Simulation Assisted Analysis of the Ablation of Thin,
Transparent and Semiconducting Films with Ultrashort
Pulsed Laser Radiation

Simulationsgestiitzte Analyse der Ablation diinner,
transparenter und halbleitender Schichten mit ultrakurz
gepulster Laserstrahlung

Von der Fakultét fiir Maschinenwesen der
Rheinisch-Westfélischen Technischen Hochschule Aachen zur
Erlangung des akademischen Grades eines Doktors der
Naturwissenschaften genehmigte Dissertation

vorgelegt von

Dorian Kiirschner

Berichter: Univ.-Prof. Dr. rer. nat. Wolfgang Schulz
Prof. Dr. Ing. Andreas Michalowski

Tag der miindlichen Priifung: 02. Juli 2024

“Diese Dissertation ist auf den Internetseiten der Universitatsbibliothek online
verfugbar.”






Danksagung

Mein aufrichtiger Dank gilt Herrn Prof. Dr. rer. nat. Wolfgang Schulz,
fir die spannende Aufgabenstellung, seine fachkundige Anleitung,
konstruktive Kritik und engagierte Betreuung wéhrend des gesamten
Promotionsprozesses. Seine Weisheit und Erfahrung haben mafigeblich
dazu beigetragen, diese Arbeit zu formen. Herrn Professor Prof. Dr.
Ing. Andreas Michalowski danke ich sehr herzlich fiir die Ubernahme
des zweiten Berichters.

Besonders mochte ich mich bei Dr. rer. nat. Markus Niessen
bedanken, der wichtige Impulse und Anregungen zu komplizierten
Fragestellungen lieferte. Thm verdanke ich viel meines heutigen Wissens
zur numerischen Umsetzung mathematischer Modelle. Des Weiteren
bedanke ich mich bei Christian Heinigk, Christoph Schoéler und Goran
Hallum fiir viele aufschlussreiche Diskussionen, ohne die das Vollenden
der Promotion nicht moglich gewesen ware.

Ein herzliches Dankeschon geht an meine Kollegen und Kommilito-
nen, die stets bereit waren, Ideen auszutauschen, wertvolles Feedback
zu geben und gemeinsam Herausforderungen zu bewiéltigen. Die un-
terstiitzende Gemeinschaft, in der ich arbeiten durfte, hat diese Reise
bereichert.

Dartiber hinaus mochte ich meinen Eltern Anke und Andreas danken.
Thre bedingungslose Unterstiitzung, Geduld und Férderung meiner
Interessen haben mafigeblich zu dem Erfolg meines Physik Studi-
ums beigetragen. Meinem Bruder Leon danke ich fiir den Ausgleich
wahrend anstrengender Zeiten. Besonderer Dank gilt meiner Freundin
Annemarie fiir die Geduld und uneingeschrinkten Riickhalt wihrend
meiner Promotionszeit.






Kurzfassung

Das Abtragen diinner, transparenter halbleitender Schichten mittels
ultrakurzer Laserstrahlung gewinnt durch immer kleiner werdende
Strukturen in integrierten Schaltkreisen oder funktionalen Oberflichen
zusehend an Bedeutung. Zur Kontrollierbarkeit des Ablationsprozesses
ist ein genaues Verstdndnis der grundlegenden physikalischen Mech-
anismen unabdingbar. Vor diesem Hintergrund wird der Ablations-
mechanismus diinner, transparenter halbleitender Schichten mittels
ultrakurzer Laserstrahlung untersucht.

Um den Einfluss der wichtigsten Laserparameter auf die Ablations-
dynamik zu charakterisieren, wird ein numerisches Prozessmodell en-
twickelt, welches die zugrundeliegenden, physikalischen Mechanismen
beschreibt. Das Modell beinhaltet die Beschreibung der sich wéhrend
des Laserpulses andernden optischen Eigenschaften iiber die freie Elek-
tronendichte, die aus der absorbierten Energie resultierende Temper-
aturverteilung und die daraus folgende mechanische Ausdehnung. Die
Lésungen werden auf Grundlage experimenteller Beobachtungen vali-
diert.

Zusétzlich wird zur Modellierung der geometrischen Form von Abla-
tionskratern ein reduziertes Modell fiir Metalle dahingehend erweitert,
dass ein Abtragen transparenter Halbleiter und Isolatoren ebenfalls
mit experimenteller Ubereinstimmung beschrieben werden kénnen.
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Abstract

Precise ablation of thin, transparent semiconducting layers using ul-
trashort laser radiation is becoming increasingly important due to the
decreasing structure-size in integrated circuits or functional surfaces.
An accurate understanding of the fundamental physical mechanisms is
essential for the controllability of the ablation process. For this reason,
the ablation mechanism of thin, transparent semiconducting layers is
being investigated using ultrashort laser radiation.

In order to characterize the influence of the most important laser
parameters on the ablation dynamics, a numerical process model is
developed which describes the underlying physical mechanisms. The
model includes the description of the changing optical properties during
the laser pulse via the free electron density, the temperature distribu-
tion resulting from the absorbed energy and the subsequent mechanical
expansion. The solutions are validated based on experimental observa-
tions.

In addition, to model the crater shape, a reduced model for metals
is extended to also describe the ablation crater geometry accurately in
transparent semiconductors and insulators with experimental agree-
ment.
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1 Introduction

With the steadily decreasing size of microchips and optoelectronic
devices, precise processing techniques become increasingly important.
Microchips and optoelectronic devices are built out of complex layered
structures which themselves consist of thin films of metals, insulators,
and semiconductors. Typical film thicknesses range from some tens
of micrometers down to only a few nanometers. The demand for
faster computers with higher computational capacity led to the growth
of the semiconductor industry. In 1965 Gordon Moore empirically
predicted the number of transistors would double every two years. This
is known as Moore’s law, and he believed himself that it would only
hold for ten years only [1]. Strikingly, Moore’s law remained valid to
date with now several billion transistors on a microchip, leading to
computers and devices with increasing computational capacity [2] and
boosting the impact of semiconductor industry on today’s society. In
2022 the market size of the semiconductor industry was 573.44 billion
USD and is predicted to grow with a compound annual growth rate
(CAGR) of 12.2 % to 1380.79 billion USD by 2029 [3]. In many technical
applications, such as thin film solar cells, display applications and wafer
dicing, it is necessary to locally remove certain films without damaging
the adjacent material around the processing region and beneath the
films. Depending on the application, processing techniques range from
lithography, chemical micro etching, mechanical micro grinding to
cutting or laser ablation [4, 5].

The use of laser ablation significantly reduces the number of process
steps compared to the other processing techniques. Additionally,
no aggressive chemicals are necessary, and the variety of possible
ablation geometries is increased. For this reason, laser processing
is already used in industrial process chains for the aforementioned
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technical applications. However, for complex multilayer structures
with sometimes unknown composition, it is often difficult to set up a
robust ablation process. The interplay of the material properties and
the different physical phenomena ranging from interferences of the laser
radiation within the thin films, ionization of semiconducting materials
and thereby temporally changing its optical and electric properties,
heating, thermal expansion, phase transitions and phase explosion
governs the ablation process. The identification of the relevant physical
mechanisms leads to controllability of the ablation process and may
lead to a reduction of damage such as heat affected zones, cracks, or
delamination.

1.1 Technical Motivation

Indium tin oxide (ITO) is a material particularly important for many
technical applications, such as thin film solar cells or displays, where
electrical conductivity and optical transparency are necessary. In
the case of passive matrix organic light-emitting diode (PMOLED)
displays, the pixels consist of individual organic light-emitting diodes
(OLEDs). The size of the individual OLED is reduced to achieve a high
display resolution, leaving no room for metallic contacts between the
OLEDs. The high optical transparency and electrical conductivity of
thin ITO films make ITO a promising candidate for display electrodes.
To maintain both optical transparency and a high display resolution,
a thin ITO film is applied to the display glass. Individual control
of the OLEDs is achieved by scribing conductive paths into the ITO
film. A simplified schematic sketch of a PMOLED can be found in
fig. 1.1 The scribing process for the conductive paths in the ITO layer
has to selectively remove the layer without damaging the substrate.
Therefore, ultrashort pulsed laser ablation can be used to selectively
ablate the ITO layer with minimal damage. Thus, the full functionality
and optical transparency of the display is ensured.

Another technical application where thin film ablation with ultra-
short laser pulses is important is wafer dicing. Typically, wafers consist
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Figure 1.1: Simplified schematic structure of a passive matrix
OLED (PMOLED) display. Transparent front-side electrodes are
required for the OLEDs to emit light through the display glass.
Due to the great electrical conductivity and optical transparency,
ITO is currently the most widely used material for frontside
electrodes.

of multiple thin layers and structures on a silicon (Si) substrate which
form individual integrated circuits (ICs). The film thicknesses range
from some nanometers to several hundreds of micrometers. The indi-
vidual ICs are spatially separated by low-« dielectrics. Low-x materials
belong to a group of materials which is specifically designed to exhibit
a smaller dielectric function than silicon dioxide (SiO2). The small
dielectric function results in a smaller parasitic capacitance which
enables higher switching frequencies in silicon components. To secure
the complex structures on the wafer from the influence of external
influences such as moisture or oxidation, the layered structures are
encapsulated with a SiNy-layer. After production, the ICs on the
wafer must be separated. This process is often called “dicing”. There
are multiple established dicing methods including dicing by grinding,
precise mechanical sawing, laser dicing, stealth dicing, plasma dicing,
and water jet assisted laser dicing [6]. Damage to the valuable ICs must
be avoided to ensure full functionality. Typical damage mechanisms
that occur include cracks or delamination of the layered structures
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or residual mechanical stress. A reduction of the mechanical load on
the multilayer structures during the dicing process can be achieved
by ”grooving”. During the grooving process, trenches are introduced
next to the actual cut to prevent cracks from propagating into the ICs.
Typically, ultrashort pulsed lasers in the ultraviolet (UV) are used
to generate the grooves by specifically removing the individual layers
between the ICs.

1.2 Goal Formulation and Approach

Both examples in section 1.1 (ablation of thin ITO films and laser
grooving of low-x materials for wafer dicing) illustrate the importance of
precise micromachining and selective ablation of thin semiconducting
or dielectric films. The goal of this work is the development of a
numerical process model for the ablation of transparent semiconducting
thin films, which is able to predict the ablation crater shape and
identifies the relevant physical mechanisms during the ablation process.
Fundamental understanding of the relevant physical mechanisms during
the ablation of thin films is necessary to avoid substrate damage, heat
affected zones, cracks, or delamination of the film. Within the scope of
this work, a numerical model is developed, which describes the relevant
physical processes during the interaction of intense laser radiation with
thin transparent films. The general outline of this work is therefore
divided into the following structure:

o Identification of dominant time and length scales and physical
mechanisms based on the current state of knowledge

e Formulation and reduction of the mathematical model based on
physical and phenomenological assumptions to allow for reason-
able computation times

e Model validation and comparison with experimental results

The scientific research questions that are to be answered in this work
will be addressed in the next section (c.f. section 1.2.1).



1.2 Goal Formulation and Approach

1.2.1 Research Questions

Depending on the laser parameters and the composition of a layered
stack of thin films, the laser ablation process includes a variety of differ-
ent mechanisms, that are either photo-thermally or photo-mechanically
driven (see also fig. 2.3) [6]. Thus, the first research question is:

e For which parameter values is the laser ablation of a
thin transparent layer photo-thermally and for which is it
photo-mechanically dominated?

¢ Is the ablation mechanism controllable, e.g., via the effec-
tive energy penetration depth de¢ and the film thickness
Ofilm”?

Ooff > Oiim  photo-mechanical?
Ooff < Oiim  photo-thermal?

o If the effective energy penetration depth is larger than the
film thickness dqr > gim, the whole film and the substrate
are heated by the laser radiation. The heating causes the
materials to expand thermally and cause pressure waves
which lead to photo-mechanical ablation mechanisms.

o If the effective energy penetration depth is equal to or
smaller than the film thickness defr < g1, only the film
gets heated leading to melting and evaporation of the
material. Consequently, the ablation mechanism is thermal
in nature.

Additionally, the geometric shape of the ablation crater has a signif-
icant influence on the functionality of the layer stack. In the case of
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PMOLED:s it is important to fully ablate the ITO-layer to ensure elec-
trical insulation (c.f. section 1.1 and fig. 1.1). To model the ablation
crater shape in a reasonable computation time for metals it has been
proven useful to use a threshold intensity or alternatively a threshold
fluence as a phenomenological ablation criterion [7]. In glasses the
phenomenological ablation criterion is given by the critical electron
density [6, 8, 9]. Consequently, the second research question is:

¢ Is it possible to model the ablation crater of thin semicon-
ducting films with a phenomenological ablation criterion?

e Can exceeding of a critical electron density be defined as
a phenomenological ablation criterion for the ablation of
thin semiconducting films?

In glasses the critical electron density can be used as an ablation
and damage criterion. The ionization process in semiconductors
and insulators (such as glasses) is very similar. For this reason,
it is anticipated, that exceeding the critical electron density can
be used as an ablation criterion.



2 State of the Art

Transparent conducting oxides (TCOs) represent a class of materials
with pivotal roles in optoelectronic applications. Particularly ITO
is widely used in many technical applications. This chapter delves
into the essential physical properties of TCOs, including electrical
conductivity, optical transparency, and mechanical characteristics, elu-
cidating their significance in thin film and optoelectronic applications.
Moreover, the contemporary relevance of laser ablation techniques for
TCO and especially ITO thin films is summarized. Laser ablation,
a precise material removal process, plays a vital role in structuring
TCO thin films, a critical step in electronic and optoelectronic device
fabrication. Furthermore, a comprehensive overview of the state-of-
the-art simulation models for laser ablation of transparent thin films
is provided.

2.1 Transparent Conducting Oxides

TCOs belong to a group of materials that are both electrically con-
ducting and transparent in the visible range of the electromagnetic
spectrum. Due to these two attributes, they are widely used in op-
toelectronic devices where transparency and electric conductivity are
both necessary (e.g., touch screens, solar cells, or smart windows).

A material is optically transparent if the bandgap A is larger than
the incoming photon’s energy FEp, = hco/A (with Planck’s constant h
and the vacuum speed of light ¢). The visible range of the electromag-
netic spectrum extends from wavelengths about A = 380 nm to 780 nm,
i.e., from blue to red (or Ep, = 3.2eV to 1.6eV). For this reason,
optically transparent materials have A > 3.2eV. If the photon energy
Epn exceeds the bandgap A, i.e., Epn > A electrons are excited from
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the valence to the conduction band. Within the conduction band the
electrons can move (almost) freely through the atomic lattice. Hence,
they are often called “quasi free electrons” or “free electrons”, where
the latter is used throughout this manuscript. To achieve metallic
conductivity, a sufficient density of free electrons must be available,
and the mobility of these electrons must be large enough to support an
electrical current. The free electron density is temporarily enhanced if
electrons are excited from the valence band to the conduction band.
The excitation of electrons from the valence band to the conduction
band can be realized either thermally or optically. Thermal excitation
at room temperature 300 K (which corresponds to 0.026 eV) is not suf-
ficient for overcoming bandgaps of several electronvolts. Optically, the
free electron density in the valence band can be temporarily enhanced
by linear absorption (if E,, > A) or nonlinear absorption (e.g., via
multiphoton ionization (MPI) or tunnel ionization).

Due to the strong interaction between free electrons and electro-
magnetic radiation, electrically conductive materials (e.g., metals)
show high reflectivity and small optical penetration depths of a few
nanometers in the visible spectral range (also see section 3.1.4). For
this reason, transparent materials often have large bandgaps and low
free electron densities. In contrast to this, a group of intrinsic semi-
conducting oxides combines the contradictory properties of optical
transparency (i.e., A > 3.2eV) and high free electron densities in the
order of 1 x 10*°cm™3 to 1 x 10%! cm™3 if they are strongly doped.
Depending on the amount and choice of doping atoms, the electrical
conductivity can be increased if the doping atoms increase the number
of free electrons or holes in the crystalline lattice. In the case of TCOs,
most of these oxides consist of zinc (Zn), cadmium (Cd), indium (In)
and tin (Sn) [10]. Particularly outstanding properties with respect to
chemical and mechanical stability, high optical transparency and a
simultaneously high electrical conductivity can be found in SiOq:F [11],
ZnO:Al [12] and ITO (IngO3:Sn) [13]. Introducing doping atoms into
the crystalline lattice can lead to an increase of the free electron density,
but also newly formed energy states within the bandgap which reduce
the optical transparency. The electrical conductivity of a material o
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depends on the charge carrier density n.,, which is a combination of
the electron density n, and the hole density n;, and their respective
carrier mobilities picy:

Oel = €flchTich (2.1)

where e corresponds to the electron charge. Therefore, to increase
the electrical conductivity, while maintaining optical transparency, the
charge carrier mobility pc, has to be increased since increasing the
carrier density results in higher reflectivity and absorption. In order
to ensure optical transparency, a reasonable amount of doping has to
be chosen. An increase of the charge carrier mobility can be achieved
by improving the manufacturing process, resulting in a reduction of
crystal defects [14]. The defects act as scattering centers and reduce
the charge carrier mobility.

A variety of different techniques can be used for preparation of
TCO films ranging from evaporation in vacuum [13, 15] or reactive
atmospheres [13, 16], sputtering in reactive and nonreactive atmo-
spheres [17], reactive ion plating [18] to chemical vapor deposition
(CVD) [19-21]. The physical properties of the TCO layers are strongly
influenced by the process parameters in the process chamber. Relevant
process parameters are for example, the air or oxygen pressure in the
process chamber and the electric and magnetic field strengths used for
acceleration of the ions to bombard the target material for ejecting
atoms or molecules from the target surface. Ceramic targets find use
in direct magnetron sputtering [14]. To reduce the number of defects,
thermal post treatment in the form of annealing is often applied [13].

2.1.1 Indium Tin Oxide

Due to its large optical transparency in the visible spectral regime
of more than 80 % and electrical conductivities ranging from e ~
3x10*Sm™! to 2.6 x 10°Sm™!, ITO is one of the most used TCOs
in optoelectronics [22]. Its applications are e.g., display technologies,
touch screen devices, thin-film-solar cells, and thermally reflective
window coatings [13, 23, 24]. As already described, the large electrical
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conductivity in semiconductors is achieved by introducing free electrons
via doping. To obtain ITO, indium oxide (InyO3) is doped with a
volume content of 9-20 % of tin dioxide (SnOgz). Thereby, electron
densities in the range of 1 x 102° cm ™3 to 1 x 10?! em ™3 can be achieved
[25]. Starting with InpOg, in the following the electronic structure of
ITO is described.

Electronic structure

The crystal structure of In,O3 is quite complex with around 80 atoms
per unit cell. The filled valence band of InyO3 consists mainly of
the oxygen 2p-orbitals while the conduction band is formed by the
Hs-orbitals. The fermi level of the undoped material lies within the
bandgap. Substitution of an In3t by a Sn** leads to donor states
below the 5s conduction band of the host material. The donor states
are formed because one of the electrons of the Sn*t atoms does not
form a bond. Additionally, oxygen vacancies act as double electron
donor states with an energy 0.03e¢V below the conduction band [26]
while excess oxygen atoms in the ITO layer trap free electrons [27]. A
schematic illustration of the crystal structure with Sn doping and an
oxygen vacancy is given in figs. 2.1a and 2.1b, respectively.

Stabilization of the surrounding In3* ions is achieved by releasing
two electrons to the conduction band [28]. Large SnO2 doping contents
lead to a transformation of the donor energy states to a donor energy
band, which partially overlaps with the conduction band [31]. A
schematic sketch of the band structure of ITO is shown in fig. 2.2.
The Mott criterion can be used to estimate the material dependent
critical electron density which is necessary to induce an insulator-metal-
transition [13]:

1
Ne.arit3ag ~ 0.25 (2.2)
where ag = 1.3nm is the effective Bohr radius of ITO [13]. For

doping levels resulting in charge carrier densities exceeding the Mott
criterion (n, >1x 10 cm3 to 1 x 10! em?), ITO can be considered as

10



2.1 Transparent Conducting Oxides

oo™ e
Sn*t . SR ‘
e~
-0 @

(a) Sn Doping (b) Oxygen Vacancy

Figure 2.1: Oversimplified sketch of the crystal structure of
In,O3 with (a) Sn-doping and (b) an oxygen vacancy . After [29,
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Figure 2.2: Schematic energy bands for ITO with different
doping levels. Small doping generates energy states just below
the conduction band. For large doping the energy states form a
band that partially overlaps the conduction band [26, 28].
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a semiconductor having a full valence band and a parabolic conduction
band partially filled by a degenerate free electron gas [13, 32].

2.2 Laser Ablation of Thin Indium Tin Oxide Films

After the deposition of ITO films, material processing techniques like
photolithography and wet etching still find use in industrial environ-
ments. Lately, these techniques have mostly been replaced by laser
structuring [33]. In comparison to wet etching, the use of laser structur-
ing is advantageous because the number of process steps is drastically
reduced, no aggressive chemicals are necessary and there is a flexibility
in the choice of ablation geometries [34, 35].

Nanosecond-laser pulses were mostly used for ablation of ITO films
on transparent substrates due to high ablation rates. The absorption
properties of the substrate strongly influence the ablation behavior of
the ITO films [36, 37]. Using nanosecond laser pulses, full delamination
of the ITO film was demonstrated. However, large heat affected zones
and ridge formation with a height of a few hundred nanometers are the
consequence of the thermal ablation process [36-38]. Especially the
ridge formation has to be avoided for the use in OLED and thin-film
solar cells, where the typical film thickness is in the order of the ridge
height. In these applications the ridges can penetrate additional layers
and are able to promote the formation of electrical bypasses [39].

Replacing the nanosecond laser sources with ultrashort pulsed lasers
leads to a reduction of the size of the heat affected zone and ridge
height to several 10 nm [38, 39]. During ultrashort pulsed laser ablation
of thin films on transparent substrates, different dominant ablation
mechanisms can be observed. These ablation mechanisms are summa-
rized in fig. 2.3. For film side irradiation, if the film is not transparent
for the incident light, direct ablation is observed (c.f. fig. 2.3a). For
substrate side irradiation and non-transparent films, the laser radiation
is transmitted through the substrate and absorbed in the film. Thereby,
a confined energy situation is created which leads to a laser lift-off (c.f.
fig. 2.3b). Analogous to fig. 2.3b, if the film is transparent and the sub-

12
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Figure 2.3: Schematic illustration of ablation mechanisms for
processing of thin films. (a) Direct ablation for film side irradi-
ation and non-transparent films. (b) Directly induced ablation
for substrate side irradiation and non-transparent films. The
laser radiation is transmitted through the substrate and absorbed
in the film. This generates a confined energy situation at the
film-substrate interface and results in a laser lift-off. (c) Indirectly
induced ablation for film side irradiation and transparent films.
The laser radiation is transmitted through the film and absorbed
in the substrate. Analogous to (b) this generates a confined
energy situation at the film-substrate interface and may result
in a laser lift-off. (d) Partially induced ablation for film side
irradiation and transparent films. For high laser intensities the
film changes its optical properties during the pulse and is only
transmissive in the outer spatial regions where the laser intensity
is low. This may result in both a laser lift-off in the outer spatial,
where the laser intensity is small regions and direct ablation in
the center where the intensity is large.

13



2 State of the Art

strate absorbs the laser radiation a laser lift-off can be induced by film
side irradiation (c.f. fig. 2.3c). For high laser intensities, the optical
properties change due to excitation of free electrons from the valence
to the conduction band (c.f. sections 3.1.4 and 3.1.6). This leads to a
reduction of the optical penetration depth in and stronger reflectivity of
the film in the center of the gaussian intensity distribution of the laser
pulse. In the outer regions, where the generated electron density is not
large enough, the radiation is transmitted into the substrate, where it
can lead to a confined energy situation. Therefore, the ablation mech-
anisms result in a combination of a laser lift-off in the outer regions
and direct ablation in the center (c.f. fig. 2.3d). If the laser radiation
is absorbed in the substrate, substrate damage has to be avoided to
maintain high optical transparency of the sample. Experimentally,
film side irradiation with wavelength of 800 nm and a pulse duration of
150 fs was performed without substrate damage, which is caused due to
the differences in ablation thresholds. The ablation thresholds for ITO
were (0.07J cm™2) and the glass substrate (1.2Jcm™2 to 1.6 J cm™2),
respectively [40]. The measured ridge height was 10nm to 20 nm and
was caused by melt expulsion due to the hydrodynamic pressure in the
ablation volume [40, 41]. Studies with picosecond laser pulses with
pulse durations of 10 ps to 15 ps and wavelengths of 343 nm, 515 nm
and 1064 nm showed ridge heights below 20 nm to 70 nm and no heat
affected zones [39, 42].

2.3 Simulation of Laser Processing of
Semiconductors

So far, only experimental studies have been mentioned. In the following,
a summary of the state-of-the-art simulation approaches for laser
processing of glasses, semiconductors and semiconducting thin films is
given.

In [42-44] McDonnel et al. investigate the interaction of nanosecond
and femtosecond laser pulses with very thin 20nm to 100nm ITO
films on polyethylene terephthalate (PET) and glass substrates. The

14
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material removal was caused by thermal expansion of the PET substrate
due to laser heating. This was found to be independent of the incident
wavelength (266 nm, 355 nm, 532 nm and 1056 nm) and pulse duration
(500 fs to 20 ns). In order to model the temperature distribution during
and after laser excitation, a parabolic two temperature model (TTM) is
used and compared to the experimental ablation craters. However, to
model the laser-matter interaction only equilibrium optical properties
were used.

Similar to [42—44] in [45], Chen et al. also utilize a TTM. However,
on a femtosecond timescale, nonequilibrium thermodynamics predict
that Fourier’s law should be corrected to take the relaxation of the
heat flow into account [46, 47]. This leads to a hyperbolic formulation
of the TTM (instead of the parabolic equations) and was applied in
one dimension to 1 pm gold films irradiated with femtosecond laser
pulses in [45]. Additionally, the mechanical stresses were modeled by
a combination of thermal stresses and the electron blast force. The
electron blast force describes the lattice deformation which is caused
by hot electrons moving through the lattice.

Later the hyperbolic two temperature model was applied to predict
the ablation threshold in bulk Si [48] by extension to free charge carrier
dynamics and transport. The presented fully self-consistent model
describes the transport dynamics in bulk Si due to ultrashort pulsed
laser heating.

A similar model was presented by Rédmer et al. in [49] to theoretically
predict the ablation thresholds in bulk Si. In contrast to [48], where the
optical properties were electron temperature dependent, a Drude model
was implemented to account for the highly transient optical properties
of Si during the irradiation with 100 fs 800 nm laser pulses. The TTM
and Drude-model both incorporated different electron-hole and carrier-
phonon collision times strongly influences the lattice temperatures
and therefore the ablation thresholds. Additionally, it is found that a
TTM is sufficient to predict the ablation threshold while neglecting
degeneracy and transport effects.

In [50] Gamaly and Rode model transient optical properties for laser
wavelengths 800 nm and 1300 nm in bulk Si and SiOs. The transient
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optical properties are described using the dielectric function which
describes the contribution of bound and free electrons. For large laser
intensities, it was found that the latter dominate the optical response
of the material and swift ionization leads to metallization of Si.

A model predicting the ablation craters in bulk SiOs using 800 nm
femtosecond laser pulses is given by Aldana et al. [8]. Beginning
with a wave equation for the electric field, the pulse propagation
within the material is described in time domain, including a temporally
changing dipole moment density is solved. The spatial distribution of
the electron densities is computed by the electric field distribution using
rate equations. Due to the short pulse duration the recombination
terms in the rate equation are neglected. The crater shape is accurately
predicted by using the ablation criterion that the free electron density
exceeds the critical electron density.

Using the critical electron density as ablation criterion was also used
by Sun et al. [9]. In contrast to solving a full time-dependent wave
equation as in [8], a beam propagation method (BPM) was used to
describe multi-pulse ablation craters in bulk soda lime glass. The
BPM consists of the paraxial Helmholtz equation which computes the
spatial distribution of the electric field. Depending on the electric
field strength the free electron density is locally estimated using a
metamodel.

A full three-dimensional atomistic approach to model the laser
excitation of bulk Si by molecular dynamics (MD) simulations was
done by Watanabe et al. [51]. It was found that the velocity of the laser
generated shock wave agreed well with elastic theory. Furthermore,
laser excitation causes the Si surface to rise due to thermal expansion.
Afterwards particles form small clusters and are expelled from the
ablation crater. The maximum force acting on the atoms was found
to be at a depth of 25 nm.

For thin metal films consisting out of aluminum, nickel or gold, there
are various models describing the ablation process with hydrodynamic
considerations. The equations that are typically solved are Euler equa-
tions in combination with a two-temperature model [52-54]. In [52]
Olbrich et al. describe the interaction of ultrashort laser pulses with
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a 150nm gold film in one dimension. A comparison between experi-
mental ablation craters and pump probe reflectometry measurements
is also provided. The interplay of heating, phase transitions and the
propagation of shock and rarefaction waves was able to explain the
flat ablation structures in the experimental results.
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3 Phenomenology of Laser
Ablation of Thin Films

Laser ablation of thin semiconducting films is a consequence of the
complex interaction between intense laser pulses and solid materials.
The ablation process with ultrashort laser pulses is based the interplay
of different physical effects including the propagation and absorption of
laser light within the material, ionization of free electrons, which alter
the optical properties, heating of the atomic lattice or phase transitions
and phase explosions. This chapter focusses on these phenomena and
describes the relevant physical models that are obligatory to model
the ablation process. This incorporates the laser radiation propagation
in thin films, the description of optical properties, electron dynamics,
heating and mechanical pressure waves.

3.1 Physical Processes

3.1.1 Optical Phenomena in Semiconductors

The optical properties of semiconductors play a crucial role in various
optoelectronic devices and applications ranging from solid state light-
ing to solar energy harvesting and telecommunications. The precise
optical properties of a semiconductor depend on its material compo-
sition, doping level and crystal structure. If light travels through a
semiconductor different phenomena can occur [55]:

¢ Absorption becomes relevant if the light’s frequency is resonant
with the transition frequencies of the atoms in the medium.

e Refraction causes the light wave’s propagation velocity to be
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smaller than in free space. As described by Snell’s law this leads
to bending of light waves at material interfaces.

Reflection arises at the material interface between two adjacent
media due to a change of the refractive index.

Transmission at a material interface is related to the reflection
of light at the interface. It is the fraction of the light which is
not reflected at the interface.

Transmission of a sample (i.e., the transmission of a volume) is
related to absorption A and reflection since only the fraction of
unabsorbed light that is not reflected at any material interface
of the sample R can be transmitted: T=1— A — R

Photoluminescence occurs if photons excite electrons from the
valence to the conduction band. After a characteristic material
dependent delay time, the excited electrons recombine and re-
emit photons by spontaneous emission. This process is called
fluorescence. If excited electrons cannot easily recombine from
the excited state because the transition is forbidden due to
momentum conservation the recombination occurs slowly. Then
the characteristic timescale is much larger in comparison to
fluorescence. This process is called phosphorescence.

o While photons propagate through matter they interact with the

atoms and quasiparticles, which scatter them away. Scattering
causes light to change its direction and potentially its frequency
during travelling through a medium. Typical scattering mecha-
nisms are e.g.,

— Mie scattering: elastic process where the size of the (spheri-
cal) particles is in the order of the wavelength.

— Rayleigh scattering: this is an elastic process where the size
of the atoms, molecules or impurities is small compared to
the incident wavelength.
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— Phonon scattering: interaction between acoustic and optical
phonons with the photons

— Inelastic scattering: Raman scattering or Compton scatter-
ing

e Nonlinear optics become relevant if the light intensity becomes
very high due to the (weak) nonlinear dependence of the optical
parameters on the intensity. Some examples for nonlinear effects
are self-focusing (Kerr effect), second harmonic generation (SHG)
or MPI.

3.1.2 Time Scales During Ultrashort Pulsed Laser Ablation
of Thin Transparent Films

The interaction of intense ultrashort laser pulses with thin, transparent
dielectric films gives rise to multiple physical effects ranging from optics
to thermodynamics and mechanics which all happen on different time
scales. Figure 3.1 depicts the most important effects and their physical
causality. Depending on the film thickness g1, and the wavelength A
of the incident laser pulse the laser pulse needs a time ¢t = n(\)dgim /co
to travel through the film. Here n corresponds to the refractive index
of the material and cg to the speed of ligth in vacuum. For an ITO-film
with a thickness of dg, = 100nm and a laser wavelength of 1056 nm
(n(A = 1056 nm) ~ 1.09 [56]) the time equals ¢ ~ 0.36 fs.

A detailed mathematical description of an electro-magnetic wave
travelling through a (dielectric) medium is given by the Maxwell
equations (see section 3.1.3). During the propagation, laser radia-
tion gets absorbed due to ionization of the material either by inverse
bremsstrahlung absorption of free electrons or multiphoton absorption
(c.f. section 3.1.6). The generated free electrons change the dielectric
function locally and temporally leading to refraction of the laser radia-
tion. The absorbed energy is deposited in the electronic system leading
to a strong disequilibrium between the temperatures of the electronic
and lattice subsystems [57, 58]. The disequilibrium of temperatures
relaxes via the electron-phonon-coupling. Mathematically, this can be
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Figure 3.1: Schematic overview of time scales and causalities
of physical effects during the interaction of a femtosecond laser
pulse and a transparent semiconductor. The length of the boxes
indicates the typical timescale of the physical effect.

described by the TTM (see section 3.1.8) [45, 47, 49, 57]. The mate-
rial dependent strength of the electron phonon coupling dictates the
timescale on which the two systems relax. Typical values for the elec-
tron phonon coupling constant in metals are e.g., 3.5x 1016 Wem 3 K1
for gold or 56.9 x 106 Wem =3 K~! for aluminum [47]. In semiconduc-
tors the electron phonon coupling is non-constant as it depends on the
electron density and electron temperature [59]. The relaxation results
in lattice heating and heat conduction of the phononic system [48, 60].
For ultrashort laser pulses, the time ¢ in which the energy is deposited
(t < 1ps) within the material is much shorter than the time required
to transfer the energy to the lattice (= 10ps to 20 ps). An estimate
for the thermal penetration depth for laser pulses with pulse durations
of several picoseconds or longer can be made with the thermal con-
ductivity, where the temperature dropped to the 1/e-th fraction of its
maximum value: gt = 24/ Dyp - 7. The thermal penetration depth for
pulses with a pulse duration smaller than 10 ps is in the order of some
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10 nm while for nanosecond laser pulses it extends over some pm [61].
The lattice heating causes thermal expansion and leads to pressure
waves within the material. If the energy deposition is faster than the
time necessary to distribute the energy into the surrounding material a
confined energy situation is achieved [62, 63]. This leads to overheating
of the interaction volume, that results in ultrafast phase transitions
and phase explosion after 10 ps which can cause shock waves in the
material [64—66]. In the following subsections, the relevant physical
processes and their corresponding models are described in more detail.

3.1.3 Maxwell’'s Equations

The mathematical description of the interaction of electromagnetic
radiation with matter is governed by Maxwell’s equations. Maxwell’s
equations in matter units are given by (in SI units):

v.D="¢ (3.1)
€0
V.B=0 (3.2)
VxE=-B (3.3)
V x H = J;+ 00, D (3.4)

with E being the electric field strength, n. the free electron density D
the displacement field, B the magnetic flux density, H the magnetic
field strength and Jf the current density of the free charge carriers
respectively. D and H are connected to E and B via the electric
dipole moment density P and the magnetization M:

D=¢E+P (3.5)
1

H=—B-M (3.6)
Ho
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3 Phenomenology of Laser Ablation of Thin Films

From Maxwell’s equations (egs. (3.1) and (3.4)) a wave equation for
the electric field can be derived:

1
6—28§E — V2E = — o0y Jy — o0} P
0 ) (3.7)
- %Vne,tot — 100¢(V x M)

with the total electron density me tot, consisting of the bound elec-
tron density ny, and free electron density ne: 7etot = np + ne and
togo = 1/ co?. Apart from the assumption that the material laws may
be averaged over the volumes, in eq. (3.7) no further assumptions have
been applied so far. Thus, there is no loss of generality. For non-
magnetic materials, the magnetization M can be neglected M = 0.
Then eq. (3.7) reads:

1 1
@8ZE ~V2E = — oy Jy — o0t P — 5vne,wt (3.8)

Gaussian Beam & Laser Pulses

In free space with absence of charge carriers eq. (3.7) can be reduced
to:

1
—0;E-V’E=0 (3.9)

€0

Separation of variables (E(r,t) = E(r) exp(iwt)) leads to the Helmholtz
equation where k = w/cg is the magnitude of the wave vector k:

V2E +k*E =0 (3.10)

Laser radiation is distributed in a small spatial area and propagates into
one primary direction. Assuming the primary propagation direction is
aligned along the z-axis, the following ansatz is expedient:

E = Egexp(ikz) (3.11)

where Ey is the (complex) amplitude of the electric field. Using the
slowly varying envelope approximation (assuming that the angle fop¢
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between k and the optical axis is small fopy < 1) gives: k0| > 92.
Thus, eq. (3.10) becomes:

(07 + 02) E + 2ikd.E = 0 (3.12)

One solution to eq. (3.12) is given by the transverse electro-magnetic
(TEM)-modes, where the (m,n) mode TEM,, ,, equals [67]:

Emn(z,y,2) =Ey wo Hon <ﬂ$> Hn (ﬂy)

w(z) w(z) w(z)

- exp <—(:1:2 + %) (wgz) + QRZCk(z))) (3.13)

-exp (—ikz —i(m +n + 1)()

where H,, is the Hermite polynomial of order m:
dm

Hon(z) = (1) exp (2°) — exp (—2?) (3.14)

dx™

further are w(z) the beam radius, R.(z) the curvature of the wavefront
and ¢ the Gouy-phase which are given by:

w(z) = woy |1+ <Z> (3.15)

ZR

Re(z) = = <1 + (2)2> (3.16)

¢ = arctan (Z) (3.17)

ZR

(3.18)
Here 2R corresponds to the Rayleigh length, which is the distance
along the optical axis where the cross-sectional area of the laser beam

is doubled with respect to the area to the focal position. As a Gaussian
beam propagates, it undergoes a phase shift along its direction of
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propagation, distinct from the phase shift experienced by a plane wave
with the equivalent optical frequency. This distinction is referred to
as the Gouy-phase shift . For a Gaussian beam propagating through
a focus the phase shift (for the far fields on either sides of the focus)
equals — [68]. For n = m = 0 the TEMy,, mode (eq. (3.13)) reduces
to the fundamental TEMyy Gaussian mode:

E(r,2) = Ey w“(’z) - exp <_w;"(2z)>

. exp (—i (k:z + 2;:(22) - ())

where 7 = /22 + y?2 corresponds to the radial coordinate in cylindrical
coordinates. In many cases the fundamental TEMyy Gaussian mode,
also known as Gaussian beam, is sufficient to describe the propagation
of laser radiation along the optical axis. Given the electric field
(eq. (3.19)) the corresponding intensity distribution I(r,z) can be
calculated using I = |E|?/(2/n0) with the characteristic impedance of
free space ng = 377 €

I(r,2) = Iy <uj‘(’2)>2exp (—j;;;) (3.20)

The time dependence of the wave equation has been omitted for the
equations above and continuous radiation is considered. For laser
ablation however, it is often advantageous to use pulsed lasers because
higher peak intensities can be achieved. The mathematical description
for the temporal distribution of ultrashort gaussian laser pulses with
a pulse duration 7, (measured at the full width at half maximum
(FWHM)) is given by:

(3.19)

I(#) = Ip exp (41n(2)<t_t0)2> (3.21)
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Hence, the spatial and temporal intensity distribution for a gaussian
pulse is at z = 0 given by:

I(r,t) =1I(r,z) - I1(t) (3.22)
7"2 _ 2
= Ipexp <—ZO2> exp <—41n(2)(t7_p7;0)) (3.23)

The fluence F' is obtained by integration over time:

F(r) = / C ey dt (3.24)

—00

Integration of the fluence over the area gives the pulse energy:

By = /%/ ) rdrdg (3.25)

3.1.4 Optical Properties & Dielectric Function

The abrupt change of the refractive index at a material causes light
waves to be reflected and refracted. The reflectivity R of the material
interface depends on the complex refractive indices n1,no of the mate-
rials 1 and 2 and the polarization of the incident light. Using Fresnel’s
formulae for s and p polarized light the respective reflectivities R, R,
for nonmagnetic media give:

2
2
N1 cos(Qine) — \/ (Z— sin(inc )
Ry = - (3.26)
N1 cos(Qine) + ng\/ (”—; sin(ainc) )
3 2
N9 €o8(ine) — N1 (Z— sin(ine >
R, = (3.27)
ng cos(ine) + N1 \/1 — (% sm(amc))
For unpolarized light the Fresnel reflectivity Ry is given by:
Rp = 0.5R, +0.5R, (3.28)
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The complex refractive index is connected to the dielectric function by
n = y/e. The dielectric function ¢ is a complex function depending on
the angular frequency of the light w and other parameters such as the
temperature, mass density or the free charge carrier density ne. In some
publications, the temperature dependence of the dielectric function is
modeled via a temperature-dependent free electron density (see e.g.
[49]). In laser material processing, the temperature of the material is
related to the incident laser intensity. Therefore, within the scope of
this manuscript, the free electron densities are computed as a function
of the laser intensities instead of temperatures (c.f. section 3.1.6).
Thus, the temperature-dependence of other parameters (e.g. mass
density) are neglected and just the free charge carrier contribution to
the dielectric function is considered:

e =¢e(w,ne) (3.29)

The dielectric function describes the response of a material to an
external electric field. On a microscopic scale, the dielectric function
can be derived from the equation of motion for the displacement x of
the individual electrons driven by an electric field E [55]:
2

mec(litf + mefyeli—f + MeWres T = —eE (3.30)
where m, and e are the mass and charge of the electron, 7, corresponds
to the collision frequency of the electrons and wyes to the resonance
frequency of a harmonic oscillator, respectively. The displacement x
for the electrons from their initial position induces a dipole moment.
The dipole moment density P is given by:

P = —neex (3.31)

where n, corresponds to the free electron density. Assuming a harmonic
oscillating electric field E with amplitude Ey and angular frequency w

E = Ey - exp(—iwt — ) (3.32)

the dielectric function e(w,ne) can be derived. In the following, the
solutions for the relevant dielectric functions are described briefly.
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Drude Model

To model the free charge carrier contribution to the dielectric function
¢ of metals and doped semiconductors the most commonly used model
is the Drude model [55]. Since the electrons can freely follow the
electric field, no resonances are available. Therefore, the last term on
the left-hand side of eq. (3.30) vanishes wyes = 0, which leads to:

2
Wp

. , = - — 3.33
€D ude(w ne) €0 W2+ el ( )
2
wp = 4 | =5 (3.34)
g0

Here w), corresponds to the plasma frequency, 7.1 to the electron colli-
sion frequency, e to the electron charge, €y to the vacuum permittivity
and m} to the electron effective mass, respectively. e, describes
the dielectric background. When the angular frequency of the laser
radiation reaches the plasma frequency w, the transmission at the
material interface increases drastically leading to a strong decrease of
reflectivity. The plasma frequency w, depends on the electron density
ne and corresponds to the critical electron density necrit where the
material surface becomes transparent (c.f. egs. (3.33) and (3.34)). In
doped semiconductors the polarizability of the bound electrons ey
and the dielectric background €., contributes to the dielectric function.
Therefore, the effective plasma frequency wj, becomes [55]:

2
WGy = 4| —=E (3.35)
Eoo EQMg

with e00™ = €pol + €00- Most of the radiation becomes absorbed within
the optical penetration depth. If the free electron density n. exceeds the
critical electron density ne crit, the material becomes metallic leading
to a strong increase of the reflectivity. Simultaneously, the optical
penetration depth dop¢ is drastically reduced. The optical penetration
depth dop¢ is inversely proportional to the absorption coefficient avps.
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The absorption coefficient itself is proportional to the imaginary part
of the complex refractive index J(n) = J(y/¢) and ¢g corresponds to
the speed of light:

1
ol me) = o) 3
2w0
Qabs(W, Me) = a\s( e(w,ne)) (3.37)

If the bound electrons are exposed to electromagnetic radiation, this
leads to polarization of the material. For the bound electron contri-
bution different models have been proposed: e.g., the Drude-Lorentz
model or a Tauc-Lorentz model. [50, 55, 69].

Drude-Lorentz Model

The dynamics of bound electrons, ions or permanent dipoles can be
modeled using the Drude-Lorentz model resulting from a damped
harmonic oscillator with a resonance frequency wyes (c.f. eq. (3.30))

[55]:

nye? 1
2

epL(w, np) = €00 + (3.38)

E0ME  Wres? — W2 — 1Yqw

Here ny, is the bound electron density, e the electron charge, g the
vacuum permeability, m} the effective mass, v, the electron collision
frequency and e is the dielectric background once again.

In general, the electron collision frequency 7. is not constant but
depends on the electron density n.. As described in [8], the frequency
of electron-electron collisions increases with the electron density and
saturates to a maximum value ypax:

1 Ne

Yel = — = Ymax °

_ 3.39
Te ne + B Te,crit ( )

The Drude dielectric function eppuqe and the Drude-Lorentz dielec-
tric function epy, differ in the fact that the Drude-Lorentz model
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incorporates a resonance frequency wyes. The resonance frequency in
the Drude-Lorentz model accounts for interband transitions which are
not considered in the Drude model. Moreover, the first factor in the
second term includes the bound electron density ny, instead of the free
electron density ne. Thus, compared to the Drude model, the cut-off
frequency where the reflectivity vanishes is at higher frequencies.

Tauc-Lorentz Model

In 1968, J. Tauc developed a model to determine the optical bandgap of
amorphous semiconductors from its absorption spectrum [70]. Tauc’s
expression for the imaginary part of the dielectric function above the
band edge refers to the density of electronic states participating in the
absorption process that leads to the creation of electron-hole pairs The
imaginary part of the dielectric function is given by [69, 70]:

(Eph - A)Q

era(Bp) = Ar T
p

(3.40)

where Ey, is the energy of the photons and At is a proportionality
factor and A corresponds to the bandgap of the material, respectively.
Using this expression, the optical bandgap of a material can be obtained
by using the Tauc-plot (sometimes also called Tauc analysis), which is
schematically shown in fig. 3.2 [71]. The Tauc plot is typically expressed
in the form of (aaps - hw)™ versus the photon energy Ep, = hw, and
the linear region of the plot is extrapolated to find the intercept
on the energy axis. The intersection point gives an estimate of the
optical bandgap energy of the material. The exponent n represents
the nature of the transition, where n = 1/2 corresponds to directly
allowed interband transitions, n = 3/2 to forbidden direct interband
transitions, n = 2 to indirect allowed, and n = 3 indirect forbidden
interband transitions, respectively [71]. Amorphous semiconductors
often have an exponential decay of the absorption coefficient g into
the bandgap. This decay is called Urbach tail and results from localized
states or defects in the material’s bandgap.
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Figure 3.2: Schematic Tauc plot illustrating the relationship
between the absorption coefficient multiplied by photon energy
(ctabs - hiw)™ and the photon energy E;, = hw. The linear region
near the absorption edge is extrapolated to estimate the optical
bandgap A of the material. The illustration is inspired by [71].

The material properties of thin films can drastically differ from bulk
material. Therefore, Forouhi and Bloomer formulated a mathematical
description of the extinction coefficient for amorphous semiconductors
and insulators [72]. This formalism was later extended to crystalline
semiconductors and metals but yielded some fundamental problems
[69, 73]. The absorption coefficient a,ps did not vanish for photon
energies Fp, smaller than the bandgap A. This behavior is unphysical
as interband transitions cannot occur for E,, < A and insulators are
optically transparent. Moreover, the experimentally observed decay of
the absorption coefficient should be decaying to 0 with 1/ E’ph3 or faster
for E,;, — oo but is predicted to be constant for E,, — oo. This is
particularly important for Kramer-Kronig integration. To overcome
these problems, Jellison et al. introduced a new parametrization by
multiplying the Tauc density of states with the imaginary term of the
dielectric function for a collection of single atoms. The proposed model
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is called Tauc-Lorentz model and is given by [69, 74]:

ETL = €TL,1 + 1€TL2 (3.41)
AEy1L(Eph—0)% 1
ETL2 = (Epn?—Eo,11.2)2+CEpn? Epn Eph > A (3'42)
Eph <A

where A is the strength, Ey 11, the resonance energy, C' the broadening
of the Lorentzian oscillator and A the bandgap, respectively. To obtain
the real part of the Tauc-Lorentz dielectric function ey, 1, Kramer-
Kronig relations can be used. The solution can be formulated in closed
form, giving [75]:

1A C Qlpn
5;5 arrEo, T
| (EO,TL2 +A? 4 OéTLA>
EO,TL2 + A% — a7, A
A Gatan

R &ty " Eorw
[ (2A + aTL>
- |m—arctan | —

eTL,1(Eph) = €00 +

C

—2A + OéTL)]

t
+ arctan < o

EZOILE (B2 gy
7TéérLOZTL ( P L)

. [77 + 2arctan <2 . M)]
aT,C
_AEyTLC [Eph2 + A2 In (’Eph — A\)
ﬂ-E’%‘L Eph Eph + A
|Eph — Al (Epn + A)
\/(EO,TL2 _ A2)2 + A2C2>

(3.43)

+2

+2'A1n<
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where the following terms are used:

ay = (Az — E’Q,TLQ)Ejph2 + AZC2 - EWO,TLQ(EWO,TL2 + 3A2) (344)

aatan = (Epn® — Bor1.?)(Born? + A?) + A%C? (3.45)
4 2 22, aTL*C?
§rr, = (Epn” —y1L7)" + 1 (3.46)
aty, = \/4Ey 1.2 — C? (3.47)

YTL = 4/ EO,TL2 — 02/2 (3.48)

The Tauc-Lorentz model finds extensive use in calibration of the dielec-
tric function and ellipsometric parameters of thin film semiconductors.

3.1.5 Thin Film Interference

A material interface causes light to be reflected due to an abrupt
change of refractive index (c.f. section 3.1.4). At the surface, the
non-reflected fraction of light is transmitted into the material, where
it is primarily absorbed within the optical penetration depth. For
transparent thin films however, where the optical penetration depth
might exceed the film thickness, the travelling light waves hit multiple
material interfaces while propagating through the film stack. At each
interface light is transmitted and reflected, leading to interference of
the incoming and outgoing electro-magnetic waves. As the amplitudes
of the electro-magnetic fields add up on interference, this can cause
significantly higher field amplitudes within the film stack compared to
the incident field amplitude outside the films. The characteristics of
the electromagnetic fields are schematically depicted in fig. 3.3. The
interferences not only cause potentially larger field amplitudes within
the films, but also can drastically change the reflectivity spectrum of
the whole sample in comparison to bulk material [76, 77].
Mathematically, the thin film interferences can be modeled by solving
Maxwell’s equations or wave equations for the electro-magnetic fields
within the film stack. In the case for plane electro-magnetic waves:

E(r,t) = Egexp (i(k-r — wt)) (3.49)
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Depth z

Figure 3.3: Schematic space-time diagram for the propagation of
the laser radiation (red line) within a thin film stack. A fraction
of the laser radiation gets reflected at every material interface.
Each reflected portion of the laser radiation interferes with the
incoming radiation and therefore leads to thin film interferences

incident on a stack of parallel films into z-direction, the computation of
Maxwell’s equations can be simplified using the transfer matrix method
(TMM) [76, 78]. In the following, it is assumed that the sample surface
is aligned along the x-y-plane and the light is s-polarized and therefore
parallel to the sample surface: E = (0,E,0). For isotropic and
homogeneous optical properties, described by the dielectric function
¢ and the magnetic permeability pu within each film the plane wave
can be decomposed into a superposition of a transmitted wave Ef
moving forward and a reflected wave moving backwards E; . Then the
total electric field for a layer E; within the film stack is expressed as a
superposition of E;" and E; [76]:

Ei(z,2,t) = (B (2) + E; (2)) - exp (z (%m sin(ine) — wt))
- (El+ exp (z‘%ﬁ,z) + By exp (—z%nﬂ)) (3.50)

- exp (z (%az sin(aine) — wt))
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3 Phenomenology of Laser Ablation of Thin Films

where aj,. corresponds to the angle of incidence and

iy = \/ep — sin?(uine) (3.51)

to the generalized index of refraction. With the generalized index of
refraction, the corresponding complex reflection and transmission coef-
ficients for the electric field a material interface between two adjacent
layers (I — 1) and [ are given by:

Ay = T/ — -1/ (3.52)
R Y S Yy s}

- 2n

o= /1 (3.53)

/4 1/ -1

Then the reflected and transmitted waves E;g_l and El_+1 at the inter-
face (I + 1) are given by:

<El+> _ <<I>l1 0) ' ( 1/t Fl,l1~/t~l,l1> _ (E;r1> (3.54)
ES 0 @ Fra-1/tiu-r 1/t E_, '

=G

LW
<I>l = exp (Zznléfilm,l) (3.55)

Here 0gjm; is the film thickness of layer 1. Hence, the reflected 7 and
transmitted ¢ fraction of the electric wave can be computed for an
arbitrary stack of IV thin films using:

(0)-fte ()

The reflected power is related to the reflectivity of the electric field 7
and can be computed by R = |F|?

3.1.6 Electron Dynamics

As already mentioned in section 3.1.4, the optical properties of semicon-
ductors strongly depend on the material composition, doping, bandgap,
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3.1 Physical Processes

and free electron density. To accurately describe the optical properties
during the laser-matter interaction, the free electron density needs to
be known. The free electron density ne = ne(t) depends on the incident
laser intensity I and can be modeled using different approaches. One
approach is considering first principle calculations including the density
of states (DOS). Excitation of an electron from the valence to the
conduction band results in the generation of an electron hole in the
valence band. In the case for semiconductors with a direct bandgap
and parabolic valence and conduction bands, such as silicon the DOS
for the electrons D, and holes Dy, are calculated via [49]:

. omr3/2 N
Do(E) = ﬁ\/%E —E¢) (3.57)
. mr3/2 " N
Dy(E) = #\/2(&/ ) (3.58)

with respective energies Ev, E‘C for the valence and conduction band.
Since the shape of the valence and conduction band are often different,
the electrons and holes often have different effective masses which are
denoted as m} and mj in egs. (3.57) and (3.58), respectively.

The free charge carrier density can then be obtained by integration
of the charge carrier distribution multiplied by the DOS. In order
to compute the DOS, precise knowledge of the band structure is
mandatory, which is well understood for bulk materials, e.g., silicon
or nickel [79, 80]. However, material properties of thin films are
different from bulk material [81]. Therefore, the exact band structure
is often difficult to obtain for many thin film materials. For this
reason, following Kennedy, Noack and Vogel, in this work, the temporal
evolution of the free electron density is described by rate equations
instead of the DOS [82-84]:

atne = wSFI(I) + wcasc(Iy ne) - wdiff(ne) - wrec(ne) (359)

The first two terms of eq. (3.59) correspond to the electron genera-
tion through the electric field. wgpy is the probability of strong field
ionization, e.g., due to multiphoton absorption or tunneling. wecasc
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3 Phenomenology of Laser Ablation of Thin Films

corresponds to the ionization rate due to impact ionization caused
by collisions between free and bound electrons. The third and fourth
terms wq;gr & wree describe the diffusion of hot electrons and the re-
combination rate, respectively. The recombination rate itself consists
of radiative two-particle recombination and the non-radiative Auger
recombination.

In dielectrics, there are typically very few initial free electrons in the
non-excited state. Thus, the first electrons are mainly generated due to
strong field ionization. The limiting regimes are tunnel ionization and
multiphoton ionization. To identify the relevant strong field ionization
process the Keldysh parameter can be defined, which is the ratio of
the optical frequency w with the tunneling frequency wr [82]:

=— = 3.60

TK Wt oF ( )
el

= 3.61

wr = ——— (3.61)

The tunnel frequency wr is proportional to the electric field E as
stronger electric fields distort the lattice potential and therefore in-
crease the tunneling probability. For a Keldysh parameter yx < 1
the dominant ionization process is tunnel ionization. If the Keldysh
parameter exceeds 1 vy > 1 multiphoton ionization has to be consid-
ered [85]. For ITO and the intensities used in this work the resulting
Keldysh parameter is yg = 1.46 > 1 [77]. Consequently, Kennedy’s
approximation applies describing multiphoton ionization wspr = wypr.
To ionize an atom within a material with the bandgap A the required
number of photons K = |A/(hw) + 1| with |z]| being the floor func-
tion. Following Keldysh’s theory, the multiphoton ionization rate wyipr
depends on the angular frequency w and the intensity I of the incoming
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laser light [82-84]:

9 * 3/2 K
o 20 (e e
MPL™= or h 16weoeonmiA

(3.62)
-exp(2K) - ¢p ( 2K — 2A>

with m} being the electron effective mass, ¢y the vacuum speed of light,
£ the vacuum permeability and n the refractive index of the material,
respectively. The Dawson integral ®p is given by [86]:

Bp(x) = exp(—2x) /0 " exp(y?)dy (3.63)

The second term in eq. (3.59) describes the impact ionization. As
the acceleration of free electrons via inverse bremsstrahlung is not
instantaneous but takes time, the free electrons contributing to the
cascade ionization rate are retarded by the time: t,of = K - 7. In a
first order approximation, the retarded cascade is given by [84]:

Wecasc = Acasc * Tle (364)
ke p, Vone > 0.5
« — 14+ncasctret € ¢ = 3.65
casc {O Vone <05 ( )
1 e,
Tlcasc = 2 (3.66)

W T2 + 1 conmiA

The electron collision time is the inverse of the electron collision
frequency 7o = 1/7.1 (see also eqgs. (3.30) and (3.39)) and is typically
in the order of several femtoseconds [84, 87]. The cascade ionization
is only considered when the chance of finding an electron in the focal
volume V = 7T'w()2(50pt exceeds 50%, with wy being the beam radius
and the optical penetration depth dopt [84].

Figure 3.4 sketches the ionization processes, relevant in semiconduc-
tors and wide bandgap materials. As soon as the first electrons are
excited by strong field ionization from the valence to the conduction
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3 Phenomenology of Laser Ablation of Thin Films

band, the electrons absorb energy from the laser radiation via inverse
bremsstrahlung absorption. If the kinetic energy of an electron exceeds
a critical value FEg; > 1.5A it can ionize the next electron due to
collisions. The factor of 1.5 originates from the assumption that the
effective masses of the valence and the conduction band are equal [84].
Within the scope of this manuscript it is assumed that the effective
masses for electrons and holes are equal for ITO. Hence the critical
critical value Eeq; > 1.5A can be used. If the free electron density

Inverse
Bremsstrahlung Cascade
Absorption Tonization
\ |
Ecrit =15-A

% Conduction
g || Band
g
=
A
A Photo- Impact-
ionization ionizatio
A
Valence Band
Time ]

Figure 3.4: Schematic illustration of the ionization processes
involved exciting electrons from the valence band into the con-
duction band. Photoionization generates “seed"” electrons which
absorb energy via inverse bremsstrahlung absorption. If the elec-
trons’ energy exceeds F.; new atoms are ionized via impact
ionization. This process then repeats itself and leads to an elec-
tron cascade. The illustration is inspired by [84].
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ne becomes large: ne > 1 x 10 cm™3 cascade ionization becomes the
controlling process for ionization during an intense laser pulse.

In degenerate semiconductors, the bandgap increases with excitation
of electrons into the conduction band due to the Burstein-Moss-effect.
The electrons in the valence band require more energy to populate
states in the conduction band the more electrons are excited because
the low energy states are already occupied. A schematic sketch of the

Burstein-Moss-effect can be found in fig. 3.5. The energy shift Ay of

A

Excitation

Ag A = Ag+ Apm
Occupied States

Energy

> >

k k

Figure 3.5: Schematic illustration of the Burstein-Moss-effect.
The effective bandgap of degenerate semiconductors changes if
electrons are excited from the valence to the conduction band.
Due to Fermi's principle electrons are only allowed to occupy
states with higher energy. The illustration is inspired by [88].

the bandgap A towards higher energies for parabolic bands in ITO is
given by [89]:

h2
2m*

e

A= AO + ABMm (3.68)

(3n%ne)** (3.67)

ApMm =

The increase of the bandgap causes t.. to increase because more pho-
tons are needed to overcome the bandgap, i.e., an increase of K. This
influences both, the multiphoton ionization rate wyp; and the cascade
ionization rate weasc. The dependence of the non-retarded cascade
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3 Phenomenology of Laser Ablation of Thin Films

ionization factor 7casc on the electron collision time 7, with a constant
bandgap is shown in fig. 3.6. For a laser wavelength A = 1056 nm

.1014
T T T T T T T T T T T T T T T T
— 1 | N
0
2,
< o05) 1
g
<
0 [ -
Y Y A Y S A W 1 A Wi
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Collision time 7e [s]

Figure 3.6: The non-retarded cascade ionization factor 7)c,sc as a
function of the electron collision time 7, with a constant bandgap
for an infrared laser pulse with wavelength A = 1056 nm. The
ionization factors 7casc Maximum is located at 7, = 4.4x 10716,

the non-retarded cascade ionization factor 7easc exhibits a maximum
for 7o = 0.44fs. As already described, both the electron collision
time 7¢(ne)(c.f. eq. (3.39)) and the bandgap A(ne) (c.f. eq. (3.67))
depend on the free electron density ne (c.f. fig. 3.7). On the one
hand, an increase of the free electron density leads to a decrease of the
electron collision time until it saturates at 7e = 1/9max. This alone
would lead to an increase of the cascade ionization rate weasc. On the
other hand, an increase of the free electron density also increases the
bandgap. This decreases the non-retarded cascade ionization factor
Nease and simultaneously increases the number of photons K necessary
to overcome the bandgap. Therefore, the retarded ccagc is reduced for
electron densities larger than n. = 3.2 x 102 m™3. The maximum free
electron density during and after the laser pulse is not only limited by
the Burstein-Moss-effect but also due to diffusion and recombination.
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Figure 3.7: The retarded cascade ionization factor ag,sc as a
function of the electron density n.. The bandgap A = Ag +
Apy and the collision time 7. (egs. (3.39) and (3.67)) are both
functions of the electron density. The spikes of the retarded
cascade ionization factor ag,s. are caused by the Burstein-Moss-
effect which increases K and therefore ¢,.;. The used material
parameters can be found in table 6.1.
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The decrease of the electron density ne. in the focal volume due to
diffusion is estimated by the electron diffusion rate [83]:

Waiff = Jdiff * Te (3.69)
3. | (24 1)° 1 miwe

e — - . 3.70

gait 3mg [<w0> " <5Opt> - w2 + 1 Myole ( )

where Mol is the molecular mass.

The recombination rate wye. is assumed to consist out of two contri-
butions, namely two particle recombination and Auger recombination.
These contributions have been utilized to model recombination mecha-
nisms in dielectrics and semiconductors [49, 84]. Two-particle recombi-
nation is dominant for direct bandgap materials and accompanied by
photon emission. Contrarily, Auger recombination is non-radiative and
the dominant for indirect bandgap materials like silica and for large
electron densities [55]. However, excessive excitation of free electrons
e.g. via intense laser radiation might lead to a change of the bandstruc-
ture due to changing of the lattice potentials [90]. Therefore, both
recombination mechanisms are considered to model the recombination
mechanisms adequately during laser excitation:

Wrec = 772pne2 + nAugerneg (371)

3.1.7 Pulse Propagation in Transparent Media

Laser pulse propagation in transparent media can be described by a
transport equation for the intensity I [91]:

1

co/n

Ol (z,t) + 0,1(z,t) = —aapsI(z,t) + S(z,1) (3.72)

(wsF1(1, Ne) + Wease (1, Me)) - Eay
I(z,t)

Qaps(z,t) = (3.73)

where ¢ is the speed of light in vacuum, n the refractive index of the

material, S a source term and s the absorption coefficient, respec-
tively. As described in section 3.1.6, the absorption of electromagnetic

44



3.1 Physical Processes

radiation and semiconductors is governed by the electron dynamics.
Electrons absorb the energy of the laser pulse by either MPI or in-
verse bremsstrahlung absorption and thermalize after a few collisions.
Therefore, each free electron is assumed to carry an average energy
of E,y = 2.25A [91]. Using eq. (3.73) nonlinear absorption mecha-
nisms are evaluated. The formulation of the absorption coefficient
in eq. (3.73) differs from the formulation given earlier in eq. (3.37):
Qabs = 2w/coS(v/e(w, ne)). A comparison between the two absorption
coefficients can be found in section 6.5.

3.1.8 Two Temperature Model

Since its formulation in the middle fifties, the TTM has found extensive
use in modelling the heat induced into materials during pulsed laser-
matter interaction. As the pulse duration for laser pulses became
shorter into the sub-nanosecond range, the temporal relaxation of the
heat flow in Fourier’s law has to be taken into account [45, 47, 57]:

TOq+q=—-K,VT (3.74)

For thin films considered in this work, the film thickness gy, is
much smaller than the lateral dimensions of the laser beam or the
sample. For this reason, the governing equations are considered in one
dimension. The timescale ¢, in which the one-dimensional approach
is valid for the thermal equations is estimated by use of the thermal
penetration depth: iperm = 2v/Dint where Dy, corresponds to the
thermal diffusivity and ¢ to the time. The thermal diffusivity Dy, is
given by Dy, = K./C, which both depend on the free electron density
(c.f. egs. (3.79) and (3.81)). For ITO, the reached free electron densities
during the laser pulse range from 1.3 x 102" m~3 to 1 x 102 m~3. Larger
electron densities lead to a larger thermal conductivity resulting in
diffusion times between ¢, ~ 3.9ns to 1.6ns for a distance equal to
10% of the beam diameter of 2 - wg. Within ¢, the equations that need
to be solved for the temperatures and heat fluxes of the electronic
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(T%, qe) and lattice (11, q) systems are given by[45, 47]:

Ce(Te)0Te = —=0:9c — G(Te — Ti) + S(2,t) — Qejion (3.75)
TeOtGe + g = —Ko0. T, (3.76)
Ci(1)o0 T = —0.q — G(Te — Th) (3.77)
noq + q = —K10,T) (3.78)

where C,, C are the specific heat capacities and K., K; the thermal
conductivities for the electronic and the lattice system respectively. The
term Qe ion corresponds to the energy required to excite electrons over
the bandgap and is given by: Qe ion = Ot(A - ne) [49]. G describes the
coupling between the two systems, S(z,t) is the volumetric heat source.
The functions for the specific electronic heat capacity and thermal
conductivity depend on the free electron density and temperature.
They are given by [92]:

2
k
Co(To, ne) = %Tene (3.79)
E R
Ti(ne) = kT; = m(?’ﬁ%e)z/3 (3.80)
w2kg?
Ke(To,ne) = 3727(;6% (3.81)

with kp,h being Boltzmann’s constant and Planck’s reduced constant,
the Fermi temperature Tf, Er the Fermi energy and finally m} the
electron effective mass. For temperatures in the order of the Debye
temperature Tp the electron phonon coupling G is given by[42, 59]:
Wzm:CSQTLe

G =
67 1o

(3.82)

where ¢ corresponds to the speed of sound of the material. The speed
of sound depends on the mechanical properties and can be computed
from the mass density p, Young’s modulus Ey and the Poisson ratio
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Vpoisson -

N Ey(l - Vpoisson)
ey = \/ p( (3.83)

1+ Vpoisson)(l - 2Vpoisson)

If the lattice temperature 1) is larger than 77 > 0.487p the error of
eq. (3.82) is smaller than 6% [93]. Typical values of G for metals are
ranging from 2.6 x 101 Wm=3 K~! for gold and 202 Wm 3K~ for
titanium, respectively [93]. Assuming incompressibility, the work due
to changes of volume and pressure can be neglected. With the lattice
specific heat capacity C) the enthalpy obeys Kirchhoff’s law:

dH, = C,dT (3.84)

Typically, before melting or evaporation, the temperature T of a
substance remains constant despite further addition of heat because
the breakage of atomic or molecular bonds requires energy. While
the temperature remains constant the enthalpy H, exhibits a jump at
the phase transition. This can be described by using the enthalpies
for melting ()1 and evaporation Qevap combined with Dirac’s delta
function ¢ and the specific heat capacity for temperatures below melting
temperature Cyg [43, 94]:

Cl = CI,O + QI(S(T - Tmelt) + Qevap(S(T - Tevap) (385)

Typically, the melting enthalpies are much smaller compared to the
enthalpies required for evaporation: () < Qevap. Hence, only the
evaporation enthalpies are used. Numerically resolving the jump is
achieved by assuming that the transition temperature AT at the phase
transition is smeared out with the solidus and liquidus temperatures:
AT = Tiijq — Tso1. For different metallic glass systems (MgO-SiO»
and Ca0-Aly03-SiO9) the transition temperatures have been reported
to be in the range of AT = 50K to 130K [95]. For thin ITO-films
AT = 100K has been proposed in [43]. Within the scope of this
manuscript AT = 50 K is used to better represents the jump in material
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parameters during the phase transition. Hence, the Dirac delta function
in eq. (3.85) at the phase change becomes a gaussian [43, 94]:

_ le _ 11 — Tinelt 2
Cy=Cpo+ JRAT exp ( <AT > ) (3.86)

To bring equations egs. (3.75) to (3.78) into dimensionless form the
following scales are used:

t=te T (3.87)
z2=lg & (3.88)
T="T- 0 (3.89)
q=Gqsc"q (3-90)
Thus, the scaled equations are given by:
qSCtSC A G tSC
Tge - ° e:_i‘tscae_(9 : 5
8 + Ce TSClSC agq Ce ( 1) + C'GZ_VSC S(g T)
(3.91)
_ bsc Qo
CeTsc e,ion
Ke TSCtSC tSC A
OrQe + — - O0c0e = — (e 3.92
Gt Te QSclsc ¢ Te ? ( )
1 QSCtSC A GtSC
0.0+ — - Ocq) = (0, — 6 3.93
|+ o T k= (0 — 6h) (3.93)
K TSCtSC tSC A
Oy + — - Del) = =<4 (3.94)
T QSclsc T

3.1.9 Pressure Waves

A rise in temperature due to heating causes matter to thermally expand.
In the case of laser material processing, the heating is locally confined
and happens faster than the heat can dissipate via heat conduction.
This causes a lattice deformation, which can be modeled using the
theory of linear elasticity.

Analogous to the previous section, a one-dimensional approach is
going to be formulated because the lateral dimensions of the laser
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beam (2 - wp ~ 30 pm) are much larger than the film thickness in the
order of hundred nanometers. Thus, the time for the lateral waves to
travel to the material boundary and reflect back is much larger than
the time for the one-dimensional motion in the thickness direction
and the assumption of a one-dimensional problem is appropriate for
the mechanical equations [45, 96]. The timescale t,, during which the
one-dimensional approach is valid is estimated by comparing the speed
of sound (longitudinal waves) ¢s to the beam diameter of the laser
radiation 2 - wy. For ITO, the speed of sound is ¢, = 5845.03ms ™!
(c.f. eq. (3.83) and table 6.1) and the laser beam diameters considered
in this treatise are in the order of 2 - wy = 30pm. Therefore, the
mechanical wave needs t &~ 513.3 ps to travel a lateral distance of 10%
of the beam diameter. In addition to heat, intense laser radiation
causes a local change of the free electron density in dielectrics that can
lead to separation of negative and positive charges within the material.
The resulting electric repulsion of lattice ions can be modeled using
the hot-electron blast force [97]. During the laser matter interaction,
the elastic equations of motion for the lattice deformation can then be
modeled using the following equation [45]:

pdPu, = (M + 202)0%u, — (3\1 + 2p2) a0 T4 (3.95)

Here p corresponds to the mass density, and u, to the lattice dis-
placement, A1, us to the first and second Lame coefficients, oy, to
the thermal expansion coeflicient and T¢, 7] the electron and lattice
temperature, respectively.

The mechanical wave equation (eq. (3.95)) can be rewritten as a set
of first order partial differential equations by introducing new variables,
namely the velocity v, and the strain in z-direction ¢,,:

Oy, = v, (3.96)
A 2 A 2

at z = ! —i_p o azgzz - MathazTe (3-97)

atgzz = azvz (398)
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Analog to the previous section, the dimensionless form of egs. (3.97)
and (3.98) are obtained with the following scaling:

t=tyoo T (3.99)
P Y- (3.100)
vy = be R (3.101)

tSC
T=T 0 (3.102)
(3.103)

and therefore:

M F2un tgl? 3A1 +2 t
aTUz - ! H2 . SC2 85522 = - ! + H2 Olith - =
p lsc p l

Oren. — Ocb, =0 (3.105)

2
TSC
X0 (3.104)

The state of uniaxial strain in an isotropic material is considered [45]:

e2a(z,1) #0 (3.106)
Exe = Eyy = Eqy = Eyz = €20 =0 (3.107)

which leads to the stress-normal strain relations:

Ozx = Oyy = MEsy — (3)\1 + 2#2)04th(T1 — T()) (3.108)
022 = (M +2u2)e2. — (3A1 + 2p2)aun (Th — To) (3.109)
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4 Model Development for Laser
Ablation of Thin Films

Accurate models are essential for understanding, predicting and op-
timization of the ablation processes. They allow for identification of
the relevant underlying physical processes, which are indispensable
to explain the ablation process. Within this chapter, the physical
mechanisms from chapter 3 are combined to formulate a mathematical
model, which is able to predict the ablation crater shapes for thin
semiconducting films. This chapter covers two approaches: The first
approach is a threshold ablation model, which does not focus on the
exact ablation mechanism but allows for fast and accurate prediction
of the ablation crater shape in metals. The second approach consists
of a more detailed model, that describes the absorption of the laser
radiation and the subsequent heating of the electronic and the lattice
subsystems with a two temperature model. The lattice heating causes
a mechanical shockwave due to thermal expansion of the material
which is described with an elastic wave equation.

4.1 Threshold Ablation Model

In ultrashort pulsed laser processing material is ablated if the absorbed
fluence exceeds the material specific threshold fluence Fiy,:

Kpro - A - F' > Fip, — Ablation (4.1)
Hpro - A - F' < Fiypy — No ablation/material heating (4.2)

In general, the absorbed fluence depends on the projection of the
radiation onto the material surface fipro = cos(Qinc), Where aiy is the
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Figure 4.1: Schematic sketch of a gaussian fluence distribution
F in radial direction r and into the depth z of the material. All
fluence above the threshold fluence induces ablation (green area).
The fluence below the threshold fluence is transformed into heat
(red area).

angle of incidence. Additionally, the absorptivity also depends on
the angle of incidence: A = A(ajnc). Thus, the ablation condition
becomes:

F = Hpro - A(ainc) : F("”a Z) > Fine (43)

The fluence distribution F'(r, z) for a Gaussian laser pulse (c.f. eq. (3.24))
that is absorbed by Lambert-Beer’s law is given by:

F(r,z) = Fyexp (—Z;) exp <—Z> (4.4)

Jetf

A schematic sketch of the Gaussian fluence distribution F(r,z) is
shown on the left in fig. 4.1. The radial region and depth in which
the fluence F' exceeds the threshold fluence F' > Fiy, is shown by the
green areas. The remaining fluence below the threshold is transformed
into heat within the material and colored with red.
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4.2 Dual Hyperbolic Two Temperature Model

The effective penetration depth d.¢ depends on both, the optical
penetration depth dopt and the thermal penetration depth diperm and
is material dependent:

5eff = 5opt + 6therm (45)

In metals, the optical penetration depth for radiation in the visible
and infrared (IR)-region is around a few tens of nanometers [98],
whereas in dielectrics the optical penetration depth depends on the
laser parameters. Due to intensity dependent changes of the free
electron density, the optical and thermal properties of the material are
altered during the laser pulse (c.f. sections 3.1.4, 3.1.6 and 3.1.8). The
thermal penetration depth diperm can be estimated by:

5therm = 2\/ Dth . Tp (46)

Using eqgs. (4.3) and (4.4), the ablation depth is described by the
following analytical expression:

O 7F < Fthr
Sap = . (4.7)
—Oeff In (%)  F' > Finr

Due to the analytical function for the ablation depth d,p;, this model
allows for fast computation of the ablation crater shape.

4.2 Dual Hyperbolic Two Temperature Model

A more sophisticated description of the heating process is given by using
the TTM. A full mathematical formulation to describe the ablation
process is obtained by combining sections 3.1.8 and 3.1.9. The relevant
equations are rewritten into conservational form. Hence, starting with
the TTM, egs. (3.75) to (3.78) become:

9,Q + A0.Q = RHS (4.8)

53



4 Model Development for Laser Ablation of Thin Films

where @ is the solution vector, A is the system matrix and RHS is the
right-hand side of the equation:

Q = (TevqeaTia QI)T (49)
1
;9 & 0 0
B0 0 0
A=10 o o L (4.10)
Ke
0 0 e 0
_%G(Tc - Tl) + S(Zat)
1
——(Ge
RHS = Te 4.11
LG(T. - Ty) (411)
%m

4.3 Mechanical Wave Equation
Analogous to the previous section, now the equations for the mechan-

ical wave are rewritten into conservational form. Hence, eqs. (3.97)
and (3.98) in conservational form become:

0,Q + AJ.Q = RHS (4.12)
Q = (7}275zz)T (4.13)

0 A1+2p0
A= ) 6 (4.14)

RHS — <_3)\1+p2“204thazT8 + 2AZZ(TQ(92T€)>

The displacement u, is obtained by integration of v, over time.

4.4 Combined Model

By combining the equations from sections 3.1.6, 4.2 and 4.3 a full math-
ematical description for the significant physical processes is achieved.
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4.4 Combined Model

For convenience, the relevant equations are repeated here once more:

Ce (Te)atTe

TeOtge + e =

Ci(Th)o: T
noq + q
pOtu,
0tvz

8tgzz

As in the sections
vation form:

aQ + A0.Q =
Q=

[

RHS =

=—-0.¢c —G(T. —T1)+ S (4.16)

_K.O.T, (4.17)
— b+ G(T. ~ T)) (4.18)
= —Ki9.T4 (4.19)
=\ + 2u2)8§uz — (BA1 + 2u2)a4n0:Th (4.20)
R P L PP (4.21)
= 0,v, (4.22)

before, the above equations are written into conser-

RHS 4.23)
(TeaQe7ﬂ7QI7Uz>Ezz)T 4.24)
1
0 & 0 0 0 0
£ 0 0 00 0
0 0 0 & 0 0 (4.25)
0 0 e 0 0 0 '
0 0 (BA1+2p9)am 0 0 A1+2pu2
P P
0 0 0 0 1 0
—:G(Te = T) + =1 (=,1)
1
_EQe
1
LT, — T
CIG(f ) (4.26)
a4
0
0

The intensity distribution I(z,¢) on the right-hand side is given by a
Gaussian pulse which is partially reflected at the sample surface (z = 0)
There, the reflectivity R depends on the electron density n. present at
the material surface: R = R(ne(z = 0,t)). The absorption of the laser
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4 Model Development for Laser Ablation of Thin Films

radiation mostly occurs within the optical penetration depth dp¢ which
also depends on the free electron density dopt = Jdopt(ne(z = 0,1)).
To compute the intensity distribution within the sample multiple
approaches are possible:

1. Solving Maxwells equations within the material with transient
optical properties (egs. (3.1) to (3.4))

2. Solve the electromagnetic wave equation (eq. (3.7))
3. Solve the transport equation for a Gaussian pulse (eq. (3.72))
4. Use Lambert-Beer’s law

The first two approaches require sophisticated numerical methods (see.
e.g. [8, 99]) and are not addressed within this work. The other two
approaches are compared in section 6.5.

To numerically solve eq. (4.23) for z € [0, L], proper boundary and
initial conditions are necessary. Heat losses through the front surface
during the heating process are assumed to be negligible [45, 93, 100]:

ge(z=0,t)=0 (4.27)
q(z=0,t)=0 (4.28)

Since the thickness of a sample exceeds the length L of the one-
dimensional computational domain absorbing boundaries have to be
set at z = L. The numerical realization of the absorbing boundary
conditions is given by [101] and can be found in section 5.5. As for the
mechanical problem, the front interface is a free surface, which can
freely move. Thus, it is assumed to be stress-free:

0.2(2=0,t) =0 (4.29)
which implies (c.f. eq. (3.109)) the boundary condition for e,,:

(3)\1 + QMQ)OJth(Tl(Z =0, t) - To)
A1+ 2p2

£::(2=0,t) = (4.30)
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4.4 Combined Model

Furthermore, the following initial conditions are utilized:

I(z,t =0) = (1 = R(ne(z =0,t =0))) Ipexp (—161n(2)) (4.31)
Te(z,t=0)=Tp (4.32)
Ti(z,t=0) =1Tp (4.33)

O22(2,0=0) =0,.(2,t =0) = 0yy(2,t =0) =0 (4.34)
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5 Numerical Implementation

This chapter focusses on the algorithm, that is implemented to solve
the hyperbolic set of partial differential equations given in eq. (4.23).
Many numerical schemes have difficulties solving hyperbolic partial
differential equations as they tend to cause oscillations in the solution.
A way to deal with the oscillations is by introducing an artificial,
numerical dissipation. This chapter covers a Lax-Friedrichs algorithm
which is extended with a Predictor-Evaluate-Corrector scheme. Addi-
tionally, the implementation of absorbing boundary conditions after
Gerrit Mur is provided.

5.1 Lax-Friedrichs Algorithm

Peter Lax and Kurt O. Friedrichs introduced a first order forward in
time, centered in space (FTCS) scheme with a numerical dissipation
which is particularly well-suited for solving partial differential equation
(PDE)s involving shocks or discontinuities, as it can handle steep
gradients without generating spurious oscillations.

Given the Hamiltonian-Jacobi equation:

0-Q(& 1)+ A -9:Q(T)=0 (5.1)
——
=Hu(Q)

where ¢ € [0, 1] is discretized by an uniform mesh &; = iAz into N
increments. With the solution vector @) at position &; being denoted
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5 Numerical Implementation

as Q; = Q(&;, ), we can define:

ALQ =Qit1 — Qi (5.2)
A_Q=Qi— Qi1

Then a numerical Hamiltonian Hr:um can be defined with the left- and
right-sided derivatives (u— and u) as:

A A A_ N
(@) = (52, 50?) = Hiunuus) (59)

The simplest numerical Hamiltonian is the Lax-Friedrichs Hamiltonian
[102]:

Hip(u_yus) = Hy (“‘5“*) s —u) (66
& = max| e (Q) (5.7

where & is the maximum eigenvalue of the Hamiltonian, which cor-
responds to the transport velocity of the information. Using the
Lax-Friedrichs Hamiltonian eq. (5.1) can be solved using different time
integration schemes.

5.2 Time Step Size Evaluation

To ensure numerical stability while solving hyperbolic partial differ-
ential equations, convergence criteria have to be met. In hyperbolic
PDEs, information travels with a velocity & over a grid with a spacing
of Ax. The necessary time step size At for convergence is then given
by the Courant-Friedrichs-Lewy condition (CFL) [103]:

Q- At
Ax
where Cq is the Courant-Friedrichs-Lewy number which as to be

smaller than 1 to ensure numerical stability. Within this treatise Cyq
is chosen to be fixed to C¢ = 0.5.

Ccﬂ =

(5.8)
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5.3 Predictor-Evaluate-Corrector Scheme

5.3 Predictor-Evaluate-Corrector Scheme

Predictor-Evaluate-Corrector (PEC) schemes are numerical methods
commonly used to solve an ordinary differential equation (ODE) or
systems of ODEs. Depending on how often the corrector method
is applied and how the corrections are weighted, there are different
versions of a PEC. All versions are operating in two common steps
[104]:

e The predictor step starts by anticipating the solution at the
new time step (Often this is done by an explicit forward Euler
method).

e Subsequently, the corrector step follows and refines the antici-
pated solution by using the predicted value and another method
to compute the unknown solution at the same new time step
with higher accuracy (e.g., by using an implicit method).

Thus, given the ODE:

oy = f(t,y) (5.9)
y(to) = o (5.10)

and the time discretization y(t; = i - At) = y; with the time step width
At. Using Euler’s method, we can write

Uiv1 = yi + At~ f(ti, yi) (5.11)
1 -
Yirr = Yi + S ALUF (i yi) + [t yit) (5.12)
In general, to reach better accuracy the PEC corrector step can be
repeated n times P(EC)".

5.4 Solution for Layered Systems

To solve the equations given in chapter 4, a Lax-Friedrichs algorithm
(c.f. section 5.1) is combined with the PEC method given in sec-
tion 5.3. The materials considered in this thesis consist of multiple
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5 Numerical Implementation

layers with different physical properties and material laws. Therefore,
different approaches are typically made to solve the equations on the
computational domain:

o The computational domain is divided into subdomains (contain-
ing the different materials) on which the equations are solved
individually. Then, the coupling of each domain has to be treated
with appropriate boundary conditions

¢ The equations are solved on the full domain and the numerical
scheme has to contain the different material properties.

Within this work, the second approach is chosen. Hence, the solution
vector @@ and the system matrix A are of dimension N - Ng and
(N - Ng) x (N - Ny), respectively. Here N corresponds to the number
of increments in which the computational domain is divided and Ny
to the number of solution variables. Consequently, the solution vector
Q and the system matrix A are given by:

T
Q:(a();”'7aN7b07"'7bN7"'7) (513)
# of Entries=N-Ng
apo ap1 T AQNg
aip @11t GIN
A= . o . (5.14)
aN,1 AaNg2 " ANGN,

Each entry a;; of the system matrix A is a (N x N) diagonal matrix with
the corresponding material properties for each depth increment. Since
all solution variables are contained in the solution vector Q, special
care has to be taken with the boundary conditions for each solution
variable and while computing the left- and right-sided derivatives u_
and u. Therefore, the solution vector is divided into Ny sub-vectors
where the derivatives and boundary conditions can be computed or set
easily. The use of sparse matrices is recommended since the system
matrix A mostly contains zeros.
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5.5 Absorbing Boundary Conditions

5.5 Absorbing Boundary Conditions

For a transport problem in one dimension, such as eq. (5.1) using
finite differences time domain (FDTD) schemes, absorbing boundary
conditions for the solution vector @) are easily implemented e.g., by
using Mur boundary conditions [101, 105]. Let @} be the solution at
x; = ¢ - Az and time step t, = n - At and consider the boundary at
x =0 (ie., i =0), then:

us = & At/Ax (5.15)
n n Us — 1 n n—
= I(C SCI (5.16)

where & is the maximum eigenvalue of A (c.f. egs. (5.1) and (5.7)). The
maximum eigenvalue & corresponds transport velocity of the problem.

5.6 Used Programming Libraries

The implementation of the threshold ablation model and the Lax-
Friedrichs algorithm is based on the programming language Python.
Table 5.1 summarizes the Python libraries, that were used for the
implementation.
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5 Numerical Implementation

Table 5.1: Summary of the relevant Python package versions

Name version
python 3.11.3
Imfit 1.2.2
matplotlib  3.7.2
numpy 1.25.1
pandas 2.0.3
pint 0.22
scipy 1.11.1
tmm 2.0.1
tqdm 4.65.0
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6 Analysis and Experimental
Validation

In this chapter the physical models, developed in chapter 4, are com-
pared to experimental results. Starting with the steady state optical
properties the dielectric function of ITO is calibrated from UV-Vis mea-
surements taken from [77]. Based on the steady state optical properties,
the transient optical properties during laser excitation are investigated
by consideration of ionization and free electron dynamics within the
thin films. Next, the threshold ablation model, described in section 4.1,
is extended to semiconducting thin films by using the transient optical
penetration depth and compared to experimental ablation craters in
ITO thin films (with thicknesses 50 nm, 100 nm & 180nm) and 60 nm
silicon nitride (Si3Ny4) thin films [106, 107]. Furthermore, the influence
of the peak fluence on the ablation mechanisms is analyzed with a
combination of the two temperature-model and the elastodynamic
model, as proposed in section 4.4. The solution of the combined model
is obtained by utilization of the numerical implementation explained
in chapter 5. Finally, a possible approach for damage-free processing
of transparent thin films is given by changing the optical penetration
depth of the material via free electron generation.

6.1 Material Properties

6.1.1 Sample Description

The ITO samples considered in this work consist of ITO films with
different thicknesses over a 25 nm SiOs passivation layer on top of a
1.1 mm float glass substrate and are produced by Prdzisions Glas &
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_— ITO

p Si02

< Float Glass

Figure 6.1: Schematic sketch of the ITO-samples. The actual
thicknesses for the layers are: ITO 100nm, SiO, 25nm, float
glass 1.1 mm.

Optik GmbH, Iserlohn, Germany. The investigated film thicknesses
are 50nm, 100nm and 180 nm, respectively. A schematic sketch of
the used 100 nm samples is shown in fig. 6.1 The sheet resistance of
the 100 nm samples is specified to be smaller than 20 /0 [108]. To
successfully predict the interaction between laser radiation and thin
films, a series of material parameters is required. The relevant material
parameters, necessary to model the laser material interaction in ITO,
SiO2, and the float glass substrate are summarized in tables 6.1 to 6.3.

6.2 Steady State and Transient Optical Properties
of ITO

The material response to an external electromagnetic field and thus its
optical properties can be modeled by use of the dielectric function. The
dielectric function of the ITO films eypg is utilized for the computation
of the absorption, reflectivity, and transmission of the ITO film. For
ITO, the dielectric function eypo consists of three contributions: the
bound electron contribution ey, the free electron contribution eprude
and a dielectric background e, [77]:

51To(w,ne) = €x0 +5TL<w;ne) +5Drude(w7ne) (61)
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6.2 Steady State and Transient Optical Properties of ITO

Table 6.1: Relevant material parameters of ITO

Name Symbol Value Ref.
Dielectric Background Eco 1.96 [77]
Resonator Strength A 190.02eV [77]
Resonator Energy Eo 1, 5.07eV [77]
Resonator Broadening C 1.20 x 107%eV [77]
Intrinsic Bandgap Ag 4.04eV [77]
Plasma Frequency wp 2.02 x 10 rads™  [77]
El. Coll. Frequency Vel 1.70 x 10" rads™t  [77]
Param. for El. Coll. Freq. S 0.1 [77]
Max. El Coll. Freq. “max 2.98 x 10 rads™t [77]
Electron Effective Mass mg 0.53 - me [109]
Molecular Mass Mole 7.14 x 107 kg [110]
Two Particle Rec. Rate M2p 45 x 107" m3st [77]
Auger Recombination Rate nauger 0.9 x 107 mbs™1  [77]
Latent Heat for Evap. Qevap 5x 106 Jkg™! [43]
Poisson’s Ratio Vpoisson ~ 0.31 [111]
Young’s Modulus E, 175 x 10° Pa [111]
Thermal Expansion Coef.  oyp 5.81 x 1070 K~! [112]
Density p 71gem™3 [113]
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6 Analysis and Experimental Validation

Table 6.2: Relevant material parameters of SiO,

Name Symbol Value Ref.
Bandgap A 7.8eV [50]
Resonance Frequency Wres 20.59 x 105 rads—! 8]
Bound Electron Density N 1.46 x 10* m=3 [8]
Param. for El. Coll. Freq. f 0.1 8]
Max. EL Coll. Freq. Ymax 1 x 100 rads™! 8]
Electron Effective Mass my Me [109]
Molecular Mass Mole 7.14 x 10~ kg [114]
Molar Mass Mol 60.0843 x 10 3 kgmol !  [115]
Two Particle Rec. Rate N2p 2x 10 Y em?s7! [91]
Latent Heat for Evap.® Qevap 8.014 x 10 Jkg~! [116]
Poisson’s Ratio Vpoisson ~ 0.179 [117]
Young’s Modulus E, 73 x 10° Pa [118]
Thermal Expansion Coef.  ayp 5.24 x 107K~} [119]
Density p 2.219 x 103kgm™3 [116]

“Average of different values reported on p. 2083 [116]: (481 Jmol™*+ 484 Jmol ™+
425 Jmol ™'+ 536 J molfl)/4 = 481.5x 10% Jmol . Using the molar mass Mol
given in the table, this equals 8.014 x 10° Jkg™*.

Table 6.3: Relevant material parameters of float glass

Name Symbol Value Ref.
Bandgap A 3.2eV [120]
Latent Heat for Evap. Qevap 1.8 x 106 Jkg~! [121]
Poisson’s Ratio Vpoisson ~ 0.23 [122]
Young’s Modulus E, 57.5 x 10% Pa [122]
Thermal Expansion Coef.  ayy, 7.8975 x 1076 K= [123]
Density p 2.508 x 103kgm™3  [122]
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6.2 Steady State and Transient Optical Properties of I'TO

Table 6.4: Laser parameters for material processing of the ITO

samples

Name Symbol  Value Ref.
Wavelength Pump Apump 1056 nm  [77]
Wavelength Probe Aprobe 528 nm  [77]
Angle of Incidence Pump  ttine,pump  38.7° [77]
Angle of Incidence Probe  ttneprobe 0° [77]
Pulse Duration T 700 fs [77]
Beam Radius (1/e?) wo 15 pm [77]

The dielectric function for the SiOs layer is a Drude-Lorentz model
esio2 = epr, taken from [8]. The dielectric function for the float glass
sample epjoqt is taken from [124], respectively. To obtain the parame-
ters for the steady state optical properties, a calibration of the model
parameters for the dielectric function of the ITO film ;1o is carried
out. Therefore, erpg is fitted to UV-Vis-measurements by using a
Levenberg-Marquardt least-square optimization algorithm [77, 125].
The comparison between the measured and computed values for the
reflectivity and transmission spectra for the ITO sample are shown in
figs. 6.2 and 6.3, respectively. The measurement of the steady reflec-
tivity Rmeas is carried out at an angle of incidence of aj,c = 8° while
the measurement of the transmission Tieas is performed at normal
incidence aj,. = 0°. It is obvious from fig. 6.2 that the consider-
ation of a single air-ITO-interface reflectivity by computation with
the Fresnel reflectivity Rp (egs. (3.26) to (3.28)) is not sufficient to
describe the measured steady state reflectivity spectrum. In equilib-
rium, ITO has an optical penetration depth of dopy = 1.17 pm. This
is larger than the film thickness dgn = 100nm. Thus, thin film
interferences dominate the measured and computed reflectivity and
transmission spectra. Consequently, the transfer matrix method TMM
has to be used to model the steady state optical properties. In the
following, the origin of the maxima and minima in the reflectivity
spectrum are explained. The first reflectivity maximum can be found
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Figure 6.2: Measured and computed reflectivity R at an angle
of incidence of aj,. = 8°. The measured data is depicted as the
blue line while the computed values for the Fresnel reflectivity Rg
and the reflectivity Rrynv computed from the TMM are shown
as the orange and green lines, respectively [77].
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Figure 6.3: Measured and computed transmission 1" at an angle
of incidence of aj,. = 0°. The measured data is depicted as the
blue line while the computed values using the TMM are shown
as the orange line [77].



6.2 Steady State and Transient Optical Properties of I'TO

at Amax = 321 nm and is a result from a constructive interference
within the ITO-layer. This explains the increase of reflectivity at
the lower end of the measured wavelengths (A = 350 nm). The opti-
cal path difference A\ of the incoming and reflected wave from the
ITO-SiOg-interface is given by AX = 2 - 0 = 1.5 - Amax/7170 (Amax)-
Here, the wavelength dependent refractive index of ITO nyro(Amax)
is given by nito(A) = v/erro(w = 2m¢/A, ne = Nemit) (c.f. eq. (6.1)).
Due to the ratio of refractive indices nypo > najr, a total phase shift
of 7 has to be taken into account for the reflection at the air-ITO-
interface. The same phase shift of 7 has to be considered for the
first reflectivity minimum at Apip, = 411nm. Here, the path differ-
ence equals AX = 2 - A\pin/n11o(Amin) leading to destructive inter-
ference. The last reflectivity minimum at A = 937 nm matches with
the plasma frequency and free carrier absorption. Compared to a
pure Drude model epyyqe, the polarizability of the bound electrons
(Tauc-Lorentz dielectric function ety,) and the dielectric background
€00 Tesult in a shift of the critical electron density to higher electron
densities. Therefore, the effective plasma frequency becomes [55]:
Wy = \/nee2/(eoo*5om;) — Ap = 935nm with e = e + R(eTL),
where R corresponds to the real part of the dielectric function. At
this wavelength, the light is transmitted through the ITO film and
therefore reflected at the SiO9, and the float glass interfaces. This
prevents the reflectivity from decreasing to zero as one would expect for
bulk material. For smaller wavelengths the optical penetration depth
increases in the plasma. Thin film interferences become less relevant
as soon as the optical penetration depth dop; becomes smaller than
the film thickness dopt < dfim- Then, the radiation is absorbed before
reaching the material interfaces, which can lead to reflections and
interferences. In equilibrium, due to the Sn doping, ITO already has a
large free electron density of ne init = 1.32 X 10" m~3. Thus, the main
ionization process is cascade ionization which drastically increases the
free electron density during the laser pulse (c.f. section 3.1.6). The
increase of the free electron density leads to a reduction of the optical
penetration depth. For this reason, thin film interferences dominate
the static optical properties, but become less important for electron
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Figure 6.4: Temporal evolution of the normed effective intensity
transmitted through the sample surface (1 — Rg(ne)) - I for a
700 fs laser pulse with different peak fluences Fy. The black dot-
ted line shows the corresponding normalized intensity distribution
without interaction with the sample.

densities larger than n. = 4.254 x 102" m—3.

In the following, the influence of the electron generation on the
optical properties during the laser pulse is demonstrated and used
for the threshold ablation model later. The free electron density 7,
itself is a function of the intensity I and is assumed to be constant
over the depth within the ITO film. It is worth mentioning, that the
electron density is still a function of the radial position as the laser
spot dimension of some tens of micrometers is much larger than the
film thicknesses and the radial intensity distribution follows a Gaussian
distribution. Figure 6.4 shows the temporal evolution of the intensity
which is transmitted through the sample surface (1 — Rp(ne)) - I for
different peak fluences Fy. As a reference, the full incident intensity
irradiating the sample is shown as the black dotted line in figs. 6.4 to 6.6,
respectively. The change in free electron density changes the reflectivity
Ry of the sample surface, leading to reflection of the incident intensity.
Increasing the peak fluence Fy (i.e., increasing the peak intensity I)
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Figure 6.5: Temporal evolution of the free electron density n,
for a 700fs laser pulse with different peak fluences Fy. The
black dotted line shows the corresponding normalized intensity
distribution without interaction with the sample.

results in stronger ionization which causes the surface to reflect more
of the incident intensity. The corresponding free electron density n. is
computed by use of the rate eq. (3.59) described in section 3.1.6 with
the use of the effective intensity (1 — Rp(ne))!.

The maximum free electron density ne max is reached after the inten-
sity of the laser pulse reaches its peak because ionization of electrons is
not instantaneous but takes time (c.f section 3.1.6 and eq. (3.64)). The
material parameters of ITO which are used for the computation can be
found in table 6.1. The maximum free electron density 7 max depends
on multiple effects and process parameters: The peak intensity Iy of
the laser pulse, the recombination rate w.. and the bandgap A of
the material. Due to the Burstein-Moss-effect, the bandgap increases
with a higher degree of ionization (see fig. 3.5 and eq. (3.67)). This is
used in solving the rate equation for the free electron density and the
dielectric function of ITO (c.f. eq. (6.1)). If the Burstein-Moss-effect
would be neglected Additionally, the electron collision time reduces
with increasing the free electron density (c.f. eq. (3.39)). Analogous
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Figure 6.6: Temporal evolution of the optical penetration depth
for different peak fluences Fyy. The used laser pulse duration and
wavelength is 7, = 700fs and A = 1056 nm, respectively. The
black dotted line shows the corresponding normalized intensity
distribution without interaction with the sample.

to the reflectivity, the optical penetration depth depends on the free
electron density ne because the dielectric function depends on the
free electron density dopt = dopt(ne). Figure 6.6 shows the temporal
evolution of the optical penetration depth during the laser pulse with a
wavelength of A = 1056 nm and a pulse duration 7, = 700 fs for differ-
ent peak fluences Fy. In the beginning of the 1056 nm laser pulse the
optical penetration depth dopt equals the static value dopy = 1.17 pm.
As soon as the free electron density increases to its maximum, the
optical penetration depth decreases until it reaches a minimum during
the pulse duration. Depending on the peak fluence Fjy, the minimum
value ranges from 17 nm to 80 nm. Higher peak fluences lead to smaller
optical penetration depths due to the generation of larger free electron
densities.
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6.3 Threshold Ablation Model - ITO

The threshold ablation model has been extensively used to model
and predict ablation crater widths and depths for metals and other
materials [126-128]. For semiconductors and insulators (e.g. Si, SiOg
and other glasses) however, there exist a few more sophisticated models
to describe the ablation craters and damage regions by consideration of
free electron dynamics, electromagnetic wave propagation, and TTM
[9, 49, 50, 91]. In glasses, if the free electron density exceeds the
critical electron density (ne > necrit) the material is assumed to be
ablated. For this purpose, either beam propagation methods or the
wave equation for the electric field are solved numerically. The electron
density is computed as a function of the intensity, resulting from the
electric field amplitude [8, 9]. A big advantage of the threshold model
(see section 4.1) is that it does not require sophisticated numerical
methods and solution algorithms such as the beam propagation method
or Maxwell equation solvers, used for glasses.

Within this section, the threshold model will be extended to be
applicable to dielectrics by consideration of the change in optical prop-
erties due to free electron generation. As described in section 3.1.4,
the material becomes metal-like if the electron density of the material
exceeds the critical electron density ne crit. For this reason, for some
dielectrics the threshold fluence matches with the fluence, which is
required to excite enough electrons to reach the critical electron den-
sity necrit. However, reaching the critical electron density cannot be
considered as an universal ablation criterion in semiconductors [6].

As already described, the optical and thermal properties of semicon-
ductors depend on the temperature and the free electron density which
both depend on the laser parameters (see sections 3.1.4 and 3.1.8).
The optical penetration depth can decrease around several orders of
magnitude during an intense ultrashort laser pulse. Within this section,
the threshold ablation model is compared to experimental ablation
craters. All crater profiles are measured by the use of an atomic force
microscope (AFM) and are measured at Hochschule Miinchen [106].
Figures 6.7 to 6.9 show selected ablation craters for 700 fs laser pulses
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Figure 6.7: Experimental single pulse ablation craters for 50 nm
ITO films for different peak fluences at a pulse duration of
700fs. There are two depth plateaus visible at z; ~ 25nm
and zo ~ 50nm, of which the latter matches with the film
thickness. Each plateau is indicated by the black dotted lines.
The measurement is taken from [106].

with varying peak fluences on ITO-samples with the thicknesses 50 nm,
100nm and 180nm. Sharp vertical transitions to a first plateau are
observable at the radial positions where the Gaussian fluence equals
the threshold fluence F(r) = Fiy,,;. The sharp vertical transitions are
found for all peak fluences Fy and film thicknesses. For small fluences,
the ablation crater depths are almost constant at the depth plateau
z1 indicated in figs. 6.7 to 6.9, respectively. While increasing the
peak fluence for a film thickness of dg),, = 50nm results in ablation
of the full film, a second plateau is reached at z9 ~ 70nm at a peak
fluence of 0.79 Jcm~2, and a film thickness of dg1, = 100 nm. Increas-
ing the peak fluence even further (Fy > 2.15J cm~2) results in full
ablation of the 100nm film. Full ablation of the ITO films with a
film thickness of 180nm could not be achieved in the investigated
fluence regime. The maximum ablation depth achieved for a peak
fluence Fy = 4.11Jcm~2 is 135nm. Ridge formation can be found
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Figure 6.8: Experimental single pulse ablation craters for 100 nm
ITO films for different peak fluences at a pulse duration of 700 fs.
There are three depth plateaus visible at z; = 30nm, zo = 70 nm
and z3 = 100nm. Each plateau is indicated by the black dotted
lines. The first two plateaus originate from the first and second
spallation and the third equals the film thickness z3 & dg1,. The
measurement is taken from [106].

around all craters with heights ranging from 15nm to 120nm. For
each peak fluence, the maximum ridge height and the corresponding
plateau depths z; are summarized in table 6.5. A comparison of the
measured ablation depths for the film thicknesses of 50 nm, 100 nm
and 180nm as a function of the peak fluence Fj is shown in fig. 6.16.
For each peak fluence, the measured ablation depth in the center of the
ablated crater is obtained by averaging the depth-values in the region
|r| < 3um, where the standard deviation is used as the corresponding
error. The film thicknesses for the 50 nm and 100 nm films are shown
with the dotted lines as a guide to the eye. The threshold ablation
model, which is described in section 4.1, can be used to compute the
ablation depths of the craters. The crater depths as a function of the
peak fluence are computed by the use of eq. (4.7) and are shown in
fig. 6.16 as well. The threshold fluence Fip,, = 0.22Jcm™? is found by
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Figure 6.9: Experimental single pulse ablation craters for 180 nm
ITO films for different peak fluences at a pulse duration of
700fs. There are two depth plateaus visible at z; ~ 40 nm and
29 /&~ 135 nm. Each plateau is indicated by the black dotted lines.
The ITO layer is not fully ablated. The measurement is taken
from [106].

calibrating the computed ablation crater shapes to the measured abla-
tion craters using a Levenberg-Marquardt least-square optimization
algorithm [125]. The effective penetration depth Je is assumed to
equal the optical penetration depth dop¢ while neglecting the thermal
penetration depth diperm-

The Gaussian spatial intensity distribution of the laser pulse with
a beam radius of wy ~ 14.8 pm leads to an uneven distribution of
the free electron density in radial direction. The generated electron
densities in the center are larger compared to the outer regions. Thus,
both the reflectivity Rr and the optical penetration depth dop¢ are
both dependent on the radial position in the laser beam. Using the
maximum free electron density that is excited by the laser pulse at each
position, the optical penetration depths dopt = dopt (12e,max (7)) at the
respective positions are computed using eq. (3.36). Then, the single
pulse ablation crater shape is obtained by evaluation of eq. (4.7) with
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Table 6.5: Crater depths and plateau depths for ITO samples
with a film thickness of 50 nm, 100nm and 180 nm, which are
processed with 700 fs laser pulses and different peak fluences

Layer Thickness [nm] 50 100 180

z1 [nm] 25 30 40

z9 [nm] 50 70 100
z3 [nm] - 100 -
Ridge Height [nm] ~ 15-50 15-80 50-120
Fully Ablated? v’ v’ -

F(r) and dopt (ne,max(r)). A comparison of the model and measured
AFM-craters for a 100nm and a 180nm ITO film is shown in fig. 6.10.
There is a good agreement between the overall shapes and depths of the
computed and measured single pulse ablation craters. The decreasing
electron distribution in radial direction results in an increase of the
optical penetration depth for larger distances from the center of the
beam. This causes the first plateau z1, already mentioned in table 6.5
and fig. 6.8. For large fluences, the model slightly overestimates the
crater width, while the overall modeled shape still agrees well with
the measured crater shapes. While the presented extension to the
threshold ablation model is able to successfully describe the crater
shape, the underlying ablation mechanisms are not covered. The
ablation mechanisms during thin film ablation are either photothermal
or photomechanical in nature. Which mechanism is dominant depends
on the used laser fluence and is discussed for the ablation of ITO layers
in detail in section 6.6.

6.4 Threshold Ablation Model - SizN4

SigNy films are often used as passivation layers for wafer structures or
thin film photovoltaic solar cells [129]. For this reason, the applicability
of the threshold ablation model (section 4.1) to SigNy4 films is proven
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Figure 6.10: Comparison of the threshold ablation model (solid
lines) and measured single pulse ablation crater shapes (dotted
lines) in fig. 6.10a 100nm and fig. 6.10b 180 nm ITO films for
selected peak fluences.
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Table 6.6: Laser parameters for material processing of the SizN4

samples [107]
Name Symbol Value
Wayvelength Pump A 1030 nm
Angle of Incidence Pump  «jp, 0°
Pulse Duration Tp 200 fs
Beam Radius (1/e?) wo 13.5 pm

in this section, by applying it to 60 nm SizN4 films. The experimental
craters and corresponding laser parameters (see fig. 6.11 and table 6.6)
are taken from [107]. Analogous to section 6.3, the optical properties
of the SigNy film are described by the dielectric function:

€Si3N4 = €0 (w) + 5Drude(wy ne) (6'2)

where e (w) corresponds to the equilibrium dielectric function for
a given angular frequency w of the laser light and epyge(w, ne) to
the free electron contribution (c.f. section 3.1.4). The equilibrium
dielectric function for SisNy e (w) is taken from [130]. Again, the
rate equation for the free electron density (c.f. eq. (3.59)) is used to
compute the temporal evolution of the free electron density and the
optical penetration depth. In order to achieve good agreement between
the threshold ablation model and the measured ablation craters in
SigNy, an electron density dependent bandgap (i.e., the Burstein-Moss
effect) and electron collision time had to be considered. Due to the
Burstein-Moss effect the bandgap (c.f. fig. 3.5) increases according
to eq. (3.67) with increasing electron density. The intrinsic bandgap
Ay of SigNy equals Ay = 2.71eV [130]. Similar to ITO, in SizNy the
electron collision time 7, decreases with increasing electron density
since it is more likely to collide with other free electrons. However,
the model for the electron collision time of ITO (c.f. eq. (3.39)) does
not produce good agreement of the computed crater shapes with the
experimentally observed crater shapes. For this reason, the following
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calibration function for the electron collision time is introduced:

1
Te(ne) = Te,0 " e + Te,min
eXp ( e e,crxt) + 1

Te,crit

(6.3)

Here, T min is the minimum electron collision time and 7ne ¢t is the
critical electron density of SizNy, respectively. The minimum collision
time Temin corresponds to the inverse maximum electron collision
frequency 1/vmax (see also eq. (3.39)). With the effective electron
mass of m} = 0.5 - me, the critical electron density (at A = 1030 nm)
is given by neeit = w?es(w)eom?/e? = 5.25 x 102°°m=3 [55, 131,
132]. The calibration function eq. (6.3) is chosen in such a way that
it saturates at the equilibrium value 7, o/(exp(—1) + 1) = 3.39fs for
small electron densities and at the minimum value of 7¢ min after the
electron density exceeds the critical electron density ne crit. Similar
approaches with different calibration functions for (bulk) transparent
dielectrics can be found in [8, 50]. According to Matthiessen’s rule, the
effective electron collision time can be estimated: 1/7, = > 1/7; where
the collision times 7; originate from different scattering mechanisms
(€.8. Tphonons Timpurities; Tdefects; - - -)- 11 contrast to the bulk materials
considered in [8, 50], for thin semicondicting films, surface scattering
Tsurface Nas to be considered [133]. Surface scattering and impurity
scattering are considered to prevent the collision time from increasing
to unphysically large values for small electron densities (as in [8]) and
rather saturate at a maximum value. The exponential function in
eq. (6.3) was introduced to describe a smooth transition between 7. o
and Temin. The calibration of the relevant parameters by use of a
nonlinear optimization using a Nelder-Mead algorithm [125] results in
Te0 = 41115, Te min = 0.39fs and Fiy, = 0.87Jcm™2. Note that the
calibrated threshold fluence Fip, = 0.87Jcm™? slightly differs from
the value Fip, = 0.82J cm ™2 reported in [107]. A comparison between
the computed and the measured craters can be found in fig. 6.11. The
craters are measured by the use of a white light interferometer (WLI).
Overall, there is a good agreement between the shapes of the computed
and measured craters for all peak fluences. For a peak fluence of
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Figure 6.11: Comparison of the threshold ablation model (solid
lines) and measured single pulse ablation crater shapes (dotted
lines) in a 60 nm-SizNy4 film for selected peak fluences. There is
good agreement between the model and the craters. The exper-
imental craters are measured with a white light interferometer
and are taken from [107].
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3.14Jecm™2, there is a deviation between the measured depth and the
computed depth in the outer regions of the ablation crater. However,
the quantitative crater shape for the model and the WLI measurement
are very similar. It has to be noted, that for thin transparent ITO
films, with film thicknesses dg, =~ 0nm to 180 nm, WLI measurements
are not as accurate as AFM measurements [106].

6.5 Comparison of Absorption Coefficient Models

So far two different models have been proposed to describe the absorp-
tion process of intense ultrashort laser pulses in transparent media: The
first model is deduced from the dielectric function where the absorption
coefficient is proportional to the imaginary part & of the dielectric
function: aups = 2w/coS(/e(w, ne)) (c.f. section 3.1.4). Then, the
laser intensity as a function of depth z and time ¢, can be described
by Lambert-Beer’s law with transient optical properties:

2

I(t,2) = (1 — Re)lo exp <—41n(2)T’;2> exp (—amez)  (6.4)

where Rp corresponds to the reflectivity of the sample surface. Both
the reflectivity Rp = Rp(ne(t)) and the absorption coefficient s =
aabs(ne(t)) depend on the transient electron density ne(t). Here,
the electron density is only considered at the sample surface (i.e.,
ne(t) = ne(z = 0,t)). In the second model, the temporal and spatial
intensity distribution within the material and hence its absorption is
described by a one-dimensional transport equation eq. (3.72). The ab-
sorption is modeled by multiphoton ionization and cascade ionization
while the laser pulse propagates through the material (see eq. (3.73)).
Figure 6.12a shows the resulting intensity distributions I(¢,z) of the
transient Lambert-Beer law, given in eq. (6.4), and are compared to
the transport equation eq. (3.72) in ITO for a laser pulse with a peak
fluence of Fy = 0.86Jcm™2. As shown in fig. 6.12b, during the rising
time of the Gaussian intensity distribution both models show the same
behavior for all depths (z = Onm, 100 nm and 200nm). The intensity
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Figure 6.12: Comparison of the normalized intensity distribution
I(z,t)/Iofor the transport equation (eq. (3.72)) and the Lambert-
Beer law (eq. (6.4)) in ITO with transient optical properties for a
laser pulse with a peak fluence of Fy = 0.86Jcm™2. The orange
horizontal lines in fig. 6.12a at z = 100 nm correspond to the
orange lines in fig. 6.12b.
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maxima for the transport equation at the depths z = 100nm and
200 nm are reached slightly later than for the Lambert-Beer law. This
is reasonable because the transport equation takes the propagation
time of the light into account, which is neglected in Lambert-Beer’s law.
The predictions by the transport equation result in lower peak intensi-
ties for larger depths. The propagation speed of the light depends on
the local refractive index and therefore on the local free electron density.
This leads to a broadening of the laser pulse for larger propagation
depths. For this reason, the reached peak intensity is slightly lower
for the intensity distributions computed from the transport equation
in comparison to the Lambert-Beer law. The time when the material
surface becomes reflective matches for both models.

However, the computation times strongly differ due to the stability
criterion for the transport equation. According to the CFL-condition,
the high spatial resolution to resolve light propagation in ITO films
with film thicknesses ranging from dg, = 50 nm to 180 nm requires
very small time steps in the order of At = 1 x 10785, Therefore,
several million time steps are required to compute the laser pulse
propagation for ultrashort laser pulses with a pulse duration of several
hundreds of femtoseconds through the ITO films. In order to reduce
the computational cost, the Lambert-Beer law is used for further
computations, because the overall results for the intensity distribution
for both models are very similar. It should be noted that for larger film
thicknesses and bulk material the assumption of an evenly distributed
electron density over the film thickness no longer holds. Then the
transport equation should be used to compute the electron density
and intensity distributions.

6.6 Influence of Fluence on Ablation Mechanisms
Depending on the peak fluence, different ablation crater shapes are
observed in ITO layers (see section 6.3 and figs. 6.8 and 6.10). Small

fluences (i.e., fluences close to the threshold fluence Fip,, = 0.22 J cm™2)
result in ablation craters with relatively constant ablation depths, while
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large fluences lead to ablation of the complete film. The peak fluence
which is required for ablation of the complete film increases with the
film thickness. For a 100 nm I'TO film, the flat ablation crater shape be-
comes parabolic for peak fluences around Fy = 0.43 Jcm ™2 t0 0.65J cm™2.
Therefore, a different ablation behavior is expected around peak flu-
ences of Fy ~ 0.43Jcm~2. To identify the relevant ablation mecha-
nisms, the model derived in section 4.4 is utilized.

The laser pulse excites free electrons (see section 3.1.6) and heats
the electronic subsystem, which transfers the stored energy to the
lattice system. This is described by the two temperature model (see
section 4.2). The lattice heating causes the lattice to expand thermally
and thereby induce strains and stresses within the layer stack. The
stresses propagate as mechanical waves within the materials. In a first
approximation, neglecting plastic deformation and hydrodynamics,
these waves can be described by elastodynamics (see section 4.3).

Some results of the combined model (see section 4.4) for 100 nm
ITO samples for peak fluences Fy = 0.22Jcm™2,0.65J cm™2 and
1.29Jecm™2 of the combined TTM-mechanical model are exemplar-
ily shown in figs. 6.13, 6.14a and 6.14b. Figure 6.13 shows the
computed lattice temperature 7j(z,t) and uniaxial strain distribu-
tions in z-direction ¢,,(z,t) for a laser pulse with a peak fluence
Fy = Fypy = 0.22J cm™2. The maximum predicted lattice temperature
in fig. 6.13a is 71 = 1908 K and is thus close to but does not reach the
melting temperature Ti,er of ITO. The rise of the lattice temperature
around t ~ 8 ps causes the lattice to thermally expand leading to a
pressure wave within the ITO-layer. The corresponding computed
thermally induced strains €,,(z,t) are shown in fig. 6.13b. The pressure
wave is reflected at the ITO-air interface and at the ITO-substrate in-
terface around ¢ ~ 10 ps. The reflected fraction from the ITO-substrate
interface travels towards the film surface at z = 0 where it is reflected
again at t &= 17ps. At this time, the total strain, given by the sum
of the resulting strains, reach a maximum &,, = 2.45% at a depth
z ~ 31 nm. The maximum strain value is close to the yield strain of
Eyield = 2.2% reported for 100 nm ITO films on flexible PET substrates
[134]. The depth where €., > €yielq (¢ ~ 31 nm) matches with the
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Figure 6.13: Computation of the lattice temperature 7] and
uniaxial strain ., for a 700fs laser pulse with a peak fluence
of Fy = 0.22Jcm™2 in a 100nm ITO film. The area where
€22 2 Eyield IS indicated by the red contour line.



6.6 Influence of Fluence on Ablation Mechanisms

first plateau depth z; in the measured ablation craters (c.f. table 6.5
and fig. 6.8). This depth equals to the depth where the maximum
forces act on the lattice atoms predicted by MD simulations [6, 51].
Increasing the peak fluence results in larger peak lattice temperatures
exceeding the melting temperature of ITO. Figures 6.14a and 6.14b ex-
emplarily show the computed lattice temperature distributions 7i(z, t)
for laser pulses with peak fluences Fyy = 0.65Jcm™2 and 1.29 J cm 2.
The maximum depth where melting temperature is reached increases
with increasing fluence and also depends on the film thickness. For
comparison, the temperature distributions for different fluences in an
ITO film with a film thickness of §g,, = 50nm are shown in fig. 6.15.
Similar to the 100 nm ITO sample, small fluences result in tempera-
tures slightly below melting temperature and the computed strains
exceed the yield strain at the first plateau depth around z ~ 25nm.
For the peak fluences of Fy = 0.41Jcm™2 and Fy = 0.54J cm ™2 the
computed depths where melting temperature is reached are slightly
smaller with the experimental measurements (c.f. figs. 6.7 and 6.16.)
Increasing the peak fluence results in melting of the entire ITO film.

In fig. 6.16 the maximum computed depths where melting temper-
ature is reached (i.e., Ti(z,t) = Tyey) for different peak fluences are
compared with the measured ablation depths. This comparison is
reasonable because evaporation in the center of the ablation crater
leads to expulsion of most of the molten material. For reference, the
ablation depths, computed by the threshold ablation model are also
plotted. For peak fluences Fy > 0.43Jcm ™2 and film thicknesses of
dfiim = D0nm and 100 nm the z-values predicted by the TTM-model
are in good agreement with the measured ablation depths. For larger
film thicknesses, (i.e., g = 180nm) the TTM predicts ablation
depths exceeding the measured values. There are multiple reasons why
the TTM predicts too large depths in which melting temperature is
reached. Firstly, the parameters used for the dielectric function are
calibrated from the 100 nm sample.

A change of the film thickness results in different calibrated mate-
rial parameters. This can be explained by the fact, that the initial
free electron density, the grain size, and the chemical composition
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Figure 6.14: Computation of the lattice temperature T; for
a peak fluence of Fy = 0.65Jcm™2 and Fy = 1.29Jcm™2.
The violet contour line indicates the region where the melting
temperature of ITO is reached T} = Thels.
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Figure 6.15: Computation of the lattice temperature 7] for a
peak fluence of Fy = 0.41Jcm™2 and Fy = 54Jcm™2 in a
50nm ITO-film. The violet contour line indicates the region
where the melting temperature of 1TO is reached T} = Tyt
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Figure 6.16: Comparison of the measured ablation depth d,y,
for ITO-samples at the center of the pulse and the computed
ablation crater depths by use of the threshold ablation model
(c.f. section 4.1). The ITO-samples have film thicknesses of
Ofilm = 50nm, 100nm and 180nm. The dotted lines indicate
the film thickness for d1, = 50nm and 100 nm, respectively.

of the films change if the film thickness is increased [25, 135, 136].
Furthermore, it is assumed that the electron density is constant over
the whole film thickness [77]. This no longer holds for larger film thick-
nesses because an increase of the electron density at the sample surface
increases the absorption in the top part of the film. The minimum
optical penetration depths during the laser pulse for different pulse
energies range from 17 nm to 80nm for fluences between 0.32.J cm ™2
to 4.3J cm ™2, where larger fluences result in lower optical penetration
depths (see e.g. fig. 6.6). According to Lambert-Beer’s law, the in-
tensity at the surface of the ITO-film is larger compared to depths
close to the interface to the SiOslayer. For ITO the average mean free
path of an electron equals 8.3 nm [137] which is much smaller than the
film thickness but still leads to a homogenisation of the free electron
density within the film. The time to reach a homogeneous electron
distribution 7epem in two dimensions within the films is can be esti-
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mated by Tehom = Ofitm>/(2De). Here D, corresponds to the diffusivity
of the free electrons (For ITO D, = 2.77 x 1073 m?s~! [137]). For film
thicknesses dgmof 100 nm and 180 nm this leads to Tenom = 0.9 ps and
Tehom = 2-92 ps, respectively. This is larger than the pulse duration of
7p = 500fs. Consequently, this results in a non-homogeneous electron
distribution along the z-direction for larger film thicknesses. Assuming
a constant electron density within the whole 180 nm-film therefore
leads to an overestimation of the absorbed energy. Then the simple
Lambert-Beer law in the source term for the TTM is not applicable
anymore. Hence, if the the absorption for larger film thicknesses is
overestimated, then the absorbed energy is overestimated, leading to
too high predicted temperatures.

6.7 Double Pulse Ablation

After production, 12-inch Si- and gallium nitride (GaN)-wafers can
carry around 2.6 - 10'? transistors which are connected to ICs and
spatially separated by low-x materials [138]. To effectively cut the
1Cs without damaging the substrate or the complex layered structures
within the individual ICs, laser grooving is used to introduce trenches
in the low-x materials left and right of the actual cut (section 1.1).
Transmission of the laser radiation into lower low-x layers or the sub-
strate may cause cracks or delamination, which can damage an IC.
The exact composition and thickness of the individual films on the
wafer is often confidential. A typical combination of materials present
in the dicing street of imec is given in fig. 6.17 [139]. To give a proof
of concept, the simulations are carried out on a simplified reference
model system. This model system consists of a SiOs layer on top of
a Si-substrate. The thickness of the low-x layers is typically in the
order of several pm. Hence, the thickness of the SiOs film is set to
be g = b pm. Section 6.2 demonstrated that the transient optical
properties of transparent semiconductors during laser excitation can
drastically differ from the steady state optical properties. The genera-
tion of free electrons leads to a reduction of the optical penetration
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Figure 6.17: Schematic structure of imec’s TV1 sample [139].
Due to the unknown composition of the individual layers a sim-
plified model system is used in this work.

depth and an increase of reflectivity. This section explores the op-
portunity to individually remove the topmost transparent low-x films
without transmission of the laser radiation by utilizing the free electron
generation. Thereby, the introduction of heat into the substrate is
reduced and delamination can be avoided.

The intensity distribution I(z,t) of a 700 fs IR laser pulse for different
initial free electron densities ne iniy is calculated using eq. (6.4) and is
shown in fig. 6.18. To model the optical properties within the SiOq
layer, the following dielectric function is used:

58102(0% ne) = Eoo(w) + EDrude(Wv ne) (6‘5)

where the functional relationship e (w) is taken from [140]. For a
laser wavelength of A = 1056 nm the equilibrium term is given by
€00 = 2.1281 4+ 0.0029 - 7 and the free electron contribution is modeled
by the Drude term ep,uge. While the IR laser pulse is fully transmitted
through the SiO9 layer when there are no initial free electrons present,
most of the radiation gets absorbed within the first 3pum with an
initial free electron density of 1 x 102> m~3. The peak intensity of the
laser pulse is reached at t = 0s. At this time, the reflectivity of the
sample surface increases strongly and prevents the laser radiation from
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Figure 6.18: Comparison of the intensity distribution I(z,t)
of an ultrashort laser pulse (A = 1056 nm, 7, = 700fs, Iy =
1x 10 Wm=2,wg = 101um) in a SiO; film with a film thickness
of dg1m = 51um for different initial electron densities 7 jnit. The
pink lines indicate the temporal evolution of the incident laser
pulse. Larger initial electron densities lead to a reduction of the
optical penetration depth.

entering the SiO9 layer.

To generate a free electron density of 1 x 102 m™3 at the time
when the “ablation” laser pulse irradiates the film surface, another
“excitation” laser pulse can be used, which precedes the ablation pulse.
The pulse energy of the excitation pulse should be chosen such that
the pulse does not induce damage within the material. Additionally, it
is beneficial if the photon energy exceeds the bandgap of the material.
Thus, strong absorption and minimal transmission to lower layers or the
substrate is ensured. Low-x dielectrics have a bandgap of A = 7.7eV
[141], which is comparable to SiOg (A = 7.8V [50]). However, defects
and impurities in the crystalline lattice cause bandgap narrowing
in low-x materials, such that bandgaps range from 6.1eV to 6.8eV
[142]. This corresponds to wavelengths ranging from 203 nm to 182 nm,
respectively. Consequently, excimer lasers with a wavelength of 182nm
to 203 nm should be used for the excitation process of low-x materials.

In industrial applications however, there are other materials within
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Figure 6.19: Temporal evolution of the free electron distribu-
tion log;,(ne(t)) at the surface of a 5 pm SiO; film for an UV
nanosecond laser pulse with different peak intensities I;. The
black contour line indicates the regions where the electron density
exceeds ne > 1 x 102> m~=3 (c.f. fig. 6.18).

the cutting line, which have smaller bandgaps than SiOs and there-
fore provide seed electrons to reduce the optical penetration depth.
Hence, electron generation for wavelengths of 266 nm and 343 nm are
now studied in detail. Frequency tripled and quadrupled IR lasers
are able to produce wavelengths of 343 nm and 266 nm respectively.
Typical pulse durations range from picoseconds to several nanoseconds.
For these wavelengths, the respective photon energies are 3.6 eV and
4.7eV. Thus, two-photon-absorption via MPI is the driving absorption
process. Consequently, the steady state optical penetration depth
dopt, computed via the dielectric function eq. (6.5) and eq. (3.36), for
laser pulses with a wavelength of A = 266 nm and A = 343 nm results
in dopt = 4.94pm and Jdop; = 8.53 pm, respectively. For 266 nm the
optical penetration depth dop¢ is smaller than the SiO» film thickness.
The temporal evolution of the free electron density ne(t) for 3.4 ns laser
pulses with both wavelengths and different peak intensities I is shown
in fig. 6.19. The black contour lines indicate the regions where the
electron density exceeds 1 x 102> m~3. For A = 266 nm the temporal
evolution of the free electron density follows the temporal intensity
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6.7 Double Pulse Ablation

distribution. In contrast to A = 266 nm, for A = 343 nm the temporal
evolution of the electron density is asymmetric for peak intensities
larger than Iy > 1 x 10" Wm™2. Then, the multiphoton ionization
leads to an electron density of ne ~ 1 x 10> m~3 and avalanche ioniza-
tion sets in. Electrons are still generated due to avalanche ionization
during the fading tail of the laser pulse which leads to the asymmetric
shape.

To efficiently reduce the optical penetration depth for the IR ablation
pulse, the required free electron density is 1 x 102> m~3 (see fig. 6.18).
The obligatory peak intensities and delay times with in which the UV
excitation pulse generates the free electron density of 1 x 102> m™3
is shown by the black contour line in fig. 6.19. Thus, the optical
penetration depth of the IR ablation pulse is reduced if the peak
intensity of the UV laser pulse is larger than Iy > 1.2 x 1014 Wm™2.
Increasing the peak intensity of the UV excitation pulse results in a
longer process window for possible the delay times for the IR ablation
pulse. However, it should be noted that increasing the peak intensity
for the excitation pulse might induce substrate damage.

Similar approaches with excitation in the UV and visible regime and
ablation pulses in the visible and IR regime already proved an increase
of absorption and a decrease of ablation threshold for silicon carbide
and fused silica [143, 144]. Moreover, there are already approaches to
model double pulse excitation with time-dependent density functional
theory (DFT) [145]. Here, it is shown, that the absorbed energy is the
largest if the excitation pulse and the ablation laser pulse irradiate
the sample simultaneously. However, due to the numerical complexity,
the used pulse durations are ranging from 30fs to 70fs and therefore
complicate the experimental handling of the beneficial delay time
between the two pulses. Therefore, the experimental feasibility with
nanosecond UV laser pulses is proven here.
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7 Summary and Outlook

7.1 Summary

This thesis presents a comprehensive numerical process model for
the ablation of transparent semiconducting thin films by means of
ultrashort pulsed laser radiation. The model considers the relevant
physical mechanisms to describe the shapes of the ablation craters and
gives insight about the dynamics during the ablation process. The
equilibrium optical properties are determined based on static UV-Vis
measurements by use of the dielectric function. For intense ultrashort
laser pulses, the optical properties of semiconductors change drasti-
cally due to ionization of bound electrons during the laser pulse. To
adequately describe the optical properties (i.e., reflectivity, absorption,
and optical penetration depth) during the laser pulse, free electron
dynamics are considered by the use of rate equations for the free elec-
tron density within the semiconducting films. Despite not explicitly
shown in this manuscript, it is found that bandgap widening due to
the Burstein-Moss effect and an electron density dependent electron
collision time needs to be incorporated for adequately predicting the
experimental results [77]. Moreover, this work extends the threshold
fluence ablation model, which so far could only be used to describe
the ablation crater shape for pulsed material ablation in metals [7,
128, 146], to accurately describe ablation craters in semiconducting
materials like ITO and dielectrics like Si3Ny4. This is achieved by
utilization of the transient optical penetration depth for the energy
penetration depth in the threshold model.

At a microscopic level, the ablation process is modeled by simulation
of the relevant underlying physical processes induced by intense laser
pulses. The developed model considers the absorption of the ultrashort-
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pulsed laser radiation, the subsequent heating of the material stack
and mechanical pressure waves, that are caused by thermal expansion
due to the increase of temperature.is The heating of the material stack
is modeled by a hyperbolic TTM, where the heat source is based on
the transient optical properties. The TTM is extended by an enthalpy
method to prevent an overestimation of the lattice temperatures and
account for phase changes. Due to the lattice heating thermal strains
and stresses are induced within the layer stack, that propagate as
mechanical waves. The latter are described using an elastic wave
equation. Considering the thickness of the thin films and the lateral
dimensions of the laser beam, the proposed model could be reduced
from three dimensions to one dimension. By simulating the underlying
physical processes mentioned above, the relevant ablation mechanisms
are identified to be a combination of mechanical spallation for regions
in the crater where the fluences are close to the threshold fluence and
thermal melting and melt expulsion for larger fluences.

7.1.1 Research Questions

With the model developed in this work, it is finally possible to answer
the initially posed research questions.

e For which parameter values is the laser ablation of a
thin transparent layer photo-thermally and for which is it
photo-mechanically dominated?

o Is the ablation mechanism controllable, e.g., via the effec-
tive energy penetration depth deg and the film thickness
6filrn?

Ooft > Oiim  photo-mechanical?
Ooft < Ofim  photo-thermal?
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e In ITO, the ablation process is photo-mechanically dom-
inated for 700fs laser pulses with peak fluences Fy <
0.43 Jecm ™2 (this corresponds to 2 - Fiy,,). For larger peak
fluences Fy > 0.43 J cm ™2 the ablation mechanism is pho-
tothermal.

e In ITO, the ablation mechanism for 700 fs laser pulses is
not controllable by the effective penetration depth deg since
it roughly equals the optical penetration depth dop¢. The
optical penetration depth dop¢ itself is in the order of the
film thickness for a local fluence of F' = Fiy,, = 0.22J cm 2.
Increasing the fluence results in decreasing the optical
penetration depth while simultaneously increasing the
induced heat. However, if stress confinement is present
in the regions where the induced heat is not sufficient for
melting or phase explosion, the ablation mechanism is
photomechanical and photothermal otherwise.

¢ Is it possible to model the ablation crater of thin semicon-
ducting films with a phenomenological ablation criterion?

e Can exceeding of a critical electron density be defined as
a phenomenological ablation criterion for the ablation of
thin semiconducting films?
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Exceeding the critical electron density could not be identi-
fied as a phenomenological ablation criterion. However, the
ablation craters can be modeled using the threshold fluence
Fir =~ 0.22Jcm™2 as a phenomenological ablation criterion
instead of the critical electron density. Therefore, the threshold
ablation model is combined with transient optical properties
which result from the free electron dynamics.

7.2 Outlook

The models that were developed within the scope of this work are
able to describe the ablation crater shapes (c.f. section 4.1) of thin
semiconducting films and give insights about the underlying ablation
mechanisms (see section 4.4). Some assumptions and simplifications
have been made during the development of the models and can be
used for further improvement of the model:

e Electron dynamics: For the modelling of the free electron
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dynamics it was assumed, that the densities and effective masses
of the electrons and the holes are equal. Further, it was assumed
that the valence and conduction bands have a parabolic shape.
This allows the simplified computation of the bandgap widening
due to the Burstein-Moss effect. For other materials with more
complex band structures, such as GaN or organic semiconductors,
a quantum mechanical approach has to be made. One possible
approach could be the use of DFT.

Interference and beam propagation: The modelling of the
laser radiation propagation in the film stack and its absorption
is done by use of the TMM and a Lambert-Beer law until the
optical penetration depth becomes smaller than the film thickness.
The use of the TMM is only valid if the refractive index of
the layers does not change drastically within the individual
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layers. Especially for transparent insulators with a small electron
mobility and film thicknesses larger than 100 nm this assumption
is no longer valid. In this case, the wave equation for the electric
field within the materials has to be solved explicitly (c.f. eq. (3.7))
with a time dependent charge carrier density and dipole moment
density. Due to interference of the electromagnetic waves within
the thin films the local intensity can exceed the incident peak
intensity.

Absorption: The absorption for the threshold ablation model
and the TTM is modeled by the use of the nonlinear Lambert-
Beer law. For the materials, considered in this thesis mostly
absorb the laser radiation in the topmost layer. This no longer
holds for more complex layered film systems. Thus, the absorp-
tion should be either computed by solving the electromagnetic
wave equation or by computation of the Poynting vector within
the film stack [78].

Plasticity: The presented one-dimensional model for the me-
chanical waves in the film system are considered to be fully elastic.
To get a more comprehensive model, hardening laws should be
implemented to describe plastic deformations. There are several
types of hardening, including isotropic hardening and kinematic
hardening. Isotropic hardening corresponds to the uniform in-
crease of the material’s yield strength into all directions as it
is deformed. Kinematic hardening accounts for the material’s
response to deformation based on the history of deformation. In
kinematic hardening, the yield surface shifts due to the prior
loading cycles. The description of the hardening laws is typically
described using linear or nonlinear equations for the stress-strain
relationship.

Delamination and cracks: Due to the one-dimensional elastic
model delamination and cracks in radial direction cannot be
described. In order to do so, the model has to be extended to
two or three dimensions. Then, the stress-strain relationship
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becomes more complex due to the tensor properties of the elastic
modulus tensor Cq. With Einstein’s sum convention the stress-
strain relationship in an isotropic material thus reads:

0ij = Celyjki(ert — n AT 6py) (7.1)
E
Celijii = = (0305 + 0irdj1)

2(1 + Vpoisson)
+ Eproisson )
(1 + Vpoisson)(l - 2Vpoisson) 1Okl
where Fy corresponds to Young’s modulus and vpeisson to Pois-
son’s ratio of the material, respectively. Since every material in
the stack of thin films has a different thermal expansion heating
leads to stresses at the film interfaces. If the stress exceeds a
material specific threshold this can be used as a criterion for
damage or delamination.

(7.2)

¢ Phase transitions and melt expulsion: The current model
describes the phase transitions by introducing the enthalpy re-
quired for melting in the TTM. However, the interaction between
the mechanical pressure wave and the molten material is ne-
glected. To introduce this interaction the formulae for the elastic
wave equation have to be exchanged by a hydrodynamic descrip-
tion. This is described by Euler equations. A combination of the
Euler equations with a TTM in metals can be found in [52]. To
describe semiconductors, the model from [52] should be extended
by use of electron dynamics and the transient optical properties
in order to model the heat source.

Finally, the considerations regarding the double pulse excitation of
transparent materials presented in section 6.7 require experimental
validation. Therefore, an UV nanosecond laser should be synchronized
with an IR femtosecond laser source. Then the feasible process window
can be analyzed by a variation of the delay times and peak intensities.
Furthermore, it should be noted, that the excitation pulse should
spatially encompass the ablation pulse to prevent too large optical
penetration depths in the peripheral region of the ablation pulse.
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AFM
BPM

CAGR
Cd
CFL
CVD

DFT
DOS

FDTD
FTCS
FWHM

GaN

IC

In

Ins O3
IR
ITO

MD
MPI

atomic force microscope
beam propagation method

compound annual growth rate
cadmium

Courant-Friedrichs-Lewy condition
chemical vapor deposition

density functional theory
density of states

finite differences time domain
forward in time, centered in space
full width at half maximum

gallium nitride
integrated circuit
indium

indium oxide

infrared
indium tin oxide

molecular dynamics
multiphoton ionization
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ODE
OLED

PDE
PEC
PET
PMOLED

SHG
Si
SigNy
SiOs
Sn
SnOy

TCO
TEM
TMM
TTM
uv
WLI

7n
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ordinary differential equation
organic light-emitting diode

partial differential equation
Predictor-Evaluate-Corrector

polyethylene terephthalate

passive matrix organic light-emitting diode

second harmonic generation
silicon

silicon nitride

silicon dioxide

tin

tin dioxide

transparent conducting oxide
transverse electro-magnetic
transfer matrix method
two temperature model
ultraviolet

white light interferometer

zinc
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