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Patterning and annealing of nanocrystalline LiCoO, thin
films
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For the development of new high power density cathode materials for lithium ion batteries (LIB) the combination of thin film
technology and laser technology is investigated. For this purpose thin films of lithium cobalt oxide (LiCoO) synthesized by
r.f. magnetron sputtering were structured with laser radiation to significantly increase the active surface area. Subsequent
heat treatment using laser annealing was performed in order to synthesize the required high temperature phase of LiCoO..
The cathode material was studied by Raman spectroscopy to determine the structure before and after laser treatment. X-
ray photoelectron spectroscopy was applied to determine the chemical composition of the films. The battery performance of
laser treated cathode material was investigated by means of electrochemical cycling. A significant improvement of capacity

retention by laser structuring was detected.
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1. Introduction

Development of lithium ion batteries (LIB) has gained
an unprecedented significance in the last two decades as
the demand for portable telecommunication devices,
computers and hybrid electric vehicles as well as full
electric vehicles has been steadily increasing [1]. Because
of their high energy density LIB have become desirable
energy storage devices for a diverse group of portable
applications. Thin film LIB are especially desired for their
small dimensions, making them suitable for micro-electric
systems. Additionally, their large surface area may allow
high current rates making them applicable for high power
devices.

The development of new cathode materials has
attracted a great deal of attention and although other
materials show very good potential, lithium cobalt oxide
(LiC00y) is still most commonly used as cathode material
in lithium ion batteries [2].

For the preparation of LiCoO, thin films, different
methods, including pulsed laser deposition [3,4], chemical
vapor deposition [5,6], sol-gel spin coating [7,8], as well
as r.f. magnetron sputtering [9,10], have been applied. Yet
commonly a post annealing process is necessary to create
the high temperature phase of LiCoO, (HT-LiCo0,),
which exhibits a high specific energy density of about
140 mAh/g and good capacity retention.

Previous work has shown, that thin films deposition
via r.f. magnetron sputtering in 10 Pa argon atmosphere
using a stoichiometric LiCoO, target leads to nearly
stoichiometric films of LiCoO, [9]. A new technical
approach is to significantly increase the surface area of
thin films through laser structuring [9,11]. Also, for the
subsequent annealing procedure the use of laser annealing
will be investigated.

2. Experimental
2.1 Thin film deposition and furnace annealing

The thin film cathodes were deposited using a
Leybold Z550 coating facility by non-reactive r.f.
magnetron sputtering in pure argon plasma. The target
power was 200 W and the argon gas pressure was adjusted
to 10 Pa. A detailed description of the coating facility and
the dependence of the processing parameters can be found
in [12]. Due to heating from the plasma processes, the
substrate temperature can be estimated between 80 °C and
100 °C.

Furnace annealing of the thin film cathodes took place
for 3 hours in an argon-oxygen atmosphere (20 % argon)
of 10 Pa at temperatures between 400 °C and 600 °C. A
heating and cooling ratio of AT/At = 300°C/h was used.

2.2 Laser technology

Laser material processing was applied for highly
selective surface structuring and crystalline modification
of thin films made of LiCoO,. For this purpose micro-
structuring via ablation and laser-assisted annealing were
investigated.

Laser structuring was performed with ATLEX-500-SI
and ATLEX-300-M (ATL Lasertechnik GmbH) short
pulse excimer laser radiation with wavelengths of 248 nm
and 193 nm and laser pulse lengths of 4 - 6 ns (FWHM).
The short pulse excimer lasers generate a raw “flat-top”
beam directly applicable without homogenizing devices
for various micro-processing applications [13].

For laser annealing a high power diode laser (FLS
IronScan, Fisba Optik AG) with a maximum laser output
power of 50 W and a wavelength of 940 nm was used. The
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laser beam has a focus diameter of about 1 mm on the
sample surface. The temperature in the heat-affected-zone
is measured on-line during the annealing process with a
pyrometer (FLS PyroS, Fisba Optik AG) that is linked
with the laser power management system. The process
temperature can be controlled in the range of 120 °C up to
700 °C. Laser annealing of cathode materials
(1.5 x 5 mm?) was performed in ambient air for 13.2 s.

2.3 Analytics
Structural information on the LiCoO, coatings was

obtained by micro-Raman spectroscopy at room
temperature using a Renishaw-1000 system equipped with

an argon ion laser  (excitation  wavelength
ARaman = 514.5 nm, power output 21 mW).
X-ray photoelectron spectroscopy (XPS)

measurements were performed in a K-Alpha XPS
spectrometer (ThermoFisher Scientific, East Grinstead,
UK). Data acquisition and processing using the Thermo
Avantage software is described elsewhere [14]. All thin
films were analyzed using a microfocused, monochromatic
Al Ko X-ray source (30-400 um spot size). The spectra
were fitted with one or more Voigt profiles and Scofield
sensitivity factors were applied for quantification [15]. All
spectra were referenced to the Cls peak assumed to
originate from surface hydrocarbon contamination at
285.0 eV binding energy, and to the Au4f;, peak at
84.0 eV, respectively.

Electrochemical characterisation was performed in
CR2023 type button cells with a Princeton Applied
Research / BiolLogic VMP3 potentiostat/galvanostat.
Metallic lithium was used as anode material with
conventional EC/EDC electrolyte containing 1M LiPF.
Battery cycling was performed at a constant current
between 3.0 V and 4.2 V. The theoretical capacity in this
voltage range of 140 mAh/g was used for the calculation
of the C-rate. The C-rate is a measure of the rate at which
a battery is charged / discharged relative to its maximum
capacity. A “1C” rate means that the discharge current will
discharge the entire battery in 1 hour.

3. Results and discussion
3.1 Laser structuring

One objective of this work is to increase the active
surface area of thin film cathodes by means of laser
structuring, therefore two approaches may be suitable. One
is to induce specific surface structures, e.g. by mask
imaging, and the other is to perform laser structuring close
to the ablation threshold in order to change the surface
topography by selective material ablation.

For LiCoO, thin films deposited by r.f. magnetron
sputtering the formation of conical surface structures could
be observed within a wide laser fluence range [11]. Also,
with laser fluences above 2 J/cm? the creation of smooth
surfaces was possible. It could also be observed, that a
large amount of ablated material was re-deposited on the

surface not only on the side of the laser structured area, but
also on the ablated surface itself, leading to an increasing
height of the conical surface structures (Fig. 1). On 3 um
thick thin film, structures with a height of >5 pum up to
8um could be produced, leading to a surface area which is
estimated to be 5 to 10 times larger than the as-deposited
layer. Because of the re-deposition process the total
amount of active material was only slightly reduced, a
material loss of smaller than 15 % can be estimated.

laser treated
surface

debris layer

/

deposited layer

00101884
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Fig. 1. SEM image of a cross-section of laser structured
LiCoO, thin film deposited on a silicon substrate
(wavelength A =248 nm, laser fluence &=1.0J/cm?
repetition rate v, =100Hz, laser pulse number
n = 50, processing gas: helium, substrate: silicon).

The formation of conical surface structures can be
observed in a variety of different materials, e.g. stainless
steel [16], silicon [17] or polymers [18] with laser
wavelengths ranging from the UV to the IR. Different
possible mechanisms leading to their creation have been
discussed. One is that melt transfer occurs along the
surface of the irradiated structures from liquid flow driven
by surface tension gradients. Since with most materials the
surface tension decreases with rising temperature, the
material is transported from warmer regions to colder
regions leading to growth of surface structures [16]. If a
dry-etching process is dominant during ablation, the cone
growth can be attributed to redeposited ablation particles.
In case of polymers a shielding of the surface structures by
either impurities or redeposited carbon is proposed [18].
Since a large amount of redeposited material is
encountered (cf. Fig. 1) the latter model seems more
plausible. It is assumed, that the morphological structure
of the thin films strongly influences the cone formation
and cone size. The conical surface structures, as shown in
Fig. 2, could be created by using laser ablation either in
the step-and-repeat mode or by using the scanning mode
with a specific speed and laser repetition rate resulting in a
defined pulse overlap:

lateral mask size
pulse overlap = €))
laser pulse number
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Scanning over the surface led to the formation of
periodic surface structures, when specific mask sizes and
laser repetition rates were used. Fig. 2 shows two LiCoO,
thin film surfaces, which were laser structured with
identical laser parameters but with different operation
mode (step-and-repeat versus scanning mode). While the
cones are randomly distributed with scanning mode, a
periodical arrangement of conical surface structures
oriented perpendicular to the scanning direction can be
found working in step-and-repeat mode.

5 um

00102764
b

Fig. 2. SEM images of LiCoO; thin films laser structured

by step-and-repeat mode (a) and by scanning mode (b)

(wavelength  A=193nm, fluence &=1.0J/cm?

repetition rate vy, =100 Hz, pulse number n=40,

processing gas: helium, pulse overlap p = 2.5 um,
substrate: silicon).

As different pulse overlaps yielded different structures
a close correlation between the periodicity of the surface
structures and the laser pulse overlap could be found. The
periodical surface structures encountered, had a periodicity
of 25um to 5um, witch matched the pulse overlap
precisely. It can therefore be concluded that the periodicity
is a direct result of the laser scan overlap.

3.2 Laser annealing

Laser annealing was applied to the thin films to create
HT-LiCoO,. The Raman spectra of LiCoO, thin films
laser annealed at different temperatures are shown in

Fig. 3. The as-deposited layer shows two broad peaks
at 510 cm™ and 600 cm™. After annealing at 400 °C the
two peaks have shifted to 482 cm™* and 695 cm™ which
can be attributed to HT-LiCoO, [19]. With higher
temperatures the intensity and the sharpness of the peaks
increases.

At wave numbers between 650 cm™ and 700 cm™
there is also a relatively small, broad peak visible. This can
be induced by either CoO or Coz0, with show spectra at
668 cm™ and 691 cm™, respectively, and can be an
indication of a slight lithium deficiency [17].
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Fig. 3. Raman spectra of laser annealed LiCoO, thin films at
different temperatures.

The crystallization seems to be to be highest at
700 °C, since the FWHM is lowest. Nevertheless, an
additional important criterion is the grain size of LiCoO,
which has to be as small as possible in order to improve
battery performance [18]. While the average grain size of
the as-deposited layer, as shown in Fig. 4 (left), is about
50 nm, the grain size after laser annealing at 600 °C has
increased up to 100 nm (Fig. 4, middle), reaching a
crystallite size of > 1 um after annealing at 700 °C.

The formation of cracks was also observed after the
laser annealing process. While the crack size stayed below
200 nm for thin films annealed at 600 °C, crack widths
larger than 1 pm could be obtained after annealing at
700 °C. Yet, no delamination of the thin film was
encountered after laser annealing.
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Fig. 4. Surface SEM images of LiCoO, thin films, as-deposited (left), laser annealed at 600 °C (middle) and 700 °C (right)
(substrate: stainless steel).

Compared to conventional furnace annealing a large
decrease of processing time using laser annealing is
possible, resulting from the low heating and cooling rates.
Additionally opposite to furnace annealing no
delamination was encountered. Other annealing techniques
have also been applied to LiCoO,, e.g. rapid thermal
annealing (RTA) [20-22]. One of the main differences
between RTA and laser annealing is the heat source, while
RTA uses mainly incoherent halogen lamps laser
annealing utilizes focused laser radiation. Therefore,
contrary to RTA, laser annealing can be applied locally
and is scanned over the surface for large area applications.
Additionally, the optical absorption coefficient at 940 nm
was measured to a=0.5 um’, which means the laser
power is absorbed in the first two micron of the surface.
Therefore the laser beam effectively heats up the thin film
volume.
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Fig. 5. XPS spectra of Co2ps,-peaks with their
associated shake-up satellites of untreated (bottom) and
structured (top) LiCoO, thin films (wavelength
A =248 nm, laser fluence ¢ =1.9 Jlcm?, repetition rate
Vrep = 100 Hz, pulse number n = 50, processing gas:
helium, laser annealing at T = 600°C).

To further investigate the laser-induced chemical
changes at the surface, XPS measurements of laser
structured and unstructured thin films, which were laser
annealed at 600 °C, were performed. For this purpose the
line shape of the Co2ps,-peak was studied in detail (Fig.
5). The associated shake-up satellite structures are typical
and well known from literature [23]. The main
photoelectron peak is, as expected, from Co* in LiC00s.
The formation of Co*" was also observed. The occurrence
of Co* can be explained by an excess of oxygen [24]. The
surface chemistry of the redeposited material after laser
structuring is unchanged compared to the unstructured thin
film. This was also verified by XPS depth profiling within
a depth of 100 nm.

3.3 Battery cycling

Battery cycling was carried out to determine the
influence of laser structuring on the electrochemical
performance of the cathode material. After 30 cycles at
C/20 the charge/discharge current was increased to C/4
and after another 30 cycles the batteries were cycled over
300 times at 1.25-C (Fig. 6). In all cases the thin films that
were laser structured with 248 nm laser wavelength
showed the highest capacity. A drop of discharge capacity
after each increase of charging current was visible. Yet,
the amount of capacity loss strongly depended on the
production process. The capacity of the unstructured films
dropped by 37 % after the five-fold increase of charging
current from C/20, while the structured films dropped by
22.5 % and 15 %, respectively. When raising the charging
current to 1.25°C the capacity decreased by 68 %
(unstructured), 31% (193nm) and 24.5% (248 nm).
During cycling at the highest electrical current the
unstructured film lost almost 90 % of its capacity, while
the structured films retained 61 % (193 nm) and 53 %
(248 nm).

The improvement of battery performance by laser
structuring can be attributed to different processes. First of
all the free standing cones contain little residual stress,
also expansion during electrochemical cycling can be
easily compensated, leading to reduced crack formation.
Through the increased surface area of the structured films
more lithium diffusion plains are accessible which in turns
leads to an increased lithium diffusion and an improved
performance at high charging rates.
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Since the ablation rate with laser radiation at a
wavelength of 248 nm is higher than with 193 nm [11] the
height of the cones using 248 nm is increased. This is the
probable cause for the better performance of the thin films
structured with the KrF excimer laser radiation.
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Fig. 6. Discharge capacity as a function of the cycle

number of unstructured and laser structured LiCoO, thin

films after furnace annealing at 400°C. Laser structuring

was performed with wavelengths A =193 nm (laser

Sluence & = 1.0 J/cm2, repetition rate v, = 200 Hz, pulse

number n = 40) and A = 248 nm (¢ = 1.0 J/cm?
Vrep = 300 Hz, n =50) in helium atmosphere.

4. Summary and outlook

Laser structuring of LiCoO, thin films with a
thickness of 3 um was performed and an increase of active
surface area of 5 up to 10 could be obtained. By applying
the laser scanning mode conical surface structures could
be aligned periodically. A direct correlation between the
pulse overlap and the periodicity was detected.

Battery cycling showed a significant improvement of
capacity retention and cycle stability especially at large C-
rates.

Laser annealing resulted in the formation of HT-
LiCoO, with low content of impurity shown by Raman
spectroscopy and XPS. The grain size of the cathode
material can be adjusted from the nm-range up to the um-
scale as function of annealing temperature.

Future experimental studies will be focused on the
optimization of annealing time and temperature with
respect to crystallinity, grain size and mechanical stability.
Also the influence of different processing gases and
structure geometries will be studied and verified by battery
cycling.
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