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Abstract. This work reviews the interaction of photons with polymers with
an emphasis on UV laser ablation. Polymethylmethacrylate, polyimides and
special designed polymers are used as examples to show that the
mechanism is a mixture of photochemical and photothermal features which
are closely related to the polymer structure and properties. Different
approaches to probe the ablation mechanisms and to improve ablation are
discussed. A critical evaluation of the experimental procedures and analysis
techniques is presented. In the second part the pulsed laser deposition of
thin oxides films is considered. Perovskite films and Li-spinel films are
analyzed in great details and used as examples of two model systems that
are appropriate for application in re-chargeable batteries.
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1. Introduction

1.1. ABLATION OF POLYMERS

The interactions of photons with a polymer can result in a large variety of
reactions which range from the modification of the polymer surface to the
complete decomposition. The latter usually results in the ablation and/or
carbonization of the irradiated polymer area. The first reports about laser
ablation of polymers were published in 19827 and since then numerous
studies dealing with ablation of a wide variety of polymers and the ablation
mechanism(s) have been published and are well summarized in various
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higher pressures of background gases are other important factors. PLD has
been successfully used for the growth of many types of multicomponent
thin films with a very high quality.*” Nevertheless, some limitations exist,
such as particulates, incongruent ablation and oxygen deficiency in oxide
materials. To minimize these limitations some modifications to the
traditional PLD method have been developed. Some examples for these
modifications are Aurora-PLD,* RF plasma assisted pulsed laser
deposition,”?® PLD with an electric field applied to the substrate,”” UV
assisted PLD,?® off-axis PLD,29 magnetic-field PLD,” and pulsed reactive
crossed-beam laser ablation (PRCLA).”’

The first report on the combination of a pulsed gas supply with PLD
was published by Gupta and Hussey in 1991.** This setup allows the
application of low background pressures, which enables the implementation
of in-situ vacuum characterization techniques, e.g. reflection high-energy
electron diffraction (RHEED). The main difference between this setup and
the PRCLA setup used in our studies (Fig. 1) is the distance of the gas pulse
to the ablation spot on the target.

Figure 1. Pulsed reactive cross-beam laser deposition setup: 1) cylindrical target rod, 2),
heated and rotating substrate 3) expanding plasma plume generated by the laser, 4)
expanding pulsed gas, 5) nozzle of the gas pulse generator, 6) focusing lens, 7) laser beam,
8) inlet for oxygen.

For PRCLA the distance is smaller than 10 mm, which allows an
increase of the gas phase interaction and the probability of reactive
scattering between the gas pulse and plasma, while the resulting species
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Figure 2. Different perovskite structures.

The perovskite structure possesses a very high degree of compositional
flexibility, which allows to accommodate a wide variety of A and B cations,
and is also tolerant for large concentrations of both oxygen and cation
vacancies. In some complex composition the A and B sites can be occupied
by more than one cation species (A;xA’B,,B’yO3). In the case of the B
sites this can involve cations of more than one element (chemical variation),
or different oxidation states of the same element (charge variation).

The physical properties of the perovskite-type materials, such as
ferroelectric, dielectric, pyroelectric, and piezoelectric behaviour, will
depend on the cation ordering, anion vacancies, and changes in the
structural dimensionality. The ongoing research does not only cover the
study of magnetic and electronic properties,*' but also the development of
new materials to optimize renewable energy sources, i.e. solid oxide fuel
cells*, direct methanol fuel cells, and metal/air batteries.*

The most important topic for the production of metal/air batteries (i.e.
Zn/air) is the development of new materials for anodes and cathodes. These
materials have to be stable under long term operation conditions (acidic or
alkaline medium with an applied potential), and should be cheaper than the
commonly used noble metal materials, i.e. Pt. The Zn/air battery is the
battery that offers one of the highest storage densities, which is due to the
fact that one of the components in the reaction comes from outside of the
battery, i.e. atmospheric oxygen from the air as cathode reactant. The recent
design of a re-chargeable Zn air battery consists of two electrodes, i.e. Zn
paste and a bifunctional oxygen electrode with an integrated electrocatalyst
for reduction and evolution of oxygen.*** However, one major problem
associated with the development of these secondary batteries is the limited
lifetime of the bifunctional electrode (which catalyzes the reduction and the
evolution of oxygen). The development of a stable catalyst is still a
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Co). The 8a tetrahedral and 16c¢ octahedral sites of the Mn,O4 framework
form a diamond type network. The empty sites are interconnected by
common faces and edges to form a three-dimensional pathway for the
lithium diffusion (see Fig. 3, right). The angles formed by the consecutive
straight spokes, 8a - 16¢ - 8a measure about 107°. In the case of LiMn,0s,
the lattice constant of the unit cell is 8.247 A. However, in inverse spinels,
where a part of the transition metal ions situated in the 164 sites displace
the lithium ions in the 8a sites and prevent easier diffusion of lithium ions
from 8a to other 8a sites via vacant octahedral 16¢ sites. The lithium
intercalation has long been demonstrated for LiM,0,4 (with M= Ti, V, Mn)
with a capacity of one additional lithium atom per formula unit at room
temperature.”>>* In addition to that, some studies were carried out on more
complex spinel type phases such as Li;MnsOy, LisMnsO;;, LigTisOss,
LiFesOs, etc.>®?

Voltage vs Li/Li+ (V)

Figure 4. Cyclic voltammogram of three 0.3 pum thick LiMn,O,4 in 1M LiPF¢/EC/DMC
(1:2), 1 mV/s. Aadopted from °'.

During charge and discharge of the battery, the lithium ions are
extracted and reintercalated respectively into the spinel framework. In Fig.
4 a typical cyclic voltammogram in the 3.4 to 4.5V range of a LiMn,0,
film produced by PLD onto stainless steel substrates is shown. The four
peaks correspond to the intercalation/deintercalation of the Li-ions into the
spinel phase. The first step is usually located between 3.9 and 4.1 V (in this
case at 4.03 V). It corresponds to the extraction of lithium from half of the
tetrahedral sites during charging. The second peak is situated between at
4.17 V and corresponds to the extraction from the rest of the Li ions. The
Li-Li interaction forces are much stronger after extraction of the first part of
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wavelength. The final step of the PMMA decomposition is the unzipping of
the polymer, to yield the monomer. It is noteworthy to mention, that one
chain end radical will yield around 6 monomers at room temperature and
over 200 at temperatures above the glass transition temperature (T, = 104
°C). This unzipping reaction is also observed for other polymers such as
Teflon and polystyrene. The small fragments, i.e. CHy, CO, and CH;0H,
the detection of the monomer, and of the double bonds (chain end or in-
chain) upon incubation and laser ablation are again clear indications for the
involvement of photochemical reactions in the laser ablation process of
PMMA. One other important fact is the difference of the products for UV
and IR laser irradiation of PMMA. The monomer is the exclusive product
upon irradiation with a CO, laser,”> which is a clear indication for a pure
thermal process, i.e. heating of the polymer above the ceiling temperature,
while UV irradiation yields a rather broad mixture of products. The
pronounced differences of the ablation products between UV and mid-IR
irradiation and the clear signs for photochemical reaction in PMMA suggest
strongly that the clear division of the ablation mechanism into photothermal
or photochemical is at least questionable for UV laser ablation.

2.1.2. Laser Ablation of Selected Polymers

In an attempt to study the ablation mechanism of PMMA and to apply
longer irradiation wavelengths, i.e. 308 nm, which may be economically
more interesting, various dopants to induce absorption at this wavelength
have been tested. These dopants range from polyaromatic compounds, such
as pyrene, to compounds which contain a photochemical active group.®
The utilization of dopants allows also to decouple the absorption site, i.e.
the dopant, from the polymer main chain. The polyaromatic compounds
reveal a photothermal mechanism which has been modeled by a cyclic
multiphoton absorption mechanism where the triplet states play a key role.®’
The photochemical active compounds have been selected to test whether
the properties of the dopants have a pronounced influence on the ablation
properties. For these studies various dopants, based on the triazene group (-
N=N-N<), have been tested, which are photochemically well studied®®”
and which release also a large amount of nitrogen during the photochemical
decomposition. It has also been suggested that the nitrogen or other released
gases may act a driving force of ablation, which carries larger ablation
fragments away from the surface. A detailed study of the ablation properties
of PMMA doped with these triazene compounds revealed that very high
ablation rates of up to 80 um per pulse could be reached at high laser
fluences and low doping levels, i.e. 0.5 to 1 wt.-%. A weak relation
between the photochemical activity, i.e. the quantum yield, and the ablation
rates was suggested.”’ A clear sign for the release of the gaseous products,
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O, Teaching almost 200 000 cm™'. Typical absorption spectra of a triazene
and a polyimide polymer are shown in Figure 6.

The spectrum reveals also one of the very interesting properties of the
triazene polymers, i.e. the two absorption maxima that can be clearly
assigned to the aromatic system (around 200 nm) and the triazene unit
(around 330 nm).”? This allows to selectively excite various chromophores
of the polymer by switching from 193 to 248 and 308 nm irradiation.
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Figure 6. UV-Vis absorption spectra of thin films of a triazene polymer (structure shown in
Figure 7) and of a soluble polyimide (similar in structure to Kapton™).

2.1.3. Ablation of Polyimides and Triazene Polymers

The detailed comparison of the ablation rates of a polyimide, PI (i.e.
Kapton™ HN), and the triazene polymer (with the chemical structure
shown in Figure 7) is shown in Figure 8 for irradiation at 308 nm where
both polymers exhibit almost the same linear absorption coefficients. The
data were analyzed from multi-pulse experiments using the slope of etch
depths versus pulse number plots.

CH, CH,
* 0 N=N—N—(CH,)¢~-N—N=N--*

n

Figure 7. Chemical structure of the triazene polymer which has been used for the UV-Vis
absorption spectra and most ablation experiments.
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TP

Figure 9. Ablation pattern in TP1 (left) and Kapton™ (right) created by 308 nm irradiation
using a gray tone phase mask.

The structure in TP is much sharper and the re-deposited carbon
material that is clearly visible for PI is absent. This modification of the
surface has been studied for both materials using various analytical tools,
such as X-ray photoelectron spectroscopy (XPS) and confocal Raman
microscopy.”® 7’ In the case of TP no chemical and physical surface
modification was detected for ablation at 308 nm with fluences above the
threshold of ablation. The change of the surface composition of Kapton™
has been analyzed in detail by XPS™ and confocal Raman microscopy.”
The data show clearly that the ablation structures are surrounded by a
carbon layer which is depending on the applied fluence and number of
pulses, while inside the structures carbonization was also detected, but with
a slightly higher degree of crystallinity for the carbon.”™

It is noteworthy to mention in this context that “polyimide” (PI) is
probably the most studied polymer in laser ablation. Polyimide is also the
material for which most ablation models are applied, but great care has to
be taken for which polyimide the data are obtained. Polyimide is not single
polymer, but describes a class of polymers which contain at least one cyclic
imide group (shown in Figure 11) per repetition unit. Even Kapton™ is not
one polymer, but there are also many different types of Kapton™, which
are defined with additional letters, e.g. HN.

In the context of comparing ablation data it is also very important to be
very careful, as the usual ablation parameter, such as ablation rate, d(f),
threshold fluence, Fy, and effective absorption coefficient, o, are strongly
influenced by the method that was applied for determining these values.
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method of measuring the ablation depth. This can be done my “mechanical”
methods with a tip, e.g. profilometry or atomic force microscopy, where
changes of the surface morphology are detected. Another method is a
gravimetric method, i.e. quartz crystal microbalance (QMB), where the
weight loss is measured. The latter can and will also detect reactions inside
the polymer layer which are associated with a weight loss, e.g. loss of N,
for the triazene polymer, but not with the creation of an ablation crater that
is measured by the “mechanical” methods.

2.1.4. Ablation Mechanisms

Various approaches to obtain a better understanding of the ablation
mechanisms were developed and may be divided into three different
methods:

« Changing the polymer structure
o Time-resolved measurements during ablation and

» Varying the laser pulse lengths and wavelengths.

Various polymers have been designed to study the influence of the
chemical structure on the ablation behavior.*® The tested polymers
included the triazene-polymers, polymers based on photoactive ester
groups, and mixed polymers that contained both groups (ester and triazene).
The polymers were compared considering the threshold fluence and
ablation rate at low fluences. The lowest thresholds and highest ablation
rates were found for the triazene group containing polymers. The linear
absorption coefficients are within the tested range (10 000 to 100 000 cm™)
only of minor importance. It is also noteworthy to mention that the triazene
polymer with the highest density of the photochemical active triazene
groups per repetition unit (TP) reveals the highest ablation rates. The order
of the ablation rates also follows quite well the order of photochemical
decomposition in solution using low fluences and low concentrations of the
polymer in solution (in the range of 10° Mol I).* Excimer lamps were
also employed to study the effect of low fluence irradiation at 222 and 308
nm, where linear (no ablation) photochemistry is expected.*”” Excimer lamps
emit incoherent, quasi-continuous radiation at the same wavelength as the
excimer laser. At the low photon fluxes provided by the lamps, multi-
photon processes can be neglected. Decomposition of the triazene
chromophore was detected by UV-spectroscopy for 222 and 308 nm
irradiation, while decomposition of the aromatic chromophore was detected
only at 222 nm. This is consistent with the absence of surface carbonization
for 308 nm irradiation and the detection of carbonization for 248 nm
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contrast, corresponding images of polyimide for 351 nm irradiation reveal
pronounced swelling, followed by material removal that persists for
microseconds after the laser pulse.'*'"'

Significantly, surface reflectivity measurements (probed at 532 nm)
during ablation at 308 nm show a decrease in reflectivity (darkening)

during the laser pulse (included in Figure 10) which recovers completely
after the laser pulse.”’

irradiation fluence = 125 mJ cm™
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Figure 10. Surface interferometric analysis of the ablation process for TP1 and an irradiation
wavelength of 308 nm. Top left: Interference image prior to irradiation; top right:
interference image after a delay time of 160 ns. Bottom: analysis of a complete set of

interferometric images using a FFT routine which yields the phase shift (depth) and
reflectivity.

Insight into the ablation mechanisms is also provided by studying of the
ablation products, e.g. by mass-spectrometry. It is noteworthy to mention
that time-resolved mass spectrometry at 248 and 308 nm irradiation
identified all the expected fragments of the decomposition of TP1 (shown
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Figure 12. Time of flight curve for mass 28 obtained for 308 nm irradiation of the TP.

Ablation of polymers will therefore always be a mixture between
photochemical and photothermal reactions, where the ratio between these
two is influenced by the material, i.e. mainly thermal for polymers such as
Teflon and with more pronounced photochemical features for photoactive
polymers. The photochemical features are, e.g. the bleaching of the triazene
chromophore during the pulse, the ablation starting and ending with the
laser pulse, and the very fast or metastable ablation products.

2.2. PULSED LASER DEPOSITION OF THIN OXIDE FILMS

2.2.1. Parameter which Influence Thin Film Growth of Perovskites

When PLD is performed under vacuum conditions, two main aspects are
different from sputtering or conventional thermal evaporation techniques.
First, pulses of high vapour fluxes (~ 1 ms) are separated by periods of no
vapour flux (~ 100 ms) and relatively high vapour arrival energies at the
substrate. Second, there are ions with energies in the keV range and neutral
atoms with energies of several eV. PLD can also be performed in the
presence of a background gas, e.g. oxygen, two effects are expected during
the film formation: the reduction of the kinetic energy of the vapour flux,
and a high flux of background oxygen molecules bombarding the surface
during deposition. This high flux could change the film and substrate
surface energies and will increase the oxygen content (for oxide films). The
first arriving pulse causes the nucleation of a high density of smaller
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conditions. The film thickness measured by a profilometer is around 500
nm (after 42000 pulses) with a roughness in the range of 4-5 nm for 21 000
pulses. The composition of the films, measured by RBS, is
La 64:0.05Ca0.35:0.05C00.95:0.0s03:005,  Suggesting an  almost  perfectly
congruent material transfer.

The effect of different oxygen sources during PRCLA on the oxygen
content of the grown films was studied by applying only the oxygen
background (8 x 10™ mbar), or only the gas pulse (N,O at 2 bar) or both
together, during the deposition process. The compositions of the deposited
films are presented in Table 2.

Table2. Stoichiometry of the LCCO films produced with different oxygen sources.

Film | Deposition Condition Stoichiometry

A Gas pulse (2 bar) a9 68+0.05C20,3240.05C00.93:0.0502.620.05
B Oxygen background (8 x 10 mbar) | Lag:0.0sCa0.4:0.05C0098:0.0502.75:0.05
c Gas pulse (2 bar) + oxygen back. L.29,68:0.05C20,32:0.05C00.9120.0502 910,05

The composition of the films changes with the different deposition
conditions. When the films are grown in the presence of 8 x 10™* mbar of
oxygen background, lower amounts of La and Ca are observed, while the
best oxygen stoichiometry is obtained when the films are deposited using
the gas pulse and the oxygen background. The presence of only one
oxidizing source always produces films with lower oxygen content. The
effect of different gases during the formation of multicomponent metal-
oxides has been investigated for a long time.**'® The oxygen requirements
during the growth of oxides are controlled by the oxidation kinetics and the
thermodynamic phase stability at the growth temperature.’”> When PLD is
used as the film growing technique, a large amount of material is deposited
in a very short time separated by periods with no vapor flux. This makes it
necessary to have a high flux of oxygen available to oxidize the species that
arrive at the substrate. In principle, the oxygen could originate exclusively
from the oxide target, without the necessity of an additional oxidizing
source. However, only a fraction of the oxygen is released as atoms
(neutrals and ions), wile the remaining part is ejected as 0,'®. The
adsorption probability of O, is less than unity due to the inefficient
adsorption at the surface''® compared to the high sticking probability of
atomic O. The fact that the oxygen molecules have a lower probability of
remaining at the substrate surface makes it necessary to utilize an additional
oxidizing source for the effective oxidation of the cations during the film
growth. The flux of oxygen molecules is much lower in the case of the
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for PLD)''. After the interaction zone the particles propagate freely in the
direction of the substrate with almost no collisions with the oxygen
molecules of the background gas (8 x 10™ mbar). The analysis of time and
space resolved emission spectra reveal several pronounced differences of
PRCLA compared to PLD. First, lower kinetic energies are observed for the
species arriving at the substrate. Second, a larger amount of excited states
species and (excited) ionic species arrive at the substrate. It is of course
important, that the film composition will not change, if the other deposition
parameters are varied to optimize/analyze the film growth. A distance
between substrate-target of 4.5 cm and a substrate temperature of 650 °C
were chosen because epitaxial films could be obtained for these conditions.
The results reveal that varying deposition parameters, (i.e. temperature and
distance) do not affect the composition of the films, suggesting that the
deposition condition can be varied over a wide range without changing the
chemical composition of the films. These results can be explained by the
fact that the kinetic energy of the ablated species arriving at the substrate
(0.74 to 1.99 eV), is too small to cause re-sputtering (typically observed for
kinetic energies of »10 eV) of the elements from the growing film.""> No
changes in the stoichiometry are also observed when the distance is kept
constant (4.5 cm) and the temperature is varied from 550 °C to 700 °C. This
suggests that there is no pronounced re-evaporation of the elements from
the growing films at these temperatures.
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electrodes. In the gas diffusion electrode the surface is porous and the real
area of the electrode is extremely difficult to determine. Additionally, the
reactive area consists of carbon and catalyst. Contrary to this, the thin film
electrode consists of a compact structure with very few small pores. The
surface area can be assumed to have a similar value as the geometrical area
and only the catalyst is present on the surface. These differences suggest
that different adsorption mechanisms are present on both surfaces. If we
consider the electron transfer as well, the situation becomes even more
complicated due to the fact that for thin films the electron transfer will be
possible only through electron holes or oxygen vacancies and determination
of their presence in the crystal lattice during the redox-reaction is nearly
impossible. For the gas diffusion electrode the electron transfer will take
place on different surfaces, i.e. on the perovskite (oxygen evolution) and on
the carbon followed by the perovskite (oxygen reduction). Any attempt at a
quantitative comparison between the systems will therefore be associated
with a large systematic error. Polarization curves reveal that the model
systems present a slightly smaller overpotential for the two oxygen
reactions than the optimized gas diffusion electrode. The model system is
more active for the oxygen evolution reaction while the gas diffusion
electrode is more active for the oxygen reduction reaction. An important
factor is that current density values are comparable to the ones obtained for
the carbon-based perovskite gas diffusion electrodes, indicating that thin
films can be used as model system to screen different perovskite electrodes.

2.2.5. Effect of the Crystallinity on the Electrochemical Activity

Most of the reported electrochemistry with solid electrodes involves
polycrystalline materials. Such electrodes consist of a variety of small
domains with different crystal faces and edges which will face the
electrolyte. Different crystal faces exhibit different properties (e.g. work
function) so that the behavior observed at a polycrystalline electrode
represents an average of that for a number of different crystal planes and
sites. One possible way to analyze solid electrode interfaces and their
influence in a specific reaction can be performed by using single-crystal
electrodes. The most common metals used as electrodes, i.e. Pt, Pd, Ag, Ni
and Cu, form face-centered cubic crystal structures. Three low index faces
(100), (110), and (111) are the surfaces most frequently used as electrodes,
because they tend to be stable and can be polished to yield fairly smooth,
uniform surfaces. Nevertheless, even the most carefully prepared surfaces
are not atomically smooth over areas larger than a few square micrometers,
and they inevitably show steps, edges, and defect sites. Catalytic and
adsorptive properties of solid surfaces can depend upon the crystal face. An
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electrodes, i.e. the adsorption of the oxygen molecules, is affected by the
surface energy of the electrode surface, which depends on the exposed
crystallographic orientation and grain boundaries. It can also be concluded
that the phase with (100) orientation presents the best performance.

2.2.6. Parameters Influencing the Deposition of Lithium Spinel Films

In the case of Li-spinels different substrate materials can result in
different preferred crystallographic orientation of the deposited film.
Several authors''” '"® have shown that the deposited films form a
polycrystalline spinel with random orientation on substrates such as
platinum, stainless steel and silicon. However, Rougier et al. have shown
that the utilization of Si(100)/SisN, substrates yields to a preferred (111)
orientation.'”” Another parameter that influences the crystallinity of the
films is the substrate temperature.'**'?? At higher substrate temperatures the
characteristic reflexes in the X-ray-diffraction patterns ((111) at 19.5° and
(444) at ~ 45°,'?%) increases. These reflexes are associated with the degree
of crystallinity of the films. This influence has previously been shown by
various authors.''"'?*!2%12* who also analyzed the influence of the oxygen
background pressure and target composition. Julien et al."** revealed that
films grown from a target with an excess of 5% of lithium shows very poor
crystallinity. With an increasing excess of lithium in the target (up to 15%),
the deposited films reach the regular spinel crystal structure, which can also
be improved with increasing substrate temperatures. These experiments
where carried out at relatively low substrate temperatures, ranging from 100
°C to 300 °C and at a very low background pressure of 6.7x10” mbar of O,
and with non stoichiometric targets. The necessary experimental parameters
may vary from theses values when using a stoichiometric target. As
described earlier for the perovskite-type phases, Pulsed Reactive Cross-
Beam Laser Deposition (PRCLA) is in principle a very suitable method for
the deposition of complex oxides. However, in the case of spinels the
utilization of the PRCLA set up is not applicable due to the crossed gas
pulse, which significantly increases the scattering of light atoms, such as
lithium. Only a minor amount of Li-spinel can be detected in the XRD
spectra.

In Fig. 15 the X-ray diffraction (XRD) patterns of LiMn,O, deposited
on polished titanium using the classical PLD setup (without the gas pulse)
at an oxygen pressure of 0.2 mbar and a substrate temperature of 510 °C is
shown. A KrF excimer laser (248 nm) with a repetition rate of 10 Hz, a
fluence of 3-4 J/cm® and 18000 pulses was used for the deposition. The
diffraction patterns show clearly the reflexes that can be attributed to a
spinel structure of the film which is in agreement with results reported by
other groups''"!"*!%,
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In the first cycle an oxidation peak is observed around 3.6 V. However,
this is most probably not related to the extraction of lithium from the
lithium manganate spinel but is due to the titanium substrate. The peaks
around 3.6 V in the negative current region and the increase of the current
at 3.6 V in the positive current region correspond quite well with the peaks
found for an uncoated Ti-foil sample (see Fig. 17). The extraction/insertion
of lithium from the lithium spinel can be detected as very weak peaks in the
voltammogram (see arrows in Fig. 16). These peaks occur in the expected
region, i.e. two oxidation peaks between 4.05 V and 4.2 V in the positive
current region and two reduction peaks between 3.9V and 4.1 V in the
negative current region. This leads to the conclusion that a spinel phase is
present on the substrate. The difference between the first and the following
cycles is most probably due to the expected formation of an solid
electrolyte interphase (SEI) and, possibly, structural transformation. The
pronounced noises in Fig. 16, e.g. between 3.4 and 3.5 V, are currents from
the electrochemical reactions of the electrolyte in solution in contact with
the non-coated surface of the titanium substrate.
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Figure 17. CV of an uncoated titanium foil sample. Arrows mark the extraction and
reintercalation of lithium into the titanium-oxide layer.

The RBS/ERDA measurements reveal a strong lithium deficiency
(Li/Mn ration between 0.4 and 0.5) for all films deposited under an oxygen
background pressure between 0.1 and 0.3 mbar. Nevertheless, the X-ray
diffraction patterns in Fig. 15 give clear evidence for the presence of a
spinel phase but which may not be homogeneously distributed over the
whole substrate. There are two possible ways to overcome this problem.
One possibility is to utilize an excess of lithium in the target,''*'*>'** or to
optimize the conditions for the classical PLD setup (without the gas pulse).
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measurements revealed a spinel phase on all substrates deposited at these
conditions, however, electrochemical activity in the expected voltage range
was only obtained for films deposited at a background pressure of 0.2 mbar
and at a distance between the target and the substrate of 3-4 cm (see Fig.
16). Furthermore, RBS/ERDA measurements revealed a strong deficiency
in lithium and oxygen in these films. Whereas the oxygen content can be
easily increased by cooling down the sample in pure oxygen atmosphere
after deposition, the increase of the lithium content is much more difficult.
Characterization of the laser-created plasma with a Langmuir Probe and
Mass spectroscopy suggest the presence of high energetic ions (over 50
eV), mainly lithium and manganese, which can resputter the growing film
from the substrate. An increase of the background pressure from 1-10°
“mbar to 1 mbar strongly reduces the kinetic energy of these ions,
especially of manganese which results in a lower sputtering yield of the
ionic species in the plasma. The reduced sputtering yield can be observed
by measuring the deposition rate with a Quartz Crystal Microbalance
(QCM) for various laser energies and variable background pressures (see
Fig. 19). Higher laser fluences result as expected from larger ablation rates
in higher growth rates per pulse.
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Figure 19. Pressure dependence of the growth rate at constant laser fluence of 1.5, 2.5 and
5 Jem?.

The deposition rate first increases with increasing background pressure,
then decreases again after reaching a peak around 0.1-0.3 mbar. The
position of this peak corresponds to the small window of 0.1 to 0.3 mbar for
optimum deposition conditions. It might therefore be possible that the
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For the Li-spinels, it can be concluded that the deposition of LiMn,0y is
most practicable with a standard PLD equipment, but physical constraints
such as atom scattering and vapor pressure leave only a small window for
the optimum experimental parameters. The optimum conditions are a
background pressure around 0.2 mbar and a substrate temperature of 500
°C. However, the lithium deficiency in the deposited film is still an issue.
This deficiency is most probably due to the evaporation of lithium from the
film and to the sputtering effect of high energetic ions in the plasma at low
background pressures. At higher background pressures, these ions are
sufficiently slowed down to minimize the damage produced at the film
surface. The deposition of stoichiometric LiMn,O4 from a stoichiometric
target has been demonstrated by Morcrette et al.''”'?. Nevertheless, the
utilization of an excess of lithium in the target seems to be the easiest way
to compensate for the loss of lithium during deposition. The
extraction/insertion of lithium from the lithium spinel could be detected for
the films deposited at the optimized conditions. Differences between the
first and the following cycles can be assigned most probably to the expected
formation of a solid electrolyte interphase (SEI) and, possibly, structural
transformation. This proves that thin films are also in the case of Li-ion
batteries very good model system to study the fundamental processes of Li
intercalation and de-intercalation and of the corresponding interphase
processes.
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reviews.”” The discussion about the mechanism of ablation started very
soon after the discovery of ablation, and up to now no general agreement
exists whether the mechanism is photochemical or photothermal. Recent
papers'® and reviews'' favor a photothermal mechanism, but these studies
are based on modeling of data for one polymer, i.e. Kapton™. This
approach may be reasonable, but we should also not forget that there exists
a long standing research topic, i.e. organic polymer photochemistry,'* that
has proven over many years that irradiation of organic molecules or
polymers with UV photons will result in photochemical reactions. It is
therefore very likely that also under ablation conditions, i.e. much higher
fluences, photochemical reactions take place. The ablation products and the
products of these photochemical reactions are related to the type of polymer
and irradiation wavelength. Polymers may be classified for photon-induced
reactions into polymers that depolymerize upon irradiation and into
polymers that decompose into fragments. The assignment of the polymers
to one of these two classes is closely related to the synthesis of the polymer:
polymers that are formed by radical polymerization from monomers which
contain double bonds are classical candidates for depolymerization upon
irradiation, while polymers that are formed by reactions such as
polycondensation will not decompose into the monomers upon irradiation.
This means of course also that no films with the same chemical structure
and/or molecular weight can be obtained by pulsed laser deposition from
these polymers as targets. A possible exception may be a process termed
resonant infrared pulsed laser deposition (RIR-PLD)" where a tunable IR
laser, i.e. a free electron laser, is applied as irradiation source. Other
processes, such as MAPLE (matrix-assisted pulsed laser evaporation)'* or
RIR-MAPLE" may be utilized to form polymer films with intact structures
of the films and without any pronounced degradation of the polymer. More
common than the deposition of organic or polymeric films is the laser
deposition of metallic or ceramic films, which will be discussed for selected
oxides films below.

1.2. PULSED LASER DEPOSITION OF METAL OXIDES

For the deposition of thin metal or ceramic films various methods can be
applied, such as molecular beam epitaxy (MBE),'® chemical vapor
deposition (CVD),"” sputtering (RF, Magnetron, and ion beam),’® and
pulsed laser deposition (PLD).""*' The advantages of PLD compared with
other deposition techniques are well summarized by Chrisey and Hubler.?
Briefly, the main advantage of PLD is the flexibility to control different
parameters which allows an optimization of the deposition conditions. The
arrival rates of atoms on the substrate and the possibility to work with
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propagate freely away from the localized scattering region.® The
advantages of PRCLA compared to PLD were demonstrated by Willmott
and Antoni” for the growth of GaN films. PRCLA has also been applied
successfully®® for the growth of perovskite films. The films present the
desired oxygen content without any post-annealing procedure.

The optimization of the different deposition parameters during the
growth of Lag¢CagsCo0; thin films, and its influence on the
electrochemical performance for the oxygen evolution/reduction reaction,
are presented in this chapter. The specific material composition was
selected due to its industrial application as bifunctional catalyst in
electrically rechargeable Zn/air batteries.*>™’

1.2.1. Selected Oxides: Perovskites and Li-Spinels

Metal oxides constitute a fascinating class of materials whose properties
cover the entire range from metals to semiconductors and insulators. Their
surfaces play a crucial role in several processes, i.e. passivation of metal
surfaces against corrosion, catalysis for the partial oxidation of
hydrocarbons, and the stability of electrode/electrolyte interfaces in fuel
cells.

In spite of all their technological and scientific importance, our
understanding of the basic physics and chemistry of metal-oxide surfaces
lags a decade or more behind that of other metals and semiconductors.
However, over the past twenty years, an increasing number of groups have
begun to study the properties of transition metal oxides for novel
applications. For example in catalysis stimulated by the discovery of TiO,
as a catalytic electrode in a photoelectrolysis cell, which decomposes water
into H, and O,, without the application of an external voltage38 or by the
discovery of Cu-oxide-based high T, superconductors.”

Metal oxides, with an empirical formula ABOs, derive their name from
the mineral “perovskite”, with the chemical structure CaTiO;. The cubic
form of this material is referred to as ideal perovskite, and has a unit cell
edge of approximately 4A. In reality, only a few perovskite-type materials
have this ideal cubic structure at room temperature, but many reach it at
higher temperatures.*® Distortions from the cubic symmetry produce
tetragonal, orthorhombic, and rhombohedral structures as shown in Fig. 2.
In the face centred cubic (FCC) structure the A cations are located at the
corners while the O atoms are on the faces. The B cation is in the centre of
the unit cell.
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challenging task. Only few catalysts are intrinsically bifunctional to act as
catalysts for both oxygen reactions. Most of the catalysts exhibit either a
low catalytic activity or they are unstable under operating conditions.***’
The perovskites containing Co, Fe, Mn and Ni are excellent catalysts for the
oxygen evolution (OER) and oxygen reduction reaction (ORR).*** The
origin of the catalytic activity is not yet fully understood and the different
preparation methods are one reason for conflicting results. The best method
to overcome this influence is the preparation of electrodes on inactive
substrates with well defined electrolyte/oxide interfaces, i.e. model systems.
This will allow to study and compare the mechanism of the oxygen
reduction/evolution reaction of different perovskite oxides without any
interference from the carbon support material. Another advantage of the
model system is the possibility to study the influence of the crystallographic
orientation on the catalytic activity. The best model system will therefore be
a dense crystalline films deposited on an inactive substrate, which can be
prepared by pulsed laser deposition.

Another class of oxides that play a major role for batteries, but in the
case of lithium-batteries, is the lithium spinels. The ideal spinel oxide
structure is AB,O4 where the oxygen atoms form a face-centered cubic
packing and occupy 32e sites of the space group Fd3m. The cations A and
B occupy the tetrahedral 84 sites and the 16d sites respectively, whereas the
octahedral site 16¢ remains empty. The spinel structure is illustrated in
Figure 3.
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Figure 3. Crystal structure of spinel phase, general (left) and for LiMn, Oy (right). Adopted
from .

For cathode electrode materials, suitable lithium spinels oxides are
generally of the form LiM,0O, (with M: transition Metal such as Mn and
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the Li-ions due to the formation of Mn** sites. Extraction of Lithium from
sites in the neighborhood of Mn*" sites requires more energy, which is the
reason for the pronounced two steps Li extraction. The two peaks at 3.99
and 4.1 V (at negative currents) correspond to the reintercalation of lithium
upon discharge.

2. Results and Discussion

2.1. ABLATION OF POLYMERS

2.1.1. Classification of Polymers for Laser Ablation

A typical example for a polymer that depolymerizes, i.e. forming the
monomer, is poly-methylmethacrylate (PMMA), while typical examples for
polymers that decompose into fragments are polycarbonates and
polyimides. These polymers are formed by the reaction of the monomers
where HCI or H,O are formed as products. These polymers will decompose
upon irradiation with photons in some fragments that cannot be identical
with the monomers.

In the case of PMMA decomposition into the monomer is possible, but
a complete transformation is only possible for a pure thermal degradation
with temperatures above the ceiling temperature, T¢ (= 280 °C), of PMMA.
The ceiling temperature is defined as the temperature where the equilibrium
between the polymer and monomer is totally on the side of the monomer,
but analysis of the ablation products upon irradiation with UV wavelengths
reveals that only a small amount, i.e. = 1% for 248 nm irradiation and =
18% for 193 nm irradiation®® of the products is the monomer. The
detected products are at least partially compatible with the well-known
products of the photolysis of PMMA. The photodecomposition starts with
the excitation of monomer unit, where for 248 nm irradiation the n —» w*
transition of the ester group is excited. The following steps are the side
chain scission of the ester group which is followed by hydrogen abstraction
by the radicals, and elimination of CO or CO,. The initial reaction, i.e. the
bond scission next to the carbonyl group is one of the most prominent
photochemical reactions, known as Norrish type I reaction or a-cleavage.
The successive steps are the main chain scission which is accompanied by
the creation of double bonds (chain end and mid chain) which is also
detected during UV laser irradiation of PMMA.* These reactions create a
modified polymer and the process has been termed photo-yellowing for low
photon fluxes, e.g. sunlight, and incubation for ablation conditions.
Incubation describes the chemical and physical changes in the polymer
prior to ablation, i.e. mainly an increase of the absorption at the irradiation
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i.e. mainly nitrogen, was detected. The quality of the ablation structures is
not satisfying due to the high roughness in the ablation craters, the ill-
defined rims, and the large amount of ablation products surrounding the
structures. One reason for these features could be the low amount of
dopants and the corresponding low absorption coefficients of the doped
polymers. Doping of polymers with small molecules is unfortunately
limited because it is only possible to dope polymers with up to = 10 wt.-%
which is already accompanied by a clear decrease of the glass transition
temperatures of the polymers. Higher doping levels can also result in an
agglomeration of the dopant, which may cause inhomogeneous ablation.
Therefore, new polymers were developed which had the photolabile
triazene group in the polymer main chain, with two triazene chromophores
in each repetition unit. This approach has several distinct advantages:

« the possibility to evaluate the influence of photochemical reactions on
the ablation properties by tailoring the polymer;

» the chance to overcome some of the drawbacks of laser ablation that are
normally observed for standard polymers. These drawbacks are the
pronounced carbonization of the ablated surface and the redeposition of
ablation products in the vicinity and inside the ablation craters.
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Figure 5. Chemical structures of the triazene polymers (TP) and of polyimide (Kapton™).

The designed triazene-polymers, TP, (general structural unit shown in
Figure 5 top) reveal several unique features. The absorption maximum and
absorption coefficient can be tuned to certain wavelengths by varying “X”
in Figure 5.° This allows to match their absorption coefficients to other
polymers that are used for comparison, e.g. polyimide, Kapton™ (structure
shown in Figure 5 bottom). The absorption maximum of the TP can be
tuned from 290 to 360 nm with maximum linear absorption coefficients,
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Figure 8. Ablation rates versus laser fluence for TP1 and Kapton™, including the linear fits
according to equation | to obtain the effective absorption coefficients, ote.

The effective absorption coefficient, a.y was calculated according to
equation 1 (see below). Both polymers reveal a quite complex ablation
behavior, which may be described by several linear relations which indicate
changes of the ablation process or mechanisms. The linear ranges can be
used to calculate o which suggest in the case of TP and also for PI
(Kapton™) that in the whole fluence range a pronounced bleaching is
observed (lower olq than o). This results in larger laser penetration
depths and therefore higher ablation rates than predicted by the absorption
coefficients. This bleaching process is more pronounced for TP in the low
fluence range than for PI, but increases for both polymers with increasing
fluences. At the highest fluences this trend seem to change in the case of
TP, where a slight increase of a.g is observed, which is assigned to plasma
absorption (plasma shielding).”* The differences between the two polymers
in the low fluence range are most probably due to the more efficient
photochemical decomposition of the TP during the laser pulse. Another
interesting difference between these polymers is the quality of the ablated
structures. The TP can be structured at this irradiation wavelength with high
quality and without any visible redeposited ablation product or modification
of the abated polymer surface. The pictures in Figure 9 show the
comparison of a test pattern ablated into TP (left) and Kapton™.
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The usual way to obtain these values is by applying the following empirical
equation®™®' to the ablation rates:

d (F)=——In(-")
Oleff Fm

The ablation rate per pulse, d(F), is plotted as function of the logarithm
of the laser fluence, F, and from the linear fits the threshold fluence, F,, and
the effective absorption coefficient, o, are obtained. The first fundamental
issue is the ablation rate per pulse, and whether this is defined as an
ablation rate for a single pulse, or as the slope of a plot where the ablation
depth is plotted as function of the pulse numbers for a given fluence. These
two different analytical methods can result in very different ablation rates,
especially in the case of polymers which reveal incubation. Incubation is
defined as the processes that are often accompanied by an increase of
absorption, e.g. due to the double bonds in PMMA and which take place
during irradiation or prior to the onset of ablation. This means for ablation
that a certain number of pulses are not inducing ablation, but only chemical
or physical modification of the polymer. If the ablation rates include these
incubation pulses, then of course different ablation rates are obtained then
for an analysis where only the pulses are used for which ablation is
detected. Another problem in analyzing the ablation depth from multipulse
experiments is the above described surface modification of the polymer
which may alter the ablation rates with consecutive pulses. These
difficulties can be overcome by utilizing only single pulse ablation rates,
which are of course more difficult to measure, as very sensitive techniques
are needed. Unfortunately even one problem may be encountered for single
pulse experiments which originates from an experimental procedure where
consecutive pulses are delivered to the same position of the polymer. In the
case of polyimide®® and several other polymers chemical modifications
are detected, which corresponds very often to carbonization of the polymer.
The polymer with this carbonized layer exhibits a different ablation rate,
due to the different material properties of this composite material, which are
not comparable to the original polymer. It is also necessary to consider that
also physical changes of the polymer surface, i.e. an increase of roughness,
can cause problems. An increase of roughness corresponds also to an
increase of the surface area, which results in an decrease of laser fluence
that can even terminate ablation when the fluence decreases below the
ablation threshold.* True single pulse experiments may also encounter a
problem originating from the sample preparation, if solvent based
techniques are used. A dense skin layer may be formed, which can exhibit
different ablation rates, i.e. lower rates, than the bulk material that contains
also remaining solvent. The last point that has to be considered is the
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irradiation. The triazene-chromophore decomposes at fluences well below
the ablation threshold and is clearly the most sensitive chromophore in the
triazene-polymer that decomposes directly during 308 nm irradiation. The
ablation data suggest also that the photochemical activity and therefore also
the possibility of a photochemical part in the ablation mechanism is at least
likely.

Therefore one triazene polymer, i.e. TP (Figure 7) was selected for
analysis by various time-resolved techniques during and directly after
irradiation at 308 nm and 248 nm. The following techniques have been
applied to probe the ablation mechanism:

» Time resolved transmission
« Ns shadowgraphy
« Ns surface interferometry and

o Time-of-flight mass spectrometry.

In an attempt to account for the different ablation behavior at 308 and
248 nm, i.e. the different surface modification”®”” and the lower ablation
rates for 248 nm irradiation,” time resolved transmission experiments were
performed. An increase in transmission with increasing fluences was
observed for 248 and 308 nm irradiation, suggesting the presence of a
bleaching process at higher fluences.”>*® In principle, this bleaching could
be transient or permanent (=decomposition). A higher degree of bleaching
was detected for 308 nm irradiation which can account for the higher
ablation rates at this wavelength. To address the issue of a possible
photothermal contribution to the ablation mechanism, a nanosecond
imaging technique’™ was employed that produces a series of
shadowgraphs of the air-polymer interface. Two different experimental
techniques were employed, which have been described in detail
elsewhere.” Only a very pronounced shockwave in air was detected which
also confirms the absence of solid products for 308 nm irradiation. The
advance of the supersonic shock waves can be modeled by a model of the
blast wave which incorporates the mass of the ablated polymer and the
decomposition enthalpy of the polymer. Shadowgraph imaging was
supplemented by ns-surface interferometry.”>***” Interferometric images
(shown in Figure 10) can reveal changes in surface morphology on ns-
timescales, both during and after the laser pulse. Some of these changes are
potentially related to photochemical and photothermal ablation
mechanisms: photothermal ablation is often associated with a pronounced
surface swelling and delayed material ejection, while photochemical
ablation is expected to yield instantaneous etching. Interferometric images
of TP at 193, 308°®%° and 351 nm’” show that etching of the film begins and
ends with the laser pulse (shown in Fig. 10 for 308 nm irradiation). In
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in Figure 11),**'%%% but it is also a fact that thermal decomposition yields
similar products.”

oo
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Figure 11. Decomposition pathway for TP1 and 308 nm irradiation with all fragments that
were observed in TOF-MS measurements.

Importantly, three different species of nitrogen were detected in the
TOF-signals (shown in Figure 12), including a very fast ground state
neutral (up to 6 eV of kinetic energy), a slower neutral ground state species
with a broad energy distribution (probably a thermal product), and possibly
a metastable (excited) neutral N, species.'® The latter can only be created
by an electronic excitation. The time of flight curves for a commercial
polymer, i.e. Teflon™, after irradiation at 248 nm reveals unzipping, where
the main product of decomposition is the monomer (mass 100, C,F,4). The
TOF curve was modeled by a Maxwell-Boltzman distribution which yields
a temperature of 710 °C that is at least compatible with the decomposition
(> 400 °C) and ceiling temperature (= 930 °C) of Teflon.'”

The data for the photochemical active triazene polymer (TP) suggest
strongly that photochemistry can play an important role in the ablation
mechanism of polymers, but it is also clear that photothermal induced
reactions are also important. This is for example confirmed by the presence
of a thermal N, product in the TOF curves. A photothermal mechanism will
always be present, especially if the polymers decompose exothermically
during photochemical decomposition and if the quantum yields of the
photochemical reactions is not equal to 1.
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clusters. These subcritical clusters tend to dissociate into mobile species
that will nucleate during the time of no vapour arrival into new clusters of a
different size. The next pulse will initiate the same process again, with the
difference that some of the mobile atoms will reach the previous formed
clusters. There are a number of changes in the film growth mode that are
readily observed as a function of the PLD parameters (wavelength, fluence,
repetition rate, and pulse width). Table 1 presents a summary of different
deposition parameters and the effect on the film growth.””

Tablel. Relationship between deposition parameters and film characteristics.

ICategory  [Parameters [Effect on process [Possible effect on film
Primary Laser Wavelength [Thermal or nonthermal Control of compositional
Laser Power Density  jevaporation ariation and transfer
Eatio
Laser Repetition Rate  [Ratio of neutral to ionic Formation of metastable
species in the plasma structures

Kinetic energy of the
lejected species [Particulates

Secondary |Substrate temperature  [Mobility of ablated species | Formation of metastable
on the substrate structures

Oxygen partial pressure [Reactive oxygen species  [Oxygen content of film,
[Epitaxial growth
IControl of crystal
structure

Tertiary Substrate-target distance [Plume density near the [Film Thickness
substrate

2.2.2. Effect of the Different Oxygen Sources

The presence of an oxygen background during the film growth is one of
the most important aspects to avoid oxygen deficient films. It has been
suggested by Craciun et al.'® that prolonged laser ablation of Lag sSrysCo0O;
(LSCO) causes preferential oxygen evaporation in the target, which results
in volume absorption and explosive volume boiling, causing the ejecting of
droplets from the target'”’. This is not the case for the very similar LCCO
compound (Lag Cag4C003) using PRCLA as deposition technique, where
even after 2 x 10° pulses to the target no changes in the film quality and
composition (also of the target) were observed. LCCO-Films grown in an
O, background are dark and mirror like, independent of the cooling
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8x10™ mbar background, as compared to the flux of liberated target atoms
created by laser ablation. The kinetic requirement for stoichiometric oxide
growth is therefore not fulfilled (to produce an effective oxidation of the
cationic species), resulting in films with an oxygen deficiency. With the
synchronized N,O gas pulse, an excess of oxygen atoms (originating from
the dissociation of N,O by collisional fragmentation with the plasma
species, or electron-impact'®) is created, and the species from the LCCO
target arrive simultaneously at the substrate, resulting also in films with
oxygen deficiency. The films with the best oxygen stoichiometry are
obtained when both oxidizing sources are applied. To understand these
results we have to consider not only the arrival time of the particles at the
substrate, but also the time between each pulse. There exists an oxygen
diffusion equilibrium that influences the oxygen content of the growing
film''"!"2. This equilibrium is partially shifted due to loss of oxygen from
the film, when only the background is present (8x10* mbar of oxygen). In
the case of the N,O pulse only, there is more reactive oxygen present
leading to the desired oxygen partial pressure during the arrival of the
atoms at the substrate. The low background of 2 x 10 mbar and the
absence of additional oxygen between the pulses will shift the diffusion
equilibrium even further in the direction of “out diffusion”. When both the
N,O pulse and the additional oxygen background are applied, a large
number of oxygen atoms will arrive together with the species originated
from the target at the substrate. There is now more oxygen available
between the pulses, which minimizes the loss of the volatile oxygen from
the surface. Therefore the films with the highest oxygen content are
obtained when a gas pulse and background pressure are applied.

2.2.3. Influence of the Substrate Temperature — Distance Between
Target- Substrate

The substrate temperature not only determines the initial growth of a film,
but its subsequent growing as well, and therefore determining its
microstructure. In general, the best value of substrate temperature
corresponds to the regime where there is sufficient surface diffusion to
allow surface atoms to minimize their surface energy to reach
thermodynamically stable sites.

The velocity and the kinetic energy of selected neutral and charged
ablation species produced by PRCLA are compiled in Table 3. The data are
obtained from time- and space-resolved emission spectroscopy. The low
kinetic energy of these species arriving at the substrate compared to PLD'"
is due to the large number of collisions with the gas pulse molecules, which
occur in the initial interaction zone (around 10 times more collisions than
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The crystallographic orientations of the grown films as a function of
target-substrate distance and substrate temperature are shown in Fig. 13.
For a given temperature (e.g. 650 °C) and a variable target-substrate
distance the films are only oriented in the (100) direction (same as the
substrate) for distances up to approximately 4.7 cm; while for larger
distances a mixture of (100/110) orientations is observed. A change in the
orientation is also observed when the distance is kept at 4.5 cm and the
temperature is increased from 550 to 700 °C. At lower temperatures a
mixture of the (100/110) orientation is observed, while at higher
temperatures only the (100) orientation is present. Amorphous films can be
obtained at low temperatures and large distances. This control of
crystallinity can be explained by the kinetic energy of the arriving particles
at the substrate surface. Two energy sources are important during PLD film
growth, i.e. the kinetic energy of the arriving particles and the substrate
temperature, and influence therefore the crystallographic structure and film
morphology. The substrate temperature is determining the crystallographic
orientation when the distance (kinetic energy) is kept constant. An increase
of the temperature improves the surface mobility of the clusters and atoms
arriving at the substrate. In this case the number of defects is minimized
(due to the surface mobility) and the film growth in the orientation of the
substrate. The transition temperature from mixed orientation to epitaxial
film growth is observed at higher temperatures when the target-substrate
distance is increased (to e.g. 5 cm), yielding lower kinetic energies of the
arriving species. This behaviour, i.e. the synergetic effect of the energy
from substrate temperature and kinetic energy, is confirmed by the
corresponding experiments where the temperature is kept constant while the
distance is varied. The transition of mixed orientation to single crystalline is
now observed when the distances are decreased. The variation of these two
parameter (distance and temperature), gives the unique opportunity to
prepare films with crystallographic features that vary from amorphous to
epitaxial without changing the pressure of the background gas or the
substrate.

2.2.4. Electrochemical Characterization of Thin Films vs. Gas Diffusion
FElectrodes

The comparison between gas diffusion and thin films will only be discussed
briefly. An electrochemical process involves several steps, i.e. mass
transfer, chemical reaction, adsorption/desorption, and electron transfer.
The mass transfer of oxygen from the solution to the electrode surface is
assumed to be the same for both electrode types. For the last two steps a
pronounced difference exists between the gas diffusion and the thin film
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example 1is the difference in cyclic voltammograms for the
adsorption/desorption of hydrogen on the different surfaces of platinum.''®

The importance of the crystallinity on several electrochemical reactions
and the fact that until now the studies for the oxygen evolution/reduction on
LCCO were only performed on polycrystalline gas diffusion electrodes
were one of the driving forces to perform experiments using thin LCCO
films with different crystallographic orientations. Only for dense films will
the observed catalytic activity correspond to the catalyst and the active area
of the electrode can be easily determined and compared to other electrodes.

The polarization curves for thin amorphous, mixed, and single
crystalline LCCO films are compared in Fig. 14.

0.9
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Figure 14. Polarization curves of amorphous, single- and polycrystalline LCCO thin films
deposited on MgO(100) substrates.

The polarization curves show that the crystallinity influences directly
the catalytic activity for oxygen reduction and evolution reactions
(measured by the overpotential). The overpotential is the difference
between the values indicated with the arrows in Fig. 14. The film with the
smallest overpotential (597 mV) is the (100) oriented sample followed by
the film with mixed 110 and 200 orientation (679 mV) and the amorphous
film (738 mV). An electrochemical process, as discussed previously,
involves several steps, i.e. mass transfer, chemical reaction,
adsorption/desorption, and electron transfer. The result indicates that the
only step that can influence the electrochemical behaviour of these three
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Fig 16 shows the cyclic voltammogram of a LiMn 0 , film deposited on

polished titanium foil under the same conditions. The film is roughly
0.7 pm thick.
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Figure 15. XRD spectrum of a LiMn, O, (nominal composition) film deposited on a titanium
substrate. The signals that can be attributed to a spinel structure are: 18.4° for the (111) (1),
35.6° for the (311) (2), 37.78° for the (222) (3) and 43.6° for the (004) (4) orientation. The
peaks marked with an asterisk can be assigned to the titanium substrate,
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Figure 16. Cyclic Voltammogram of a LiMn,0, (nominal composition) film deposited on a
titanium substrate at a distance of 3 cm from the target.
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Morcrette et al.''™'* have shown that there is a small window for the
oxygen background pressure that can be used for the stoichiometric
deposition of LiMn,0,4. The group analyzed LiMn,0, films deposited on
polycrystalline platinum substrates by PLD from a stoichiometric target.
The oxygen pressure was varied between 10° and 1 mbar while the
temperature was varied between 300 and 700°C.""™'* A quadrupled
Nd:YAG laser with a wavelength of 266 nm, 5 Hz repetition rate and with a
fluence of 2 J/cm* was applied for these experiments. No post-deposition
annealing was performed to eliminate the possibility of compositional
changes in the film. The results indicate that a low background pressure
results in lithium deficient films. This is most probably due to the low vapor
pressure of Lithium oxide which could evaporate at lower oxygen
background pressure and higher substrate temperatures.
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Figure 18. (a) RBS analysis of the Li stoichiometry coefficient as a function of the oxygen
pressure for two temperatures 500°C (top curve) and 700°C (bottom curve), (b) RBS

analysis of the Li stoichiometry coefficient as a function of temperature for the pressure of
0.1 mbar. Adopted from '"".

The higher oxidation states of manganese, such as Mn" in Li,Mn,04
are not formed in the film since lower oxidation states, such as Mn*" are
favored.'"” In Fig. 18 the RBS analysis of the Li/Mn ratio as a function of
oxygen pressure and substrate temperature is shown, which reveals a
manganese deficiency due to high background pressure.'” The optimized
pressure for obtaining a LiMn,O, spinel phase is 0.2 mbar while the
optimum temperature for 0.1 mbar of pressure is 450 °C (Fig. 18b). The
electrochemical characterization, i.e. cyclic voltammogram, of these films
correspond to what is expected from LiMn,0,."""'** Experiments performed
at different target/substrate distances between 3 and 7 cm and background
pressures between 0.1 and 0.3 mbar support these results.'® XRD
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lithium deficiency in the films is also a result of preferential resputtering of
Li caused by the fast ionic species in the plasma which are sufficiently
slowed down by the molecules of the background gas at higher pressures.

3. Conclusion

Laser ablation of polymers is an established technique in various industrial
applications and the large number of studies published annually indicate
that this is still an attractive area of research. Discussions above the ablation
mechanisms are ongoing and will continue to be one of the topics in
ablation of polymers. The development of polymers designed specifically
for laser ablation is a unique tool for probing the ablation mechanisms as
well as for improving ablation properties. New commercial applications
will require improved ablation rates and control of undesirable surface
effects, such as debris. The complexity of interactions between polymers
and laser photons are illustrated by the various processes associated with
different irradiation conditions, e.g for short pulses, high repetition rates,
CW irradiation, etc.. The ongoing maturation of laser techniques will
increase the number of applications of laser ablation in the future. In the last
decade we have seen the development of several exciting laser ablation
tools, including femtosecond lasers, VUV lasers, free electron lasers, and
high repetition-rate lasers. All these new techniques are applied in ongoing
research in conjunction with a variety of analytical techniques.
Femtosecond lasers and VUV lasers in particular are expected to lead to
important industrial applications. The simultaneous development of various
VUV sources for large area irradiation, such as excimer or resonance
lamps, will also result in a steady increase of applications and a better
understanding of photon induced processes in polymers.

The application of PRCLA as deposition technique allows the
preparation of thin films of perovskite-type oxide materials with a nearly
completely filled oxygen sublattice and without additional processing steps
(e.g. annealing). The low kinetic energy of the atoms/species arriving at the
substrate surface prevents re-sputtering, which yields films with the same
composition as the target material, for a variety of target-substrate
distances. The crystallinity of the films can be controlled from amorphous
to single crystalline, by varying the substrate temperature, the substrate and
its orientation, and the distance between target and substrate. Our studies
have revealed that the crystallinity has a pronounced influence on the
catalytic activity. The films produced by PRCLA prove the possibility to
apply thin films as model systems for electrochemical studies. Epitaxial
films of LCCO reveal a higher activity than films with mixed orientation,
followed by amorphous films.
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