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Cobalt Oxide Thin Films
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A crack-free LiCoO; thin film with a preferred oriented crystalline structure is obtained by adopting a two-step heat treatment with
a combination of substrate heating at 300°C during sputtering and a rapid thermal annealing (RTA) process. The performances
of cells deposited at room temperature and at 600°C with and without the RTA process are also compared. The LiCoO, cathode
thin film deposited at 300°C with RTA shows a high specific discharge capacity of 65 wAh/cm?-um at a 1C rate and excellent
reversibility of the dQ/dV curve in a half cell using liquid electrolyte. In a Li/Lipon/LiCoO; structure, a specific discharge capacity of
63.5 |LAh/cm?-jum is demonstrated, corresponding to 92% of its theoretical value. During charge and discharge the first specific
discharge capacity of 60 wAh/cm?-um is observed even at a 5 C rate, demonstrating superior cycling performance over 500 cycles

with no capacity degradation.
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Lithium rechargeable thin film batteries comprising solid state
components, especially a solid electrolyte, are promising power
sources in novel electronic devices such as MEMS, smart cards, sen-
sors and healthcare due to their advantages of safety, wide operating
temperatures, very low self discharge and long cycle life.!* Addition-
ally, the batteries are gradually expanding to use in application fields,
such as autonomous micropower supply, through combination with
energy harvesting devices. There are various transition metal oxide
compounds to capitalize on the intercalating capability of lithium ions
in lithium ion batteries. Among them, lithium cobalt oxide (LiCo0O,)
with a layered rock salt structure has been widely studied, especially
in thin film batteries using a vacuum process, such as physical vapor
deposition (PVD), because of easy control of the film composition,
excellent charge/discharge reversibility after crystallization, a high
operating potential of ~4.0 V (vs. Li/Li*) and a reversible theoret-
ical capacity of 69 pwAh/cm?-wm over the range of 0.5<x <1 in
Li,Co0,.>!* However, most of the LiCoO, thin films deposited at
room temperature or relatively low temperatures below 600°C lacked
crystallinity. In order to produce a battery with high capacity and cy-
cleability based on reversible lithium insertion and extraction, high
crystallinity is required, which can be achieved using an optimal heat
treatment process.'* For crystallization of LiCoO, thin film, direct
heat treatment of the thin film surface in a furnace is one of the sim-
plest and most economical processes. Unfortunately, heat treatment
conducted using a conventional furnace or rapid thermal annealing
(RTA) process at high temperatures greater than 700°C is likely to
cause film cracks and voids due to differences in the thermal ex-
pansion coefficients between the LiCoO, thin film and the substrate.
These drawbacks were already reported by previous works and could
cause micro-short path when the solid electrolyte and lithium anode
were deposited, subsequently.!> !¢ These phenomena can be regarded
as a critical factor to decrease the long term cycling stability of thin
film batteries. In general, a lower process temperature reduces such
problems. However, insufficient heat treatment produces a low tem-
perature (LT) phase of LiCoO; thin film, resulting in poor cycleability,
low rate capability and high self discharge rate.'” In spite of that, crys-
tallization through heat treatment is regarded as one of the most useful
methods to date. Heating a substrate during deposition is very effec-
tive for producing an optimal crystallinity in the as-grown LiCoO,
thin film. But, this process involves high cost or a complex system ge-
ometry and is not suitable for use as a continuous process. Although
the effect of ion bombardment due to application of a bias to the
substrate was reported to minimize crack formation during crystal-
lization in the sputtering method, it is important to maintain the low
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deposition rate of re-sputtering and the relatively low reversibility.'
Another heat treatment method is to crystallize the LiCoO, thin film
within very short time using rapid thermal annealing (RTA) process,
but there still exist crack formation.' In this present study, we pro-
pose a method to fabricate crack-free thin films of LiCoO, preventing
the formation of a micro-short path through a two-step heat treat-
ment by substrate heating during deposition and rapid thermal an-
nealing after deposition. The resulting effectiveness and performance
enhancement are also discussed. To the best of our knowledge, crack-
free LiCoO; thin films after heat treatment have not been previously
reported.

Experimental

LiCoO; thin films were deposited on a 500-pm-thick alumina sub-
strate (Coors, USA) using radio frequency (RF) magnetron sputtering
(Anelva, Japan) with an applied power density of 2.5 W/cm? under an
Ar gas condition. Layers of Ti (30 nm) / TiO, (25 nm) / Pt (250 nm)
/ LiCoO, (700 nm) were consecutively deposited over an electrode
area of 3.6 cm?. Titanium and titanium oxide were inserted between
the substrate and a Pt current collector to improve the adhesion and
minimize the interlayer diffusion during deposition, respectively. The
round sintered sputtering target (4 inches in diameter) was fabricated
using LiCoO, powder (battery grade, Seimi), which was calcined at
500°C, followed by ball milling for 24 h. A polyvinyl alcohol (PVA)
binder (2 wt%) was added to the powder, and the resulting powder
was pelletized under a pressure of 100 kgf/cm? before sintering at
1000°C for 3 h. Before deposition, the target was pre-sputtered for
30 min to eliminate the surface contamination after chamber evac-
uation to 2.7 x 10™* Pa. The Ar gas pressure during deposition was
maintained at 1.7 Pa with an 120 mm distance from the target to the
substrate for minimizing the temperature elevation of the substrate
during sputtering.

The substrate temperature was controlled at room temperature
(RT), 300°C and 600°C to compare the crack formations. As a second
heat treatment, RTA (Atech system, Korea) was used in a separate
vacuum chamber maintained at atmospheric pressure via purging of
Ar gas, wherein halogen lamps were used as a heating source. The
temperature ramping rate was approximately 63°C/min to 650°C for
10 min. The molar ratio (Li/Co) and crystallinity of the LiCoO, thin
film were analyzed using an inductively coupled plasma (ICP, Ther-
mojarrell ASH, Polyscan 61E) and an X-ray diffractometer (XRD,
Rigaku) using CuKa radiation, respectively. The surface morpholo-
gies of the LiCoO, thin films were observed using scanning electron
microscopy (SEM, Hitachi S-4100) to analyze crack formation dur-
ing deposition onto heated substrates and after the RTA process. The

Downloaded on 2016-09-15 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Al1314

1.10

T T T T T T T
16
. 11.08
£
E 14}
m 11.06
- n M e
s 12t V\v><' 1104 8
S
5 -
2 ol 41.02
o
Qo
a 41.00
8|
1 1 1 1 1 1 1 0_98
0 100 200 300 400 500 600

Substrate temperature (°C)

Figure 1. Deposition rate and molar ratio of Li/Co in LiCoO, thin films at
various substrate heating temperatures.

half-cells were assembled with lithium foil (FMC) as a counter elec-
trode and 1 M LiPFs in EC:DMC (1:1, Merck) as an electrolytic
solution with a polyethylene separator (Ube). To fabricate all-solid-
state batteries, lithium phosphorous oxynitride (Lipon) with a 1.5 pm
thickness and lithium with a 2 pm thickness were employed as the
solid electrolyte and anode, respectively. Lipon was deposited onto
the LiCoO, surface using RF reactive sputtering under pure nitrogen
gas using a Li3PO, target in the same chamber, and a lithium thin
film was deposited in a glove box (dew point: -80°C) using a ther-
mal evaporator. The charge-discharge profile was obtained using a
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constant current battery cycler system (WBCS3000, Won-A Tech.)
connected to a glove box in the range of 3.0 V4.2 V.

Results and Discussion

In general, the crystalline phase and stoichiometry of LiCoO, are
regarded as critical factors for determining cell capacity and reversible
cycleability. When the molar ratio of Li/Co exceeds 1, the material
is likely to form an unstable second phase, which can interfere with
the movement of lithium ions and is sensitive to moisture in the as-
deposited thin film. Alternatively, capacity decay likely occurs due to
the formation of Co3;0, caused by lithium deficiency when the molar
ratio of Li/Co is less than 1.'8 Figure 1 shows the deposition rate and
molar ratio of Li/Co with substrate heating temperature. The average
deposition rate measured using an alpha-step 500 profilometer was
13.7 nm/min at room temperature, which linearly decreased as the
substrate temperature increased, resulting in an 11 nm/min deposi-
tion at 600°C. The desorption rate of absorbed atoms impinging on
the substrate surface decreased at a low substrate temperature since
the substrate temperature determines the mobility of atoms on the
surface.!® However, the atomic ratio of Li/Co in the present study
did not change with an increase in the substrate temperature. When a
mixture of Ar and O, was used as the working gas, negative oxygen
ions in the plasma state can re-sputter the unstable and pre-rearranged
LiCoO; thin film. Therefore, Li atoms of relatively low atomic weight
could be removed from the substrate, resulting in a Li deficiency. Thus,
the ratio of Li/Co was not affected under these conditions, although it
did varied with substrate temperature at a fixed working pressure, es-
pecially under a condition of pure Ar working gas. This phenomenon
was in good agreement with previous results that demonstrated the
atomic ratio of Li/Co was constant at various substrate temperatures,
while the ratio varied with process gas pressure.'®2%2! Figure 2 shows

Figure 2. SEM images for LiCoO, thin film surfaces de-
posited at different substrate temperatures: (a),(a’) deposition
at room temperature (x50,000, x10,000), (b),(b") deposi-
tion at 300°C (x50,000, x10,000) and (c),(c’) deposition at
600°C(x50,000, x10,000).
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Figure 3. X-ray diffraction patterns of (a) LiCoO, target and (b) LiCoO; thin
films with various substrate heating temperatures.

SEM images of LiCoO, thin film surfaces deposited at different sub-
strate temperatures. As shown in Fig. 2a, a relatively smooth surface
was obtained in a thin film deposited at room temperature, while the
80-90-nm-sized clusters consisted of fine 10-20-nm-sized grains
grown at a 300°C deposition (Fig. 2b). However, an increasingly rough
surface and some void fractions were observed at a high substrate tem-
perature of 600°C and the cluster sizes increased to 100-120 nm, as
shown in Fig. 2¢. These phenomena are likely caused by high mobil-
ity of sputtered ad-atoms on the substrate as the temperature of the
substrate was increased. As a result, grain growth occurred and large
clusters developed both of which can affect the crystalline growth and
increase the possibility of lithium intercalation. As shown in the low
magnification SEM images, the crack-free LiCoO, thin films were
obtained at RT and 300°C deposition, respectively (Fig. 2a’ and 2b’);
however, critical defects at several spots were observed in the sample
deposited at 600°C (Fig. 2¢). Some defects generated along the fine
cracks were attributed to film shrinkage induced by excessive thermal
stress during high temperature deposition. The diffraction patterns of
thin films deposited at RT and with a heated substrate were analyzed
using XRD and were compared to that of the sputtering target. As
shown in Fig. 3a, a typical hexagonal R3m polycrystalline structure
of HT-LiCoO, consisting of an edge-shared oxygen tetrahedron was
measured in the sputtering target, while the low peak intensity cor-
responding to the (101), (018) planes near 37° and 65° and another
broad peak near 18.5° were observed on the film deposited at RT. It is
notable that the peaks of the (003) plane of the (104) plane near 45°
were shown in the film deposited at 600°C, while the peak intensity
of the (101) plane slightly increased at 300°C. Therefore, the increase
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Figure 4. Charge-discharge curves of LiCoO, thin film in half cell test: (a)
deposition at 300°C and (b) deposition at 600°C.

in substrate temperature affected the texturing of the (003), (104) and
(018) planes, but not that of the (101) plane, due to atomic rearrange-
ment via thermal energy. As a result, the poly-crystallinity of LiCoO,
increased with an increase in the substrate temperature during depo-
sition. The peak shifts of the (104) and (018) planes to lower 20 were
due to not ideal lattice occupations of the atoms. Similarly, Iriyama
et al. reported that randomly oriented polycrystalline LiCoO, thin
film having (101), (012) and (104) peaks was obtained at thicknesses
greater than 340 nm in a thin film deposited at 600°C using pulsed laser
deposition (PLD), while only the c-axis-oriented peaks were detected
at thicknesses less than 240 nm.?? Pelleg et al. reported that the volume
strain energy was dominant in a thin film thicker than 1 pm, and Hart
et al. reported that the volume strain energy densities of the (101) and
(104) planes in a lattice model of LiCoO, were quite small compared
to that of the (003) plane.?>?* Therefore, the diffraction peaks of 700-
nm-thick LiCoQO; thin films were developed to minimize the volume
strain energy. The crystal phase of LiCoO, was divided into a high
temperature (HT) phase of the hexagonal structure and a low tempera-
ture phase (LT) of a cubic-spinel related structure for different spatial
arrangement of cations, although it had the same oxide sublattice.?®
In terms of battery performance, the HT phase was beneficial for
power and charge-discharge cycling. However, as shown in Fig. 3b,
peak separation of the (018) and (110) planes near 65° did not occur,
which indicates the formation of a LT phase, as reported by Gummow
et al.?® With regard to the crystal structure, the (101) and (104) textures
were preferable because the (003) plane in the direction parallel to the
substrate was hindered for easy diffusion of Li ions.” Figures 4a and
4b show the charge and discharge potential curves, measured ata 1 C
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Figure 5. Cycling performances of LiCoO, thin films at a 1 C rate with
various substrate heating temperatures.

rate (current density of 48 uA/cm?), of LiCoOs thin films deposited at
300°C and 600°C, respectively. As shown in Fig. 4a, the rapid voltage
decrease of as much as 0.4 V was measured with no potential plateau
in a LiCoO, thin film at 300°C. The first specific discharge capacity
was only 9.5 wAh/cm?-pum. In contrast, the potential decrease was
reduced significantly, and a plateau region over the potential range
of approximately 3.8 V-3.9 V was shown on the film deposited at
600°C (Fig. 4b). However, in this case, a low specific discharge ca-
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pacity of 27 wAh/cm?-pum corresponding to approximately 39% of
the theoretical value, indicates poor electrode characteristics. In a typ-
ical LT-LiCoO, phase, a short plateau near 3.8 V, a long plateau near
3.5 V and a large cell polarization are observed.?’ Instead, prolonged
potential profiles were observed in both cases in the present study.
Therefore, it is estimated that the LiCoO, thin films deposited with
substrate heating existed as an HT and LT mixed phase, the ratio of
which was greater at 600°C. Cycling behaviors of LiCoO, thin films
with different substrate heating temperatures were conducted at a 1C
rate. As shown in Fig. 5, the specific discharge capacity retention
of LiCoO; thin films deposited at 300°C and 600°C were approxi-
mately 88% and 85% after 50 cycles, respectively, while the initial
specific discharge capacity rapidly dropped from 6 wAh/cm?-um to
2.5 iLAh/cm?-pum within ten cycles at RT deposition. Increasing only
the substrate temperature during deposition resulted in the formation
of an LT phase of LiCoO, with a relatively low capacity and poor
cycling behavior. Although the data was not included in this article,
the self discharge rate in a charging state was high. Therefore, an
increase in substrate heating temperature above 600°C is required to
improve the crystallinity of LiCoO, thin film in order to produce a
higher capacity. However, prolonged deposition is needed in order to
obtain the desired film thickness as the substrate heating temperature
increases. Thus, it is not desirable as it cause inter-diffusion between
the cathode and current collector during the deposition process, which
can increase the interface resistance between the cathode and current
collector to produce a lower cell capacity. When the substrate heating
temperature exceeds the 600°C, film delamination may occur. Because
the preferred (101) and (104) planes are favorable for easy diffusion
of lithium ions in all-solid-state thin film batteries, the additional RTA
process minimizing the inter-diffusion between the cathode and cur-
rent collector is necessary. As shown in Fig. 6a, severe cracks with
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Figure 6. SEM images for LiCoO; thin film surfaces
deposited at second step heat treatment conditions; (a),(a")
deposition at RT and RTA for 10min(x50,000, x 1,000),
(b),(b') deposition at 300°C and RTA for 10min (x 50,000,
x1,000), (c),(c") deposition at 600°C and RTA for 10min
(x50,000, x10,000).
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Figure 7. Charge-discharge and dQ/dV curves of LiCoO; thin film in half cell test: (a),(a’) deposition at 300°C and RTA for 10min and (b),(b") deposition at

600°C and RTA for 10min.

70 nm-180 nm widths were observed in the as-deposited film at RT
and when using RTA at 650°C for 10 min, and its shape was uni-
formly distributed over the film surface (Fig. 6a’ and 6b’). In contrast,
the grain size slightly increased, and no cracks were observed in the
film deposited at 300°C with RTA for 10 min (Figs. 6b, while cracks
of 100 nm widths existed in the film deposited at 600°C with RTA
(Figs. 6¢ and 6¢). Assuming that the thermal stress is the same during
the RTA process, this stress may be contributing to reduced intrinsic
or growth stress through substrate heating during deposition. When
the RTA process was conducted directly on the LiCoO, thin film de-
posited at RT, the thermal energy was concentrated on the surface of
the cathode film within a very short time and was gradually transferred
to the inner structure, including the substrate and current collector, re-
sulting in crystallization and densification of the LiCoO, thin film.
However, residual stress was released in the form of cracks during
cooling, with structural instability resulting from the different thermal
expansion coefficients of the layers. Thus, the total film stress (o)
was decreasing. In the case of substrate heating at 600°C, the ther-
mal energy during deposition can affect the film densification through
atomic rearrangement of Li, Co and O and also partially contribute to
the transformation from the LT to the HT phase of LiCoO; thin film.
However, the energy can also cause small cracks induced by substrate
stress, as shown in Fig. 2a’. For the additional crystallization at 650°C
during the RTA process, the residual stress increases crack formation
and also grain growth (Fig. 6¢). Alternatively, the residual stress was
insufficient to cause cracks in the film deposited at 300°C and mainly
affected the atomic rearrangement. Therefore, structural stability is
achieved in the first stage, and additional thermal energy caused by
the RTA process primary contributes to film crystallization and grain
growth as shown in the SEM image of Fig. 6b. The charge/discharge
and dQ/dV curves of LiCoO, thin films treated using RTA after 300°C
and 600°C deposition were demonstrated using a half-cell through the
application of a current density of 48 jwA/cm?. As shown in Fig. 7a
and 7b, the potential plateau region near 3.9 V was observed, and the
specific capacity also increased significantly from 9.5 pAh/cm?-pm
and 27 wAh/cm?-pm to 65 wAh/cm?-pum and 60 wAh/cm?-pm, re-
spectively. The dQ/dV potential plateau peaks at 3.9 V, 4.06 V and
4.16 V during charging, corresponded to the same potentials during
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Figure 8. X-ray diffraction patterns of LiCoO; thin films: (a) deposition at
300°C and RTA for 10 min, and (b) deposition at 600°C and RTA for 10 min.
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structured full cell after 300°C during deposition and RTA process.

discharging (Figs. 7a’ and 7b’). It is notable that superior reversibility
without dQ/dV peak separation was observed. The weak peak near
3.8 V during the first charging process at 600°C with subsequent
RTA was estimated to be due to a side reaction caused by a hetero-
geneous composition in the local region of LiCoO, through excess
heat treatment. The main peak at 3.9 V was a primary phase transition
between two rhombohedral structures, and the two small peaks at 4.06
V and 4.16 V were defined as phase transitions of order/disorder or
hexagonal/monoclinic arrangements of the lithium ions.?®?° Specif-
ically, the phase transition of the hexagonal to monoclinic occurs
during charging, and the inverse transition occurs during discharging.
Figure 8 shows the XRD patterns of LiCoO, thin film treated with
RTA after deposition at 300°C and 600°C. Most of the peaks were
attributed to Al,O; substrate, with some overlapping peaks from the
lower layers. However, the preferred orientation peaks of (101) and
(104) diffraction in the LiCoO; thin films were well developed in both
conditions, although peak separation of the (006) and (012) planes
near 38° and the (018) and (110) planes near 65° was not identified,
which were usually observed as a HT phase. Additionally, the (003)
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peak disappeared. Thus, a crystal structure favorable for fast lithium
intercalation/deintercalation was obtained through the two-step heat
treatment process. An all-solid-state thin film battery was prepared
using the Lipon solid electrolyte with crack-free LiCoO, thin film
treated with RTA after 300°C deposition, and the charge/discharge
and dQ/dV curves at a 1C rate were investigated, as shown in Fig. 9.
Similar to the results of Fig. 7, the long potential plateau near 3.9 V
corresponding to the primary phase transition in two hexagonal struc-
tures was observed, as well as the redox couples of 4.16 V / 4.06 V
and 4.14 V/4.04 V. The peak separation of 0.02 V in the dQ/dV curve
was likely due to the internal resistance of the Lipon solid electrolyte.
The two-step heat treatment is very effective for fabricating crack-
free LiCoO, cathode thin films with a specific discharge capacity of
63.5 |LAh/cm?-pum, corresponding to 92% of the theoretical value.
Figure 10 shows the cycling performance of the Li/Lipon/crack-free
LiCoO; structured cell (RTA after 300°C deposition). The first spe-
cific discharge capacity of 60 wAh/cm?-wm corresponded to 87%
of the theoretical capacity, even at a 5 C rate (current density of
242 wAh/cm?), and capacity decay was negligible after 500 cycles.
Additionally, excellent Coulombic efficiency of approximately 99.9%
was observed.

Conclusions

The LT and HT mixed crystalline phase was obtained via substrate
heating during sputtering; however, a two-step heat treatment was
conducted using an additional RTA process within a very short time
for excellent cell performance. In a first substrate heating step during
sputtering, the average deposition rate linearly decreased as the sub-
strate temperature increased; however, the atomic ratio of Li/Co was
close to theoretical stoichiometry. Additionally, the substrate heating
affected the texturing of the (003), (104) and (108) planes. When the
RTA process was applied as a second step for the preferred orienta-
tion of the LiCoO, thin film, severe cracks of 70 nm - 180 nm and an
approximately 100 nm width were observed in the as-deposited film
at RT and 600°C, respectively. However, a crack-free LiCoO, thin
film surface was deposited at 300°C. A half-cell test demonstrated a
higher specific discharge capacity close to the theoretical value and
good reversibility at both conditions. In an all-solid-state structure of
Li/Lipon/crack-free LiCoO, with RTA after 300°C deposition, a spe-
cific discharge capacity of 60 uAh/cm?-pum at a 5 C rate and superior
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cycling performance over 500 cycles were observed without capacity
degradation.
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