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Abstract Li-B-W-O thin film serving as a solid-state
electrolyte layer for a solid-state thin film battery has been
deposited on a stainless steel (SUS)/Si substrate by thermal
evaporation deposition at room temperature. By energy
dispersive X-ray spectroscopy and inductively coupled
plasma-atomic emission spectrometer measurements, the as-
grown thin film showed a stoichiometry of Li; ggBW/ gOo.
The as-grown Li-B-W-0O solid-state electrolyte thin film
possessed an amorphous structure as confirmed by X-ray
diffraction. Field emission scanning electron microscopy
measurements of the film cross section showed a dense
structure that did not have any large defects such as cracks or
voids. For a cell structure of SUS/Li-B-W-0O/SUS/Si, an
impedance measurement conducted at room temperature
revealed an ionic conductivity of 2.15 x 1077 S cm™" with
activation energy of 0.52 eV, which suggests that Li-B—
W-O thin film can possibly be used as an electrolyte in
solid-state thin film batteries.
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Introduction

Since the 1970s, many solid-state electrolytes have been
studied for use in solid-state ionic power devices, such as
thin film microbatteries (TFBs) and thin film micro super
capacitors (TFSCs) owing to their potential uses as main
and alternative power sources in various applications [1-3].
Generally, either solid-state or liquid-state electrolytes may
be found in energy storage devices. In comparison with the
liquid-state electrolytes, solid-state electrolytes have not
provided satisfactory performance to meet the require-
ments of practical field applications, where high ionic
conductivity, chemical, and electrochemical stability are
required [4]. However, solid-state electrolytes have a wider
range of potential field applications in comparison with
liquid-state electrolytes, due in part to the ease at which the
fabrication of thin film forms of energy storage devices is
possible. The solid-state electrolytes can be further divided
into crystalline electrolytes and amorphous electrolytes.
Amorphous electrolytes include a sulfide series and an
oxide series. The sulfide series exhibit high ionic conduc-
tivity at room temperature and high thermal stability but
they become unstable when they come into contact with
moisture in the air. In addition, for all practical purposes, it
is hard to use the sulfide series because they are quite
difficult to handle. On the contrary, an oxide series solid-
state electrolyte is chemically and electrochemically more
stable than a sulfide series solid-state electrolyte at normal
atmospheric conditions [4]. Therefore, an oxide solid-state
electrolyte offers great potential for thin film-type elec-
trolytes in TFBs and TFSCs.

The search for an excellent solid-state electrolyte with
high ionic conductivity, as well as high thermal and
chemical stability, is required to realize wide spread utili-
zation of these ionic power devices. Most recent studies
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have focused on the development of superior thin film
electrodes to meet the challenges posed. The current status
of solid-state electrolytes for these ionic power devices is
still not sufficient, however. Many materials, such as the
hydrogenated zirconia (ZrO,-H,) [1], lithium lanthanum
titanate (LLT) [5, 6], and lithium phosphorous oxynitride
(LiPON) [7-9], have been used to deposit electrolyte thin
films for solid-state ionic power devices. LiPON solid-state
electrolyte thin films have been studied for TFBs and
TFSCs because of their stability with Li metal, they are
easily handled in normal atmospheric conditions and they
exhibit relatively high ionic conductivity. It has been
reported that the ionic conductivity of LiPON thin film
grown as under various deposition conditions are in the
range of 5 x 1077-2 x 107° S cm™" at room temperature.
However, the deposition time to obtain an optimal thick-
ness of LiPON (about 1 pm) is too long for cost-effective
application. Inaguma et al. [10-13] and Oguni et al. [14]
have reported ionic conductivities of LLT thin film that
were 10—100 times higher than that of LiPON thin films at
room temperature. However, the as-grown LLT thin film
showed several problems such as low growth rate and high
deposition temperature when it was deposited directly onto
the electrode. Based on our previous patent [15], Li-B-W—
O can not only be evaporated by a thermal evaporation
method but also forms a thicker film in a short time (about
5 min). In this study, we focused on the fabrication and
characterization of lithium—boron—tungsten—oxide (Li-B-
W-0) solid-state electrolyte thin films as a new solid-state
electrolyte candidate for solid-state TFBs and TFSCs. To
the best of our knowledge, no research has been reported
on thermal evaporation grown Li-B—-W-O thin films as a
solid-state electrolyte.

Experimental

Li-B—W-0 powders were synthesized from Li,O, B,03, and
Li,WO, (Kojundo Co. Ltd, 99.9%) as starting materials.
LizO, B203, and L12WO4 (LizO:B203ZLi2WO4 = 27112)
were thoroughly mixed in a rotary mill for 48 h with ceramic
balls using ethanol as the dispersing medium. The slurry was
then dried for 24 h at a temperature of 100 °C. The obtained
Li-B-W-0O powder was calcinated at a temperature of
700 °C for 3 h. Following calcination, the powder was again
dried for 24 h atatemperature of 100 °C and then ball-milled
for 24 h. Finally, to obtain pellets of Li-B—W-0, the powder
were pressed under a 100 kg cm ™2 load. A final heat treat-
ment at 700 °C was performed for 3 h to form the crystalline
structure in the Li-B-W-O pellet. As shown in X-ray
diffraction (XRD) spectrum of Fig. 1, a crystalline phase of
the Li-B—W-O solid-state electrolyte pellet was observed.
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Fig. 1 XRD patterns of Li-B-W-0 solid-state electrolyte pellet

Si substrates, which were degreased in acetone, methanol,
and ethanol for 10 min, and then rinsed thoroughly using
deionized water, were used in the thin film experiments.
After preparing the substrates, a vacuum chamber was
evacuated to 5 x 107° Torr. SUS (200 nm) bottom layers
were deposited at room temperature by direct current (DC)
sputtering using a 4-in. SUS metal target with a purity of
99.9%, where the Ar flow rate was maintained constant
(21 sccm) at a working pressure of 5 x 107> Torr and an
applied DC power of 40 W. Before deposition, the SUS
metal target surface was pre-sputtered using an Ar' plasma
to eliminate the oxide layer on the target surface. The pre-
sputtering was performed for 10 min at a working pressure
5 x 1072 Torr.

Li—-B-W-0 solid-state electrolyte thin films were grown
on the SUS/Si substrate using a thermal evaporation
deposition system with a base pressure of 5 x 10~° Torr.
The Li-B-W-0 pellet was evaporated at a working pres-
sure of 5 x 107> Torr with an input current of 2-2.5 A.
After the Li-B-W-0O thin film was deposited, an upper
SUS electrode was grown by the same procedure as the
bottom SUS electrode. These fabrication steps are sche-
matically shown in Fig. 2. The final cell was a multilayered
structure of SUS/Li-B-W-0O/SUS/Si.

The chemical state and atomic composition of the as-
grown Li-B-W-O solid-state electrolyte thin film was
measured using X-ray photoelectron spectroscopy (XPS),
inductively coupled plasma-atomic emission spectrometer
(ICP-AES) (Li:B:W ratios), and energy dispersive X-ray
spectroscopy (EDX). The binding energy scale was cali-
brated by assigning the C 1s signal at 284.6 £ 0.1 eV. For
the crystal structure and phase analyses, XRD measure-
ment with Cu Ko, radiation was performed. The cross-
section and surface morphology observation of the SUS/
Li-B-W-0/SUS/Si was carried out with field emission
scanning electron microscopy (FESEM). Additionally, the
ionic conductivities of the multilayered SUS/Li—-B-W-0O/
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Fig. 2 Schematic illustration of cell fabrication processes

SUS/Si cell structures were measured by impedance anal-
ysis with the frequency range of 1 to 100 MHz at room
temperature.

Results and discussion

The XPS O 1s peak of a Li-B-W-0 solid-state electrolyte
thin film on Si wafer is shown in Fig. 3. Curve fitting was
performed with a mixed Gaussian (70%) and Lorentzian
(30%) distribution, decomposed into three components.
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Fig. 3 XPS O Is fitted spectrum of the as-grown Li-B—W-O solid-
state electrolyte thin film

The full-width at half-maximum of the fitted curve is
1.85 £ 0.05 eV, which is in agreement with the binding
energy reported by Leftheriotis et al. [16]. In metallic
oxides, the binding energy of 530.5 eV is generally
assigned to the bonding state of oxygen atoms and metal
series (W=0) materials. Also, a second peak arises at the
binding energy of approximately 531.9 eV. Leftheriotis
et al. [17] reported that this peak has also been observed for
evaporated WO; films and has been attributed to O atoms
in substoichiometric WO, structures. However, in our case,
the XPS O 1s peak analysis of alkali borate glasses, rather
than metal oxides series, applies because of the use of a
boride series (B,O3) as a starting material. In alkali (lith-
ium) borate glass materials (LiBO,), the peak at 530.5 eV
is due to the nonbridging oxygen, and the peak at 531.9 eV
is attributed to the bridging oxygen species [18]. Therefore,
the other O 1s peak observed at the 528.9 eV is attributed
to lithium oxide (Li,O series), which is due to chemical
reaction when the lithium and oxygen ions combined
during the thermal evaporation. Finally, a peak at 532.5 eV
corresponding to oxygen in water molecules was not
observed.

Figure 4 shows the evolution of the W 4f doublet peak
of the Li-B-W-0O solid-state electrolyte thin film. The
measured binding energies of the doublet peaks are 33.9
and 36.2 eV for W 4f5, and W 4f,,,, respectively. The
spin—orbit separation of the doublet peak was 2.3 eV, and
the ratio of doublet peaks intensities was 0.78. Generally,
the doublet peaks are classified at 35.6 eV for the W 4f5,,
and at 37.7 eV for the W 4f;,,. In comparison, the doublet
W 4f peaks exhibited in our results shifted to a lower
binding energy. The peak shift is caused by an increase in
the number of nonbridging oxygen atoms present in the
interface region, which agrees well with Hensley and
Garofalini [18] and Tallan [19]. Also, we calculated the

I £

o L 41

5 ‘."I [ H.

- ] ! - i

£ -1 1

5 IR

= 7oa f \

BV

= ] W1
| ;v |
) LN I\ .
P Pa -..-_;_ i g

45 40 35 30

Binding Energy / eV

Fig. 4 XPS W 4f fitted spectrum of the as-grown Li-B-W-O solid-
state electrolyte thin film
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Table 1 ICP-AES analysis on the surface of the deposited of Li-B—
W-0 solid-state electrolyte thin film

Compositional analysis (mol%)

Li B W

Electrolyte (Li-B-W-0) 5.9 1.97 0.09

Table 2 The molar ratio of each component for Li-B-W-0O solid-
state electrolyte thin film

L B w O

Electrolyte (Li-B-W-0) 2.99 1 1.8 9

O/W ratio by using the O 1s and W 4f XPS peak intensi-
ties, resulting in an O/W ratio of 5.0. This result is attrib-
uted to an excess of oxygen in the Li-B-W-O solid-state
electrolyte thin film.

By comparing ICP-AES and EDX results, the final
composition of the as-grown Li-B-W-O solid-state elec-
trolyte thin film could be determined. Table 1 shows the
ICP-AES results. Based on ICP-AES and EDX data, the
molar ratios of Li-B—W-O thin film was shown in Table 2.
The Li/B composition ratio of Li-B-W-O solid-state
electrolyte thin film result was 2.99. Consequently, the
composition of as-grown Li-B—W-0 solid-state electrolyte
thin film is Liz goBW; gOg.

No indication of defects such as cracks, grooves, pin-
holes, or pores was observed in the as-grown Li-B-W-0O
solid-state electrolyte thin film, as confirmed by visible
inspection and optical microscopy. Figure 5a shows the
FESEM cross-section images of the SUS/Li-B—-W-0O/SUS/
Si cell. This image shows that the thicknesses of the bottom
electrode and electrolyte layer were 0.08-0.14 and
1.16 pm, respectively. In addition, there was no indication
of interfacial diffusion between the electrode and electro-
lyte layer. The FESEM image of the bottom electrode—
solid-state electrolyte—upper electrode sandwich structure
confirmed that it possessed a high-density structure without
any defects such as cracks or voids. Also, no columnar
structure was found in the as-grown solid-state electrolyte
thin film. In general, the grain boundary formed by a
columnar structure has a large potential for electron
transport or short circuiting. In the FESEM micrograph of
Fig. 5b, the as-grown Li-B-W-O solid-state electrolyte
thin film, however, exhibits amorphous-like surface char-
acteristics. This morphology reflects the typical surface
structure of an amorphous thin film such as the absence of
grains and grain boundaries. An amorphous structure was
confirmed by XRD spectrum analysis of the as-grown
Li-B-W-0 solid-state electrolyte thin film. As shown in
Fig. 6, no crystalline phase was observed in the XRD
spectrum of the Li-B-W-O thin film. In all solid-state
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Fig. 5 The FESEM (a) cross-section of cell structure and (b) surface
morphology images of Li-B—W-O solid-state electrolyte thin film
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Fig. 6 XRD patterns of Li-B—-W-O solid-state electrolyte thin films
as grown by thermal evaporation deposition method

ionic power devices, the surface structural properties are
very important because the presence of these types of
defects can act as an electronic current path or leakage
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source [20]. Therefore, it is critical for a deposition of the
Li-B-W-0 solid-state electrolyte thin film to be without
defects and to possess a very smooth surface to prevent the
possibility of short circuits occurring in solid-state ionic
power devices.

Figure 7 shows the impedance spectrum of the SUS/Li—
B-W-0O/SUS/Si cell structure at room temperature. In the
case of the as-grown Li-B—W-O solid-state electrolyte thin
film, only one semicircle was observed corresponding to a
bulk conduction mechanism since there are no grain
boundaries present in the amorphous Li—-B—W-O thin film.
The ionic conductivity was calculated by means of the
following equation:

¢ =d/R x A (1)

where d is the thickness of solid-state electrolyte, R is
the electrolyte resistance, and A is the electrode area. The
Li-B-W-0 solid-state electrolyte thin film exhibited an
ionic conductivity of 2.15 x 1077 S cm™' which is similar
to other reported values [7-9].

Activation energy (E,) for Li-B-W-O thin film solid-
state electrolyte was calculated by the following equation,
using the Arrhenius equation and measured conductivity at
various temperatures.

oT = (oT), exp(~Eu/kT) 2)

where ¢ is the ionic conductivity, k is the Boltzmann
constant, and 7 is the temperature. The activation energy of
Li-B-W-0O solid-state electrolyte (0.52 eV) was smaller
than that of LiPON (0.55 eV) in the previously reported
work [21]. These results suggest that Li-B—W-O thin films
could possibly be used for electrolytes in solid-state ionic
power devices (Fig. 8).
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Fig. 7 Impedance diagram of Li-B—W-O solid-state electrolyte thin
film at room temperature
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Fig. 8 Arrhenius plot for ionic conductivity of Li-B-W-O solid-
state electrolyte thin film as a function of temperature

Conclusions

The fabrication and characterization of Li-B—-W-O solid-
state electrolyte thin films as grown by a thermal evapo-
ration deposition method were investigated to develop a
new candidate solid-state electrolyte for ionic power
sources. The structural properties of the as-grown Li-B—
W-0 solid-state electrolyte thin film have been investi-
gated using XRD, FESEM, and XPS. The as-grown film
exhibited a peak shift to lower binding energies for the O
Is and W 4f peaks due to the excess of the oxygen.

As revealed by the EDX and ICP-AES measurements,
the stoichiometry of the as-deposited Li—-B—-W-O solid-
state electrolyte thin film was Li; goBW;gOg. A room-
temperature ionic conductivity of 2.15 x 107’ S cm™"
was obtained with the multilayered cell structure of SUS/
Li-B-W-0/SUS/Si, suggesting that a Li-B—W-O thin film
can possibly be used as an electrolyte in solid-state ionic
power devices.
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