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ABSTRACT 
 

Spinel LiMn2O4 (LMO) thin films were deposited on 
Ti/silicon (Si) (100) substrate at ambient temperature by RF 
magnetron sputtering method.  All the grown thin films were 
post-annealed up to 500 oC, in the presence of oxygen to 
enrich the crystallinity of the thin film. XRD and Raman 
results showed the formation of the cubic spinel structured 
LMO thin film annealed at 500 oC. AFM micrographs of  
LMO thin films reveal the surface morphology and roughness 
modifications. The ac conductivity, dielectric constant (ε′), 
and electric modulus (M′′) for the as-deposited and post-
annealed LMO thin films were evaluated by analyzing 
measured impedance data as a function temperature in the 
frequency range of 100 Hz to 10 MHz.  
 
Keywords: LiMn2O4 thin films; RF magnetron sputtering; ac 
conductivity; dielectric constant; electrical modulus. 
 

1. INTRODUCTION 
 
 Lithium ion batteries with high energy density, power density 
and long charge-discharge life, are considered to be one of the 
most promising energy storage systems for portable electronic 
devices as well as electric vehicles applications [1-7]. LiCoO2 
is the most widely used cathode material in lithium-ion 
batteries. Use of lithium manganese oxide (LiMn2O4) over 
LiCoO2, as a cathode, has many advantages like natural 
abundance, environmental friendly, lowest production cost, 
high reduction potential, good performance, etc [8-10].  
Recently, all-solid-state thin film micro-batteries have 
attracted more and more interests due to many advantages 
such as corrosion free, leak proof, ruggedness, long self life, 
long cycle life, thermal stability, miniaturization, light weight, 
specific capacity, high power density, etc., and also their 
potential applications as power sources for micro- and nano-
devices such as smart cards, implantable medical devices, 
complementary metal oxide semiconductors (CMOS), 
memory chips, micro-electro-mechanical systems (MEMS) 
and nano-electro-mechanical systems (NEMS), etc. Radio-
frequency magnetron sputtering (RFMS) is the most versatile 
technique for the fabrication of thin films over other 
deposition methods such as chemical vapor, spray pyrolysis, 
dip coating, and pulsed laser deposition, etc.  

 

Many deposition methods such as chemical vapor, spray 
pyrolysis [11-14], dip coating [15], radio-frequency 
magnetron sputtering (RFMS) [16-18] and pulsed laser 
deposition [19-20] techniques, etc., have been used for the 
fabrication of thin film electrodes. Among them, RFMS 
deposition is the most versatile technique for the fabrication of 
thin films, which offers precise control over film thickness, 
higher sputter rates at lower Ar pressures and less deviation 
from the target stoichiometric composition [21]. Hence, in the 
present work, attempts were made to grow the nanocrystalline 
spinel LiMn2O4 thin films on the Ti/(100) oriented silicon 
(Si) substrate by RFMS technique. LiMn2O4 thin films 
deposited by RFMS technique at room temperature usually 
found to be amorphous structure and have less density than the 
corresponding crystalline material [22]. So, all the prepared 
thin films are required to anneal at high temperature to obtain 
the crystalline structure for bettter reversible 
intercalation/deintercalation of lithium ions. Structural, 
electric and dielectric properties of the prepared LMO thin 
films as a function of annealing temperature were investigated 
to find the optimal annealing temperature for the best 
electrochemical performance [23]. 

 
 Hence, in the present work, attempts were made to 

grow the nanocrystalline spinel LiMn2O4 thin films on the 
Ti/(100) oriented silicon (Si) substrate by RFMS technique. 
All the prepared LMO thin films were characterized using 
XRD, and AFM techniques. Also, the dc & ac conductivities, 
dielectric constant (ε′), and electric modulus (M′′) properties 
have been evaluated by analyzing the measured impedance 
data using the winfit software for the as-deposited and post-
annealed LMO thin films at different temperatures as a 
function of frequencies to find out their suitability for 
developing all solid state thin film lithium ion micro batteries. 

 
 

2. EXPERIMENTAL TECHNIQUES 
 
2.1 Preparation of LiMn2O4 thin films 
 

High purity (99.99%) spinel LMO target (50.88 mm 
diameter and thickness of 3 mm) bonded with the copper 
backing plate, the (100) oriented silicon (Si) substrate of 
thickness 0.125 mm were obtained from Testbourne Pvt. Ltd., 
USA. Initially, Si substrates were cleaned in the ultrasonic 
bath using solvents pure acetone, isopropanol and deionized 
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water for 15 min and dried under a nitrogen atmosphere. As 
obtained LMO target was fixed to the magnetron, and Si 
substrate distance was fixed at a 15 cm distance from targets. 
A turbo molecular and rotary, as the backup, pumps were used 
to obtain the chamber base pressure of 1×10−7 Torr and then 
passed ultra-high pure Ar gas into the chamber through mass 
flow controller. The pre-sputtering process was performed for 
about 15 min. to remove surface contamination on LMO target 
and on Si substrate. Prior to the deposition of cathode 
materials, a thin titanium (Ti) film of ~ 25 nm was sputtered 
onto Si substrate to serve as an adhesive layer. LMO thin films 
were deposited on Ti/ (100) oriented silicon (Si) substrates by 
using RFMS power of 100 W at room temperature under an 
argon atmosphere at 1×10−3 Torr pressure. The thickness of 
the deposited LMO thin films measured using a quartz crystal 
thickness monitor was found to be 100 nm. The as-deposited 
LMO films were annealed at different temperatures 300, 400 
and 500 oC in a pure oxygen atmosphere. Table 1 represents 
the sputtering deposition conditions for the spinel LMO thin 
films deposited on the Ti/(100) oriented Si substrate by using 
RFMS technique.  

 
Table 1. Summary of sputtering parameters for the grown 
LMO thin films.  

 
 
 
 
 
 
 
 
 

 
 
 
 
 2.2 CHARACTERIZATION 
 

XRD patterns of LMO films were recorded using the 
PANalytical, Philips, X' Pert Pro X-ray diffractometer having 
monochromatic X-ray source of CuKα radiation with a 
wavelength (λ) of 1 541060 Å, operated at 40 kV and 30mA. 
Atomic Force Microscopy (AFM) images of the LMO films 
were recorded using the NanoScope -V MultimodeTM SPM, 
Veeco Instruments. The AFM was operated in tapping mode 
(non-contact) to prevent the damage to the films and also to 
provide optimal image and quality data.  From the 2-D and 3-
D AFM images of the LMO thin films, grain shape, size and 
surface roughness parameters like root mean square (RMS) 
roughness (Rq), average surface roughness (Ra) are 
determined using Nanoscope analysis software. The 
maximum height asymmetries values of surface skewness and 
kurtosis are determined using software WSxM 8.0 develop 
5.3.  The impedance measurements were made with the 
following cell configuration  

               
                   (Cu)/(LiMn2O4/Ti/(100) oriented Si)/(Cu)  
 
for the  as-deposited and post-annealed LMO thin films 
samples at different temperatures in the frequency range from 

100 Hz to 10 MHz using Alpha A high-performance 
frequency analyzer of Novocontrol, Germany. The measured 
impedance data and the dimensions of LMO thin films were 
used for calculating AC conductivity (σac), dielectric 
permittivity (ε′), and imaginary part of the electric modulus 
(M′′) of LMO thin films.  
 

3. RESULT AND DISCUSSION 
3.1 XRD 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. X-ray diffraction patterns of as deposited and annealed 
at various temperatures of LMO thin films along with the 
standard JCPDS data 

 
Fig.1 shows the XRD patterns of as-deposited and post-
annealed at 300, 400 and 500 oC LMO thin films rf-sputtered 
on Ti/Si (100) substrate alongwith the standard JCPDS data. 
From fig. 1, it is observed that as-deposited film exhibited, 
except one small peak marked as #, peaks free XRD patterns, 
which confirm the formation of amorphous phase of LMO thin 
film. The observed small XRD peak, marked as #,  is due to 
pristine phase of Ti/Si (100) orientation film.  The post-
annealed films at 300, 400 and 500 oC showed the (400) and 
(111) planes of diffraction peaks predominantly and (311), 
(222) (331) and (511)  planes of diffraction peaks relatively 
weak The diffraction peak of (400) plane became sharper with 
increase of annealing temperature. From fig.1, the observed 
XRD peaks of the deposited LMO thin film annealed at 500 
oC are in good agreement with the cubic spinel structured 
JCPDS (card no. 01-089-0106) data. 
    
3.2 AFM MICROGRAPHS 
 
From fig. 2 (a, c, e, g) and (b, d, f, h), AFM images clearly 
show that the grain size increases with post-annealing 
temperatures. From fig. 2 a and b, 2D and 3D AFM images of 
the as-deposited LMO film shows smaller individual grains 
with lower roughness. From fig. 2 (c, d), (e, f) and (g, h), it is 
observed that 2D and 3D AFM images for LMO thin films 
post-annealed at 300, 400 and 500 oC show denser granular 
structure and dense morphology particularly for the post-
annealed LMO thin film at 500 oC [18]. From AFM images, 
the grain size, Ra, Rq values were evaluated using WSxM 5.0 
integrated software and are presented in table 2. From table 2, 
it is observed that the grain sizes values are found to increases 
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with the post-annealing temperatures. Further, it is also found 
that the average grain sizes obtained from AFM 
measurements and the crystallite size evaluated from XRD 
analysis are in good agreement with each other.  
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. 2-dimensional and 3-dimensional AFM surface 
micrographs of the LiMn2O4 thin films of [a, b] as-deposited, 
and post-annealed at [c, d] 300 oC, [e, f] 400 oC, and [g, h] 
500 oC. 
Table 2. 
Temperature 
(oC) 

Average 
roughne
ss 
(nm) Ra 

RMS 
roughness 
(nm) Rq 

Maximum 
Height 
(nm) 
Rmax 

XRD 
crystallite 
size 

AFM  
grain 
size 

As-deposited 
300 oC 
400 oC 
500 oC 

1.4702 
1.4756 
1.5956 
2.7806 

1.8133 
1.8713 
1.9827 
3.4559 

7.7 
8.5 
9.2 
17.2 

- 
33.78 
39.78 
49.56 

21.26 
33.43 
39.22 
49.14 

 
3.3. AC conductivity (σac)  

From fig.3, the frequency dependent conductivity plots 
showed two distinct regions within the measured frequency 
window, (i) the low-frequency plateau region and (ii) high-
frequency dispersion region. The plateau region corresponds 
to frequency independent conductivity σ(0) or dc conductivity 
(σdc) and it is evaluated by extrapolating the plateau region to 
the zero frequency (Y-axis). The frequency independent 
conductivity may be attributed to the long-range transport of 
free charge carriers with the applied field in LMO thin films. 
The observed a.c. conductivity in the high-frequency 
dispersion region follows Jonscher’s universal power law 
(JUPL).  
                                      σ (ω) = σ (0) + Aωs                                               (1) 
where σ (ω) is the ac conductivity, σ(0) is the zero frequency 
limit of σ (ω), A is a constant, and s is the power law exponent 

(0 < s < 1). From fig. 3, it is also observed that the frequency 
at which the dispersion region deviated from the plateau is 
defined as the hopping frequency (ωp), where, the initiation 
relaxation effects. An increase of a.c. conductivity with the 
increase of annealing temperature at the high frequency in 
LMO films is due to hopping of electrons between adjacent 
sites, results in local displacement of charges in the direction 
of the applied frequency [24-25].  
  
 
 
 
 
 
 
 
 
 
 
Fig. 3. a.c. conductivity versus frequency plots obtained at 
room temperature of LiMn2O4 thin films as-deposited and 
post-annealed at various temperatures. 
 
3.4 Dielectric constant (ε') 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Real part of dielectric constant (ε') versus frequency 
plots obtained at room temperature of LMO thin films as-
deposited and post-annealed at different temperatures. 
 
From fig. 4, it is observed that, with the increase of frequency, 
dielectric permittivity (ε') decreases and attains a constant 
value at high frequencies and it is also observed that the 
dielectric permittivity increases with the increase of 
temperature.   From fig. 4, the observed dielectric permittivity 
(ε') at high frequencies may attribute to the periodic reversal 
of the high electric field results in no charge accumulation at 
the interface and hence, the dielectric permittivity (ε') remain 
constant. The motion of the charge without accumulation can 
be explained in terms of the carrier’s diffusion mechanism [24 
-25].  From fig. 4, the increase of dielectric permittivity (ε') 
with the decrease of frequency can be attributed to the 
contribution of charge accumulation at the interface, which 
results in the formation of space charge region at the electrode 
and electrolyte interface [24-25]. This will hinder the motion 
of the mobile charge carriers in the sample and hence, the 
dielectric permittivity (ε') value increases with the decrease of 
frequency. From fig. 4, the increase of dielectric permittivity 
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(ε') with increasing temperature may be due to the increase of 
thermal activation and local displacement of charge carriers, 
which may help to increase the dielectric permittivity (ε') with 
the increase of temperature [24-25].  
 
3.5. Electrical Modulus  

From fig. 5, it is observed that the peak exhibit at the 
relaxation frequency (fmax) and the position of the peak 
frequency shifting towards higher frequency regions and also 
the broadness of electric modulus (M") curve increases with 
the increase of annealing temperature. However, the shift of 
the peak position appears to move towards higher frequency 
region with the increasing annealing temperatures of the 
samples and this can be attributed to the variation of relaxation 
processes of the mobile charge carriers following the non-
Debye type behavior in LMO thin films [24-25]. 

 

 

 
 
 
 
 
 
 
 
 
 
Fig. 5. 
Imaginary part of electric modulus (M") verses Log (ω) 
obtained at room temperature of LiMn2O4 thin films as-
deposited and post-annealed at various temperatures. 

 
4. CONCLUSION 

 
Spinel LMO cathode thin films were successfully 

deposited on Ti/(100) oriented silicon (Si) substrate at ambient 
temperature by RF magnetron sputtering technique. LMO 
cathode thin film of crystalline phase was obtained at lower 
annealing temperature of 500 oC under an oxygen atmosphere. 
The phase purity, of the LMO cathode thin films were 
confirmed by XRD results. The AFM results were confirmed 
the spherical morphology, ~ 4-6 nm particle size, crystalline 
phase and denser granular structure with the less surface 
roughness of LMO thin films. AC conductivity (σac) and 
dielectric constant (ε′) increased with a rise in the annealing 
temperatures of LMO thin films. The imaginary part of the 
electric modulus (M") studies were revealed the non-Debye 
nature behavior of LMO thin films. 
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