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a b s t r a c t

In this paper, a transparent all-solid-state battery was manufactured by RF magnetron sputter, for the
first time. LiFePO4 and Li4Ti5O12 are popular cathode and anode materials, respectively. For the solid-state
electrolyte coating, the Li3PO4 material is also promising solid electrolyte materials due to the high ionic
conductivity. The stack structure of the battery was silver paste/anode (Li4Ti5O12)/electrolyte (Li3PO4)/
cathode (LiFePO4)/ITO/glass. An indium tin oxide (ITO) coated glass substrate was used as a transparent
and conductive material. The resistance of the coated ITO layer is 40 U. RF power for the LiFePO4, Li3PO4,

and Li4Ti5O12 layers deposition process was adjusted to 100 Watt at argon atmosphere. This stack
structure didn't contain any liquid or gel electrolyte layer. The fully solid electrolyte was deposited by the
RF magnetron sputter. The mean crystallite sizes of the deposited layers approximately 30 nm, 21 nm and
30 nm for LiFePO4, Li3PO4 and Li4Ti5O12 layer, respectively. The transparency of the manufactured battery
is approximately 80%. Electrochemical impedance analyses and cyclic voltammetry measurements were
done. The Nyquist diagram and equivalent circuit model were determined. Warburg constant and Li-ion
diffusion coefficient were calculated approximately 38 U/s�1/2 and 4.2 � 10�10 cm2/s, respectively. The
capacity of the transparent all-solid-state battery was measured as to be 600 mAh/g. The value of the
According to obtained results, deposited battery is a quasi-reversible system because of the differences
between cathodic and anodic peak potential is calculated about 52 mV. Warburg, Li-ion diffusion co-
efficient and capacity of the deposited battery show very good adherence with literature.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Rechargeable or secondary type batteries are very popular for
the energy storage system. These batteries are used in electronic
devices such as an electrical vehicle (EVs), smartphone, laptops,
rechargeable mobile communication tools, microelectronics,
medical components, etc. Lithium batteries are the most popular
among the rechargeable batteries [1]. Variously physical and
chemical deposition methods have been used for fully solid state or
thin film battery. These battery types do not contain any liquid or
gel electrolytes. But, their sizes are very small according to com-
mercial battery types. Transparent batteries are the key component
for the fully transparent electronic devices such as touch screen,
display, solar cell, smart watch and phones and etc.

LiCoO2 [1e6], LiMn2O4 [4], LiFePO4 [7] compounds have been
used as cathode materials for the all-solid-state batteries. Lithium
phosphorous oxy-nitride (LiPON) electrolyte has high ionic con-
ductivity and chemical stability according to metallic Li [8].
Deposited LiPON layer is a fully solid state electrolyte. An alterna-
tive electrolyte is Li3PO4 [9], because the Li3PO4 material is also
promising solid electrolyte materials due to the higher ionic con-
ductivity [10]. Variously intermetallic, ceramic and compounds
were investigated as to be battery materials [1e18].

In this research, a highly transparent fully solid-state battery
was manufactured by RF sputter deposition method, for the first
time. The manufactured transparent rechargeable battery contains
transparent conductive layer as cathode current collector, cathode,
fully solid-state electrolyte, an anode, and anode current collector.
As a substrate material, glass substrates were used for the
manufacturing. Firstly, indium thin oxide layer coated on glass
substrates by RFmagnetron sputtering. Then, LiFePO4 cathode layer
was coated on the ITO/glass samples. For the reach final stack of the
battery, Li3PO4 solid electrolyte, and Li4Ti5O12 anode layer were
coated, respectively. Finally, the silver paste was used for the anode
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current collector. Final sack was formed as to be silver paste/anode/
electrolyte/cathode/ITO/glass. The transmittances and absorbance of
the deposited layer were determined using a UVeVis spectropho-
tometer. Field emission scanning electron microscopy (FESEM) was
used for the surface morphology characterizations. X-ray diffrac-
tion analyseswere done for the deposited layers. A Potentiostat was
used for the electrochemical impedance analysis and cyclic vol-
tammetry. The capacity of the manufactured battery was deter-
mined. Also, electrochemical equivalent circuit and value of the
circuit elements were determined by ZSim software.

2. Experimental details

Transparent solid-state rechargeable batteries have been pro-
duced using RF magnetron sputter at argon atmosphere. Trans-
parent battery stack was generated as to be silver paste/anode/
electrolyte/cathode/ITO/glass. Before the coating process, glass sub-
strates were cleaned by deionized water and ethyl alcohol. The 2
inches sputtering target were used for the all deposition process.
The transparent conductive layer was deposited from an indium tin
oxide (ITO) target. The deposition process was realized at
6.10�2 Torr at argon atmosphere. Measurement resistance values of
the coated layers per a cm were 40 U. Lithium iron phosphate
(LiFePO4) cathode materials, lithium phosphate (Li3PO4) and
lithium titanate (Li4Ti5O12) anode materials were deposited at
100 W RF power at argon atmosphere. Deposition pressure was
adjusted to 2.10�1 Torr. All experiments were realized only an hour.
RF magnetron sputtering process parameters are summarized in
Table 1. Distances of the substrate from the target were kept con-
stant and its value was 50 mm. Throughout the whole depositions
process, all parameters kept constant.

3. Experimental results

The surface images of the deposited cathode (LiFePO4), a solid
electrolyte (Li3PO4) and anode (Li4Ti5O12) layers were taken using
field emission scanning electron microscopy (FESEM). ZEISS Supra
40VP FESEM was used for the surface imaging. The FESEM images
of the cathode, solid electrolyte and anode layers are shown in
Fig. 1(a) and (b) and 1(c), respectively. These images were obtained
at 150,000�magnification. As can be seen in Fig.1(a)e(c) deposited
surface are in uniform, homogeny, compact and nano-structured.
Granular structures are clearly seen in FESEM images.

A Panalytical Empriyan XRD tool was used for the estimation
XRD pattern, average particle size and phase analysis of the
deposited layers. The XRD patterns are shown in Fig. 2(a), b and c.
The XRD patterns illustrated in Fig. 2(a), b and 2c belong to LiFePO4,
Li3PO4 and Li4Ti5O12 layer. The estimated reflection planes were
assigned in the XRD patterns. The determined peak positions for
LiFePO4 layer are 42.85� and 44.53�, correspond to (112) and (321)
plane. It is indicates that LiFePO4 exist in polycrystalline form. In
Fig. 2(b), the XRD peaks, located at 41.91� and 47.26� were indexed
as (202) and (301) for the Li3PO4 layer. Then, the peaks for Li4Ti5O12
layer was indexed as to be (400) and (331) located at 44.53� and
47.26�, respectively. The crystallite orientation and surface struc-
ture of the deposited layers directly play an important role the Li-
Table 1
RF magnetron sputtering parameters.

Parameters, symbol, unit LiFePO4 Li3PO4 Li4Ti5O12

Pressure, P (Torr) 2 � 10�1 2 � 10�1 2 � 10�1

Buffer gas Ar of 100% Ar of 100% Ar of 100%
RF power, P (Watt) 100 100 100
Time, t (mins) 60 60 60
ion diffusion capacity [16,22]. These are the key parameters for
the battery performance. The layers contains nano particles
improve the rate capacities.

Debye-Scherrer equation is the basic equation to determine the
mean crystallite size of the deposited layers. XRD peak shape gives
more information about the crystallite structures of the deposited
layers. The equation can be written as;

mean size of the crystalline ¼ K l

b*Cosq
(1)

where, K is a dimensionless shape factor (0.9), l is the used x-ray
wavelength for the analysis and b is the line broadening at half the
maximum intensity (FWHM). The calculated mean crystallite sizes
are approximately 30 nm, 21 nm and 30 nm for LiFePO4, Li3PO4 and
Li4Ti5O12 layer, respectively. These obtained results from the XRD
patterns were in rapport with FESEM images. Also, lattice strain
value of the deposited layers was determined as to be 0.0033,
0.0047 and 0.0032, respectively.

Unico UVeVis 4802 double beam spectrophotometer was used
for the transmittance and absorbance spectra of the full stack of the
battery. Measurements were done in the range of 300e1000 nm.
Full stack structure was silver paste/anode/electrolyte/cathode/ITO/
glass. Transmittance and absorbance spectra of the battery are
illustrated in Fig. 3(a) and (b). As can be seen from transmittance
graph, the obtained layer is transparent. Transparency values of the
anode/electrolyte/cathode/ITO/glass are approximately 80% in the
visible region. In Fig. 3(a), a photo image of the manufactured
battery is seen. Non-coated glass transmittance value is approxi-
mately 90% in the visible region. Absorption values of the full stack
are also very low.

The reflectance spectrum of the battery stack structure (anode/
electrolyte/cathode/ITO/glass) was recorded using by Filmetrics F20
interferometer. The reflectance measurement was realized in the
range of the 400e1000 nm. An obtained reflectance spectrum is
shown in Fig. 4. As can be seen in Fig. 3, battery surface has a colour.

A Gamry potentiostats/galvanostat Reference 3000 was used for
the electrochemical measurements. The electrochemical imped-
ance analyses (EIS), cyclic voltammetry (CV) analyses, charge test
and capacity measurements were done. Generally, the performance
value of the all-solid-state battery is related with the microstruc-
tural and surface properties of the layers [22e28]. A Nyquist dia-
gram, an equivalent circuit of the battery and equivalent circuit
elements values were obtained from the ZSim software by a fitting
procedure. The Nyquist diagram and equivalent circuit diagram
were shown in Fig. 5. Impedance spectra were done in an air at-
mosphere and room temperature with two-probe technique. ZSim
software was used to determine equivalent circuit and circuit ele-
ments. Obtained circuit elements values were listed in Table 2. A
Warburg impedance is related with the Li-ion transfer. Warburg
impedance is detected at low frequency region. The straight line at
45� in Fig. 5 is related with the Warburg impedance. Warburg
impedance value was obtained approximately 38 U/s�1/2.

The cyclic voltammetry (CV) graphs of the fully transparent
solid-state battery are seen in Fig. 6. Fig. 6 shows an example of the
typical redox curves. The CV measurement was performed at room
temperature with the scan rate of 1 mV/s. The CV analyses were
applied the deposited all-solid-state battery at atmospheric pres-
sure and room temperature. Liþ diffusion can calculate using the CV
analyses. Liþ diffusion rate is related with the crystalline structure
of the deposited layers. All deposited layers are in the poly-
crystalline form, according to XRD data shown in Fig. 2. The area of
the staked all-solid-state battery was approximately 1 cm2. The CV
scan is shown in the range of 3.80e3.85 V in Fig. 6. These results of
the manufactured battery are very similar to related literature. The



Fig. 1. FESEM images of the nano-layered deposited (a) LiFePO4, (b) Li3PO4 and (c) Li4Ti5O12 layer.

Fig. 2. XRD pattern of the nano-layered deposited (a) LiFePO4, (b) Li3PO4 and (c) Li4Ti5O12 layer.
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anodic and cathodic peaks were observed. For the scan rate of
1 mV/s, anodic and cathodic peak values were shifted to 3.86 V and
3.808 V, respectively. The differences between the cathodic and
anodic peak potential is calculated about 52 mV. This value is lower
than the expected value in the reversible systems potential
requirement (59 mV). The obtained this value shows that manu-
factured battery is a quasi-reversible system [27]. This result is in
good harmony with the related literature. The anodic peak posi-
tions shift to higher value with increasing scan rate [18,26,27].

By using CV data, the Liþ ion diffusion coefficient can be



Fig. 3. (a) Transmittance and (b) absorbance spectra of the manufactured battery.

Fig. 4. Reflectance spectra of the full stack battery.

Fig. 5. The Nyquist diagram and equivalent circuit diagram of the battery.

Table 2
Equivalent circuit elements values.

Symbol, Unit Value

R1 (U) 35
C (nF) 40
R2 (U) 5.5
W, (U/s�1/2) 38
Chi square 1.3 � 10�5

Fig. 6. The CV graph of the transparent solid-state battery.
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calculated from the following equation;

Ip ¼ 2:6x105n3=2AD1=2
Li C*

Lin
1=2 (2)

where n is the ionization number, A is the area of the electrode, DLi
is the Liþ diffusion coefficient (cm2/s), C*

Li is the bulk concentration
of Li-ion in the Li3PO4 solid thin film electrolyte (mol/cm3), and n is
the scan rate of the CV analyses (1mV/s) [16]. Liþ ion diffusion value
was calculated approximately 4.2 � 10�10 cm2/s. This value is very
good adherence with the literature [13e19]. The capacity of the
manufactured battery was calculated as to be 600 mAh/g. This ca-
pacity value is very close to commercial product. The properties of
the product were introduced by Larfaillou et al., 2016 [20,21].
4. Conclusion

In this research paper, a fully transparent all-solid-state
rechargeable battery was manufactured, for the first time. The
manufacturing method was RF magnetron sputtering system at
argon atmosphere. The stack structure was silver paste/anode/elec-
trolyte/cathode/ITO/glass. Field emission scanning electron micro-
scopy images and X-ray diffraction patterns of the all deposited
layers were obtained. All deposited layers are in polycrystalline
structure. Crystalline structure and surface morphology affects the
battery performance. The mean crystallites sizes of the layers are
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approximately 30 nm, 21 nm and 30 nm for LiFePO4, Li3PO4 and
Li4Ti5O12 layer, respectively. The coated surfaces are homogeny and
uniform. According to optical results, the film transparency is very
high, approximately 80%. Also, electrochemical analyses including
electrochemical impedance spectroscopy, current-voltage analyses,
capacity equivalent circuit model, and parameters were deter-
mined. Furthermore, Li-ion diffusion coefficient for the transparent
all-solid-state battery was calculated as to be approximately
4.2 � 10�10 cm2/s. Warburg constant value for the fully transparent
battery was obtained approximately 38 U/s�1/2. The obtained this
value shows that manufactured battery is a quasi-reversible sys-
tem. The differences between the cathodic and anodic peak po-
tential is calculated about 52 mV. All obtained electrochemical
results show very good adherence. These results show that fully
transparent all-solid-state rechargeable battery manufacturing is
possible for the mobile devices.
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