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Abstract

Laser processing in general is often characterized by either mass loss, e.g. laser structuring, or

mass gain, e.g. laser deposition. This work examines both phenomena and tries to quantify the

mass loss and mass gain by a high precision gravimetric tool, i.e. the Quartz Crystal Micro-

balance (QCM), and to compare the results with another characterization technique, i.e. profile-

metry. In the first part, the primary aim of the project was to determine the optimum laser para¬

meters for 2D laser marking of pharmaceutical glass vials for a new commercial application.

Laser marking can be used to create a permanent marking for tracing products by adjusting

various parameters such as laser wavelength, fluence and pulse numbers. Creating one pixel by

several marking revealed a great flexibility to change the optical appearance of the resulting

matrix, such as the encoded text and the visibility, a high reproducibility, and low failure number.

The results of this project were utilized to design a complete prototype laser marking setup for

the pharmaceutical industry. However, the mass removal caused by the laser irradiation of the

glass is very difficult to quantify because of the high roughness of the craters in the glass which

makes it difficult to determine the depth of the markings. Furthermore, it is not possible to me¬

asure the mass removal of the glass samples with the QCM. This makes the glass vials unsuitable

to study the mass removal by laser irradiation. For this reason, for the second part of this work,

the laser ablation of polymers was chosen as a model for studying the laser induced mass loss

because the studied polymers can be spincoated onto the QCM oscillators. Furthermore, the irra¬

diation behaviour of the studied polymers is already intensively studied in our group and by other

authors, which allows comparing the results obtained by QCM with the results obtained by other

techniques, such as profilometry or by other authors.

Three different polymers, i.e. a polyimide (PMDA), a triazene (TP) polymer and a specially de¬

signed photosensitive polyimide (Durimid ) were irradiated at three different laser wavelengths,

i.e. 193, 248 and 308 nm. The ablation process was studied with a Quartz Crystal Microbalance

and a profilometer.

The comparison of the ablation rates obtained by gravimetric and profilometric methods revealed

a significant mass loss prior to ablation for the triazene polymer and Durimid at irradiation

wavelengths of 248 and 308 nm in the case of TP, and 193 nm in the case of Durimid, and a

clear difference between the ablation rates obtained from profilometry and from QCM. Further-
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more the QCM study revealed a clear dependence of the ablation behavior between successive

laser pulses at constant fluence for all three polymers studied. Both observations can be explained

by partial carbonization of the polymer surfaces after the first laser pulse. In addition to that, the

frequency measurements during laser irradiation of PMDA show a strong influence of the

ambient gas. It could be demonstrated that some species from the ambient air (most probably

water) can be removed with one or several laser pulses and that they get readsorbed or react to

the polymer surface. Finally, surface swelling occurs for irradiation of Durimid at an

irradiation wavelength of 308 nm and laser fluences below the threshold fluence. This swelling

could be measured both with profilometry and gravimetry and is most probably due to entrap¬

ment of gaseous products formed upon laser irradiation. These results show that the QCM is a

very valuable tool to study the laser ablation of materials such as polymers and that their high

precision and resolution can be utilized to detect laser induced processes that cannot be observed

by other methods such as profilometry.

After establishing the QCM as a gravimetric tool, it was utilized in the last part to characterize

the deposition process of lithium manganate (LiMn204) for thin film electrodes in lithium batte¬

ries. The stoichiometry and the crystallinity as well as the electrochemical activity were studied

by Rutherford Backscattering combined with Elastic Recoil Detection Analysis (RBS/ERDA), X-

Ray Diffraction Analysis (XRD) and Cyclic Voltammetry (CV). The deposition at different oxy¬

gen background pressures and constant laser fluence and substrate temperature revealed a very

narrow window for depositing nearly stoichiometric films with an electrochemical activity in the

expected voltage range. However, the films exhibit a lithium deficiency, i.e. a Li/Mn ratio be¬

tween 0.4 and 0.5. Two main reasons may be responsible for this: the evaporation of lithium from

the deposited film and the resputtering of the film by high energetic ions in the plasma plume.

Both effects depend on the background pressure in the deposition chamber, especially in the case

of the ionic species. The data collected with the QCM revealed a pronounced resputtering of the

deposited film by the plasma species at high vacuum. The sputtering yield decreased with

increasing background pressure.

The pressure at which the sputtering is almost absent lies between 0.1 and 0.3 mbar. This is the

same value which is found to be optimum condition for deposition of Li-Mn-0 films. It is

therefore possible that the high energetic species in the plasma are resputtering the film deposited

on the substrate. The sputtering yield for lithium may be higher than for manganese which could
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explain the deficiency of lithium in the film especially at low background pressures.

Measurements with the Langmuir Probe revealed a strong interaction of the ionic species with the

background gas and a pronounced slowing down at higher pressures. Mass spectrometry

identified manganese as the most energetic species in the plume.
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Zusammenfassung

Die Laserbearbeitung unterschiedlicher Materialien wie z.B. Glas, Polymere und Keramiken,

zeichnet sich meistens durch einen Massenverlust oder eine Massenzunahme aus. Die

vorliegende Arbeit untersucht beide Phänomene mit Hilfe der Quarz Mikrowaage (Quartz Crystal

Microbalance, QCM) und vergleicht die Resultate mit profilometrischen Messungen. Im ersten

Teil der Arbeit bestand die Zielsetzung des Projektes darin, eine neue Beschriftungstechnik

mittels Laser zur Beschriftung von Ampullen mit einer 2D Daten Matrix für den Gebrauch in der

Pharmaindustrie zu entwickeln und auf ihre Machbarkeit zu testen. Dabei wurden mehrere

Parameter wie Wellenlänge des Laserlichtes, Laserenergie und Lasertyp (Hochfrequenzlaser für

die Punkt-für-Punkt-Markierung bzw. Niederfrequenzlaser für die Markierung mittels einer

Maske) untersucht. Es erwies sich als vorteilhaft, die einzelnen Datenpunkte der Datenmatrix

durch mehrere Lasermarkierungen darzustellen. Dadurch erreicht man eine hohe Flexibilität in

der Herstellung der Datenmatrix was etwa die optische Sichtbarkeit und den kodierten Text

anbelangt. Ausserdem erhöht sich die Reproduzierbarkeit der Methode. Allerdings sind die

Markierungen im Glas schwer zu charakterisieren, weil die Kraterböden eine sehr hohe

Rauhigkeit aufzeigen. Zudem gibt es keine Möglichkeit den Massenverlust mit Hilfe der QCM zu

messen da man keine dünnen Glasschichten auf die Schwingquarze auftragen kann. Aus diesem

Grunde wurden im zweiten Teil dieser Arbeit Polymere als Model ausgesucht, um den

Massenverlust durch Lasereinwirkung zu untersuchen. Diese Polymere können als dünne

Schichten auf die Schwingquarze aufgebracht werden und sie sind bereits innerhalb der

Forschungsgruppe und von mehreren anderen Autoren untersucht worden wodurch die

gefundenen Resultate verglichen werden. Es wurden ein Polyamid (PMDA), ein Triazenpolymer

(TP) und ein speziell entwickeltes, photosensitives Polymer (Durimid ), bei drei

unterschiedlichen Bestrahlungswellenlängen (193, 248 und 308 nm) untersucht. Der

Ablationsprozess wurde mittels einer Quarz Mikrowaage und eines Profilometers untersucht.

Der Vergleich zwischen den profilometrischen und den gravimetrischen Messungen zeigte einen

klaren Massenverlust durch die Laserbestrahlung bevor eine Veränderung in der Morphologie

gemessen werden konnte. Dies war der Fall bei TP bei einer Bestrahlungswellenlänge von 248

und 308 nm und bei Durimid bei einer Bestrahlungswellenlänge von 193 nm. Ausserdem

wurde eine klare Abweichung zwischen den profilometrischen gefundenen Abtragsraten und den
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gravimetrisch berechneten beobachtet. Die Untersuchung mittels QCM ergab bei allen

untersuchten Polymeren eine starke Abweichung der Abtragsrate nach mehreren Pulsen mit

gleicher Energie gegenüber dem Wert welcher nach dem ersten Puls gemessen wurde. Die beiden

letzten Beobachtungen können auf die Karbonisierung der Oberfläche nach dem ersten Laserpuls

zurückgeführt werden. Bei sehr niedrigen Laserenergien konnte im Fall von PMDA gezeigt

werde, dass Moleküle aus der Umgebungsluft, z.B. Wasser, an der bestrahlten Polymeroberfläche

adsorbiert werden können. Dies macht sich in einer Massenzunahme bemerkbar, welche mittels

der QCM gemessen werden kann.

Bei Durimid konnte zudem ein Anschwellen der Oberfläche bei niedrigen Laserenergien

nachgewiesen werden, welches auf eingefangene Produktgase zurückgeführt werden kann. Die

Quarz Mikrowaage ist durch ihre hohe Präzision und Massenauflösung ein wichtiges Instrument

in der Untersuchung der Laserablation von Polymeren da sie auch Prozesse aufzeichnen kann

welche mit anderen Methoden nicht gemessen werden können. Im letzten Teil der Arbeit wurde

die Quarz Mikrowaage als gravimetrisches Instrument zur Messung der Abscheidungsrate in

einem Beschichtungsprozess verwendet. Mittels Laserbeschichtung (Pulsed Laser Deposition,

PLD) wurden, dünne Elektroden aus Lithiummanganoxyd (LiMn204) auf einem Substrat

abgeschieden. Die Stöchiometrie der Filme sowie die Kristallinität und die elektrochemische

Aktivität wurden mittels Rutherford Backscattering in Kombination mit Elastic Recoil Detection

Analysis (RBS/ERDA), Röntgenbeugungsanalyse (XRD) und Zyklovoltametrie (CV) gemessen.

Die Studie ergab einen sehr engen Spielraum für die experimentellen Parameter wie Gasdruck

und Substrattemperatur um (fast-) stöchiometrische Filme herzustellen welche die gewünschte

elektrochemische Aktivität aufweisen. Die optimalen Bedingungen liegen bei 0.2 mbar

Hintergrunddruck und 500°C Substrattemperatur. Allerdings weisen alle Filme eine

Substöchiometrie bezüglich Lithiums auf. Diese Substöchiometrie kann zum einen auf

Verdampfen bzw. Diffusion von Lithium aus den Filmen bei hohen Temperaturen zurückgeführt

werden und zum anderen auf das Sputtern des Filmes durch hochenergetische Ionen. Beide

Effekte sind abhängig vom Hintergrunddruck und können somit von aussen beeinflusst werden.

Aus den Messungen mit der Quarz Mikrowaage ergab sich eine starke Abhängigkeit der

Beschichtungsrate vom Hintergrunddruck. Durch das Ionensputtern der Filme wird die

gemessene Beschichtungsrate reduziert. Bei ansteigendem Druck steigt sie allerdings an da die

Ionen durch die Moleküle des Hintergrundgases abgebremst und gestreut werden. Der Druck bei
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dem der Sputtereffekt nahezu vemachlässigbar ist liegt im selben Bereich als der optimalen

Druck für die Beschichtung stöchiometrischer Filme. Man kann daher davon ausgehen, dass die

hochenergetischen Ionen zum Teil für die tiefen Gehalt an Lithium verantwortlich sind. Diese

Annahmen wurden mit Hilfe einer Langmuir Probe überprüft, welche einen starken Einfluss der

Moleküle des Hintergrundgases aus die kinetische Energie der Ionen bestätigte.

Massenspektrometrische Messungen ergaben Mangan als die höchstenergetische Spezies.
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General Introduction

1. Lasers

The laser is one of the most widespread technical inventions of the last century. It is both subject

of intense study from scientists and engineers to further expand the field of application and

develop new and/or better laser system, but at the same time the laser one of the most mis¬

understood physical phenomena by the general public, especially amongst producers of science

fiction material. It is also a good example of how a fundamental theoretical concept can rest for

decades until it is rediscovered for a technical application. The laser has also been called "the

solution looking for a problem" for a long time because of the lack of practical applications.

Today, its place as one of the most important technical inventions is undisputed. It can be found

in various fields such as a drilling, welding and cutting tool in fabrication industry. The increa¬

sing need in downsized integrated circuits makes it a prime light source in lithography and laser

micro structuring for future applications in nano technology. The laser is also utilized in eye sur¬

gery and dental hygiene. The widespread usage of compact discs, digital versatile discs and the

usage of optical fibres for fast internet connections brought the laser into every modern

household.

1.1 History oflasers

The acronym laser stands for Light Emission by Stimulated Emission of Radiation and Albert

Einstein is seen today as the father of the laser even though his ideas did not lead to the technical

realization until several decades later. Einstein postulated the concepts of induced emission and

conservation of momentum of the emitted light in 1916. Rudolph W Landenburg confirmed the

existence of stimulated emission and Negative Absorption in 1928. In 1940 Valentin A Fabrikant

noted the possibility of Population Inversion. After the Second World War the growing needs for

telecommunication in the USA demanded for a technological solution that allows a fast data

transport. The first ideas where based on the guidance of microwaves through special fibres. This

implied the utilization of a monochromatic radiation source. The maser (Microwave

Amplification by Stimulated Emission of Radiation) was first realized by, Charles H. Townes

and graduate students James P. Gordon and Herbert J. Zeiger at Columbia University in 1953 by
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the successful emission of a 24 GHz radiation from ammonia. The first working laser was built in

1960 by Theodore Maiman at Hughes Reasearch Labs. The laser was based on a cylindrical ruby

crystal and emitted light at a wavelength of 694 nm. The first gas laser was built in 1961 at Bell

Labs by Ali Javan, William Bennet Jr. and Donald Herriot based on Helium Neon. Robert Hall

invented the semi-conductor laser at General Electrics Labs one year after. The first Excimer gas

laser was constructed 1970 by Nikolai Basov et al. at Lebedev Labs in Moscow based on Xenon

only.

1.2 Laser Principle

The main characteristics of the laser are the emission of monochromatic radiation with a high

coherence in space and time. The principle of the laser is as follows: When exciting an atom or

molecule either by electric discharge or by heat, an electron is moved from ground state to higher

molecular orbitals. After a very short time it falls back to its ground state. At this process a

photon is released whose energy corresponds to the energy difference of the two states. The same

can happen when a photon gets absorbed by an atom or molecule, which releases a photon of the

same energy after de-excitation but into another direction. The ideas expressed by Einstein at the

begin of the last century were the conservation of momentum of a photon that "hits" an excited

atom where the energy of the photon matches the energy difference of the excited and the ground

state. After de-excitation, the atom releases two photons at the same direction as the incident

photon. The resulting light ray is not only amplified but as a second consequence of Einstein's

theory travels in the same direction as the incident light ray. However, this process is extremely

seldom observed at normal conditions, which is probably why the ideas of Einstein were seen a

bit odd at the time they were published. However this process can be technically realized by a

population inversion of the laser medium. This means that the density of atoms at ground state do

not exceed anymore the excited species like it is the case at normal conditions.

Thermodynamically this state of inverse population is only possible at negative temperature

which means that this state has to be realized by pumping of the laser medium. This can be done

by high voltage electrical discharges, by optical excitation, i.e. flashlights or another laser, by

chemical reactions which already form the desired excited molecule, etc The high amplification

and coherence of the light is obtained by placing mirrors at two ends of the laser medium. This

configuration is called the optical or resonant cavity. The photons oscillated many times in the
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optical cavity and because of the population inversion, they become amplified more and more as

they interact with excited species in the resonator. Amplification of the light is obtained when the

stimulated emission exceeds the spontaneous emission of excited species. The threshold gain of

the laser is defined as equity of the gain of the system by amplification of the light and the loss by

the resonator. If the gain is not sufficient to overcome the losses, i.e. the pumping power is too

low, resonator misaligned or defect, than the laser emits little or no laser light. Because the

momentum is conserved, the light gets amplified preferentially in the direction perpendicular to

the mirrors (in case of planar mirrors) and results in a light beam with parallel light rays. The

stimulated light is released from the laser medium by either a small hole in one of the mirror or

by utilizing one mirror which is only 95% reflective. Because of the pumping of the laser

medium, lasers have a very low degree of efficiency. It can be characterized primarily by the

fluorescent quantum efficiency, which is defined as the ratio of species participating in the laser

transition to the number of species raised from the ground state. The thermodynamic efficiency is

defined as the ratio between of the amplified energy and the energy required to create the excited

states.

1.3 Examples ofcommon lasers

There are a large number of different laser systems with different emission wavelengths, pulse

length (or continuous wave), laser mediums (gas, liquid or solid), etc. The following chapter will

explain two categories of lasers, which are available in our laboratory.

Solid state lasers: Nd:YAG laser

The laser medium of an Nd:YAG laser is a Yttrium-Aluminium-Garnate cubic crystal (Y3AI5O12)

where 1% of the Y+ ions are replaced by Nd3+ ions. The population inversion is normally

created by optical pumping with flash lights, however it can be achieved by diode laser pumping.

The laser light is generated through transitions between energy levels of the Nd ion. Pulsed

Nd:YAG lasers are typically operated in the Q-switching mode. The Q-switch is an optical

switch inside the laser cavity which opens when the maximum population inversion is achieved.

This technique allows an typical output powers of 20 MW and pulse durations around 6 ns. The

beam diameter is typically 7-10 mm. The Nd:YAG medium emits laser light at a wavelength of
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1064 nm. However, the wavelength of the light can be modulated by special crystals which

double, triple or quadruple the frequency of the light resulting in shorter wavelengths: 532, 355,

and 266 nm. This makes the Nd:YAG laser a very interesting equipment because it covers a large

range of light from IR to UV.

Gas lasers: Excimer laser

Excimers are molecules that only exist as an excited state. The name is derived from "excited

dimer". Excimer gas lasers can be operated with many different gases all emitting at different

wavelengths such as Argon Fluoride (ArF) 193 nm, Krypton Fluoride (KrF) 248 nm, and Xenon

Chloride (XeCl) 308 nm. Other laser gases are Xenon Fluoride (XeF) 351 nm, Xenon Bromine

(XeBr) and Fluorine (F2). The active medium in an Excimer laser consist of a mixture of different

gases:

1. Rare gas (1-9%)

2. Halogen (0.05-0.3%)

3. Inert buffer gas (90-99%)

The percentages can vary for different gas fillings and have often to be optimized to achieve a

high power output. The total gas pressure in the cavity lies between 3 and 6 bar. When utilized

industrially, the gas mixture is continuously purified from impurities which form from side

reaction in the cavity. Impurities include HF, CF4, SiF4 and CO2. The excited dimers are formed

by electric discharges inside the laser cavity. The reaction that lead to excimers are very complex,

however, they can be described by the following equations:

R+ + X" + M -> R* + M

R* + X2 -> RX* + X

R is a noble gas and X is a halogen and M a collision partner. The excitation can be performed by

electron beam excitation or by high voltage electric discharge. The resulting excimer molecule is

highly instable. Creating excimers by discharge is equivalent to a population inversion in a

classic laser medium because the molecules do not exist as relaxed states. The half life time of an

excited dimer is in the order of 10-12 s, the lifetime of the upper laser state relative to the

deexcitation is in the order of 10 ns, which makes it relatively easy to achieve a population

inversion. The laser profile of excimer lasers is rectangular with dimensions of typically 1.5 x 3
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cm. In our laboratory, three different excimer lasers are available: ArF (193 nm), KrF (248 nm),

and (XeCl) (308 nm). The pulse duration of these lasers vary between 13 and 15 ns. The output

energy of our lasers varies between 200 and 500 mJ. The highest repetition rate can be achieved

by the XeCl laser (50 Hz). The other models emit at a maximum repetition rate of 10 Hz.

2. Laser processing of materials

Today, lasers are widely used as machining tools in industry such as drilling, welding, cutting,

marking, micro fabrication, etc and in research for deposition processes, ablation studies, in ana¬

lytical equipment. Historically, laser processing was long time reduced to demonstrations in labo¬

ratories. In the mid sixties of the last century, it was realized by industrialists, that lasers could be

used for drilling. Interestingly enough, the drilling power off a laser was first measured in "Gi-

llettes", which was defined as the number of razor blades that could be penetrated with the laser.

The first laser welds were performed around 1963 on stainless steel foils using a ruby laser,

which was later extended by Nd:YAG and CO2 lasers. The first CNC soldering machine as con¬

structed in 1976 and was based on a 50W CO2 laser. The first gas-assisted laser cut was perfor¬

med with a CO2 laser in 1967. A 1mm thick steel plate was cut using a 300 W laser beam. First

reports on surface treatment such as heat treatment, melting, alloying and vaporization go back to

the early sixties. Today the main areas of laser processing of materials are laser welding, cutting,

drilling of metals (car industries) and other materials (plastic nozzles for inkjet printers). Another

issue is the micro fabrication and micro structuring of integrated circuits for the computer

industry. Lasers can also be used for selective cleaning of surfaces such as antic marble statues,

coins or paintings. Finally, laser induced marking on a large number of different materials, such

as metals, plastic, organic materials and glass yield the possibility to provide almost any product

with a serial number for product tracing or with a watermark to complicate product piracy. This

work provides an overview of different applications of lasers in material processing. The first part

will describe the marking of pharmaceutical glass with a 2D data matrix to allow better

identification of the vial. This work was performed in collaboration with Frewitt Printing

Machines SA in Fribourg, Switzerland. Our work resulted in the building of a, now commercially

available, product for laser marking of glass. The second part analyses the mass loss of material

upon laser irradiation measured with a Quartz Crystal Microbalance. Polymers were chosen as a

model system to study the mechanism of laser ablation because they are exhibit better ablation
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behavior than glass and can be coated on the Quartz Crystal Microbalance which is not possible

with glass. The last part will describe the deposition of thin film electrodes by Pulsed Laser

Deposition. The influence of experimental parameters, such as the background pressure, on the

quality of the resulting films is examined. The growth mechanism is measured with the Quartz

Crystal Microbalance.
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PART I:

LASER WRITING OF 2D DATA MATRICES IN GLASS



1. Introduction

Glasses are amorphous materials that show a great variety of material properties. They are

relatively strong, chemically and biologically inert and can be processed into almost any shape. It

is however very brittle and produces very sharp edges upon breaking; the latter can be reduced by

thermal annealing or by chemical additives. There is a large number of different glass types

produced in industry, e.g. fused silica (i.e. quartz), BK7 (low-dispersion borosilicate glass), SF10

(high-dispersion dense flint-glass), etc. The glass mainly utilized in pharmaceutical industry is

FIOLAX® from Schott. Pure quartz is transparent for visible and UV light. Chemical additives,

such as sodium carbonate in case of ordinary glass, can alter the transparency of the glass and

create specialized materials for a specific application where transmission or opacity for a certain

wavelength range is an issue. Laser structuring of glass is characterized by the absorption of the

laser energy into a small volume of the material (irradiated area times penetration depth of the

laser light), which results in the removal of the matter. The spatial resolution of the desired

pattern is proportional to the applied laser wavelength. Thus for structures in the micrometer

range, wavelengths in the ultraviolet range have to be used. There are several possibilities for

laser structuring of glass. For direct etching, one would choose a laser wavelength, which gets

strongly absorbed by the material. In the case of most technical glasses, this would be a

wavelenght in the UV and IR range. Typical lasers for this range are gas laser such as CO2

(infrared) or excimer lasers (ultraviolet), but also solid-state lasers such as Nd:YAG (from IR to

UV). In the case where the material is transparent for the applied wavelength, indirect etching is

possible by a technique called Laser Induced Backside Wet Etching (LIBWE). In this method the

surface to be structured is in contact with a liquid that has a high absorption for the applied laser

wavelength, e.g. pyrene in acetone. After irradiation, a high temperature jump is created at the

solid-liquid interface by the non-radiative decay of the organic molecules. This results in a fast

evaporation of the solution, which generates a shock wave and expanding and collapsing bubbles.

This creates a pressure jump, which finally removes the molten material [1,2]. The disadvantage

of this method is the application of more or less toxic substances such as pyrene and the high

complexity of the setup, which might not be suitable for rapid mass production. Another

possibility would be the usage of ultra-short laser pulses in the range of pico- and femtoseconds.

This technique allows almost damage free structuring of the material by a much more complex
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mechanism than direct (single photon) excitation [3]. However these lasers are very complex and

expensive and may not be suitable for the application at hand.

Laser processing and/or marking of glass and other transparent materials has already been

intensively studied over the last 30 years. Important examples are: Buzhinskii and Pozdnyakov

studied the laser ablation behavior of glasses at different pulse durations already in 1975 [4].

Sthatis and Kastner did first systematic studies on the formation of paramagnetic defects in wet

and dry silica glasses (Suprasil) by excimer laser (KrF, ArF and F2) irradiation in 1984 [5]. Since

then, many authors have contributed to the knowledge of laser structuring or laser interaction

with transparent materials such as glass and dielectrics. In 1988, Taylor at al. studied the

dependence of the damage and transmission properties of fused silica fibers on the excimer laser

wavelength in order to investigate on the usability of the current materials for fiber optics when

utilized with excimer lasers at wavelengths of 193-351 nm [6] and demonstrated the limits of the

fibers for wavelength shorter than 248 nm. In the late 1990's, Arai et al. investigated the defect

formation in dehydrated silica glasses for KrF, ArF and XeCl excimer laser irradiation. They

demonstrated a clear dependence of the color center formation from the irradiation wavelength in

oxygen deficient silica glass [7]. The observed defects were generated most effectively with the

shortest wavelength (193 nm), followed by 248 nm. Their concentrations were found to be

proportional to the square of the laser power. No defects were found for 308 nm. At this

wavelength, the two-photon energy is not sufficient to fill the band gap of silica glass. Therefore,

a two-photon process mainly governs the formation of defects in silica glass. At the same time,

Zhang et al. reported a high-speed laser processing of transparent materials [8]. The authors

demonstrated the fabrication of high-quality micro grating structure in fused silica and Pyrex

glass by laserinduced plasma-assisted ablation at different wavelengths using a second harmonic

Nd:YAG laser (266, 532, 1064 nm). The resolution of the grating was strictly dependent onto the

applied laser wavelength and increased from 14 urn for 266 nm to 30 urn for 1064 nm. Also the

ablation rate was found to be higher for 266 nm than for longer wavelengths. Finally, the

threshold decreased with decreasing wavelength (increasing photon energy).

Since most of the transparent materials studied are used as optical elements such as lenses,

mirrors or supports for dielectrical coatings, special care was taken into the investigation of

damage by laser irradiation but also in structuring of transparent materials [9-14]. Most recently

the fabrication of complex structures in glass by laser irradiation for the usage of small scale
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satellites has been demonstrated [15]. Conferences only dedicated to the laser induced damage of

materials such as the "Boulder Damage Symposium" show the large interest in the subject.

Laser processing of transparent materials is often characterized by a certain number of so-called

incubation pulses and the threshold fluence after which a significant amount of material is

removed. When the material is irradiated with a fluence below this value, no material is removed.

This value is characteristic for the material and is dependent of many parameters such as the laser

wavelength applied, dopants, impurities, pulse length, etc. This can be explained by the formation

of color centers already mentioned above, which increase the absorption of the laser energy into

the material. The number of incubation pulses normally decreases with increasing laser fluence

and is also dependent on the laser irradiation wavelength. The changes of the surface morphology

are usually characterized by measuring the crater depth of surface roughness by profilometer or

Atomic Force Microscope or by looking at the irradiated surface by Scanning Electron

Microscope.

Glass vialsfor the pharmaceutical industry

Glass vials for pharmaceutical purposes have to be labeled to allow tracing and controlling along

the distribution line by the producing company. This is currently performed by colored lines, bar

codes or by printed labels. These techniques, however, have several disadvantages, e.g. the ink

and/or the glue of the label have limited or no adhesion on many surfaces such as silicone, and

they are not resistant to sterilization. In addition to that, it is not possible to mark the vials with a

tracking number and the mentioned techniques are not forgery-proof By directly engraving the

data matrix on the surface it is possible to mark almost any material using the appropriate laser

parameters such as wavelength and laser energy. The coding consists of a two-dimensional data

matrix similar to the well-known bar code. It allows storing of a large amount of data on a very

small area e.g. a 10x10 matrix encodes 6 characters, whereas a 16x16 matrix already encodes 24

characters. As the area of the matrix can range between only a few tenths of a square centimeter

and several hundreds of square millimeters, a large quantity of information, such as name, place

and date of packaging can be permanently stored on a very small area. Another advantage is the

low susceptibility to errors while processing the matrix. Only 80% of the matrix must be readable

for correct decoding.
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There are basically three ways to write the matrix on the glass. The first method uses more than

one laser mark (e.g. a 3x3 array) to create one pixel of the whole matrix, as shown in Figure 1.1,

left. The second method utilizes only one laser mark for each pixel of the matrix, as shown in

Figure 1.1, right. These techniques require the sample to be moved relatively to the laser beam or

the laser beam to be moved by a scanner. The third possibility applies a mask to mark the

complete matrix with one or several laser pulses without moving the sample.

Figure 1.1: Two different ways to write a 2D data matrix. Left: each data point can be written

with a 3x3 array or (right) each data point can be written with just one dot. The

data matrix encodes the letters "PSF'.

Each method has its own advantages and disadvantages. The multi spot marking is less

susceptible to errors by processing, e.g. the matrix is still readable with missing pixels. The

disadvantage of this technique is the high number of necessary laser marks (e.g. 486 pulses for

the 10x10 matrix shown in Figure 1.1, left), which can be overcome by the application of high

repetition rate lasers (e.g. 1-20 kHz). The single mark method needs much less time since the

number of marks is smaller (486 vs. 54 markings for the examples shown in Figure 1.1 right and

left), but higher laser fluences are necessary, which are not possible to obtain for high repetition

rate lasers. The last method would in principle be the fastest and is less depending on a high

repetition rate lasers, but its technique is less flexible for fast changes of the matrix and for each

change the mask has to be changed too. In principle, one could use commercially available

flexible masks, but which can only be used in the visible range and have much higher costs than

simple hole-drilled masks. Another problem is the necessity to apply very high laser energies and

a quite large beam profiles to illuminate the complete mask (e.g. 15x35 mm beam profile of the

ArF laser for a 10x10 mm mask) since the complete beam energy cannot be utilized unless one

utilizes cylindrical lenses to bring the laser beam into the necessary shape. However, this will

make the setup more complex and expensive. The aim of this work is to identify the ideal
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parameters, such as wavelength of the laser light, repetition rate, energy, etc for the etching of

glass vials. In our laboratory, three different possibilities can be tested:

•
.

ArF Excimerlaser (193 nm) with low repetition rate of 10 Hz. This laser is emitting with a

rectangular beam profile and was used for experiments with a mask containing a complete

10x10 matrix.

•
.

Nd:YAG third (355 nm) and forth harmonic (266 nm), with low repetition rate of 10 Hz.

This laser is emitting with a round beam profile and was used for the experiments described

in Figure 1.1.

2. Experimental

Physical and chemical parameters of the glass vials utilized in this work were made of

FIOLAX®-clear and FIOLAX®-amber glass from Schott. The wall thickness of the vials is

0.5 mm. The transmission of the glass is shown in Figure 1.2.
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Figure 1.2: Transmission of FIOLAX®-clear (left) and FIOLAX®-amber (right). Source:

www.schott.com.

Table 1.1 gives the chemical composition ofFIOLAX®-clear and FIOLAX®-amber.
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Table 1.1: Chemical composition of FIOLAX®-clear and FIOLAX®-amber. Main

components in wt%. (source: www.schott.com)

FIOLAX®-clear

Si02 B203 AI2O3 Na20 BaO CaO

75 10.5 5 7 «1 1.5

FIOLAX®-amber

Si02 B2O3 AI2O3 Ti02 Fe203 Na20 K20 BaO CaO

70 7 6 5 1 7 1 2 <1

Laserparameters and experimental set up

Figure 1.3 shows the experimental set up utilized for the laser marking of the glass vials. The

laser source for irradiation at wavelengths of 355 and 266 nm was a Brilliant B Nd:YAG laser

from Quantel. The laser emits at the fundamental wavelength of 1064 nm but the frequency of the

laser light can be tripled and quadrupled to obtain an emission wavelength of 355 and 266 nm.

variable attenuation 05mm

for 2«nm

Nd:YAG laser 0)2 uypfr

shutter

Figure 1.3: Experimental set up for laser marking of glass vials with an irradiation wavelength
of 266 nm.

The laser energy of the beam was modified with a dielectric plate by varying the angle with

respect to the laser beam. The laser energy was measured online utilizing a beam splitter and a

powermeter. The sample was mounted on a computer controlled XYZ stage and moved relatively

to the laser beam. Prior to structuring, the vials were cleaned in an ultra sonic bath in methanol,

hexane and isopropanol for 5 minutes each. The markings were characterized with a profilometer

sample lens beamsplitter

» 0 \
fysed silica reflect.:60.5%

t=W0mm#2»nm angle < 30"
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(Sloan Dektak 8000) by measuring the crater diameter and depth. The optical aspects of the

markings were photographed by an optical microscope and a digital camera. The pictures of the

resulting matrices were illuminated from behind thus resulting in bright markings with a black

surrounding.

3. Results and Discussion

3.1 Experiments with flat samples

In a first attempt, flat samples were marked to characterize the ablation behaviour of the glasses

under the chosen conditions. The advantage of these samples was the easier handling and the

reduction of parameters that might have an influence on the laser marking process, such as

focusing effect ofthe light due to the curvature ofthe glass vials.

3.1.1. Marking with an irradiation wavelength of 355 nm.

Figure 1.4 shows the ablation rate of amber and clear glass samples at an irradiation wavelength

of 355 nm.
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Figure 1.4: Comparison of the etch rate of FIOLAX®-clear and FIOLAX®-amber at an

irradiation wavelength of 355 nm.
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The craters on the dark samples are much deeper and the etching starts at much lower fluences

than for the clear glasses. This can be explained by the higher absorption coefficient for the dark

glass. Since more laser light is absorbed in the same volume of glass, more energy, i.e. heat, is

absorbed by the material, which results in structuring. The graph shows very clearly the high

deviation of the experimental data. For a fluence around 26 J/cm the etch rate in FIOLAX©-

ambers is much lower than for a fluence of 22 J/cm2, which is contradictive to the general

concept that higher fluences result in a higher etch rate. This makes a characterization of the

ablation process in terns of etch rate per pulse vs. applied laser fluence very difficult. The true

course ofthe curve probably lies between these two extreme values.

The "amber" glass samples reveal a high absorption to both irradiation wavelengths and can be

marked at both wavelengths. In this case the structuring is due to direct absorption in the

material. The "clear" samples, however, are highly transparent at 355 nm (90% for 1.0 mm wall

thickness) and rear-side ablation can be observed at fluences below the threshold fluence of the

glass. This phenomenon cannot be described as "normal" ablation, i.e. as a consequence of

homogeneous volume absorption of energy and evaporation of heated or decomposed material.

Ablation of highly transparent materials can be explained by scattering or absorption of radiation

at singularities (impurities or other irregularities). The threshold fluences for rear side ablation

are much lower than for front side ablation, which can be explained by the Fresnel theory [12].

The theory states that a wave is reflected at the front side with a phase shift of 180°, which results

in a destructive interference with the original wave. At the rear-side no phase shift occurs, leading

to a constructive interference. The ratio of the laser intensity at the front and at the rear can be

expressed by

I«. 4-n2

Where n is the index of refraction. The threshold fluence for n>l is therefore higher at the front

than at the back. The threshold fluence should therefore be lower for the ablation at the rear

surface than at the front. This could be shown in the experiments. However, the beam quality of

the Nd:YAG laser utilized in this work is very poor due to hot spots in the beam. This results in a

very inhomogeneous spatial distribution of the laser energy. As a consequence, the material is not

removed uniformly in the irradiated area, leading to a very unevenly distributed crater depth. This

makes a quantification of the craters very difficult due to the high deviation of the data, especially
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for the crater depth; this is why no further graphs are shown. The phenomenon of rear side

etching can be useful for some applications but is clearly not desirable for marking of closed

vials, which may contain photosensitive compounds. The possible reactions and the

contamination from the glass ablation are absolutely a "killer" criterion for marking of

pharmaceutical products.

3.1.2 Marking with an irradiation wavelength of 266 nm.

Rear side ablation does not occur for any applied fluence at an irradiation wavelength of 266 nm.

The transmission at this wavelength, according to Schott for a non-specified sample thickness, is

almost 0%, resulting exclusively in front side ablation. The transmission of the glass vials during

marking was measured by photometric measurements [16] and is in the range of 0.043% for 0.5

mm thick vials. The method is based on an absorber, which decomposes upon illumination with

UV light. I our case 5-diazo-Meldrum's acid was utilized as the absorber. By determining the

exact amount of decomposed molecules, one can calculate the transmission of the vial for a given

wall thickness. The threshold for laser marking is much lower for the dark than for the clear glass

samples, due to the much lower transmission at both wavelengths. Experiments on flat samples

revealed threshold fluences between 0.9 and 1.2 J/cm for dark samples and between 2.1 and 2.6

J/cm for clear samples. These values were calculated by measuring the crater depth per pulse in

function of the applied laser fluence. The threshold can than be calculated by the following

equation:

d(F) =— -In
tF\

\rfhJ

Where d(F) is the crater depth per pulse, F is the applied fluence, Fth is the threshold fluence and

aeff. is the effective absorption coefficient [17]. In accordance to the literature [18, 19],

incubation pulses are necessary to etch the glass surface. With increasing fluence, the number of

incubation pulses is decreasing towards zero. In contrast to polymer ablation, the etched craters

do not exhibit a smooth and even bottom. As can be seen from Figure 1.5 to Figure 1.7, the craters

are very unsymmetrical and reveal an ill-defined and rough bottom.
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This makes it difficult to quantify the ablation behavior in terms of ablation depth and diameter

of the crater. The uneven crater bottom is, however, beneficial for our application since the

optical detection of the resulting matrix depends on the amount of light scattered by the marked

surface, which increases with increasing roughness of the crater bottoms.

3.2 Laser Marking on glass vials.

Measurements for clear glass vials yield a threshold fluence between 4.7 and 5.0 J/cm and no

visible cracks were detected for fluences up to 20 J/cm2. The flat glass samples were prepared

from a cylindrical tubing by melting and stretching and were much thicker than the glass vials

(1.0-1.5 mm vs. 0.5 mm for the vials). The lower transmission and large number of imperfections

(e.g. air bubbles and waviness) are probably resulting in the lower threshold for the flat glass

samples. Very rough surfaces were detected on the bottom of the ablation crater. Incubation

pulses were necessary for marking both glass types within the applied fluence range (4-15 J/cm2)

at the irradiation wavelength of 266nm.

Figure 1.8 to Figure 1.13 show the reproducibility of the craters etched at different pulse numbers

and at different fluences. The markings in Figure 1.8 and Figure 1.9 were done at the same laser

fluence range between 8.6 and 8.8 J/cm2 but with different pulse numbers (20 and 10). The same

was repeated for the markings in Figure 1.10 and Figure 1.11 but for a laser fluence of 7 J/cm
.

Figure 1.12 and Figure 1.13 depict the markings structured with fluences around 5 J/cm2, which is

slightly above the threshold of ablation.

Figure 1.8: 10 laser markings at a laser fluence of 8.8 J/cm2 and a pulse number of 20.

Diameter: 48-65 urn, average depth: 18-22 urn.
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Figure 1.9: 10 laser markings at a laser fluence of 8.6 J/cm2 and a pulse number of 10.

Diameter: 56-80 um, average depth: 9-18 um.

Figure 1.10: 10 laser markings at a laser fluence of 7.1 J/cm2 and a pulse number of 20.

Diameter: 60-84 urn, average depth: 15-22 um.

Figure I.ll: 10 laser markings at a laser fluence of 7.0 J/cm and a pulse number of 10.

Diameter: 40-76 urn, average depth: 9-16 urn.

Figure 1.12: 10 laser markings at a laser fluence of 4.9 J/cm and a pulse number of 20.

Diameter: 47-68 urn, average depth: 15-22 urn.

*•>.<' , I

Figure 1.13: 10 laser markings at a laser fluence of 5 J/cm2 and a pulse number of 10. The

diameter and the depth are too small to be measured.
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As can be seen from theses pictures, the reproducibility in terms of crater depth and diameter

under the same experimental conditions, i.e. laser fluence and pulse number, is quite poor. It is

not clear whether this is due to a non-optimal position of the glass vial on the optical axis or

simply a characteristic ofthe laser processing of this type of glass.

3.2.1. 2D Dot Matrix with large and small pixels.

As already mentioned in the introduction, there are two approaches to write a 2D data matrix on

glass: One large mark for each data point in the data matrix or an array of several, much smaller,

marks, e.g. 3x3 pixels, per data point. Figure 1.14 shows the two spots used for the two methods.

The difference in spot size was achieved by changing the distance between the sample surface

and the lens.

Figure 1.14: LEFT: 3D profile of a marking outside the focal plane. Diameter: 764 urn, depth:
20 urn, fluence: 3.7 J/cm2, pulse number 40. The crater in the up left corner of the

spot is due to a hot spot of the laser beam. RIGHT: 3D profile of a marking in the

focal plane. Diameter: 90 urn, depth: 15 urn, fluence 5 J/cm2, pulse number: 20.

The large spot in Figure 1.14 is characterized by a very rough bottom surface, whereas for the

small spot the crater depth and diameter are difficult to determine. Figure 1.15 shows the resulting

matrices from the two methods.
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Figure 1.15: Top: 10x10 data matrix on the glass surface produced out of a 30x30 pixel-matrix

(left), close up (right). Bottom: 2D-matrix as a 10x10 matrix on the glass surface

(left), close up (right).

In the first case, the laser beam was focused to a spot size of 60 urn; in the second case the

diameter of the illuminated area was 206 urn. This corresponds to an enlargement factor of 11.8

for the corresponding spot areas. To reach the same laser fluence in the second case, the laser

energy must be increased by the same factor. However, high repetition rate lasers cannot reach

these necessary energies. A comparison of the diameter and the average depth of the pixels are

given in Table 1.2.

Table 1.2: Comparison of large and small pixels at the same laser fluence and constant pulse
number of 10 pulses.

Average depth diameter

large pixel 13 to 17 urn 220 to 250 urn

small pixel 9 to 16 urn 50 to 70 urn

It is noteworthy, that the spot size decreases from left to right in Figure 1.15. This is due to the

experimental setup of the laser marking. The glass vial is moved perpendicular the laser beam,

which results in the surface of the glass vial being moved away form the lens. This leads to a

smaller spot size of the laser beam. For a diameter of 14.75 mm for the vial and a horizontal
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displacement of 1.8 mm, the illuminated area is reduced by 7%. Table 1.3 compares the decrease

in diameter of resulting markings for two different matrix sizes (1800 and 900 urn).

Table 1.3: Left: Displacement of the glass surface (Az) for two different distances along the

edge (Ax) of a matrix on the same glass vial. Diameter of the vial: 14.75 mm.

Right: Dependence of the spot size and the average crater depth from the

horizontal displacement Ax from the starting point.

Diameter at Average depth at

Ax = 0 urn Ax =1800 urn Ax = 0 urn Ax= 1800 urn

57 - 65 urn 53 - 57 urn 4,5 - 5,5 urn 8 - 14 nm

Ax (um) Az (um)

1800 223

900 55

Due to the higher fluence of the laser beam, when focused to a smaller area, the average crater

depth of the markings increases by a factor 2-3. However, when working with wall thicknesses of

0.5 mm, this is not an issue.

Dependence ofthe matrix on laserprocessingparameters

There are several parameters that allow changing the general appearance (size, visibility,

resolution) of the final marking. The laser fluence, pulse number, pixel spacing and resolution,

i.e. the usage of 1 shot per pixel of the whole matrix versus several shots per pixel (e.g. 9), have

the most pronounced influence. Changing the laser fluence and the pulse number can control the

crater depth and size. Deeper and larger craters result generally in a higher surface roughness,

which produces a better scattering of the light and thus a better visibility of the marking see

Figure 1.16 to Figure 1.21. For the markings shown in Figure 1.16 and Figure 1.17 only the laser

fluence was varied (7 and 4.7 J/cm ), the pulse number was kept constant (10). The markings

shown from Figure 1.18 to Figure 1.21 were done with the same number of laser pulses (5) but

with decreasing laser fluence (from 4.8 to 1.4 J/cm2).

37



Figure 1.16: Laser fluence: 7 J/cm
, pulse number: 10, diameter of the markings: 42-44

average depth: 14 urn.

Figure 1.17: Laser fluence: 4.7 J/cm
, pulse number: 10, diameter of the markings: 38-48

average depth: 8.5 urn.

Figure 1.18: Laser fluence: 4.8 J/cm2, pulse number: 5, diameter of the markings: 33-44

average depth: 4-9 urn.
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Figure 1.19: Laser fluence: 3.4 J/cm
, pulse number: 5, diameter of the markings: 30-41

average depth: 5-8 urn.

Figure 1.20: Laser fluence: 2.3 J/cm
, pulse number: 5, diameter of the markings: 24-39

average depth: 3-5 urn.

Figure 1.21: Laser fluence: 1.4 J/cm
, pulse number: 5, diameter of the markings: 23-34

average depth: 2-5 urn.
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Figure 1.21 clearly reveals the advantage of writing the data points with a 3x3 pixel array: some

pixels are not visible due to the insufficient laser fluence. Nevertheless, the whole matrix is still

visible and can be read correctly by a scanner.

The same is true for the pixel spacing; when several marks are used for one data point (see Figure

1.22). On the left, six overlapping marks form one data point, whereas on the right, three

markings are clearly separated from each other to form one data point of the matrix. In the case of

the overlapping marks, the light scattering surface is higher than for six distinct marks. The

resulting data matrix is better visible. Adjusting the degree of overlap allows creating marks that

are only visible during illumination under a certain angle.
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Figure 1.22: Left: depth profile of a matrix consisting of 6 pixels. The crater resulting from 6

pixels can be seen between the positions 200 and 500 urn. Right: depth profile of

three separate pixels.

As already discussed, the main differences between the first two techniques (single mark per

pixel vs. multi mark) are the processing speed of the laser marking and the susceptibility to

errors. The industrial requirements for speed make it necessary to apply a high repetition rate

laser. The fabrication and filling velocity of pharmaceutical vials is in the range of 200 vials per

minute. Processing a data matrix with 486 markings and e.g. 10 pulses for each marking would

require a 16 kHz laser to reach this throughput. In the case of only one marking per matrix data

point, a 2 kHz laser would be sufficient. The main disadvantage of utilizing a single mark per

pulse is the necessity for much higher laser energies at a constant matrix size. The necessary laser

energy is at the moment not available from commercial lasers with a high repetition rate.
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3.4. Laser marking utilizing a mask.

A totally different approach for marking is the application of a mask that contains the complete

matrix instead of writing the matrix pixel by pixel. This technique could in principle result in a

much shorter processing time, depending on the possible repetition rate and necessary pulse

number. The disadvantage of this method is a decrease in flexibility as for every encoding a new

mask has to be prepared before marking. Experiments were carried out with an ArF Excimer

laser (193 nm), which has a large beam profile (1.5x3.5 cm) and with a simple projection setup

(similar to the set up shown in Figure 1.4 but with the mask replacing the pinhole). The resulting

matrix, however, revealed another disadvantage of this method. The mask does not allow the

utilisation of the total laser energy in the beam. In the previous experiments, the entire laser

energy was focused on a small spot. Thus relatively high laser fluence can be achieved with a

moderate energy of the laser beam. However, when applying a mask, the beam passing through

the holes is not demagnified in such a high extend resulting in a much lower fluence for the

different spots despite the fact that the photons have a higher energy for 193 nm laser light. The

following example should illustrate the problem:

Figure 1.23: Illustration for the different optical geometries when applying a simple pinhole for

processing one marking at a time and when applying a mask when processing all

markings simultaneously.

A round laser beam of 10 mm diameter and an energy of 100 mJ is focused on a spot of 0.5 mm

diameter (situation A in Figure 1.23). The resulting fluence on the focussed spot is 25.5 J/cm2

compared to the original 0.064 J/cm of the unfocussed beam. This would be the situation when
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processing every data point with one mark. Applying the same conditions to a mask in which the

holes are 1 mm large (situation B in Figure 1.23); let's assume the beam square and with an area

of 1 cm2 and the same 100 mJ beam energy. This gives us 1.57T0-3 J to pass through one hole of

the mask, which will be demagnified on a spot with a diameter of 0.5 mm. This results in only

0.4 J/cm to structure the mark. To achieve the same etch rate than in the previous experiments

one is forced to apply even higher laser energies. Also, a lxlcm mask with 58 holes was applied

which constitute only 26% of the mask surface. This results in a dramatic reduction of the applied

laser energy as only 26% of the laser beam profile is applied. The laser pulse energy of

950 mJ/cm was therefore not high enough and an incomplete marking of the matrix was

observed (see Figure 1.24).

Figure 1.24: Two examples of a matrix marked onto a FIOLAX®- clear vial utilizing a mask.

Laser fluence: 950 mJ/cm
, pulse number: 20.

The incomplete etching results from the fact that the energy beam profile is not perfectly

homogenously "flat top" and the applicable laser fluence is close to the marking threshold. Some

areas of the mask were therefore illuminated with a lower laser power, which results in fluences

below the threshold fluence. The maximum fluence that could be reached with the mask and the

applied laser was 950 mJ/cm2, and more than 50 pulses were necessary to create a visible

marking. A better beam shaping of the rectangular laser beam to a square beam profile by

applying cylindrical lenses could reduce the problem of the incomplete etching at the borders.

Another possibility would be a higher demagnification in order to reach a higher fluence.
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However, the utilization of additional optics will make the industrial set up more complex and

expensive. Table 1.4 summarises the average diameter and depth ofthe obtained pixels.

Table 1.4: average depth and diameter for different pulse numbers at a constant laser fluence

of950mJ/cm2.

Pulse number Diamater (urn) Average depth (urn)

100 52 3

75 57 2

50 64-70 0,56

4. Summary

The aim of the project was to determine the engineering parameters for a new laser marking setup

for the pharmaceutical industry. Laser marking can be used to create a permanent marking for

tracing products by adjusting various parameters such as laser wavelength, fluence and pulse

numbers. The marking process is characterized by a certain number of incubation pulses until a

clear mark can be seen, very visible but also very undefined and irreproducible markings. The

crater bottoms show a high surface roughness, which is however beneficial to the application.

Creating one pixel by several markings revealed a great flexibility to change the optical

appearance of the resulting matrix, such as the encoded text and the visibility, a high

reproducibility, and low failure number. However, the emitting wavelength of the laser is a key

parameter for successful marking of glass vials to avoid undesired effects such as rear side

etching. Finally, in an industrial context, one would prefer solid state lasers since they need less

servicing than gas lasers and do not deal with toxic compounds such as Chlorine or Fluorine in

the case of excimer lasers. The results of this project were utilized to design a complete prototype

laser marking setup for the pharmaceutical industry.

43



5. References

1. Kopitkovas, G, et al, Surface micromachining of UV transparent materials. Thin Solid

Films, 2004. 453-54: p. 31-35.

2. Niino, H, et al, Surface micro-fabrication of UV transparent materials by laser-induced

backside wet etching. CLEO/Pacific Rim 2003. The 5l Pacific Rim Conference on Lasers

and Electro-Optics (IEEE Cat. No.03TH8671), 2003: p. 742-742.

3. Bäuerle, D., Laser Processing and Chemistry. 3rd ed. ed. 2000, Berlin: Springer Verlag.

4. Buzhinskii, I.M. and A.E. Pozdnyakov, Relation Between Damage Thresholds Of Glass

By Laser Pulses Of Various Durations. Kvantovaya Elektronika, 1975. 2(7): p. 1550-

1552.

5. Stathis, J.H. and M.A. Kastner, Photoinduced Paramagnetic Defects In Amorphous-

Silicon Dioxide. Physical Review B, 1984. 29(12): p. 7079-7081.

6. Taylor, R.S., et al, Dependence Of The Damage And Transmission Properties Of Fused-

Silica Fibers On The Excimer Laser Wavelength. Applied Optics, 1988. 27(15): p. 3124-

3134.

7. Arai, K., et al, 2-Photon Processes In Defect Formation By Excimer Lasers In Synthetic

Silica Glass. Applied Physics Letters, 1988. 53(20): p.1891-1893.

8. Zhang, J., K. Sugioka, and K. Midorikawa, High-speed machining of glass materials by

laser-induced plasma-assisted ablation using a 532-nm laser. Applied Physics A-Materials

Science & Processing, 1998. 67(4): p. 499-501.

9. Zhang, J., K. Sugioka, and K. Midorikawa, High-quality and high-efficiency machining

of glass materials by laser-induced plasma-assisted ablation using conventional

nanosecond UV, visible, and infrared lasers. Applied Physics A-Materials Science &

Processing, 1999. 69: p. S879-S882.

10. Salleo, A., T. Sands, and F.Y. Genin, Machining of transparent materials using an IR and

UV nanosecond pulsed laser. Applied Physics A Materials Science & Processing, 2000.

71(6): p. 601-608.

44



11. Pfeufer, V., Excimer lasers - A novel tool for material fine and microprocessing of

glasses. Glastechnische Berichte-Glass Science And Technology, 1997. 70(4): p. 113-

118.

12. Ihlemann, J., Excimer Laser Ablation Of Fused-Silica. Applied Surface Science, 1992.

54: p. 193-200.

13. Buerhop, C, et al, Glass-Surface Treatment With Excimer And C02-Lasers. Applied

Surface Science, 1990. 46(1-4): p. 430-434.

14. Crisp, M.D., N.L. Boling, and G Dube, Importance Of Fresnel Reflections In Laser

Surface Damage Of Transparent Dielectrics. Applied Physics Letters, 1972. 21(8): p. 364

15. Livingston, F.E., P.M. Adams, and H. Helvajian, Influence of cerium on the pulsed UV

nanosecond laser processing of photostructurable glass ceramic materials. Applied

Surface Science, 2005. 247(1-4): p. 526-536.

16. Calvert, J.G and J.N. Pitts, Photochemistry. Vol. 3. 1966: Wiley&Sons. p. 780-786.

17. Baudach, S. 2000: Berlin.

18. Bürhopp, C. 1994: Erlangen.

19. Tarn, A.C., et al., Picosecond Laser Sputtering Of Sapphire At 266 nm. Applied Physics

Letters, 1989. 55(20): p. 2045-2047.

45



PART II:

GRAVIMETRIC MEASUREMENTS OF THE LASERABLATION OF

PHOTOSENSITIVE POLYMERS
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1. Introduction

1.1. Laser ablation ofphotosensitivepolymers

Polymers are one of the most widely used materials in our modern world. They reveal a great

number of different properties such as hard or soft, opaque or transparent, electrically isolating or

conductive, flexible or stiff, chemical and biological inert, thermally isolating, etc. This large

range of mechanical, physical and chemical characteristics makes it possible to fabricate specially

designed polymers for a specific task. For many applications, however, the final material needs to

be structured. In the case of very small structures in the micro and nanometer scale or when a

high spatial resolution is required, mechanical structuring such as drilling and milling is very

limited. This is the case for example, for integrated circuit boards and nozzles for inkjet printers.

Part of this can be done by photolithography, which is a very suitable technique for precision

mass production. However, it usually involves many processing steps and harmful chemicals.

This is especially true when the structure is a complex 3D shape. In this case, laser structuring of

polymers is a valuable alternative, since it is fast, involves less processing steps and less or no

additional chemical reagents/solvents. Furthermore, the laser structuring of prototypes for new

products or processes is less expensive since the masks can be omitted. Finally it also offers a

high spatial resolution.

For a long time after the first conceptual formulations by Schawlow and Townes and the

construction first light emitting laser at the end of the 1950's by Maiman [1, 2], lasers were

considered to be an expensive technical toy with no real application. This changed with the first

attempts to use lasers as a tool for cutting and welding. However, the first laser structuring of

polymers were only performed as late as 1982, when Y. Kawamura et al. and R. Srinivasan et al.

first reported the material removal of polymers with lasers [3, 4]. Their work sparked off, intense

research in the field of laser ablation of polymers. The introduction of specially designed

photosensitive polymers over the years and the intensive discussion about the possible ablation

mechanisms have lead to a large number of publications, review articles and books [5-11 ].

Laser ablation of polymers is characterized by several factors such as the number of incubation

pulses, the threshold fluence, the ablation rate, and the effective absorption coefficient that can be

calculated from this data. These parameters allow us to qualify the polymer at hand and to

compare its ablation behavior to other polymers at the same irradiation processing parameters
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(fluence, laser wavelength, etc) or the same polymer at different conditions (laser wavelength,

dopants, etc). The ablation process is often described in terms of the variation of a specific

feature of the polymer film caused by the laser irradiation, such as thickness, transparency, sur¬

face roughness, etc versus the applied fluence. Usually, one is interested in the ablation rate per

pulse. A useful mathematical expression to quantify this process is given by equation 1 [12, 13]:

d(F) =
1 / c\

In
a,

eff \^th/
(1)

Where d(F) is the ablation rate per pulse at a given fluence, F the applied laser irradiation fluence

and Fth the threshold fluence of ablation at which a change can be measured, aeff. is the so-called

effective absorption coefficient. A typical curve of the ablation rate is given in Figure II. 1. The

ablation rate is usually defined by measuring the crater depth obtained after irradiation at a

specific fluence and dividing the depths by the applied pulse number. These values can be plotted

as a function of the fluence, which yields a curve such as Figure HI.
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Figure II. 1: Left: Qualitative curve of the different fluence ranges for the polymer ablation

rate. Right: Arrhenius tail observed at a photosensitive polymer by Küper et al.

Adopted from [14]. The Arrhenius tail is marked with the grey area.

The low (linear) fluence range is then used for obtaining the threshold fluence F0 and the

effective absorption coefficient aefr by equation 1. The analysis of the ablation rate has to be done

carefully, especially for polymers for which ablation cannot be measured until a certain number

of pulses is applied. These pulses are called incubation pulses and are normally observed for

polymers with low absorption coefficients. The phenomena can be explained by chemical

reactions of the polymer upon laser irradiation. This can increase the absorption of the material at
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the applied irradiation wavelength [15, 16]. However, the course of the curve shown in

Figure III cannot be described by one set of parameters. In fact, the ablation rate can be divided

into three regions:

1. Low fluence range: In this range the threshold fluence can be defined by equation 1 and

incubation pulses can be observed.

2. Medium fluence range: the ablation rate is much more dependent on the applied laser

fluence, which may be due to an increase of absorption for the applied wavelength or on

more effective decomposition due to a temperature increase above the decomposition

temperature ofthe polymer.

3. High fluence range: In this range, the dependence on the fluence decreases again and the

calculated slope is found to be similar for many different polymers. This can be explained

by the fact, that the light of the laser pulse with a pulse width in the nanosecond time

scale can be partially absorbed by the generated gaseous products and/or the formed

plasma plume [8] thus reducing the amount of photons reaching the surface.

A region or below a certain point at very low fluences, is often called the "Arrhenius tail" and can

be observed for certain polymers only for specific wavelengths. It describes the linear fluence

dependence at very low fluences and the much higher dependence at higher laser energies (see

Figure n.l) [14, 17]. To understand the shape of the curve, we have to think about the

photothermal ablation mechanism as a zero-order reaction as described in detail by Küper et al

[14]. This only applies at very low fluences, close to the threshold value. At much higher

fluences, other processes and mechanisms can become operative. The remaining polymer is

assumed to remain unchanged after ablation. The reaction rate over time may be defined as the

mass loss due to irradiation over time: dm/dt. We can then write the reaction rate as a function of

temperature in an Arrhenius-type law:

dm
A ( E )
A-exp--—- 2

dt { kB-TJ

A is the prexponential factor, E the activation energy of the reaction, kB the Boltzmann constant

and T the laser induced surface temperature of the polymer material. Integrating equation 2

yields:
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Am= J*Aexp
\ kBT/

dt (3)

The parameters in equation 3, A, E and T, are all unknown and cannot be found for materials

such as polymers. We therefore have to approximate the expression given above by physical

considerations. We may assume that the temperature reached at the surface during laser

irradiation is constant and that the value is proportional to the energy of the laser pulse. This

allows us to integrate the expression in equation 3 and the following expression is obtained:

Am = A-expl--)-At (4)

F is the energy density (fluence) of the laser on the polymer surface. The constant B is a function

of the activation energy E and the temperature rise. The temperature is related to the irradiation

fluence. If we consider the change of mass Am over time At, then the rate of reaction R is

proportional to an Arrheniustype exponential in the laser fluence:

R = Aexp— (5)

This is what can be observed in plots depicting the ablation rate versus the fluence: a slow

increase (almost linear) for low fluences and a strong increase for high fluences. This model

describes a mechanism for photothermal surface reaction and can often be found for ablation

rates calculated by QCM [14] and mass spectroscopy [18]. Furthermore the Arrhenius tail is not

detected by profilometric equipment such as a stylus profilometer or AFM. However, the laser

induced decomposition of polymers, especially photosensitive polymers, is often characterized by

a sharp increase of the ablation curve at fluences above the threshold value. This is why; the

observation of an Arrhenius tail in polymer ablation is often controversial. This work studies the

ablation rate in the region close to threshold fluence. Studies of the laser-induced decomposition

or transformation of polymers with single pulses and laser fluences close to the threshold of

ablation require very sensitive techniques, such as a quartz crystal microbalance (QCM) or

atomic force microscopy (AFM). One important question in polymer ablation is related to the

ablation mechanisms, i.e. photochemical versus photothermal. The understanding of these

mechanisms is important for the design of new materials (e.g. photosensitive polymers) or the

optimization of existing industrial processes. Models play an important role in the understanding
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of these mechanisms. The mass loss during laser ablation is one important parameter for the

development of theoretical models that describe ablation. In this work, a mass loss (e.g. by QCM)

due to photochemical reactions is expected for photosensitive polymers before a change in the

surface morphology (e.g. by atomic force microscopy) can be measured. Another important

parameter that may influence the ablation data is the role of solvent that remains in the polymer

film (e.g. from the film preparation). It has already been reported that the amount of solvent

remaining in the polymer after drying can be as high as 20 wt% (in the case of poly(methyl

methacrylate), PMMA) [19].

A polyimide (PMDA) and a triazene (TP) polymer were studied with QCM after irradiation with

fluences below and above the threshold of ablation at irradiation wavelengths of 193, 248 and

308 nm and were later compared to a specially designed photosensitive polyimide (Durimid).

In detail, the dependency of the frequency change, and thus the ablation rate, on the number of

pulses was examined. Küper et al. [14] performed already similar experiments using Pyralin ,
a

polymer that that belongs to the class of photosensitive polyimides. The measurements were

performed in a vacuum chamber using just one coated quartz plate to perform the single pulse

and the consecutive pulses experiments at the same position. However, carbonization of

photosensitive polymers [20] and polyimide [21] has been reported upon multipulse irradiation

and may very well influence the ablation behavior of the material. Since the chemical surface

composition of polymers can be altered already with the first pulse, the ablation process for the

consecutive pulses at the same spot can be different from the first pulse. The experimental data of

Küper et al. are often used as experimental reference data for highly sophisticated models [22,

23]. It is therefore of utmost importance to assure that the applied ablation rates are real a true

material property ofthe original polymer.

1.2 The quartz crystal microbalance (QCM)

Amongst electro technicians it has long been known, that the fundamental frequency of an

oscillator used e.g. for frequency control applications in radio communication equipment, can be

tuned by trimming its thickness. However, the understanding of the upward shift of the frequency

by a decrease of the oscillators mass was only of qualitative nature, and the phenomenon was not

further studied until the late 1950s. Since piezoelectric quartz resonators such as the QCM were
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first introduced as a gravimetric tool by Sauerbrey in 1959 [24], it has been used in many fields

as sensors and thickness monitors but also as a gravimetric tool to study the ablation process of

polymers [14]. The basis of the QCM is the fundamental vibration frequency of an AT-cut quartz

plate, which is directly proportional to its thickness. The frequency of the quartz decreases

according to the amount of added mass by coating the surface with another material such as a

polymer or a metal. The change can be directly converted to a mass load per unit area. If the

density of the material is known, the film thickness of the material can be calculated. This

method is very sensitive even to small variations of the mass load. For a 5 MHz quartz plate, a

variation of 1 Hz corresponds to a mass variation of 17 ng/cm .
This corresponds for example to

a thickness variation of 1.26 Â of polyethylene terephtalate (PET). Such a high precision is

especially useful to study the ablation behavior of photosensitive polymers near the ablation

threshold.

Piezoelectric quartz crystal resonators

The piezoelectric quartz plates utilized for QCM set ups are fabricated from natural or synthetic

single crystals of quartz. Figure n.2 shows a representation of a perfect quartz crystal. Applying

an external electrical potential to a piezoelectric material yields a mechanical stress. By

depositing electrodes onto the surface of a flat crystal plate and applying a periodic voltage, the

crystal starts to vibrate at the frequency of the voltage source. If the resonator is connected to a

feedback network of a closed loop system containing an amplifier, the quartz crystal can be made

to oscillate at one of its resonant frequencies. Such asystem is called a quartz crystal oscillator

and can be utilized for time and frequency control applications.

Figure II.2: Assignment ofthe axes in a quartz crystal. Adopted from [25].
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Piezoelectric crystals can possess many modes of resonance, or standing wave patterns at

resonant frequencies. For example a round circular disc, as used in this work, may exhibit

longitudinal (extensional), lateral (flexural and shear), and torsional (twist) vibrations in each of

the axes. In addition to that, the crystal can also vibrate in overtones of each fundamental mode,

or several modes may couple to form very complicated resonance modes. For applications such

as micro weighing, one would like to select a particular mode. This can be achieved by cutting

the quartz crystal at a very specific crystallographic orientation. Other ways to influence the

mode of resonance are the configuration of the electrodes, the supporting structure and the

oscillator circuit. The mode of vibrations, which is most sensitive to mass removal, is the

thickness-shear mode. This mode is illustrated in Figure II.3. The two major surfaces of such a

resonator are always antinodal. To fabricate a quartz crystal which resonates in the thickness-

shear mode, the plate must be cut in the rotated Y-cut family such as AT and BT-cut (see Figure

II. 4). The quartz crystals utilized in this work are all AT-cut.

dto ,

-
' Quarte Ma

'

Quartz Me

q 1

Figure II.3: Model ofthe oscillation quartz crystal

Figure II.4: Schematics of an AT (left) and BT (right) cut quartz plates. Adopted from [25].
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Figure II. 5 shows the temperature sensitivity of the frequency of rotated Y-cut quartz crystals.

From Figure II.5 it is obvious, that crystals cut at an angle of 35°10' (AT-cut) are rather

insensitive to temperature changes around room temperature. This is an important detail since the

experiments in this work were carried out at ambient conditions.

-80 -60 -40 -20 0 20 40 60 80 100 120

Temperature [°C]

Figure II.5: Temperature dependence of the cutting angle on the frequencytemperature curves

of AT-cut quartz crystals. Adopted from [25].

Theoretical model ofthe quartz crystal microbalance

Figure II. 3 illustrates the model of a quartz crystal loaded with a film where Mq is the mass of the

quartz crystal plate, tq is its thickness, dMq is the mass variation due to the addition of a thin film,

dtq is the variation of thickness, Mf is the mass of the added film, while tf is the thickness. The

idealized model that can describe the operation principle of the QCM, as postulated by Sauerbrey

[24], is illustrated in Figure LT.3. For a quartz crystal plate to oscillate in the fundamental

thickness mode, the following equation must be satisfied:

tq = V2 (6)

Where tq is the thickness of the plate and Xq is the wavelength of the shear-mode elastic wave in

the thickness direction. The effects of the electrodes on both sides of the plate can be neglected.

Equation 2 can be rewritten as

fq.tq=Vq/2 (7)

Since

Xq • fq = Vq (8)
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In equation 7, the resonant frequency shift dfq caused by an infinitesimal change in the crystal

thickness dtq is found to be:

dfq/fq=-dtq/tq (9)

The negative sign indicating that an increase in the thickness of the quartz crystal plate causes a

decrease in its resonance frequency. Equation 9 can also be expressed in terms of quartz crystal

mass Mq and its mass change dMq.

dfq/fq=-dMq/Mq (10)

With the assumption made by Sauerbrey, that for small mass changes, the addition of a foreign

mass can be treated as an equivalent mass change of the quartz crystal itself. The previous

equation then becomes:

dfq/fq=-dM/Mq (11)

Where dM is an infinitesimal amount of foreign mass uniformly distributed over the crystal

surface. If one extends the validity of this assumption to an arbitrary but small added foreign

mass, such as the mass of a thin film Mf, equation 10 can be rewritten as the following

approximation:

(fc-fq)/fq=-Mf/Mq (12)

Where fc is the resonant frequency of the quartz crystal with the deposited material. If one defines

the areal density mf and mq as the mass per unit area for the deposited film and quartz crystal

respectively for the one dimensional resonator model shown in Figure II. 3, equation 12 can be

rewritten as

(fc-fq)/fq=-mf/mq (13)

If the density of the material is spatially uniform, the areal density is also equivalent to the

product ofthickness and density. Thus

mf = tf • pf (14)

And

mq
= tq»pq (15)

Where pf and pq are the densities of the film and the quartz plate respectively and tf is the film

thickness. Substituting equations 7 and 14 into 12 yields:

mf = -(f0 - fq) •

pq
•

Vq / 2 • f
q (16)
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The usage of the areal density rather than the mass is more convenient, since the vibrating area of

a quartz crystal resonator does not necessarily extend to its entire surface and is hard to define.

Equation 16 is valid as long as the entire surface of the resonator's active area is covered. If the

density of the film is known, equation 14 can be substituted into equation 16:

tf Pf=-(f0-fq)»Pq» Vq/2» f\ (17)

Equation 16 is generally expressed as:

Af=-Cf.mf (19)

Where Af = fc - fq is the frequency shift and

Cf=2.f2q/(Pq.Vq) (20)

Is defined as the mass sensitivity or calibration constant of the QCM. For an AT-cut quartz

crystal, where pq
= 2650 kg/m3 and vq

= 3340 m/s, the mass sensitivity for a 5 MHz resonator is

5.65 MHz m2/kg. This means that a frequency change of 1 Hz corresponds to a mass variation of

17 ng/cm .
The sensitive area of the QCM resonator is roughly restricted to the electrode area

with the maximum sensitivity at the center of the electrode.

Validation ofthe theoretical model

The theoretical model described by equation 14 is only valid for an infinite resonator plate. In

practice however, the electrodes deposited on the oscillating plate have to be connected to

electrical contacts, which will also function as mechanical support. The active area of the crystal

can therefore not be extended to the borders of the crystal, since the metal holders would

influence the vibrations of the piezoelectric plate. Figure II. 6 shows the schematics of the quartz

resonators used in the experiments. This design is just one amongst a large number of possible

solutions and was especially suitable for our experiments. The oscillation part of the piezoelectric

crystal is reduced to the volume covered by both electrodes deposited on the front and back

surface of the plate.
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AT-cut qyartz crystal plate

polymer film

silver electrodes

Figure II.6: Schematic of the quartz oscillators used in the experiments. Left: top view, right:
side view.

The polymer film was spin coated onto the surface covering the whole active area. For the

validation of equation 19, it is important that the thickness of the deposited film is homogeneous

on the whole area of the oscillation region of the quartz plate. The quartz crystals were connected

to an oscillating circuit (see Figure LI. 7), which was connected to a universal counter (Voltcraft,

MXC-1600). The frequency was read out by a computer via a RS232 interface connection.

R
1 12

i-^ t-^ I coyracif

Quart/ resonator

Figure II.7: Schematics ofthe oscillation circuit utilized for the QCM measurements.

Response ofthe QCMduring laser ablation experiments.

Figure II. 8 shows the typical response of the coated quartz resonator during illumination with

laser light close to the threshold of ablation (left) and at higher fluences (right). The stability of

the resonator's frequency is about ± 5 ppm. However, one can see in Figure LI. 8 variations of the

frequency of± 10 Hz. These changes are due to mechanical stresses in the resonator. They appear

in a stochastic way and have no physical meaning. In practice, a significant value for the mass

loss was obtained when measuring the frequency 30 seconds before and after the laser pulse.
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Figure II.8: Response of the frequency of the QCM to laser illumination with low (left) and

high (right) laser fluence. The laser pulse occurs after about 32 seconds.

This helps to evaluate whether the change in frequency is statistically significant or not. In this

work, only frequency changes above 2 Hz were considered to be significant. The small but

continuous increase in the frequency after irradiation at high fluence can be due to mechanical

stresses in the coated quartz. It has been observed in our experiments, that these shifts can also

occur prior to ablation and only occur on specific samples. As this shift might influence the

statistical evaluation of the measurements, these samples were only used for irradiation at high

fluences.

2. Experimental
This section deals with the experimental set up of the QCM and describes the polymers studied

and the preparation method ofthe oscillators.

Polymers studied

The polymers studied in this work are especially designed for laser ablation and have already

been widely studied and characterized in our research group by various methods such as stylus

profilometry, shadowgraphy and interferometry [10, 18, 26-31]. The first one is a photosensitive

triazene polymer (TP). The second one is a polyimide (PMDA), which is often compared with

the previous material. The third one, Durimid, is a commercial photosensitive polyimide,

which can be compared to PMDA. The chemical structure of the polymers and of a

photosensitive polyimide (Durimid), as well as of Kapton, which is often used in laser
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ablation studies, are shown in Figure LI.9, the UV-Vis absorption spectra of TP, PMDA and

Durimid are given in Figure LI. 10. The linear absorption coefficients, determined by UV-Vis

spectroscopy, of the polymers at the applied laser irradiation wavelength are summarized in

Table n.l:

Table II.1: linear absorption coefficient for the three polymers studied at the irradiation

wavelengths studied.

wavelength

(nm)

Linear absorption coefficient (cm1)

TP PMDA Durimid

193 117000 308000 173000

248 24000 125000 129000

308 89000 33000 68000

K:'
'> 0

CH OH,

N N—N-fCH lP~-N^N^N^

Triazene polymer (TP)

CH,

9, ,9

M ( I N—i1 f}---0 (( )> » (\ )}--0--4 V

7 ,
r"l'h

O G

Polyimide polymer (PMDA)

Kapton polymer

Figure II.9: Chemical structure of the polymers studied in this work and ofKapton to which

was used as a references for several theoretical considerations.
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The QCMset up

Commercial quartz plates with silver electrodes and a fundamental frequency of 4 9152 MHz

were used in the QCM measurements The samples were prepared by spin coating of several

polymer layers on one side of the quartz plate The polymer films were dried under nitrogen

atmosphere at 40°C for at least two hours for TP and at 250°C for 1 hour for PMDA The

Durimid films were first softbaked for 6 minutes at 70°C followed by another baking for 6

minutes at 100°C The total film thickness of the polymers was in the range of several urn The

solution utilized for spincoating consisted of 5%wt of TP in Chlorbenzene PMDA was utilized

as obtained from Nissan Chemicals Ltd Durimid was provided by applied microSWISS

GmbH as a very viscous solution, which was diluted by adding a small amount of NMP The

aperture of the irradiation setup exceeded slightly the surface of the silver electrodes to assure

that the complete sensitivity of the vibrating area is used

The laser fluence was varied by an attenuator and the beam energy was measured online via a

beamsplitter and a powermeter The actual fluence on the sample was calculated from a

calibration curve The frequency change over time was determined by a frequency counter

connected to a computer (see Figure II11)
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The three polymers were irradiated at three different irradiation wavelengths of 193, 248, and 308

nm. Each sample was ablated at a constant fluence with 1 to 10 pulses. The frequency change

was measured after every pulse for at least 30 seconds at a rate of 1Hz. This allows determining

whether the change in frequency, and thus the loss of mass of the polymer, remains constant after

each pulse. All measurements were performed at ambient conditions. For the profilometric

measurements, the films were spincoated onto flat glass substrates under the same conditions as

for the quartz samples.

Liser

attenuator

{dieiectriot plate)

beamsplitter
(SO* reflective)

QMS

t
pin hole

frequency counter —

'I
Computer J

Figure 11.11: Experimental set-up for the QCM measurements.

3. Results and Discussion

3.1. Laser ablation ofphotosensitivepolymers. Gravimetric characterization

3.1.2. Comparison of single and multi-pulse experiments

In this section is described the variation of the ablation rate of photosensitive polymers when

irradiated with only one or more laser pulses. The rates were determined by QCM and the

experiments were performed at different fluences and wavelengths. A clear deviation of the

frequency change for consecutive pulses from the first pulse is visible for TP at 248 nm

irradiation. For a constant removal of mass at a constant laser fluence a constant frequency

change for every laser pulse is expected. This is obviously not the case, as shown in Figure 11.12

where the frequency variation between two successive pulses versus the number of applied pulses

is represented. The frequency change for the following pulses is different from the first pulse.

The curves in Figure 11.12 show a clear trend of the frequency towards lower values, especially
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for higher fluences, which cannot be explained by fluctuations of the laser energy. The pulse-to-

pulse changes of the frequency become less pronounced for lower fluences and for higher pulse

numbers.
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Figure 11.12: Frequency change between pulses at different fluences for TP at an irradiation

wavelength of 248 nm. One sample was used for each measurement at given
fluence. The error lies between 1 and 1.5%. The error bars are smaller than the

representation ofthe data points.

It can therefore be concluded that the ablation rates are clearly changing after the first pulse for

high fluences. The change in the frequency decreases with increasing pulse number which means

that less material is removed at the same fluence for pulse numbers > 1 (>2 for 124 mJ/cm ). A

slightly different behaviour was detected for TP at an irradiation wavelength of 308 nm (see

Figure 11.13). The decrease in the frequency change for an irradiation wavelength of 308 nm is

not as pronounced as for 248 nm.
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In fact, the difference of the frequency change is only significant at fluences slightly above the

threshold, between 27 and 43 mJ/cm2, and cannot be observed at higher fluences. Nevertheless, if

the ablation rate is not constant for succeeding pulses then the most probable explanation is that

the material is altered with the first laser pulse. Carbonization of TP at 248 nm wavelength and

36 mJ/cm2 (above the threshold fluence) has been observed and is most probably the reason for

the difference in the ablation rates. For an irradiation wavelength of 308 nm only slight changes

were observed in the chemical composition of the surface for pulse numbers below 10 pulses.

This means that the carbonization of TP is much more pronounced for irradiation at 248 nm [20].

The behavior of PMDA after irradiation at a wavelength of 308 nm is quite different. A clear

drop in the frequency change from the first to the consecutive pulses is observed between 129

and 153 mJ/cm2 (Figure IL. 14). For irradiation with fluences between 96 and 121 mJ/cm
,

however, an opposite trend (increase) of the frequency change is observed. This means that more

material is removed with pulses following the first pulse. The reason for this behavior is not yet

fully understood but could be related to the preparation of the sample, where a dense skin layer

may be formed [19], which reveals lower ablation rates at a given fluences compared to the rest

of the polymer.
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Figure 11.14: Frequency change between pulses at different fluences for PMDA at an irradiation

wavelength of 308 nm. One sample was used for each measurement at given
fluence. The error lies between 1 and 1.5%.

The other polyimide studied in this work, Durimid, also revealed a strong dependence of the

frequency on succeeding pulses. The differences in the frequency change were found to be most

pronounced for irradiation wavelengths of 193 and 308 nm. Studying the ablation mechanism of

photosensitive polymers is usually done by examining the etch rate, i.e. the crater depth divided

by the number of applied laser pulses, for a given fluence. This also allows to compare different

analytical methods such as gravimetric and profilometric techniques. However, the etch rate

cannot be measured directly by the QCM but has to be calculated from the obtained data. Since

the ablation rate calculated from the QCM measurements is given in mass per unit area, one can

easily obtain the corresponding etch rate by simply multiplying the results by the density of the

polymer. The following paragraph will briefly discuss the influence of multiple pulses versus

single pulse experiments on the etch rate of the polymers before going to a detailed analysis of

the specific etch rates of the different studied polymers (chapter 3.1.2). The required density of

the polymer films was found by simple floating experiments.

For example, in the case of TP, a small piece of spin coated film was placed in distilled water,

which is less dense than TP, then a saturated aqueous solution of NaCl was added until the film

began to float in the mixture. At the end the exact weight of 1000 pi (taken with a micro pipette)
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of this mixture was measured on a high precision balance. The values obtained for the densities

of the three polymers are given in the following Table LI.2. The standard error of the

measurement is around 1 -2%.

Table II.2: Densities ofthe examined polymers as obtained by floating experiments.

Polymer Density (g/cm3)

TP 1.12

PMDA 1.27

Durimid 1.12

In the literature, a density value of 1.16 can be found for TP obtained by floating experiments in

an aqueous solution of Nal [32]. The density found in our work is slightly different from this

value. The floating experiments were performed with a small piece of polymer film spin coated

onto a glass substrate and baked under the same conditions as the films on the QCM samples. It

is possible that the films yield slightly different results than the polymer powder used in the

literature, due to a different solvent content or homogeneity of the film. It is therefore important

to point out that the values given in Table LI.2. are only valid for this work, where they are

applied to compare different films.

The corresponding ablation rates of TP for various fluences at irradiation wavelengths of 193,

248, and 308 nm, derived from the QCM measurements, are shown in Figure LI. 15, where the

etch rates after 1, 2 and 5 pulses are depicted.

The curves show a significant difference of the ablation rate for the first pulse and the following

pulses, indicating that the ablation rate of the polymer at these wavelengths will vary depending

on the number of pulses applied at a given position. This is especially pronounced for irradiation

wavelengths of 193 and 248 nm (top and middle). For 308 nm irradiation, the difference seems to

be more important at lower fluences. The second observation is that the difference between

succeeding pulses is strongest at a wavelength of 248 nm followed by 193 and is lowest at 308

nm. As already mentioned above, the carbonization of TP is more pronounced at 248 nm, which

will yield more carbon at the polymer surface and thus reduce the ablation rate even more.
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Figure 11.15: Ablation behavior of TP polymer for 193, 248, and 308 nm irradiation (from top to

bottom) after 1, 2 and 5 laser pulses.
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The difference between the first and the succeeding pulses is less pronounced for PMDA than for

TP. However, the dependence on the irradiation wavelength seems to be similar to the one

observed for TP. The influence of successive pulses at an irradiation wavelength of 308 nm is

negligible. The reason may be a much less pronounced carbonization of the PMDA at 308 nm

irradiation. However, the available data only refers to the ablation rate near the threshold fluence

where the change of the frequency for successive pulses was less pronounced for the other

wavelengths. Another possibility could be that the irradiation at the relatively high fluences is

already removing the formed carbon layer, which would than no longer influence the QCM

measurement.

Unfortunately QCM experiments could not be done at higher fluences. This is due to the fact that

the whole area (around 0.326 cm2) of the QCM crystal has to be irradiated. This requires very

high laser energies to reach fluences above 200 mJ/cm2, which was not possible with the lasers

available for this work. The QCM measurements for Durimid reveal a similar dependence of

the ablation rate on the pulse number than for PMDA.

Pronounced differences between the ablation rate for single pulse and multipulse experiments

could be demonstrated. It has been shown that the ablation rates decrease strongly after the first

pulse for TP at an irradiation wavelength of 248 nm and for PMDA for all applied wavelengths,

i.e. 248 and 308 nm, due to the partial carbonization of the material. Almost no changes of the

ablation rate for succeeding pulses were detected for an irradiation wavelength of 308 nm for the

triazene polymer and PMDA.

For Durimid a clear difference in the frequency could be observed for succeeding pulses. The

largest difference was found for an irradiation wavelength of 193 nm (see Figure LI. 17). The

difference was not as pronounced for longer wavelengths.
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Figure 11.17: Ablation behavior of Durimid polymer for 193 nm irradiation (from after 1, 2

and 5 laser pulses.

The ablation rate is clearly decreasing with succeeding pulses, which is an indication for changes

in the polymer surface after the first pulse. Durimid is a very similar polymer to Pyralin ,

which was used by Küper et al. This may be problematic for the interpretation of the data

obtained by Küper.

TM
3.1.2. Gravimetric measurements of TP, PMDA and Durimid

In the following graphs, each data point represents one quartz sample. The ablation rate of TP at

the two different wavelengths (248 and 308 nm) is shown in Figure LT. 18.
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Figure 11.18: Ablation rate of TP for 248 and 308 nm irradiation. The ablation rate calculated

from the QCM measurements with single pulse and a new sample for each

experiment.

As expected, a clear dependence of the ablation rate on the laser wavelength with similar ablation

thresholds is observed, confirming data observed in previous measurements with other techniques

[32]. A clear Arrhenius tail (dashed line in the inset of Figure 11.18) is observed for TP for an

irradiation wavelength of 248 nm (open circles in Figure II. 18), but is, however, not detected for

an irradiation wavelength of 308 nm (filled circles). The Arrhenius tail refers to the change in the

slope of the ablation curve marked by the lines and always refers to a thermal mechanism model

of the ablation (see introduction: chapter 1.1 page). In the paper of Küper, a clear Arrhenius tail is

observed for Pyralin at all irradiation wavelengths except 193 nm. This has been assigned to

the highest photon energy, which may cause the photochemical decomposition. It is therefore

noteworthy that TP shows the Arrhenius tail at shorter irradiation wavelengths with the higher

photon energy and not at the longer irradiation wavelength with the lower photon energy. This

can be assigned to the photodecomposition of the triazene groups in TP, which have the highest

absorption at an irradiation wavelength of 308 nm.

The small changes at low fluences are most probably due to a mass loss without clear ablation.

Two sources are probably responsible: evaporation of solvent and/or a photolysis of the triazene

groups, which results in the loss of N2 (e. g. observed in solution with very low fluences) [33].
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The results show clearly, that the polymer surfaces are already modified with the first pulse and

that the ablation rate changes significantly with successive pulses. It is not yet fully understood

how this difference will affect the models, which apply data from single pulse experiments, but

with consecutive pulses on the same position. Figure 11.19 depicts the ablation rate of TP at three

different irradiation wavelengths.
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Figure 11.19: Ablation rates of TP at irradiation wavelengths of 193, 248 and 308 nm measured

with a QCM.

A clear dependence of the ablation rate on the applied irradiation wavelength can be observed.

The highest rates at low fluences are found for an irradiation wavelength of 193 nm followed by

308 nm. The lowest ablation rates are detected for an irradiation wavelength of 248 nm. These

data suggest a direct relation to the UV-Vis absorption spectrum of the triazene polymer at these

wavelengths (see Figure 11.10), i.e. high ablation rates for irradiation at wavelengths with high

absorption coefficients. At the first look, this seems to be a contradiction with the general concept

that a high linear absorption coefficient yields lower ablation rates because the penetration depth

is lower for high absorption of the material. However, the energy absorbed per unit volume also

plays an important role and decomposition of the polymer can already occur during the laser

pulse, which will yield to a higher penetration depth of the laser light and thus to a higher

ablation rate. This is why the effective absorption coefficient obtained from equation 1 is an

important parameter. The intense band at 196 nm corresponds mainly to the aromatic and
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aliphatic groups of the polymer, whereas the band at 322 nm corresponds to the triazene

chromophore (-N=N-N<; see also structure of the polymer in Figure LT.9) [10, 32]. The laser

wavelength of 248 nm can directly excite both groups. The absorption reaches a minimum at 250

nm, but still exhibits a quite high absorption coefficient (24000 cm"1). The etch rate can therefore

be divided roughly into two groups, i.e. the wavelengths which directly excite the triazene system

(e.g. 308 nm) and 193 nm that is in resonance with the aromatic system. The weakest functional

group in the molecule, however, is the triazene group (bond energy 1.5-3 eV), which can be

broken directly with a single photon at all irradiation wavelengths applied in this work. Aromatic

fragments also absorb the shorter wavelength (especially 193 nm) in the gas phase, which limits

the number of photons reaching the surface. Furthermore, the products remaining in the polymer

film may also be strongly absorbing at a wavelength of 193 nm, thus limiting the penetration

depth of the photons. An increase of the photon energy should result in an increase of directly

broken chemical bonds, which should result in a decrease of the ablation threshold (as shown in

Table LT. 3. The photon energy ofthe three applied wavelengths is also included in Table n.3).

Table II.3: Photon energies corresponding to the applied irradiation wavelengths. Physical

parameters of TP at these wavelengths as retrieved from the absorption spectra in

Figure 11.10. The ablation thresholds were calculated by fitting the function d(F)=
lÄXeff. ln(F / Fth), where d(F) is the crater depth, F the applied fluence and Fth the

threshold of ablation.

Wavelength

(nm)

Photon

energy

(eV)

Linear

Absorption

coefficient

(cm1)

Effective

Absorption

coefficient

(cm1)

Ablation

threshold

(mJ/cm )

193 6.41 117000 372000 13

248 4.99 24000 112000 23

308 4.02 89000 171000 28

The ablation rate is also strongly related to the absorption coefficient of the material at a given

wavelength. The photon penetration depth decreases with 86 increasing values of a, if the linear

absorption coefficient (aiinear) is considered. High absorption coefficient should therefore result in

lower ablation rates. The ablation rates measured by QCM for the triazene polymer, however, do

not exhibit this behavior at the low applied laser fluences. It is noteworthy to mention, that
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bleaching of the triazene band at 330 nm occurs in TP during the laser pulses, especially at the

irradiation wavelength of 308 nm [32]. The photon penetration depth is therefore increasing by

this process, resulting in a lower effective absorption coefficient (aeff. also shown in Table n.3).

This can explain the crossing of the curves for 193 and 308 nm around 40 mJ/cm2 in Figure LT. 19.

However, the effective absorption coefficients given in Table n.3 are one order of magnitude

higher than the linear absorption coefficients. The values are also very different from the results

obtained by Wei [34] and also Hauer [31]. For example, the value obtained by Wei for the

effective absorption coefficient of TP at an irradiation wavelength of 308 nm is roughly 50000

cm"1, compared to 81000 cm"1 for the linear absorption coefficient. The value obtained by the

QCM measurement is a factor of 3 larger. In addition the ablations rates obtained by Wei are a

factor of 3 larger than the values obtained by QCM. The same is true for the values of aefr and

ablation rates for irradiation wavelengths of 193 and 248 nm. The data of Hauer are comparable

to the ones of Wei. There are several possible explanations: A dense skinlayer can be formed on

the surface upon film preparation from solution, which can have an influence on the ablation rate

of the polymer. This was demonstrated by Lippert et al. for the irradiation of

polymethylmethacrylate, PMMA at 308 nm irradiation [19]. The higher density of the skinlayer

can yield lower ablation rates and, as a consequence, result in a higher value of aefr The film

thicknesses applied on the QCM (~1 urn) are also very different from the thicknesses Wei and

Hauer utilized in their experiments (-100 pm). Furthermore, Hauer and Wei applied a much

higher pulse number (typically between 10 and 100) compared to just one pulse in our

experiments. Another important factor is the above discussed absorption of the laser photon

(especially at 193nm) by decomposition products. This will result in an increase of the aeff,

which is experimentally observed for TP at 193 nm [10]. No Arrhenius tail was observed for TP

at irradiation wavelengths of 193 and 308 nm. As already discussed in the section above, this is

different from the results obtained by Küper et al.

When applying high pulse numbers (» 1) and/or very high fluences, the influence of the

skinlayer can be reduced because it can be ablated within the first laser pulses. The succeeding

pulses then ablate the bulk material of the polymer. It is therefore possible, that the skinlayer has

a much higher influence on the ablation rate when both a thinner film and just one pulse are

applied to the polymer. The same argumentation can also be applied for the values obtained for

73



oteff for PMDA and Dunmid1M (Table LT.4 and Table II.5). The ablation rates for PMDA show

even stronger differences for the different irradiation wavelengths (see Figure 11.20).
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Figure 11.20: Ablation rates of PMDA at irradiation wavelengths of 193, 248 and 308 nm

measured with a QCM.

The data are again quite consistent with the considerations from the absorption spectra (Figure

11.10). The spectrum exhibits a strong absorption at 193 nm, which is constantly decreasing

towards higher wavelengths. The extrapolation of the removal rates may suggest a possible

crossing of the curves at a fluence of around 55 mJ/cm2 for the irradiation wavelengths of 193

and 248 nm (fluences above 50 mJ/cm were not available for the 0.326 cm area of the QCM

target). The absorption of fragments created by the decomposition of the polymer is more

pronounced at 193 nm than at 248 nm, resulting in a reduction of the photon penetration depth (or

number of the photons reaching the surface) of the polymer. Furthermore, the complete volume

that is decomposed is not only a function of the penetration depth (absorption coefficient), but

also of the applied fluence (a larger volume is decomposed for higher fluences). From all these

considerations it is possible to predict a crossing of the curves. The ablation starts at much higher

fluences for the irradiation wavelength of 308 nm, which is probably the reason that no crossing

is observed in the applied fluence range. Table II.4 lists the threshold fluence Fth, the linear and

the effective absorption coefficient for PMDA at different irradiation wavelengths.

-*- 193 nm

-e- 248 nm

-•- 308 nm
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Table II.4: Photon energies corresponding to the applied irradiation wavelengths. Physical

parameters ofPMDA at these wavelengths as retrieved from the absorption spectra
in Figure 11.10. The ablation thresholds were calculated fitting the function d(F)=

l/aeff-ln(F / Fth), where d(F) is the crater depth, F the applied fluence and Fth the

threshold of ablation.

Wavelength Photon Linear Effective Ablation

(nm) energy Absorption Absorption threshold

(eV) coefficient

(cm1)

coefficient

(cm1)

(mJ/cm )

193 6.41 308000 592000 19

248 4.99 125000 336000 30

308 4.02 33000 3.3106*)

20000 **)

114

*) value obtained by fitting the first three data points in Figure LI.20.

**) value obtained by fitting the data points above 100 mJ/cm2 in Figure 11.20.

jTMThe ablation rates for Durimid (see Figure 11.21) are much higher at all applied wavelengths

iTM
than for PMDA. Durimid is, as discussed above, a photosensitive polyimide, which is probably

TM

comparable to Pyralin that has been used by Küper et al. [14].
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Figure 11.21: Ablation rates of Durimid at irradiation wavelengths of 193, 248 and 308 nm

measured with a QCM.
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The ablation rates of QCM and single pulses do not exhibit an Arrhenius tail for all applied

irradiation wavelengths as shown by Küper et al. for the ablation of Pyralin . Küper detected

Arrhenius tails for Pyralin for irradiation wavelengths of 248, 308 and 351 nm but not at 193

nm. The main differences between our experiments and the experiments by Küper et al. are the

data collection sequence and the usage of a high vacuum chamber (10" Torr). They started at the

highest fluences and measured the removal rates with decreasing fluences for a single sample,

which means that multiple pulses are applied for each sample. However, carbonization of

photosensitive polymers [20] and polyimide [21] was reported in QCM measurements [17] and

we could show that this chemical modification lowered the removal rates. It is also noteworthy to

point out that the data of Küper at al. are often used as experimental reference data for models of

the ablation of Kapton [22, 23]. Our data suggest strongly that the removal rates are quite

different for true single pulse experiments and that the Arrhenius tail is related to surface

carbonization upon multipulse irradiation. Another important fact to consider is the difference

between the photosensitive Pyralin (or in our case Durimid) to Kapton. Ablation

experiments of Kapton ,
Durimid and PMDA reveal strong differences between Durimid

and the other two polyimides, which behave quite similar (also the chemical structure is similar,

shown in Figure LT.9). This suggests that PMDA might be the better choice if QCM reference

data for Kapton are needed.

Finally, Table II. 5 lists the threshold fluence Fth, the linear and the effective absorption

coefficient for PMDA at different irradiation wavelengths.

Table II.5: Photon energies corresponding to the applied irradiation wavelengths. Physical

parameters of Durimid at these wavelengths as retrieved from the absorption

spectra in Figure 11.10. The ablation thresholds were calculated fitting the function

d(F)= l/aeff ln(F / Fth), where d(F) is the crater depth, F the applied fluence and Fth

the threshold of ablation.

Wavelength

(nm)

Photon

energy

(eV)

Linear

Absorption

coefficient

(cm1)

Effective

Absorption

coefficient

(cm1)

Ablation

threshold

(mJ/cm2)

193 6.41 173000 517000 13

248 4.99 129000 138000 33

308 4.02 68000 690000 73
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3.2 Comparison with profilometric measurements. Profilometric measurements

ofTP and Durimid .

Figure 11.22 shows a comparison of the gravimetric and profilometric measurements of the

ablation rates of TP at irradiation wavelengths of 308 and 248 nm for single pulse experiments.

The ablation rates obtained with the QCM correlate quite well with the profilometer data. The

removal rates for an irradiation wavelength of 248 nm (inset in Figure LT.22), measured with the

profilometer, are slightly higher relative to the data obtained by QCM at fluences above

80mJ/cm
.

A possible explanation could be the carbonization of the polymer surface for higher

fluences i.e. originating from the decomposition of the aromatic rings [20].
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Figure 11.22: Profilometric (•, ) and gravimetric (O, D) measurement of the ablation rates of

TP at irradiation wavelengths of 248 (, D) and 308 nm (O,*).

This carbonization was observed in our experiments for all applied polymers and is more

pronounced for higher fluences. However, carbon reveals a much higher density than the original

polymer leading to a loss in volume without significant mass loss. Therefore the ablation rate is

higher when measured with the profilometer than calculated from the QCM data. In TP this

decomposition is more pronounced for shorter wavelengths (larger absorption of aromatic ring at

shorter wavelengths). This could explain why this shift is not found at an irradiation wavelength
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of 308 nm. For fluences below 50 mJ/cm2, profilometric measurements reveal a slightly lower

ablation rate than calculated from the QCM data. This suggests that a mass loss, e.g. by formation

of nitrogen from the photodecomposition of the triazene group or by evaporation of remaining

solvent, occurs prior to any change in the surface morphology of the polymer can be detected.

The ablation rates calculated for an irradiation wavelength of 308 nm, however, reveal a quite

good agreement. For fluences below 45 mJ/cm2 no significant ablation of the material could be

measured by profilometry, which is also close to the reliable detection limit of this method. The

DEKTAK profilometer utilized in this work has a vertical resolution of 1 Â (value given by the

manufacturer). However, the actual detection limit is dependent on specific parameters of the

polymer sample such as surface roughness or softness of the material. It can also be limited by

factors related to the laser ablation, such as surface roughening or deposition of debris. The

detection limit can therefore be quite high (between 50 and 80 nm) as can be observed in the

previous and in the following Figures. Nevertheless, the data calculated from QCM exhibits clear

mass removal for fluences well below 45 mJ/cm2 Again, this suggests, as expected for a

photolabile material, the formation of gaseous products in the bulk and/or at the surface of the

polymer prior to ablation. Nevertheless, the ablation rate might be lower than the detection limit

of the profilometer and might not be detected.

Figure 11.23 shows the ablation rates for Durimid for irradiation wavelengths of 193 and 308

nm. For an irradiation wavelength of 193 nm again clear mass removal is detected

gravimetrically for fluences below the threshold fluence obtained by the profilometric

measurements. Clear ablation starts at fluences above 100 mJ/cm2. Below this value, a change in

the surface morphology can be seen under the optical microscope, but cannot be quantified with

the profilometer. The threshold fluence is therefore lower than it is suggested in the Figure LT.23.

It is noteworthy that the data for the ablation at an irradiation wavelength of 193 nm is difficult to

discuss since the fluences for the QCM experiments do not exceed 50mJ/cm2 This is due to the

fact that the QCM requires the whole area (0.326 cm2) to be irradiated; fluences above 50 mJ/cm2

were not available. Finally, for an irradiation wavelength of 308 nm, the gravimetric

measurements reveal a clearly higher ablation rate than calculated from QCM data. The values

for the crater depths measured by profilometry are about 1.7 times higher than the values

calculated by QCM for fluences above 200mJ/cm2. Even a different value for the density of the
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polymer cannot explain this shift, which suggests that above 150 mJ/cm a higher volume of

material is removed from the surface than is calculated from the QCM data.
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Figure 11.23: Profilometric (•, A) and gravimetric (O, A) measurements of the ablation rates of

Durimid at irradiation wavelengths of 193 (A, A) and 308 nm (•,0).

One possible explanation could be the partial carbonization of the material surface as in the

experiments with TP (see above). Another possible explanation is pushing of polymer material

from the crater into a rim surrounding the crater, which has been observed previously [35, 36].

This will result in a deeper crater measured by DEKTAK without truly removing the whole

volume of the crater and therefore a lower mass, which is detected by the QCM.

3.3. Influence ofambient conditions close to the thresholdfluence

Ablation experiments with PMDA at an irradiation wavelength of 308 nm have shown an

exponential decrease of the frequency to a constant value after a clear removal of mass from the

polymer film (see Figure 11.24). This suggests an increase of the layer mass after mass removal

by the laser beam. This phenomenon can easily be overlooked for higher fluences as can be seen

in Figure 11.25.
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Figure 11.24: Decrease of the frequency after the laser pulse for fluences slightly above the

threshold of ablation. Irradiation ofPMDA at an irradiation wavelength of 308 nm.
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Figure 11.25: Decrease of the frequency after the laser pulse for fluences clearly above the

threshold of ablation. Irradiation ofPMDA at an irradiation wavelength of 308 nm.

At higher fluences, i.e. for large frequency changes, the difference in frequency between the

highest point of the curve and the constant value after irradiation (inset in Figure LI.25) is slightly

less than 10% of the difference in frequency before and after the laser pulse and is therefore
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almost negligible. Nevertheless, this change in mass is very pronounced for fluences slightly

above the threshold of ablation relative to the frequency change due to true removal of the

polymer. The frequency becomes constant after roughly XA minute in both cases. The difference

between the highest point of the curve and the value of the constant level is for both cases

roughly 25 FIz. This corresponds to a mass change of 425 ng/cm (according to the Sauerbrey

equation). It can even be observed when the sample is irradiated with fluences below the

threshold of ablation (see Figure LI. 26), where the difference in frequency is only 4 Hz, which

would correspond in a mass change of 68 ng/cm .
Since the ablation experiments were carried

out in ambient air, it is possible that species such as water get adsorbed on the polymer surface

due the presence of polar functional groups in the polymer chain.
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Figure 11.26: Frequency measurement of PMDA. Irradiated with 1 pulse below the threshold of

ablation in air (left) and under nitrogen (right). The irradiation wavelength was 308

nm. The scattered line indicates the laser pulse.

To verify this assumption, a QCM crystal was coated with PMDA and irradiated at a wavelength

of 308 nm and fluences below the threshold of ablation, i.e. detectable ablation, in a closed

environmental chamber, which could be purged by dry nitrogen. In air, a pronounced increase of

the frequency is detected, which is followed by a relatively slow decrease to the initial value. In

nitrogen the frequency does not drop back to its initial value in spite of the fact that the sample

was irradiated with the same fluence. This suggests that an adsorbed species (most probably

water) is removed by the laser and is readsorbed to the surface after the laser pulse in ambient
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conditions, but not in dry nitrogen The difference in frequency corresponds to a mass load of

50ng/cm ,
which corresponds to a monolayer of water

Another possibility could be photochemical reactions at the polymer surface Ortelh et al have

suggested a mechanism for the laser-induced decomposition of Kapton, which is a polyimide

similar in structure to PMDA (see Figure LI 9), for laser irradiation of 308 nm close and above the

threshold of ablation [37] In ketons, the alpha bonds of the CO group can easily be broken and

diradicals are formed (Nornsh type I reaction, bold bonding in Scheme 1) The reaction chain can

continue to result in the formation of gaseous CO and a relative stable aromatic radical The

radical can react with the ambient air and OH groups can bind to the surface of the polymer,

which would result in a mass gain or the radicals can undergo a intramolecular recombination

The evaporation of CO, however, would result in a mass loss

/

V
hv +At

CO

Scheme 1: Suggested mechanism of photo-induced decomposition of a polyimide Kapton
and PMDA only defer in the composition ofRi

TM

The amount of OH bound to the surface and the amount of CO released would depend on the

fluence of the laser At fluences below the threshold of ablation, either water could re-adsorb to
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the surface due to polar functional groups in the chain, or the mass loss by evaporation of CO and

the mass gain by binding of OH are canceled out. This could explain why the frequency reaches

the initial value prior to irradiation. Under N2 atmosphere, however, the reaction mechanisms

described above might not take place. Nitrogen is less reactive as H20, which would prevent the

reactions described above. In addition to that, the radicals could also react in intramolecular

recombination. This could also explain why the frequency does not drop to the initial value after

laser irradiation. However, these results show the importance of choosing the right experimental

conditions when studying the ablation of photosensitive polymers, especially when the materials

themselves are able to adsorb certain species from the ambient atmosphere.

3.4. Swelling ofthepolymer

jTM
During the ablation experiment of Durimid at an irradiation wavelength of 308 nm, swelling of

the polymer was observed by profilometry for irradiation fluences close and/or below the

threshold of ablation of the polymer. This swelling could clearly be identified with the

profilometer on the samples spincoated onto silicon wafers (see Figure 11.27 and Figure 11.28).
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Figure 11.27: Profilometric scan on Durimid spincoated on silicon wafer and irradiated with a

fluence of 24 mJ/cm with 10 laser pulses at an irradiation wavelength of 308 nm.
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Figure 11.28: Profilometric scan on Durimid spincoated on silicon wafer and irradiated with a

fluence of 48 mJ/cm2 with 10 laser pulses at an irradiation wavelength of 308 nm.

As already discussed in the previous chapter, there are many events that can take place after the

decomposition of polymers and/or solvent caused by photons:

1. The gaseous products can escape from the surface or bulk, this results in a clear mass loss

or they can be trapped inside the polymer matrix, which will result in swelling. As an

intermediate mechanism, the products can also be partially trapped and partially released.

This intermediate state is shifted towards the release of the products for higher laser

fluences.

2. Photodecomposition results in the formation of radicals as a result of photo-induced bond

breaking of the chain. These radicals can react with the atmosphere, e.g. water, which will

result in a mass gain (see scheme 1). Ortelli et al. have demonstrated this reaction for the

irradiation of Kapton at an irradiation of 308 nm [37]. PMDA is very similar to

Kapton and the radicals can be formed by a typical Norrish type reaction of the

>N-(C=0)- group to form a diradical with a successive release of CO. It is therefore

possible that OH" groups could be bound to the surface as a result of the reaction of the

radicals with the ambient air. Photodecomposition of TP at 248 and 308 nm laser

wavelength has also been demonstrated and for fluences below the threshold of ablation

an increase of the surface polarity is detected as well as an increase of the oxygen content.

[20]. However, swelling of TP has not been observed in our experiments.
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3. The adsorption-desorption of other species may vary depending on the laser fluence and

the "new" or changed surface

These three considerations combined yield mass gain and mass loss and can explain the observed

behavior in the QCM measurements. The swelling of the polymer, if pronounced enough, should

be observable with a stylus profilometer, whereas the mass gain should be detectable by the

QCM. Since the mechanisms described above can happen simultaneously, a clear difference

between thickness gain measured by the profilometer and the one calculated from the QCM data

should be detected. Figure LI.29 shows the swelling behavior of the polymer irradiated under

conditions were swelling is observed. The data obtained for QCM, given in ng/cm2, and

profilometry, given in nm/pulse, are compared. The experiments were performed at an irradiation

wavelength of 308 nm. The gravimetric data was obtained in the usual way, using spin coated

quartz oscillators. In the case of the profilometric measurements, a thin film was spin coated on a

flat glass substrate and placed in a standard optical set up for ablation. A swollen surface could

only be observed for irradiations with 10 pulses. Below this number, no elevation of the sample

surface could be measured.
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Figure 11.29: Surface swelling close to the threshold of ablation for Durimid measured by

stylus profilometry and QCM. The full circles refer to the mass gain measured

with QCM (left y-axis), the empty circles refer to the swelling of the surface

measured with profilometry (right y-axis).
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QCM:

The ablation rate, i.e. the difference in film thickness before and after laser irradiation, is usually

calculated using the density of the film and assuming that its value is constant for the whole film.

In the case of any species adsorbed to the surface or in the case of gas being trapped inside the

polymer network, this assumption is, of course, not valid any more. Therefore, the only values

gained from these experiments with the QCM are the change in mass, which is only dependent on

the physical constants of the oscillating quartz plate (see chapter 1.2). An increase in mass is

measured by the QCM shown by the filled circles in Figure LI.29. This increase is starting at a

fluence around 25 mJ/cm2 and rises rapidly to a fluence of 35 mJ/cm2 where it starts to slow

down and seems to stay almost constant. At a fluence around 60 mJ/cm it decreases again

dramatically. This can be explained by the amount of ambient species adsorbed successively on

the surface until it reaches saturation. With increasing fluence, material is removed (probably

solvent) and/or the gaseous products entrapped in the polymer are released due to changes in the

morphology of the polymer. Above a fluence of 70 mJ/cm2 the threshold of ablation is exceeded

and the "real" ablation of the polymer starts. This can be illustrated by Figure 11.30. The ablation

rate is given in nm/pulse as calculated from the QCM measurements. The swelling of the

polymer surface can be seen as a negative ablation rate. The negative value is caused by the

negative sign in the Sauerbrey equation, i.e. an increase in mass will result in negative values for

the ablation rate.

The data points below the zero line correspond to the data depicted in Figure LI.29 (full circles).

The curve between 25 and 70 mJ/cm in Figure 11.30 does not give a correct representation of the

reality but it illustrates how the mass loss due to true ablation of the polymer takes over as soon

as the threshold fluence is reached.

86



50-q

40-!

j ,
-

m -

m _

3 30 -_

v
"

c ^

c
-

hmmd -

m 20 -.

c
~

D
"

m 10-:
D :

m
-

0-j

;
'I ' 111111111111111111111111111111111 11

0 20 40 60 80 100

fluence [mJ/cm ]

Figure 11.30: Swelling of Durimid at an irradiation wavelength of 193 nm. The ablation rate is

calculated utilizing Sauerbrey's equation. The negative ablation rate results from a

decrease ofthe QCM frequency due to an increase in mass at the polymer surface.

Profilometry:

The curve referring to the profilometric measurements (empty circles in Figure 11.29) shows an

almost linear decrease of swelling, which will eventually decrease dramatically as soon as the

irradiation fluence reaches the threshold of ablation around 80 mJ/cm2 and positive etch rates are

obtained. From the previous plot we can see clearly that the thickness of the swollen area

decreases with increasing fluence, which could be caused by partial ablation at the higher

fluence. This partial ablation could correspond to holes in the surface, which allow trapped gases

to escape, resulting in a lower pressure inside the polymer and therefore a smaller swelling. At

the same time, the mass adsorbed on the surface increases, which is evidence for more adsorption

sites being created at higher fluences. If the mass gain is calculated (see Appendix on page 156),

considering a complete coverage of the polymer surface by OH groups minus the loss by

evaporated gaseous products, one finds a net mass gain of roughly 1 ng/cm .
This is a deviation

of a factor 3 from the measurements obtained by QCM. However, the number is only a very

rough estimation assuming that every chromophore is broken at the polymer surface and that all

gaseous products are released which might not be the case. The value is therefore only a

maximum value and does not give a totally accurate picture. Another possibility could be the

partial release of solvent and/or gaseous products trapped in the polymer.
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The two processes seem to partially compensate each other, i.e. removal of part of the swollen

material at higher fluences, thus possibly creating a higher surface due to increasing surface

roughness and allowing more species to adsorb to the surface, which would than lead to an

increase in mass at higher fluence. As soon as the fluence gets close to the threshold of ablation,

the mass removal by ablation is the most important factor resulting in a mass loss in spite of the

gain by adsorbed species and the curve obtained by the QCM increases rapidly as well.

4. Summary

The Quartz Crystal Microbalance is a very sensitive gravimetric tool, suitable to measure small

mass losses due to laser ablation of the irradiated material close to the threshold fluence of the

material. Three polymers were studied at three different irradiation wavelengths (193, 248 and

308 nm) using a Quartz Crystal Microbalance and a profilometer. The gravimetric measurements

exhibit a strong correlation between the ablation rates and the absorption coefficients of the

applied polymers, but revealed a difference to the results obtained by Küper et al. who studied the

ablation of Pyralin. In fact, the results, which clearly exhibit Arrhenius tails for irradiation

wavelengths of 248, 308, and 351 nm, could not be reproduced in our setup with a triazene

polymer and Durimid for irradiation wavelengths of 193, 248, and 308 nm. The main reason

for this is probably the fact that Küper et al. utilized the same sample for a whole sequence of

different fluences, which results in an altering of the polymer surface by partial carbonization.

However, the experiments described in this work show that several other considerations

regarding the ablation mechanism ofthe polymer have also to be taken into account:

1. The measurements of the thickness changes (QCM frequency change) between successive

pulses at the same fluence on the same sample show a strong deviation from the values

obtained for the first pulse. As already mentioned, for our material this is due to the

carbonization of the polymer surface, which takes already place with the first pulse. This

implies that the QCM data from previous studies do not give a very accurate number for

ablation rates, which may influence the theoretical models that are based on such data.

2. The comparison of the ablation rates obtained by gravimetric and profilometric methods

revealed a significant mass loss prior to ablation for the triazene polymer and Durimid

at irradiation wavelengths of 248 and 308 nm in the case of TP, and 193 nm in the case of
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Durimid
,
and a clear difference between the ablation rates obtained from profilometry

and from QCM. Partial carbonization of the material at the polymer surface may be one of

the main reasons for this difference. In the case of PMDA a clear difference between the

ablation rates obtained by the two methods could be established for an irradiation

wavelength of 3 08 nm.

3. The frequency measurements during laser irradiation of PMDA show a strong influence

of the ambient gas. It could be demonstrated that some species from the ambient air (most

probably water) can be removed with one or several laser pulses and that they get

readsorbed or react to the polymer surface. This is however just a minor effect under

ablation conditions and does not have an influence on the conclusions derived from our

measurements.

4. Surface swelling occurs for irradiation of Durimid at an irradiation wavelength of 308

nm and laser fluences below the threshold fluence. This swelling could be measured both

with profilometry and gravimetry and is most probably due to entrapment of gaseous

products formed upon laser irradiation.

However, the application of the QCM as a gravimetric tool is not limited to the calculation of

ablation rates for polymer ablation. It can also be used for the measurement of the deposition rate

for processes such as physical vapour deposition or pulsed laser deposition (PLD).

In the next part of this work, the application of the QCM for investigating the deposition

mechanism of thin films by PLD will be demonstrated for LiMn204 thin films, which are utilized

as electrodes in Li-batteries.
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PART III:

PULSED LASER DEPOSITION OF LiMn204 THIN FILMS FOR Li-

BATTERIES
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1. Introduction

1.1. Li-batteries

Li-batteries have found a very broad and promising application in modern technology. They are

used as rechargeable power source in mobile phones, portable computers, digital cameras and

other small electronic devices due to their high energy density. These devices require the usage of

micro batteries. The ongoing discussion and concern about global warming and the limited

availability of fossil energy sources, such as petrol, makes them also interesting for alternative

power sources for hybrid electric vehicles. This wide area of applications and ecological concern

are the reasons for the strong research efforts in the field of Li-batteries over the last two decades.

The technical requirements for Li-batteries, such as fast charge and discharge, long cycle time

and chemical stability require a good understanding of the kinetics of the Litransfer in the

electrodes. Amongst the processes that take place in lithiumbatteries are the diffusion of the Li-

ion through active materials and the migration through electrolytes, the intercalation and de-

intercalation of the ion, the influence of lattice defects on the charge/discharge cycles. The

knowledge of these processes is essential for the optimization of the batteries the enhancement of

their performance. So far, the migration and diffusion of Lithium ions is well described. The

process is relatively slow and can be shortened by the usage of small-size powder active material

and the utilization of thinner layers lowers the resistance of the electrolyte. However, this is

reducing the effective surface of the electrodes and the interfacial reaction could therefore

become the rate-controlling step of the overall electrochemical reactions, which is the

performance of the battery. For the better understanding of these processes, well defined

crystalline systems are essential. Flat electrodes with thin, crystalline films as interfaces such as

LiCo02 or LiMn204 (pure or doped with intercalation metals to form quaternary spinels phases

for example: LiMyMn2-y04, M=Co, Cr, Ni [1].) are needed for the investigation. Materials such

as LiMn204 form a spinel structure (Fd3m) whose reaction sites can be very well defined. The

spinels, such as LiMn204, are therefore very suitable as electrode material for the investigation of

the electrochemical processes involved in Li-batteries.

The ideal spinel oxide structure is AB2O4 where the oxygen atoms form a facecentered cubic

packing and occupy 32e sites of the space group (Fd3m). The cations A and B occupy the
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tetrahedral 8a sites and the 16d sites respectively, whereas the octahedral site 16c remains empty.

The spinel structure is illustrated in Figure ILI.2. For cathode electrode materials, suitable Lithium

spinels oxides are generally of the form LiM204 (with M: transition metal such as Mn). The 8a

tetrahedral and 16c octahedral sites of the Mn204 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 Figure ULI, right). The angles are formed by the consecutive

straight spokes, 8a - 16c - 8a and measure about 107°. In the case of LiMn204, the lattice constant

of the unit cell is 8.247 Â. However, in inverse spinels, one part of the transition metal ions

situated in the 16d sites displace the Lithium ions in the 8a sites and hinders the diffusion of

Lithium ions from 8a to other 8a sites via vacant octahedral 16c sites. The Lithium intercalation

has long been demonstrated for LiM204 (with M= Ti, V, Mn) with a capacity of one additional

Lithium atom per formula unit at room temperature [2-7]. In addition to that, some studies were

carried out on more complex spinel type phases such as Li2Mn409, Li4Mn50i2, Li4Ti50i2,

LiFe508, etc [8-11].

Figure in. 1: Crystal structure of spinel phase, general (left) and for LiMn204 (right. Adopted
from [12])

During charge and discharge of the battery, the Lithium ions are extracted and reintercalated

respectively into the spinel framework. In Figure III.2 a typical cyclic voltammogram in the 3.4

to 4.5 V range of a LiMn204 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

two peaks in the positive current region correspond to the extraction of Lithium during charging.
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The two peaks at 3.99 and 4.1 V (at negative currents) correspond to the reintercalation of

Lithium upon discharge.

4 1 1 , h

3.5 3.7 3.9 4.1 4.3 4.5

Voltage vs Li/Li+ (V)

Figure III.2: Cyclic voltammogram of a 0.3 pm thick LiMn204 film in IM LiPF6/EC/DMC

(1:2), 1 mV/s. adopted from [13].

In this work, the electrochemical activity and the location and height of the peaks in the

cyclovoltammogram of the deposited films will be one of the key conditions to determine the

quality of the electrodes.

Electrodes used in research are mainly fabricated by electrochemical deposition processes, vapor

deposition (without or with plasma assisting) or thermal processes, even microwave assisted

processes are reported [14]. The fabrication of thin films by Pulsed Laser Deposition (PLD) may

not be suitable on large industrial scales due to the high cost of the laser and vacuum equipment.

Nevertheless PLD offers the high flexibility and precision needed for fundamental research and

development of thin electrodes. It has long been proven that the growth of Li-spinels is possible

by PLD on various substrates. By carefully adjusting the experimental parameters one can vary

parameters of the crystal such as preferred orientation, film thickness, stoichiometry, formation of

multilayers and intercalation of metals such as Aluminum and Cobalt stabilizing the lattice.

Furthermore the usage of a vacuum chamber offers the possibility of in situ measurements such

as Secondary Ion Mass Spectroscopy (SLMS), X-Ray Photoelectron Spectroscopy (XPS) and

Emission Spectroscopy.
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On the other hand, the variety of substrate materials is not only limited by crystallographic

considerations i.e. matching lattice parameters, but also by the necessity that the substrate must

be conductive to allow electrochemical characterization and performance tests. Common

substrates are stainless steel, platinum, silicon and manganese oxide. The latter two are primarily

used for the investigation on the crystallinity (by X-Ray Diffractometry) and the stoichiometry

(by Rutherford Backscattering Spectroscopy, (RBS) and Nuclear Reaction Analysis, (NRA)).

The utilization of steel and titanium foil in an oxygen atmosphere, however, can lead to the

formation of an undefined oxide layer which causes great difficulties in the determination of the

oxygen/metal ratio by RBS.

1.2. Puked Laser Deposition

Pulsed laser deposition is only one technique amongst others to deposit thin films. Other methods

include Molecular Beam Epitaxy (MBE) [15], chemical vapor deposition (CVD) [16], sputtering

(RF, Magnetron, and ion beam) [17]. The history of laser assisted film growth started soon after

the technical realization of the first laser in 1960 by Maiman. Smith and Turner utilized a ruby

laser to deposit the first thin films in 1965 [18], three years after Breech and Cross studied the

laser-vaporization and excitation of atoms from solid surfaces [19]. However, the deposited films

were still inferior to those obtained by other techniques such as chemical vapor deposition and

molecular beam epitaxy. In the early 1980's, a few research groups (mainly in the former USSR)

achieved remarkable results on manufacturing of thin film structures utilizing laser technology.

The breakthrough came in 1987 when Dijkkamp and Venkatesan deposited were able to laser

deposit a thin film of YBa2Cu307., a high temperature superconductive material, which was of

superior quality than films deposited with alternative techniques [20]. Since then, the technique

of Pulsed Laser Deposition was utilized to fabricate high quality crystalline films [21-26]. The

deposition of ceramic oxides, nitride films, metallic multilayers and various uperlattices has been

demonstrated. In the 1990's the development of new laser technology, such as lasers with high

repetition rate and short pulse durations, made PLD a very competitive tool for the growth of

thin, well defined films with complex stoichiometry [27].

The principle of PLD is very complex including the ablation process of the target material by the

laser irradiation, the development of a plasma plume with high energetic ions, electrons and also
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neutrals and the crystalline growth of the film itself on the heated substrate. The process of PLD

can generally be divided into four stages:

1. Laser ablation ofthe target material and creation of a plasma

2. Dynamic of the plasma

3. Deposition of the ablation material on the substrate

4. Nucleation and growth ofthe film on the substrate surface

Each of these steps is crucial for the crystallinity, uniformity and stoichiometry of the resulting

film. The ablation of the target material upon laser irradiation and the creation of plasma is a very

complex process and is very different from the ablation mechanism of polymers described in the

previous part of his work. The removal of atoms from the bulk material is done by vaporization

of the bulk at the surface region in a state of non-equilibrium. The incident laser pulse with a

typical pulse duration of 6 to 20 ns, depending on the type of laser, penetrates into the surface

within the penetration depth. The wavelength of the laser is typically in the UV range although

laser light in the infrared, e.g. 1064 nm, is also used. This dimension is dependent on the index of

refraction of the material at the specific wavelength applied but is typically in the region of 10 nm

for most materials. The focused laser light generates a strong electrical field within the penetrated

volume which is sufficiently strong to remove the electrons from the atoms of the bulk material.

This process occurs within the first 10 ps of a ns laser pulse and is caused by non-linear processes

such as multiphoton ionization (MPI). These processes are enhanced by microscopic cracks at the

surface, voids, and nodules, which increase the electric field. The free electrons oscillate within

the electromagnetic field of the laser light and can collide with the atoms of the bulk material thus

transferring some of their energy to the lattice of the target material with in the surface region.

The surface of the target is then heated up and the material is vaporized. The temperature of the

generated plasma plume is typically 10000 K.

In the second stage the material expands in a plasma parallel to the normal vector of the target

surface towards the substrate due to Coulomb repulsion and recoil from the target surface. The

spatial distribution of the plume is dependent on the background pressure inside the PLD

chamber. The density of the plume can be described by a cosn(x) law with a shape similar to a

Gaussian curve. The dependency of the plume shape on the pressure can be described in three

stages: 1) the vacuum stage, where the plume is very narrow and forward directed; almost no
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scattering occurs with the background gases. 2) The intermediate region where a splitting of the

high energetic ions from the less energetic species can be observed. The Time-of-Flight (TOF)

data can be fitted to a shock wave model; however, other models could also be possible. 3) High

pressure region where we find a more diffusion-like expansion of the ablated material [28, 29].

Naturally this scattering is also dependent on the mass of the background gas and can influence

the stoichiometry of the deposited film. The most important consequence of increasing the

background pressure is the slowing down of the high energetic species in the expanding plasma

plume. It has been shown that particles with kinetic energies around 50 eV can resputter the film

already deposited on the substrate. This results in a lower deposition rate and can furthermore

result in a change in the stoichiometry of the film [30-33]. This phenomenon has been observed

in our experiments and will be discussed in detail later.

The third stage is important to determine the quality of the deposited films. The high energetic

species ablated from the target are bombarding the substrate surface and may cause damage to the

surface by sputtering off atoms from the surface but also by causing defect formation in the

deposited film. The sputtered species form the substrate and the particles emitted from the target

form a collision region, which serves as a source for condensation of particles. When the

condensation rate is high enough, a thermal equilibrium can be reached and the film grows on the

substrate surface at the expense of the direct flow of ablation particles and the thermal

equilibrium obtained.

The nucleation process and growth of crystalline film on a substrate depend on several factors

such as the density, energy, ionization degree of the ablated material and temperature, roughness

and crystalline properties of the substrate. The topic has been described by many authors [20, 34-

40]. The subject of film growth by several deposition techniques and PLD in particular has

recently been reviewed and described in detail by Willmott [27]. The main considerations are as

follows:

PLD has a much lower average deposition rate than other deposition techniques such as

Molecular Beam Epitaxy (MBE) and Sputtering Deposition (SD) depending on the repetition rate

of the laser. However, the main difference between PLD and these other methods is that PLD is

pulsed. This means that the flow of particles that arrive at the substrate surface is not continuous

but pulsed as well. When applying a laser repetition rate of 10 Hz, this yields a time gap of 100
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ms between each laser pulse. Furthermore the time during which particles arrive at the surface is

only several ps. This is why we should not consider the average flux of PLD but the

instantaneous flux. This value is orders of magnitudes higher for PLD than for MBE or SD. As a

consequence, adatoms have much more time for thermal diffusion until they reach a stable low-

energy site.

Another difference is the effective pressure of the plasma above the substrate. Again, for PLD the

values are much higher than for MBE or SD. This has consequences on the nucleation and film

growth on the surface. For a stable nucleation the gain of volume free energy has to exceed the

loss caused by the increase of surface energy due to film growth [36, 37]. The density of stable

nucleation sites N* on the substrate surface is a function of the critical free energy AG* and can

be written as:

»i* .-AG
. ...

N =ns-exp(-^p) (1)

Where ns is the total potential nucleation site density, k is the Boltzmann constant and T is the

substrate temperature. In general, AG* is inverse proportional to the square of the changes in

chemical free energy per unit volume due to the condensation energy AGV. AG* can be expressed

as:

. 16 Jiyl (2- 3cose + cos0\
"

3AGV2 { 4 J

Where y^, is the film vapour interfacial energy, 9 is the contact angle between the nucleus and the

substrate. Large absolute values of AGV will yield a high density of nucleation sites. The relation

between AGV and the supersaturation is given by the following equations:

(P _ p ) p
S=Kv

s>
-^ (3)

P P
S s

AG=—InpM (4)

Where Q is the atomic volume, Pv is the vapour pressure of the supersaturated impinging flux and

Ps is the equilibrium vapour pressure above the solid. As already mentioned above, the effective

pressure in PLD is much higher compared to SD and MBE. This is why, the partial pressures in

the previous equation have to be replaced with the deposition and desorption rates Rv and Rs. As

a direct consequence from the equation (4), the high vapour pressures present in PLD yield a
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much larger density of nucleation sites N* and is much higher for PLD than for SD or MBE. To

illustrate this, an example is given in Table UL 1.

Table III.1: Comparison of fundamental deposition/growth parameters of Molecular Beam

Epitaxy (MBE), Sputtering Deposition (SD) and Pulsed Laser Deposition (PLD)
[27].

MBE SD PLD

Instant, deposition rate 0.25 2.5 2.5104 ML/s

Rv/Rs 1.25 104 1.25105 1.25 109 /

AGV 5.9 6.4 13.1 GJ/cm3

AG* 0.59 0.5 0.03 eV

Fraction of stable

nucleation sites

5 10-4 1.6-10"3 0.63 /

The calculations are made with the following assumptions: Q= 2-10"29 cm3. Pv = 10"8 Pa,

T=900K, Yfv =1.5 J/cm2, 9= 45°. A monolayer is defined as a 2D layer of atoms which

completely cover a given surface, e.g. the substrate.

The fraction of stable nucleation sites is orders of magnitudes higher for PLD than for SD and

MBE. This has several implications on the growth mechanism in PLD: The critical nucleus

radius is smaller and in the range of 1 or two atoms. Since the nucleation rate N is proportional to

the nucleation site density and the rate of impingement, N is much higher in the case of PLD.

Furthermore, the high density of nucleation sites also increases the smoothness of the deposited

film [27]. This is why PLD is such an outstanding method for the growth ofthin films.

1.3 Application ofa QCMin Puked Laser Deposition

In the second part of this work we demonstrated the suitability of the QCM as a tool to quantify

mass loss but also mass gain. In deposition processes, such as chemical vapor deposition,

sputtering deposition and also pulsed laser deposition, it is useful to monitor the growing film

thickness online to achieve the desired thickness. QCM has already long been used for this

purpose and many commercial types of equipment are readily available on the market. Intense

efforts have been put into engineering and optimizing the oscillating crystals to fit the need.

Nevertheless, the QCM can also be utilized as a diagnostic tool to investigate the growing
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mechanism of the deposition process as well as the nature of the expanding plasma plume in the

case of PLD. For example, the distribution of the angle of the ablated species in the plasma

plume relatively to the normal of the target can be investigated by a circle of several QCM

crystals positioned at different angles to the normal of the irradiated surface [28]. The angular

dependence of the density of the plasma will yield different deposition rates on the QCM crystals.

In a further step, influences such as the background pressure, irradiation wavelength and laser

fluence on the angular distribution can be studied.

Another characteristic of PLD that can be measured with QCM is the growth rate of the film. For

this purpose, the QCM would be positioned directly at the substrate position. This configuration

allows investigating the evolution of the mass deposited on the quartz crystal over time during

deposition. However, utilizing a QCM as a monitoring tool for deposition rates has several

disadvantages: the films are often grown on heated substrates above 500°C and the resulting

radiation can affect the performance of the QCM because the stability of the frequency signal is a

function of temperature (see introduction of the QCM in part LI of this work). High energetic

particle condense on the quartz crystal and can cause the QCM to become unstable. It has been

observed that the QCM oscillator can remain unstable for quite a long time period and therefore

only operational after this long time [41]. Furthermore, to calculate the true deposition rate in

terms of nm/pulse, the QCM has to be calibrated since it yields the deposition rate in mass/unit

area and time. The density of the deposited film is needed to convert this into thickness/pulse.

The values for the deposition rate obtained by simultaneous QCM measurements during PLD

have to be correlated to the thickness of the deposited film if this value is unknown, e.g. for our

films. This yields a curve which allows predicting the film thickness after a certain deposition

time. In commercial thickness monitors, this is done automatically and calibration constants of

known materials are already programmed. The potential of the QCM lies in the resolution of sub¬

monolayers of deposited and/or sputtered material. Hayderer at al. have reported the successful

construction of a highly sensitive QCM set up that enables to measure submonolayers of

sputtered material [42]. The sputtering takes place directly at the surface of the deposited film on

the QCM oscillator. Other processes that can be investigated by QCM are any chemical processes

which release gases that can be adsorbed by a layer spincoated on a QCM oscillator [43]. This

makes the QCM also interesting for sensing of dangerous (flammable and/or noxious) gases. In

fact much effort is put into the development of so-called electronic noses, which are based on an
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array of QCM oscillators each coated with a different film which will adsorb different species in

the ambient air [44-48]. Finally, the QCM can even be utilized to investigate in situ

electrochemical processes [48-50].

1.4 Determination ofthe stoichiometry by Rutherford Backscattering Spectrome¬

try and Elastic Recoil Detection Analysis (ERDA)

RBS

Rutherford Backscattering Spectrometry (RBS) is a method of composition analysis of thin films

with a sampling depth of 1-2 pm. It is based on the scattering observations performed by Lord

Ernest Rutherford and co-workers in 1911. They directed a beam of alpha particles (He nuclei)

onto a thin gold foil and analyzed the scattering angle of the beam. From their observations,

Rutherford concluded the existence of a nucleus surrounded by electrons. RBS can also be

utilized as a technique for elemental analysis of thin film. It can determine the concentration of

atomic species as well as the film thickness in which these atoms are located. The technique is

based on the loss of energy that results from the collision of an energetic ion directed on the

sample with an atom from the target, i.e. the sample. The incident atom can loose kinetic energy

in two ways:

1. By colliding with an atom of the target. The difference in energy is a function of the mass

of the target atom. This allows to determine the molecular mass of the target atom and

finally to identify it.

2. By passing through the sample film. The further the incident atom penetrates through the

film, the more energy is lost because of interactions with the neighboring atoms.

As a consequence, the loss of kinetic energy by collision of the incident atom with the same

atomic species at the surface of the sample or below the surface is different. This allows

distinguishing between atomic species at the surface and the ones further below. This information

yields the film thickness. The principle is illustrated in Figure III.3. In more detail, the atomic

mass and elemental concentrations as well as the depth profile of concentration can be

determined by measuring the number and energy of the ions, e.g. He ions, in the beam, which has

been backscattered by the atoms ofthe sample.
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target atom

projectile

Figure in.3: Principle of Rutherford Backscattering.

A small fraction of the ions bombarding the sample undergoes a collision with some of the nuclei

in the upper few micrometers below the surface. The "collision" is due to Coulombic forces

between nuclei in close proximity to each other, which can be modeled using classical physics.

Two processes reduce the energy of the backscattered particles at a given angle: the passage

through the materials before and after the collision and the collision itself. The amount of energy

lost by the collision is a function of the masses of both the projectile and the target atom. The

ratio between the energies of the incoming beam and the backscattered beam is given by the

kinematic factor:

MD-sin0 Mp •cos0

M,

i3
M,

(5)

Where E is the Ion energy, Mr is the mass of the incident ion, Mp is the mass of the target atom

and 9is the scattering angle. The loss of energy of the incident particles is mainly due to two

processes: the collision with the target atom and the passage through the sample. This is why

atoms at different depths in the target yield different values for the energy differences. This

allows not only to identify the atom but also the thickness of the layer in which it occurs. The

number of backscattered particles is given by:

N, =-

apAQN0
(6)
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Np is the number of the backscattered projectiles; No is the number of the incident projectiles.

AQis a known constant of the set up. The differential Rutherford cross section of a backscattered

particle with the nuclear charge Zp from a target atom with the elemental number Zr can be

calculated by:

dffp ZpZre:
2\

2E0 ,

-I (cos0+^1-(Mp/Mrsinö)2'
(7)

sinö yi-(Mp/Mrsin0)2

Some important aspects of RBS are however, the poor resolution for heavy atoms such as W, Ta

and Fe relatively to light atoms such as C, N and O, which makes it difficult to distinguish

between heavy atoms, but also the poor sensitivity for light masses such as Li. This is why RBS

was only used for the determination of the ratio between Mn and O in our films. The Li-

concentration was measured with ERDA utilizing a LiF standard. In addition to that, the

stoichiometry of the sample were not measured on Ti foil substrate but on Si(100). The reasons

for this are the high roughness of the Ti-substrates compared to Si and more important the

formation of a Ti-oxide layer, which is formed at the interface of the metallic substrate and the

deposited film, after the heating phase the substrate prior to deposition. This makes it almost

impossible to determine the oxygen stoichiometry for the lithium manganese oxide films on Ti-

substrate.

ERDA

The principle of ERDA is illustrated in Figure ILI.4. The sample is bombarded with high

energetic heavy ions, such as Xe. The energy and the number of the outscattered atoms, i.e.

recoils, are measured at a fixed angle relative to the beam.

'

M(i*> EO

projectile

E2

arget atom '^ N
Ita

\
Figure in.4: Principle of Elastic Recoil Detection Analysis.
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The kinetic energy allows to identify the mass of the outscattered particles The number of

forward scattered atoms from the sample is expressed by Nr Its value can be calculated by

Nr =

Nr
(8)

orQAN0

AQ is the solid angle of the set up and is a known constant No is the number of incident

projectile particles and can be measured by residual gas ionization The differential Rutherford

cross section for the forward scattering of the atoms from the sample (Mr) with nuclear charge Zr

can be calculated by

dcrr
"do" 2E0 ;

MD + Mr\ 1_

The thickness of a layer and the concentration profiles are calculated from the measured energy

difference of the forward scattered sample atoms relative to the maximum possible energy of an

atom scattered to the detection angle, which is given by the kinematical factor

E2=krE0 (10)

4MpMrcos^

(Mp+Mr)

General remarks

As Lithium is a very light atom, the measurement by RBS and also ERDA is not straightforward

The precision of the result are much improved if one utilizes a standard such as LiF in the ERDA

measurements The obtained data are fitted with a program to determine the exact amount of the

atoms Possible deviations of the data from the fitting can be caused by impurities in the sample

In our case the ratio of manganese to oxygen was obtained from RBS Its value did only deviate

by 20% from the one found by ERDA, which is a good result considering the fact that ERDA is

not meant for detecting of high masses such as manganese The concentration of lithium was then

calculated by comparing the Mn/O ration obtained by RBS with the ratio Li/O obtained by

ERDA Both methods have a relative error of not greater than 5% Another possibility of

determining the lithium content is Nuclear Reaction Analysis (NRA) [51, 52], which should have

a similar large error

The roughness of the sample has a large influence on the quality of the data A low roughness

yields very sharp edges in the spectra and a fitting of the curve is relatively easy In the case of

high roughness as it is the case of titanium foil substrates, the signals cannot be fitted accurately
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This is why, the stoichiometry of our films were measured on films deposited on flat Si(l 00)

crystals at the same experimental conditions than for the films deposited in Ti to perform study

the electrochemical activity of the films assuming that the stoichiometry will be the same.

1.5. Characterization ofthe Ablation Plume by a Langmuir Probe

Plasma is an ionized but macroscopically neutral gas containing a sufficient amount of free

charges (ions or electrons) and its behavior is mainly governed by electromagnetic forces. This

fourth state of matter was first identified in 1879 by Sir William Crookes. Plasma can be formed

by high voltage electric discharges such as lightening but also by focusing a laser onto a target

material. The Langmuir Probe (LP) is a diagnostic device utilized to determine basic properties of

a plasma plume, such as the ion flux or electron temperature. It was introduced by Irving

Langmuir and H.M. Mott-Smith in 1926 [53]. A LP mainly consists of a metallic plate, typically

copper, of known dimensions to which a bias voltage can be applied. By holding the plate into

plasma the flux of ions on the probe surface can be measured as a current. The bias voltage

applied to the probe can be varied from negative to positive values. When a negative bias voltage

is applied, only positive ions are registered at the probe. The evolution of the current signal with

time can be recorded by an oscilloscope. This allows time of flight measurements of the ionic

species in the plasma. The signal is characterized by the time value of the peak and its height.

The time of the peak is dependent on the kinetic energy of the species because a higher kinetic

energy of the ablated species yields higher velocities of the ions and thus the peak occurs at

earlier times. The signal height is an indication of the amount of ions detected by the probe. If the

probing surface is moved away from the plasma, the signal intensity decreases. The spatial

distribution of the plume can be analyzed by measuring the signal of the probe at different angles

relative to the incident laser beam. In the special case of PLD, this can also be used to align the

plasma plume relatively to the substrate target. When the probe is mounted vertically above or

below the substrate, the maximum signal intensity is given when the plasma is directed onto the

substrate surface. A change in the laser energy during PLD will reduce the kinetic energy of the

ablated target particles, which results in shorter detection times of the signal peak. This allows to

monitor the laser energy during PLD but also to set it to the same value as for a previous

experiment. This allows to improve the reproducibility of the experiments. The Langmuir Probe

utilized in this work was homebuilt and consisted of a flat copper surface connected to a shielded
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cable. The probe surface was placed in a metallic cylindrical housing which was grounded to the

deposition chamber. The probe has to be well shielded to improve the signal to noise ratio.

2. Experimental set-up

Pulsed Laser Deposition

The deposition experiments were carried out in a standard vacuum chamber, which allows

background pressures of O2 between 5TO"5 and 1 mbar. The distance between the substrate and

the target was varied between 3 and 7 cm in steps of 1 cm (see Figure in.5). All deposition

experiments were performed with a KrF excimer laser (Lambda Physik LPX 100), with a pulse

width of 20 ns and a repetition rate of 10 Hz. The fluence of the laser beam was kept constant

between 4.2 and 4.6 J/cm2 for all experiments. The target material was fabricated by sintering a

stoichiometric oxide of LiMn204 at 800°C for 30 minutes. The composition of the films was

analyzed by Rutherford Backscattering Spectrometry (RBS), for the detection of manganese and

oxygen) and Elastic Recoil Detection Analysis (ERDA), for the determination of the Li/Mn ratio,

while the crystallinity was analyzed by X-Ray diffractometry on a Siemens D-500 XRay

Diffractometer. The films on polished titanium foil (Goodfellow, average roughness 25 nm) were

also characterized by cyclovoltammetry after determining the crystallinity with XRD. The films

used for RBS/ERDA were deposited on Si(100) under the same experimental conditions.

Figure in.5: Scheme of the experimental set up for the pulsed laser deposition experiments: 1)
cylindrical target rod, 2), heated and rotating substrate 3) expanding plasma plume

generated by the laser, 4) laser beam, 5) focusing lens, 6) inlet for oxygen.
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Another configuration ofPLD is shown in Figure III. 6:

Figure in.6: Scheme of the experimental set up for crossed gas pulse PLD experiments: 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.

In this configuration, the plasma plume from the target is interacting with a synchronized gas

pulse. The gas pulse is a highly oxidizing agent such as N2O or O2. The interaction between

crossed gas pulse and plasma plume enhances the deposition of the material onto the substrate.

There is often no necessity of annealing the deposited material at higher temperatures after

deposition. Furthermore, both techniques allow the fabrication of multilayer films of different

materials within the same process step.

The substrate holder

The substrates were mounted on a holder mainly consisting of Molybdenum, which also provides

the heating of the substrate. The schematics ofthe substrate holder are given in Figure LLI.7.
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ceramic isolator

Molybdenum

Figure in.7 Schematics ofthe substrate holder.

The two parts of the holder are electrically isolated from each other by ceramic spacers (not

shown). The heating of the substrate works as follows: A current is applied to a p-type, Boron-

doped silicon plate with (100) orientation and with an average resistance of 1-20 cm and a

thickness of 0.375 mm. The voltage is automatically regulated by the power supply. The

temperature of the silicon plate can be determined by calculating the resulting resistance and

reading off the corresponding temperature from a calibration curve. The titanium plate, however,

must not be in electrical contact with the silicon; otherwise the current will flow through the part

with the lowest resistance, i.e. the titanium plate. This is why; a 0.5 mm thick MgO plate is

placed between both. MgO has relatively good heat conducting properties but is electrically

isolating. Molybdenum screws on top of the sample holder hold the three disks in place.

They are electrically isolated from the titanium by ceramic isolators. Special care was taken, that

no short cut is created at any crucial place ofthe holder prior to every deposition.

Cyclic Voltammetry

Lithium foil (Aldrich), ethylene carbonate (EC, Merck), propylene carbonate (PC, Fluka) and

LiPF6 (Aldrich) of highest available quality were used as received. The preparation of the

electrolyte solutions and the assembly of the cells were performed in an argon-filled glove box

with water and oxygen contents of less than 5 ppm. The thin oxide films on the titanium samples

substrate were vacuumdried at 393K overnight before electrochemical characterization. Cyclic

voltammetry (CV) experiments were performed in a two-electrode arrangement as described in

detail elsewhere [54]. A Li foil served as counter and reference electrode. Therefore all potentials

will be referred to metallic lithium as reference (Li/Li+). The CV measurement was started at an
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open circuit potential (OCP, normally between 2.9 and 3.1 V) and continued between 3.5 V and

4.3 V vs. Li/Li+. All measurements were carried out at 298 (±0.1) K with a scan rate of 0.1mV/s.

The CVs were performed by Andreas Würsig and Joachim Ufheil from the research group of Petr

Novak at the electrochemistry laboratory of the Paul Scherrer Institut.

Quadrupole Mass Spectrometry (QMS)

The utilized system is a Hiden EQP quadrupole mass spectrometer. It allows to determine the

mass and energy of neutrals as well as of ions. The spectrometer is differentially pumped, which

offers the possibility to analyze the plasma plume generated by laser ablation by approaching the

nozzle into the plasma, i.e. measurements at high background pressures in the chamber (up to 1

mbar) are possible.

In the case of neutral species, the atoms and/or molecules are first ionized inside the mass

spectrometer by electron impact and are then traveling though the quadrupole mass analyzer. It

consists of four rods arranged parallel where the opposing rods are electrically connected. This

configurations has several advantages over magnetic sector analyzers such as compact size, low

cost, and fast scanning capability. The voltage (V) applied to the rods consist of a direct current

(U) and a radiofrequency component (VRF) with an angular frequency of co. The voltages of

adjacent rods have opposite sign and can be expressed by:

V=±U±VRFCOS(c0t) (1)

The ions that enter the analyzer are accelerated along the rods (z-axis). The electrical field

created by the rods applies forces to the ions in the direction of the x and y axis (orthogonal to z).

These forces cause the ions to oscillate towards and away from the rods. When the forces become

too large, the ions will collide with the rods and will not reach the detector. The values for U and

Vrf for which the ions do not collide with the rods can be expressed as a function of the mass of

the ions traveling through the analyzer. By scanning the voltage over a defined range, the

different ions entering the analyzer can be separated into different masses. The kinetic energy can

be measured by applying an electric field between the mass analyzer and a second detector. The

ions of a fixed mass, e.g. 7 amu, are deviated by the field. For a given voltage, only the ions with
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a certain velocity, i.e. kinetic energy, will be detected. Ions with lower or higher velocities will

not reach the detector.

3. Results and Discussions

3.1. Deposition ofLiMn2Ö4 thinfilms on Ti- substrates.

First experiments

The first deposition experiments where carried out with a different configuration for deposition

including the synchronized crossed gas pulse (see Figure ILI.6). The reason for this are the higher

quality of the films obtained by this technique in terms of homogeneity and the non necessity of

post deposition thermal annealing of these films. The films were deposited at an oxygen

background pressure of 1*10" mbar. The applied gas pulse was oxygen as well. However, the

obtained films showed a high deficiency in Lithium, very poor electrochemical activity and very

low peaks in the XRD diffractogramms. Figure M.8 and Figure III.9 show the cyclic

voltammograms of two films deposited at these conditions. The scan velocity was 1 mV/s. In the

case of a well functioning extraction/insertion of Lithium ions from and into the spinel, one

would expect two clear double peaks in the cyclovoltammogram: one peak between 4.0 and 4.2 V

in the positive current region and two peaks between 3.9 and 4.1 V in the negative current region

[13, 55-57] (see Figure III.2). Furthermore, clear reflexes should be observable in the XRD

spectra of the samples, if a spinel structure is present (see Figure UL 12 for an example), but the

XRD spectra did not show any clear reflexes that can be attributed to a spinel structure.
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3.8

Voltage vs. LI/U* M

Figure in.8: Cyclic voltammetry of a film deposited with the O2 gas pulse. Substrate

temperature: 520°C, background pressure 1 TO" mbar, fluence 7 J/cm
. Deposition

time: 25 minutes.
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Figure III.9: Cyclic voltammetry of a film deposited without the O2 gas pulse. Substrate

temperature: 630°C, background pressure 1 TO" mbar, fluence 5 J/cm
. Deposition

time: 40 minutes.

In the case of Pulsed Reactive Crossed Beam Laser Deposition, the obtained films show no to

very poor electrochemical activity. In Figure ILL8, only a small peak between 4.2 and 4.4 V can

be observed. This can be attributed to the intercalation of Li-ions but no signal can be observed

that can be attributed to the extraction of Li-ions. In general, no activity can be measured only a
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few cycles. Furthermore, the measured peaks are not located in the expected area. This is a clear

indication that the film is probably amorphous lithium manganese oxide (no peaks observed in

the XRD spectra) with only a very small proportion of a spinel structure and the poor

electrochemical activity resulting mainly from the decomposition of the solvent in contact with

the electrode and not from intercalation/reinsertion of Li-ions. The strong lithium deficiency

measured by RBS/ERDA supports this assumption. The stoichiometric coefficient for lithium

calculated from RBS/ERDA is around 0.6 instead of 1. The application of the crossed gas pulse

may be the reason for this poor quality of the films. The gas pulse is synchronized with the laser

pulse to achieve a maximum interaction between the species of the plasma and the

atoms/molecules of the gas pulse. The latter, however, creates a high local overpressure, which

might prevent lighter atoms, such as lithium to propagate linearly towards the substrate, because

they are scattered towards larger angles from the target normal. This creates a deficiency of

lithium in the film. However, as will be shown later, this is not the only reason for the

substoichiometry of lithium. Omitting the gas pulse improves the electrochemical activity of the

film, as shown in Figure ILL 9, but the problem of the poor lithium content remains. Increasing the

O2 background pressure yields films of higher quality and better electrochemical activity (see

Figure III. 10), i.e. peaks in the right voltage range in the cyclic voltammograms (see Figure LIL2)

which can be attributed to the extraction/reinsertion of lithium ions from/into the spinel phase.
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Voltage vs. Li/Li [V]

Figure III.10:Cyclic voltammetry of a film deposited without the O2 gas pulse. Substrate

temperature: 510°C, background pressure 0.16 mbar, fluence 9 J/cm
. Deposition

time: 45 minutes. Solvent: LP30.
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The peaks in the cyclovoltammogram can be attributed to the extraction of lithium ions (marked

by arrows) However, the peaks in the positive current region are not very clear The peak

between 3 6 and 3 8 V in the positive current region and the peak at 3 5 V in the negative current

region are most probably due to the electrochemical activity of titanium-oxide present between

the substrate and the Li-Mn-0 film (see Figure III 11 )

i i " 11111111111111111 i i i 11111111

30 32 34 36 38 40 42

voltage vs Li/U *[V]

Figure in.ll:CV of an uncoated titanium foil sample Arrows mark the extraction and

reintercalation of lithium into the titanium-oxide layer

Detailed investigations

The first part of the results is used to analyze the influence of the experimental parameters on the

stoichiometry, crystallographic quality and electrochemical activity of the films The background

pressure and the distance between the target and the substrate are key parameters in thin film

deposition In the following section, Li-Mn-0 films were deposited on polished titanium

substrates with variable target/substrate distance and at different background pressures The laser

fluence, substrate temperature and deposition time were kept constant, only at very long

distances, the deposition time was extended by 15 minutes to achieve films with sufficient

thickness The distance was varied between 3 and 7 cm away from the target in steps of 1 cm,

while the background pressure was varied between 0 1 and 0 3 mbar in steps of 0 1 mbar The

fluence was varying between 4 2 and 4 6 J/cm The films were characterized with RBS/ERDA to

investigate their stoichiometry, with XRD to examine the crystallographic quality and cyclic

voltammetry to quantify the electrochemical activity of the films
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3.1.2. Rutherford Backscattering Spectrometry and X-Ray Diffraction

XRD

LiMn204 forms a spinel structure with a Fd3 m space group and lattice parameter a=8.239 Â.

Figure III. 12 shows the X-Ray diffraction spectrum of the Li-Mn-0 film deposited on a titanium

substrate. The peaks attributed to the spinel structure are clearly visible at [13, 57-59]: 18.4° for

the (111), 35.6° for the (311), and 43.6° for the (004) orientation. The peak at 37.78° for the

(222) orientation is visible only as a shoulder of the strong peak at 38.4°, which is assigned to the

substrate. The peaks marked with an asterisk in Figure III. 12 can be attributed to the substrate

and titanium oxide. The peaks that are attributed to the spinel are detected for all films deposited

at all distances and pressures. Only the intensity of the signals, that can be attributed to higher

orders, such as (400), decreases with increasing distance to the target, which is most probably due

to a decreasing film thickness. In general the XRD spectra give evidence that a spinel structure is

present in all films. However, it is noteworthy to mention, that this is only qualitative

information. Since amorphous species cannot be detected by XRD, a ratio of crystalline to non¬

crystalline species cannot be obtained.

S*w%**/^W*»*** \**éf^***ï**
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Figure IIL12:XRD spectrum of a LiMn204 (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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The presence of other crystalline species such as manganese oxide could not be detected since the

expected position ofthese signals overlaps with the signal from the substrate.

RBS/ERDA

In general, the measurement of the films deposited onto titanium foil is very difficult due to two

main factors: The roughness of the titanium and of the corresponding films, which is in the order

of Ra= 33 nm, is very high for RBS/ERDA measurements. This yields very undefined edges on

the spectra. The second problem is the formation of titanium-oxide, which is, according to the

XRD spectra, mainly present in the rutile phase. This oxide is formed during the heating of the

substrate in the chamber. At this time the oxygen background pressure is adjusted, which gives

enough time for the hot substrate (between 450 and 650°C) to react with the background gas

(O2). This forms an oxide layer of unknown thickness and composition. This yields high ratios

between manganese and oxygen since it is impossible to distinguish between the oxygen atoms in

the lithium manganate film and the ones in the titanium-oxide interlayer. For this reason, the

stoichiometry was determined on films deposited on Si(100) substrates with the same

experimental conditions under the assumption that the film composition is independent on the

substrate. It is noteworthy to mention that for the measured films, the signals for the different

elements could not be integrated separately. The signal height was used therefore to calculate the

stoichiometry. This increases the standard error from 1% to 3-5%. The additional combination of

the results from RBS with the calculations from ERDA increases the error even further to values

between 5 and 10%. In Figure ILL 14 the spectrum and the analytical fit of the RBS measurements

of a film deposited on a silicon (100) substrate are shown. The films were deposited at a laser

fluence of 4.3 J/cm2, a substrate temperature of ~500°C and an oxygen background pressure of

0.2 mbar. The number of pulses was 18000. The films reveal a substoichiometric content of

oxygen and a slight deficiency of lithium, i.e. a calculated composition of Li0 96Mn203 74. There

are many possible explanations for the Li-deficiency in the deposited films. Since lithium is

much lighter than manganese or oxygen it can be scattered more easily. Therefore it is likely that

less Li compared to the heavier atoms reach the substrate surface, which yields films with lower

Li content. Rougier et al. [51, 57] examined the Li content of films grown by pulsed laser

deposition using stoichiometric targets and targets with an excess of lithium. In their work it was
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demonstrated that a stoichiometric target and a larger substrate/target distance results in lithium

deficient films, while a target with excess of Li and a short substrate/target distance yields films

with lithium excess. The substrate used in their studies was stainless steel, which was heated to

600°C in an oxygen atmosphere between 0.04 and 0.1 mbar. They also demonstrated the

presence of a Mn203 impurity phase for the lithium-deficient films. This impurity could not be

detected in our experiments since the expected corresponding peaks in the XRD spectrum of

Mn203 are probably overlapped by the peaks attributed to titanium and titanium oxide. The

authors concluded that the content of lithium in the film drops with increasing substrate/target

distance. The influence of different excess ratio (between 5 and 15%) of lithium in the target on

the Li/Mn ratio in the resulting film was also studied [60]. The optimum excess content of

lithium in the target was found to be +15%. These results suggest that it is advantageous to apply

a target with an excess (up to 15%) of lithium.
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Figure IIL13:RBS spectra of lithium manganate on titanium foil and silicon wafer. The high

roughness of the titanium foil makes it very difficult to fit the measured data. The

roughness (Ra=35- 50 nm) makes it very difficult to fit (dark grey curve) the

experimental data (light grey curve) because the edges of the spectra are not sharp

enough. The substrate temperature during deposition was 510°C in the right image
and 460°C in the left. The fluence was the same for both experiments (7 J/cm ).
The light grey line represents the fitting ofthe experimental data.
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Figure in.l4:RBS measurements of LiMn204 thin films deposited on Si(100) with laser

fluences of 4.3 and 4.5 J/cm2, a substrate temperature of ~500°C, and an oxygen

background pressure of 0.2 mbar. 18000 pulses were applied. The experimental
data can be fitted much better because of the very low roughness of the substrate

and the film.

The influence of the substrate temperature and the background pressure on the stoichiometry of

the film was studied in detail by Morcrette et al. [52, 61]. In these studies, LiMn204 was

deposited from stoichiometric targets onto Pt, Si, and MgO substrates. The laser power of a

quadrupled Nd:YAG laser with a pulse width of 7 ns was varied between 0.35 and 1.4 J/cm2. A

large deficiency of lithium was detected when the substrate was heated above 500°C in an

oxygen atmosphere of 0.1 mbar. For a substrate temperature of 500°C, an excess of lithium was

found for films deposited at pressures above 0.2 mbar, whereas pressures below 0.2 mbar

resulted in lithium-deficient films. The group suggested the optimum conditions to be a

background pressure of 0.2 mbar, a substrate temperature of 500°C, and a substrate/target

distance of 4 cm when stoichiometric targets were used.

These experimental conditions are very close to those applied in our experiments, except for the

different laser source. We applied a KrF Excimer laser with a pulse length of 20 ns and an

emission wavelength of 248 nm while Morcrette et al. utilized a Nd:YAG laser with a pulse

length of 7 ns and an emission wavelength of 266 nm. Nevertheless, we were unable to produce

stoichiometric spinel films until now. Table ILI.2 gives the ratios between lithium and manganese

i i i i i i i

Li Mn O
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and oxygen and manganese for different background pressures. The O/Mn ratio was determined

by RBS while the Li/O was determined by ERDA since lithium is too light for analysis by RBS.

The films were deposited on Si(100) at constant fluence (around 4 J/cm2), substrate temperature

(500°C) and substrate/target distance of 4 cm. No post-deposition thermal annealing was applied

for the films. The samples cooled down by simply switching off the heating and venting the

chamber with air at ambient temperature and atmospheric pressure.

Table III. 2: Influence of the background pressure on the ratio between lithium and manganese

in the film. The relative error of the measurement is 5-10%.

Pressure (mbar) Li/Mn O/Mn

0.1 0.5 1.77

0.2 0.46 1.77

0.3 0.43 1.87

A clear oxygen-deficiency and a slight lithium-deficiency for the deposition in 0.2 and 0.3 mbar

is obtained. The amount of lithium seems to decrease with increasing background pressure.

However, it is not clear whether the pressure is the only origin for this. Another possibility could

also be a slightly different alignment of the plasma plume which could result in less lithium

reaching the substrate. The alignment of the laser induced plasma plume is not straightforward

because reliable alignment tools, such as the Langmuir probe (see later chapter), were not

available yet at that point of time. The result is also different to the observations of Morcrette et

al. [52] and Julien et al. [60] who demonstrated that the Li/Mn ratio increases with increasing

background pressure. The reason for this difference could be the fact that the heating of the

substrates has an error +/- 10°C. It is therefore possible that a slightly higher substrate

temperature during the deposition at 0.3 mbar results in a slightly more pronounced evaporation

of lithium from the film (this has been tested, but a clear result could not be obtained, see Figure

III. 15). The influence of the substrate/target distance at constant background pressure is given in

Table ILL 3:
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Table III.3: Influence of the distance on the ratio between lithium and manganese in the film.

The relative error ofthe measurement is 5-10%.

Distance (cm) Li/Mn

4 0.45

7 0.40

The content of lithium in the film seems to be reduced at higher distances. However, the

difference lies within the error of the RBS/ERDA measurements. This difference is most

probably due to the fact that the lighter lithium atoms (MLi = 6.94 g/mol) are scattered more

readily by the heavier oxygen atoms from the background than the much heavier manganese

species (MMn = 54.94 g/mol). At longer distances, fewer Li atoms arrive at the surface of the

substrate. The Li/Mn ratio in our films is still slightly lower than the value reported by Morcrette

et al. [52, 61]. Another difference is the substrate material, i.e., we apply Ti for the CVs and Si

for the stoichiometric characterization while they utilized materials such as stainless steel and

platinum [13, 52, 57, 61-64]. Finally some authors also use Nuclear Reaction Analysis (NRA) as

a method ofLi quantification, which may yield slightly different results than RBS/ERDA*.

Figure III. 15 shows the Li/Mn ratio in the film calculated from the RBS/ERDA measurements as

a function of the substrate temperature for samples deposited at a background pressure between

0.1 and 0.3 mbar and 1 10-3 mbar on different substrates. The samples at high pressures were all

deposited at the same substrate temperature of 500°C whereas the films deposited at lower

pressures were deposited at much higher substrate temperatures between 630 and 680°C.

*

According to M. Döbeli, ETH Zurich, RBS/ERDA is superior to NRA, whereas J.

Perrière, Université Paris VII, claims that NRA is superior to RBS/ERDA.
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Figure III.15:Overview of Li/Mn ratios calculated from the RBS and ERDA data (A high

pressure: 0.1-0.3 mbar, *and O low pressure: 1 TO" mbar).

At first sight, the graph may suggest that higher substrate temperatures and lower background

pressures can result in a higher lithium content of the film. However, there are several

considerations which have to be taken into account:

First, the films at high substrate temperatures and low background pressures (circles in Figure

III. 15) were deposited on titanium foil. The others were deposited in silicon (rhombus in Figure

III. 15). There may be a higher uncertainty in the stoichiometry calculations for the films

deposited on titanium because of the higher roughness of the sample. Furthermore, the XRD

measurements performed on all films showed very weak signals for intermediate substrate

temperatures and amorphous films for films deposited at high substrate temperatures and low

background pressures. However, a spinel structure could be detected for the films deposited at

low substrate temperatures and high background pressures. Finally, the films deposited at higher

temperatures and lower pressures did not show an electrochemical activity in the CV

measurements whereas the films deposited at low substrate temperatures showed a clear

electrochemical activity. This is most probably related to the absence of spinel phase in the films

deposited at higher temperatures and lower pressures. The XRD data revealed no reflexes that

could be assigned to the spinel structure. We therefore can conclude that films deposited at high

background pressure and relatively low substrate temperatures contain more lithium-spinel and

should therefore be more active for Li extraction/insertion. The CVs performed at samples
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prepared at very low pressure and high substrate temperatures confirm this assumption since

almost no electrochemical activity was detected. In which form lithium is bound in these films is

not yet clear. The best experimental conditions for the deposition of spinel films up to now are a

substrate temperature of 500°C and high background pressures around 0.2 mbar. The lithium

content of these films is almost stoichiometric but the films still reveal a deficiency in oxygen.

However, it is possible to increase the oxygencontent in the film by post-deposition annealing in

an oxygen atmosphere. To verify this, four films were deposited on Si(100) with the same

constant fluence (-4.6 J/cm ) and substrate temperature of 500°C. The distance between the

target and the substrate was 4 cm. After deposition, the films were kept at 500°C in oxygen

atmosphere (O2, atmospheric pressure) for 0, 30, 60 and 90 minutes. The results are shown in the

following table:

Table III. 4: Ratios of lithium to manganese and lithium to oxygen as calculated from the

RBS/ERDA measurements for different post deposition annealing times at 500°C.

The error is 5-10%.

Time (min) Li/Mn O/Mn

0 0.46 2.11

30 0.49 2

60 0.45 2

90 0.42 2.01

The optimum oxygen stoichiometry could already be achieved with an annealing time of 30

minutes. A decrease in the lithium content was observed for annealing times > 30 minutes. This

is most probably due to a slow evaporation of lithium from the film, which becomes more

pronounced at longer annealing times. The films that were cooled at once in oxygen revealed

higher oxygen content than the films annealed in oxygen or cooled in normal atmosphere. The

origin of the high O content is not clear. This suggests that the amount of oxygen in the film can

already be adjusted by choosing the right concentration of oxygen for cooling down the sample

after deposition.
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3.1.3 Cyclic voltammetry

Electrochemical activity versus backgroundpressure and distance

A different approach to characterize the films deposited at the different experimental parameters

mentioned earlier is the analysis by Cyclic voltammetry (CV) to investigate the influence of the

PLD parameters on both the reversibility and the kinetics of the LiMn204 electrode. The CV

experiments were performed in EC/PC 1:1 (volume ratio) with 1 M LiPF6 as electrolyte solution.

In general, the CVs revealed a very pronounced influence of the experimental parameters on the

electrochemical activity of the films. In fact, lithium extraction and reinsertion into the spinel at

the expected potential values (roughly 4.05 and 4.2 V in the positive current range and 4.0 and

4.1 in the negative current range, see Figure LLI.2) were only observed for two films. These films

were deposited at a background pressure of 0.2 mbar and at a distance of 3 and 4 cm between the

substrate and the target.

Figure III. 16 shows the first 19 cycles of a LiMn204 film deposited with a targetsubstrate

distance of 3 cm and a background pressure of 0.2 mbar. The thickness of the film is

approximately 700 nm. In the first cycle the oxidation peak starts 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 Figure ULI 1). The extraction/insertion of lithium from

the lithium spinel can be detected as very weak peaks in the voltammogram (see arrows in Figure

III. 16). These peaks occur in the expected region, which 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),

decomposition of the electrolyte, and, possibly, structural transformation.
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Figure in.16:Cyclic Voltammogram of a LiMn204 (nominal composition) film deposited on a

titanium substrate at a distance of 3 cm from the target.

Figure III. 17 shows the CV of a film deposited at a substrate/target distance of 4 cm at the same

background pressure, laser fluence, and number of pulses. The thickness of the film is

approximately 300 nm.
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Figure in.17:Cyclic Voltammogram of a LiMn204 (nominal composition) film deposited on a

titanium substrate at a distance of 4 cm from the target.
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Two oxidative current peaks arise with maxima at 4.05 and 4.2 V, and are clearly visible in the

CV (arrows in the positive current region in Figure ILL 17). The reductive peaks are situated at 3.6

and 3.9 V, respectively. The oxidative peaks can clearly be attributed to the extraction of lithium

from the spinel since they occur at the expected voltage range. However, the reinsertion of

lithium into the spinel cannot be clearly identified form Figure III. 17. The two peaks are expected

slightly below and above 4 V (marked with arrows in the negative current region in Figure

III. 17). One could imagine the presence of two very weak peaks at these voltages, however, the

signals are too weak and too noisy to be clearly assigned answer. The peak around 3.6 V is again

most probably due to the titanium substrate. Again, we can attribute the decreasing current signal

to the formation of an SEI film and/or to structural changes of the material. The pronounced

noises in Figure III. 16 and especially in Figure ILL 17 are currents from the electrochemical

reactions of the electrolyte in solution in contact with the non-coated surface of the titanium

substrate Cyclovoltammetric measurements performed on films grown at longer distances and at

a background pressure of 0.1 and 0.3 mbar, respectively, did not show this behavior. An

electrochemical activity could be shown but the peaks did not appear in the expected potential

range. In fact, CVs performed on an uncoated titanium substrate showed a high electrochemical

activity of the titanium (or titanium oxide surface), which seems to overlap with the peaks

generated by the LixMn204. A small lithium deficiency and a pronounced oxygen deficiency

could be also the reason for this.

3.2. Study ofthe ablation plume and deposition rate during deposition

Quartz CrystalMicrobalance

The QCM is a very suitable tool to investigate, mass removal and mass gain during laser

processing as already shown in part LI of this work. This chapter describes a study of the

deposition rate on the substrate during PLD. Basically, the experiments were performed in two

different configurations shown in Figure III. 18.
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OCM at off set for
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Figure III.18:Schematics of the two different configurations of the QCM oscillator in the

chamber positioned on a vertical line. The oscillators are facing the target in both

configurations. Their surface is orthogonal to the traveling direction of the plasma

species. The distance between the crystal and the target was -50 mm.

For the experiments depicted in Figure ILL 19, the quartz crystal was positioned vertically below

the rotating substrate at the same distance to the target. Special care was taken, that the substrate

did not shield the QCM. This arrangement, however, does not give the exact deposition rate on

the substrate since the spacial distribution of the ablated target material is very dependent on the

angle. A small offset from the substrate position yields much lower deposition rates. The only

application for this design is the in-situ monitoring of the deposition. In this case, the growing

film thickness can be measured by using a calibration constant, which has to be determined

previously, and which is specific for every material deposited since the film thickness is linked to

the mass by the density of the material. The second arrangement was utilized for measuring the

actual deposition rate of the PLD process. In this case, the QCM was placed at the substrate

position, which was not used in these experiments. The distance between target and QCM was

kept constant at 4.5 cm. The same oscillators as in part LI were used for all experiments. The

connection to the oscillating circuit was achieved using an electrical feed through. Figure III. 19

depicts the frequency change of the QCM during deposition of lithium manganate on Ti foil for

three different fluences at a constant background pressure of 0.2 mbar. The deposition time was

around 30 minutes. A fresh uncoated quartz sample was taken for every deposition experiment.

plasma plyme

Target
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Figure IIL19:Response of the quartz crystal microbalance during a PLD experiment at a

background pressure of 0.2 mbar and a laser fluence of 1.3 J/cm2 (A), 2.5 J/cm2

(B), and 3.6 J/cm2 (C). The deposition time was 30 minutes.

The frequency decreases almost linearly during deposition. The slight change in the slope can be

explained by the constant deposition of material on the laser inwindow. The laser energy inside

the deposition chamber decreases when the coating (low transmission) on the window increases

which results in a decrease of the ablation rate from the target and as a consequence in a decrease

of the deposition rate on the QCM. The deposition rates calculated from this data are presented in

Table m. 5:

Table III.5: Deposition rate on the QCM crystal at three different fluences at the start and at

the end of the deposition experiment. The deposition time was 30 minutes the

background pressure was 0.2 mbar.

Fluence (J/cm2) Rate at start

(ng/cm2pulse)

Rate at end

(ng/cm2pulse)

3.6 0.011 0.0081

2.5 0.0061 0.005

1.3 0.0033 0.0027

The numbers illustrate clearly the decrease of the deposition rate during the deposition process.

The variation of the frequency in the second half of curve B in Figure ILL 19 is most probably an
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artifact, which did not appear in the other measurements. It could result from physical stress in

the quartz caused by the impact of high energetic species on the quartz surface to which some

samples might be more sensitive than others. In curve C one can observe a change in the slope

after about 800 seconds which changes back to the original value after 1000 seconds. This was

due to a sudden change in the background pressure, which was quickly corrected.

At lower background ressures, the response of the QCM is very different. The deviation of the

data points is much larger than for higher pressures as shown in Figure LLI.20.

4.9110-

i 4.9105-

|
m

i 4.9100 H

4.9095 -

Ä.
"Pi'

*v-

•ir

zoo 400

time [sec]

600 800

Figure IIL20:Response of the quartz crystal microbalance onto the deposition of the target
material at low background pressure (1T0"3 mbar) and a laser fluence of

~3mJ/cm
.

The frequency rises to a certain value at the start of the deposition process and decreases then due

to the mass deposited on the quartz. At the end of the deposition the frequency drops again to a

certain level. However, this upward shift has probably no physical meaning since it does not

show any dependence on the applied fluence nor on the background pressure. It is most probably

due to higher stresses in the quartz crystal originating from the high energetic particles

bombarding due to the lower number of collisions at the lower background pressure.

Furthermore, the electronics could also be affected by the application of high vacuum. In fact, the

applied QCM set up is very basic and may not be 100% suitable for this kind of measurement e.g.

the absence of air-cooling of the quartz usually applied in commercial systems. However, the

deposition rates calculated from this data give an accurate description of the deposition behavior.
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The mass gain on the quartz crystal is calculated from the previous frequency measurements by

applying the Sauerbrey equation mentioned in part LI. Figure LLI.21 shows the increase of mass

during deposition at constant background fluence and different fluences. The deposition time was

roughly 10 minutes.
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Figure in.21:Deposition at different fluences and a background pressure of 0.2 mbar.

The deposition rate of the PLD process is given by the slope of the curves in Figure ILT.21. The

deposition rate is constant during deposition for deposition times typically used in our PLD

experiments. The applied laser fluence has a strong influence on the deposition rate. The aim of

this experiment was a calibration of the QCM for the utilization as in-situ film thickness monitor.

This was unfortunately impossible, because the film thickness on the Ti-substrates could not be

measured due to the breakdown of the profilometer. For this reason, only mass deposition rates

will be discussed in the rest of this work. Figure ILL22 illustrates the amount of particles that are

ablated from the target rod during PLD and the amount of particles that actually reach the quartz

crystal Surface when the QCM is placed in the substrate position with a vertical offset to the

substrate of 10 mm. The amount of ablated material was determined by ablating the target rod

during 20 minutes and measuring the weight of the rod before and after ablation with a high

precision balance. The difference in mass was between 1 and 5 mg, which is a significant change

for the utilized equipment. The deposition rate at the offset position was measured

131



simultaneously. The deposition rate at the substrate position results from previous experiments.

The O2 background pressure was 3.4 10" mbar.
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Figure ILT.22: Comparison of Deposition and Ablation Rate.

The mass that is deposited on the quartz oscillator is roughly three orders of magnitude lower

than the amount of material ablated from the target. This means that only a very small fraction of

the ablated material is actually deposited on the substrate. This is also confirmed by the

observation that the walls of the deposition chamber are heavily coated after several PLD

experiments. The deposition rate decreases by an additional factor of 2 when the QCM is placed

10 mm off the original substrate position, which corresponds to an angle of 12.5° relatively to the

target normal. This gives a rough idea on the spatial density of the ablated material.

Figure ILL.23 presents the pressure dependence of the deposition rate at constant fluence of 1.5,

2.5 and 5 J/cm
.
The rates were measured with the QCM at the substrate position with a constant

deposition time of ~5 minutes. Two different pumps were utilized to perform these experiments:

a turbo molecular pump (TMP) for pressures below 0.01 mbar and a roughing pump (RP) for

background pressures above 0.01 mbar. Unfortunately, the pressure region around 0.01 mbar was

the upper (TMP) and the lower (RP) limit of the respective pumps. Therefore no deposition rates

could be measured at the pressure range between ~8T0"3 and ~3 TO"2 mbar.

ablation of the target

deposition on the QMB

! Omm above the substrate

deposition on the QMB

at substrate position
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Figure in.23:Pressure dependence of the growth rate at constant laser fluence of 1.5, 2.5 and 5

J/cm2.

It is clear from Figure LLI.23 that the background pressure has a strong influence on the deposition

rate. With increasing background pressure an initial increase of the deposition rate is observed

until a maximum is reached, which is followed by a pronounced decrease at high pressures. The

position of the peak and its relative height is strongly dependent on the applied laser fluence. The

plot can be divided into three pressure regions:

1. p < 0.1 mbar. The deposition rate is initially more or less constant, followed by a fast

increase with increasing pressure. This is most probably due to high energetic ions

(mainly Li+ and Mn+) which bombard the film surface resulting in re-sputtering of the

film. This results in a fast decrease of the deposition rate of the PLD process. With

increasing background pressure, the ions are constantly slowed down. This results in

lower kinetic energies and therefore less sputtering of the already formed film,

corresponding to an increase ofthe deposition rate.

2. p
= 0.1-0.3 mbar. The deposition rate reaches a maximum in this pressure range, due to

the strong interaction of the plume species with the background gas molecules. This

results in a decrease of the kinetic energy of the plume species to an optimum value for

fast film growth. The abscissa of this maximum is dependent on the laser fluence. It is

logical that the pressure value of the maximum is different for different laser fluences, due

5 J/cm

2.5 J/cm"
2

1.5 J/cm
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to the fact that an increase of laser fluence results in an increase of kinetic energy of the

ablated species in the plasma. However, this trend is not very pronounced in Figure LLI.23.

3. p > 0.3 mbar. A strong decrease of the decomposition rate is observed. This is most

probably due to a large degree of scattering of the ablated species by the background gas

molecules. This results in fewer particles reaching the substrate/QCM surface, which

results in a decrease of the deposition rate.

Very similar results have been published for the deposition rate of pure metals, such as Fe and Ag

[66] and for mixed targets such as Pb-Zr-Ti-0 [67] which were also measured by QCM and with

profilometry. We can therefore conclude that the molecules of the background gas are

influencing the species ablated from the target in two different ways:

• Decrease of kinetic energy due to collisions.

• Scattering of the species over a larger area.

This leads to a decrease of the deposition rate until a maximum value is reached which is

dependent on the laser fluence. Above this pressure value, the scattering of the molecules is more

important and the deposition rate decreases again with rising pressure. The optimum pressure for

the highest deposition rate coincides with the pressure which has been identified as best condition

for the deposition of lithium manganate films (around 0.2 mbar) regarding the composition of the

film. It has been suggested that at a pressure below this value, lithium can diffuse from the film in

the form of lithium oxide, which has a much higher partial pressure at these conditions (substrate

temperature around 500°C and background pressure below 0.1 mbar) This diffusion/evaporation

of Li-oxide will result in a lithium deficiency in the films [61]. The increase in pressure lowers in

this case the evaporation rate of lithium oxide. Our data suggests that the lithium deficiency could

also result from a resputtering of the light Li atom from the film by high energetic ions. The

kinetic energy of the ions arriving at the substrate decreases at the high background pressure, i.e.

around 0.2 mbar, which results in a much lower or no re-sputtering of Li from the growing films.

Langmuir Probe

The presence of high energetic ions in the plasma plume can be confirmed by Langmuir Probe

(LP) analysis, which measures the current created by the ions in the plasma on the metal probe

surface. This section describes the influence of the background pressure on the fast ions. For this

experiment, a homebuilt LP was fixed on the movable support of the substrate holder. This
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allows the positioning of the LP at different distances from the target. The voltage signal was

measured and recorded by an oscilloscope for different pressures at constant laser fluences.

Figure LLI.24 to Figure LLI.26 show the evolution of the LP signal at background pressures

between 1 10"4 mbar and 0.4 mbar. The distance between the target and LP was varied between

20 and 80 mm. The recording of the signal was triggered by a photodiode positioned along the

path of the laser beam. A KrF laser (248 nm) with a repetition rate of 10 Hz was used for these

experiments. The voltage is converted to current by multiplying the value with the resistance of

the circuit (50 Q). The bias voltage of the LP was -30 V.
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Figure ILT.24:Current signal of the LP at a constant background pressure of 1 TO" mbar (left)
and 1 TO"3 mbar (right). The laser fluence was constant at 3.1 J/cm2. The target/LP
distance was varied between 20 and 80 mm in steps of 10 mm.

The signal shifts as expected to larger times for longer distances. No pronounced differences can

be observed between the two graphs, except for the signal intensity, which is slightly reduced at

the higher pressure. The velocity of the ions was calculated by a linear fit of the distances versus

the time of the peak maximum and yield 3.6TO4 m/s for a background pressure of 1 TO"4 mbar

and 3TO m/s for a pressure of 110" mbar. For higher pressures, i.e. for 4.2T0" mbar and

especially for 0.1 mbar, a clear splitting of the signal in two peaks can be detected (see Figure

111.25). Almost no shift in the position of the first peak is observed for increasing distances. This

suggests that the ions, which correspond to this signal, travel in a free expansion mode, i.e.

unscattered, whereas the rest ofthe ions are slowed down by the background molecules.
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Figure 111.25:Current signal of the LP at a constant background pressure of 4.2TO" mbar (left)
and 0.1 mbar (right). The laser fluence was constant at 3.1 J/cm2. The target/LP
distance was varied between 20 and 80 mm in steps of 10 mm.

A decrease of the first peak, which is clearly observable in Figure IIL.26, which indicates that the

fast ions are progressively slowed down as the background pressure is increased.
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Figure 111.26:Current signal of the LP at a constant background pressure of 0.2 mbar (left) and

0.4 mbar (right). The laser fluence was constant at 3.1 J/cm2. The target/LP
distance was varied between 20 and 80 mm in steps of 10 mm.

The second peak also decreases and indicates a further slowing down of the remaining ions. The

signal of the fast ions has completely disappeared at a pressure of 0.4 mbar. This is clear evidence

that the fast ions get considerably slowed down by the background molecules and that the

propagation of the ionized particles is shifting from free expansion towards a diffusion regime in

the pressure region that was identified as optimum conditions for the deposition of lithium

manganate thin films. The LP data confirms the decrease of the kinetic energy of the plasma

species with increasing pressure.
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Mass Spectroscopy

The Langmuir Probe is a very suitable tool to characterize the plasma created by laser ablation of

the target, but it does not give any information about the nature of the ions in the plasma.

However, these considerations are important since species of different mass have different kinetic

energies and can therefore have a different influence on the deposited film. For this reason, the

plasma plume composition was analyzed with a quadrupole mass spectrometer (QMS). The

measurements were performed in an UHV chamber at high vacuum (4TO" mbar) and at oxygen

background presence of 8TO"3 mbar and at two different fluences. The QMS was differentially

pumped to allow higher background pressures in the chamber. The mass spectrometer was

synchronized with the laser by a trigger generator. This allowed a time delay setting of 5.5 ps

between the start of the QMS measurements and the emission of the laser pulse. The gathering

time of the spectrometer was set to 60 ms. For these experiments only ions were analyzed. The

experiments were performed at -5.7 J/cm and -3.3 J/cm .The results of the measurements are

shown in Figure LLI.27 and Figure Lu.28.
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Figure 111.27:QMS positive ion spectra of LiMn204 plasma plume formed at 410" mbar
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The irradiation wavelength was 308 nm.
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energy of-5.7 J/cm2 (left) and -3.3 J/cm2 (right).

137



TO
-

LiO-

uo-

—-M»*

HBO*

10 3

10

Uttn.0.'

20 40 60 80 100 120 140 160 1B0

am«

Mn-

LIO*

UO.'

MnO*

20 40 60 80 100 120 140 160 ISO

amii

Figure 111.28:QMS positive ion spectra of LiMn204 plasma plume formed at 8TO" mbar
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The irradiation wavelength was 308 nm.
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Lithium has two stable isotopes: Li with an atomic mass of 6.015 amu and Li with an atomic

mass of 7.016 amu. The abundance is 92.5% for Li and 7.45% for Li (source:

http://physics.nist.gov/PhysRefData/Handbook/index.html) and which is also roughly detected in

the mass spectra. In the high vacuum, without oxygen background, only a few ionized species in

addition to lithium and manganese ions can be detected (Figure LLI.27). The signal of Mn+ ions is

much stronger than the signal for the Li+ ions and the other species. This may be due to a high

amount ofMn ions in the plasma or higher detection efficiency of the Mn ions. Table III.6 shows

the ratios between lithium and manganese-ions for the different experimental conditions.

138



Table III.6: Ratios of the peak intensity of lithium and manganese ions for high vacuum and

oxygen pressure for two different laser fluences at an irradiation wavelength of

308 nm.

Laser energy 5.7 J/cm2 3.3 J/cm

4 10
8
mbar

Li+/Mn+ 0.03 0.0025

Li/LiO+ 20 1

Li/Li02+ 3 0.17

8 10
3
mbar 02

Li+/Mn+ 0.3 1

Li/LiO+ 38 250

Li/Li02+ 100 250

Li/MnO+ 5.5 11

Li/0+ 33 /

Li/02+ 200 /

Li/LiMn202+ 460 /

The manganese ions at high vacuum conditions are dominant especially for the low fluence range

followed by lithium ions as the second most dominant species. The lithium to manganese ratio is

one order of magnitude higher for the high laser energy compared to the lower fluences. The

same tendency is observed for the ratios of lithium to lithium oxide and to lithium dioxide. For

the low fluence lithium dioxide species even dominate the single lithium ions. These oxide

species must result from the LiMn204 target material since (almost) no oxygen is present in the

chamber at high vacuum conditions or recombination in the plasma plume.

At higher pressures the Li+/Mn+ ratio increases by an order of magnitude to 0.3 for high fluences

and by more than 2 orders of magnitude to 1 for low fluences. At the low fluence, the peaks for

lithium and manganese ions are equal in intensity whereas at the high fluence the signal for

manganese ions is still stronger. Other oxide-ions such as MnO and even LiMn202 clusters can

be identified at the high laser energies. Oxygen ions are detected, which originate most probably

from collisions of fast plasma ions with the ablated species.

Several conclusions can be suggested form these experiments: the oxygen background has a clear

influence on the composition of the plasma plume. The increase of the MnO signal count in
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oxygen background is significant, indicating a strong interaction between Mn (more pronounced

than for Li+) in the laser plasma with the oxygen background. The signal for Li+ is much smaller

than the Mn+ signal in high vacuum but become comparable in a high oxygen background

pressure. This could either be due to preferential elastic scattering of manganese by oxygen away

from the detector, which is unlikely as Mn is several times heavier than Li, or that the Mn+ signal

is lowered by the formation of other species, most probably Mn-oxide. Another possibility is of

course preferential ionelectron recombination in the plasma.

These considerations seem to agree quite well with the results from the QCM and Langmuir

experiments, i.e. a decrease of the manganese excess with increasing oxygen background

pressure. The manganese ions are the most energetic component in the plasma (see Figure LIL29).

The decrease of the kinetic energy by the background gas will have a pronounced influence on

the growth mechanism ofthe film, which are supporting the previous described sputtering model.
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Figure 111.29:Energy distribution of the lithium (left) and manganese (right) ions at a laser

fluence of 3.3 J/cm
.
The measurements were performed at high vacuum (4 10"

mbar) and at oxygen background presence of 8TO"3 mbar.

The difference in kinetic energies between lithium and manganese are very clear in high vacuum.

In the case of lithium we measure energies of 5 eV and between 20 and 40 eV. For manganese

the distribution of the kinetic energy is very broad and ranges from 5 to over 80 eV. We can

therefore conclude that manganese ions are the most energetic species at high vacuum. The

influence of the background gas on the ion energy is very pronounced. The signal almost

disappears and only species with an energy between 5 and 10 eV for lithium and between 5 and

15 eV for manganese can be detected. Unfortunately, measurements at higher background

pressure did not yield any useful results. This was due to the fact that the QMS nozzle was placed
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too far from the target. At background pressures higher than 0.01 mbar, no signal could be

detected even at higher laser fluences. The nozzle could not be moved closer to the sample

because of technical difficulties with the experimental set up. The QMS measurements at higher

background pressure could yield nevertheless important information about the composition of the

plasma. The experiments were also carried out at an irradiation wavelength of 308 nm and not at

248 nm as used for the deposition experiments. The reason was that at the time of the

measurements, the "248 laser" was not operational. The difference in photon energy is not

expected to have a significant influence on the ablation of the target material, i.e. the kinetic

energy of the ablated species even though the photon energy at 308 nm (4.02 eV) is lower than at

248 nm (4.99 eV).

Emission Spectroscopy

Another approach of analysing the plasma is emission spectroscopy, which allows to analyse the

excited species in the plasma. It is a complementary method to mass spectroscopy because the

energy of excited states of neutrals and basically also ions can be analysed which is not possible

with QMS. It also allows to compare the velocities obtained for the different species. In our case

it could be used to explain the lithium deficiency in the films. Furthermore emission was used to

suggest another reason for lithium deficiency, but in LiNbOs. Lithium niobate crystals are known

to be useful for piezoelectric, electro-optical and acousto-optic applications such as compact

waveguides devices. Similar to lithium based electrodes for lithium batteries the deficiency of

lithium in the film grown by PLD is also an issue for these materials. Usually the deficiency is

compensated by applying a target with excess of lithium between 5 and 15%. Chaos et al. have

suggested another reason for the lithium deficiency in their LiNbOs films, which is related to the

ablation mechanism of their target material [68-70]. The authors studied the release and

propagation of the particles ablated from the target by optical (atomic) absorption. They have

demonstrated that a delayed and prolonged release of fast lithium atoms into the deposition

chamber exists for LiNbOs targets. This means that the majority of the delayed atoms do not

suffer from collisions with the molecules within the plume. This results in particles which are not

as forward directed as the other species in the ablation plasma. Because of this higher less

directionality of the "delayed" lithium atoms could contribute less to the film growth on the

141



substrate. This could explain the lithium deficiency of LiNbOs thin films grown by PLD. We

therefore investigated the ablation plume of the lithium manganate target with emission

spectroscopy (not absorption spectroscopy) to test, whether this observation is also valid and

could explain the Li-deficiency of our films. The experimental set up is briefly shown in Figure

III. 30.

Figure in.30experimental set up for the emission spectroscopy measurements: 1) cylindrical

target, 2) substrate, 3) plasma plume, 4) laser beam, 5) focusing lens, 6) slit system
for the light collecting optics, 7) optical cable.

The light collecting optics inside the vacuum chamber consists of a two slid system and a

collecting lens. The light is guided through an optical fiber to the spectrometer. The slid system is

placed on a flexible bellow which allows changing the angle of view on the target. This allows to

record the signal intensity of the emitting species of the plasma at different distances between the

target and the substrate. The spectrometer itself is connected to a delay generator which triggers

the recording of the light signal at different time delays relatively to the laser pulse which creates

the plasma. This allows a time and space resolved characterization of the plasma plume. The

experiments were carried out at the same conditions as for PLD processing. The background

pressure was 0.2 mbar, the laser fluence was around 4 J/cm2, the repetition rate was 10 Hz. The

emission was recorded between 0 and 3 microseconds after the laser pulse with a maximum

distance to the target of 14 mm. There have been some major difficulties encountered during the

measurements which may result in large deviation in the data: The protective quartz window at in

front of the laser-in-window of the chamber is progressively coated with the ablated species from
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the target, which results in a decrease of the laser energy inside the chamber and thus a decrease

of the emission signal. The coating of the protective quartz is especially pronounced at high

vacuum conditions. This can be compensated by frequently measuring the transmission of the

laser in window and the protective window and adjusting the laser energy to ensure a constant

fluence on the target. A second important issue is the alignment of the laser beam. In general, the

plasma plume will be directed orthogonal to the surface of the target. Since the target is

cylindrical, the plume will be orthogonal to the surface tangent. A displacement of the incident

laser beam by only a very small distance will direct the plasma plume at a different angle

relatively to the spectrometer with a target of roughly 12 mm diameter (roughly 10.5° for a

horizontal displacement of 1 mm). This can change the result of the measurement. The laser

beam was aligned that the plasma plume was pointing directly to the substrate. The propagation

path of the plasma was then orthogonal to the slid system of the light collecting optics. The

direction of the plume was examined by eye which is a major source of deviation in the

measurements. A sensitive aligning tool such as a Langmuir Probe was not available at the time

of the experiments. The last source for error is the determination of the "0 position" of the plasma

plume. This point is defined as the region close to the target surface where the plasma is formed

due to the laser irradiation of the material. The light emitted at this point has the highest intensity.

The point is usually found by scanning from behind the target towards the substrate position

while scanning over a certain time range at each position. The 0 position is found when the

emission signal suddenly increases. However, when studying a cylindrical target rod from a shiny

metallic material, as it is the case for lithium manganate, the 0 position cannot be determined

accurately. The determination of the 0 position has an error of +/- 1 mm because of the partial

reflectance of the light from the target and because of the geometry of the rod. Figure TTI.31

shows the emission spectra of the lithium manganate over a spectral range of 350 to 800 nm. The

lines of manganese and lithium can be clearly identified. Lithium has a strong line around

610 nm and a very strong line around 670 nm. The two lines are not shown at full intensity, to

allow the observation of other lines in the graph.
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Figure 111.31 :Emission spectrum of the ablated target species from a lithium manganate target at

an irradiation wavelength of 248 nm and a fluence of-4.5 J/cm2.

Manganese has three distinct lines between 475 and 482 nm and several other lines at shorter

wavelengths. The exact position of the lines which can be attributed to lithium and manganese

are given in the Table III.7.

Table III.7: Emission lines for lithium and manganese neutral atoms and the relative intensity
ofthe emission signal.

Wavelength(nm) configuration Relative intensity

lithium

670.68 Is2 2s-Is2 2p 3600

610.25 Is2 2p-Is2 3d 320

manganese

482.51 3d5 (6S) 4s4p(3P°) - 3d5 4s(7S) 5s 1000

478.37 3d5 (6S) 4s4p(3P°)-3d5 4s(7S) 5s 940

475.34 3d5 (6S) 4s4p(3P°)-3d5 4s(7S) 5s 1000

473.8 3d6 (5D) 4s-3d6 (5D) 4p 130

472.6 3d6 (5D) 4s-3d6 (5D) 4p 180

470.76 3d6 (5D) 4s-3d6 (5D) 4p 160

Source: http://physics.nist.gov/PhysRefData/ASD/lines_form.html. The highest relative intensity
is given as 3600 for lithium and 1000 for of manganese.

All of these spectral lines are due to neutral species. Lines for ionized atoms are listed in the

literature but they are too weak to be visible in the recorded spectra. In a next step, the time of the
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peak maximum was evaluated for different distances to the target. This yields the velocity of the

studied species in the plume. The result is shown in Figure LLI.32. The emission was studied at a

laser wavelength of 248 nm. The fluence was -4.5 J/cm2 and the repetition rate 10 Hz. The

oxygen background pressure was 0.2 mbar. The transmission of the protective quartz window at

the laser-in window was repeatedly measured to eliminate any false conclusions resulting from a

decrease ofthe laser energy caused by successive coating of the protection window.
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Figure 111.32:Particle velocity calculated from the space and time resolved data. The emission

was studied at a laser wavelength of 248 nm. The fluence was -4.5 J/cm2 and the

repetition rate 10 Hz. The oxygen background pressure was 0.2 mbar. The

calculations are based on the space and time resolved data of the 670.68 nm band

of lithium and the three bands between 475.34 and 482.51 nm for manganese.

The points for the manganese signal suggest a linear relation between distance and time and

could suggest a constant velocity. The curve for lithium propagation is more difficult to interpret

because of the pronounced variation of the data points. The velocity of the lithium species is

6.7T03 m/s. This corresponds to a kinetic energy of 1.6 eV. The values for manganese are

4.1 103 m/s and 4.8 eV respectively. However, a linear fit is expected for species traveling in

high vacuum. For higher pressures, the propagation can be fitted to a Shockwave model and the

data points should fit to an exponential model [71]. A general problem of interpreting the data

was the large scattering in time of the peaks in the time resolved spectra. This made it very

difficult to determine the timing for the maxima. Even with 500 accumulations per spectra, the
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problem could not be resolved. Due to this deviation, the resulting uncertainty of the results and

the fact that the relevant ions cannot be detected by this method, the investigation of the plume by

emission spectroscopy was not further continued. The velocities and kinetic energy that can be

calculated from the data obtained from Langmuir Probe, emission spectroscopy and mass spectr¬

ometry are listed in Table III.8.

Table III. 8: Velocities and kinetic energies of lithium and manganese ions calculated from the

data obtained from Langmuir Probe, emission spectroscopy and mass

spectrometry. The distance between the LP and the target varied between 20 and

80 mm. The distance from the QMS nozzle to the target was -150 mm.

velocity kinetic energy

Langmuir Probe

+ Ions at 1 IO"4 mbar 3 TO4 m/s Li: 32 eV, Mn: 253 eV

+ Ions at 1 10" mbar 3.6 TO4 m/s Li. 46eV,Mn:367eV

Emission

Li I at 0.2 mbar O2 0.7 TO4 m/s 1.63 eV

Mn I at 0.2 mbar 02 0.4 TO4 m/s 4.8 eV

Mass spectrometry

Li+ ions at 4TO"8 mbar 2.4104-3.3104 m/s 20-40 eV

Mn+ions4 10"8mbar 0.8104-1.7104 m/s 20-80 eV

Li+ ions at 8.5TO"3 mbar O2 1.2-104- 1.7-104 m/s 5-10 eV

Mn+ ions 8.5TO"3 mbar 02 0.4104-0.7104 m/s 5-15 eV

The data collected with the LP for background pressures above 10"3 mbar did not yield

satisfactory results. The velocities obtained by LP are very different from those obtained by mass

spectrometry. This could be due to a bad alignment of the plasma plume for the QMS

experiments. Another reason is the different distances of the analytical tools to the

sample/plasma. An important parameter in the evaluation of the data is the change of the velocity

with distance. This parameter has to be evaluated first before one can compare the results

obtained by the different methods.
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4. Conclusions and Outlook

LiMn204 films were deposited on titanium and silicon substrates to investigate the influence of

experimental parameters, such as background pressure and substrate/target distance, on the

stoichiometry of the film and electrochemical activity of the films. The films deposited with a

very low background pressure exhibit a Li/Mn ratio of almost 0.5, whereas the films grown under

experimental conditions as suggested in the literature were only slightly lithium-deficient (Li/Mn

between 0.43 and 0.5) but strongly oxygen-deficient. However, very low pressures and high

substrate temperatures do not lead to the formation of a spinel phase that can be detected by X-

ray diffraction and show almost no Li-insertion/extraction. Films deposited at higher pressures

and lower substrate temperatures, which were also suggested in the literature, exhibit the

presence of a Li-spinel phase, which is electrochemically active but which is lithium and oxygen-

deficient. We can conclude from these results that the stoichiometry of lithium and oxygen in

LiMn204 thin films deposited by PLD is highly sensitive to the applied experimental parameters

and that these parameters may not be transferable from one set-up to another.

The optimum condition for the deposition of lithium manganate is a background pressure of 0.2

mbar and a distance between target and substrate of 3 to 4 cm. At these conditions weak signals

of the extraction/insertion of lithium from/into the spinel phase could be detected by cyclic

voltammetry. However, the measurements were overlapped by the peaks generated by the

electrochemical activity of the titanium substrate. The characterization by RBS/ERDA showed a

deficiency of lithium and oxygen in the film. The amount of oxygen could be increased by

venting the deposition chamber with pure oxygen and letting the substrate cool down under this

condition. However, the lithium deficiency is still an issue. There are several possibilities for this

deficiency such as the evaporation of lithium from the film at high temperatures and background

pressure below 0.3 mbar. Another possibility could be the delayed emission of lithium from the

target material. Our experiments were not able to verify any of these statements. However, the

experiments performed with the Quartz Crystal Microbalance gave evidence for a pronounced

resputtering of the deposited film by the plasma species at high vacuum. The sputtering yield

decreased with increasing background pressure. The pressure at which the sputtering is almost

absent is between 0.1 and 0.3 mbar. This is the same value which is found to be optimum

condition for deposition of Li-Mn-0 films. It is therefore possible that the high energetic species

in the plasma are resputtering the film deposited on the substrate. The sputtering yield for lithium
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may be higher than for manganese which could explain the deficiency of lithium in the film

especially at low background pressures. Measurements with the Langmuir Probe revealed a

strong interaction of the ionic species with the background gas and a pronounced slowing down

at higher pressures. Mass spectrometry identified manganese as the most energetic species in the

plume.

However, there are still many open questions that remain:

The sputtering of the deposited film should be further investigated to complete the knowledge

about the deposition mechanism. For this the binding energies of lithium and manganese in the

film have to be known, which could be obtained by X-Ray Photoelectron Spectroscopy (XPS).

The measurements performed with the mass spectrometer are only first results. The apparatus has

still to be optimized for our experiment to yield better data about the species in the plasma plume.

Finally, more electrodes are necessary to perform a systematic investigation of the

electrochemical mechanisms in the film. This includes the optimization of the scanning rate of

the electrodes. Future electrodes will be deposited onto doped silicon substrates because they

exhibit a much lower roughness than the titanium foil samples and allow a better characterization

by RBS/ERDA.
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Appendix

ESTIMATION OF THE ADSORBED AMOUNT OF WATER ON THE IRRADIATED

POLYMER SURFACE.

Dyrimid1M polymer

Assumptions:

There are five possible chromophores in the monomer. However, for this estimation only the

three chromophores are used that are specific to the photosensitivity, i.e. from the difference in

structure between Durimid and PMDA. The candidates are marked with a circle. Thickness of

one monolayer 1 nm.

Chromophore density:

Molecular weight of monomer: 208.43 g/mol

Density of polymer: 1.12 g/cm3

Monomer density:

Density of polymer / Molecular weight of monomer = 5.37T0"3 mol/cm3

3 chromophores per monomer: chromophore density 9.7TO21 cm"3

irradiated area: 0.238 cm. Volume of one monolayer: 2.38T0"8 cm3
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number of chromophores at the surface: 2.31 TO13 i.e. 3.83T0"11 mol (assuming that within one

chain all chromophores are at the surface) every chromophores yields two radicals, i.e. two OH

(17 g/mol) groups adsorbed and one CO (28 g/mol) eliminated.

Mass gained 1.3 TO"9 g

Masslostl.0710"9g

Difference: 2.3410"10 g

Mass density for the irradiated area: 0.98 ng/cm2 « 1 ng/cm2.
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