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density, flat discharge characteristics, high voltages, and 
high energy densities [1–3]. Many type LiBs are manufac-
tured according to the technological applications. An all-
solid-state battery is a type of the LIBs. An all-solid-state 
battery consists solid layers including anode, cathode and 
electrolyte layers. Solid electrolyte layer plays an impor-
tant role in the battery performance [4]. Solid electrolyte 
must have only ionic conductivity. Moreover, the solid-state 
electrolyte is widely used in novel electronic devices and 
sensors. Thin films should be deposited onto transparent 
substrates for the all-transparent electronic devices. For the 
transparent electronic devices, solid electrolyte layers must 
be deposited on the transparent conductive oxide layers such 
as indium tin oxide (ITO) layer.

The Li3PO4 (LPO) film is used an all-solid electrolyte 
layer. LPO is a well-known and most used oxide electrolyte 
material. Also, this layer is a good separator in the recharge-
able battery. The all-solid state electrolyte layer is a key 
material. LPO have only ionic conductivity. It is a chemi-
cally stable and safe material [5, 6]. The ideal solid electro-
lyte should have a high ionic conductivity with a combina-
tion of transport numbers and should be stable over a wide 
potential range of 0–5 V in contact with metallic lithium [7, 
8]. The solid electrolyte for LiBs has the features such as 
nano-structured composites, high power density, long cycle 
life, high-rate capability, high performance, thermal stabil-
ity, smaller dimension and excellent safety [9–15].

The LPO thin film as a solid electrolyte layer can key 
materials for the fully solid-state electronic materials and 
devices such as microelectronics, communications, smart 
cards, medical devices, CMOS-based integrated circuit 
applications, gas sensors, and battery of electric vehicles 
[16–21].

The LPO films can be deposited by the various methods. 
These methods are radio frequency magnetron sputtering 

Abstract  In this paper, Li3PO4 (LPO) thin films were 
coated onto bare and indium tin oxide (ITO) coated glass 
substrates by thermionic vacuum arc technique. The struc-
tural, surface, and optical properties of the LPO films were 
investigated. The properties of the deposited films were 
analyzed using an X-ray diffraction, field emission scan-
ning electron microscopy, atomic force microscopy, UV–
Vis spectrophotometer, and interferometer tools. The miller 
indices of the crystalline planes of the ITO coated samples 
were determined as to be (222), (123), (400), (420), (440), 
(622), and (444). The (200), (121), (112), (301), and (410) 
miller indices for the crystalline planes were detected for the 
LPO layers deposited directly on glass. The grain sizes, the 
microstrain, the lattice strain values, the dislocation density 
and the number of crystallite per unit area were estimated 
for LPO layer. The transparency values of the produced 
Li3PO4/glass (sample S1) and Li3PO4/ITO/glass (sample S2) 
structures were relatively high 87 and 90% for bare and ITO 
coated glass substrate, respectively. The reflection values 
of the coated samples onto bare and ITO coated glass were 
approximately as 0.05 and 0.06 at 550 nm, respectively.

1  Introduction

Lithium ion batteries (LiB) have more advantageous for 
many reasons. These are excellent shelf life, good power 
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(RF) [22], chemical precipitation [23], spray coating [24], 
wet chemical [25], thermal evaporation [17], pulsed laser 
deposition [26], electrostatic spray deposition [27], co-pre-
cipitation reaction [28], solid-state reaction [29], ArF exci-
mer laser deposition [30] and etc.

In this study, the LPO thin films were deposited onto the 
bare and ITO coated glass substrate by the thermionic vac-
uum arc (TVA) technique, for the first time. TVA is a rapid 
deposition technology [31–33]. According to other deposi-
tion technologies, the films can deposit in shortest time in 
the high vacuum conditions and low deposition tempera-
tures. So, deposited layers have different properties such as 
nano structured, low roughness, high adherence, deposition 
with high ion energy and etc. The effect of the structural, 
surface and optical properties of coated the LPO thin films 
on the different substrates were investigated. The anneal-
ing process was not performed. The deposition and analysis 
were realized at room temperature. An UV–Vis spectropho-
tometer was used to determine the optical properties. The 
coated samples were investigated by field emission scanning 
electron microscopy (FESEM) and atomic force micros-
copy (AFM). X-ray diffraction (XRD) analysis is also used. 
UV–Vis spectrophotometers (UNICO 4802 double beam) 
were used for the optical properties of the produced the LPO 
thin films.

2 � Experimental

The surfaces of bare and ITO coated glasses were cleaned 
by de-ionized water. TVA system was used for the LPO thin 
film deposition. The TVA is a pure plasma generator and 
thin film deposition system. TVA system has two electrodes. 
One of the electrodes is an electron gun and other is a cru-
cible for material deposition. The LPO pieces were placed 
in the molybdenum crucible. The distance of the between 
crucible and substrates positions was adjusted to 80 mm. 
The TVA system works under high vacuum conditions. In 
this deposition process, the electron gun is used to evaporate 
of the material placed into the crucible. The electron gun in 
TVA runs with a direct current. Emitted electrons from the 
electron gun are accelerated by the DC high voltage power 
supply to the anode from the electron gun. When the plasma 
is ignited, the applied voltage is suddenly decreased. In that 
time, the discharge current is directly increased. The film 
thickness can be controlled in the TVA system. The electri-
cal parameters of the TVA discharge were kept the same for 
the depositions. In this paper, two type substrate materials 
were used. Finally two-type stack formations were manufac-
tured such as Li3PO4/glass and Li3PO4/ITO/glass structure, 
named as sample S1 and sample S2, respectively. All thin 
films were coated at room temperature.

Only one surface of the substrates was used for the coat-
ing process. Prior to the start of the coating process, the 
chamber was vacuumed up to 1.10−5 torr. TVA parameters 
are the filament current (18 A), applied voltage (250 V), 
drop voltage (100 V), deposition pressure (1.10−4 torr), dis-
charge current (0.2 A), and deposition time (25 s). No heat 
treatment was applied to the substrate before and after the 
experiment.

A Zeiss SUPRA 40 VP FESEM was used in the analyses 
of the surface morphology of the produced LPO thin films. 
Rigaku MiniFlex 600 XRD smart lab goniometer tool was 
used to measure X-ray pattern of the LPO layers. The sur-
face roughness of samples has been examined by an Ambios 
Q-Scope AFM. The AFM images of the film surface have 
been taken by non-contact mode using the Scan Atomic V 
5.1.0 SPM control software. UV–Vis spectrophotometer 
(UNICO 4802 double beam) was used to determine the 
optical properties of the produced LPO thin films. Filmet-
rics F20 interferometer tool was used to measurement of the 
reflectance spectrum of coated LPO layers.

3 � Results and discussion

FESEM image of the samples are indicated in Fig. 1. The 
high-resolution 2D surface imaging and grain dimension 
were determinate with FESEM. The measurements were 
realized at higher magnifications. The image in Fig. 1 reveals 
the granular structure and uniform distribution of spherical 
particles on the surface of the deposited films. The images 
of the LPO coated onto bare and ITO coated glass substrates 
are shown in Fig. 1a, b. The smallest grains were detected on 
the LPO coated bare glass substrate surface. Surfaces images 
are not similar. Especially sample S2 has some cracks. This 
is a proper property for the ion trapping and Li mass transfer.

The XRD measurements are shown in Fig. 2. XRD pat-
terns were obtained in the range of 20°–70°. Figure 2a, b 
shows the XRD pattern of LPO coated onto bare and ITO 
coated glass substrate. The miller indices for the LPO coat-
ings were detected at (200), (121), (112), (301) and (410). 
These results are good agreement with related literature val-
ues [34, 35]. Figure 2b have also different reflection planes 
of (202), (222), (123), (400), (420), (440), (622) and (444), 
these reflections planes are related with the ITO substrate 
[36–38]. Debye–Scherrer formula is seen in the Eq. 1, is 
used for the calculate of the grain sizes [39]. According to 
obtained results, microstructural properties of the S1 and S2 
samples are very close to each other, but grain size of the 
sample S2 is smaller than the values of the S1 sample. 

(1)D =
K�
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where D, K, λ, β, and θ symbols are the grain size, shape 
factor (0.94), used wavelength (1.5406 Å), the full width at 
half maximum (FWHM) of the observed peak, respectively. 
Equations 2 and 3 were used to calculate the microstrain and 
lattice strain of the deposited layers [40, 41]. 

where, MS and LS are microstrain and lattice strain of the 
peak. The Eqs. 4 and 5 are used to find the dislocation den-
sity and the number of crystallites per unit area. 

(2)MS =
(� cos �)

4

(3)LS =
�

4 tan �
where, δ and N are the dislocation density and number of 
crystallites per unit, respectively [37]. The thicknesses of 
the films (t) were measured 100 and 80 for sample S1 and 
S2 by Filmetrics F20 thin film measurement system, respec-
tively. The values found using by the equations are given in 
Table 1.

(4)� =
1

D2

(5)N =
t

D3

Fig. 1   FESEM images for LPO 
thin films onto a bare and b ITO 
coated glass substrates

Fig. 2   XRD patterns of LPO coated onto a bare and b ITO coated 
glass substrate

Table 1   XRD parameters of produced samples S1 and S2 sample

Samples D (nm) LS MS δ (nm−2) N (nm−2)

S1 23 0.0060 0.0015 0.0019 0.0080
19 0.0052 0.0019 0.0028 0.0152
24 0.0039 0.0015 0.0017 0.0072
28 0.0031 0.0013 0.0013 0.0047
20 0.0035 0.0018 0.0027 0.0142

S2 18 0.0078 0.0019 0.0030 0.0134
22 0.0062 0.0016 0.0021 0.0077
15 0.0087 0.0024 0.0046 0.0251
13 0.0087 0.0026 0.0056 0.0339
24 0.0044 0.0015 0.0018 0.0060
24 0.0040 0.0015 0.0017 0.0056
23 0.0041 0.0015 0.0018 0.0065
22 0.0039 0.0016 0.0019 0.0069
15 0.0058 0.0024 0.0045 0.0240
19 0.0043 0.0018 0.0027 0.0110
11 0.0065 0.0033 0.0087 0.0652
14 0.0049 0.0026 0.0052 0.0303
17 0.0062 0.0033 0.0088 0.0660
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The two-dimensional (2D) and three-dimensional (3D) 
AFM images of the film surfaces are presented in Fig. 3. 
These images have obtained in 2 μm × 2 μm scan areas. The 
2D images of sample S1 and S2 are shown in Fig. 3a, c. The 
3D images of the samples are shown in Fig. 3b, d, respec-
tively. The scan angle and rates of the films were 0° and 
2 Hz, respectively. The films were growth in island type, 
relatively.

Root mean square (RMS), Skewness (Ssk) and Kurto-
sis (Skr) parameters give the characterization results of the 
coated surface. For the values of these parameters, the meas-
urements were taken at different areas of the films at room 
temperature and atmospheric pressure. These parameters are 

shown in the Table 2. According to the values in Table 2, 
the RMS roughness of the films is increased from 44.8 to 
25.7 nm for the sample S2 the ITO coated substrate. The 
roughness value for sample S2 is nearly half of the sample 
S1 value.

The absorbance and the transmittance spectra of the 
deposited layers are shown in Fig. 4. The measurements 
were realized in the range of 200 and 1000 nm. The absorb-
ance graph is shown in Fig. 4a. Absorbance values are 
approximately 0.04 or 0.05 for the sample S1 or S2, respec-
tively. The transmittance graph is shown in Fig. 4b. The 
measured transmittance values are 90 and 87% for S1 and 
S2 samples, respectively. These values were measured at 
550 nm. According to Fig. 4, LPO coated onto substrates has 
been different optical properties. The transmittance value of 
LPO coated onto ITO glass is respectively low according to 
the other sample at visible range. It was concluded that the 
samples have good optical quality due to high transparency 
and low absorption losses of the films. Figure 5 is shown 
reflectance spectrum of the LPO. The reflectance values of 
the samples were found approximately as 0.05 and 0.06 at 

Fig. 3   AFM images of the LPO coated samples. a 2D and b 3D images for the bare glass, c 2D and d 3D images for ITO coated glass

Table 2   Surface characterization results of the bare and ITO coated 
glass substrate

Samples RMS (nm) Skewness Kurtosis

S1 44.8 0.3 0.5
S2 25.7 0.2 0.6
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550 nm for the sample S1 and S2, respectively. The reflec-
tance of the LPO is different. This difference is also sup-
ported by FESEM and AFM images. As these results, the 
reflectance of the LPO coated ITO glass is more than the 
value of the LPO coated onto the bare glass substrate.

In this study, the surface, microstructural, optical proper-
ties are varied from the substrate effect. Although ITO layer 
is in the polycrystal form, obtained results are similar to 
each other and literatures values. The all deposited layers 
have high transparency values. Finally, it is concluded that 
TVA is a proper and very fast deposition technology for the 
LPO thin films layers according to investigated properties.

4 � Conclusions

In this paper, LPO layers were coated onto bare and ITO 
coated substrates by TVA technique without any annealing 
process. The advantage of TVA method are listed such as 
more efficiently, higher quality, high uniformity, in a shorter 
deposition time and etc. All measurements were realized in 
room temperature. The structural, optical and surface prop-
erties of coated LPO samples were investigated using by 
variously analysis tools. The coated LPO samples thickness 
had approximately 100 and 80 nm for a bare and ITO coated 
glass substrates, respectively. The AFM and the FESEM 
images show that deposited layers are compact, crystal-
line, and homogeneous. The RMS roughness, the Skewness 
and the Kurtosis values of the coated samples are different. 
LPO and ITO reflections planes were detected by X-ray dif-
fractometer. The absorbance, transmittance and reflectance 
graphs versus wavelength of LPO thin films were obtained. 
It is seen that the films have different optical properties and 
these films are transparent. According to results, TVA is a 
proper deposition technology for LPO coatings.
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