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Abstract 

 

Low Temperature Crystalized LiNi0.5Mn1.5O4 

Cathode Thin Films by Excimer Laser for 

Flexible Thin Film Batteries 

Yim Haena 

School of Chemical & Biological Engineering 

Seoul National University 

 

The requirement of flexible and stretchable all-solid-state thin film 

lithium batteries have been steady increased as rapid development of 

flexible electronic devices such as smart cards, bio sensors, and roll-

up displays. In order to satisfy the requirements, using the 

conventional polymer substrate is necessary for inexpensive and light 

weight battery. However, the cathode thin film, which is a critical 

component of thin film battery, certainly needs to be crystallized by 

high temperature annealing process because of the hindrance of solid-

state lithium diffusion from any imperfections in the crystal. 

Eventually, the polymer substrate goes through sudden changes 

because of its poor resistance to high temperature, so a new direction 



 

 

of crystallization should be considered.  

Here, we demonstrated all-solid-state flexible thin film lithium 

battery using LiNi0.5Mn1.5O4 cathode thin film, LIPON electrolyte, 

and Li metal anode thin film on polyimide (PI) substrate. The 

deposited cathode thin films were crystallized by the excimer laser 

annealing instead of high temperature annealing, so that the PI 

substrate was not damaged. Structural properties of the thin films were 

investigated by X-ray diffraction (XRD) and scanning electron 

microscopy (SEM). The electrochemical properties were measured 

using WBC3000 battery cycler and impedance analyzer. The results of 

this study shows the applicability of well-crystallized cathode film at 

low temperature, and it will be an important method in flexible 

devices. 
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Chapter 1. Introduction 

 

The steady reduction in size of electronic devices leads to the 

development of small-sized power sources. Moreover, because of the 

fast advance in the development of flexible electronics devices, such 

as flexible display
1
, implantable medical devices

2
, memory devices

3
, 

micro-robot vehicles
4
, and electronic skin patch

5
, there is a huge need 

for further improvements in their power sources to make them 

possible to embed in flexible substrate. One of the solutions is using 

flexible all-solid-state lithium batteries which can decrease safety 

problem, liquid leakage during the bending state, and electrolyte 

deposition at high voltage through using solid electrolyte. Also, it can 

be easily integrated and packaged into micro-devices. Therefore, all-

solid-state lithium thin film batteries are a great promising system for 

flexible power sources due to its safety, high operating voltage, and 

high energy density.  

However, conventional fabrication processes are not appropriate to 

obtain flexible thin film batteries because the cathode and anode thin 

films required high annealing temperature to be crystallized, and this 
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high temperature affects flexible substrate like polymer, ultra-thin 

glass, and paper type substrate.  

Because of this limitation, many techniques have been reported such 

as transfer method, new structured batteries, and intense pulsed laser 

annealing. For example, Y. H. Kwon et al. reported cable-type flexible 

lithium ion batteries which can achieve great mechanical flexibility. 

The basic design of cable-type batteries is composed of anode coiled 

into a hollow spiral core, cathode, called Al-Wire, surrounding anode, 

and packaging insulator
6
. Each component was electrodeposited on a 

Cu wire in regular sequence. Also, M. Koo et al. reported bendable 

inorganic thin film battery using the universal transfer approach, 

which enables to fabricate crystallized cathode thin film on polymer 

substrate
7
. The LiCoO2 cathode thin film was annealed on the mica 

substrate and physically delaminated into thin sheet using sticky tape, 

and then transferred onto a PDMS polymer substrate. The bendable 

thin film batteries showed an operating voltage of 4 V and 106 

Ah/cm
2
 at 5 m cathode thin film. 

However, these techniques are not congruous to large-scale and low-

cost production because of complicate fabrication process. Therefore, 

we have demonstrated a fully flexible lithium thin film batteries on 
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polyimide substrate by excimer laser annealing which can crystallize 

cathode thin film in low temperature. Furthermore, we discuss the 

structural and electrochemical characteristics of the flexible lithium 

thin film batteries.    
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Chapter 2. Background 

 

2.1 All-solid-state lithium thin film batteries 

2.1.1 Overview 

As a power source of various types of microchips, low-power 

medical applications, micro-scale energy storage system, all-solid-

state lithium thin film batteries (TFBs) have been widely investigated 

as a power source. A schematic diagram of all-solid-state lithium thin 

film battery is presented in Fig. 1. As shown Fig. 1, TFBs consist of 

various component including current collectors, cathode, electrolyte, 

and anode thin films. The electrolyte separates ionic transport and 

electronic transport, so it determines the power density, the current 

density, and the safety of the batteries
8
. The cell potential is 

determined by the chemical potential difference of cathode and anode. 

Therefore, cathode material with high potential and anode material 

with low potential are required including high capacity property
9
. All 

thin films are deposited by various methods such as magnetron 

sputtering, thermal evaporator, and pulsed laser deposition. 

TFBs provide the following benefits in general; TFBs are easily 

embedded in micro-devices because the thickness of fully packaged 
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TFBs is less than 1 mm; TFBs have long shelf lives with great 

cycleability up to thousands times; TFBs provide stable operating 

properties by using solid-state electrolyte; TFBs can be fabricated in 

various shape and any size; and TFBs provide high safety
10

 and 

reliability
9
.  
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Fig. 2.1 schematic diagram of all-solid-state thin film battery 
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2.1.2 Operating principle  

 All-solid-state thin film batteries entail a reversible intercalation/de-

intercalation of lithium ions during discharge/charge process like 

general lithium ion batteries
11

. During charge process, the positive 

material such as LiCoO2 and LiMn2O4 is oxidized, and lithium ions 

are de-intercalated from the host matrix of positive material into the 

negative material. At that time, the negative material such as lithium 

metal and carbon is reduced. On the contrary, the positive material is 

reduced and negative material is oxidized during discharge process, 

and the reverse process is present as shown in Fig. 2. 
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Fig. 2.2 electrochemical reactions during charge/discharge process 
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2.2 Components of lithium thin film batteries  

2.2.1 Cathode thin films  

Cathode thin films should be able to insert/de-insert lithium ions 

repeatedly and rapidly. Intensive research for cathode materials has 

led to the development several successful lithium insertion compounds. 

In consequence of the research, transition metal oxides based on 

layered, spinel, and olivine structure have been widely used in the past 

decades.  

The first commercialized cathode material is LiCoO2, which has 

layered structure, because of its advantages like easy fabrication, high 

theoretical capacity, fast lithium intercalation, and good cyclability. 

However, only half of the lithium ions can be intercalated for 

reversible operation and safety issues with its toxicity has created the 

effort to develop alternative materials.  

Spinel structure LiMn2O4 is currently commercialized due to its high 

rate performance, high energy density, low cost, and low toxicity. 

However, only 80 percent of the lithium can be reversibly extracted 

and it limits the discharge capacity. Also, the operating potential of 

LiMn2O4 versus Li/Li
+
 is only 3.5 V, and capacity fade is frequently 

appeared because of the collapsed spinel structure caused by the Jahn-
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Teller effect.  

In order to overcome these limitations, other transition metal 

substitute for Mn in LiMn2O4 has been studied recently such as Sn, Cr, 

Ni, Fe, and Co
12

. Among others, LiNi0.5Mn1.5O4 is considered as 

remarkable cathode material because of its high operating voltage of 

4.7 V with the theoretical capacity of 146.6 mAh/g, good cyclability, 

and high power density.  
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2.2.2 Electrolyte 

Lithium ion conducting solid-state electrolyte should provide the 

high lithium ion conductivity without electronic conductivity, wide 

potential window at cathode and anode electrode, low cost, and 

environmentally friendly. Several electrolytes were reported which 

fulfill these conditions. At the beginning of the research, Li3N and Li-

Al2O3 were reported, which showed great ionic conductivity of 10
-3

 

Scm-1. However, they could not use as solid electrolyte because of 

their chemical instability. Since the late 1970s, crystalline oxide-based 

solid-state electrolytes have been explored such as Li4GeO4-Li3VO4 

and Li3xLa(2/3)-xTiO3. However, these electrolytes are shown great ion 

conductivity with well-ordered crystalline structure, which can be 

obtained after high temperature annealing. Therefore, these 

electrolytes are difficult to fabricate on polymer substrate for flexible 

batteries.  

Lithium phosphorus oxinitride (LiPON) electrolyte has widely used 

because of its exceptional electrochemical stability against lithium 

metal and acceptable Li
+
 ion conductivity even fabricated at room 

temperature. LiPON electrolyte thin film is generally prepared to 1 

m thin film by RF magnetron sputtering method, which is easily 



 

12 

 

form amorphous, dense, and free of grain boundaries film.  
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2.3 Deposition method 

2.3.1 Magnetron sputtering system  

Magnetron sputtering technique has widely used in various industrial 

depositions such as corrosion resistant coating, decorative coating, and 

thin film coating for optical or electrical properties. Basically, a target 

surface is bombarded by plasma ions and sputtering material is ejected 

on to the substrate as a thin film. The inert gas such as argon, which is 

filled in the vacuum chamber, creates a glow discharge and accelerates 

free electrons by applying a high voltage. These accelerated ions eject 

materials of sputtering target, and ejected materials are coated on 

substrate (Fig. 3).  

 Depend on the target material, DC or RF sputtering should be chose. 

DC sputtering, which operated by a constant voltage to accelerate the 

ions, can be used for a conducting target material because charges on 

the surface as the ions strike can move freely. On the other hand, RF 

sputtering can be used for an insulating target material in order to 

prevent charge remaining during the sputtering. DC magnetron 

sputtering uses a direct electron current and RF magnetron sputtering 

uses radio wave, so RF magnetron sputtering system is required much 

more volts above 10
12

 volts while DC magnetron sputtering is 
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required 5000 volts. Also, DC sputtering is required high pressure to 

achieve plasma, and RF sputtering can be operated at low pressure.  

Compare with evaporation, magnetron sputtering used high energy 

atoms and formation smaller grain size with many grain orientations. 

Also, it provides the better adhesion between substrate and thin film, 

but the deposition rate is lower than evaporation.  
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2.3.2 Thermal evaporator 

 Thermal evaporation is one of the simplest physical vapor deposition 

techniques. A solid material is heated and the particles are deposited 

on the substrate.  

The material to be deposited is located into a crucible, which is 

resistively heated by applying current. After enough temperature is 

given, the material is melted and remained stable vapor state. Then, 

the vapor atoms travel in straight lines and deposited on substrate as a 

thin film. Thermal evaporation is generally run in a high vacuum 

environment about 10
-5

 or 10
-6

 Torr in order to avoid reaction between 

the vapor and atmosphere gases, so high purity thin film can be 

achieved. Moreover, the deposition rate of thermal evaporation is 

generally higher than other thin film deposition methods, and the 

substrate is not damaged during deposition. 
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2.4 Excimer laser annealing(ELA) 

Excimer laser annealing (ELA) is a technique for annealing 

materials without damage to thermally-weak substrate in rapid time, 

and it is the most common technology for fabricating polycrystalline 

silicon thin-film transistors (TFTs) for flat panel displays, mobile 

phone, and organic light emitting diode displays. The annealing is 

performed by irradiation with laser pulses from excimer laser source 

and transformed to the heat energy at surface of the sample, these 

transformed heat energy is diffused to the inside of thin film. The 

crystallinity and agrain size of sample are significantly affected by the 

irradiation conditions. Excimer laser annealing is much faster in 

contrast with conventional annealing process because of the very short 

pulse width of the excimer laser, so that is useful technique for the 

fabricate flexible thin film without thermal damage of substrate.  

The key element of the exicmer laser annealing device is a beam 

forming and homogenizer. To improve the quality of laser and get 

homogeneous laser beam, a beam homogenizer was developed. The 

beam is focused down and across the beam scanner by dielectric 

mirrors.  

By using excimer laser annealing, A . Pecora et al. reported low-
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temperature fabricate polysilicon thin film transistor on polymer 

substrate
13

, and the devices exhibit great field effect mobility up to 50 

cm
2
/Vs. Also, W. Chung et al. reported room temperature annealed 

indium tin oxide using XeCl excimer laser annealing for flexible 

display. The crystallinity of thin film was improved, and it brings 

better sheet resistance with great transmittance
14

. However, there is no 

report about ELA on all-solid-state lithium thin film batteries so far.  
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Fig. 2.3 Schematic diagram of eximer laser annealing system 
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Chapter 3. Experimental 

 

3.1 Fabrication process 

3.1.1 Current collector 

 Flexible all-solid-state thin film batteries were prepared on a 1.7 cm 

x 2.0 cm polyimide substrates. The polyimide substrates were cleaned 

by acetone and ethanol, and then rinsed in deionized water. Firstly, a 

100 nm thick layer of Si3N4 and 300 nm thick layer of SiO2 were 

deposited by PECVD system. The Si3N4 and SiO2 films were used 

with the purpose of anti-thermal shock layer and anti-thermal 

diffusion layer. Following Si3N4 and SiO2 deposition, 25 nm Ti 

“wetting” layer was DC-sputter deposited onto the polyimide substrate 

followed by 50 nm Pt layer. The base pressure of the chamber for DC-

sputtering was lower than 5 x 10
-6

 Torr. The standard conditions used 

for deposition are as follows: working gas of argon, the Ar flow rate of 

20 sccm, DC power of 30W, and total pressure of 3 x 10
-3

 Torr.  
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Fig. 3.1 Schematic diagram and photo-image of substrate 

structure 
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3.1.2 LiNi0.5Mn1.5O4 cathode  

3.1.2.1. Fabrication of LiNi0.5Mn1.5O4 cathode thin film 

LiNi0.5Mn1.5O4 cathode thin films were deposited by on-axis RF 

magnetron sputtering on Pt/Ti/SiO2/Si3N4/PI substrate with active area 

of 0.5 x 0.5 cm
2
 using a 10 mTorr working pressure, 30 W RF power, 

and 30 sccm of Ar and 10 sccm O2 flow rates at room temperature. 

The deposition chamber was evacuated by rotary pump and turbo-

molecular pump. The base pressure of the sputtering chamber was 

controlled lower than 5x10
-6

 Torr, and the distance between target and 

substrate was fixed to 5 cm. Before deposition of cathode thin film, 

pre-sputtering was carried out for 15 min with the purpose of 

removing contaminant of target surface.  
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Fig. 3.2 Schematic diagram of on-axis RF sputtering and 

sputtering condition 
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3.1.2.2. Excimer laser annealing of LiNi0.5Mn1.5O4 cathode thin 

film 

Deposited LiNi0.5Mn1.5O4 cathode thin films were crystallized by 

Excimer laser annealing, which was carried out using KrF excimer 

laser p roviding excitation wavelength of 248 nm, without heating the 

polymer substrate. The beam homogenizing system was used and 

leads to the homogeneous beam shape of Gaussian fit. The ELA 

process was carried out by irradiation from the top surface of 

LiNi0.5Mn1.5O4 cathode thin films, and a spot size of pulse was 

5 mm ×  5 mm. The repetition rate of pulses was 20 Hz, and the 

operating temperature was fixed at 200 
o
C. The total number of pulses 

was chosen in various ranges, and excimer laser energies of 40 

mJ/cm
2
 to 80 mJ/cm

2
 were employed to obtain successfully annealed 

cathode thin films. The schematic of laser annealing system was 

shown in Fig.  
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Fig. 3.3 Schematic diagram of cathode/current collector 

deposited substrate and laser annealing system 
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3.1.3 LiPON electrolyte 

An amorphous lithium phosphorous oxynitride electrolyte thin film, 

which is well known as LiPON, were deposited by RF magnetron 

sputtering system with Li3PO4 2 inch target. The following deposition 

conditions were used for best ionic conductivity: RF power density of 

40 W, N2 flow of 40 sccm, working pressure of 10 mTorr, and the 

target to substrate distance of 7 cm. A base vacuum of 5 x 10
-6

 Torr 

was attained by a rotary pump and turbo molecular pump. 
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3.1.4 Li metal anode 

Li metal anode thin film was easily deposited by a thermal evaporator 

method in the Ar filled glove box. High purity Li foil was used as an 

evaporation source, and it was placed in a molybdenum boat located 

inside a thermal evaporator. Deposition was performed when the base 

vacuum of 5 x 10
-6

 Torr was attained by a rotary pump and diffusion 

pump. Li metal thin films were deposited on substrates held at a 

pressure less than 2x10-
5
 Pa, and a deposition current range was 

controlled below 120 A.  
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Fig. 3.4 A photo image and schematic diagram of the lithium thermal 

evaporator 
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3.2 Properties 

3.2.1 Structural properties  

The phase identification of the thin film was carried out with an X-ray 

diffractometer (XRD) (D/Max-2500 (Rigaku, USA), using Cu Kα 

radiation. The size and morphology of the thin films were 

characterized using a field emission scanning electron microscope 

(FESEM) operated at 10 kV. Before investigating images, the thin 

films were coated with a thin Pt layer to reduce surface charging 

effects. Auger electron spectroscopy (AES) depth profiling analysis 

was performed to analysis the element distribution through thickness 

by a scanning Auger nanoprobe PHI-700 model. For the AES analysis, 

an electron beam of 10 keV was irradiated on the sample surface. 
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3.2.2. Electrochemical properties  

The AC impedance was measured from electrode/LiPON/electrode 

sandwich structures (Fig.) in order to obtain ionic conductivity of the 

LiPON thin films. The Pt bottom electrode was deposited on Si 

substrate, and the LiPON thin film was deposited with thickness of 1 

µm. After that, Pt top electrode was deposited to an area of 0.7 x 0.5 

mm. The AC impedance measurements were performed at room 

temperature at frequencies from 100 Hz to 100 MHz. 

Electrochemical measurement were performed using WBCS3000 

(WonATech, South Korea) in an argon filled glove box. For preparing 

the positive electrode, LiNi0.5Mn1.5O4 cathode thin film was deposited 

on Pt/Ti/SiO2/Si3N4/PI substrate and annealed by excimer laser 

annealing. LiPON thin film was used for solid-state electrolyte and 

pure Li metal was used as a negative electrode. The cells were 

galvanostatically charged and discharged from 3.5 V to 4.9 V at 

various current densities.  
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Fig. 3.5 Schematic diagram of electrode/LiPON/electrode 

sandwich structure 
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Chapter 4 Results and discussion 

 

4.1 Characterization of LiPON electrolyte 

The 2 inch LiPO4 target was prepared for RF sputtering, and 

sputtering process was operated in N2 atmosphere. As shown in Fig 

4.1, the cross-sectional SEM images indicate the deposition rate of 

LiPON was kept constant at 2.83 nm/min and show smooth and dense 

thin film without any cracks and pores.  

X-ray diffraction patterns of LiPON thin film is shown in Fig. 4.2, 

and the film did not exhibit any peaks except the peaks of substrate 

because of its amorphous nature. In case of LiPON thin film, the 

amorphous state is advantageous for batteries because the ionic 

conductivity is generally better than the crystalline films. 
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Fig 4.1 SEM images of LiPON film on Si substrate and the graph of 

deposition rate 
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Fig. 4.2 XRD pattern of as-deposited LiPON thin film 
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Fig. 4.3 shows the auger electron spectroscopy depth profile of 

LiPON film. The atom contents in the film including Li, N, P, and O 

were not change with the depth. The data indicates the nitrogen in the 

film was uniformly incorporated, and this incorporation in the film 

increased ionic conductivity. This is because the electronegativity of 

nitrogen is smaller than oxygen, and it caused reduction of the 

electrostatic attraction to lithium ions. 

Lithium ion conductivity of LiPON thin film was measured using 

impedance measurement in frequencies range of 100 Hz to 100 MHz at 

room temperature, and impedance diagram of LiPON thin film is 

shown in Fig.4.4. The ionic conductivity was calculated from the 

equation of  = d / (R х A), where d is the thickness of LiPON film, A 

is the area of the metal electrode and R is the film resistance. The 

calculated ionic conductivity value was 1.005 х 10
-6

 S/cm which was 

typically known. 
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Fig. 4.3 Auger electron spectroscopy depth profile of LiPON film 
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Fig. 4.4 Impedance spectra of LiPON thin film from Pt/LiPON/Pt 

sandwich structure 
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4.2 Characterization of LiNi0.5Mn1.5O4 cathode thin film 

4.2.1 Structural characteristics  

The 280 nm amorphous LiNi0.5Mn1.5O4 cathode thin films were 

deposited by RF magnetron sputter on the Pt/Ti/SiO2/Si substrate in 

order to obtain SEM images and XRD patterns which are shown in 

Fig 4.5 and Fig.4.6.  

The 2 inch LiNi0.5Mn1.5O4 target was prepared for RF sputtering, and 

sputtering process was operated in Ar and O2 atmosphere. As shown in 

Fig 4.5, the cross-sectional SEM images indicate the deposition rate of 

LiNi0.5Mn1.5O4 cathode thin film was kept constant at 2.3 nm/min and 

show dense thin film without any pores. 

In order to confirm the effect of laser energy, the excimer laser 

annealing was carried out with the irradiated laser energy of 1000 

pulses from 40 mJ/cm
2
 to 80 mJ/cm

2
. The (111) peak, which is the 

main peak of spinel phase, is slightly appeared at the 40 mJ/cm
2
 and 

the other peaks of spinel phase such as (311) and (400) are appeared 

above the laser energy of 70 mJ/cm
2
.  

Plain-view SEM images of annealed cathode thin films are shown in 

Fig. 4.7. According to the plain-view images, grain size and 

morphology of thin films were maintained after laser annealing. 
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Excimer laser irradiation is instantly transformed into local heat in 

extremely short time and increase local temperature in the oxide thin 

film. During this process, the interface between thin film and substrate 

is damaged if the irradiation energy is too high. As shown Fig 4.7, the 

melting parts were appeared above laser energy of 80 mJ/cm
2
, and the 

thin film was peeled off from the substrate at laser energy of 90 

mJ/cm
2
. Therefore, the laser energy was controlled under 90 mJ/cm

2
. 
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Fig 4.5 cross-sectional SEM images of LiNi0.5Mn1.5O4 cathode thin 

films deposited with different deposition time 
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Fig. 4.6 X-ray diffraction spectra of laser-annealed LiNi0.5Mn1.5O4 

cathode thin film at various laser energies with 1000 shots 

  



 

41 

 

 

 

 

Fig. 4.7 plain-view SEM images of the LiNi0.5Mn1.5O4 thin films 

annealed with the irradiated laser energy of 1000 pulses from 40 

mJ/cm
2
 to 90 mJ/cm

2
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Fig. 4.8 shows XRD patterns and plain-view SEM images of the 

LiNi0.5Mn1.5O4 cathode thin films annealed at excimer laser energy of 

70 mJ/cm
2
 with different shot number. As observed earlier, there is no 

any peak appeared in the XRD pattern. However, the single 

LiNi0.5Mn1.5O4 spinel phase formed without a second phase after 

irradiation above 500 shots. The morphology of thin films is not 

affected by shot number of irradiation. Dense film without pore and 

crack were obtained. From XRD and SEM data, the shot number was 

controlled above 500 shots. 
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Fig. 4.8 X-ray diffraction spectra and plain-view SEM images of 

laser-annealed LiNi0.5Mn1.5O4 cathode thin film at various shots 

number at 70 mJ/cm
2
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Fig. 4.9 photographic image of flexible thin film batteries 
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4.3 LiNi0.5Mn1.5O4/LiPON/Li flexible thin film batteries  

After investigating the structural properties, the electrochemical 

behavior of each sample was examined. The electrochemical 

properties of LiNi0.5Mn1.5O4/LiPON/Li structure flexible thin film 

batteries on polyimide substrate, as a function of laser energy, are 

shown in Fig. 4.10. The initial voltage profiles and differential 

capacity curves were obtained with different laser energy at 0.4 C-rate. 

Well-defined redox peaks of Ni
2+/4+

 are observed around 4.6 V at laser 

energy of 70 mJ/cm
2
, but weak redox peaks are observed at 4.1 V 

which is attributed to the redox reaction of Mn
3+/4+

. 

Also, Fig. 4.11 shows discharge capacity profile of 3 types of thin 

film batteries cycled at different current rate which is 0.4 and 0.2 C-

rate in voltage range of 3.4 to 4.9 V. At 0.4 C, the electrode achieved a 

first discharge capacity of 9.47, 11.61, 12.63 Ah/m-cm
2
 with 

excimer laser energy of 60, 70, 80 mJ/cm
2
, respectively. After 5 cycles, 

the electrode achieved a discharge capacity of 8.24, 11.10, 11.94 

Ah/m-cm
2
 with excimer laser energy of 60, 70, 80 mJ/cm

2
, 

respectively. From these data, the capacity retention is calculated as 

87.01, 95.58, 94.60 percent with excimer laser energy of 60, 70, 80 

mJ/cm
2
. As the current rate decreased from 0.4 to 0.2 C, the discharge 
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capacity increased; the initial capacity and 20th cycled capacity of 60 

mJ/cm
2
 annealed sample is 16.13 and 13.51 Ah/m-cm

2
; the initial 

capacity and 20th cycled capacity of 70 mJ/cm
2
 annealed sample is 

19.71 and 16.04 Ah/m-cm
2
; the initial capacity and 20th cycled 

capacity of 80 mJ/cm
2
 annealed sample is 20.90 and 14.60 Ah/m-

cm
2
. The capacity retention is calculated as 83.76, 81.39, 69.85 

percent with excimer laser energy of 60, 70, 80 mJ/cm
2
, respectively. 

The initial capacity of 70 mJ/cm
2
 annealed sample is slightly lower 

than 80 mJ/cm
2
 annealed samples, but capacity retention shows much 

better value. Therefore, laser energy of 70 mJ/cm
2
 seems a better 

option for annealing LiNi0.5Mn1.5O4 cathode thin film. 
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Fig. 4.10 first-cycle voltage profile and differential capacity plots of 

LiNi0.5Mn1.5O4/LiPON/Li structure flexible thin film batteries, as a 

function of laser energy. Cycling took place between 3.4 V and 4.9 V 

at a cycling rate of 25.8 Ah/cm
2 
(0.4 C) 
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Fig. 4.11 plain- 
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In order to confirm the effect of laser shot number, the irradiation 

was carried out at 500, 1000, and 2000 shots of laser with the energy 

of 70 mJ/cm
2
. The discharge profiles of LiNi0.5Mn1.5O4/LiPON/Li 

structure flexible thin film batteries on polyimide substrate, as a 

function of laser pulse number, are shown in Fig. 4.12. The batteries 

are cycled between 3.4 V and 4.9 V at cycling rate of 0.1, 0.2, and 0.4 

C. The first discharge capacity of 500, 1000, and 2000 shots at 0.1 C 

was 12.87, 26.38, and 16.40 Ah/m-cm
2
, respectively. Therefore, 

1000 shots annealed at laser energy of 70 mJ/cm
2
 sample seems a 

better option for annealing LiNi0.5Mn1.5O4 cathode thin film. 
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Fig. 4.12 rate capability for the LiNi0.5Mn1.5O4/LiPON/Li structure 

flexible thin film batteries. The cells were cycled between 3.4 and 

4.9 V with various rates. 
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Fig. 4.13 demonstrates bending testing at various radius conditions 

from 3 mm to 9 mm. SEM images were employed to observe the 

morphology and adhesion of the thin films after bending testing 

compared with nonbending status. There is no discernible cracking, 

exfoliation, or other change in microstructure. When looking at the 

interface between electrode and current collector, there is no 

delamination or cracking even bending radius is over 9 mm. 
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Fig. 4.13 photograph of the robustness tests of flexible thin film 

batteries on a bending stage machine at bending radius of 3 mm, 6 mm, 

and 9mm. Plain-view and cross-sectional SEM images of flexible thin 

film batteries after 10 cycles bending tests at various bending radius.  
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Chapter 5 Conclusions 

 

In conclusion, we have successfully obtained excimer laser annealed 

LiNi0.5Mn1.5O4 cathode thin films on polyimide substrate. Structural 

and electrochemical characteristics of excimer laser annealed thin 

films were investigated as a function of irradiated laser energy and 

shot number. The higher energy density than 80 mJ/cm
2
 caused crack, 

exfoliation and defect in the LiNi0.5Mn1.5O4 films, and the 

electrochemical properties of 1000 shots irradiated film shows the best 

performance. By using LiNi0.5Mn1.5O4 cathode thin film annealed by 

optimized condition, we can simply fabricate all-solid-state flexible 

thin film batteries exhibiting great capacity and cycling stability. Not 

only is the fabrication process uncomplicated, but it also can be 

applied on any type of substrates because the laser can selectively 

anneal LiNi0.5Mn1.5O4 thin film without thermal damage of substrate. 

The batteries is capable of above 4 V charge/discharge voltage and 

initial capacity of 26.38 Ah/m-cm
2
. Also, thin films are well 

maintained under mechanical bending. Therefore, these batteries make 

it possible to be applied in flexible electronic devices, bendable micro 
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energy storage system, implantable medical devices, and micro-robot 

vehicles. 
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국문초록 

최근 스마트 카드, 바이오 센서, 롤-업 디스플레이 등 

다양한 종류의 플렉서블 전자 제품의 발전에 따라 그의 동력

원으로 사용되는 플렉서블 특성을 갖는 리튬박막전지의 개발

이 요구되고 있다. 가볍고 저가의 플렉서블 박막전지를 구현

하기 위해서는 폴리머 기판을 사용하는 것이 필수적이다. 하

지만, 박막전지의 중요한 구성요소인 양극 박막의 결정화를 

위하여 고온에서의 열처리 공정이 필요하게 되는데 이러한 

공정의 결과로 낮은 열 저항성을 갖는 폴리머 기판이 손상되

어 박막전지의 구현이 어렵게 된다. 따라서 저온에서 양극을 

결정화 시킬 수 있는 새로운 공정이 요구된다.   

본 연구에서는 LiNi0.5Mn1.5O4 양극 박막, LiPON 전해질 박

막, Li 음극 박막을 이용하여 폴리이미드 기판위에 플렉서블 

전 고상 박막전지를 구현하였다. 이 때 비정질 상태로 증착 

된 LiNi0.5Mn1.5O4 양극 박막은 엑시머 레이저 어닐링 방법을 

통하여 저온에서 결정화 되었다. 조사 된 엑시머 레이저는 

양극 박막이 흡수하여 선택적으로 결정화 시키기 때문에 기

판의 손상없이 박막전지를 구현할 수 있었다. 양극 박막의 

결정성 및 표면 구조를 확인하기 위하여 X-선 회절 분석 및 
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전자주사현미경 분석이 사용되었으며 70 mJ/cm2의 레이저 에

너지로 1000회 조사 한 경우 가장 우수한 결정성을 나타내었

다. 이러한 결과를 토대로 플렉서블 전 고상 박막전지를 제

작 하였으며 이러한 전지는 우수한 전기화학 성능(초기 용량 

26.38 Ah/m-cm2, 4 V 이상의 출력 전압)을 보여주었다. 따

라서 엑시머 레이저 어닐링을 이용하여 폴리머 기판 위에 제

작한 플렉서블 전 고상 박막전지는 차후 플렉서블 전자 소자

의 에너지원으로 사용될 수 있을 것으로 기대된다.  
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