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ABSTRACT 
 

Layered LiCoO2 (LCO) cathode thin films were 
deposited on Ti/silicon (Si) (100) substrate at ambient 
temperature by RF magnetron sputtering. All the prepared thin 
films were annealed at 400, 500 and 600 oC under oxygen 
atmosphere to enhance the crystallinity. X-ray diffraction 
pattern of the LCO thin film annealed at 600 oC showed the 
formation of pure rhombohedral phase. AFM micrographs of 
LCO thin films reveal the surface morphology and roughness 
modifications parameters. Impedance measurements were 
made as a function temperature in the frequency range of 100 
Hz to 10 MHz for all the prepared LCO thin films From the 
analysis of the Impedance, ac conductivity and dielectric 
constant (ε′) for the as-deposited and post-annealed LCO thin 
films were evaluated as a function temperature in the 
frequency range of 100 Hz to 10 MHz.  
 
Keywords: LiCoO2 thin films; RF magnetron sputtering; 
Impedance; ac conductivity; dielectric constant. 
 

1. INTRODUCTION 
 

Recent developments in all-solid-state thin film 
micro-batteries have attracted enormous interest due to 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), 
nano-electro-mechanical systems (NEMS) [1-7]. Lithium 
based micro-batteries are of considerable current research 
interest because of their lightweight, long cycle life, thermal 
stability, specific capacity and high power density. Among the 
available, LiCoO2 (LCO) is widely used as a cathode material 
in lithium battery technology, due to its advantages such as 
exhibiting high energy density, high discharge capacity, good 
reversibility during the oxidation and reduction process, etc. 
Thus, LiCoO2 is considered as a promising cathode material 
for all-solid-state thin film lithium batteries application. 

 
Many deposition methods such as chemical vapor, 

spray pyrolysis [8,9], RF magnetron sputtering (RFMS) [10-
11], pulsed laser deposition [12-14], etc., techniques, 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. 
Therefore, in the present work,  RFMS technique was used for 
the deposition of LiMn2O4 thin films.  

 
LiCoO2 thin films deposited by RFMS technique at 

room temperature were found to be amorphous structure, and 
have less density than the corresponding bulk materials. 
Therefore, it is recognized that the high-temperature annealing 
is required to obtain the proper crystalline phase for reversible 
intercalation/deintercalation of lithium ions. Thus, all the 
prepared LCO thin films were annealed at 400, 500 and 600 
oC under oxygen atmosphere, in order to find the optimal post-
annealing temperature, to obtain pure rhombohedral phase of 
LiCoO2 thin films.  for the best electrochemical performance, 
it is required to investigate the Structural, electrical and 
dielectrical properties of all the prepared  LiCoO2 thin films 
were studied to find out their suitability for lithium battery 
applications [11]. 

  
In this study, we focused deposition of LCO thin 

films on Ti/(100) oriented silicon (Si) substrate by RFMS 
technique, followed by annealing at 400, 500 and 600 oC 
under oxygen atmosphere, in order to find the optimal post-
annealing temperature to obtain pure rhombohedral phase of 
LiCoO2 thin films.  All the prepared LCO thin films have been 
characterized using XRD, and AFM techniques. Also, ac 
conductivity and dielectric constant (ε′) properties have been 
evaluated by analyzing the measured impedance data using the 
winfit software at different temperatures as a function of 
frequencies for all the prepared LCO thin films  
 

2. EXPERIMENTAL TECHNIQUES 
 
2.1 Preparation of LiCoO2 thin films 
 

High purity (99.99%) LiCoO2 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. First, Si substrates were cleaned in the ultrasonic bath 
using pure acetone, isopropanol and deionized water for 15 
minutes and dried under a nitrogen atmosphere. As obtained 
LCO target was fixed to the magnetron, and Si substrate was 
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fixed at 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 LCO 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. LiCoO2 (LCO) thin films were 
deposited on Ti/ (100) oriented silicon (Si) substrates using the 
radio frequency (RF: 13.56 MHz) magnetron sputtering 
(RFMS) power of 100 W at ambient temperature under an 
argon atmosphere at 1×10−3 Torr pressure. During RFMS 
process, substrate temperature was raised to 600 oC through 
self-heating. The as-deposited LCO films were annealed at 
different temperatures 400, 500 and 600 oC in a pure oxygen 
atmosphere. Table 1 represents the sputtering deposition 
conditions for the LCO thin films deposited on the Ti/(100) 
oriented Si substrate by using RFMS technique.  
 
Table 1. Summary of sputtering parameters for the grown 
LCO thin films.  

 
 
 
 
 
 
 
 
 

 
  
 
 
2.2 CHARACTERIZATION 
 

XRD patterns of LCO 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. 
The surface morphology of films was examined using atomic 
force microscopy (AFM) (NanoScope-V MultimodeTM SPM, 
Veeco Instruments). Atomic Force Microscopy (AFM) 
images of the LCO 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.  using Nanoscope analysis software, the observed  2-D 
and 3-D AFM images of the LCO thin films  were analyzed 
and obtained the grain shape, size and surface roughness 
parameters like root mean square (RMS) roughness (Rq), 
average surface roughness (Ra). The maximum height 
asymmetries values of surface skewness and kurtosis are 
determined using WSxM 8.0 develop 5.3 software. The 
impedance measured were made on LCO cathode thin films 
of the following configuration                 
                 
                     (Cu)/(LiCoO2/Ti/(100) oriented Si)/(Cu)  
 

for the as-deposited and post-annealed 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 LCO thin films were used for calculating AC 
conductivity (σac), and dielectric permittivity (ε′) of LCO thin 
films.  
 

3. RESULT AND DISCUSSION 
 
3.1 XRD 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

 
Fig.1 shows the XRD patterns of as-deposited and 

post-annealed at 400, 500, and 600 oC LCO 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 
LCO thin film. The observed small XRD peak, marked as #,  
is due to pristine phase of Ti/Si (100) orientation film.  XRD 
patterns of the post-annealed  at 400, 500 and 600 oC LCO 
films showed the (0 0 3) and (1 0 4) predominant XRD peaks 
and (1 0 1), (0 1 2) (0 1 5) and (1 0 7) are relatively weak 
peaks. The diffraction peaks, especially (1 0 4) peak, became 
sharper with the increase of annealing temperature. From fig.1 
the XRd pattern of the deposited LCO thin film annealed at 
600 oC are in good agreement with the JCPDS (card no. 01-
075-0532) data of  a rhombohedral layer structure.  
 
 
 
 
 
 
 
 
3.2 AFM  
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Fig.  2. [a, c, e, g] and [b, d, f, h], respectively show the two-
dimensional (2D), and three-dimensional (3D) AFM images 
of the as-grown as well as post-annealed (at 400 oC, 500 oC 
and 600 oC) LCO cathode thin films. From fig.  2. [a, c, e, g] 
and [b, d, f, h], the AFM images clearly show that the grain 
size increases with post-annealing temperature. From fig. 4 [a 
and b], the 2D and 3D AFM images of the as-grown LCO 
film show smaller individual grains with lower roughness. 
From fig. 2. [c, d] [e, f] and [g, h], the 2D and 3D AFM 
images of the post-annealed (at 400 oC, 500 oC and 600 oC) 
LCO thin films show denser granular structure, and it is also 
observed that there is a decrement in the separation between 
the grains and grain boundary with the increase of 
temperature. From the AFM images, the grain size, Ra, Rq and 
height asymmetry values evaluated using Nanoscope analysis 
software are presented in table 2. From table 2, the  observed 
grain sizes are found to be 120 nm, 142 nm, 175 nm, and 203 
nm, respectively for the as-deposited and post-annealing 
temperatures at 400 oC, 500 oC and 600 oC of LCO films, 
which indicate that the grain size increases with increasing of 
post-annealing temperature [11]. The grain size plays an 
important role in the electrochemical performance of Li-ion 
batteries, because, the small grain size can provide a large 
specific surface area, shorter Li-ion diffusion path, which 
helps to migrate Li-ions easily in the LCO. From table 2, it is 
also found that the post-annealed at 600 oC of LCO film has 
the highest surface roughness (Ra: 18.23 nm and Rq: 19.37 
nm) and the as-grown LCO thin film has the lowest surface 
roughness (Ra of 6.12 nm and Rq of 7.36 nm).  

Fig.2. 2-dimensional and 3-dimensional AFM micrographs of 
the LiCoO2 thin films of [a, b] as-deposited, and post-
annealed at [c, d] 400 oC, [e, f] 500 oC, and [g, h] 600 oC. 
 
Table 2: 
 

 

 

3.3. AC conductivity (σac)  

 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 

Fig. 3. 
The Log (σac) vs. Log (ω) plots obtained at room temperature 
for the as-deposited and post- annealed at different 
temperatures of LCO thin films. 
 
 Fig. 3 shows the Log (σac) vs log (ω) plots for LCO 
thin films of as-deposited and post-annealed at different 
temperatures. From fig. 3, the frequency dependent 
conductivity plot 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 LCO 
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 can be observed that the frequency at 
which the dispersion region deviated from the plateau is 
defined as the hopping frequency (ωp), where, the relaxation 
effects starts. Also, it can be observed that the hoping 
frequency moved towards the higher frequency with the 
increase of temperature in the LCO thin film. From fig.3, the 
observed dispersion region of conductivity is may be due to 
hopping of electrons between adjacent sites, results in local 
displacement of charge carriers in the direction of the applied 
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frequency and hence, it may follow the diffusion controlled 
relaxation (DCR) model [15, 16].  

 
 

3.4 Dielectric constant (ε') 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
Fig. 4. Real part of dielectric constant (ε') versus frequency 
plots obtained at room temperature for the as-deposited and 
post- annealed at different temperatures of LCO thin films. 
 
Fig. 4. Shows the real part of dielectric constant (ε') versus 
frequency plots obtained at room temperature for the as-
deposited and post- annealed at different temperatures of LCO 
thin films. 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 
[15, 16]. 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 [15, 16]. 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 
(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 
an increase of temperature [15, 16].  
 

4. CONCLUSION 
 

Nanocrystalline layer structured LiCoO2 (LCO) thin 
films were grown at room temperature by RF magnetron 
sputtering on Ti/ (100) oriented silicon (Si) substrate and 
annealed at different temperatures up to 600 oC under an 
oxygen atmosphere. The phase purity of the LCO films was 
confirmed by X-ray diffraction result. The surface 
morphology and roughness of the LCO films were obtained 
from AFM results. DC conductivity (σdc) of the LCO thin film 
was obtained by analyzing the measured impedance data at 
different temperatures of the using the winfit software. ac 
conductivity (σac) and dielectric permittivity (ɛ′) data were 

calculated using the measured impedance data and the 
dimension of the LCO film.  

 
ACKNOWLEDGMENT 

 
NS would like to thank the DST-Nano mission, Govt. of India, 
for providing grants in the form of research project sanction 
letter No.: SR/S5/NS-49/2005 dated on 30-07-2010 and NRB-
DRDO, Govt. of India, for providing grants in the form of 
research project sanction letter No.: NRB-377/MAT/16-17, 
dated on 19-04-2016, for developing five targets DC/RF 
magnetron sputtering facility for developing all solid state thin 
film lithium ion micro-batteries. Authors thank CIF, 
Pondicherry University, for extending the experimental 
facilities.  
 

REFERENCES 
 
[1] J. M. Tarascon, M. Armand, Nature, 414 (2001) 359-367. 
[2] M. M. Thackeray, W. I. F. David, P. G. Bruce, J. B. 

Goodenough, Mater. Res. Bull., 18 (1983) 461-472. 
[3] D. K. Kim, P. Muralidharan, H. W. Lee, R. Ruffo, Y. 

Yang, C. K. Chan, H. Peng, R. A. Huggins, Y. Cui, Nano 
Lett., 8 (11) (2008) 3948-3952.  

[4] J. Feng, X. Gao, L. Cia, S. Xiong, RSC Adv., 6 (2016) 
7224-7228. 

[5] J. Wang, Y. Li, X. Sun, Nano Energy, 2 (2013) 443-467. 
[6] K. Hari Prasad, N. Naresh, N. Satyanarayana,  Material        
Today: Proceedings 3 (10) (2016) 4040-4045. 
[7] K. Hari Prasad, A. Ratnakar,  N. Satyanarayana,  Material        

Today: Proceedings 3 (10) (2016) 4064-4069. 
[8] C.H. Chen, A.A.J. Buysman, E.M. Kelder, J. Schoonman, 

Solid State Ionics 80 (1995) 1-4. 
[9] C.H. Chen, E.M. Kelder, M.J.G. Jak, J. Schoonman, Solid 

State Ionics 86-88 (1996) 1301-1306.  
[10] S.-W.Jeon, J.-K. Lim, S.-H. Lim, S.-M. Lee, 

Electrochimica Acta 51 (2005) 268–273. 
[11]K. Hari Prasad, S. Vinoth, A. Ratnakar, M.Venkateswarlu, 

N. Satyanarayana, Material Today: Proceedings 3 (10) 
(2016) 4046-4051. 

 
[12] C. Julien, M.A. Camacho-Lopez, L. Escobar-Alarcon, E. 

Haro-Poniatowski, Materials Chemistry and Physics 68 
(2001) 210–216. 

[13] C. Julien, E. Haro-Poniatowski, M.A. Camacho-Lopez, L. 
Escobar-Alarcon, J. Jimenez-Jarquin, Materials Science 
and Engineering B72 (2000) 36–46. 

[14] Y. Iriyama, M. Inaba, T. Abe, Z. Ogumi, Journal of 
Power Sources 94 (2001) 175-182. 

[15] P. Muralidharan, M. Venkateswarlu, N. Satyanarayana, 
Solid State Ionics, 166 (2004), 27-38.  

[16] P. Muralidharan, N. Nallamuthu, I. Prakash, N. 
Satyanarayana, J. Am. Ceram. Soc., 90 (2007) 125-131. 

 
 

Materials for Energy, Efficiency and Sustainability: TechConnect Briefs 2017 93




