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Abstract
This paper reports the fabrication of thin-film batteries which are composed of three stacking layers:  LiCoO2,  Li3PO4, and Li. 
First, a  LiCoO2 layer is constructed on an electron-conductive substrate by pulsed laser deposition as a cathode. The crystal-
linity of the  LiCoO2 layer is mainly controlled by the cationic ratio of Li and Co. Subsequently, an amorphous  Li3PO4 layer 
with a high ionic conductivity is further deposited on the cathode  LiCoO2 layer by radio frequency magnetron sputtering 
as a solid electrolyte. To avoid any possible damage which causes the formation of resistive species between  LiCoO2 and 
 Li3PO4, bias control of the substrate during  Li3PO4 deposition is essential. Finally, a Li metal layer is deposited as an anode/
current collector on the  Li3PO4/LiCoO2 bilayer by resistive heating evaporation in a vacuum at an elevated temperature for 
the formation of a low resistive interface. The fabricated three-layer thin-film battery shows a high-rate capability when the 
 LiCoO2 layer is a (104)-oriented epitaxial film.

Introduction

All solid-state Li-ion batteries are expected as next-gen-
eration batteries with their very high safety, high energy 
density, high power, and long cycle life. When the solid 
materials come into contact with each other in the battery, 
the interface between the materials plays a significant role 
in determining the battery’s performance [1]. Utilization 
of solid-state batteries in the thin film configuration is an 
effective way to investigate the interfacial properties since 
it simplifies the geometry of the cell to extract important 
information from the interface by a variety of surface char-
acterization techniques [2–5].

Thin-film batteries are already available commercially, 
having a relatively high power density and long cycle life 
with flat-shaped geometry. These features originate from 
the thin film shape, large reaction area per unit weight of 
active materials, and high electrochemical stability of the 
solid electrolyte. Weak points of thin-film batteries as com-
pared to bulk ones are small capacity limited by cathode 

weight and high manufacturing cost, which I am not trying 
to improve in this paper.

On the other hand, properties of thin film are in general 
different from the bulk single crystal, usually degraded due 
to lattice defects and therefore low crystallinity, derived 
from nonstoichiometry and thermal non-equilibrium. If thin 
films with bulk single-crystal quality are obtained, we may 
be able to extract the latent potential of battery materials, 
which bulk-shaped materials cannot access.

Here, I report the fabrication of quality-conscious thin-
film batteries composed of a cathode  LiCoO2 layer grown 
by pulsed laser deposition, a solid electrolyte  Li3PO4 layer 
deposited by radio frequency magnetron sputtering, and 
anode Li layer formed by resistive heating evaporation in 
vacuum to extract potential abilities of battery materials. 
The adopted preparation method of each layer is selected 
based on the quality first, which is described in each layer 
formation part.

LiCoO2 layer growth by pulsed  
laser deposition

Pulsed laser deposition (PLD) is widely used to form thin 
films of multi-cation oxides with high-Tc superconduction, 
ferroelectricity, ferromagnetism, etc. in laboratories since 
the film formation process is simple and easy. In the PLD 
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process, fragments typically in a molecular or even atomic 
level are ablated from the target material if the laser photon 
energy is higher than its band gap, enabling the molecular 
level layer-by-layer growth. This was previously confirmed 
by the observation of intensity oscillations in reflection 
high-energy electron diffraction (RHEED) during epitaxial 
growth [6]. Furthermore, ablated single metal atom or metal 
oxide molecules with a different velocity and angular dis-
tribution were observed by the laser-induced fluorescence 
(LIF) technique [7, 8].

The laser energy density (fluence) is a very important 
growth parameter in PLD since it determines the com-
position of species ablated from the stoichiometric target 
[10–12]. Approximately stoichiometric fragments (Li/Co ~ 1, 
congruent ablation) can be ablated from the stoichiometric 
target  (Li1.0CoO2 in the present case) only when the fluence 
is in the vicinity of an ablation threshold. The threshold flu-
ence is ca. 0.20 J  cm−2 when the KrF excimer laser is used 
based on the investigation of the film deposition rate [13].

P
O

2
 also becomes a critical parameter, particularly in the 

case of the Li compound. Because Li is the lightest metal 
element and is even lighter than molecular oxygen, it is often 
fed into the vacuum chamber to compensate for oxygen 
deficiency in the film during oxide thin-film growth. When 
P
O

2
 is increased to a level high enough to deviate from the 

molecular beam epitaxy (MBE) conditions, the interaction 
between the ablated species and oxygen molecules becomes 
more significant, which is observed as a decreased deposi-
tion rate. Since laser-ablated species are typically decom-
posed to the atomic level, lighter Li and Li oxide species are 
preferentially scattered by oxygen molecules, compared with 
heavier Co species, thus decreasing the Li content in the 
deposited thin film. Therefore, nearly stoichiometric films 

can be deposited under rather low oxygen pressure satisfying 
the MBE conditions where ablated species are delivered to a 
substrate without colliding with ambient oxygen molecules.

The resultant optimized deposition conditions are a low 
laser fluence of 0.23 J  cm−2 that is barely higher than the 
ablation threshold for practical ablation and a low P

O
2
 of 

5 ×  10−2 Pa which is the minimum required for maintain-
ing the oxidation state of  Co3+ and staying within the MBE 
conditions [13], as illustrated in Fig. 1 left.

Although the crystallinity of the nearly stoichiometric 
films achieved by the optimized recipe is reasonably high, 
there are several operating precautions in PLD. Since the 
optimum fluence is in the vicinity of the ablation thresh-
old, the deposition rate is very low; it takes more than 1 day 
to deposit a micrometer-thick film at a laser frequency of 
10 Hz. In addition, fluctuation of laser intensity caused by 
the changes in room temperature brings about unstable abla-
tion and nonuniform deposition rate. The degradation of the 
laser gas and/or decreased transmittance caused by the film 
deposition on the laser entrance viewing port may also cause 
the lowering of the laser intensity in particular during long-
term deposition for thick-film formation. Furthermore, the 
decreasing transmittance is more significant under the low 
P
O

2
 , because the deposition of ablated species on the view-

ing port is further accelerated under a higher vacuum.
To overcome these problems, we examined an alternative 

approach, as shown in Fig. 1 right, based on the result with 
the stoichiometric target. First, the laser fluence is increased 
from 0.23 to 0.29 J  cm−2 to increase and stabilize the depo-
sition rate. As the fluence increases, it induces Li loss in 
the ablation process (incongruent ablation), resulting in the 
shortage of Li in the ablated species [13]. Li-enriched targets 
(Li/Co > 1) are therefore utilized to compensate for the loss. 

Fig. 1  Schematic drawings 
of laser ablation/deposition 
processes (left and right) and 
Li/Co cation ratio variation at 
the plume center between target 
and substrate (center). Left: 
optimized conditions for stoi-
chiometric  Li1.0CoO2 target and 
right: examined conditions for 
Li-enriched  Li1.1CoO2+δ target 
[9]. Copyright (2012) The Japan 
Society of Applied Physics
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Only when the ablated species still include excess Li at the 
increased fluence, we can precisely tune the composition of 
the deposited films to stoichiometric by adjusting the P

O
2
 to 

scatter the excess Li by oxygen molecules.
We used a PLD system equipped with a KrF excimer 

laser operating at 5 Hz and capable of precise control of 
the “real” laser pulse energy and irradiation area on the tar-
get surface [10, 11]. The laser pulse energy used is fixed 
at 30 mJ, the incident angle is 45°, and the target-substrate 
distance is 45 mm. Sintered Li-enriched  Li1.1CoO2+δ and 
 Li1.2CoO2+δ pellets are used as targets. The substrate tem-
perature (Tsub) is 800 °C. P

O
2
 is optimized in the range of 

5 ×  10−2–7.5 Pa to maximize the film crystallinity from each 
target. Sapphire (0001) single-crystal wafers with dimen-
sions of 10 mm square and 0.5 mm thick are used as sub-
strates for c-axis-oriented epitaxy. Lattice mismatch is 2.5% 
when c-axis-oriented  LiCoO2 is epitaxially grown with an 
in-plane arrangement of  LiCoO2 [100] // sapphire [1120].

Figure 2 shows the X-ray diffraction (XRD) patterns 
of approximately 180-nm-thick films grown from the 
 Li1.1CoO2+δ target under P

O
2
 of 0.05, 0.1, and 3 Pa. The 

highest crystallinity was achieved at P
O

2
 of 0.1 Pa, as indi-

cated by the rocking curve for  LiCoO2 003 diffraction in 
Fig. 2b. When P

O
2
 was higher than 0.1 Pa, the  Co3O4 phase 

was clearly observed in the in-plane diffraction pattern in 
Fig. 2c, which is impurity phase appeared when Li is defi-
cient in the  LiCoO2 synthesis. In contrast, the  Co3O4 phase 
was not detected when P

O
2
 was lower than 0.1 Pa, although 

the crystallinity of  LiCoO2 became poorer, and an unin-
tended (104) orientation was recognized in the out-of-plane 
diffraction pattern.

Figure 3 summarizes the P
O

2
 dependence of (a) film 

thickness normalized  LiCoO2 003 XRD peak intensity, (b) 
in-plane XRD peak intensity ratio of  Co3O4 220 to  LiCoO2 
110, and (c) deposition rate per single laser pulse for the 
films grown by using the  Li1.1CoO2+δ and  Li1.2CoO2+δ tar-
gets. Data obtained for the stoichiometric  Li1.0CoO2 target 
are also plotted as references [13]. Crystallinity becomes 
extremely high, and very little  Co3O4 phase is found when 
the films were deposited from the  Li1.1CoO2+δ target at 
around 0.1 Pa, as shown in Fig. 3a and b. The deposition 
rate of 6 pm·pulse−1 at the P

O
2
 is ca. five times higher com-

pared to the previous optimum condition with  Li1.0CoO2 
target. However, increasing the P

O
2
 lowers the crystallin-

ity and increases the amount of the  Co3O4 phase (Fig. 3b), 
which is considered to result from a larger amount of Li loss 

Fig. 2  XRD patterns of  LiCoO2 thin films grown from  Li1.1CoO2+δ 
target under various P

O
2
 . a Out-of-plane 2θ-ω scans and b ω scans 

of  LiCoO2 003 diffraction, and c in-plane 2θχ-φ scans. Curves in a 
and c are offset for clarity [9]. Copyright (2012) The Japan Society of 
Applied Physics

Fig. 3  P
O

2
 dependence of a normalized  LiCoO2 003 intensity, b in-

plane XRD peak intensity ratio of  Co3O4 220 and  LiCoO2 110 reflec-
tions, and c single laser pulse deposition rate. Lines are visual guides 
[9]. Copyright (2012) The Japan Society of Applied Physics
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at higher P
O

2
 , as illustrated in Fig. 1 center. Crystallinity 

degradation observed at the lower side of P
O

2
 is probably 

due to excess Li. As a side note, the minimum required P
O

2
 

to keep the oxidation state of  Co3+ is much lower according 
to the results on the  Li1.0CoO2 target [13]. We can conclude 
from the high crystallinity of the films obtained that cationic 
stoichiometry (Li/Co = 1) can be achieved at around 0.1 Pa 
for the  Li1.1CoO2+δ target. The higher crystallinity compared 
with the films grown with the  Li1.0CoO2 target under the 
optimum conditions (Fig. 3a) suggests that the films depos-
ited from the  Li1.0CoO2 target are still slightly Li deficient, 
which is due to unavoidable Li loss during the ablation pro-
cess even at a low fluence of 0.23 J  cm−2, which is close to 
the ablation threshold.

When the Li content in the target further increases to 
 Li1.2CoO2+δ, the optimum P

O
2
 for the highest crystallinity 

is expected to shift to a higher pressure to scatter more Li 
and to make the film stoichiometric. In fact, the intensity of 
the 003 reflection is still increasing even at P

O
2
 of 7.5 Pa, 

as shown in Fig. 3a, and the maximum is considered to 
appear beyond the examined P

O
2
 range. However, the depo-

sition rate dropped so severely due to the intense scattering 
of ablated species by ambient oxygen molecules that there 
is no merit to use  Li1.2CoO2+δ or further Li-enriched tar-
gets under the current conditions when aiming at a higher 
deposition rate.

It should be noted here that the  Li1.2CoO2+δ target can 
be used under different conditions. The clear correlation 
between the target composition, P

O
2
 , and the crystallinity 

of the obtained films strongly supports the validity of the 
scheme for composition control presented in Fig. 1. In this 
study, we varied only the P

O
2
 under a constant fluence to 

tune the Li/Co ratio. Figure 1 shows that, if a higher flu-
ence was used, more Li is lost at the incongruent ablation 
and the optimum P

O
2
 for the desired stoichiometric deposi-

tion shifts to a lower pressure. Therefore, a relatively high 
deposition rate is available under the optimum P

O
2
 condition. 

In fact, when the fluence was varied under a constant P
O

2
 

with  Li1.2CoO2+δ targets, the intensity maximum of the 003 
reflection peak appeared at a specific fluence (not shown). 
In addition, although the target-substrate distance was not 
changed in this study, it is also a controllable parameter 
for tuning the composition, because a longer distance will 
increase the loss of scattered Li. That is, the conceptual dia-
gram in Fig. 1 predicts that the optimum conditions pre-
sented here are not the only ones, and combinations of PO

2
 , 

fluence, degree of Li enrichment, and target-substrate dis-
tance, which lead to high-crystallinity stoichiometric thin-
film growth under high deposition rate, are numerous [9].

Although the above results are (001)-oriented  LiCoO2 
thin-film growth deposited on sapphire (0001) wafers, 
(104)-, (018)-, and (001)-oriented epitaxial  LiCoO2 thin 
films can be obtained on  SrTiO3 single-crystal substrates 

by using (100), (110), and (111) crystal planes, respectively 
[14, 15]. Besides, Nb-doped  SrTiO3 is an electron conduc-
tor and works as a current collector in thin-film battery, 
although it is an n-type degenerated semiconductor, and the 
p-n junction resistance is added during charging when con-
nected with  LiCoO2, which is a p-type semiconductor [16].

At the end of this chapter, the synthesis method of the 
 LiCoO2 layer is reconsidered. By using PLD, the deposi-
tion rate can be increased to a very high value if the film 
quality is ignored; otherwise, it is limited by requirements 
of the composition control, which is linked to the amount 
of Li enrichment in the target, allowable fluence, oxygen 
pressure, and so on. Furthermore, it is rather difficult to 
maintain the growth condition, especially the fluence, dur-
ing a long-term deposition due to a degradation of laser gas 
and the film coating on a laser entrance viewing port, both 
of which reduce the laser intensity reached to the target. 
That is, PLD is unsuitable for thick film preparation. In con-
nection with the film composition, PLD is also not good at 
preparing films with large areas. Ablation area on the target 
is very small (much less than 1  cm2), and the plasma formed 
by ablated species (plume) is not large, several centimeters 
scale as illustrated in Fig. 1. Besides, usable plume portion 
for film deposition is restricted only to the center part (ca. 1 
 cm2) since the ablated atoms or molecules have angular dis-
tribution as observed by LIF [7, 8], and the outer part is off-
stoichiometric. Relatively large capacity, thick, and/or large 
area  LiCoO2 layer may be able to be prepared by chemical 
vapor deposition (CVD) and sputtering since the deposition 
rate can be stable and much higher for long-term deposition. 
However, CVD may not be suited since the cathode proper-
ties are sensitive to organic and other impurities left under 
the low growth temperature of  LiCoO2 (less than 1000 °C). 
Indeed, sputtering is used to grow  LiCoO2 layers by using 
large targets (much larger than 1″ scale) for the commercial 
thin-film batteries. The sputtering includes the self-adjusting 
mechanism of film composition, and the target composition 
is transferred to the film with a certain degree of accuracy. I 
also use sputtering to grow  LiCoO2 layers, which are thicker 
than 1 µm [17], or as large as 45 mm diameter [18] for larger 
capacity thin-film batteries. Conversely, tuning of film com-
position by sputtering is difficult with a composition-fixed 
target as contrasted to fine-tunable PLD.

Li3PO4 layer deposition by radio frequency 
magnetron sputtering

Lithium phosphorus oxynitride (LiPON) is widely used as 
a solid electrolyte layer in the thin-film batteries because 
of its relatively high ionic conductivity (~ 3 ×  10−6  Scm−1). 
LiPON was first developed by Bates et al. [19] by sput-
tering a  Li3PO4 target in a pure  N2 atmosphere. However, 
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recent first-principle calculations indicate that LiPON is not 
thermodynamically stable, but kinetically stabilized, upon 
contact with Li metal and  LiCoO2 [20]. Although partial 
replacement of O with N improves the ionic conductivity, 
incorporation of N into  Li3PO4 narrows its electrochemical 
stability window according to the calculations [20].

Dopant nitrogen-free pure  Li3PO4 is also used as a solid 
electrolyte layer in the thin-film batteries. Bates et al. exam-
ined it along with LiPON by sputtering  Li3PO4 target with 
40%  O2 in Ar. However, the conductivity of their  Li3PO4 lay-
ers was as low as 7 ×  10−8  Scm−1 [19], and other group also 
reported similar values [21], in both of which  Li3PO4 layers 
were deposited by radio frequency (RF) magnetron sput-
tering. Meanwhile,  Li3PO4 layers prepared by PLD using 
high photon energy ArF excimer laser show relatively higher 
ionic conductivity of ~ 5 ×  10−7  Scm−1 [22, 23], and thin-film 
batteries made with the PLD  Li3PO4 operates rather nicely 
[23–25].

Here, I report  Li3PO4 solid electrolyte layer synthesis by 
RF magnetron sputtering with much improved ionic conduc-
tivity. Although there exist difficulties in LiPON synthesis 
to control the incorporated amount of N and simultaneous 
Li addition to satisfy charge neutrality,  Li3PO4 synthesis is 
much simpler. Although PLD can also prepare  Li3PO4 lay-
ers, PLD is unsuited for thick and large-area film deposi-
tion as described earlier, to prepare thick films on multiple 
samples in a single deposition.

A schematic configuration of our specially designed RF 
magnetron sputtering system is shown in Fig. 4. Since mul-
tiple sputter cathodes with 2″ diameter targets are equipped, 

each cathode is oriented to the center of a 2″ diameter sub-
strate holder with 60° incident. The substrate holder is con-
tinuously rotated during deposition, and 10 mm square or 
10 mm diameter substrates are located around the middle 
radius position of the 2″ inconel holder for simultaneous 
multiple deposition. Ar as well as  O2 gases can be intro-
duced through mass flow controllers. The chamber is evacu-
ated by a turbo molecular pump, and a conductance con-
trollable gate valve is equipped between the chamber and 
pump to adjust chamber pressure independently of the gas 
flow rate. The substrate holder potential can be adjusted by 
a bipolar direct current (DC) power supply. Electron con-
ductive substrates are used, and they are electronically con-
nected to the substrate holder during  Li3PO4 deposition. The 
sputtering plasma potential around the substrate position can 
be measured by a substrate shutter. Besides, the cathode DC 
potential can be measured through a low pass filter during 
RF sputtering.

It is obvious from Fig. 5 that the crystallization of the 
 Li3PO4 layer drastically decreases the ionic conductivity. 
The figures show Tsub dependence of the film deposition 
rate, ionic conductivity, and XRD patterns of 2-h-deposited 
 Li3PO4 layers on mirror-polished stainless steel substrates. 
The 10-mm-square and 0.5-mm-thick stainless steels, 
which serve as bottom electrodes, are vacuum annealed 
before use to remove the insulative oxidation layer on the 
surface. The deposition rate is evaluated by film thick-
ness measured with X-ray reflectance measurement, and 
ionic conductivity is estimated by alternating-current (AC)  
impedance measurements with 2-mm-diameter Pt elec-
trodes deposited by DC magnetron sputtering. The ionic 
conductivity is estimated from the diameter of a semi-
circle at a higher frequency region by fitting. The XRD 
patterns are measured with the surface-sensitive grazing- 
incidence method (GIXRD). 150 W of RF power is used, 
and 200 W data are also plotted in the left panels in the 
figure for comparison.

The deposition rate, i.e., the resulting film thickness, is 
independent of the examined Tsub, but the Tsub significantly 
affects the ionic conductivity; the higher Tsub resulted in the 
lower conductivity. According to the GIXRD results, when 
Tsub was lower than 150 °C, the  Li3PO4 layer was an amor-
phous state, showing a halo centered at 2θ = 23°. On the 
other hand, when Tsub was higher, sharp diffraction peaks 
appear, which correspond to the  Li3PO4 crystal phase, and at 
300 °C additional peaks at 2θ ≈ 14° and 28° appeared, which 
are attributable to the  Li4P2O7 crystal phase. Since the Tsub 
starting the crystallization exactly coincides with that of the 
conductivity dropping, it is concluded that crystallization of 
 Li3PO4 impedes ionic conduction, and an amorphous state 
is essential for high ionic conductivity. Although low Tsub 
is preferable to make the films amorphous, the substrate is 
automatically heated up by sputtering plasma particularly 

Fig. 4  Schematic configuration of a specially designed RF magnetron 
sputtering system [17]
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during much longer deposition, resulting in unstable Tsub 
in our deposition system, because it does not have sub-
strate cooler. Heating at a moderate temperature between 
50 and 150 °C is reliable to keep Tsub constant throughout 
the deposition and to deposit amorphous films. Heating the 
substrate also helps to promote the sample degassing since 
it is exposed to the air before  Li3PO4 deposition. Although 
the 200 W data show a higher deposition rate, almost twice, 
the higher cathode power tended to damage the target sur-
face quickly and badly, e.g., cracking and color change; thus, 
lower RF power seems preferable for long-term deposition.

Figure 6 shows the dependence on the mixing ratio of  O2 
and Ar gases, in the same manner as Fig. 5 under the total 
pressure of 0.6 Pa, which is controlled by the conductance 
valve. According to the results of Fig. 5, a Tsub of 100 °C is 
selected, and a room temperature deposition is also exam-
ined without  O2 introduction. It is obvious that the deposi-
tion rate was higher when a zero or small ratio of  O2 was 
introduced. However, the ionic conductivity was low, less 
than  10−6  Scm−1 when no  O2 was introduced. GIXRD results 

indicate that  Li3PO4 was crystallized clearly when the  O2 
ratio was 1% or less and slightly when it was 50%. The latter 
conditions seem like those examined by Bates et al. report-
ing low conductivity [19]; thus, it can be concluded that 
 O2 is necessary to avoid the crystallization; however, too 
much  O2 also results in the crystallization and decreases 
the conductivity. In addition, a thin film deposited at room 
temperature reveals the importance of  O2 introduction. 
Bragg peaks indicating crystallization were observed for the 
thin film deposited without  O2 introduction, even though 
the film was deposited without substrate heating, and the 
film showed low ionic conductivity. It means that  O2 gas 
is anyway needed to suppress the crystallization of  Li3PO4. 
Because sputtering is a vacuum process and deposited film 
is oxide, the film tends to become oxygen-deficient. In the 
field of thin-film growth of high Tc superconducting and 
other functional oxides, it is well-known that melting point 
(Tmelt) and crystallization temperature of oxide materials 
tend to be lowered when oxygen is deficient, and thus, high 
crystallinity thin films of oxide materials with high Tmelt 

Fig. 5  Left panels: Tsub dependencies of the film deposition rate 
(top) and ionic conductivity (bottom). Lines are visual guides. Right 
panel: Tsub dependence of GIXRD patterns of 2 h–deposited  Li3PO4 
layers on stainless steel substrates with an incident angle of 0.25°. A 

GIXRD pattern from a substrate without  Li3PO4 deposition is also 
shown at the bottom. Deposition conditions are RF power 150 W, Ar 
20 sccm,  O2 5 sccm, total pressure 0.6 Pa, the target-substrate dis-
tance 150 mm, and substrate bias potential +0.5 V [17]

Fig. 6  Left panels:  O2 and 
Ar gases ratio dependences 
of the film deposition rate 
(top) and ionic conductivity 
(bottom). Lines are visual 
guides. Right panel: the same 
dependence of GIXRD patterns 
of 2-h-deposited  Li3PO4 layers 
on stainless steel substrates 
with an incident angle of 0.25°. 
Deposition conditions are Tsub: 
100 °C, RF power 150 W, total 
pressure 0.6 Pa, the target-
substrate distance 150 mm, and 
substrate bias potential +0.5 V 
[17]
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can be obtained via vacuum process [26], e.g., MBE and 
PLD under much lower Tsub relative to their Tmelt. Besides, 
oxygen deficiency is introduced not only in the deposited 
films but also in the sputtering target, resulting in serious 
target damage.  O2 gas introduction is therefore necessary to 
suppress film crystallization and to avoid target damage in 
a long-term deposition for a thick solid electrolyte layer.  O2 
introduction also makes the deposited films stable in air, oth-
erwise the transparent films devitrify after long-term storage 
in air, probably because of the reaction with humidity.

To fabricate thin-film batteries,  Li3PO4 layers are depos-
ited on the above-described PLD-grown epitaxial  LiCoO2 
layers. The substrates are Nb 0.5 wt%–doped  SrTiO3 (111) 
single crystals with 10 mm square or 10 mm diameter and 
0.5 mm thick, and the composition controlled  LiCoO2 is 
growing in (001) orientation with a thickness of 100 to 
200 nm. Figure 7 shows 2θ-ω scan XRD patterns of 15-h 
 Li3PO4-deposited (2 to 2.5 μm thick)  LiCoO2 layers under 
different substrate bias potentials during sputtering. Diffrac-
tion patterns before the  Li3PO4 deposition are also shown in 
blue curves. It is obvious that there is a clear substrate bias 
potential dependence of  LiCoO2 crystallinity after  Li3PO4 
deposition. When the potential was lower than − 3 V or 
higher than + 0.5 V,  LiCoO2 diffraction peaks disappeared, 
or intensity decreased drastically; i.e., the  LiCoO2 crystal 

lattice was destroyed. Besides, it seems that there is an opti-
mal substrate potential, and − 2.0 V is close to the optimal 
in these depositions since the intensity decrease of  LiCoO2 
diffraction was minimal.

It should be noted here that the conductivity of  Li3PO4 
layers deposited on stainless steel substrates is almost con-
stant (≈1.2 ×  10−6  Scm−1) in the examined potential range. 
This result is inconsistent with the reported results of the 
bias-controlled LiPON layers on liquid  N2-cooled substrates 
(− 80 °C) [27], where the ionic conductivity as well as Li 
content depends on the substrate bias. It is considered that 
the Tsub causes the difference. At a very low temperature, 
the deposited species sputtered from the target are quenched 
and solidified as they are. On the other hand, Li content in 
the deposited film can be self-tuned at a high temperature 
during the deposition since the ionic conductivity of  Li3PO4 
is significantly enhanced at a high temperature.

Here, we discuss what happens when the substrate bias 
potential is not optimal. Since  Li3PO4 and  LiCoO2 do not 
react with each other at such a low substrate temperature as 
100 °C, there must be other possible factor which relates 
to the potential. In a battery, the  LiCoO2 cathode can be 
damaged by overcharging and overdischarging, with too 
high and too low cutoff voltages, respectively. In the sput-
tering process, the DC potential of the sputtering cathode 
always becomes negative to sputter the target material by 
positively ionized Ar gases. Even though it depends on the 
total pressure, target-substrate distance, and on-axis/off-axis 
geometry [21], the target and substrate are electrically con-
nected to each other by plasma, which is electron conductive 
gas; thus, the substrate holder feels the cathode potential to 
some extent. Since  LiCoO2 is underneath the already depos-
ited  Li3PO4, which is connected to the plasma,  LiCoO2 can 
be charged or discharged depending on the substrate bias 
potential relative to the plasma potential. The  LiCoO2 film 
in the top of Fig. 7 seems overcharged since X-ray diffrac-
tion intensity is much decreased and additional reflections 
appearing at 2θ ≈ 21.6° and 44.0° are attributable to 001 
and 002 diffractions of the O1 phase, respectively, which 
is an overcharged phase of  LiCoO2 [28, 29]. In the figure, 
the bottom one seems overdischarged since  LiCoO2 cannot 
uptake extra Li [30], unlike  LiNi0.5Mn1.5O4 cathode [25, 31], 
and thus, the  LiCoO2 crystal collapses.

The shutter potential can be an appropriate reference to 
obtain the optimal substrate bias potential; however, it is not 
stable enough for long-term  Li3PO4 sputtering, e.g., 15-h 
deposition; it can be shifted by changes of the target surface 
state: sudden target cracking, oxygen deficiency introduc-
tion, and so on. Therefore, even if the substrate bias poten-
tial once is determined from the shutter potential before the 
deposition, the shift of the plasma potential deviates the sub-
strate bias potential from the optimum value during depo-
sition, which results in low experimental reproducibility. 

Fig. 7  Red curves: 2θ-ω scan XRD patterns of 15-h  Li3PO4-deposited 
(2 to 2.5 μm thick)  LiCoO2 thin films under different substrate bias 
potentials during sputtering. Deposition conditions are Tsub 100 °C, 
RF power 120 W, Ar 20 sccm,  O2 7 sccm, total pressure 0.6 Pa, and 
the target-substrate distance 150 mm. XRD patterns before  Li3PO4 
deposition are also shown in blue curves, and  LiCoO2 thickness is 
written in right top of each panel. Right panels are magnified views 
around  LiCoO2 003 in linear intensity scale at the substrate potentials 
of 0.0 V, −1.0 V, and −2.0 V. Diffraction peaks marked by “*” in the 
left top panel indicate O1 phase 00l [17]
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Here, we introduce a strategy to solve the reproducibility 
problem rather easily. During  Li3PO4 deposition, the sub-
strate bias potential is adjusted in real time so that the cur-
rent meter between the substrate holder and DC power sup-
ply (Fig. 4) shows zero current. Ideally, no current flows 
when the substrate bias potential and potential induced from 
the plasma are balanced. With this active control, we have 
avoided the degradation of  LiCoO2 layers by overcharging 
or overdischarging.

Li layer deposition by vacuum evaporation

Finally, the Li metal layer is deposited on the  Li3PO4/
LiCoO2 bilayer as an anode electrode by vacuum evapora-
tion to yield a full cell in the thin-film battery configuration. 
Vacuum evaporation is a simple and easy film deposition 
method as compared to PLD and sputtering and is valid for 
pure metals with low melting point/high vapor pressure, 
exactly like Li. Since cathode  LiCoO2 contains Li for charg-
ing, additional Li is not necessary as far as Li metal plating 
and striping take place during charging and discharging, 
respectively, in a reversible fashion, and therefore, Li-free 
battery should be fabricated only with electrically conduc-
tive current collector on the  Li3PO4/LiCoO2 bilayer. How-
ever, the Li-free battery does not operate properly because 
Li metal is extremely reactive with moisture or contaminants 
existing at the  Li3PO4 surface, resulting in the formation of 
irreversible byproducts such as LiOH and  Li2CO3. Besides, 
Li metal plating at the interface between  Li3PO4 and metal 
current corrector, e.g., Cu, needs certain energy, and there-
fore, it could cause additional resistance. On the other hand, 
once the Li metal layer is preformed, smooth Li plating takes 
place, and the Li consumed by the side reactions can be 
compensated as well.

A Li wire with a length of ca. 5 cm and a diameter of 
2 mm is used as a Li source, which is evaporated from a boat 
made of W by resistive heating in vacuum (~ 5 ×  10−4 Pa), 
and ca. 1-μm-thick Li metal layer is deposited on the 
bilayers. Li deposition rate is controlled to be as high as 
ca. 10 nm/s by a quartz crystal microbalance throughout 
the deposition. It was found that the higher deposition rate 
brings about the higher crystallinity of the Li layer. This may 
be due to the avoidance of depositing impurities contained 
in the residual gas at a higher rate of deposition.

It is noteworthy that the bilayer samples are heated to be 
ca. 100 °C by Peltier heater during Li deposition, because 
degassing is promoted by substrate heating, and a high vac-
uum level can be reached in a short time. Furthermore, it is  
found that epitaxial Li layers with extremely high crystallin-
ity can be obtained on sapphire wafers by substrate heating. 
Figure 8 indicates XRD patterns of the Li layers on sapphire  
wafers with different crystal planes. On sapphire a-plane  

 (1120) , r-plane (1012) , m-plane (1010) , and c-plane (0001), 
Li layers are epitaxially grown in (110), (100), (211), and 
(111) orientations, respectively, with very narrow full width 
at half maximum (FWHM) of the rocking curves in ω scans. 
X-ray pole figure measurements confirm both out-of-plane 
and in-plane alignment of epitaxial Li layers. It is found that 
the relationship of Li (111) // sapphire (0001) and Li (100) // 
sapphire (1012)  are fulfilled among all Li layers on the four 
sapphire crystal planes. It can be easily imagined that Tmelt 
of Li is so low as 181 °C (456 K), and Tsub of 100 °C (373 K) 
is high enough for high crystallinity epitaxial growth of Li 
metal layers.

Since the  Li3PO4 layer is amorphous, epitaxial growth 
of the Li layer does not take place at the  Li3PO4/LiCoO2 
bilayer, and (110) orientation of the polycrystal Li layer is 
preferentially formed on the  Li3PO4. Recently, it was reported 
that protons infiltrated in the  LiCoO2 increase the interfa-
cial resistance at  Li3PO4/LiCoO2 in Li/Li3PO4/LiCoO2 thin-
film batteries [32] and that the resistance can be reduced 
by annealing in battery form, i.e., annealing after Li layer 
formation [33]. Protons can be introduced into our samples 
from the moisture because our samples are exposed to an 
open air after each layer formation. One may be concerned 
that our thin-film batteries should have high interface resist-
ance. However, Li layer deposition under substrate heating 
automatically anneals the tri-layers in battery form without a 
separate annealing process to reduce the interface resistance. 
In addition, careful degassing before and during each layer 
deposition by substrate heating revives a cleaner surface.

Thin‑film battery

Battery performance of the fabricated Li/Li3PO4/LiCoO2 tri-
layer thin-film batteries is evaluated. Figure 9 summarizes 
the results of (001)- and (104)-oriented epitaxial  LiCoO2 
layer batteries formed on (111) and (100) Nb 1 at%-doped 
 SrTiO3 (Nb:SrTiO3) single-crystal substrates, as well as a 
preferentially (001)-oriented polycrystal  LiCoO2 layer bat-
tery made on a Au sputter-coated Si substrate. Deposition 
conditions of  LiCoO2 on Nb:SrTiO3 and Au/Si substrates 
are the same. The samples grown on the Nb:SrTiO3 sub-
strates are post-annealed in air at 700 °C for 5 h to fully  
oxidize the  LiCoO2 films [34] and maximize the crystallin-
ity and electrical conductance. It is confirmed that no reac-
tion occurred between  LiCoO2 and Nb:SrTiO3 under the  
annealing conditions, but it is not the case for the Au/Si sub-
strates; thus, the post-anneal is not performed on the Au/Si 
sample.  LiCoO2 layer thickness is ca. 100 nm.  Li3PO4 layer 
thickness is ca. 800 nm, but a three times thicker  Li3PO4 
layer is deposited on the  LiCoO2 layer on Au/Si to avoid 
short-circuiting because the surface of the  LiCoO2 layer on  
Au/Si is relatively rough.
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All thin-film batteries are charged at 1 C-rate constant 
current up to a cutoff voltage of 4.2 V, followed by con-
stant voltage charging at 4.2 V for 2 h before each discharge. 
Nyquist plots of the two epitaxial  LiCoO2 layers measured 
by the AC impedance method at the first 4.2 V charged state 
(Fig. 9d and e) reveal a clear second semicircle along with 
a small semicircle of ca. 100 Ω  cm2 in the higher-frequency 
region. It is proved that the higher frequency semicircle orig-
inated from the ionic resistance of the  Li3PO4 layer, as three 
times larger resistance is observed on the Au/Si (Fig. 9f). 
The second semicircles observed on the two epitaxial 
layer batteries are derived from the carrier-depleted space 
charge layer at the donor-doped  SrTiO3 side of the interface 
between p-type  LiCoO2 and n-type Nb:SrTiO3. Because  
the discharge current flows in the forward direction in the 
p-n junction, the large resistance observed as the second 
semicircle can be ignored under high-rate discharge [16].

The two epitaxial batteries show almost the same capac-
ity (ca. 110 mAh  g−1) at a low-rate discharge of 0.1 C. 
On the other hand, the high-rate discharge capacities are 
significantly different from each other; the capacity from 
the (104)-oriented layer at 1000 C-rate (6.05 mA  cm−2) 
is 95 mAh  g−1, while that for the (001)-oriented is only 
10 mAh  g−1. These results indicate that Li ion diffusion 
is very fast in the (104)-oriented  LiCoO2 layer but slow in 
the (001)-oriented layer. The results are consistent with the 
fact that Li-ion diffusion channels (a-b planes of  LiCoO2) 
in the (001)-oriented layer are parallel to the  Li3PO4 layer 
and blocked by the  CoO2 planes, whereas the channels in 
the (104)-oriented layer are directly connected to the  Li3PO4 
layer, allowing facile charge transport across the cathode/
electrolyte interface.

The thin-film battery on the Au/Si substrate shows a rela-
tively higher 1000 C (5.07 mA  cm−2) discharge capacity 

Fig. 8  XRD patterns of ca. 
1-μm-thick Li layers grown 
at ca. 100 °C on sapphire 
wafers with different crystal 
planes. Left: out-of-plane 
2θ-ω scans and right: ω scans 
of the observed Li diffraction 
peaks. Insets in left panels are 
pictures of deposited Li layers. 
Full width at half maximum 
(FWHM) value of the rocking 
curves in ω scans is written in 
the right top of each right panels
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of more than 50 mAh  g−1 at the same cutoff voltage of 
1.0 V, despite the smaller discharge capacity of around 80 
mAh  g−1 at 0.1 C (507 nA  cm−2) discharge (Fig. 9c). This 
relatively small discharge capacity at 0.1 C-rate is consid-
ered due to insufficient oxidation and thermal relaxation of 
 LiCoO2; the post-anneal is not performed on the  LiCoO2 
film to avoid the anticipated reaction with the substrate. It 
should be noted that the  LiCoO2 layer cathode on Au/Si is 

also mainly (001)-oriented, just like the  LiCoO2 on  SrTiO3 
(111), which is derived from the preferential (111) orienta-
tion of the sputter-coated Au film. However, the in-plane 
alignment of Au and thus  LiCoO2 is random, and therefore, 
the  LiCoO2 cathode is polycrystalline. It contains high-
density domain boundaries among the in-plane rotated 
 LiCoO2 (001) domains, which is different from the mono-
lithic (001)-oriented epitaxial  LiCoO2 on  SrTiO3 (111). The 

Fig. 9  a–c Discharge curves 
for different C-rates and d–f 
AC impedance Nyquist plots 
at the first 4.2 V charged state. 
Cathodes are a 105-nm-thick 
c-axis-oriented epitaxial 
 LiCoO2 layer on 10 mm sq. 
Nb 1 at%:SrTiO3 (111) (a, d), 
a 99 nm thick (104)-oriented 
epitaxial  LiCoO2 layer on 10 
mm dia. Nb 1 at%:SrTiO3 
(100) (b, e), and a 94-nm-thick 
preferably c-axis-oriented 
polycrystalline  LiCoO2 layer on 
10 mm sq. Au-coated Si (100) 
(c, f)
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higher rate capability observed for the  LiCoO2 layer on Au/
Si, despite the (001) orientation, suggests that the diffusion 
at the boundaries among the  LiCoO2 (001) domains is much 
faster [21]. The difference between Fig. 9a and c clearly 
indicates that the real Li-ion diffusion in the c-axis direction 
of  LiCoO2 is slow.

Conclusions

Fabrication of thin-film batteries composed of  LiCoO2, 
 Li3PO4, and Li, tri-layers is described, and the correlation of 
the processing conditions, structure, and cell performances 
are discussed. The crystallinity of the cathode  LiCoO2 
layer, which is directly linked to battery performance, 
is mainly determined by cationic composition, and 
Li-enriched  LiCoO2 targets are the starting point in pulsed 
laser deposition. The excess Li content can be controlled 
by oxygen pressure, laser fluence, and target-substrate 
distance. As for the solid electrolyte, the  Li3PO4 layer 
should be amorphous for high ionic conductivity. When the 
 Li3PO4 is deposited on the  LiCoO2 layer, damage control of 
the  LiCoO2 layer is indispensable by substrate bias tuning 
during sputter deposition. Finally, the anode Li layer can be 
formed in high quality at a high deposition rate with elevated 
substrate temperature. The fabricated tri-layer thin-film 
batteries show clear crystallographic anisotropy of  LiCoO2. 
The battery with the (104)-oriented  LiCoO2 cathode layer 
has very high-rate capability as compared to that with the 
(001)-oriented cathode layer.
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