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ABSTRACT
Layer structured LiNi1/3Co1/3Mn1/3O2 (LNMCO) thin
films were grown on the Ti/(Si) (100) substrate by pulsed
laser deposition technique under different oxygen partial
pressures (from 50 mTorr to 300 mTorr) by keeping the
substrate temperature at 500 oC. X-ray diffraction pattern of
the LNMCO thin film annealed under 300 mTorr showed
the formation of pure rhombohedral phase. AFM
micrographs of LNMCO thin films reveal the surface
morphology and roughness. The measured impedance data
of all the prepared LNMCO thin films grown under
different oxygen partial pressures were analyzed using the
win fit software and evaluated the ac conductivity,
dielectric constant (ε′) and electric modulus as a function as
a function of frequency. From the observed results, the
developed LNMCO thin film grown under 300 mTorr can
be a better cathode material for developing all-solid-state
rechargeable lithium-ion micro-batteries.
Keywords: LiNi1/3Co1/3Mn1/3O2 thin films; Pulsed laser
deposition; ac conductivity; electric modulus.
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INTRODUCTION

Recent developments in all-solid-state thin film microbatteries have attracted enormous interest due to their
potential applications as power sources for micro- and
nanodevices such as smart cards, implantable medical
devices, complementary metal oxide semiconductors
(CMOS), memory chips, micro-electro-mechanical systems
(MEMS), nano-electro-mechanical systems (NEMS) [1-6].
Cathode, anode, and electrolyte materials are the major
parts of the lithium batteries, of which, cathode material
plays an important role in lithium battery technology.
Recently, LiNi1/3Co1/3Mn1/3O2, which is composed of
divalent Ni, tetravalent Mn, and trivalent Co, has received
considerable attention due to high capacity associated with
the Ni2+/4+ and Co3+/4+ redox couples and its thermal and
structural properties supported by tetravalent Mn and also,
it is superior to the conventional LiCoO2. The
LiNi1/3Mn1/3Co1/3O2 (LNMCO) is the most widely used
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cathode materials in lithium-ion battery technology, due to
its advantages of exhibiting high energy density, high
discharge capacity, good reversibility during the oxidation
and reduction process, etc. Thus, LiNi1/3Mn1/3Co1/3O2 is
considered as a promising cathode material for all-solidstate thin film lithium batteries application. Many
deposition methods such as chemical vapor, spray
pyrolysis, RF magnetron sputtering (RFMS) [7-10], pulsed
laser deposition, etc., techniques, have been used for the
fabrication of thin film electrodes.
In the present paper, lithium-rich layer-structured
LiNi1/3Co1/3Mn1/3O2 (LNMCO) thin films were grown on
the silicon (Si) (100) substrate by pulsed laser deposition
technique under different oxygen partial pressures (from 50
mTorr to 300 mTorr) by keeping the substrate temperature
at 500 oC. Crystalline phase and surface morphology of all
the grown LNMCO thin films were investigated by using
X-ray diffraction (XRD), and atomic force microscopy
(AFM) respectively. Also, ac conductivity, dielectric
constant (ε′) and electric modulus properties of all the
prepared LNMCO thin films were evaluated by analyzing
the measured impedance data using the Win Fit software.

2. EXPERIMENTAL TECHNIQUES
2.1 Preparation of LNMCO Thin Films
The LiNi1/3Co1/3Mn1/3O2 thin films were grown on Ti/Si
(100) substrate by the pulsed laser deposition (PLD)
technique. Before ablation, surface contaminations were
removed from the Si (100) substrates using H2SO4:H2O2:
H2O (4:1:1) solution by etching for the 30 seconds and
subsequent rinsing by de-ionized water and methanol
cleaning. The cleaned substrate was mounted on a substrate
holder
having
the
heating
arrangement.
The
LiNi1/3Co1/3Mn1/3O2 target with 99.99% purity (procured
from Testbourne Pvt. Ltd., USA) was ablated using a KrF
excimer laser (Lambda Physik, Germany model COMPEX201, wavelength (λ) =248 nm, Pulse width = 25 ns). The
energy density of the pulses was approximately 2 J/cm2
with a laser spot of 2 mm ×1 mm on the target. The targetto-substrate separation was 30 mm. Laser light irradiated
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the target at an angle of 50° with respect to the surface
normal, while Si (100) substrates were placed in the
direction of target normal. The deposition chamber, which
was then evacuated to the base pressure of 2×10−6 Torr. The
LNMCO thin films were grown on Si (100) substrate under
different oxygen partial pressures (i.e. 50 m Torr, 200
mTorr, and 300 mTorr). The depositions were carried out at
500 °C for 2 hours under different oxygen partial pressures
at a pulse frequency of 10 Hz. The substrate temperature
was monitored using a K-type thermocouple attached to the
substrate holder and kept between two Si pieces. The
thickness of the film measured by a stylus profilometer
(Ambios, USA).

phase of LNMCO thin film. XRD patterns of the LNMCO
thin films grown under oxygen partial pressures at 200
mTorr and 300 mTorr showed (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 intensity peaks. The X-ray
diffraction peak, especially (104) plane, became sharper
with the increase of oxygen partial pressure. From fig.1 the
XRD pattern of the LNMCO thin film grown under oxygen
partial pressure at 300 mTorr is in good agreement with the
JCPDS (card no. 01-075-0532) data of a rhombohedral
layer structure.

2.2 Characterization
XRD patterns of LNMCO 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 30 mA. Atomic Force Microscopy (AFM) images of
the LNMCO 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 3-D AFM images of the LNMCO 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. Impedance measurements were made on
LNMCO cathode thin films of the following configuration
[Cu/(LNMCO/Ti/Si (100))/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 LNMCO thin films were used for
calculating AC conductivity (σac), and electric modulus
(M′′) of LNMCO thin films.

3. RESULTS AND DISCUSSION
3.1 XRD
Fig.1 shows the X-ray diffraction patterns of
LNMCO thin films grown at different oxygen partial
pressures along with the JCPDS data. From fig. 1, it is
observed that the oxygen partial pressure at 50 m Torr
grown LNMCO thin film exhibits one low-intensity XRD
peak, marked as #, is due to the pristine phase of Ti/Si
(100) orientation film. The oxygen partial pressure at 50
mTorr grown LNMCO thin film showed peak free XRD
pattern, which confirms the formation of the amorphous

Fig. 1 X-ray diffraction patterns of LNMCO thin films
grown under different oxygen partial pressures along with
the JCPDS data.

3.2 AFM
Fig. 2. [a, b, and c] shows the three-dimensional (3D)
AFM images of LNMCO thin films grown under different
oxygen partial pressures. From fig. 2. [a, b, and c], the
AFM images clearly showed that the grain size increases
with the increase of oxygen partial pressure. From fig. 2
[a], the 3D AFM image of the LNMCO thin film shows the
smaller individual grains with lower roughness. From fig.
2. [b], and [c], the 3D AFM images of the LNMCO thin
films grown under oxygen partial pressures at 200 mTorr,
and 300 mTorr showed 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
oxygen partial pressure. From the AFM images, the grain
size, Ra, Rq and height asymmetry values evaluated using
Nanoscope analysis software are presented in table 1. From
table 1, the observed the grain sizes are found to be 142
nm, 175 nm, and 203 nm, respectively for the LNMCO
thin films grown under different oxygen partial pressures
of 50 m Torr, 200 mTorr, and 300 mTorr, which indicate
that the grain size increases with increase of oxygen partial
pressure [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

Materials for Energy, Efficiency and Sustainability: TechConnect Briefs 2018

57

Li-ions easily in the LNMCO. From table 2, it is also found
that the LNMCO thin film grown under 300 mTorr oxygen
partial pressure has the highest surface roughness (Ra:
18.23 nm and Rq: 19.37 nm) and the LNMCO thin film
grown under 50 mTorr oxygen partial pressure has the
lowest surface roughness (Ra of 7.94 nm and Rq of 11.78
nm).

with the applied field in LNMCO 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 pressure in the LNMCO 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 frequency and hence, it may follow the
diffusion controlled relaxation (DCR) model [12-16].

Fig. 2 2-dimensional and 3-dimensional AFM micrographs
of the LNMCO thin films grown under [a] 50 m Torr, [b]
200 mTorr, and [c] 300 mTorr.
Table 1. Summarizing AFM surface roughness parameters
of LiNi1/3Co1/3Mn1/3O2 thin films (5 µm × 5 µm) grown
under different oxygen partial pressures of 50 m Torr, 200
mTorr, and 300 mTorr.
Oxygen
pressures
(mTorr)

Average
roughness
(nm) Ra

RMS
roughness
(nm) Rq

Maximum
Height
(nm) Rmax

AFM
grain
size (nm)

50

7.94

11.78

65.5

142

200

10.35

13.99

68.7

175

300

18.23

19.37

71.5

203

Fig. 3 Log (σac) vs. Log (ω) plots obtained plots obtained at
298 K of LNMCO thin films grown under different oxygen
partial pressures by keeping the substrate temperature at
500 oC.
3.4 Electric Modulus (M'')

3.3 AC Conductivity (σac)
Fig. 3 shows the AC conductivity versus frequency
plots obtained at 298 K of LNMCO thin films grown under
different pressures by keeping the substrate temperature at
500 oC. 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 (Yaxis). The frequency independent conductivity may be
attributed to the long-range transport of free charge carriers
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Fig. 4. shows the imaginary part of the electric modulus
(M'') versus log(ω) plots obtained at room temperature of
LNMCO thin films grown under different oxygen partial
pressures by keeping the substrate temperature at 500 oC.
From fig. 4, the imaginary part of electric modulus (M")
versus log (ω) exhibit the peak at the relaxation frequency
maximum (fmax) and its frequency position shifts towards
higher frequency regions and it is also observed that the
broadness of the electric modulus (M") versus log (ω) curve
increases with increase in oxygen partial pressure. The
relaxation frequency maximum (fmax) peaks shift towards
the higher frequency region with the increase of oxygen
partial pressure, which can be attributed to the variation of
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relaxation time (τ) of the charge carriers and it is found to
exhibit non-Debye type behavior in the LNMCO thin film
sample [12-16].

Fig. 4. The imaginary part of the electric modulus (M'')
versus log(ω) plots obtained at 298 K of LNMCO thin films
grown under different oxygen partial pressures by keeping
the substrate temperature at 500 oC.

4 CONCLUSION
Nanocrystalline layer-structured LNMCO thin films
were grown on the Ti/silicon (Si) (100) substrate by pulsed
laser deposition technique grown under different oxygen
partial pressures by keeping the substrate temperature at
500 oC. The phase purity of the LNMCO films was
confirmed by the X-ray diffraction result. The surface
morphology and roughness of the LNMCO films were
obtained from AFM results. The measured impedance data
of all the prepared LNMCO thin films under different
oxygen partial pressures were analyzed using the win fit
software and evaluated the ac conductivity, dielectric
constant (ε′) and electric modulus as a function of
frequency. From the observed results, the developed
LNMCO thin film grown under 300 mTorr can be a better
cathode material for developing all-solid-state rechargeable
lithium-ion micro-batteries.
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