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In this research, the effects on battery characteristics of two different production methods were inves-
tigated. The Li3PO4/LiCoO,/ITO/glass half-cell designs have been produced and analyzed. The LiCoO,
cathode layers are deposited on the ITO/glass substrates by using radio frequency magnetron sputtering
method. The LizPO4 electrolyte layers are coated on this structure by using radio frequency magnetron
sputtering and thermionic vacuum arc afterward. The optical, morphological, and electrochemical

properties of the produced half-cells are investigated by various analyzed methods. It is seen that the

produced half-cells have high transmittance values and relevant optical band gap values. When the radio

K ds: -
L?éwor s frequency power is increased from 100 W to 125 W, more rough structures are formed. The celll pro-
LPO duced by the thermionic vacuum arc method has exhibited more porous structure in the production of
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the electrolyte layer. This conjuncture clearly influenced the ionic conductivity.

© 2018 Elsevier Ltd. All rights reserved.

The secondary lithium batteries are lately utilized as a power
supply for electronic and hybrid electronic devices as well as
disquiet about the lack of energy sources and environmental
pollution [1—6]. There is a growing interest in the production of
secondary lithium batteries of smaller dimensions. The layers of
secondary type battery materials such as cathode layer, an elec-
trolyte layer, anode layer are low optical transmittance except for
the electrolyte layer [7—10]. The solid transparent electrolyte which
has a high ionic conductivity is more important material for the
secondary type battery performance [11—13]. The solid-state elec-
trolyte layer is permeable to lithium ions and it is impermeable as
electronic insulator [14—17]. The Li3sPO4 (LPO) is an alternative
electrolyte for fully transparent solid-state batteries [12,18—21].
LiCo02 (LCO) is widely used as a cathode in commercialized sec-
ondary lithium batteries [6,22—24]. The d-d transitions underwent
a blue shift of about 0.3 eV as the cubic LCO transformed into the
rhombohedral structure with band gap values of about 1.4 and
1.7 eV [25]. A band gap of 2.4 eV has been found by Ensling et al.
[26]. In the modified-spinel (disordered-phase) films, only a
prominent peak was observed at 2.9 eV, while the shoulder dis-
appeared [27]. a linear extrapolation of the energy axis gave a
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bandgap energy of 2.5 eV [28]. The LixCo1-xO which has a larger gap
(2.7 eV) than CoO was closed the band gap value with increasing x
to 2.0eV for x=0.2 [29].

The Li ion battery layers can be produced by means of various
techniques. These techniques can be given as RF sputtering [7,9,26],
chemical vapor deposition [2,30—32], pulsed laser deposition
[1,33,34], DC sputtering [22], combustion process [24,25], sol-
vothermal reaction [28,29], sol-gel method [6,35], spin-coating
technique [8], solvent casting method [13], molten salt method
[23], thermal evaporation [36].

The transparent solid state half-cell productions are performed
by using RF magnetron sputtering method (RF-MS) and thermionic
vacuum arc method (TVA) and their half-cell designs and photog-
raphy is presented in Fig. 1. RF-MS method is used for the cathode
layer productions. It is used two different methods for the elec-
trolyte layer production: TVA method for celll and RF-MS method
for cell2. We used indium tin oxide (ITO) coated microscope slides
as substrate.

RF-MS is a widely used thin film deposition technique. Low
pressures of noble gas atoms on the order of 1072-10~3 Torr are fed
into the chamber. The noble gas atoms are ionized as a result of
collisions with electrons. The ions are not while the electrons are
significantly influenced by the magnetic field. When they hit the
target material, they remove atoms from the target as a result of


mailto:sonerozen55@yahoo.co.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vacuum.2018.03.041&domain=pdf
www.sciencedirect.com/science/journal/0042207X
http://www.elsevier.com/locate/vacuum
https://doi.org/10.1016/j.vacuum.2018.03.041
https://doi.org/10.1016/j.vacuum.2018.03.041
https://doi.org/10.1016/j.vacuum.2018.03.041

S. Ozen et al. / Vacuum 153 (2018) 112—116 113

_LPO (by TVA)
LCO (by RF-MS) - ess———1TO
I glass |
celll
_LPO (by RF-MS)
LCO (by RF-MS) - L_.—ITO
glass |
cell2

Fig. 1. The design and photography of the transparent cells produced by two different
methods.

momentum transfer from large ions to target material. Sputtered
target atoms are free of charge, so they are not affected by magnetic
or electric field and can move towards the substrate and begin to
form desired films. In RF-MS experiments, we used LizPO4 target
(purity: 99.9%) and LiCoO; target (purity: 99.9%) with a thickness of
0.125 inches and diameter of 2 inches as sputtering material. Pure
argon gas was used as a buffer gas and was introduced through a
needle valve. During the deposition, the sputtering was conducted
in an Ar atmosphere with a target-to-substrate distance of 4 cm.
The deposition chamber was initially pumped down to
2 x 1072 Torr for all experiments. For cathode layer deposition ex-
periments, applied radio frequency (RF) powers were chosen as
100W for celll and 125W for cell2, working pressures were
6 x 1072 Torr, and deposition times were 45 min. For electrolyte
layer of cell2, applied radio frequency (RF) power was chosen as
75 W, working pressure was 1 x 10~! Torr. The deposition time for
all RF-MS experiments was 60 min.

The TVA discharge occurs between the anode and the cathode
electrodes under high vacuum conditions. The anode electrode
consists of the crucible and deposited material. The cathode fila-
ment which made from a tungsten wire with a diameter of 1 mm is
mounted inside an electron-focusing Wehnelt cylinder. The accel-
erated electrons collide with the anode due to a high dc potential
difference applied between the anode and cathode. The heated
anode material melts firstly and after some time starts to boil and
evaporate. With the increase of applied high voltage, a bright
discharge occurs in the interelectrode space. The plasma ions are
accelerated toward the vacuum vessel wall since the cathode of
TVA is at earth potential. Thus the material to be coated starts to be
deposited on the substrates. For electrolyte layer of celll, the
working pressure inside the vacuum vessel was about 1 x 10~ Torr,
and the intensity of the heating current of the cathode filament was
Ir=18 A. The voltage applied to the space between anode and
cathode was 250 V. The voltage dropped to 100 V and the current of
the discharge was Ig = 0.2 A. The deposition process was carried out
for 0.5 min.

The colors of produced half-cells were coded with the tricolor

red-green-blue (RGB) color values. LCO films are lithium deficient
when observation of the dark amber color [37]. It has the unde-
sirable property. The color of the film shifts to blue as the Li ratio in
the LCO film increases [35,38]. The RGB code of the dark amber
color is (230, 120, 45). The RGB values from the celll and cell2
photos given in Fig. 1 are determined as (135,120, 90) and (115, 110,
90), respectively. It is clear that the blue color code showed a higher
value while the red color code shows a lower value.

The optical transmittances of the produced thin films were
recorded at normal incidence of light with a UNICO 4802 UV—VIS
double beam spectrophotometer. The optical transmittance in the
wavelength range of 325—1000 nm, and Tauc plot for the produced
thin films are shown in Fig. 2. The T(A) curves of LCO/ITO coated
glass, LPO/LCO/ITO coated glass, and the ITO coated glass substrate
are also shown in the same figure for comparison. It is seen from
the figure that the ITO coated glass substrate has a high trans-
mittance value of 85—90% in the visible region. After LCO thin films
were deposited on ITO coated glass substrate, the transmittances of
samples decreased by about 10—20% in the visible region. The
transmittances of samples decreased by 5% in the near infrared
region. At the same time, the percent transmittance T% of the cell1
in the visible region is between 57% and 83% which is a little bit
lower than that of the cell2 due to the increase in RF power. The
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Fig. 2. The transmittance and optical band gap plots of the produced transparent
solid-state cells.
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transparency of the cell2 has decreased almost negligible together
with the coating of the LPO layer by using RF-MS. However, the
transmittance of the celll decreased by about 4—8% together with
the coating of the LPO layer by using TVA. It can be said that more
porous layer occurs by using TVA method. The optical band gaps of
the produced cells were evaluated from their UV-VIS absorbance
spectra. By extrapolating the linear part of the Tauc plot (¢hv)? vs
hv on the energy axis gives the optical band gap value. The band
gap value of 2.6 eV is associated with LCO thin film [27—29]. Since
the band gap value of the LPO material is below the band edge of
the glass, it cannot be observed [12]. According to Tauc plot of cell2,
second energy value in the band gap value of 1.7 eV is associated
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with cubic LCO transformed into the rhombohedral structure [25].

The surface morphology, surface roughness, and height distri-
bution histogram were determined by using an Ambios Q-Scope
atomic force microscope (AFM) with the ScanAtomic V5.1.0 SPM
control software in non-contact mode. The 3D AFM images and
results of the histogram analysis such as average height (h,),
average surface roughness (ryys), maximum deviation (Omax),
skewness (Ssk), kurtosis (S;) are presented in Fig. 3. The images of
LCO thin films showed a dense and granular film structure with
spherical grains of varying sizes. But, the surface images of half-
cells showed flat and wavy film structure after LPO layer produc-
tion. The LPO layers were spread like nappe onto the surface. A
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Fig. 3. The 3D AFM image of (a) the LiCoO; layer for cell 1, (b) the LiCoO, layer for cell 2, (c) the Li3PO4/LiCoO; layer for cell 1, (d) the Li3PO4/LiCoO, layer for cell 2 on ITO coated glass
substrate, the histogram analysis of (e) the LiCoO, layer for cell 1, (f) the LiCoO, layer for cell 2, (g) the LisPO4/LiCoO, layer for cell 1, and (h) the Li3PO4/LiCoO, layer for cell 2 on ITO
coated glass substrate.
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Fig. 4. Complex plane plot of the impedance and phase angle as a function of frequency for (a) the celll, (b) cell2.

perfect symmetrical surface distribution has a skewness value
equal to zero. If the surface distribution has more peaks than valleys
the skewness value will be positive. Kurtosis value is a measure of
the flatness of the distribution. The normal surface distribution has
a kurtosis value equal to zero. If the kurtosis value is positive sur-
face topography will imply a sharply peaked distribution. While the
surface of the cell is an asymmetric rough structure in the depo-
sition process by using TVA method, the surface of the cell is a
symmetric flat-topped structure in the deposition process by using
RF-MS method.

For electrochemical measurements of the lithium-ion cells, we
used ITO as the counter electrode, Ag as a reference electrode, half-
cells as the working electrode, and the electrolyte was a 1 M LiCl04
solution in propylene carbonate (PC). The conductivity of the
electrolyte was approximately 2.0 mS/cm. A potentiostat/galvano-
stat/ZRA (Gamry Reference 3000 instrument) was used for the
electrochemical measurements. Electrochemical impedance spec-
troscopy was carried by applying an AC voltage of 0.5V in a fre-
quency range of 0.1 Hz—100 kHz at an open circuit potential.

The impedance spectra of the cells are fitted according to the
equivalent circuit which a modification of the well-known Randles
circuit and the fitted results are shown in Fig. 4. In the equivalent
circuits, Q which constant-phase element consists of two parame-
ters. These two parameters are Yo which frequency independent
constant and n which correction factor. Rq represents the contact
resistance between electrolyte and electrodes. Rey is the charge
transfer resistance, and W is the Warburg impedance. R is the
separator resistance, and Cs is the separator capacitance. The Li

diffusivity is low when the thickness of the cathode electrode is
thin. There is the effect on diffusion of the Li* in the cathode ma-
terial of the cathode and cathode-electrolyte interface. Increase in
porosity and roughness increase ionic conductivity [39,40].
Impedance phase angles exhibit a closed 90° slope at which is
characteristic of a pronounced capacitive behavior. The 45° phase
angle was present at 1504 Hz for cell1, at 83 Hz for cell2, demon-
strating the fast accessibility of the ions in celll. The decrease at
100 Hz after the increase of the phase angle at low frequencies
shows that the cathode-electrolyte interface is porous [3G]. The
conjectural results of each circuit component of produced half-cells
are listed in Table 1. Q becomes a pure capacitor when the correc-
tion factor is 1. If correction factor is 0.5, Q becomes a Warburg
impedance. The chi-squared (Xz) values are 3.8 x 104 for cell1 and
2.3 x 10~ for cell2. The low W values of the cells showed us that
the Li-ion diffusion is easier, but the charge transfer of cells is low
due to high resistance, especially celll. The celll showed capaci-
tance value of 1.9 puF while the cell2 showed capacitance value of
51 pF.

The effects on battery characteristics of experimental parame-
ters for the LPO/LCO/ITO/glass half-cells were investigated. No
thermal treatment has been applied after the thin film layer
deposition processes for half-cell production. The RGB codes of
produced half-cells are observed as (135, 120, 90) for cell1 and (115,
110, 90) for cell2. The red dominant color code in the dark amber
color is weaker for cell2 according to celll. In this point, we reached
the conclusion that the Li ratio in the cathode layer of the cell2
produced by using RF-MS is higher than the Li ratio in the cathode

Table 1
The equivalent circuit element values of produced half-cells.
Ro (Q.cm?) Yo (S.sec”.cm~2) n Ren (Q.cm?) W (S.sec®.cm~2) Cs (F.cm™2) R; (Q.cm?)
celll 289 2x10° 0.82 0.9 x 10° 32x10°° 2x10° 8 x 10°
cell2 378 14 x 10E°® 0.76 0.3 x 10° 1x107° 51 x10°° 1x10°
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layer of the cell 1 due to the influence of RF power. The high
transparency cells were produced by both production methods. A
dense and granular film structure with spherical grains of varying
sizes was detected from the AFM analysis of LCO thin films. The
cell2 sample showed a more porous structure with the influence of
RF power. However, the AFM images of half-cells presented a flat
structure spread like nappe onto the surface after LPO layer pro-
ductions. The porous structures were better obtained by TVA
technique. The electrochemical analysis results showed that the Li-
ion diffusion is easier in the celll half-cell than cell2, while the
charge transfer of half-cells is low for cell1. It was concluded that it
is better to increase RF power in RF-MS method for cathode layer
production and TVA method is quite suitable for porous structures.
It is possible to obtain more smooth surfaces by modifying TVA
parameters.
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