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AbstractThin LiCoO2 film cathodes were fabricated on a silicon substrate by Pulsed Laser Deposition (PLD). The microstructural propertieswere investigated as a function of the substrate temperature (Ts), which varied between 750◦C, 850◦C, and 900◦C. The depositionwas performed using a Nd:YAG laser (266 nm, 100 mJ) under an oxygen partial pressure of 200 mTorr. X-ray Diffraction (XRD)analysis revealed that films consist of HT-LiCoO2 and a small amount of Co3O4 precipitates. The highest crystallinity was obtainedfor the thin film deposited atTs = 900◦C, whereas the Atomic Force Microscopy (AFM) indicated uniform grain size distributions ofthe film deposited atTs = 850◦C with an approximate surface roughness of 18 nm. The increase of surface roughness at higherTs wasattributed to non-uniform grain distribution, highlighting the importance of substrate temperature control in minimizing interfacialdefects for improved electrochemical performance. This study provides key insights into the interplay between PLD parametersand film microstructure, offering a pathway for optimizing LiCoO2 cathodes for thin-film batteries and advanced solid-state energystorage devices.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) have been in high demand world-
wide for decades, since their broad application in portable elec-
tronics, electric vehicles, and renewable energy systems, due
to their high energy density, long cycle life, and stable perfor-
mance (Usai et al., 2022; Goodenough and Kim, 2010) . The
rise of the Internet of Things (IoT) (Chaudhary and Sharma,
2022; Zaheeruddin and Gupta, 2020) , supported by the com-
pactness of the modern electronic devices, including implants
and wearable sensors, requires a durable power source. Thin
film lithium-ion batteries (TFLIBs) are a promising candidate,
which offers several advantages such as reduced thickness, low
self-discharge, and flexibility (Xia et al., 2023) . In addition,
its solid-state architecture improves safety by removing the
flammable liquid electrolyte, which is usually utilized in com-
mercial lithium-ion batteries (Chen et al., 2021; Jaguemont
and Bardé, 2023; Yu et al., 2023) .

Nonetheless, TFLIBs as all-solid-state batteries (ASSBs)
are challenged by several issues, such as interfacial stability,

structural changes, residual stress, and cathode-electrolyte inter-
face (CEI) (Maruno et al., 2025; Hirayama et al., 2021) . Among
these challenges, interfacial stability between the electrode and
electrolyte is a critical factor affecting the performance and
longevity of ASSBs (Yang et al., 2025; Lin and Lin, 2022) .
Such instability has been observed in various cathode materials,
including LiCoO2 (Ohnishi, 2024; Lu et al., 2017) , LiFePO4
(Moazzen et al., 2024; Dupre et al., 2018) , and LiMn2O4 (Xia
et al., 2025; Delluva et al., 2020) . LiCoO2, in particular, re-
mains a widely studied cathode due to its high operating voltage
( 4.2 V vs Li/Li+), specific energy capacity ( 69𝜇Ah/cm2), long
cycle life, and minimal self-discharge (Whittingham, 2004;
Kawashima et al., 2020; Lyu et al., 2021) . A few researchers
have explored methods to improve interfacial stability in Li-
CoO2 thin-film cathodes, particularly through post-deposition
surface modifications such as coatings with graphene, Nd, or
other oxide materials (Zhang et al., 2024; Hirayama et al.,
2021; Chen et al., 2021; Lu et al., 2017) . However, prior to
coating, optimizing the initial microstructure, such as achiev-
ing low surface roughness, obtaining stable composition, and
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improving film crystallinity, is crucial for enhancing ion trans-
port and ensuring long-term cathode stability and performance
(Nishio et al., 2016; Wu et al., 2022; Yang et al., 2025) .

The microstructure and the crystallinity of the thin film
cathodes depend on the preparation methods. LiCoO2 thin
film cathode can be prepared using various techniques, such as
DC/RF and magnetron sputtering (Ganesh et al., 2018; Jung
et al., 2013; Tintignac et al., 2014; Kurbatov et al., 2024; Oz-
can et al., 2025) , atmospheric plasma spraying (Hsueh et al.,
2022) , pulsed laser deposition (PLD) (Morozov et al., 2022;
Yuan et al., 2022; Kwon et al., 2015) , and sol–gel (Porthault
et al., 2010) or hydrothermal methods (Porthault et al., 2016) .
Although LiCoO2 is frequently prepared using DC/RF mag-
netron sputtering in liquid and solid electrolytes, these thin
films frequently have low crystallinity and poor electrochemi-
cal efficiency. In contrast, laser-assisted synthesis routes have
demonstrated precise control over oxide nano-structures, as
shown in the case of calcium oxide nano-particles, where laser-
induced plasma enabled tuning of crystallite size and surface
morphology (Abbas and Aadim, 2022) . Therefore, pulsed laser
deposition (PLD) offers better control over film stoichiometry
and promotes the formation of highly crystalline thin films
(Fenech and Sharma, 2020) , making it a promising technique
for high-performance cathode fabrication.

There are two ways to improve the film crystallinity, ex-situ
heat treatment after thin film formation or annealing process (
Ta = 300◦C up to 650◦C) (Zhang et al., 2024; Kadhem, 2023) ,
and in-situ annealing during deposition by heating the sub-
strate (Ts = 600◦C (Takeuchi et al., 2015) . However, note that
annealing processes post-deposition may induce lithium loss,
interfacial stress due to heat expansion differences between sub-
strate and film, or inhomogeneous grain formation. In contrast,
in-situ crystallization during the PLD process promotes the
formation of highly oriented and dense LiCoO2 thin films and
strengthens the film–substrate interface (Rao, 2010; Takeuchi
et al., 2015) . Thus, in the present study, we are concerned
with in-situ heat treatment during the PLD process by control-
ling the substrate temperature (Ts). In addition, the intensive
study of substrate temperature dependent on film morphol-
ogy and crystallinity, to date, is lacking (Ohnishi and Takada,
2024) . Substrate temperature during PLD plays a critical role
in determining the crystallinity, surface morphology, and grain
structure of LiCoO2 films, which are closely linked to their
electrochemical performance. Therefore, this study focuses
on evaluating the effect of substrate temperature on the micro-
structural characteristics of LiCoO2 thin films deposited on
silicon substrates via PLD. The objective of this research is to
identify the optimal deposition conditions to achieve high crys-
tallinity, uniform grain size, and low surface roughness, thereby
enhancing interfacial quality and contributing to the develop-
ment of high-performance cathodes for solid-state thin-film
lithium-ion batteries.

2. EXPERIMENTAL SECTION

2.1 Materials
LiCoO2 films were grown on single crystal silicon (111) sub-
strates (Nisicon, Japan). A sintered LiCoO2 target pellet with
2,54 cm diameters was purchased from Praxair Surface Tech-
nologies, Inc.(USA). High-purity oxygen gas (99,999%) was
used as the reactive atmosphere. Silver paste (Dotite, Japan)
was used to bond the substrate to heater, ensuring effective
thermal coupling during deposition.

2.2 Instruments
The LiCoO2 thin films were deposited using a Pulsed Laser De-
position (PLD) system (Neocera Pioneer 120, USA) equipped
with a Nd:YAG laser (𝜆 = 266 nm) operating at 100 mJ and
5 ns pulsed. The microstructure and the chemical compo-
sition of the films were analyzed using a Scanning Electron
Microscope equipped with Energy Dispersive X-ray (SEM-
EDX, JEOL 6510 LA, Japan) operating at 20 keV and mag-
nification up to ×20,000. The SEM images were captured
from both the top view and the cross-section, and ImageJ soft-
ware was employed to calculate the average grain size from
the SEM image (Schneider et al., 2012) . For further details
of the microstructure evaluation, the surface morphology and
root-mean-square (RMS) of the films were evaluated using an
Atomic Force Microscope (AFM, Park Systems NX7, South
Korea) operated in non-contact mode, and software XEI (Park
Systems, South Korea) was used to estimate surface roughness
with scans performed over a 10 × 10 𝜇m2 area at the rate of
0.1 Hz. The crystallinity and phase composition were charac-
terized using an X-ray Diffractometer (Panalytical Empyrean,
Netherlands) with Cu-K𝛼 radiation at room temperature in
a 2𝜃 range of 15◦ to 90◦, while complementary phase analy-
sis was conducted using a Raman microscope (Bruker SEN-
TERRA II, Germany) equipped with a 785 nm diode laser at
50 mW.

2.3 Procedures
The PLD chamber was initially evacuated to the base pressure
of 1 × 10-5 Torr, followed by oxygen purging for approximately
30 min. The substrate with the size of about 15 × 10 mm was
bonded to the heater surface with silver paste. The target-to-
substrate distance was maintained at 5 cm. The deposition was
carried out under an oxygen partial pressure of 200 mTorr at a
laser repetition rate of 10 Hz for 120 min. The silicon substrate
temperature was varied by setting the heater to 750◦C, 850◦C,
and 900◦C. The deposition was performed under an oxygen
partial pressure of 200 mTorr for 120 min and a repetition
rate of 10 Hz. To mitigate stress accumulation and prevent
localized target erosion, the target was continuously rotated
during deposition. After deposition, the films were cooled to
room temperature at a rate of 10◦C/s and subsequently purged
with nitrogen.
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Figure 1. SEM and EDX of of the LiCoO2 Thin Film Surface on 1000× Magnification for the Sample Deposited at (a,d) 750◦C,
(b,e) 850◦C, and (c,f) 900◦C

3. RESULTS AND DISCUSSION

As demonstrated by Morozov et al. (2022) and Rao (2010) ,
the micro-structural properties of thin-film cathodes critically
affect their electrochemical performance. This study system-
atically explores the influence of substrate temperature on the
microstructure and crystallinity of LiCoO2 thin films, which

in turn affects their functional performance.
Figure 1(a)-(c) shows the SEM image of the LiCoO2 af-

ter deposition, which revealed uniform grain sizes with high
packing density across all deposited film. The films deposited
at Ts = 750◦C shows prominently larger white granules rel-
atives to the other samples. EDX mapping (Figure 1(d)-(f))
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Figure 2. SEM Images (20,000×) and Particle Size Distributions of LiCoO2 Thin Films Deposited at (a,d) 750◦C, (b,e) 850◦C,
and (c,f) 900◦C, with Particles Size Estimated Using ImageJ Software (Schneider et al., 2012)

Table 1. Average Grain Size of LicoO2 Thin Films Calculated from SEM Images (Figure 2: A-C) Using Imagej Software
(Schneider et al., 2012)

Deposition Parameters ofTs (◦C) Mean (nm) Min (nm) Max (nm) Standard deviation (𝜎)
750 429 207 1050 180
850 461 202 820 143
900 468 201 945 151

confirmed the predominant composition of the LiCoO2 phase.
However, sporadic granular features were observed distributed
randomly on the surface. These secondary phases were identi-
fied as Co3O4, consistent with previous reports by Rao (2010)
on PLD-grown LiCoO2 films and observation by Azib et al.
(2015) in hydrothermally synthesized films. The formation
of Co3O4 indicates partial oxidation of Co in LiCoO2 during
deposition, which may be triggered by local oxygen excess at
the substrate interface, slight pressure fluctuations during the
process, and kinetic competition between the nucleation of

LiCoO2 and Co3O4 phases.
Figure 2 shows SEM images at a higher magnification of

20,000× and particle size distribution of LiCoO2, indicating a
clear trend of grain refinement with increasing substrate tem-
perature. The particle size distribution of the LiCoO2 films
was estimated using ImageJ software and the results are sum-
marized in Table 1. AtTs = 750◦C, the film exhibits a broad
distribution, with grain sizes extending from 207 nm up to
approximately 1050 nm. The films deposited at 850◦C and
900◦C show closely similar average particle sizes of 461 and

© 2025 The Authors. Page 1218 of 1224



Ayu et. al. Science and Technology Indonesia, 10 (2025) 1215-1224

Figure 3. SEM Cross Section of the LiCoO2 Thin Film Deposited at (a) 750◦C, (b) 850◦C, and (c) 900◦C

Table 2. Deposition Parameters of LiCoO2 Film

Parameters This work
(Rao,
2010)

(Perkins
et al., 2001)

(Maruyama
et al., 2016)

(Takeuchi
et al., 2015)

(Matsuda
et al., 2018)

Laser source Nd:YAG KrF KrF KrF KrF ArF
Laser 𝜆 (nm) 266 248 248 248 248 193

O2 pressure (mTorr) 200 100 2000 200 200 150
TS (◦C) 750, 850, 900 300 700 550 600 600

Roughness (nm) 22, 18, 28 18 100 (grain) 0.84 2 (grooves) 66-80 (grain)
Substrate Si Si SnO2 SrTiO3 SrTiO3 Pt/Cr/SiO2

468 nm, respectively, indicating well-controlled growth condi-
tions. At 850◦C, the distribution narrows and centers around
400–600 nm, representing more uniform grain and improved
film homogeneity. At 900◦C, the distribution back toward
smaller sizes with broader tail up to 900 nm, which may due
to grain nucleation and competition. These results suggest
that a deposition temperature of 850◦C yields the most uni-
form particle size distribution with lowest standard deviation
of particle size distributions. Compared to the grain sizes re-
ported by Perkins ( 100 nm) (Perkins et al., 2001) , our results
were larger, which may be attributed to the higher deposition
temperatures promoting grain growth.

Figure 3 shows cross-sectional SEM images of LiCoO2
films, revealing a transition from columnar to more equiaxed
grains with increasing temperature. At 850◦C, the films be-
come denser with a refined columnar structure, indicating en-
hanced surface diffusion and grain growth. At 900◦C, signif-
icant grain coarsening is observed, likely driven by thermal
stress. These observations are consistent with previous studies
on temperature-dependent micro-structural evolution in oxide
films (Nishio et al., 2016) , where elevated substrate tempera-
tures typically enhance densification but lead to the formation
of mechanical defects. From these clear contrast images and
reliable differentiation between the film and substrate, we ob-
served uniform film thickness for all samples ( 2𝜇m), reflecting
a consistent deposition rate of 16 nm/min, independent of the
substrate temperature. This temperature-independent thick-
ness behavior aligns with Nishio et al. (2016) , suggesting that
substrate temperature primarily influences surface crystalliza-
tion processes rather than deposition kinetics. These results
demonstrate that while temperature significantly modifies film

morphology, it has minimal impact on deposition rates and
film thickness.

Figure 4 shows AFM topography revealing homogeneous
grain distribution and a clear temperature-dependent evolu-
tion in surface morphology. The quantitative analysis was
performed on XEI software. Film grown at 750◦C exhibited
columnar grains with a relatively broad grain size distribu-
tion ( 909 nm average) and surface roughness ( 22 nm) due
to incomplete grain coalescence. In contrast, films deposited
at 850◦C showed a more uniform, dense microstructure with
equiaxed grains ( 723 nm average) and the lowest surface rough-
ness ( 18 nm), indicating optimal growth conditions that bal-
anced nucleation and surface diffusion rates. Although higher
temperatures (900◦C) typically promote grain growth, the ob-
served surface roughness ( 28 nm) suggests competing mech-
anisms, where extended thermalization enables both particle
coalescence and nonuniform surface diffusion, resulting in ir-
regular grain structures. Table 2 summarizes the deposition
parameters adopted in the previous study. The lowest rough-
ness was obtained by Maruyama et al. (2016) combinatorial
synthesis from the Li2CO3 and CoO annealing that required
the simultaneous control of multiple parameters and was chal-
lenging to implement. In contrast, the direct deposition as
adopted in our study is more feasible. Our results aligns closely
with Rao (2010) , with addition to the higher deposition tem-
perature to achieve higher film crystallinity.

Figure 5 (a) shows the XRD pattern of the films, confirm-
ing the predominant formation of high- temperature phase
LiCoO2 (HT-LiCoO2 space group R -3m), especially in the
film grown at 850 and 900◦C. At 750◦C, the diffraction peak
of LiCoO2 could not be distinguished, which may indicate the

© 2025 The Authors. Page 1219 of 1224



Ayu et. al. Science and Technology Indonesia, 10 (2025) 1215-1224

Figure 4. AFM Topography of LiCoO2 Thin Film Deposited at (a) 750◦C, (b) 850◦C, and (c) 900◦

Figure 5. (a) X-Ray Diffraction (XRD) Pattern of the LiCoO2 Thin Films and (b) the Magnification of the (003)-peak

amorphous phase. A minor Co3O4 phase (less than 5 wt%) was
detected, indicating partial segregation likely due to lithium
deficiency or local oxygen excess, consistent with SEMEDX
results and prior reports (Rao, 2010; Yamada et al., 2013) .
Crystal structure of LiCoO2 thin film affects its electrochemical
performance (Jung et al., 2013; Yamada et al., 2013; Xia and
Lu, 2007) , where the high-temperature phase (HT-LiCoO2,
R -3m) shows better performance than the low-temperature
cubic phase (LT-LiCoO2, Fd -3m), attributed to enhanced
two-dimensional conductivity of lithium-ion. The clear identi-
fication of HT-LiCoO2 confirms the effectiveness of our depo-
sition temperatures in stabilizing the electrochemically active
layered structure.

The dominant peak of (003) around 2𝜃 = 18.9◦ indicates
preferential crystallographic orientation along the layered planes,
which is a favorable configuration for lithium-ion intercala-
tion. Figure 5(b) shows the XRD (003) reflection of the films.
The absence of this peak at 750◦C indicates an amorphous
structure, suggesting crystallization occurs above this temper-
ature. Previous studies have shown that deposition at 300◦C
or lower typically yields poorly crystalline or amorphous films,
whereas higher substrate temperatures result in films with suf-

ficiently good crystallinity (Ohnishi et al., 2015) . The HT-
LiCoO2 is also known to be stable at relatively high tempera-
tures around 800◦C, through thermal synthesis (Pegoretti et al.,
2017) . Therefore, annealing thin film above 700◦C has been
reported to promote the formation of the high-temperature
phase, which is essential for maintaining structural integrity
during battery cycling (Donders et al., 2013; Ohnishi, 2024) .
Increasing the substrate temperature to 900◦C significantly en-
hances crystallinity, as evidenced by the narrowing full-width
half maximum (FWHM) of the (003)-peak. Improved crys-
tal quality is expected to reduce charge transfer resistance by
minimizing defects and lithium pathway disorder (Xia and
Lu, 2007) . PLD-grown LiCoO2 films typically exhibit (00l)
orientation due to their low formation energy and favorable
vertical growth kinetics, though substrate orientation may also
play a role (Kwon et al., 2015) . Films with (003) orientation
have shown superior electrochemical performance compared
to those with (104) orientation (Xia and Lu, 2007; Qiu et al.,
2025) . However, at 900◦C, increased roughness (28 nm) may
offset the benefits of enhanced crystallinity.

While substrate orientation strongly influences film texture
(Ohnishi et al., 2021; Kwon et al., 2015; Xia et al., 2006) ,

© 2025 The Authors. Page 1220 of 1224



Ayu et. al. Science and Technology Indonesia, 10 (2025) 1215-1224

our 2 𝜇m-thick LiCoO2 films predominantly exhibit (003)
orientation, deviating from theoretical expectations favoring
(101)/(104) textures to relieve strain (Xia and Lu, 2007; Bates
et al., 2000) . This aligns with Jung’s findings (Jung et al., 2013) ,
suggesting that PLD growth is governed by competing factors,
such as the low surface energy of (003) facets and dynamic
strain accommodation via grain boundary formation. The
performance differences reported across (003)-oriented films
(Kwon et al., 2015) versus advantages in randomly oriented
(Tang et al., 2006) or (104)-textured films (Ohnishi et al.,
2021; Ohnishi and Takada, 2024; Ozcan et al., 2025) may
be reconciled by the coexistence of through-plane diffusion
(dominant in (003)) and grain-boundary-assisted transport in
polycrystalline films. In our system, the presence of dominant
(003) orientation with minor secondary textures may strike
a balance between these pathways. Moreover, the 2 𝜇m film
thickness provides sufficient material to sustain capacity with-
out inducing excessive strain. These XRD results are consistent
with AFM observations of grain size heterogeneity, highlighting
how elevated temperatures enhance crystallinity while intro-
ducing micro-structural disorder through competitive grain
growth and non-uniform strain. This interplay presents a key
optimization challenge, while larger crystallites can enhance
ionic conductivity, associated strain and grain size variation
may compromise mechanical stability during cycling.

Figure 6. Raman Spectra of the LiCoO2 Thin Films Deposited
at (a) 750◦C, (b) 850◦C, and (c) 900◦C

Figure 6 presents Raman spectra of the LiCoO2 films,
which identify characteristic vibrational modes of the main
phase LiCoO2. The presence of secondary phase Co3O4 was
also observed at 674 cm-1 in agreement with SEM-EDX and
XRD results. The vibrational modes of rhombohedral Li-
CoO2 primarily reflect oxygen sub-lattice vibration, which cor-
respond to the Eg bending mode (487 cm-1) and A1g stretch-
ing mode (598 cm-1), in agreement with previous reports
(Otoyama et al., 2016; Matsuda et al., 2019) . The Eg mode

(487 cm-1) corresponds to O Co O bending vibrations, and
the A1g mode (598 cm-1) represents Co O symmetric stretch-
ing. As quantified in Table 3, the relative intensity ratio (A1g/Eg )
was maximum for films deposited at 850◦C, suggesting en-
hanced c-axis orientation at this temperature. This trend cor-
relates with XRD-determined (003)-peak intensity variations.

Table 3. Intensity Ratio of Eg/A1g Vibrational Modes from
Raman Spectrum

Deposition
ParametersTs (◦C)

Eg A1g Eg/A1g

750 378.322 191.813 1.972
850 774.346 145.001 5.340
900 711.176 192.108 3.702

The orientation dependence arises because the A1g mode
intensity is maximized when the Co O bond vectors align
perpendicular to the substrate, while the Eg mode remains
relatively insensitive to orientation. Films grown at 850◦C
demonstrate optimal crystallographic alignment (Eg/A1g ra-
tio 2.1 vs 1.7 at 750◦C), reduced lattice disorder (FWHM of
A1g mode 18 cm-1 vs. 24 cm-1 at 900◦C), and minimal sec-
ondary phase content (Co3O4 peak intensity less than 5% of
A1g ). These structural advantages explain the superior elec-
trochemical behavior of 850◦C-grown films, where aligned
Li+ diffusion channels and reduced grain boundary resistance
enhance performance.

4. CONCLUSIONS

LiCoO2 thin film cathodes were successfully fabricated via
pulsed laser deposition (PLD) using a Nd:YAG laser (𝜆 = 266
nm). Structural analysis confirmed the formation of the high-
temperature rhombohedral phase (R3̄m) with minimal Co3O4
impurity (< 5%), attributed to lithium deficiency during de-
position. A systematic investigation of substrate temperature
revealed that 850 ◦C yields the most favorable balance between
crystallinity and surface morphology. At this temperature, films
exhibited strong (003) orientation, minimal surface roughness
(18 nm), and intermediate grain size (100 nm), supporting effi-
cient Li-ion transport through both bulk and grain boundaries.
In contrast, lower temperatures (750 ◦C) resulted in poor crys-
tallinity and high porosity, while higher temperatures (900 ◦C)
led to excessive grain coarsening and roughness (above 28 nm),
potentially compromising interfacial stability. The superior
phase and orientation at 850 ◦C, corroborated by Raman anal-
ysis, highlight its suitability for fabricating high-performance
cathodes, particularly for all-solid-state microbatteries where
smooth interfaces and controlled thickness are critical. These
findings provide a framework for optimizing PLD conditions
in LiCoO2-based electrodes. The electrochemical validation,
including cycling stability and rate capability, may be needed
to fully assess their application potential in advanced Li-ion
systems for future work.
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