RF magnetron sputtering technique. The
films exhibited predominant (111) orientation along with
the characteristic peaks representing cubic spinel struc-
ture with Fd3m symmetry. The calculated lattice para-
meter, Mn-Mn and Mn-O interatomic distances are ob-
served to be 8.199 A, 2.898 A and 1.918 A respectively.
From “imageJ]” analysis of SEM data the root mean
square roughness (RMS) are observed to be 90 nm with
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an average grain size of 164 nm. From slow scan cyclic
voltametry (SSCV) studies, the presence of two well
separated electrochemically active redox peaks during
oxidation and reduction reactions indicate the characteri-
stic property of the spinel LiMn,Oy structure in the films.
The Pt/LiMn,0O, electrochemical cell with LiMn,0O,4 film
coated on metallized flexible Kapton substrates exhibited
an initial discharge capacity of about 36 pAh-cm *-pm™'
for the first cycle which is an encouraging result. Further
investigations are in progress to improve the electroche-
mical properties such as capacity and cycling life.
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