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Abstract. All-solid-state thin film lithium batteries (TFLBs) are the most competitive low-

power sources to be applied in various kinds of micro-electro-mechanical systems and have 

been draw a lot of attention in academic research. In this paper, the checkerboard deposition of 

all-solid-state TFLB was composed of thin film lithium metal anode, lithium phosphorus 

oxynitride (LiPON) solid electrolyte, and checkerboard deposition of lithium manganese oxide 

spinel (LiMn2O4) cathode. The LiPON and LiMn2O4 were deposited by a radio frequency 

magnetron sputtering system, and the lithium metal was deposited by a thermal evaporation 

coater. The electrochemical characterization of this lithium battery showed the first discharge 

capacity of 107.8 μAh and the capacity retention was achieved 95.5% after 150 charge-

discharge cycles between 4.3V and 3V at a current density of 11 μA/cm
2
 (0.5C). Obviously, 

the checkerboard of thin film increased the charge exchange rate; also this lithium battery 

exhibited high C-rate performance, with better capacity retention of 82% at 220 μA/cm
2
 (10C). 

1.Introduction 

The thin film lithium battery (TFLB) is likely to be integrated with thin film solar cells and wireless 

signal network to be an energy harvesting module. Furthermore, the energy harvesting module is an 

inexhaustible power supply for internet of things (IoTs) applications and wearable devices [1]. 

According to related study for all-solid-state TFLBs that have significant advantages in high safety, 

long term storage and high cycle ability than that of the liquid electrolytes in batteries [2-6]. Among 

these solid electrolytes, lithium phosphorus oxynitride (LiPON) is the most popular and stable in all-

solid-state TFLBs [7-9]. However, solid electrolyte has not been widely used in TFLB because of its 

ionic conductivity is too low to meet the required capacity at high power density. To overcome this 

drawback, some researchers focus on improving the ionic conductivity of the solid electrolytes, and 

succeeded in increasing the ionic conductivity, but the stability of these solid electrolytes is not good 

enough with the cathode or anode electrode [10-14]. Instead of above mentioned research, it was 

considered changing the morphology could create a larger area of solid electrolyte/solid active 

material contact, thus increasing the charge exchange rate. Here, we introduced a checkerboard 

deposition in all-solid-state lithium battery, which was made through radio-frequency magnetron 

sputtering of an amorphous LiMn2O4 thin film, and had changed its subsequent transformation to a 

crystalline phase by conventional thermal annealing. The checkerboard deposition of TFLB showed a 

discharge capacity of 107.8 μAh between 4.3V and 3V at a current density of 11 μA/cm
2
 (0.5C). 

http://creativecommons.org/licenses/by/3.0
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Furthermore, the checkerboard deposition of thin film increased the charge exchange rate; also this 

lithium battery exhibited high C-rate performance, with better capacity retention of 76% at 220 μ
A/cm

2
 (10C). 

 

2.Experimental details 

All-solid-state TFLBs (on the basis of Li/LiPON/LiMn2O4) were fabricated by using a home-made 

radio frequency (RF) magnetron sputtering system to deposit thin-film LiMn2O4 electrodes from a 3 

inches crystallized LiMn2O4 (99.9 wt.% ) target. First, a flexible 100μm-thick of stainless steel was 

used as the substrate and current collector; the target-to-substrate distance was fixed at 70 mm. 

1,000nm-thick of LiMn2O4 thin film was deposited by introducing an Ar gas into the sputtering 

chamber at a working pressure of 5×10
-3

 torr and a RF power of 91 W. The spinel-phase LiMn2O4 thin 

film was then subjected to conventional thermal annealing at 600 °C for 90min. Next, the solid-state 

LiPON electrolyte was deposited to a thickness of about 2,000nm by RF magnetron sputtering of a 

Li3PO4 target under nitrogen atmosphere. The ionic conductivity of LiPON was measured as ~1.5 × 

10
-6

 S/cm. Finally, a Li metal film with the size of 22 mm × 22 mm was deposited on the LiPON 

electrolyte by a thermal evaporation coater, wherein a small evaporator (cylinder type, height 40 cm, 

and diameter 20 cm) was set up in an argon-filled glove box. 

The film structure was characterized by field emission scanning electron microscope (FESEM, model 

Hitachi-S4800) (Japan) and X-ray Diffractometer (XRD, model Bruker-AXS D8 Advance) (USA); the 

cyclic voltammograms (CV) test was carried out between 3.6-4.3 V at a scan rate of 0.01mVs
-1

, the 

frequency range of AC impedance was investigated from 1×10
-3

Hz up to 2×10
5
Hz and an AC voltage 

of 30mV was superimposed on a dc bias that was set at the 4.1V of each cell. The charge-discharge 

tests were conducted at a constant current of 55 μA between a voltage range of 3.0–4.3 V at 298K, 

while the high discharge current density tests were conducted at various discharge current between 5 

and 200 μA on an electrochemical workstation (model VMP3) (USA). All measurements were 

conducted in an argon-filled glove box. 

 

3.Results and discussion 

Figure 1(a) and 1(b) show the top view SEM images of the layer and the checkerboard deposition of 

LiMn2O4 thin films, respectively. The layer deposition of LiMn2O4 thin film acting as the compared 

specimen is 22mm×22mm in area and the checkerboard deposition has a deposition of 1mm×1mm 

square with a distance of 0.1mm to each other under 22×22mm area. Both of the LiMn2O4 thin films 

are spinel structure without cracking or peeling after annealing, that indicates strong adhesion to the 

flexible stainless steel substrate achieved by RF magnetron sputtering. The ratio of active area 

between layer and checkerboard deposition of LiMn2O4 thin film is around 1.21:1. 
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Figure 1. SEM images of top view of (a) layer and (b) checkboard 

deposition of LiMn2O4 thin film. 

 

Figure 2 shows the XRD patterns of LiMn2O4 thin films deposited on stainless steel substrates 

annealed at 650
o
C for 90min. As, all the XRD measurements were carried out with a scan rate of 

1°/min in diffraction angle (2θ) range 10–70°. Both of the layer and checkboard films subsequently 

annealed at 650
o
C for 90min after deposition, the onset of crystallization was observed. These two 

samples exhibited similar intensity of characteristic peaks corresponding to (111), (311), (222) and 

(400) lines.  

 

 

Figure 2. XRD patterns of layer and the checkerboard deposition of 

annealed LiMn2O4 thin films. 

 

Cyclic voltammograms were investigated in this study. Figure 3 shows peak separation in the 4 V 

regions for the two-step de-/intercalation process of lithium ions into/out of the spinel-crystal lattice. 

The curves show two couples of redox peaks of the layer deposition of LiMn2O4 thin film were 3.97, 

4.08 and 4.10, 4.18, respectively, and for the checkerboard deposition of LiMn2O4 thin film was 3.98, 

4.04 and 4.11, 4.17, respectively. The potential differences of two pairs of redox peaks of the 

checkerboard deposition of LiMn2O4 thin film was smaller than the values of the layer deposition of 

LiMn2O4 thin films. This cyclic voltammograms indicate that the checkerboard deposition of LiMn2O4 
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thin films provide smaller resistance and clearer two couples of redox peaks than the layer deposition 

thin films. 

 

 

Figure 3. Cyclic voltammograms of the layer and the checkerboard 

deposition of LiMn2O4 thin films. 

 

Figure 4 shows the Nyquist plots of the layer and the checkerboard deposition of LiMn2O4 thin films 

at room temperature. A single cell was tested at various frequencies ranging from 100 Hz to 100 MHz, 

with frequency decreased gradually; the Nyquist plots show two semicircles and a diagonal line. It is 

clear that the checkerboard deposition of LiMn2O4 electrode possesses low resistance of charge 

transfer (second semicircle), with resistance of 60 Ohm, but the value of the layer deposition LiMn2O4 

electrode is up to 130 Ohm. The checkerboard LiMn2O4 electrode possesses smaller charge transfer 

resistance. This result is correspondent with the cyclic voltammograms mentioned above. 

 

 

Figure 4. Nyquist plots of layer and checkerboard deposition of 

LiMn2O4 thin film. 
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Figure 5 displays the charge and discharge curves of the layer and the checkerboard deposition thin 

films. For the voltage region of 3.0–4.3 V, the characteristic charging and discharging plateaus of the 

checkerboard deposition of LiMn2O4 thin film slightly occur clearly than the layer deposition thin 

films. A discharge capacity of about 124μAh at a current density of 13 μA/cm2 (0.5C) was obtained 

for the layer deposition thin film and 108μAh at a current density of 11 μA/cm2 (0.5C) for the 

checkerboard deposition thin film. The ratio of discharge capacity between the layer and the 

checkerboard deposition of LiMn2O4 thin film is around 1.15:1.  The data is very close to the ratio of 

active area between two type deposition thin films. Both of all-solid-state thin film batteries with the 

similar charge/discharge profile from the 1st to 3rd cycle between 4.3V and 3V means that the 

interfaces between LiPON/LiMn2O4 and Li/LiPON were stable. 

 

 

 

Figure 5. Charge and discharge curves of (a) layer deposition and 

(b) checkerboard deposition of LiMn2O4 thin film. 

 

To confirm the all-solid-state of the layer and the checkerboard deposition of LiMn2O4 thin film 

lithium batteries were stable, the charge and discharge cycle test were investigated by an 

electrochemical workstation. Figure 6 shows the 1st discharge capacity of the checkerboard deposition 

of LiMn2O4 thin film lithium battery was 107.8 μAh between 4.3V and 3V at current density of 11 

μA/cm2 (0.5C) and  discharge capacity of about ~124 μAh (0.5C) was obtained for the first cycle of 

the layer deposition of LiMn2O4 thin film lithium battery. Within 3.0–4.3V charge/discharge cycle 

tests, the 150th discharge capacity was 102.9 and 117.2μAh, respectively.  The results obtained after 

150 cycles revealed that the checkerboard deposition of LiMn2O4 thin films retain over 95.5% of its 

initial discharge capacity and the layer deposition thin film battery was 94.5%. High capacity retention 

indicates a highly stable structure during long-term charging/discharging. 
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Figure 6. Capacity retention of Li/LiPON/LiMn2O4 cells cycled 

from 3.0 to 4.3 V. 

 

Figure 7 shows the rate capability of the layer and the checkerboard LiMn2O4 thin films at room 

temperature. A single cell was discharged at various current densities ranging from 11 μA/cm
2
 to 220 

μA/cm
2
, i.e., 0.5C to 10C for battery operation, with the gradual increase of discharge rate; the 

discharge capacity goes down by the restricted Li-ion diffusion. It is clear that the checkerboard 

LiMn2O4 electrode possesses excellent high current density capability, with capacity retention of 82% 

at 220 μA/cm
2
 (10C) better than the capacity retention (70%) of the layer deposition thin film battery. 

By comparison with the layer sample, the checkerboard LiMn2O4 electrode possesses better rate 

capability because of the following factor - the larger specific surface area ensures a larger interfacial 

area for electrochemical reaction. The checkerboard LiMn2O4 electrode shows a discharge capacity of 

84.2 μAh between 4.3V and 3V at a current density of 220 μA/cm2 (10C). The capacity retention is 

about 82.5%. However, the discharge capacity of the layer sample is only 75.9μAh at the same C-rate. 

The capacity retention is only 69%. Furthermore, the checkerboard sample almost recovers the 

capacity at a current density of 11 μA/cm
2
 (0.5C) but the discharge capacity of the layer sample is 

slightly decreased when the current density goes down to 0.5C again. 
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Figure 7. Rate capability of layered and checkerboard LiMn2O4 thin 

film. 

 

From the results obtained above, the kinetics of Li
+
 diffusion is normally the major reason for 

electrode polarization at a high discharge current; we believe that this checkerboard LiMn2O4 thin film 

electrode provides more lithium-transfer pathways as shown in figure 8. This can be attributed to the 

large surface area provided by the grains of the LiMn2O4 thin film, which allows a large number of Li
+
 

ions to be exchanged during conditions of high discharge current density. This large surface area also 

contributes to the reduction observed in the cathode polarization. 

 

 

Figure 8. Scheme of the checkerboard deposition of LiMn2O4 thin 

films in all-solid-state lithium battery. 

 

4.Conclusion 

This study has demonstrated that checkerboard deposition of LiMn2O4 thin films in all-solid-state 

lithium-ion batteries can be successfully fabricated on a stainless steel substrate through the use of 

radio-frequency magnetron sputtering method and increase the area of solid electrolyte/solid active 

material contact, thus increasing the charge exchange rate. A single cell of such a battery demonstrated 

a discharge capacity of 107.8 μAh between 4.3V and 3V at a current density of 11 μA/cm2 (0.5C). It 

also proved to have a very stable cycling performance, retaining over 95 % of its initial capacity after 

150 cycles. Similarly promising electrochemical properties were obtained at a high discharging current, 

with capacity retention of 82.5% at 220 μA/cm2 (10C). On the basis of these results, we believe that 

the checkerboard deposition of LiMn2O4 thin films in all-solid-state lithium batteries has great 

potential by some improvements for the future development of flexible lithium batteries capable of 

functioning equally well in high current density charge and discharge condition. 
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