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Abstract. A Li4Ti5O12 thin ﬁlm was fabricated on an ITO layer previously prepared on a glass microscope slide
via RF magnetron sputtering technique. The structural, morphological, optical and electrochemical properties
of the produced thin ﬁlm were studied by several techniques. According to the ﬁndings, the investigated ﬁlm has
a crystalline structure with small grains. Its surface is nano-structured, dense and smooth. The system (LTO/
ITO/glass) exhibits an average transmittance rate above 70% in the visible region with a band gap energy value
of 3.8 eV. The obtained impedance spectrum shows a good blocking behavior. The Warburg diffusion element
with a value of 817 S.s1/2 provides easy Li-ion diffusion.

1 Introduction
Recently, all-solid-state rechargeable lithium-ion (Li-ion)
micro-batteries have gained impetus due to the energy
supply/storage necessity in various micro-system applications such as micro-sensors, micro-mechanics, microelectronics, and the like [1–5]. Traditionally, micro-scale
batteries consist of thin ﬁlm ceramic materials as anode,
electrolyte and cathode [1]. They are produced by
sequential layer by layer deposition of the cell components
using thin ﬁlm manufacturing processes [1,5]. When
compared to standard composite electrodes, thin-ﬁlm
electrodes exhibit signiﬁcantly higher charge and discharge
rates; therefore, they have the potential to increase the
power density of thin ﬁlm batteries [6]. By the way, various
methods have been used for fabrication of thin ﬁlm
electrodes including chemical vapor deposition [7], RF
magnetron sputtering [8], ﬂash and thermal evaporation
[9], pulsed laser ablation [10], spray coating [11], molten
carbonate method [12] and sol–gel method [13].
Various kinds of Li-ion conductive materials and
transition metal oxides have been proposed as electrolyte
and electrode ﬁlms for all-solid-state rechargeable Li-ion
batteries [4,14]. Regarding the determination of safety and
cycling life of Li-ion batteries, the anode materials often
have a crucial role [15]. Carbon (graphite) is the anode
material which is currently used in the majority of lithiumion batteries. However, the carbon anode materials are
facing safety issues caused by relatively low Li-intercalation potential (about 0 V vs. Li/Li+) [16,17]. Since lithium
titanate (Li4Ti5O12, LTO) has a rapid Li+ insertion and deinsertion ability, excellent cycle reversibility and high
thermodynamic stability with its voltage plateau at 1.55 V
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versus Li/Li+ and almost negligible volume change during
the charge and discharge process [4,5,15–20], it can be
considered as a promising alternative active material to
replace graphite as the anode in rechargeable Li-ion
batteries [15,19–21]. However, one disadvantage of LTO
is its weak capacity at a high rate primarily due to its low
electronic conductivity. LTO is an insulator with experimentally reported band gaps typically between 3.0 and
4.0 eV [22]. To overcome this drawback, many researchers
have made enormous efforts to prepare nano-sized LTO
[17,18]. When LTO nano-structures are synthesized,
surface areas are increased and Li+ diffusion lengths are
decreased [22]. The aim of this study is to produce nanoscale LTO thin ﬁlm anode material by RF magnetron
sputtering method. RF magnetron sputtering has emerged
as a useful method for producing high-quality thin ﬁlms due
to its repeatability, low cost, parameter controllability,
high deposition rate and low processing temperature
[23–25]. The optical, structural, morphological and electrochemical properties of the synthesized material were
examined to ﬁnd out its stability for developing rechargeable all-solid-state thin ﬁlm Li-ion micro-batteries.

2 Experimental details
In the current research, a Li4Ti5O12 thin ﬁlm was sputtered
onto a previously deposited ITO layer (on a glass
microscope slide) by means of radio frequency (RF)
magnetron sputtering technique with 75Watt (W) RF
input power. The frequency of RF power was 13.56 MHz. A
99.5% purity Li4Ti5O12 target having 50 mm diameter was
used as source material. The substrate was placed on a
substrate holder positioned at 40 mm away from the target.
Argon (Ar) gas was used as buffer gas. The working
pressure was approximately 6  10−2 Torr. The deposition
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Table 1. Experimental parameters of the deposition
process.
Substrate to target
distance (mm)

Pressure
(Torr)

RF Power (W)

Time
(min)

40

6  102

75

45

process was performed for 45 min under these conditions.
The experimental parameters are summarized in Table 1.
In order to prevent overheating, cooling water was used
circulated through the chamber and sputter gun during the
process.
The reﬂectance spectrum of the produced Li4Ti5O12
thin ﬁlm was obtained in the wavelength range of 400–
1000 nm by a spectroscopic reﬂectometer (Filmetrics F20
Thin Film Analyzer). The surface morphology was
examined by a ﬁeld emission scanning electron microscope
(FESEM) (Carl Zeiss SUPRA 40 VP). The normal
incidence transmittance and absorbance data were collected by a UV-VIS double beam spectrophotometer (UNICO
4802) in the wavelength range of 300–1000 nm. A Tauc plot
of (ahn)2 vs. hn was used to estimate the optical band gap
energy. X-ray diffraction measurement was carried out in
the 2u range of 20–70 by using an X-ray diffractometer
(PANalytical Empyrean) with monochromated CuKa
radiation (l = 1.54056 Å) to examine the crystalline
structure. Bragg-Brentano geometry and Pixel 3D detector
were used for the XRD analysis. A potentiostat/galvanostat/ZRA device was used for electrochemical measurements (Gamry Reference 3000). The produced Li4Ti5O12/
ITO/glass system was immersed in the 0.1 M lithium
perchlorate propylene carbonate (LiClO4-PC) electrolyte.
A standard three-electrode cell was adopted with
Li4Ti5O12/ITO/glass as the working electrode (WE),
ITO/Glass as the counter electrode (CE) and Ag/AgCl
as the reference electrode (RE). Cyclic voltammetric (CV)
and impedance analysis were carried out with the scan rate
of 1 mV/s.

3 Results and discussion
Figure 1a shows a top view FESEM image of the LTO thin
ﬁlm deposited on ITO/glass substrate. The surface of the
obtained thin ﬁlm is nano-structured, dense and smooth
(having low roughness) without the presence of voids or
pores. However, it can be observed from the ﬁgure that the
ﬁlm is not free from nano-cracks. The growth mode of the
ﬁlm was determined to be layer-plus-island mode (Stranski-Krastanov growth mode). Figure 1b shows the XRD
pattern of the LTO thin ﬁlm deposited on ITO/glass
substrate. As shown in Figure 1b, LTO and ITO crystal
phases were detected. No other diffraction peak was
detected except ITO and LTO peaks. The crystal direction
of the LTO was found to be (400), (331) and (531). The
positions of the peaks are in good agreement with existing
literature [26]. Other peaks correspond to the (211), (222),
(332), (431) and (622) diffraction planes of ITO as reported
in relevant literature [27,28]. The average crystallite size

was calculated using the Debye-Scherrer’s equation as
follows:
kl
ð1Þ
D¼
bcos u
where D is the crystallite size, l is the X-ray wavelength, b
is the full width at half maximum, u is the Braggs
diffraction angle and k is constant (0.94). The average
crystallite size was calculated by resolving the highest
intensity peak of LTO, i.e., (400) plane. The average
crystallite size of the LTO thin ﬁlm was found to be 22 nm
which gives an indication that the produced LTO thin ﬁlm
has a nano-crystalline structure.
Figure 2a–c presents the optical transmittance (T),
absorbance (A) and reﬂectance (R) spectra of the LTO thin
ﬁlm deposited on ITO/glass substrate. The T, A and R
spectra of the uncoated glass, ITO/glass and LTO/glass
are also given for better comparison in the ﬁgure. The T, A
and R levels of ITO/glass and LTO/glass are quite
identical. These systems have an average transmittance
rate above 80% in the visible region from 400 to 700 nm.
When LTO was deposited on ITO/glass, it was observed
that the transmittance decreased and the absorbance and
reﬂectance increased. However, the LTO/ITO/glass
system exhibited an average transmittance rate above
70% in the visible region which is sufﬁcient for practical
applications. The oscillatory character of the transmittance and reﬂectance curves of LTO/ITO/glass is due to
the interference effect arising from the multiple reﬂections
at the interfaces which indicates the thickness uniformity
of the ﬁlm.
The optical band gap energy value of the LTO thin ﬁlm
deposited on ITO/glass substrate can be obtained by the
well-known Tauc method [29]:
ðahnÞ2 ¼ Bðhn  Eg Þ;

ð2Þ

where a is the optical absorption coefﬁcient, hn is the
energy of the incident photon, B is a constant and Eg is the
optical band gap energy. The value of the exponent
indicates the nature of the electronic transition, whether
allowed or forbidden and whether direct or indirect: for
direct allowed transitions: 2, for direct forbidden transitions: 2/3, for indirect allowed transitions: 1/2, for
indirect forbidden transitions: 1/3. Plotting the (ahn)n vs.
hn is a matter of testing n = 1/2 or n = 2 to compare which
provides the better ﬁt and thus identiﬁes the correct
transition type. (ahn)2 curve as a function of hn was plotted
to obtain the optical band gap energy value, as shown in
Figure 2d. The single slope in the ﬁgure asserts that the
produced systems have direct and allowed transition. The
optical band gap energy value obtained by the Tauc
method is 3.8 eV for the LTO thin ﬁlm deposited on ITO/
glass substrate. Such a band gap energy value is typical
of electronically insulating materials and it is in good
agreement with the relevant literature [30].
The impedance spectrum and Randles circuit obtained
from the electrochemical impedance analysis are given in
Figure 3. The Randles circuit showed that the anode
electrode had a semi-inﬁnite linear diffusion controlled
faradaic reaction and the values for ionic transfer resistance
(R1), capacitance (Q), charge transfer resistance (R2) and
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Fig. 1. (a) Top view FESEM image and (b) XRD pattern of the LTO thin ﬁlm deposited on ITO/glass substrate.

Fig. 2. (a) Transmittance, (b) absorbance, (c) reﬂectance spectra of the LTO thin ﬁlm deposited on ITO/glass substrate and (d) Tauc
plot of (ahn)2 vs. hn to obtain the optical band gap energy.

Warburg impedance (Zw) are given in Table 2. The ionic
transfer resistance was determined as 527 V⋅ The
conductivity of the LiClO4-PC electrolyte is approximately
2.0 mS. The ionic transfer conductivity value at the anode
electrode-electrolyte interface was calculated as 1.9 mS
from the relation 1/R1. This value is in good agreement
with the conductivity value of LiClO4-PC electrolyte. The
impedance spectrum showed a good blocking behavior

representing a capacitive branch in the tracking of a
transmission line, i.e. the anode shows a high charge
transfer resistance. This is due to repeated intercalation of
lithium ions into the LTO anode. The constant phase
capacitance of LTO anode material is 18 mF. The Warburg
diffusion element with a value of 817 S.s1/2 provides easy
Li-ion diffusion. However, charge transfer is low owing to
the charge transfer resistance of 600 kV. The produced
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high-performance properties providing corrosion resistance
due to its high charge transfer resistance. In the light of the
obtained results, although several deposition procedures
have been reported for producing thin ﬁlm Li4Ti5O12
electrodes, RF magnetron sputtering comes out to be as a
simple and cost-effective technique. This technique can be
an alternative for preparing nano-structured Li4Ti5O12
thin ﬁlm anodes for Li-ion micro-batteries.
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Fig. 3. The impedance spectrum and Randles circuit obtained
from the impedance analysis.

Table 2. The obtained ionic transfer resistance (R1),
capacitance (Q), charge transfer resistance (R2) and
Warburg impedance (Zw) values from the electrochemical
impedance analysis.
R1 (V)

Q (mF)

R2 (kV)

Zw (S.s1/2)

527

18

600

817

LTO anode layer has better ionic conductivity when
compared to related studies in literature [31–33].

4 Conclusions
In summary, RF magnetron sputtering deposition of LTO
nano-particles was studied to prepare a thin ﬁlm on
transparent conducting oxide, namely ITO/glass substrate
as anode for Li-ion micro-batteries. The produced thin ﬁlm
was not exposed to thermal treatment. FESEM analysis
revealed that the surface of the thin ﬁlm obtained by this
process was dense and smooth. X-ray diffraction study
conﬁrmed that the crystallinity of the Li4Ti5O12 was
conserved in the deposited layer. Optical study revealed
that LTO/ITO/glass exhibits an average transmittance
rate above 70% in the visible region with a band gap energy
value of 3.8 eV. The half-cell impedance performance of
LTO anode was investigated. The obtained Randles circuit
showed that the anode electrode had a semi-inﬁnite linear
diffusion controlled faradaic reaction. The impedance
spectrum showed a good blocking behavior due to repeated
intercalation of lithium ions into the LTO anode. Easy Liion diffusion was achieved; however, charge transfer was
low. The originality of this study is the production
of solid state LTO thin ﬁlm anode with low current and
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