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Abstract
Laser material interaction and structure formation in metals under controlled ultrashort laser pulse conditions are discussed in this work. A novel approach is
presented describing the exact amount of energy deposited by a laser pulse in a gold
surface, applicable under a variety of structuring conditions. The presented model
is validated by a new introduced broad-band pump-probe reflectivity measurement
method. A technique also applicable to investigate other phenomenas where 20 fs
resolution combined with an octave spanning spectral range is required. Here the
observed dynamic energy absorption is probed by this method and is a factor not
yet included in simulations dealing with surface structure formation, however can
significantly influence the results. The amount of energy introduced in a surface
determines the evolution of the material in the following few ps and ns, in which
melting, ablation and finally crystallization in its final observable structure occurs.
The influence of these dramatic laser induced phenomena is investigated in the second part of this work on the formation of periodic nanostructures. The experimental
results obtained in this work are compared to a large-scale molecular dynamics simulation, conducted by D.S. Ivanov. The novelty of this approach is the scale which
the model calculations and the experiment covers, combining the microscopic description of the electrons around the core with the macroscopic effects which an
overheated melt has on the structure formation on the µm scale. The DFT calculations of the elevated electrons around the core were conducted by E.S. Zijlstra.
The interpretation of the obtained results presented in this work leads to a deeper
understanding of the involved process during the interaction of highly energetic ultrashort pulses with metals.
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Laser-Materialwechselwirkungen und die Strukturbildung in Metallen unter kontrollierten Ultrakurzen Laserpuls Bedingungen werden in dieser Arbeit diskutiert.
Ein neuartiger Ansatz wird vorgestellt der die präzise Energiemenge beschreibt,
die durch einen Laserpuls in eine Goldoberfläche eingebracht wird und unter einer
Vielzahl von Strukturierungsbedingungen Angewendet werden kann. Das eingeführte Modell wird überprüft und dazu eine neue breitbandige Pump-Probe Reflektivitäts-Messmethode vorgestellt. Die gemessen und beschriebene dynamische Energieabsorption ist ein Faktor der Bisher nicht in Simulationen von Oberflächenstrukturen implementiert ist. Dabei hat die Menge an Energie die in eine Oberfläche eingetragen wird einen deutlichen Einfluss auf die Entwicklung des Materials
in den nächsten ps und ns, in denen Schmelzen, Ablation und schließlich Kristallisation in der schlussendlichen Struktur stattfinden. Der Einfluss dieser dramatischen
Laserinduzierten Phänomene wird im zweiten Teil dieser Arbeit an periodischen
Nanostrukturbildungsprozessen untersucht. Eine Großskalige Molekulardynamik
Simulation ermöglicht die Modellierung dieses Prozesses. Diese Simulationen wurden von D.S. Ivanov durchgeführt und erlauben einen dierekten Vergleich zu Experimentellen Ergebnissen, die im Rahmen dieser Arbeit gewonnen wurden. Das
neuartige an diesem Ansatz sind die Skalen, die Modellsimulation und Experiment
abdecken. Diese kombinieren die mikroskopischen Beschreibung der Elektronen um
den Atomkern mit den makroskopischen Effekten, die eine überhitzte Schmelze auf
die Strukturbildung auf der µm Skala hat. Die mikroskopischen DFT Rechnungen
der angeregten Elektronen um den Kern wurden von E.S. Zijlstra durchgeführt. Die
Interpretation der gewonnen Ergebnisse im Rahmen dieser Arbeit führt zu einem
tieferen Verständnis der beteiligten Prozesse während der Wechselwirkung von hochenergetischen Ultrakurzen Pulsen mit Metallen.
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1 Introduction
From the prediction of stimulated emission by A. Einstein in (1917) to the first
demonstration of this effect in a maser in (1953) build by C. H. Townes and coworkers, quite some time past. This microwave emitting coherent source at first had no
obvious application. It took T.H. Maiman until (1960) to construct the first operating ruby laser for which applications were soon found and marked the starting
point of a not foreseeable yet incredibly successful development of laser technology
[1–3]. The high intensities which became achievable opened the field of nonlinear
optics with its numerous effects found in the complex response created by the strong
perturbation of electrons in the atomic potential. With laser pulses, the conversion
of light to half its wavelength and effects like self-focusing of a pulse, could be used
to create new laser cavity designs, while self-phase modulation made the spectral
broadening possible, allowing even shorter laser pulses.
Laser technology has experienced dramatic developments, while average power and
peak intensity are steadily increasing. New records were achieved by introducing
chirped pulse amplification (CPA), later also the wall-plug efficiency could be increased by using diodes as pump sources for the laser gain medium. In recent years
the further development of gain medium geometries for example realized in fiber
lasers increased the efficiency and also the average power even further [4–9]. These
improvements combined with higher reliability and self-readjusting cavities lead to
hands-off systems and opened the door for a wide use in science and industry. The
driving force for the development of new laser sources, however, is often the fundamental research where the interest in higher intensities is enormous. One feasible
route towards extreme electro-magnetic fields that was extensively improved in the
last decades were Ti:Sapphire CPA systems with a few kHz repetition rate, producing peak powers up to the TW range. These extreme conditions can be achieved
by utilizing spectral broadening in hollow core fibers combined with an ideal post
compression. This allows the creation of multi mJ single cycle pulses leading to
intensities where the atomic potential is strongly deformed and thus accelerating
the bound electrons to relativistic velocities [10–12]. With these short intense pulses
a variety of scientific applications are possible, one is to probe phenomena that are
taking place at the time scale of fs [13–15]. Another application is the direct use of
the filed strength. Under certain conditions the laser field drives the electrons back
towards the core, creating by recombination higher harmonics enabling the creation
of attosecond laser pulses. Pulses with a few fs duration carrying a few mJ energy
cramped into a single light cycle are also sufficient to drive laser-plasma accelerators,
achieving multi MeV electron bunches with a few fs duration. Extremely powerful
lasers can even produce such a high temperature regime in a material for a short
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period of time, enabling laser driven fusion research [16–19]. At even higher intensities the local energy density can reach the polarizability of vacuum or the Schwinger
limit, a state where electron-positron pairs are formed by photon-photon collisions.
Projects like the extreme light infrastructure (ELI) are designed to come close to
such intensities to study these effects [4, 20]. These perspectives make clear that
laser technology is a dynamic field with a lot of open questions but also offering
many potential applications.
High power lasers which are relatively cheap and reliable are already extensively
used in industrial applications: for welding of vehicle body parts, in 3-D laser printers used for airplane turbine production and for surface annealing applications of
TV flat screens [21–23]. High power lasers are also used as laser driven thrusters for
space applications or for the creation of thin films by pulsed laser deposition (PLD)
[24, 25]. The recent availability of laser sources with mJ single pulse energies at
kW output power and pulse durations in the fs range allows a precise structuring
of virtually any material opening a vast variety of possible industrial applications.
Surface functionalization can be achieved by periodic nano structures, of which

(a) hydrophobic polypropylene surface

(b) diffractive security feature on steel

(c) controlled cell growth on steel

(d) diffractive QR code on glass

Figure 1.1 Periodic Laser Surface structuring examples on different samples all created at the
Laser-Laboratorium Göttingen e.V., (a) from [26], (b) created by J.H. Klein-Wiele, (c) from
[27], (d) created by J. Meinertz.

examples are given Figure 1.1. These include the creation of super-hydrophilic or
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-hydrophobic surfaces, diffractive safety feature, or change the cell growth behavior
of medical implants, drilling of µm holes or to create nano particles [26, 28–32].
Different techniques can be used to create such periodic nano-structures, there are
self organized ways creating laser induced periodic surface structures (LIPSS) and
deterministic routes using interference methods like multiple beam interference for a
deterministic periodic nano structure [26, 27, 33–35]. To understand the formation
of functionalized surfaces and be able to predict material response and design new
structuring methods and applications, the exact mechanisms during and shortly
after the laser pulse arrival at the surface need to be precisely described. A task
not easily done due to the extreme conditions in the material leading to a strong
non-equilibrium of electrons and the lattice, and the short time scales involved.
The precise deposition and distribution of energy in the first ps and the complete
material removal and redistribution mechanisms stay unexplored when only the final
surface structure is analyzed. The laser pulse energy absorption and reflection itself
is also not yet fully described and understood; there are approaches valid for different
parameters but no complete theory for reflectivity changes under laser structuring
conditions is given.
This work aims at describing for the first time the surface structuring process in
detail over the entire process cycle beginning with the absorption of the ultrashort
laser pulse up to the ejection of material and the formation of structure details on
the surface. To be able to understand the mechanism governing these processes, at
first the laser matter interaction is described in Section 2.1. The description of the
dielectric response of the electronic system on the light field is introduced. Due to
the high intensities laser pulses exhibit non-linear effects need to be described in the
following Section 2.2. The extreme conditions in the material due to the absorption
of the laser pulses induces a non-equilibrium in the temperature of the electronic
system and the crystal lattice. Different models are introduced in Section 2.3 describing this transient state and allowing a simulation of the subsequent material
uplift and structure formation.
A significant part of this work describes the creation and characterization of laser
pulses, allowing the controlled formation of a non-equilibrium condition on the sample. Also the experimental realization for structure formation is discussed and the
investigation of the structure details formed by these pulses. The used laser systems
and their working principles are described in Section 3.1. The UV pulses used for
structuring are generated by an excimer amplifier based laser system. The broadband sub 4 fs pulses are obtained by using spectral broadening in hollow core fibers,
and are used to probe the dynamic reflectivity on an ultra short time scale. In
this part, also pathways for an optimal compression of laser pulses are discussed.
The measurement of the pulse parameters from the different laser sources utilized in
this work, used for reflectivity determination and surface structuring are discussed
in Section 3.2. The interference based method which is used to create the periodic nanostructures with sub-µm periodicities are described in Section 3.3, followed
by a brief introduction to the principles of the structure investigation by different
microscopy methods in Section 3.4.
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The laser induced reflectivity changes of metals under typical structuring conditions
are measured and compared to a theoretical description of the valence electrons
under elevated electronic temperature. The absorption process is described by the
dielectric function which is not only wavelength but also electronic temperature dependent. This approach is validated by two different experimental setups. One
uses the most general case of self-reflectivity of a short laser pulse with a Gaussian
spatial and temporal distribution, introducing energy in a sample surface, where a
model needs to simulate the integral reflectivity to connect experiment and theory.
The other more direct probing method uses a new approach of broad-band pumpprobe reflectivity (BBPPR) measurements covering the relevant time scales of this
non-equilibrium process allowing a less simulation based comparison of the physical picture and the experimental results. Both experimental reflectivity probing
methods are compared to the model based results, and show a good agreement, as
discussed in Section 4. The mainly investigated material in this work is gold, as a
model system representing a typical d-band metal with free electrons in the conduction band and a deep d-band with bound states, creating the shiny warm golden
look. In laser science, gold is often used as mirror coating. Since the band structure
is similar to that of silver and copper for example, general mechanism found in gold
are also applicable to other metals.
The structure formation on gold after irradiation with a periodic line grating is
investigated in Section 5. In particular the focus is placed on the influence of the deposited energy and the modulation period. The microscopic and macroscopic effects
of the structuring process in the ps to ns range after the energy deposition is modeled by a large scale molecular dynamics (MD) simulations, which were conducted
by D.S. Ivanov within this collaborative work. This simulation method incorporates
a two temperature model (TTM), allowing a modeling and visualizing of the melting process, the spallation and ablation. The results are compared to the surface
structures which were obtained under the same parameters. Post-irradiation subsurface investigation of the samples are made by a transmission electron microscope
(TEM) inspecting a cross section through the sample with atomic resolution. Comparing these measurement data with MD simulation results, allow a view beneath
the surface and an insight in the temporal evolution of the structure, consisting of
melt splashes, sub-structures, droplets, voids and other features. A detailed insight
in the mechanism behind the formation process of these features for gold, created
by ultrashort UV pulses is given in Section 5, relating the different mechanisms to
physical phenomena.
In the perspective part in Section 6 note worthy findings beyond the treatment of
gold are given. This includes a detailed description of the short pulse surface changes
of silicon induced by experiment. Silicon is the most studied semiconductor, being
of interest in the chip industry as well as as charge separator converting sunlight
to electricity in solar cells. A theoretical description, however, requires different
approaches to that used for metals. In addition, there are limitations for a realistic
large scale MD simulation under strong laser excitation [36]. In the perspective also
the effect of the polarization on the periodic structuring of silicon is introduced.
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The equations to describe ultrashort laser pulses and their interaction with matter
will be derived and discussed in this section. The extreme conditions a laser can
create make this part of physics particularly interesting. Beginning with the linear
response of the electrons in a material, in the following Section 2.1, the effect of
the high peak intensities and the associated nonlinear effects will be described in
Section 2.2.
Another interesting aspect of the interaction of energetic ultrashort pulses with
material is a non-equilibrium between the electronic temperature and the lattice
temperature. This extreme laser induced transient state is due to the absorption of
ultrashort pulses by the electronic system and a slower, thus delayed transfer of the
energy to the lattice. Within a short time of a few ps this process is not directly
related to the intensity but to the energy absorbed by the electronic system, independent if it occurs within 10 fs or 1000 fs. This process is discussed in Section 2.3
"Laser-Material Interaction".

2.1 Light-Matter Interaction
The propagation of light in space is described by an oscillation of orthogonal electric
and magnetic fields, transferring energy to each other. The wave equation is the
mathematical formulation of this phenomenon and describes the evolution of the
electric and magnetic field in space and time and can be derived directly from the
Maxwell equations. A detailed description can be found e.g. in [37]. In matter the
formulation is given by:
ρ
,
ε0
~ ·B
~ = 0,
∇

~ ·D
~ =
∇

~
~ ×E
~ = − ∂B ,
∇
∂t
~
~ ×H
~ = ε0 µ0 ∂ D + µ0~j.
∇
∂t

(2.1)
(2.2)
(2.3)
(2.4)

The first of the four Maxwell equations represents that the source of the displaced
~ is a point with an electric charge, with a charge density ρ, Eq. (2.1),
electric field D
also described as Coulomb’s law. The second equation (2.2) states that there are no
~ In Eq. (2.3) the Faraday law is included stating
point sources of the magnetic field B.
that a temporally changing magnetic field creates an electric field and in Eq. (2.4)
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Ampère’s law is represented, describing the influence of a temporarily changing
~ where Maxwell also included the
displaced electric filed on the magnetic flux H,
~
displacement current j.
~ in a medium with the polarization P~ is
The displacement of the electric field E
~
~
~
given by D = ε0 E + P with the electric field constant (electric vacuum permittivity)
ε0 = 1/µ0 c20 AsV−1 m−1 . The value is defined by the exact value of the speed of light
c0 = 299 792 458 ms−1 and the exact value of the magnetic field constant (magnetic
vacuum permittivity) of µ0 = 4π · 10−7 VsA−1 m−1 . The magnetic flux within a
~ = 1/µ0 B
~ −M
~ with the magnetization M
~ . Assuming
medium is described by H
~
linear response, the polarization P induced in a material is given by:
~
P~ = ε0 χ(1)
e E.

(2.5)
(1)

with the first order approximation of the electric susceptibility χe . In Eq. (2.4) the
electric current density is given by:
~
~j = σ E,

(2.6)

with the specific conductivity σ, a quantity that can be described well by theory
and derived in the following Section 2.1.3.

2.1.1 The Wave Equation in Vacuum and Matter
When describing the propagation of light in free space, the Maxwell equations simplify significantly. Assuming no free charges and with the vacuum being in general
not polarizable (except at very high intensities [20]) and the assumption that in general also free space is not magnetizable and not electrically conducting one obtains:
~ ·E
~ = 0,
∇
~ ·B
~ = 0,
∇

(2.7)
(2.8)

~
~ ×E
~ = − ∂B ,
∇
∂t
~
~ ×B
~ = ε 0 µ0 ∂ E .
∇
∂t

(2.9)
(2.10)

The linear wave-equation in vacuum can now be obtained by applying the rotation
operator (nabla operator with a cross product) on Eq. (2.9) yielding:
~ × (∇
~ × E)
~ = −∇
~ ×
∇

~
∂B
∂t

!

=−


∂ ~
~ .
∇×B
∂t

(2.11)

By inserting on the right side Eq. (2.10) one obtains:
2~
~ × (∇
~ × E)
~ = −µ0 ε0 ∂ E .
∇
∂t2
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(2.12)

2.1 Light-Matter Interaction
~ × (∇
~ × E)
~ = ∇(
~ ∇
~ · E)
~ −∆
~ E,
~ here applied to the electric
Using now the identity ∇
~
field E one can use on the left side of the identity the relation from Eq. (2.12) and
on the right side include Eq. (2.7) and obtain the wave equation in vacuum:
~ − µ 0 ε0
∆E

~
∂2E
= 0.
2
∂t

(2.13)

A general solution for this differential equation is a wave traveling in z direction:
1
1
E(t,z) = E0 e(kz−ωt) + E0∗ e−(kz−ωt) ,
2
2

(2.14)

with the amplitude E0 in z-direction and the corresponding complex conjugated amplitude E0∗ . This traveling wave can be described by the circular frequency ω = ck,
the wavelength λ = 2π/k, the oscillations per time ν = c/λ = ω/2π and the period
T = 2π/ω.

For the mathematical description of the propagation of light in matter the polarization P~ of the material has to be taken into account again while still assuming
~ , ρ and σ being equal to zero. Knowing that the Laplace operator ∆ in Cartesian
M
coordinates simplifies in one direction to the second spatial derivative and assuming
an isotropic medium, the nonlinear wave equation than reads:
~
~
∂2E
∂2E
∂ P~
−
µ
ε
=
µ
.
0
0
0
∂z 2
∂t2
∂t2

(2.15)

In the optical linear excitation regime the displacement appearing here is:
~ = ε0 E
~ + P~ = ε0 (1 + χ(1)
~
~
D
e )E = ε0 εE,

(2.16)

which includes the polarization and introduces the relative dielectric function ε in a
medium (described hereafter simply by dielectric function) and describes the effect
of the electro-magnetic field on the outer electrons surrounding the atomic core
within a medium. Also it should be noted that in general a dielectric tensor 
is used to describe the relative response of the electronic system in a material, in
an isotropic medium however the scalar ε can be used. A detailed analysis of the
dielectric function for different materials will lead to the description of a variety of
phenomena like reflection, absorption and transmission and when including also a
wavelength dependence, effects like dispersion can be described. The new approach
in this work will be to also include the effect of the electronic temperature which is a
parameter relevant for material processing by high intensity ultrashort laser pulses,
and to study its effect on the complete optical excitation bandwidth.
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2.1.2 Dielectric Function

The topic of this section is to derive the electronic response of the material to an
electro-magnetic wave. Thereby the description will be frequency dependent and the
complex notation of the dielectric function will be used ε(ω) = Re ε(ω) + i Im ε(ω).
It describes the permittivity of a material for electro-magnetic waves, the complex
notation thereby separates in phase related (real part) and absorption related (imaginary part) effects and is determined by the configuration of the valence electrons
in the bulk. A general approach is to separate excitations in the optical regime into
intra-band transitions which are contributions by free electrons (participating to
conductivity) and into inter-band transitions which are contributions of excitations
from bound states into unbound states (dielectric behavior) [38, 39]. The excitation of a bound state is related to an absorption mechanism due to a recombination
and energy transfer to the lattice of the state excited by the incident photon. The
different excitations of free and bound states can be separated from each other by
writing the dielectric function as follows:
ε(ω) = ε{bound} (ω) + ε{free} (ω).

(2.17)

The inter-band contribution ε{bound} has no simple analytical description of its dielectric response to photons. The modeling, however, is possible by using Density
Functional Theory (DFT), a powerful method described in more detail in Section
4.1.2, which calculates the possible single particle energies Ek in a bulk. When
applying the excitation probabilities on to these energy states an ab-initio determination of the dielectric function is possible. This approach is used in a model
for equilibrium conditions described in detail by Ambrosch-Draxl et al. and uses
the code of WIEN2k [38]. In this model, the imaginary part of the inter-band contribution to the most general case of a dielectric tensor in Levi-Cevita notation is
described by:
{bound}

Im ij

(ω) =

Z

~2 e2 X
pi;n0 ,n,k pj;n0 ,n,k f0 (En,k ) − f0 (En0 ,k )
∗2
2
πm ω n,n0

(2.18)

k

δ(En0 ,k − En,k − ω)d3 k.
It is determined by the momentum transition-matrix elements pn0 ,n,k , describing the
excitation probabilities from a bound state in the band n0 to a free state in the band
n with a crystal momentum k and the Fermi distribution f0 described in detail in
Section 2.3.1. The Dirac-delta function δ is describing the photon excitation process.
To obtain the corresponding real part of the dielectric function (now in scalar form)
the Kramers-Kronig relation is used which is given by:
Re ε{bound} (ω) =

10

2
p̂
π

Z
0

∞

ω 0 Im ε(ω 0 ) 0
dω ,
ω 02 − ω 2

(2.19)

2.1 Light-Matter Interaction
with p̂ as the Cauchy-principle value.
To obtain the full description of a material’s dielectric function ε(ω) besides the
bound states also referred to as the core polarization term [40], the intra-band contributions of the dielectric function ε{free} (ω) needs to be described. For the case of
free electrons in a metal, an electron gas can be assumed and the optical response
can be phenomenological described by the Drude model, a theory used originally to
determine the conductivity of metals.

2.1.3 Drude Model
One of the first theories using the concept of the electron was the Drude model
mainly developed by P. Drude in (1900) [41]. In this surprisingly accurate phe~
nomenological theory the conductivity of a metal is described by an electric field E
accelerating free electrons with mass me . The model introduces a damping mechanism by a collision time τe , describing the collision of electrons with the atomic core,
written as:
me~v˙
|{z}

inertia

~ −
= − |{z}
eE

me

el. force

~v
τe

Ansatz:

~ 0 e−iωt (2.20)
~v (t) = E

| {z }

coll. damping

~ − me
⇒ −iωme~v = −eE

~v
.
τe

(2.21)

The differential equation (2.20) can be solved by using the Ansatz given on the right
and its first derivative. Rearranging Eq. (2.21) to solve for the velocity ~v and with
the current density ~j = ne e~v given by the number of electrons ne with the charge e
at a speed ~v and inserted in Eq. (2.6) one obtains the conductivity:
σ(ω) =

ne e2 τ/me
.
1 − iωτe

(2.22)

In order to connect the conductivity obtained by theory to Rthe dielectric function,
which is experimentally easy to determine, one can use P = t dt~j(t), Eq. (2.6) and
(2.16) as described in [39] to get the following relation:
ε(ω) = ε0 +

i
σ(ω).
ω

(2.23)

Introducing a simple definition of the plasma frequency at equilibrium conditions:
s

ωp =

ne e2
,
m e ε0

(2.24)

and replacing the collision time τe by the collision frequency νe following the relation:
τe = 1/νe , one obtains a valid approximation of the dielectric response of a free
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electron gas written as:
ε{free} (ω) = 1 −

ωp2
.
ω 2 + iνe ω

(2.25)

This model is widely used to describe the intra-band transition contribution of the
dielectric function ε{free} (ω) in metals. For a complete material description the interband contribution ε{bound} (ω) is included by simply assuming a constant, the core
polarization term ε∞ (ω) [38, 40, 42]. The limitations of the Drude model are that
it is a phenomenological theory, which does describe the reflectivity of metals well,
however, the parameters used in the model do not have neccesarly a real physical
effect. Also the model only considers collisions with the core and no electron-electron
collisions are inherently included in the model. In addition a collision event reduces
the velocity to the equilibrium velocity valid for the electron gas and not only reduces
the velocity like in a classical collision event [43].

2.1.4 Reflectivity, Absorption and Transmission
One effect a medium has on light at a certain wavelength is that it changes its phase
velocity vp , also referred to as the speed of light in a medium c1 , caused by the
delay created by the mechanism of absorption and re-radiation of the photons by
the valence electrons. Thus the vacuum speed of light changes from c0 = 1/√ε0 µ0 to
c1 = c0/√εµ in a medium leading to the definition of the complex refractive index.
ñ =

c0/c1 ,

ñ =

εµ

2

⇒ (n + iκ)

√

(2.26)
with µ ≈ 1,

= (Re ε + i Im ε).

(2.27)
(2.28)

Thus, the index of refraction n and the extinction coefficient κ can be written as:
s

n=

|ε| + Re ε
2

s

and

κ=

|ε| − Re ε
.
2

(2.29)

The reflection and refraction at the surface can now be described by the Fresnel
equations. They can be derived from the Maxwell equations by applying the specific
boundary conditions at the surface, described in detail in [44]. The Fresnel equations
are in general depending on the polarization direction of the electric field component,
the angle of incidence, and the material properties given by ε(ω). Under normal
incidence conditions at the surface between vacuum and a material with n and κ at
a fixed wavelength, the reflectivity is
R=

12

(n − 1)2 + κ2
.
(n + 1)2 + κ2

(2.30)

2.1 Light-Matter Interaction
The absorption can be obtained by applying the conservation of energy requirement
to the case of no transmission, yielding
A = (1 − R).

(2.31)

The energy deposited by a laser pulse in a material is best described by a complete
intensity distribution, at the surface defined in general by:
intensity =

energy
.
area · time interval

(2.32)

The depth dependence of the intensity in the medium is described by the BeerLambert law:
I(z) = Iabs e−αz ,

(2.33)

assuming the exponential drop of the intensity entering a medium at normal incident
in z direction. The relation between incident intensity Iinc and absorbed energy
Iabs is given by Iabs = A · Iinc . Here the characteristic absorption coefficient α is
introduced, which can be described by the penetration depth ρd = 1/α describing
the intensity drop. The skin depth given by ρe = 2/α describes the decay of the
electric field in the medium where the factor of two comes from the description of
the traveling electro magnetic wave given in Eq. (2.14) and the intensity in that case
being I ∝ E 2 . The absorption coefficient is calculated by:
α=

2ω
κ,
c

(2.34)

defined by the extinction coefficient κ given in Eq. (2.29) and thus depending on the
dielectric function.

2.1.5 Dispersion
Different frequencies travel in a medium with different phase velocities vp (ω) = c1 ,
leading to dispersion which can be described by a frequency dependent refractive
index n(ω) = c0/vp (ω). One manifestation of this effect is angular dispersion as shown
for a prism in Figure 2.1(a), an effect appearing at the interface due to different
angles of refraction described by n(ω) for different light frequencies. For a broad
spectrum the wavelengths are separated significantly, and propagating from the
surface in a different angle, where the blue part of the visible spectrum is refracted
stronger than the red part.
Another manifestation of n(ω) is the dispersion in a medium especially relevant for
short laser pulses with a broad spectral bandwidth, as discussed in Section 3.1. For
a short and spectrally broad pulse which is compressed, all frequencies are ideally
in phase (see Figure 2.1(b)). When entering a medium at normal incidence, the
differing propagation speed in the medium for the different frequencies, however,
lead to dispersion represented by the following effects resulting from the different
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n0

n0 n

n

t= t0
(a) angular dispersion

t1

t2

t3

(b) group velocity dispersion

Figure 2.1 In (a) the angular dispersion created in a in a prism is depicted leading to a different
propagation directions for wavelengths due to the frequency dependence of n(ω). In (b) the
effect of the different phase velocities vp at different wavelengths λ is shown, manifesting in the
group velocity dispersion. The red part of the optical spectrum is traveling faster in a medium
than the blue part, leading to a temporal smearing, or chirp, of the pulse.

terms of a Taylor series:
Phase velocity (vp ) describes the propagation speed of the amplitude of the light
field at a certain frequency, for a fixed frequency ω0 it is equal to c1 in a
medium.
Group velocity (vg ) is the speed of a wave package centered around ω0 traveling
through a medium. In the visible range, all optical materials have normal
dispersion (dn/dω > 0), therefore vg < vp for a normal dispersive medium
where n(ω) is a rising function. The falling edge of the wave package with
vg , with the blue components seeing a larger refractive index n(ω) than the
leading edge with red components while propagating.
Group velocity dispersion (GVD) is a quantity describing how a short pulse with a
broad spectrum and all phase components initially aligned is temporally broadened, or chirped, when traveling through a medium shown in Figure 2.1(b).
The induced phase difference in dependence of the frequency is a quadratic
function, therefore the GVD is the second derivative of the k-vector k 00 (ω).
Third order dispersion (TOD) describes the next higher order effect induced by the
different propagation speed of light in a medium introducing a cubic spectral
phase φ(t). This contribution is especially of importance for the compression
of ultrashort laser pulses with octave spanning broad spectral bandwidth.
For a simple description of the frequency dependent refractive index the complex
shape of the function n(ω) is expanded around ω0 in a Taylor series of
k(ω) =

14

ω
n(ω)ω
=
,
vp (ω)
c0

(2.35)
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written as
n(ω)ω
c0

n(ω0 ) + n0 (ω0 )ω0
n(ω0 )ω0
+
(ω − ω0 )
c0
c0


=

|

{z

}

k(ω0 )
= v1
ω0
p

+

1
2


|

+

1
6

2n0 (ω0 )



{z

|

k0 (ω0 )= v1

}

g


n00 (ω0 )ω0

+
c0

(ω − ω0 )2

{z

k00 (ω0 )=GV D(ω0 )

"

(2.36)

∂3k
∂ω 3

(2.37)

}

#

(ω − ω0 )3

(2.38)

| {z }

k000 (ω0 )=T OD(ω0 )

describing the effects of dispersion in a medium a short pulse experiences with a
broad frequency, centered around ω0 [45, 46].
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2.2 Nonlinear Optics
A coherent light source can produce extremely intense pulses, creating electric fields
that can excite the electrons in a medium in such a way that a linear response, as
considered before, is not sufficient to describe all observed phenomena. Therefore,
in a full description of the polarization P~nl of the medium, nonlinear terms need to
be included. This can be done in a Taylor series expansion:
h

i

(2) ~ 2
(3) ~ 3
~
P~nl = ε0 χ(1)
e E + χe E + χe E + ...

= P~ (1) + P~ (2) + P~ (3) .

(2.39)
(2.40)

Every term of higher orders is related to various observable nonlinear effects [45].
The necessity of this nonlinear description becomes obvious if looking at a perturbation of an electron sitting in a Lennard-Jones potential, shown in Figure 2.2,
describing an inter-atomic potential [47].

Figure 2.2 Lenard-Jones potential mimicking the attractive and repulsive terms for an electron
in an atomic potential described by f (x) = 3x−12 −6x−6 (orange) with quadratic approximation
around the equilibrium position (blue).

For a small perturbation by a single photon for instance the approximation of a
parabola-shaped potential ∝ x2 around the ground state is sufficient. At a stronger
perturbation by a short laser pulse for instance more and more terms are needed
to describe the electron in the potential with an increasing precision, however only
approximating the "real" potential. Since we do not have an analytic theory of everything (TOE) [48], we have to fall back on developing a Taylor series to describe
the higher orders. A description of the nonlinear interaction within a medium of one,
two or more beams with different wavelength and different angles, is now possible.
A huge amount of terms is related to every additional term that is included, all related to different nonlinear interactions of which only a few under specific conditions
are introduced in the following. A general introduction to the topic and also more
detailed derivations are found in [45, 47].
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2.2.1 Frequency Conversion
(2)

The polarization related to the term χe is only occurring in non-isotropic birefringent media, this effect can allow under certain conditions a frequency conversion.
When describing the general case of radiation with different frequencies and incident
angles interacting nonlinearly in a medium, the second order terms are:
2
P (2) = ε0 χ(2)
=
e E



1
2 i(2ω1 t−2k1 z)
2 i(2ω2 t−2k2 z)
ε0 χ(2)
E
e
+
E
e
e
1
2
|4
{z
}

(2.41)



1
ε0 χ(2)
E1 E2 ei[(ω1 +ω2 )t−(k1 +k2 )z]
e
|2
{z
}

(2.42)

+
PSHG

+

+
PSFG

+
+
+ PDFG
+ POR
+ c.c. ,

(2.43)

with c.c. denoting for the complex conjugated. The resulting different polarization
terms can be related to the following effects: the second harmonic generation (SHG),
+
given as the complex conjugated PSHG
, describing the doubling of one frequency
by ω1 + ω1 = 2ω1 . The sum frequency generation (SFG), given as the complex
+
conjugated PSFG
, describes the addition of two different frequencies forming a new
higher frequency: ω1 + ω2 = ω3 while the difference frequency generation (DFG),
not written down explicitly, describing the case ω1 − ω2 = ω3 with a resulting lower
frequency ω3 . The optical rectification (OR) term describes a mean shift of the
charge, responsible for THz generation, occurring in non-symmetrical potentials as
shown in Figure 2.2 [45, 47]. How these effects are obtained in a material and the
applications of them are given in the following sections.

Refractive index

2.2.2 Second Harmonic Generation (SHG)

no
ne(Q)
ne

Frequency
w

2w

Figure 2.3 Phase matching conditions where the pulse propagating in the ordinary fundamental
direction with frequency ω has the same refractive index as the pulse in the extraordinary
propagation direction of the doubled pulse no (ω) = ne (θ,2ω) .

The frequency doubling, or SHG process, described in Eq. (2.41), is an often used
mechanism in short laser pulse physics. To obtain a high conversion efficiency the
created second harmonic pulse need to be in phase with the fundamental pulse, and
stay in phase when propagating through the medium, called phase matching. This
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state can be achieved in a birefringent material where the refractive index in the
extraordinary propagation direction component ne (θ) is dependent on the angle θ
relative to the crystal optical axis, while the ordinary component has a constant
refractive index no . The birefringent material can now be tilted in such a way that
for the resulting refractive index along beam propagation n(ω) = n(2ω) holds [47].
The effect of the tilt of ne (θ), to obtain phase matching is shown in Figure 2.3.
Birefringent Beta-Barium Borate (BBO)
A widely used SHG crystal is β-BaB2 O4 (BBO), due to its high conversion efficiency
and broad phase matching condition. The efficiency of the process scales quadratic
with the propagation length L of the pulse in the medium. The problem occurring
for very short pulses is that the bandwidth δλ at FWHM for which phase matching
occurs around the central wavelength λ0 is limited by L and given by.
δλ =

0.44λ0
1
0
L
n (λ0 ) − 21 n0 (λ0 /2)

(2.44)

with n0 (λ) = dn/dλ. Thus a trade-off between conversion efficiency and phase matching bandwidth has to be found, depicted in Figure 2.4.

(a) BBO with L = 10 µm

(b) BBO with L = 100 µm

Figure 2.4 SHG efficiency of a BBO crystal at different cutting angles and thickness of L = 10 µm
in (a) and L = 100 µm shown in (b) from [49].

For the measurement of ultrashort pulses the BBO crystals can be cut as thin as
5 µm, than supported by thin quartz sheet [49, 50].

2.2.3 Sum Frequency Generation (SFG)
From Eq. (2.41) it is shown that not only the same frequency can be combined by
SHG but also the sum of two different frequencies can create a new frequency in a
(2)
nonlinear process in χe , called SFG. One application of this frequency addition is
the tripling of a fundamental ω1 to a resulting ω3 = 3ω1 in a two staged generation,
where first SHG creates ω2 = 2ω1 and a second stage than creates ω1 + ω2 = ω3 , as
depicted in Figure 2.5.
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SHG
w1

w1
w1

Figure 2.5

SFG

w1

w1

w1
2w1
=w2

w2

w2

w3

w2
w3

Scheme of the 2 stage frequency tripling utilizing SHG and SFG.

Between stage one and two the polarization and the delay of the pulses at ω1 and ω2
need to be adjusted. Frequency tripling is a common route to obtain pulses in the
UV region from a Ti:Sapphire based fundamental frequency. The over all conversion
efficiency of this process is not higher than ∼ 20 %.

2.2.4 Optical Kerr Effect
The nonlinear refractive index n2 is described by the optical Kerr effect which is
(3)
included in χe , and manifests itself in a temporal and spatial variation of the
refractive index starting at intensities in solids from 1010 Wcm−2 to an onset in gases
of 1013 Wcm−2 . Using the relation describing the displacement given in Eq. (2.5)
and including it in the description of the index of refraction from Eq. (2.27) leads to


n = 1 + χ(1)
e

1/2

,

(2.45)

which can be written in the case of nonlinear displacement up to the third order
including the nonlinear polarization from Eq. (2.39) as:


(2)
(3)
nnl = 1 + χ(1)
e + χe + χe

1/2

.

(2.46)

(2)

No contributions of χe need to be considered in an isotropic medium. In addition,
(3)
for determining χe it is assumed that only one incident pulse in one direction is
interacting with the medium, described by a cubic field amplitude, following [45],
the third order polarization is:

P

(3)

=

3
ε0 χ(3)
e E










1 3
1
2
iω0 t
3 3iω0 t 
= 
ε0 χ(3)
+ ε0 χ(3)
e |E0 | E0 e
e |E0 | e

 + c.c. , (2.47)
2 |4

{z
}
|4
{z
}
+
PKerr

+
PTHG

+
with c.c. denoting for the complex conjugated, PKerr
the Kerr effect related polar+
ization and PTHG the third harmonic generation contribution term. Rearranging
Eq. (2.5) yields:
+
PKerr
3
2
χ+
=
(2.48)
= ε0 χ(3)
e |E0 | .
Kerr
0 E0
4
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This Kerr effect induced susceptibility we can include in a Taylor expansion of
Eq. (2.46) around Eq. (2.45) considering only the odd components up to the third
order:
1
nnl ≈ n 1 + 2 χ+
Kerr
2n




n2
|E0 |2
2
= n + nI2 (I)

= n+

(2.49)
(2.50)

with the nonlinear refractive index and the nonlinear intensity dependent refractive
index
(3)
(3)
3χe
3χe
and
nI2 = 2 .
(2.51)
n2 =
4n
4n 0 c
Self-Phase Modulation (SPM)

Norm. Intensity

t [fs]

(a) Temporal pulse shape

Norm. Intensity

faling edge

leading edge

Norm. instantaneous
frequency
Norm. Intensity

An intense laser pulse propagating in a medium is influenced by the nonlinear refractive index. This effect, called self-phase modulation (SPM), creates new spectral
components.

Wavelength [nm]

(b) Pulse spectrum

Figure 2.6 In (a) the temporal shape of a non symmetric pulse (black) and the induced instantaneous frequency shift (orange) is shown. In (b) the spectrum of the original pulse (orange)
and the broadened self-phase modulated spectrum (black) induced by nI2 is shown. Simulation
from T. Nagy.

This effect allows a subsequent pulse compression, which is utilized in this work.
The created instantaneous frequency can be calculated as:
ωinst (t,z) =

ω0 ∂I(t,z)
∂φ
= ω0 − nI2
z.
∂t
c
∂t

(2.52)

In Figure 2.6(a) the effect of the difference in the slope of a non symmetric pulse
on the instantaneous frequency is shown. The highest ωinst (t,z) on the steepest
falling edge is related to stronger broadening – creation of new frequency components
– on the blue side of the spectrum shown in Figure 2.6(b) (black line). At the
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leading edge, the red shifted components are created, being not as far away from
the center wavelength of the input pulse (orange line), due to a less steep slope.
The components in the center of the broadened pulse are created by the even less
steep parts of the propagating pulse [11, 51]. The maximum broadening of the
accumulated nonlinear phase of a pulse with the center wavelength λ0 traveling in
z-direction over a distance L is given by the B-Integral:
(

B = max
t

2π
λ0

Z

)

L

n2 I(t,z)dz .

(2.53)

0

The question, how to maintain a high intensity, well defined over a long distance
to get a significant spectral broadening, will be discussed in the hollow core fiber
Section 3.1.5.
Self Focusing
Another important non-linear effect is the intensity induced self-focusing. The principle is comparable to that of a common biconvex lens where the light has to travel
in the center a longer distance through the lens medium with a higher index of refraction, slowing it down. At the edges less material is passed, causing the edges of
the beam to bend toward the center. A focusing effect of a lens can also be produced
by a plane piece of glass where the center has a higher n, induced for instance by
doping it. When a Gaussian laser beam with high intensity at the center is traveling
trough a medium, the spatial influence of the Kerr effect, described by nI2 (I) can
cause self-focusing, due to an intensity dependent higher index of reflection in the
center. For a Gaussian beam traveling through a medium with the thickness L a
Kerr-lens has a refractive power D, proportional to the Intensity I0 , given by
D=

1
4nI I0 L
= 22 .
f
ω0

(2.54)

This effect is often unwanted, and can cause damage of all components in the beam
path, if the induced focus is within the material. This effect however is of great use
in oscillators to obtain mode locking [52, 53].

2.2.5 Transient Grating (TG) and Self-Diffraction (SD)
When two intense pulses with different angles k1 and k2 form an interference pattern
in a medium, an intensity grating is created. The intensity dependent refractive
index n(I) induces a transient grating on which the pulse itself is diffracted on.
This effect, if two pulses are involved, is called self-diffraction (SD), if a third pulse
with a different direction k3 is diffracted on the intensity pattern the effect is called
transient grating. This effect finds application in short pulse measurement methods
to characterize material properties or for pulse characterization. This effect also
appears under certain interference structuring conditions [54].
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2.2.6 Two Photon Absorption (TPA)
For laser matter interaction the process of two photon absorption (TPA) is very relevant. The effect was first theoretically described in 1931 by Maria Goeppert-Mayer
in her dissertation, which she wrote under Max-Born, both working in Göttingen at
that time [55]. This intensity dependent effect, describes a two level photon excitation in a material, making for instance a large band gap material absorbing, which
would have been transparent in a one level excitation. The TPA allows short pulses
to couple energy into transparent materials, making a laser based processing possible
[56–58]. The effect can be described by including an extra term in the Beer-Lambert
law from Eq. (2.33), written in the form of a differential equation:
∂I(z,t)
= αI(z,t) − βI(z,t)2
∂z

(2.55)

A way to describe the depth d in which energy is deposited, when considering an
intensity given at the surface I0 is given by Rousse et al. [59] by
1
I0
d = ln (1 + α/βIc )
α
I0 + α/β




(2.56)

with α the absorption coefficient as introduced in section 2.1.4 and β the TPA
coefficient and Ic a free parameter.
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2.3 Laser-Matter Interaction
If an energetic ultrashort pulse hits a sample surface, the fast energy deposition creates extreme conditions, initiating a row of subsequent processes that are difficult to
describe. For a detailed understanding of the involved processes powerful simulation
tools are necessary and allow to examine the evolution of a ps pulse induced nanostructure formation. The tools and approaches used in this collaboration are shortly
introduced in the following. A detailed picture of the involved processes can be obtained by ab initio description covering the microscopic electronic system, by DFT
calculation. With this band structure view some involved non-equilibrium processes
are introduced, resulting from highly excited electrons. For a realistic treatment the
laser pulse shape is described by a source term, and the energy deposition can be
treated well by a TTM. For the macroscopic modeling of the material structuring
process, a very precise approach is to use a large scale MD-TTM simulation with a
specific geometry.
In principle, laser beams allow a strongly localized deposition of energy in a material surface, limited only by the wavelength, described by the Abbe resolution limit
Eq. (3.25). Time critical events in the material like a surface lift-off before the end
of the pulse or in the case of metals a high thermal conductivity are reducing this
precision. When the energy is deposited in such a short time that an inertial stress
confinement, leading to spallation is achieved [60], or an overheated melt is created,
which is than completely ejected by a phase explosion (explosive boiling), a working precision below the wavelength can be achieved, even on metal surfaces [61].
A prominent example is the effect on a steel foil, where different pulse durations
below and above this critical deposition time inducing spallation or ablation was
demonstrated by B. N. Chichkov and others [31] and is shown in Figure 2.7.

(a) 200 fs

(b) 80 ps

(c) 3.3 ns

Figure 2.7 SEM images of a hole drilled in a steel foil with pulses of (a) 200 fs (b) 80 ps (c) 3.3 ns,
showing the effect on the structuring precision of different pulse durations from [31].

The obvious difference in the structuring precision from Figure 2.7(a) to the formation of a melt around the drilled hole at longer pulse duration shown in Figure 2.7(c)
can be understood when the transfer of the laser energy is described by two separate
systems of electrons and atoms at different transient temperatures. This difference
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leads to either thermal or mechanical damage of the surface. An ultrashort laser
pulse couples energy within a ps into the electronic system of a metal, massively heating it, by the effect of inverse bremsstrahlung, where the interaction of light with
the electrons in the nucleus potential leads to an excitation of a conduction band
electron to a higher state, from where it equilibrates to the Fermi distribution within
a few fs. The electronic temperature Te is therefore strongly in non-equilibrium relative to the lattice atoms, which are still at room temperature, described by Ta .
The transfer of energy to the lattice, or phonons, by electron-phonon interaction,
is delayed due to only small amounts of energy that are being transfered from the
electron to the phononic system by a single bounce and takes a few ps, as can be
seen from Figure 2.8. The time scale of electronic conduction, the main heat transfer
mechanism in metals, is slower than the coupling to the lattice. Therefore, after excitation by an ultrashort laser pulse, the heat transfer to the lattice is localized and
a melting and material modification can occur in a sub-wavelength radius around
the absorbed area. [61, 62].

Figure 2.8 Time scale of the heating of Te induced in gold by the absorption of a laser pulse Iabs ,
leading to a strong temperature non-equilibrium of electrons and atoms in the first ps which is
than equilibrating with an increase of the lattice temperature Ta . Figure taken and modified
from [36].

If sufficient energy is deposited in the electronic system before ablation occurs, an
overheated melt is created which is violently exploding and removes material in vapor and droplets, leaving a final structure as seen in Figure 2.7(a). A longer pulse
with ps to ns duration is still depositing energy when the material is molten already,
therefore the precise eruptive removal of material, spallation, is then not achieved
and solidified melt is remaining at the irradiated spot, which can be seen in Figure 2.7(b) and 2.7(c). Only a large scale simulation is able to visualize the temporal
evolution of the melting, ejection and re-solidification process and allows a direct
comparison to the experiment. This will be achieved with molecular dynamic simulation in Section 2.3.5. But at first, for a precise description of laser excitation of a
bulk on an atomic level, the electron occupation of the band needs to be determined,
which is addressed by density functional theory calculations in the following section.
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2.3.1 Density Functional Theory (DFT)
In this method numeric band structure calculations are realized solving the Schrödinger
equation for a single electron in a lattice unit cell utilizing a pseudo potential, which
describes only the effective force on one electron from the core screened by the core
electrons, taking into account the relativistic treatment of electrons close to the
core. The atomic number (number of protons) is sufficient as the input parameter
to start the ab initio calculation, which means that no other material parameters
are required. The complete electronic system of a material with its parameters like
the lattice constant, the band gap, or the dielectric function can be obtained. DFT
was mainly developed by Walter Kohn and Pierre Hohenberg in (1964) [63], in the
last decades DFT was further developed and extensively used due to the availability
of increasing computational capacity. From the sum of the possible Kohn-Scham
Eigenstates in a simulated bulk material the density of states (DOS) can be obtained, shown for gold in Figure 2.9.
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Figure 2.9 Density of states in a gold bulk crystal and Fermi distribution for different electronic
temperatures, showing the occupation of states with increasing Te . DOS calculated by E.
Ziljstra.

DFT is used here to obtain the states to incorporate them in the WIEN2k code
[38] to obtain the dielectric function and to model the dramatic changes on the
electronic system. The shown electronic temperatures can only be obtained in a
strong electron-phonon non-equilibrium present during laser ablation conditions,
and change the occupation of states, described by the Fermi distribution.

Fermi-Distribution
Another influence is introduced by the actual occupation of states in a DOS and
described by the Fermi-distribution, which is electronic temperature dependent
f0 (E,Te ) =

1
exp



1
kB Te (E



,

(2.57)

− µ0 ) + 1
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with the chemical potential µ0 at room temperature assumed here to be approximately the Fermi-Energy, µ0 ≈ EF = 5.53 eV for gold and kB = 8.6173303·10−15 eV
K.
In gold the valence electron configuration is [Xe]4f14 5d10 6s1 , with 10 electrons in the
d-band and one electron in the sp-band (hybridized s-band). These 11 valence electrons per atom Ne are now filling the states in the DOS up to the Fermi energy EF ,
described by
Z
Ne =

DOS(E)f0 (E,TE )dE.

(2.58)

The occupied states are given by the DOS multiplied with the Fermi distribution.
An elevated Te present in laser excited non-equilibrium conditions significantly alters
the material properties [39], these effects will be discussed in detail in Section 4.1.4.

2.3.2 Non-equilibrium Effects
The heated electronic system in metals can reach temperatures up to Te ≈ 100 kK
in the transient state under typical structuring conditions with incident fluences of
0.1 − 3 Jcm−2 . These conditions do not leave the atomic potential unchanged and
influence the occupation of states in the electronic system in a material significantly.
Some resulting effects are introduced below:
Thermo reflectance changes Rtr (Te ) are discussed in the literature at an elevated
electronic temperature of (1 − 4) kK under a laser induced non-equilibrium by
describing reflectivity changes around the absorption edge (defined by the drop
from high to low reflectiviy) of for example gold. In the suggested model for
metals the Fermi distribution is broadened, changing the occupation of states
around the Fermi edge only within the conducting sp-band (Figure 2.9). The
amount of excitation energy from the deep d-band to the lowest unoccupied
state is thus smeared, depending on the broadening of the Fermi distribution
[13–15].
Ballistic range λb (Te ) of non-thermalized hot electrons changes depending on the
electronic temperature. This effect is relevant at relatively low temperatures
up to a few kK and can further increase the effective energy distribution range
in metal up to a factor of ten. With increasing Te electron-electron collisions
reduce the ballistic range, reducing it below the typical penetration depth of
light in metals at structuring conditions [15, 64].
Fermi level shift µ(Te ) or shift of the chemical potential is an effect which is also
induced by the temperature dependent broadening of the Fermi distribution.
Based on an asymmetric DOS and regarding the definition of the chemical potential µ(Te ) stating that the unoccupied states below µ(Te ) and the occupied
states above µ(Te ) are equal, shifting µ(Te ) towards higher energies [65].
Collision rate of electron-holes νe (Te ) is an effect appearing at an increasing Te ,
when the depopulation of the d-band increases the probability of the scattering
process of free electrons colliding with bound holes [40, 66, 67].
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Reflectivity changes R(Te ) are described by the dielectric function εd (Te ) or similarly the optical conductivity which are discussed in the literature for various
metals at different frequencies [40, 68–70], incorporating different of the above
mentioned effects. A complete picture for reflectivity in the optical range at
ablation conditions is not yet presented and it is one of the main goals of this
work.
Penetration depth λd (Te ) of the electromagnetic wave into the material, is dependent on the dielectric function ε(Te ) and is a transient parameter as well. Its
equilibrium description is given in Eq. (2.34).
Transient grating induced by n(Te ) can be formed at elevated Te when changes in
the refractive index are induced during laser pulse absorption, when at least
two beams under an angle are forming an interference pattern on the surface,
heating the electronic system with alternating strength. Changes in n(Te ) are
creating a grating on which the pulse itself is diffracted [54].
Heat conductivity Kel (Te ) of the electrons changes dynamically as described by
S. Anisimov and B. Rehtfeld [71]. The dependence shows at low excitation a
linear behavior with Te , around a temperature comparable to the Fermi energy.
At this regime electron-electron collisions reduce the conductivity while far
above this heating niveau a plasma dominated conductivity is described [72]
Coupling of electrons to phonons G(Te ) describe the relaxation between the elevated electrons in the system and the lattice. This effect can be included in
the picture of fast electrons, emitting Cherenkov radiation in the phononic
system. The coupling parameter G(Te ) was described by Lin et al. as being
temperature dependent and is an important parameter in the two temperature
picture. This concept is incorporated in large scale MD-TTM simulation by
D. Ivanov et al. [36, 65, 72].
Black body radiation λB (Te ) of the hot electron gas emitting photons is described
by Planck’s law. An electron gas with Te ≈ 50 kK would have a peak emittance
at λB ≈ 60 nm which would be absorbed in air. This process can describe a
possible loss mechanism.
Non-thermal melting U (Te ) describes the effect on the atomic potential when the
bond strength of a material is changed by highly excited valence electrons at
high Te . This excitation results in a destabilization of the lattice, which may
induce a melting within a few hundred femtoseconds. The process is described
well by simulations for example in silicon, where this effect is also demonstrated
experimentally [59, 73].
Photoemission or in our case more specifically photo assisted thermo ionic emission occurs at an electronic temperature, exceeding the work function. In
gold, a temperature of Te ≈ 63.5 kK corresponds to φAu = 5.47 eV the energy
necessary to reach ionization [36, 74].
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Coulomb explosion occurs if a significant amount of electrons is photo-excited from
the surface, leaving behind a positively charged surface region. If the conductivity of the material is not sufficient to replenish enough electrons to reduce
the electric field significantly, an electrostatic disintegration of the material is
taking place in form of a sheet of ions being emitted from the surface. Therefore, this effect occurs in dielectrics, with a large band gap, while in metals the
high electronic conductivity provides fast enough charges to hinder a Coulomb
explosion [61, 75].
Plasma state is reached when the free electron density ne (Te ) is significantly increased for a short time by strong laser excitation. At Te ≈ EF the electrons
are still strongly coupled to the core potential and influenced by the DOS
around EF . These are the conditions relevant for this work. At higher fluencies reaching a few Jcm−2 upon ps excitation, the electronic temperatures
can far exceed Te > 100 kK for a short time. Than an ideal plasma state is
achieved in virtually any material by highly excited electrons, leading to a high
reflectivity, referred to as a plasma mirror [68, 76–78]. Laser induced plasmas
are used as pre-pulse filter, attosecond source and also as electron accelerators
[17, 18, 79].
For a complete picture of laser material interaction at locally present non-equilibrium
conditions this state of matter need to be related to experiment. Under experimental conditions the electronic temperature is a spatiotemporal function, and thus,
depending on the laser beam profile illuminating the surface, on the energy decay
along the surface normal and on the time evolution of the energy transport. To
obtain the electronic temperature evolution, a simulation is inevitable for which a
general approach is described in what follows.

2.3.3 Laser Source Term and Modeling of Laser Pulse Reflection
In the following a general theoretical description of the space and time integrated reflectivity is given, resulting from the transient process induced by a strong ultrashort
laser pulse hitting a material surface. For a realistic simulation of the phenomenon
the precise evolution of the electronic temperature during the self-reflection and the
microscopic understanding of the electron dynamics under elevated Te , at a certain
photon energy ~ω and its effect on the reflectivity are crucial.
Experimentally, the reflectivity is simply determined by the reflected laser pulse
energy Eref (Te ,ω) divided by the incident laser pulse energy Einc . This gives the
integral reflectivity Rint (Te ,ω) over the pulse experiencing different reflectivities at
different space and time coordinates which are related to different electronic temperatures Te , with a related R(Te ). For a theoretical model Rint (Te ,ω) can also be
expressed as a function of the absorbed energy Eabs (Te ,ω)
Rint (Te ,ω) =
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Eabs (Te ,ω)
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Einc
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Figure 2.10 Schematic picture of the nearly Gaussian laser focus spot with its experimental
parameters. The inset shows the 2D-model geometry in cylindrical coordinates with the source
term S(r,z,t,ω). The model uses at the z-axis the symmetry for the boundary condition and in
depth and at the surrounding circle a constant boundary (CB).

Eabs (Te ,ω) can be obtained by integrating the source term S(r,z,t,Te ,ω) of the laser
pulse: over the radius r, the depth in direction z, the time t and around the angle
ϕ, assuming that the incident laser pulse has a symmetry around the z-Axis,
d

1
Eabs (Te ,ω) =
2π

Z∞ Zh Z2 Z2π

S(r,z,t,Te ,ω)dϕrdrdzdt ,

(2.60)

−∞ 0 0 0

with the simulation depth h and diameter d. The laser source describes the local
intensity in the material at any point in space and time. It is a function of the
electronic temperature Te for a given ~ω at the surface, defined by the functions:
fr (r) along the radial distribution, fz (z,Te ,ω) in depth and ft (t) over the temporal
shape and can be written as,
S(r,z,t,Te ,~ω) = Einc (1 − R(Te , ω))fr (r)fz (z,Te , ω)ft (t) .

(2.61)

A radial symmetrical two dimensional Gaussian distribution of the pulse in the spatial domain is used, with the focus diameter b at FWHM incorporating experimental
values of the pulse into the model:
1
r2
fr (r) = 2 exp − 2
πb
b

!

.

(2.62)

The effective energy attenuation function in depth z for the pulses is given by:


z
exp − λd (ω,Te )+λ
b (Te )





,
fz (z) = 
h
1 − exp − λd (ω,Te )+λ
(λ
(ω,T
)
+
λ
(T
))
e
e
b
d
b (Te )

(2.63)

including the ballistic range λb (Te ) and a temperature dependent penetration depth
λd (ω,Te ), which was also used similarly in the collaborative work [72]. The temporal
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shape of the Gaussian pulse is given by:
1
ft (t) =
τ

r

σ
(t − t0 )2
exp −σ
π
τ2

!

,

(2.64)

with σ = 4 ln 2. The laser pulse is defined by its duration τ . At t = 0 a single
pulse shifted to t0 = 2.5τ , to include most of the pulse energy in the simulation
while keeping the simulation time low. With this detailed description of the energy
deposition by S(r,z,t,Te , ω) into the electronic subsystem, next the energy evolution
over time and its transferring to the lattice needs to to be solved.

2.3.4 Two-Temperature Model (TTM)
The absorption of the laser energy by electrons results in a rapid increase of the
electronic temperature Te while the lattice atoms stay at a significantly lower temperature Ta forming a strong non-equilibrium between the electronic and phononic
system. The TTM incorporates the change in the heat capacity of the electronic
system Ce (Te ) and the lattice atoms Ca and simulates the evolution of the diffusion
of the thermal energy, described by the heat conductivity of the electrons Ke (Te ,Ta )
and atoms Ka . The transfer of energy to the lattice is described by two coupled
differential equations, connected by the coupling function G(Te ). In the case of the
previously introduced radial symmetrical source term S(r,z,t,Te ), inserting the laser
energy, the TTM can be written in cylindrical coordinates,
∂Te
∂t
∂Ta
Ca
∂t

Ce (Te )

=
=

1 ∂
∂Te
∂
∂Te
rKe (Te ,Ta )
+
Ke (Te ,Ta )
− G(Te ) [Te − Ta ] + S(r,z,t,Te )
r ∂r
∂r
∂z
∂z
1 ∂
∂Ta
∂
∂Ta
rKa
+
Ka
+ G(Te ) [Te − Ta ] .
(2.65)
r ∂r
∂r
∂z
∂z

A numeric simulation can evolve these model over time, giving a continuum energy
distribution after laser pulse absorption. The method was introduced by Anisimov
and is widely used to model the non-equilibrium conditions after laser excitation
[62, 80, 81].

2.3.5 Large Scale Molecular Dynamic Simulation (MD-TTM)
A MD method is crucial for understanding the creation of complex surface morphologies and to study the influence of the energy deposition and transfer. In this
collaborative work an atomistic-continuum MD-TTM approach, run by D.S. Ivanov,
is used allowing a macroscopic modeling of material transport resulting mainly from
laser energy induced phase changes. A direct comparison of experiment and simulation is obtained by utilizing the special geometry of one dimensional periodic nano
structures induced by a sinusoidal grating-shaped intensity distribution, allowing a
minimized simulation volume, depicted in Figure 2.11(a).
The MD-TTM treats the atomic motion in a MD simulation which is combined
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Figure 2.11 Sketch of the sinusoidal intensity distribution, depositing energy in the slice of the
simulated volume in (a), in (b) the boundary conditions applied around the atomistic-continuum
MD-TTM simulation are shown. In (c) a single simulation core is depicted in 2-D, connected
by a massage passing interface (MPI) with the neighboring processor. Within one core sub-cell
parameters like the temperature and the pressure are averaged over a cut-off range of rcut-off ,
including 26 neighboring cells and connected to the TTM.

with the description of the laser excited free electrons by a TTM. The principle of a
MD simulation is solving Newton’s equation for each atom described by a potential.
Therefore MD simulations inherently include material properties like phase transitions, mass transport, surface tension, latent heat (for solid-liquid transition energy
to separate bonds and for a free movement) and therefore have great advantage over
other methods like finite element, or hydrodynamic simulations, which lack some of
the above mentioned properties, especially at non-equilibrium conditions [72, 82].
The drawback of a MD simulation is the immense calculation expense, therefore
some effort is undertaken to minimize the MD simulated volume and needed calculation time:
A slice geometry is specifically chosen in this atomistic-continuum MD-TTM approach, utilizing the sub-µm (270 − 500) nm periodicity along one direction
and only a few nm in one orthogonal direction (thin slice), as depicted in
Figure 2.11(a). Perpendicular to the modulation direction the grating has no
difference in the intensity profile, thus the slice thickness is set to a minimal
value of a few tenths of nm in order to allow the formation of bubbles in the
overheated melt, an important driving force for the material lift off, besides
the relaxation of the laser induced stresses.
None reflective boundary conditions (NRC) at the bottom of the simulated volume to the continuum mimic a bulk material in depth, absorbing the pressure
wave energy, avoiding reflecting it and thus reducing the simulation of MD
volume [72, 83].
Linear scalibilty of the model is achieved by parallelizing the calculation by dividing
the simulation volume in cells, depicted in Figure 2.11(b), which are then
calculated by a single processor. The information about material transport is
realized by a message passing interface (MPI) as described in [82].
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An Embedded atom model (EAM) is used to describe the potential used for solving the Newton’s equation for each atom. An EAM potential is implemented
in the MD part, as described by V. V. Zhakhovsii et al. [84] for gold. The
EAM potential describes material parameters like the melting temperature or
the lattice constant with high precision.
The energy coupling from the electronic system to the lattice, described by MD, is
now realized by the energy transfer given by ∆Ee−ph , determined in sub cells with
a cut-off range rcut-off of roughly one nm, depicted in Figure 2.11(c). The energy
∆Ee−ph enters the Newton equation in form of a velocity scaling, increasing the
temperature. This atomistic-continuum approach is than described by the following
coupled differential equations:
∂Te
∂t
d2~ri
mi 2
dt

Ce (Te )

= ∇(Ke (Te ,Ta )∇Te ) − G(Te ) [Te − Ta ] + S(r,z,t,Te ) ,

(2.66)

T

d~r
= F~iEAM + ξmi i ,
dt

i = 1,2,...,Natoms ,

(2.67)

T

d~
r
with ξmi dti describing the thermal velocity of the atoms and F~iEAM the force resulting from the EAM potential [85]. The source term of the induced intensity grating
is, incorporating the function fz (z) from Eq. (2.63) and ft (t) from Eq. (2.64), given
by,

S(r,z,t,Te ,ω) = Einc (1 − R(Te ,ω))fp (y)fz (z,Te ,ω)ft (t) ,

(2.68)

with the sinusoidal variation in y-direction, given by
2

fp (y) = cos

yπ
dp

!

,

(2.69)

with the periodicity dp . The coordinate in y-direction is defined from −dp /2 to
dp /2. In the x-direction no change in the intensity is present. To the sides periodic
boundary conditions (PB) in a distance of the periodicity dp , are applied. In the
simulation a free movement of the atoms is allowed in the top direction, described
by free boundary conditions (FB). At the bottom the above introduced NRB are
applied. The largest simulation volume in x, y and z-direction is (40×500×200) nm,
consisting of roughly 240 million atoms. For this simulation volume, when 480 cores
are running parallel, one hour calculation time computes ∼ 1 ps in the model. All
molecular dynamic simulations presented in in this work are conducted by D.S.
Ivanov [36, 72, 85].
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Laser pulse generation principles and the laser systems used for the experiments in
this work are shortly presented and the pulse and sample characterization methods are described. A mode locked Ti:sapphire laser system serving as front-end
is described in Section 3.1. Its pulses are launched into a hollow core fiber setup
delivering sub 4 fs pulses, after compression, as described in Section 3.1.5. These
are utilized for pump-probe experiments with a broad spectral bandwidth. For the
structuring the frequency tripled pulses of the same Ti:Sapphire system are amplified in a special ultrashort pulse excimer amplifier to high energies, which utilizes
the short wavelength and high pulse energy delivered by KrF excimer discharges as,
described in Section 3.1.4. The measurement of these versatile pulses requires different setups for pulse characterization which are shortly introduced in Section 3.2.
The method utilizing these ultrashort UV pulses for a nano-structuring of surfaces,
by a two beam interference method is described in Section 3.3. In the last part of
this chapter the methods required for detailed sample characterization of periodic
nano-structures are presented in Section 3.4.

3.1 Generation of Ultrashort Laser Pulses
Within ultrashort laser pulses extreme intensities can be obtained since the amplitude maximum of different spectral properties are temporally in phase, constructively interfering. Mathematically, when using an infinite number of wavelengths,
a delta function in time is obtained, by applying a Fourier transform to a constant
and infinitely broad spectral intensity. Both conditions can not be found in reality.
This characteristic leads to the frequency time relation which is in its nature similar
to the Heisenberg‘s uncertainty principle [86], this time bandwidth product (TBP)
can be described by
~
,
2
≥ T BPp ,

∆~ωp · ∆tp ≥

∆νp · ∆tp
c
∆λp 2 · ∆tp ≥ T BPp ,
λ

(3.1)
(3.2)
(3.3)

with the index p describing a simplified square pulse in temporal and spectral domain. The pulse width ∆tp = τp therefore is limited by the bandwidth and a great
effort is undertaken in laser science to create broader laser spectra to obtain shorter
laser pulses. The methods used in this work to obtain sufficient pulse energy and
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spectral bandwidth to structure surfaces and measure events on the fs time scale are
described in the following [45].

3.1.1 Laser Pulse Characteristics
Temporal Gaussian Pulse
The intensity distribution of a Gauss pulse is given by
4(ln 2)t2
I(t) = I0 exp
τp /2

!

.

(3.4)

√
At FWHM the pulse duration of a Gaussian√pulse is τG = τp / 2 ln 2 ≈ τp /1.177
and the spectral FWHM is given by ∆ωG = 8 ln 2/∆ωp ≈ 2.355/∆ωp . The smallest possible time bandwidth product for a Gauss pulse defined at FWHM, using
Eq. (3.1), therefore is T BPG = 2(ln 2)/π ≈ 0.441 [45]. Typical values for transform
limited pulses in our case are 72 fs at 780 nm for a bandwidth of 12.5 nm from a
Ti:Sapphire laser and 150 fs at 248 nm and a bandwidth of 0.4 nm from an excimer
laser.

Spatial Gaussian Pulse
The uncertainty principle can also be applied spatially on a propagating pulse on
a beam path and is an effect also described in terms of diffraction. In general, the
smaller the aperture a beam is going through, the stronger is the divergence of the
beam behind that aperture. In other words only an infinitely large beam aperture
can maintain a collimated propagation over an infinitely large distance. In practical
applications the following two approximations are very useful. The smallest beam
waist diameter achievable with a Gauss beam is approximately given by
2w0beam ≈ M 2

4λf
,
πdap

(3.5)

where 2w0beam denotes the beam diameter in the focus, f is the focal length of the
lens and dap is the aperture of the beam. The approximation stays valid as long as
f is much bigger than dap . The beam quality factor is defined by M 2 . The Rayleigh
length under usage of the paraxial approximation is given by:
ϕbeam
≈
0

4λf 2
,
d2ap

defining the distance at which the beam diameter increases by a factor of
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(3.6)
√

2 [45].
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3.1.2 Mode Locking
Here a passive Kerr lens induced self mode locking Ti:Sapphire laser system is described, delivering weak ultrashort laser pulses at a high repetition rate. In this
setup a mode discrimination is achieved by a "soft" Kerr-lens induced by nonlinear
interaction of the Gaussian intensity distribution of the pump beam with the amplifying medium. As a consequence, in the Ti:sapphire crystal at the center the gain
is higher than at the outside, favoring high intensity self focused parts, an effect
described in Eq. (2.54). Ultimately, a single pulse is formed bouncing back and
forth in the cavity, stability retaining itself. To start mode locking, some initial
intensity fluctuations are necessary. Normally, the inherent small gain fluctuations
in the CW lasing operation are not high enough. Therefore, an additional modulation is usually introduced either by a fast change of the cavity length created by an
oscillating mirror, or by simply hitting against the laser housing. The formation of
more than one pulse in the cavity can appear. In order to eliminate this effect, the
pump energy is adjusted in such a way that the first pulse totally de-populates the
pumped medium. This leaves no energy behind for a second pulse to be maintained.
To ensure this the pump energy should not be too high, which would saturate the
gain too long before the next passing.

Figure 3.1 Oscillator setup from [87], modified, showing the pump laser directed by (R1) and
(R2) and focused by (L1) to the gain medium (Ti:S) which is within the cavity formed by the
mirrors (M1-M8) with a slit for bandwidth and position adjustment, and a prism pair (P1) and
(P2). The pulses leave the cavity at (M8), a beam splitter directs a portion of the beam to the
photo diodes (PD1) and (PD2), while the lens (L2) collimates the output beam.

The oscillator shown in Figure 3.1 is implemented in a Coherent Micra system. It
is pumped by a Verdi continuous wave (CW) diode pumped solid state laser using
the gain medium neodymium yttrium orthovanadate (Nd:YVO4 ). The fundamental
wavelength is 1064 nm, within the Verdi laser cavity a frequency doubling crystal,
lithium triborate (LBO) creates the wavelength of 532 nm which is coupled out of
the system by a dielectric mirror transmitting in that wavelength. The pump beam
path (green) is depicted in Figure 3.1. Mirror (R1) is piezo controlled and aligns
the pump focus within the titanium sapphire crystal (Ti:S) for a maximum output
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measured at a reflex on the photo diode (PD1). In the focus in the crystal (Ti:S),
Kerr effect induced lensing is induced (self-focusing), as described in Section 2.2.4
leading to self mode locking. This creates under ideal adjustment, a high intensity
single pulse traveling through the laser cavity, emitting at every cycle at (M8) a
part of its energy, forming a pulse train with a frequency of 80 MHz. The frequency
thereby is defined by the length of the cavity, the pulse has to travel from (M8) to
(M1) and back to (M8). In the case of the Micra system the distance is equivalent
to a distance in air of l = 3.7 m. With the relation t = l/c one obtains the time
for each cycle 12.5 ns; the inverse giving the above mentioned repetition rate of the
oscillator. The prisms (PR1) and (PR2) form with (M1) and (M2) a compressor
geometry, which allows by a continuous insertion of glass, a control of negative chirp
or GVD. In the cavity an ideal compensation of the GVD introduced by material
and also a delay created by SPM is possible, as described in Section 2.1.5 and 2.2.4,
respectively. A soliton like, self stabilizing pulse is created if the cavity is ideally
compensating GVD and at a certain level of intensity dependent SPM. A slit at
the cavity end mirror (M1) allows a tuning and selection of the wavelength λ and
bandwidth ∆λ of the created seed pulse [53, 87].

3.1.3 Chirped Pulse Amplification (CPA)
The limiting factor in a mode locking Ti:Sapphire oscillator is the intensity within
the crystal and also on the mirrors, lenses and other optical elements due to the
component specific damage threshold. One way to avoid high peak intensity is to
first stretch the pulse in time, by introducing for example a strong positive chirp,
shown in Figure 3.8. In a second step then the pulse is amplified in a gain medium
and finally compressed again ideally, limited by the spectral components, that can be
brought in phase. The compression can be done for instance by a grating compressor or chirped mirrors, discussed in Section 3.1.6. This chirped pulse amplification
(CPA) was mainly developed by D. Strickland, G. Mourou and others in (1985) [5]
for which they received a share of the Nobel Prize in (2018).
The technique of CPA can be used in the manner of a regenerative amplification.
Here, the high repetition rate (usually 80 mHz) seed pulses are injected into a resonator, decreasing the repetition rate but increasing the pulse energy. After some
round trips in the resonator the collected energy is released in a stronger pulse. The
laser system used in this work is a Coherent Libra-S. In Figure 3.2 a picture of the
inside of the regenerative amplifier, with stretcher and compressor is shown. In this
setup first a seed laser pulse with a few nJ is delivered by the above described Micra
passive mode locked oscillator. This pulse is stretched to a few hundred ps and
then send in a regenerative amplifier. In a number of transitions through a pumped
Ti:Sapphire crystal the pulse is collecting energy, roughly amplified by a factor of
2 to 3 with each cycle, when the saturation level is obtained the pulse is dumped
from the cavity by a fast switching Pockels cell or electro-optic modulator (EOM).
The Ti:Sapphire crystal is pumped by an Evolution-15 delivering up to 12 W pump
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Figure 3.2 Picture of Libra-S system, with highlighted beam path. The Micra seed laser (red)
is directed to the stretcher, where the pulse is positively chirped. From the stretcher the beam
is send, into the regenerative amplifier by reflecting it at Brewster angle on the surface of the
amplifier crystal. In the cavity (orange) many amplification cycles are undertaken. The gain
medium is pumped by an Evoulution-15 (green) laser. At an ideal amplification a Pockels cell
rotates the polarization and sends the amplified beam in the compressor (red), from where the
laser beam is eventually send out of the housing.

power, at up to 1 kHz and a pulse duration of 100-350 ns. The Evolution-15 is a Qswitched Nd:YLF laser, with intra cavity second harmonic generation and is diode
pumped.
The beam is collimated with a telescope and in the last stage a grating compressor,
as described in Figure 3.8, is used to obtain an ultra short, high energy laser pulse.
The Libra-S system delivers 1 mJ pulse energy at 1 kHz repetition rate at a pulse
duration of 80 − 130 fs, as shown in Figure 4.12 and 4.7(a). The wavelength is tunable from 780 nm, where the hollow fiber was operated to 745 nm used for frequency
tripling to obtain then a wavelength of 248.5 nm where the pulses can be amplified
in a KrF excimer module, a technique described in what follows [37, 87].
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3.1.4 Excimer Amplifier
The use of UV short pulses, which are obtainable by excimer amplifiers, has a number of advantages for material structuring: one is that in general the absorption is
higher in the UV for most materials; and most materials that are transparent, in the
visible spectrum, are absorbing in the UV. For periodic nanostructure formation the
short wavelength is also beneficial, allowing smaller foci as described in Eq. (3.5)
and therefore smaller periodicity in the structuring. Another aspect is that high
pulse energies are required for an efficient large area structuring by a single laser
pulse. The technique of excimer lasers and in particular the use as amplifiers for
ultrashort laser pulses is the route described in this work, to utilize these beneficial
parameters for structuring.
The excimer laser systems used here are gas discharge driven. The mechanism utilizes an excited complex of a noble gas and a halogen, which is excited by an electric
discharge. The combination of krypton and fluoride shows an emission after excitation at 248.5 nm and a bandwidth of more than 0.4 nm. Other widely used excimer
gas combinations are ArF and XeCl emitting at 193 nm and 308 nm, respectively.
Under normal conditions the inert noble gases do not form bonds, since they have a
fully occupied outer shell. In an electron discharge induced excited state, however,
the strong electronegativity from the halogen forms an excited KrF∗ state which
can be used for stimulated emission and relaxes with a delay to the ground state by
spontaneous emission. Also collisional deactivation can decay the excited state after
less than 10 ns to the ground state. Population inversion can be assumed for the
system since Kr and F when in the unexcited ground state do not form a molecule.
The excitation of the gain medium is induced by an electric discharge between two
electrodes, by applying a voltage of typically 25 kV.
TwinAmp

excimer gain medium

L2
relay imaging

L1

248 nm
0.05 mJ

SFG

SHG

frequency tripling

745 nm
1 mJ
100 fs

Ti:Sa Reg Amp

laser out
248 nm
10 mJ
0.2 - 1.6 ps

Figure 3.3 Sketch of the used excimer amplifier TwinAmp for UV ultrashort pulse creation,
incorporating a frequency tripled Ti:Sapphire CPA system as seed pulse source.

With a homogeneous pre-ionization, the applied field induces collisions accompanied
by electron emission and therefore the excitation of the media is kinetic induced,
instead of optically pumped like in many other laser gain media. During the excitation process, the buffer gas, mainly helium and neon, plays an important role
for the collision process. A great effort is undertaken to homogenize, shorten and
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precisely trigger the discharge. A combination of a thyratron and a magnetic switch
ensures a sufficiently fast switching of the electric field in the discharge chamber.
This design allows the stored energy from the capacitors to be applied on long electrode designs. When the discharge is appearing over long tubes, a huge amount of
energy stored in the excited states can be collected by stimulated emission. Excimer
systems can operate at a wall plug efficiency, electric to optic, of up to 2 %. Either a
cavity can be formed directly around the gas chamber tube, yielding a laser with a
pulse duration of around 10-20 ns, mainly determined by the lifetime of the excited
states, or the other option, which is used here is to collect the excited states by a
short laser pulse, using the excimer as a gain medium, in an Off-axis geometry. This
Off-axis amplification method was developed in (1991) by S. Szatmari and P. Simon
and increased the maximum extractable output energy, and the beam homogeneity.
Systems with a pulse energy of up to 100 mJ at a pulse duration of 500 fs have been
realized with this setup [88].
General difficulties in working with excimer systems originate from high voltages,
and the poisonous gases under pressure in the discharge chambers. Also the electrode handling is demanding, especially due to problems with arc or spark formation
at non ideal conditions. Over time, impurities form in the gas, requiring periodic re
filling of the tube. In addition, fluoride is highly toxic, a damage to the lung and
eyes starts at a concentration in air above 25 ppm, therefore extensive safety precautions have to be taken when handling this gas. In this work the excimer amplifiers
TwinAmp and a modified NovaLine are used with a typical gas mixture of 0.1-0.5 %
of the halogen fluoride, 5-10 % of the noble gas krypton and the rest is filled up by
the buffer gas helium or neon, to reach an absolute pressure in the discharge tube
of 1.6-2.35 bar [23, 89–91].

3.1.5 Spectral Broadening in Hollow Core Fibers
The multi mJ pulse energy Ti:Sapphire lasers provide only a limited gain bandwidth
supporting pulse durations down to ∼ 20 fs [92], and routinely accessible ∼ 80 fs, as
used here with the Libra-S system. One route to increase the bandwidth further is
the spectral broadening in gas filled hollow core fibers (HCF), by SPM as introduced
in Section 2.2.4, allowing the creation of pulse spectra of more than two octaves,
theoretically allowing to obtain transform limited pulses below 2 fs [93].
In this scientifically very interesting region, where the electric field is carrying a few
mJ within a few to a single cycle, the oscillation of the electric field strength interacts
directly with the electrons around the core. The slowly varying envelope description
of the temporal intensity profile is than not sufficient. The bond strength of the
electrons can thereby be exceeded and they can be ionized or send back towards the
core creating for example high energy photons. Another application of great interest
for fs pulses with a broad spectrum is the mapping of electron dynamics in solids by
pump probe experiments. The utilization of hollow wave guides for the creation of
ultra-broad bandwidth pulses, compressible to a few fs was first established by M.
Nisoli et al. in (1996) [10].
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Figure 3.4 Spectral broadening of 1 mJ 75 fs pulses in a 3 m stretched flexible hollow core fiber
SF-HCF, with an inner diameter ID = 320 µm filled with Neon at different gas pressures.

An example of spectral broadening at different gas pressures is given in Figure 3.4.
The principle of a HCF does not rely on total internal reflection, like in optic glass
fibers, which only works if light is coming from a high refractive index entering a
low refractive index material. For a light field to be confined over a long distance
in a HCF the fundamental eigenmode needs to be excited. The exact boundary
conditions are crucial for an efficient mode coupling. Only a perfectly round and
over the length in z-direction straight capillary can deliver the conditions where the
input beam is exciting only the first eigenmode in the hollow fiber, which in general
supports multi mode propagation. The first mode in HCF is the hybrid mode EH11
forming a radial intensity profile described by I0 (r) = I0 J02 (2.405 2r/ID) with J0 (r)
the zero order of the Bessel function [94], with the peak intensity I0 and the inner
diameter ID of the fiber. The input beam needs to match in its focus size and form,
ideally to the above described Bessel function. A Gaussian beam with a waist di1/e2
ameter of dG ≈ 0.64 ID approximates this ideal situation and can be coupled to
the EH11 mode with very high efficiency (∼ 98 %). Any deviation from these ideal
coupling conditions leads to an excitation of other higher modes, or no coupling at
all. The not coupled light field can severely damage the fiber front surface and the
first mm to cm. When the eigenmode is excited with high accuracy at the entrance
of the HCF the output delivers high beam quality, a spectral homogeneity and low
phase front distortion, which are all necessary for ideal pulse compression [11].
The critical parameters and limitations of SPM in gas filled HCF will be first introduced and than later defined and discussed in detail. Furthermore, strategies for an
ideal broadening by a hollow wave guide will be described.
Incoupling conditions are crucial and mainly define the transmissivity of the wave
guide. If the caustic, focus size and polarization are perfectly matched, a
theoretical transmission in an ideal straight fiber with a large diameter and a
length of 1 m can be as high as 97 %
Damage of inlet can appear if the input profile is not ideal, resulting inherently
from the laser source, or from air fluctuations in the beam path, vibrations of
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involved components, or other sources. The high beam fluence can ablate the
inlet and induce further losses which may ultimately lead to a complete failure
of the in coupling. At high average power thermal energy is deposited which
needs to be dissipated.
Ionization is taking place when the intensity of the light field is sufficient to photoexcite electrons out of the atomic potential. This mechanism introduces severe
transmission losses in the wave guide, mainly due to self-defocusing by the free
electron distribution. A definition for an ionization threshold is given in the
following [93].
Self-focusing is directly related to the nonlinear refractive index of the used gas.
A critical power above which it dominates will be given. Self focusing occurs
mainly at the entrance of a fiber used at static pressure where the pulse has
not experienced any losses and minimum dispersion. Filamentation may occur
and can either appear inside the fiber or prior to it near the focus, changing
the beam size in an uncontrolled manner, exciting other modes in the fiber
and reducing the transmission. At powers exceeding the threshold, the beam
can collapse and damage the fiber [95, 96].
Pulse shape of input beam and especially the steepness of the temporal pulse shape
determines the wings of the broadened spectrum. If the input pulse shape is
temporally unsymmetrical, as shown in Figure 2.6(a), the broadening in the
blue end and red end of the spectrum is different in magnitude. Variation in
the intensity profile of the input can lead to strong fluctuations in the output
spectrum, especially at the central components of the pulse spectrum.
Mode beating describes the effect when energy is being transferred between various
modes that are excited in the hollow wave guide. This transfer has its origin
in non-perfect beam coupling, distortions from bending, self-focusing or local
ionization losses. The effective length for each of these modes is different and
can lead to a formation of complex pulse shapes, and higher losses.
Four wave mixing is a nonlinear interaction of two or three waves at different wavelength, generating new waves at two or one new wavelengths. Within a HCF
where a broad spectrum is forming at the propagation this effect of SFG is
thought to be able to create new spectral components, besides SPM, resulting
in solitary spikes in the output spectrum.
Based on these mechanism the next paragraph addresses the question how to describe and optimize the SPM in HCF.
Description of the Spectral Broadening in HCF
An evaluation of the spectral broadening factor can be obtained by neglecting dispersion in the fiber, which is anyway low in gases. When also self-steepening is not
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included, underestimating the broadening slightly, an analytic description, following
[11, 93], of the broadening factor of the output versus the input frequency is possible
by :
s
∆ωout
4
F =
= 1 + √ B2,
(3.7)
∆ωin
3 3
with the B-integral as defined previously in Eq.(2.53). In the case of a hollow core
fiber B can be described by an effective interaction length and an effective intensity
distribution,
2π I,p
B=
n Ieff Leff .
(3.8)
λ0 2
Here the nonlinear refractive index is entering, described in a gas as pressure depenI
2 −1
−1
dent by nI,p
2 = n2 · p with the unit [cm W bar ] with the gas pressure in bar and
I
n2 defined at 1 bar as listed in Table 3.1. The effective intensity in the HCF is given
by Ieff = P0 /Aeff where the peak power is given by P0 = √
σG Ep /τG , with the pulse
√
energy Ep and the pulse duration τG and the factor σG = 4 ln 2/ π for a Gaussian
pulse. The effective area, contributing to the SPM collected in the fiber is given by
Aeff = (ID/2)2 · 2π · 0.48. The effective length is given by Leff = (1 − exp(−αL))/α.
The propagation losses in the fiber are described by
α
=
2



2.405
2π

2

λ20 ν 2 + 1
λ20
√
∝
,
ID3 ν 2 − 1
ID3

(3.9)

where ν = nglass/ngas , and λ0 is the central wavelength. The inner fiber diameter
ID should not be too small because it increases the losses with a power of three. A
larger inner diameter however increases the energy transfered in higher order modes,
due to a narrower tolerance of the incoupling of only one mode, and is therefore also
limited [93, 97].

material
He
Ne
Ar
Kr
Xe

nI2 from [98]

nI2 †

3.1 ± 0.4
8.7 ± 1.1
9.7 ± 1.2
2.2 ± 0.4
5.8 ± 1.1

3.6 ± 0.2
8.1 ± 0.4
9.4 ± 0.4
2.1 ± 0.1
5.2 ± 0.2

10−21 cm2 /W
10−21 cm2 /W
10−20 cm2 /W
10−19 cm2 /W
10−19 cm2 /W

nI2
N2
O2

7.4 ± 0.9
9.5 ± 1.2

[99]
[99]

10−20 cm2 /W
10−20 cm2 /W

quartz

3 ± 0.35

[100]

10−16 cm2 /W

Table 3.1 Different values of the nonlinear refractive index nI2 of noble gases, air components and
quartz at 1 bar around a wavelength of 800 nm.
† own measurement, conducted in collaboration with T. Nagy, unpublished data.
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Optimal Broadening in HCF and Limitations
The options for obtaining a strong spectral broadening are to increase the nonlinear
refractive index, the effective intensity or the effective length. The refractive index
is dependent on the choice of the gas in the hollow fiber, with increasing nI,p
2 for
the noble gases ranging from He, Ne, Ar, Kr to Xe, as listed in Table 3.1. Also the
pressure can be increased to yield a higher nonlinear refractive index. The effective
intensity can be raised by either applying shorter pulses at the input, by increasing
the pulse energy or by reducing the fiber inner diameter. Another option is to simply
increase the effective interaction length.
For all of these parameters limitations are existing: The maximum pressure and
choice of the gas is limited by self focusing, which is limited by the allowed peak
power at a certain nI,p
2 given in an analytic form, as described e.g. by G. Fibich et
al. [95] by
αcr λ20
Pcr =
,
(3.10)
4π nI,p
2
with the constant αcr ≈ 1.86225. With the nonlinear refractive index of gases being
pressure dependent, the critical pressure in a fiber at which self focusing occurs can
be described by
αcr p λ20
pcr =
,
(3.11)
4π nI,p
2 P0
following the description given in [93, 96]. One way to drastically reduce the effect
of self focusing is differential pumping. At the fiber entrance a vacuum of about
0.1 mbar is present, while at the output a pressure of the non-linear medium is
applied, forming a pressure gradient in the fiber. This however, reduces the effective
length of the fiber, and therefore also the broadening.
The other critical factor is the ionization of the gas in a HCF. For a given pulse
material
He
Ne
Ar
Kr
Xe

σ × 10−9 ms0.45 J−0.51

source

2.62
2.99
4.69
5.45
6.97

[93]
[93]
[93]
[93]
[98]

Table 3.2 Ionization threshold as defined by [93] for noble gases, for Xe the value was extracted
from [98].

duration and pulse energy the ionization threshold can be defined by a minimal inner
diameter a fiber might have before ionization losses appear, described numerically
by Vozzi et al. [93]. A simple expression for linear polarized light given in their
work of this numerical calculation is approximated by
IDmin ≈ στp−0.45 Ep0.51 .

(3.12)
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with a gas dependent constant σ. One option to reduce the ionization threshold is
by inserting a λ/4 wave-plate in the beam path. This circularly polarizes the beam
and increases the ionization threshold but also reduces the spectral broadening.
The last parameter left for optimization of the spectral broadening (increasing the
B-integral) according to Eq. (3.8) is the length of the fiber. In a common V-Shaped
supported HCF the length is limited to ∼ 1 m due to mechanical constraints to
avoid bending losses. For a realization of longer fiber length a method is described
hereafter, allowing even a reduction of the losses while increasing the interaction
length.
Stretched Flexible Hollow Core Fiber
The technology of stretched flexible hollow core fibers (SF-HCF) was developed
at the LLG by T. Nagy and P. Simon [11, 97]. This method allows to significantly increase the waveguide length while preserving excellent straightness. As a
consequence, larger spectral broadening factors and lower waveguide losses can be
reached. With this new technique, the nonlinear interaction length is only limited
by the available lab space.

(a) picture of SF-HCF inlet

(b) sketch of SF-HCF cross-section

Figure 3.5 Picture of a 3 m SF-HCF (a), showing the frame mounted on a x-y-translator stage,
fixed on an optical table. In (b) a side view of the fiber assembly is depicted, showing the
stretched thin walled fiber (red), the glue (dark gray) used for fixation of the fiber in the frame
and the KF flange (light gray), sealing the gas at the entrance, modified from [97].

When aiming at maximum broadening at very high pulse energy this route becomes
inevitable since the parameters Leff as well as Aeff have to be increased with increasing peak power due to the self focusing and ionization limitations. The advantage
of the high transmission and large broadening, however, can also be utilized for low
pulse energies.
When stretching the thin walled capillary, gravity introduces a bending in y-direction
described by the function y = ar cosh(z/ar ) with the minimal bending radius ar of a
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few kilometers along the fiber length in z-direction. The force applied to stretch the
fibers used in this work is not disclosed here, because of confidentiality reasons [97].
This state of minimal curvature is frozen with glue in a frame. This frame, containing
the fiber shown in Figure 3.5, is than easily adjustable by two x-y-translator stages
at both ends and allows to line up the fiber to the beam.

Figure 3.6 Setup of a stretched flexible hollow core fiber (SF-HCF) assembly, with a pressure
housing for static pressure used in this work, with fixed arms to keep the windows far away from
the focus point, to reduce nonlinearities in the quartz.

The assembly used for this work was a 3 m SF-HCF, with ID = 320 µm, shown in
Figure 3.6. Only static gas pressure was applied.

3.1.6 Chirp Management
Chirp management is an important aspect of short laser pulse technique. In the
following the principle of a grating compressor and stretcher is introduced. Also
the working principle of chirped mirrors is described and a double wedge setup for
fine tuning of the chirp is presented. The propagation in a medium introduces in
normally dispersive materials like lenses, metallic attenuators, or polarizing wave
plates, all consisting of fused silica glass, a positive chirp.
material
He
air
Xe
quartz
Table 3.3

GVD fs2 /mm

source

0.0015
0.0207
0.1385 †
37.802

[101]
[102]
[103]
[104]

GVD introduced at 1 bar at a wavelength of 780 nm († at 620 nm).

Also a negative chirp can be introduced to compensate for traveling through air or
glass on the way to the target where the compressed pulse is required. The unit to
describe the chirp is fs2 /mm or in the case of chirped mirrors in fs2 per bounce. The
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actual delay, which a pulse undergoes, can be derived from Eq.(2.37) by assuming
two pulses at the frequencies ω1 and ω2 and describing their different group velocity
traveling along direction z over a distance d in a medium, yielding:
v
u
u
τ (z) = τG t1 +

4 ln 2 · GV D · d
τG2

!2

,

(3.13)

for a Gaussian shaped transform limited pulse τG . For ultrashort pulses even the
chirp introduced by air is not negligible. A transform limited 4 fs pulse is stretched
by chirp upon traveling through 1 m of air already to a pulse length of 7 fs.
Grating Compressor
A grating separates the spectral components by angular dispersion, this separation
can be used to change the optical pathway in dependence of the wavelength. In a
compressor a negative GVD or chirp is introduced.
G2

RR
input
G1
output

Figure 3.7 Working principle of a grating compressor, introducing negative GVD, by letting the
red spectral components travel a longer distance than the blue components. The setup consists
of a grating (G1) and (G2) and a retro-reflector (RR).

In Figure 3.7 the case is depicted where a positively chirped pulse is compressed.
The beam is first diffracted on (G1) introducing angular dispersion, only the first
order is used. On (G2) the spectral components are collimated and directed to a
retro reflector (RR). Here one can observe that the red components travel a longer
path than the blue components. The retro reflector shifts the beam in height (perpendicular to the plane of the figure) and sends it back on (G2) and (G1), where
the spectral components are put together again to the now compressed pulse at the
output. In principle, between (G1) and (G2) another retro reflector can be placed,
then only one grating is required, this single grating design is utilized in the laser
system used here [87].
Grating Stretcher
The working principle of a stretcher is very similar to that of a compressor discussed
above. In this case, however, the blue components are delayed versus the red com-
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ponents, as it is the case for propagation in a medium with normal dispersion.
input

output

RR

L1

G1

L2

G2

Figure 3.8 A grating stretcher, introduces positive GVD, therefore the blue spectral components
have to travel a longer distance than the red components, realized by the setup consisting of a
grating (G1), a lens (L1), (L2) and another grating (G2) and a retro-reflector (RR).

In a stretcher the pulse length is significantly increased, thus reducing the intensity in the subsequent amplifier in order to avoid self focusing. A nearly transform
limited pulse is entering the stretcher in Figure 3.8 diffracted at (G1) and nearly collimated by (L1), passing (L2) before reaching the grating (G2). It is clearly visible
from the drawing that the red components travel a shorter distance then the blue
components. From (G2) the red components are traveling less distance, when they
are refracted and send collimated on the retro reflector (RR), where a shift in height
is taking place. Then the pulse is send on the same beam path back, and leaves in
this case the setup with a positive GVD. For this setup, as for the compressor, a
folding is possible between (L1) and (L2). Instead of lenses in the Libra-S system a
spherical shaped mirror with gold coating is used [87].
Chirped Mirrors
A chirped mirror is from its principle similar to an highly reflecting (HR) dielectric mirror, where a layer structure allows a reflectivity above 99 % by constructive
interference of many Fresnel-Reflections induced by a refractive index change. An
example of the layer structure of an HR mirror is shown in Figure 3.9(a). The difference in a chirped mirror is that the constructive interference responsible for the
high reflection, is taking place for the different wavelengths in different depths in
the material as depicted in Figure 3.9(b), leading to different distances the spectral
components have to travel. A negative chirp is introduced if the red components
travel a longer distance than the blue components. Chirped mirrors were first described in (1994) [105].
The devices used here are in principle a dispersive optical dielectric interference
coating for a large wavelength range reaching from 400-1200 nm. These ultra-broad
chirped mirrors (UBCM) are described in detail by V. Pervak et al. [107]. The design of these chirped mirrors requires the implementation of mirror pairs of UBCM3
and UBCM4 in order to suppress an unwanted modulation in the spectral transmission. Strong fluctuation in the spectral GVD lead to satellites in the pulse. Chirped
mirrors allow besides a GVD compression a controlled compensation of TOD and
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n1
n2

(a) dielectric HR mirror

(b) chirped mirror

Figure 3.9 SEM image in (a) visualizing the layer structure of a dielectric mirror, with alternating
high and low refractive index material, here SiO2 and Ta2 O3 are used, from [106]. In (b)
the process of wavelength dependent penetration depth due to the different reflection by the
multilayer stack is shown.

even higher order dispersion phenomena. Also they are advantageous compared to
prism or grating compressor due to less thermal sensitivity. Here, per bounce on
a pair a reflectivity of 95 % is obtained and a negative chirp of −20 fs2 at 800 nm
introduced.
Double Wedge Compressor
Inserting two small-angled fused silica wedges in the beam and moving them across
the beam allows a continuous change of material traversed by the beam and hence a
fine adjustment of the chirp for an optimal compression of the pulse. The TOD can
even be compensated by varying the amount of distance traveled in air and fused
silica, both having a slightly different function n(ω).

48

3.2 Measuring Ultrashort Laser Pulses

3.2 Measuring Ultrashort Laser Pulses
The decrease of laser pulse duration was a constant challenge for the measurement
technique over the last decades. While for ns pulses a photo diode and a fast
oscilloscope is sufficient to determine the pulse duration, for shorter events streak
cameras where used. When pulses reached the ps and sub-ps regime a big progress
was made using autocorrelation methods, which utilize a self-interaction method of
the pulse [45]. A further development of the autocorrelation is the very versatile and
state of the art method of frequency resolved optical gating (FROG), which allows
a precise determination of the pulse-shape in the temporal and spectral domain and
retrieves the information about the relative phase. Pulse durations typically ranging
from a few fs to ns can be measured with this technique. The principle is that a
spectrally resolved autocorrelation trace, which consists of a number of spectra in
which a constant variation is introduced and recorded, contains sufficient information
to allow a full retrieval by an computer algorithm. An unambiguous determination
of the pulses parameters, like temporal and spectral intensity and phase, is than
possible. The method was first described by R. Trebino and D. J. Kane in 1993 and
since then further extended in versatile variations [47, 108]. The book FrequencyResolved Optical Gating: The Measurement of Ultrashort Laser Pulses by R. Trebino
gives an insight to this method and forms the basis of the following description of
the different techniques which were necessary to measure pulses ranging from ps
UV pulses, to 100 fs IR pulses, and also down to broadband sub 4 fs pulses that
were utilized in this work. For the measurement of single-cycle pulses with octave
or over octave spanning spectra the d-scan method can be advantageous, where a
SHG signal is recorded, while the amount of glass inserted in a beam is varied.
One draw-back is that only a compressed pulse can be measured with this method
[109]. In the following sections three FROG setups are described which are needed
to cover the range of pulse parameters in this work. One setup is ideal for single shot
measurements of energetic UV pulses, one is best suited for weaker pulses usable at
all applied wavelength in this work ranging from 248-800 nm and one which allows
the measurement of ultra-broad band pulses. All described methods have different
advantages at the specific pulse parameters. At the end of this section a few examples
of FROG traces and a description of the retrieval method are given, showing the
strength of this measuring method.

3.2.1 Single Shot TG FROG
In a transient grating (TG) FROG the elongated focus of two beams with amplitude
E1 (t) and E3 (t), overlapping in time, are crossing under a small angle in a medium,
such as fused silica (FS). Inside the medium an interference grating is formed with
a sinusoidal refractive index variation, described in Section 2.2.5. In a TG FROG
a third beam with an angle relative to the induced transient grating is refracted,
creating a time delay of E2∗ (t − ∆t) induced by the geometry. The signal intensity
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distribution of this third order nonlinearity is,
G
IFT ROG
(ω,∆t) =

Z

∞

−∞

E1 (t)E2∗ (t − ∆t)E3 (t)e(−iωt) dt

2

.

(3.14)

This FROG trace is captured in a single shot by a CCD camera. A schematic illustration is shown in Figure 3.10, where all three beams are focused by a cylindrical
mirror to form a narrow, elongated focal line in the interaction zone.

Figure 3.10 Setup of a single shot UV FROG with reflecting mirrors. The setup comprises a
mask (M), which creates three elongated beams, focused by a curved mirror (CM), via a split
mirror (SM) onto the none-linear medium (NLM). The beams are than collimated by (L1) and
the signal is selected by a beam block (BB), spectrally resolved by a diffractive grating (DG)
and imaged by a second lens (L2) onto a camera (CCD), as taken from [110].

The described setup allows the measurement of single ultrashort UV pulses at
λ0 = 248.5 nm, with high single pulse energies also in the presence of pulse to
pulse fluctuation, typical for excimer amplifier [88], and pulse durations ranging
from 0.1 − 2 ps. Mathematically a TG trace is very similar to a polarization gating
(PG) trace and is retrieved using a similar algorithm [47]. The TG FROG does
not have any polarizers or other components in the beam if an all reflective setup is
chosen like in the device used here, which was designed and built by T. Nagy [110].
One drawback of the setup is the high complexity resulting from the requirements
to the overlapping precision of the three beams. The camera used here is a triggered
Lumenera Lu-165M with no cover glass and with a UV sensitive coating on the
camera chip. The software used for the image acquisition is MrBeam developed in
the LLG e.V. It allows an easy background subtraction and trace recording.

3.2.2 Multi-Shot SD FROG
A self-diffraction (SD) FROG uses a very similar principle than the TG FROG with
the difference that the induced grating formed by two beams under a small angle
is used for a self-diffraction of the involved beams. The resulting signal intensity
distribution is then given by:
IFSD
ROG (ω,∆t)
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(3.15)

3.2 Measuring Ultrashort Laser Pulses
The power scaling with the third power of the electric field shows that it is also
based on a χ(3) nonlinear effect, but in this case an electric field is arriving only
from two directions. The two beams from the directions described by k1 and k2 are
creating a new vector k3 with a signal in a new direction, as depicted in the inset in
the top left in Figure 3.11.
k3

FS

FM2
k1

FS
FM1

k2
M1

SM
Dt

SPEC

Figure 3.11 Setup of a multi-shot SD FROG. The incident beam is divided in two parts at a
split mirror (SM), directed by (M1) to a focusing mirror (FM1) which overlaps the focus in a
fused silica slice (FS). The beams are blocked and the non-collinear signal is focused by (FM2)
into a spectrometer (SPEC).

In the multi-shot setup the beam is split up in two by a divided mirror and a
variable delay time ∆t is introduced by a nm-precision delay stage for one of the
pulses. The beams are focused and overlap inside the medium, where the signal
beam is diffracted on its own intensity grating and leaving the medium under an
increased angle. The SD signal is then focused on a fiber entrance of a spectrometer.
The beam path is shown schematically in Figure 3.11. The different spectra for each
time step are recorded and form a trace which is used for retrieving the complete
pulse information, containing the spectrum, the pulse duration and the temporal
and spectral phase. In this method not a phase matched nonlinear medium is used,
therefore causing more distortions of the beam. This effect is reduced if small angles
of the interfering beams (. 2 ◦ ) and thin fused silica slices are used (. 200 µm).
However, the distortions limit the well measurable pulse duration to above 20 fs,
better above 100 fs. This third order method can reveal asymmetric traces which
show a linear chirp directly in the FROG trace and works in the IR and the UV
optical range when no polarizers are used and the setup from Figure 3.11 is realized
by aluminum mirrors [47]. The device used for this work was home built by T.
Nagy and P. Simon and incorporates a software for an automated multi-shot trace
recording.

3.2.3 Multi Shot SHG FROG
The above described SD FROG device can easily be transformed to a setup using
the second harmonic generation as a signal with a similar beam path. Therefore
in the focus a BBO crystal is inserted creating a SHG signal with 2ω1 = ω1 + ω1 ,
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described in Section 2.2.1, given by
IFSHG
ROG (ω,∆t) =

Z

∞

E(t)E(t − ∆t)e(−iωt) dt

2

.

(3.16)

−∞

Unlike FROG traces resulting from third order nonlinearities, the SHG traces are
not intuitively to understand. They are not unambiguous in the retrieved time
direction, a positive or negative chirp can not be distinguished.
BBO w1
2w1

BBO
FM2

FM1

w1
M1

SM
Dt
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Figure 3.12 Setup of a Multi Shot SHG FROG, the incident beam is divided by a split mirror
(SM), directed by (M1) to a focusing mirror (FM1) which overlaps the focus in a BBO crystal
(BBO), the beams are blocked and the created SHG signal in the center is focused by (FM2)
into a fiber entrance of a spectrometer (SPEC).

Due to the frequency doubling and the propagation in a new direction, the spectral
and spatial distinction from the fundamental pulse is easier than with other methods.
This leads to a significantly higher signal to noise ratio than with other methods.
Since it is a second order effect, already small pulse energies are sufficient to create
a signal [47]. This method allows to measure few fs pulses, if the phase matching
bandwidth of the SHG crystal is sufficient, as discussed in Section 2.2.2.
FROG Trace and Pulse Retrieval
In all the described different FROG methods a signal-trace is recorded, shown in
Figure 3.13 (top left), from which information about pulse duration, spectrum and
the phase information in the temporal and the frequency domain can be retrieved
with more or less unambiguities. In this work the retrieval algorithm from the software FROG 3.2.2 is used, where a trace can be loaded and the different recording
methods are included.
The FROG phase-retrieval mechanism can obtain the complex electric field E(t) of
a pulse from the recorded trace signal IFROG (ω,∆t), since it inherits a gated spectral information from which the phase information can be obtained. The retrieval
procedure works as follows: with a guessed field E(t) a FROG signal is obtained
retrieved (ω,∆t) by using one of the equations (3.14), (3.15) or (3.16). This delivers
IFROG
the Fourier transform in the time domain. This signal is compared to the measured
trace signal IFROG (ω,∆t) and an improved version is created which is than inverse
Fourier transformed in the time domain to generate the electric field again. This
process is iterated and various methods can be applied to reduce the difference be-
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(a) single pulse TG trace

(b) double pulse TG trace

Figure 3.13 Experimental FROG traces (top left) shown in (a) and (b) and retrieved traces (top
right), respectively. In each plot (bottom left) of (a) and (b) the retrieved spectrum (black) and
spectral phase (blue) is shown and in the (bottom right) the retrieved temporal pulse shape and
the temporal phase. The pulses are amplified by a KrF excimer and compressed to τ ≈ 150 fs.
In (a) a single pulse and in (b) a double pulse with ∆τ ≈ 1.3 ps delay between the pulses is
shown. The delay is created by an interferometer.

tween the measured and the retrieved pulse, here the software FROG 3.2.2 uses a
generalized projections algorithm [49].
In Figure 3.13 two examples of measured FROG traces are shown of a single and
double pulse. The trace is obtained by a TG FROG and the retrieved trace and the
corresponding spectrum, spectral phase, intensity distribution and temporal phase
are shown.

53

3 Experimental Methods

3.3 Laser Surface Structuring Methods
In the previous section it was shown that short laser pulses can ablate metals in a
very localized manner, allowing the formation of periodically structured surfaces on
the micrometer scale and below, leading to a functionalization, with examples given
in Figure 1.1. The availability of laser sources with high single pulse energy and high
repetition rates rises increasing attention to the topic of laser surface modification.
In the following the deterministic method of two beam interference is shown which is
used in this work to produce well defined line gratings with periods below the optical
wavelength range. These well defined periodic structures also allow an investigation
of even smaller sub-structures with periodic structure features reaching down to a
few tenth of nm. The exact formation of theses structures and substructures will
be one of the main topics of this work. The small periodicities also allow a direct
comparison with large scale MD-simulations as introduced in Section 2.3.5. The
sub-structure investigation makes also a consideration of self-organized processes in
structure formation necessary. Therefore in the following besides the deterministic
two beam interference, a method, based on self-organization is introduced, which
can also be used to form functionalized surfaces [111, 112].

3.3.1 Two Beam Interference
A comparison of experiment and simulation requires a precise control of the energy
deposition. With the here applied approach of two beam interference a nearly perfect
sinusoidal intensity distribution is utilized, with a periodicity only limited by the
Abbe limit, described in Eq. (3.25). At FWHM therefore the main part of the energy
is deposited in a line with a thickness of down to half the structure size of 135 nm,
for the periodicity of 270 nm.
Experimental Realization
In the experiment the beam is sent through a transmissive amplitude line grating with g = 5 − 50 µm period, which is de-magnified on the sample surface by a
Schwarzschild-objective, see Figure 3.14. This method therefore is also named mask
projection. Only the plus/minus first orders leaving the grating are used, while
blocking the rest. In Figure 3.15 an example shows the zeroth order in the center
and the plus/minus first orders left and right of an aperture of 1.5 mm on a grating
with g = 25 µm period. When the zero order is blocked the two beams form in the
image plane a sinusoidal grating. The periodicity of the interference pattern can
either be derived from the de-magnification of the objective or, equivalent from the
angle of the two beams arriving on the surface [26, 27, 34, 35].
The formula for the periodicity of dp of the structures is either given by the magnification factor and the grating period:
dp =
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Figure 3.14 Structuring setup incorporating a reflective UV compatible Schwarzschild-objective
creating a sinusoidal intensity distribution in a line grating shape on the sample, periodicities
dp down to 270 nm are achievable [113], with this setup, when NA=0.65 of the objective.

with the magnification of the objective Mmag and the grating period of g or equivalently by the diffraction angle induced by the grating and the numerical aperture of
the Schwarzschild-objective. The highest numerical aperture commercially available
has NA=0.65 , with a magnification Mmag = 74, combined with g = 40 µm and
with the excimer wavelength of 248 nm and assuming a none zero beam size on the
objective mirrors a minimum dp of 270 nm was achieved, in this work.

Figure 3.15 Simulated diffraction orders created by a grating with g = 25 µm and a rectangular
aperture of 1.5 mm in a distance of of 150 mm using the software LightTrans VirtualLab 5.

A simulation of the fluence on the small mirror of the Schwarzschild-objective (at a
distance of 150 mm behind the aperture) was performed by the software LightTrans
VirtualLab 5. The resulting intensity distribution is depicted in Figure 3.15. The
diffraction created by the aperture is clearly visible, leading to a locally higher fluence
on the mirror which needs to be considered when estimating the damage threshold
for this component.
Theoretical Description of Two Beam Interference
This line grating with a variation of the fluence along the y-axis and a constant
fluence along the x-axis is generated by interference of two light fields with different
angles. The traveling electric field is described by Eq. (2.14). In the case of the
beam traveling in z-direction with a component in y-direction, written in complex
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notation is given by
E(t,y,z) = E0 ei(ky y+kz z−ωt) .

(3.18)

In the case of the interfering beams, where a beam of the diffraction order -1 and
1 are both in one plane but with a different angle, interference is resulting at the
sample surface, see Figure 3.14. If the amplitude E0 is the same and the angle
of the beams is equal, versus the sample normal, described by k−1,y = −k1,y , the
interference is described by




Eint = E0 eiky y + e−iky y ei(kz z−ωt) = E0 · 2 cos(ky y) · ei(kz z−ωt) .

(3.19)

For the intensity in y-direction on the surface one obtains the periodic distribution
1
0 c · 4E02 (cos ky y)2
2
= 0 c · E02 (1 + cos 2ky y),

I =

(3.20)
(3.21)

due to the addition theorem for trigonometrical functions [114, 115]. In this work
the created intensity profile is always described as sinusoidally shaped. A description
of Eq. (3.21) by a sinus function can be obtained by applying the trigonometrical
shift theorem sin(y) = cos(π/2 − y).

Diffraction Efficiency of Amplitude Gratings
For the structure formation an imaging of a grating is used but only the first orders
are utilized. The energy within these two beams, which are ultimately interfering on
the sample is defined by the efficiency of an amplitude grating which can be derived
from the consideration of the diffraction by a slit applied to a series of slits. The
slit function or sinus cardinalis describes the field distribution of one slit and can be
extended to a series of slits
Eg (y) = b sinc(b um /2),

with

sinc(y) =

sin(y)
,
y

(3.22)

with um = 2πm/g as derived in [116]. For a grating with a slit width of b = g/2 and
with the separation g the efficiency in the first order is highest. The power P in the
different diffraction orders which are proportional to |Eg (y)|2 are given by:
P±0 ∝

g2
,
4

P±1 ∝

g2
,
π2

P±3 ∝ 0,

P±2 ∝

g2
, ...
9π 2

(3.23)

The efficiency in both of the first orders is
η±1 =

P±1
1
P
m(max)
2

m=m(min)

56

≈ 10.22 %
Pm

(3.24)
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the factor 1/2 denotes for the case of b = g/2 that half the energy hitting the grating
is reflected and only half is transmitted and contributing to the sum of different
orders [117]. A simulation of the obtained intensity in the zeroth and first orders of
a grating with a square aperture is given in Figure 3.15.

3.3.2 Laser Induced Periodic Surface Structures (LIPSS)
The self-organized and self strengthening process of LIPSS was first observed in
experiment in (1965) by Birnbaum [118]. A discussion of LIPSS is necessary here
because a mainly unwanted polarization dependent formation of substructures on
top of deterministic structures can appear and thus is discussed. It is necessary to
distinguish high spatial frequency LIPSS (HSFL) and low spatial frequency LIPSS
(LSFL). For the theoretical description of LSFL creation normally surface plasmon
polaritons are considered [119, 120]. A complete explanation of the formation mechanism and the obtained periodicity of these LIPSS is still under discussion. For
the formation of LSFL certain parameters have to be fulfilled, depending on the
wavelength dependent dielectric function of the structured material. For surface
structuring the advantage is that it is a bottom up method which is appearing without a difficult beam setup, which is forcing a determined top down geometry on the
surface. However, the production of arbitrary structure size is not possible utilizing
LIPSS and also a high aspect ratio of the structure height to structure width is not
obtainable with this method.
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3.4 Microscopic Investigation of Structured Surfaces
The methods used in this work to investigate the final consequences of short intense
laser pulse absorption are described in the following. The sample probing by different microscopes cover the use of light, electrons and the repulsive force of the
atoms. Thus a post mortem analysis of the dramatic structuring event is obtained.
Investigations of the visible appearance of the sample, the microscopic changes of the
surface and the sub-surface crystal structure changes are made visible in a sample
cross-section. A resolution down to an atomic level is achieved.

3.4.1 Light Microscope
A conventional light microscope is an easy and fast to use every day tool. It can
be used to determine large scale laser induced features of a few tenth of µm like
the focus size and check the quality of beam homogeneity and debris influence. For
nano-structure investigations probing with visible light is not sufficient due to its
relatively large wavelength, due to wavelength dependence of the diffraction limit
defined by E. Abbe in (1873) [121], where the achievable resolution d is given by
d=

λ
,
2 · NA

(3.25)

with the dimensionless numerical aperture NA= n · sin(αo ) defining the maximum
focusing ability of a lens. In air the index of refraction is n ≈ 1 and α defined as
the semi-opening angle between the optical axis and the furthest beam path from
the focus point to the aperture of the lens. An objective with NA= 0.65 has an
opening angle of αo = 40.5 ° leading for an illumination at λ = 248.5 nm in air to
a theoretical resolution limit of d ≈ 191.2 nm. In this distance two spots can be
distinguished from each other.

3.4.2 Transmission Electron Microscope (TEM)
In a transmission electron microscope
(TEM) an electron source is used from which
a beam of particles is accelerated by a voltage of typically 80-300 kV. The electrons are
directed by a set of magnetic condensing
lenses on the area of interest in such a way
that the sample is equally illuminated. The
electrons are scattered by the sample, leaving the sample under a specific angle, the
projective lens can now either view the focal plane on the screen showing the diffraction pattern or the image plane, illustrated Figure 3.16 Sketch of the electron beam
in Figure 3.16. The direct image of the sampath in a TEM following [122, 123].
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ple visualizes the bulk phase and allows a
determination of the local lattice constant, point defects, line defects, dislocation
planes agglomerations as well as material or grain boundaries. The diffraction pattern represents the reciprocal lattice of the illuminated part of the sample allowing
the determination of the crystal structure and the lattice constant. The sample
should only have a thickness of a few 10 nm to allow a transmission of a sufficient
amount of electrons [123, 124]. With a modern aberration corrected TEM a high
resolution option is possible. When knowing the precise contrast transfer function
(CTF) of the specific microscope a focus series allows to retrieve the phase information from the measured images. This method allows a single atom detection with
a resolution down to 0.5 Å [125]. The samples in this work where investigated by
the Titan E-TEM with image correction and monochromator from the University
of Göttingen at the Institut für Materialphysik and the instrument was operated by
V. Roddatis.
TEM Sample Preparation
In order to make the samples transmissive for the electron beam they need to have a
thickness of a few tenth of nm.
These so called TEM lamella
can be for example a crosssection of a structured surface,
which can be cut out of the
sample surface to make structure changes below the surface visible, as demonstrated in
Figure 3.17, where a laser induced periodic structure in silicon is visible. One way to obtain these thin slices is by us- Figure 3.17 SEM recording of a silicon cross-section attached to a sample holder obtained by using a FIB, iming a focused ion beam (FIB).
age taken by V. Radisch. Above the dark contrast, which
For this work a Nova Nano
is created by the silicon crystal a protective platinum
Lab 600 was used located at
layer is visible, applied in the preparation process.
the University of Göttingen at
the Institut für Materialphysik
which was operated by V. Roddatis and V. Radisch.

3.4.3 Scanning Electron Microscope (SEM)
The probing electron beam within a scanning electron microscope (SEM) is similarly
created than in a TEM, here, however, an acceleration voltage of 1-50 kV is for most
applications sufficient. The electron beam is focused on the sample by magnetic
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lenses, which also allow a fast scanning of the beam over the area of interest. Interacting with the material beneath the focus the beam electrons, create secondary
electrons (SE) and back scattered electrons (BSE) which can be measured by using
different detectors. The signal of the line by line scan of the sample is recorded in
real time by a computer and forms the surface contrast image. The secondary electrons are created in a thin layer beneath the surface and show a strong sensitivity
for an edge contrast, leading to topographical information of the surface. Also the
position of the SE-detector for instance next to the sample influences the contrast
since secondary electrons facing towards the detector are more likely to be collected
than electrons emitting from a surface turned away from the collector. From deeper
parts of a sample the back scattered electrons (BSE) can be collected by a detector sitting typically around the exit hole of the electron beam. This detector can
produce a material contrast in the case of a strong difference in the atomic number
within the sample. For further reading and a more detailed description of the methods, possibilities and limitations of this microscopy method see [126]. In this work
the SEM Zeiss EVO MA10 was used.

3.4.4 Atomic Force Microscope (AFM)
The use of a tip for probing the sample, in an atomic force microscope (AFM) instead
of an electron beam, has a variety of advantages: A vacuum is not required, the
sample has not to be conductive, AFM is still a non-contact method with reaching
down to atomic resolution. However, probing a sample with a few µm2 takes a rather
long time resulting from the principle of operation of this method: An oscillating
cantilever with a tip at the front is brought close to the sample surface interacting
repulsive or attractive with the surface while the bending change of the back of
the cantilever is measured by a laser beam which deflection signal is recorded on
a four area photo diode. The sample is scanned in x-y direction beneath the tip
while the height over the sample in z-direction is changed by moving the cantilever
unit, maintaining for instance a constant height over the sample. In x-,y- and zdirection piezoelectric driven stages are used. The drawbacks of this method is
that it is sensitive towards external: mechanical vibrations, acoustic distortions, air
movement and air circulation. To reduce these factors the sample is placed on a
heavy table and decoupled from the surrounding and is placed in a housing. If these
external noise factors as well as internal noise sources coming from the electronics
or feedback loops are reduced, the limiting factor is finally the temperature of the
sample itself. A further description of this method can be found in [127]. In this
work a Park Systems XE-150 using a ACTA-10 non-contact cantilever was used.
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A simulation is crucial to understand the transient state during ultrashort laser
pulse structuring on metals and especially its temporal evolution and the formation
of substructures in detail. In this part of the work the precise amount of energy
transfered from the laser source term to the sample is described, and the topic of
laser induced reflectivity changes of the surface is investigated. Two different approaches are chosen to do so, one depends on a strong simulation effort modeling
in detail the self reflectivity with gold as model system and an incident pulse shape
assumed Gaussian, in space and time, as discussed in Section 2.3.3 and is presented
in the following Section 4.1. The other approach relates the elevated electronic temperature, present during laser structuring, directly to the reflectivity. For the latter
a new time resolved broad-band pump-probe surface reflectivity (BBPPR) measuring method was developed, where only the electronic temperature evolution needs
to be simulated in-depth, the results are shown in Section 4.2 applied to gold. This
method allows a time resolved probing of the reflectivity changes at the surface in
a spectral range from about 450-900 nm with a temporal resolution of 20 fs. These
highly controlled experimental conditions allow to precisely relate the experimental
data to simulated values of R(Te ,ω), by a simple 1-D simulation, based on the same
approach as the more complex self-reflectivity model.
The Te dependent reflectivity change during pulse energy absorption is a factor which
in many laser ablation simulations is not included, being however a significant factor;
it will be discussed here in detail. During and shortly after the absorption of the
laser pulse energy by the electronic system is taking place, a number of parameters
are in a transient state due to the non-equilibrium of the electronic system and the
lattice as described in Section 2.3.2.
In laser surface structuring simulations parameters like a transient electron-phonon
coupling-strength, or a dynamic change of the ballistic range of hot electrons are
already included for a realistic modeling [15, 65, 72]. The aim of this work is to
be able to additionally include the transient reflectivity and be able to incorporate
R(Te ) for a number of materials and for a large variety of pulse durations and wavelength ranges. This description of the non-equilibrium reflectivity condition is only
possible with a broad understanding of the involved processes. Therefore the electronic system is modeled by DFT and related to experiment by a TTM. The here
suggested reflectivity model is not yet included in the MD-TTM simulations, which
are described in Section 5 since these simulations are running for a few month; the
here shown simulation results were started before the model was fully established.
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t = 5 ps

t = 0 ps

t = 100 ps

S(r,z,t,Te)

CSP

270 nm

Figure 4.1 Energy deposition by a laser pulse, in a sinusoidal source term. The atoms in the
simulation are depicted by the central symmetry parameter indicating crystalline phase (blue),
liquid phase and surface (green), while the gas phase (red), MD-simulation by D.S. Ivanov.

In Figure 4.1 an example of a periodic sub-micrometer line grating structuring process in one periodic cell is shown, simulating the absorption of a sinusoidal source
term (t = 0 ps), the deposition of the energy and the melting process (t = 5 ps) and
a spatially localized material lift off (t = 100 ps) leading to a structure formation.
For the structure formation simulation the amount of energy introduced is crucial
and can change the final structure significantly.

4.1 Self-Reflectivity Measurements of Gold
The model system in this work is the d-band metal gold which shows a transition
of high to low reflectivity caused by the influence of the excitation of free valence
electrons and an absorbing deep d-band with bound electrons. Reflectivity changes
are observed in experiment over a broad spectral range at ablation conditions. To
understand the involved processes, the laser excitation is modeled by a combination of first principle calculations with a two-temperature model. The model was
developed in a collaboration with a DFT specialist E. Zijlstra and a TTM specialist
D.S. Ivanov. In the following, the description is kept most general and applied to
realistically simulate the transfer of the absorbed energy of a spatial and temporal
Gaussian distributed laser pulse into the electronic system at every point in space
at every instance of time. An electronic temperature-dependent reflectivity map
is calculated, describing the out of equilibrium reflectivity during laser excitation
for photon energies in the range of 0.9 − 6.4 eV, including inter- and intra-band
transitions and a temperature-dependent damping factor. The main mechanisms
are identified explaining the electronic temperature-dependent change in reflectivity: broadening of the edge of the occupied/unoccupied states around the chemical
potential µ, also leading to a shift of µ and an increase of the collision rate of free
s/p-band electrons with bound d-band holes.
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First a short introduction to the topic and field of research of laser excited gold is
given in Section 4.1.1. The description of the applied model to describe reflectivity changes at laser pulse reflection and the modifications that were undertaken to
implement the electronic temperature is given in Section 4.1.2 and the results from
this new spectrally broad approach are shown. Than the self-reflectivity experiment is described in Section 4.1.3, as well as the pulse and surface characterization.
In Section 4.1.4, the simulation is incorporated in a model and compared to the
experiment and the obtained results are discussed.

4.1.1 Reflectivity of Gold at Laser Excited Non-equilibrium
The unique visible appearance of gold fascinates not only scientists. The origin of
its typical colorful metallic look lies in the electronic properties resulting from the
position of the absorbing d-band approximately 2.35 eV below the Fermi level EF ,
which leads to a high reflection of photons in the red to yellow spectral range and to a
low reflection of photons in the blue to purple colored frequency interval. At photon
energies too low to excite electrons from the d-band, the Drude-model introduced
in Section 2.1.3 is applied. It describes the s/p-band electrons as freely oscillating
in an electron gas resulting in a high reflectivity. This high reflection is typical for
a metal and allows the use of gold as a reflective coating in the infrared (IR) energy
range. Higher photon energies can excite bound electrons from the d-band leading
to a strong increase in the absorption, resulting in a "dielectric like" behavior of gold
[42].
The extreme conditions during strong laser excitation, however, can influence the
electronic system in a material and thus change its reflection/absorption behavior.
The induced strong non-equilibrium conditions in the temperature of the electrons
and the atoms is necessary for a precise description of the surface structuring of a
metal. These conditions are obtained when the laser energy is deposited in a shorter
time compared to the electron-phonon relaxation time, which is in the picosecond
regime [128, 129]. This laser induced non-equilibrium makes a description by a TTM
necessary (see Section 2.3.4). The main parameter determining transient reflectivity
changes is the electronic temperature Te , being confirmed by pump-probe experiments around ablation conditions [13–15, 40, 69]. They show that the reflectivity,
even after the fast heating of the electronic system by a pump pulse is dynamically
changing, due to the delayed transfer of energy to the lattice and the related decrease in electronic temperature.
A complete picture of the wavelength dependent reflectivity changes around the absorption edge of gold and near the ablation threshold has not been presented yet.
What has been done are thermo-reflectance studies describing reflectivity changes
very close to the absorption edge and only up to Te = 4 kK [13–15]. Other studies
describe the changes in R(Te ), by describing in detail the effects valid for transitions within the s/p-band [66] up to Te = 80 kK [65, 70] and in agreement with
experiments [40, 67] but only around the excitation energy ~ω = 1.55 eV. Also the
conditions far above the ablation threshold of gold Finc = 0.2 − 2 Jcm−1 [130, 131],
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with conditions Te > 100 kK are well studied, allowing the use of a plasma state
model. This approach allows to describe the reflectivity for a wide class of materials
and wavelengths [68, 76–78]. However, at the parameters usually used for metal
surface structuring, a plasma state is not reached and the model can not be applied.
In this work, a reflectivity map R(Te ,ω) of gold is calculated covering typical surface
structuring conditions. It allows a precise description of the transient change of
reflected and absorbed energy during the excitation by a laser pulse for a variety of
parameters. A maximum electronic temperature of Te ≈ 80 kK and photon energies
from 0.9 − 6.4 eV (1380 − 190 nm) are chosen. The electronic system of gold is modeled by DFT using the WIEN2k code, introduced in Section 2.1.2 and is done by E.
S. Zijlstra. A modification of the code allows an ab-initio calculation of the DOS
under elevated electronic temperature conditions. At an increased Te also the effect
of a change in the occupation of states is taken into account as well as a change of
the electron-hole (eh)-collision rate entering the Drude-term [40, 66, 67].
The problem to face is to precisely relate the calculated reflectivity map R(Te ,ω) to
experimental results, since the transient state of Te in a bulk material is a parameter, which is difficult to control experimentally and also to simulate in a model. A
common way to overcome this problem is the use of thin gold foils [74, 132] or films
[13–15] of (10 nm to 100 nm) in which the electronic temperature is homogeneously
distributed in the probed area of the layer due to fast ballistic electrons. Another
common approach is the use of a 1-D model simulating the electronic temperature
only in depth assuming a nearly uniform incident laser fluence along the lateral direction [40, 68].
For the determination of the absorbed energy in bulk targets irradiated with ultrashort pulses under consideration of the dynamic reflectivity on the surface [72, 133],
a different approach is needed. Here a state of the art model is applied, as introduced in Section 2.3.3, being able to describe an arbitrary pulse with a symmetry
around the z-Axis, reflected on a gold bulk target surface (thick film > 400 nm)
with a pulse duration shorter than the characteristic electron-phonon equilibration
time [128]. To describe the heat transport after absorption in detail, a TTM is used
including the electron-phonon relaxation [81]. The symmetry around the z-axis is
used to reduce the simulation to a 2-D model of the cross section of the pulse shape.
In the conducted experiments, pulse energies from 0.3 µJ to 500 µJ for ~ω = 1.66 eV
(745 nm) and ~ω = 4.98 eV (248 nm) are applied.
The combination of this macroscopic description of energy transfer during laser pulse
self-reflection by a TTM combined with the microscopic calculation of the excitation
in the crystal based on DFT, gives us the possibility to directly relate the parameter
of electronic temperature to the experimentally measured reflectivity, applicable to
a wide variety of geometries and parameter sets. This allows to understand and discuss the physical mechanism the parameter of Te under non-equilibrium conditions
induces in a material.
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4.1.2 Theoretical Description and Modeling
The energy deposition by the source term S(r,z,t,Te , ω) into the electronic subsystem, its precise evolution over time and the coupling to the lattice is obtained by
solving the differential equations of the TTM, described in detail in Section 2.3.4.
With a model for Te depending on the incident laser pulse, the next step is to relate
the experimentally determined reflectivity change to Te . Under normal conditions at
the surface between vacuum and a material the reflectivity is described by Eq. (2.30),
depending on the real and imaginary part of the refractive index Eq. (2.29) which
are described by the dielectric function Eq. (2.17). It describes the permittivity of
a material for electro-magnetic waves, and is determined by the configuration of the
valence electrons in the bulk. In gold, excitations are described by a model of freeand bound electrons by inter-band transitions (between the d- and s/p-band) and
intra-band transitions (within the s/p-band), respectively. The different excitations
can be expressed separated by the dielectric function depending on the frequency
ω of the incident photons [38] as introduced in Eq. (2.17). This approach is here
extended by the out of equilibrium description of Te relevant under the extreme
conditions of laser excitation when the DOS and also its occupation of states can
change, having significant influence on the dielectric function:
(Te , ω) = {inter} (Te , ω) + {intra} (Te , ω) .

(4.1)

The inter-band {inter} (Te , ω) part describing excitations from bound to unbound
states can be obtained by calculating the imaginary part of the inter-band contribution to the three-dimensional dielectric tensor given by the above described
Eq. (2.19) and is calculated here by WIEN2k (Version 13.1) [38], the calculation
is done by E.S. Zijlstra. Its derivation and precise calculation method by DFT is
described for equilibrium conditions in detail by Ambrosch-Draxl et al. [38]. In this
code, the method of all-electron full-potential linearized augmented plane waves is
used to calculate the Kohn-Sham eigenstates, taking into account the screening effect of inner electrons, the influence of relativistic electrons close to the core, as
well as the effect of spin-orbit coupling for optical transitions [134]. The calculations of gold were performed in the local density approximation where 17 valence
orbitals are used and a lattice parameter of 0.408 nm. The basis of 734 plane
waves to describe the valence electrons was determined by a maximal value kmax by
R ∗ kmax = 8.0, where R is the radius of the used muffin tins. In total, the electronic
band structure was calculated at 816 k-points. To account for the width of the
discrete energy levels a lifetime broadening of Γ = 10 fs is used. For laser excited
reflectivity, the code of WIEN2k is modified and extended to allow the calculation of
an electronic temperature-dependent reflectivity value under electron-phonon nonequilibrium conditions.
The intra-band part {intra} (Te , ω), described in the Drude-model [41, 42], describing
the transitions within the free electron gas of the metal, derived in Section 2.1.3 and
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is here made dependent on the electronic temperature,
{intra} (Te , ω) = 1 −

2
ωp;ij
.
ω 2 + iνe (Te )ω

(4.2)

In the Drude-Model the response of the free electrons in the model on the external
laser field with ω is additionally damped by the collision rate νe (Te ) describing
collisions of the free electrons with bound electron states closer to the core, according
to [40, 135]. Here the plasma frequency as defined in WIEN2k [38] is used,
2
ωp;ij

Z
~2 e2 X
d3 k pi;n,n,k pj;n,n,k δ(En,k − EF ) ,
=
πm∗2 n

(4.3)

k

with the Fermi-energy EF , and the Dirac-delta function δ describing the excitation
process.
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Room Temperature conditions
The WIEN2k code determines the DOS by ab-initio calculation and from that the
inter-band transitions as defined in Eq. (2.19). The Drude model of the intraband term given in Eq. (2.19), however requires a value as damping parameter
νe (Te;RT ) = νeph at nearly room temperature (RT) here defined as 316 K (0.002 Ry).
It describes the electron phonon collision rate at RT conditions which is defined by
the reflectivity value given by literature at a photon energy of 1.66 eV. In this model
the Drude-damping parameter therefore is set to a value of νeph = 0.088 fs−1 where
the inter-band part is given by Eq. (2.19), and the plasma frequency is given by
Eq. (4.3).
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Figure 4.2 DOS of the valence electrons of crystalline gold with the atomic shell configuration
[Xe]4f14 5d10 6s1 calculated at RT with WIEN2k, DOS calculated by E. Zijlstra. The broad dband edge of 0.9 eV width is highlighted in gray. The Fermi-Dirac distribution for different Te is
included, and shifted by ∆µ(Te ), and the electronic density of states (EDOS) is shown in light
blue. The obtained RT reflectivity is shown in the inset compared to the literature value from
Johnson et al. [42].

A problem of DFT calculation is that it can not precisely describe the correct absolute energy positions of the Fermi level band positions. Therefore, the literature data
for the dielectric function and thus R(ω) from Johnson et al. [42] are used to define
these parameters at RT conditions. To obtain the correct absolute energy positions
the calculated DOS at RT, shown in Figure 4.2 needs to be shifted by ∆E = 0.41 eV.
The reflection edge is defined at the DOS spanning over 0.9 eV marked in gray from
the onset of the d-band to the first peak in its DOS. In the inset showing the shifted
reflectivity it spans from 1.7 eV to 2.6 eV shaded also in gray in Figure 4.2. At the
center of this gray bar a photon energy of ~ω0 ≈ 2.15 eV is needed to excite in an
unoccupied state above EF and marks the transition from high reflection (R ≈ 0.97 )
for excitations from the s/p-band to low reflection (R ≈ 0.34 ) for photon excitation
from the d-band.
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Modeling the Laser Excited State
The effect of an increase in the electronic temperature on the DOS due to the broadened Fermi distribution and the shift of the chemical potential µ(Te ) is shown in
Figure 4.3.
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(a) occupied states at Te = 10 kK
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(b) occupied states at Te = 45 kK

Figure 4.3 Occupied states in DOS of Au at different electronic temperatures of Te = 10 kK in
(a) and Te = 45 kK in (b) are shown and the shift of µ(Te ) versus the at RT defined EF .

First the influence of these smeared occupation of states in laser excited gold on the
inter-band part of the dielectric function is shown separately in Figure 4.4 (a). In a
second step the model is extended by the temperature-dependent collision frequency
νe (Te ), plotted in Figure 4.4 (b).
In Figure 4.4 a) (DFT) a constant collision frequency of νe (Te;RT ) = νeph = 0.088 fs−1
is considered over the whole shown reflectivity map. For the case of the electronic
temperature near the equilibrium conditions the color changes in the plot in Figure
4.4 (a) from red to green in a range of ≈ 0.9 eV. For increasing temperatures, the
midpoint of the reflectivity edge however shifts to larger photon energies, also the
chemical potential (thick gray line) shifts from ~ω0 = 2.15 eV up to ~ω0 ≈ 5 eV an
effect described previously by Holst et al. and others [70]. It can be understood
in the DOS picture, Figure 4.3 where µ(Te ) is located so that the number of holes
below and electrons above it are equal. Since the DOS is higher below µ(Te ) a redistribution of electrons and holes due to a rising Te shifts the chemical potential
towards higher energies. Another visible feature in Figure 4.4 (a) is a broadening or
smearing of the reflectivity edge mentioned previously by Ping at al. [69, 74] from a
range of ≈ 0.9 eV above electron temperatures to a broad edge ranging roughly from
1.2 eV to 6 eV at Te ≈ 70 kK. A possible explanation for this effect is a smearing
introduced by the Fermi-Dirac distribution appearing only above electronic temperatures where the d-band is starting to be depopulated, while the s/p-band is further
populated. The onset temperature of this effect of 10 kK matches roughly the width
of the d-band edge itself shown in the DOS in Figure 4.3 (marked there in gray) and
leads to an onset of the smearing only above (Te ≈ 10 kK) Te ≈ 1 eV.
In Figure 4.4 b) (DFT with eh-collisions), in addition the effect of electron-hole-
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Figure 4.4 a) Calculated reflectivity map R(Te ,ω) as a function of the electron temperature Te
and photon energy ~ω obtained by DFT calculations using a temperature-dependent modification of the WIEN2k code, simulation by E. Zijlstra. The chemical potential curve µ(Te ) is
included (black solid line) and the corresponding Fermi-broadening is also included (dotted black
lines). In b) the DFT calculations are extended by the effect of eh-collisions. Photon energies at
1.66 eV and 4.98 eV are marked with dotted lines at which the calculated results are compared
to experiment.
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collisions on the reflectivity map R(Te , ω) is included by introducing a Te dependent
damping parameter [40, 66, 67]. The results are compared with each other and later
to experimental data. The dependent damping parameter enters Eq. (2.25) as the
collision frequency νe (Te ) = νeph +νeh (Te )+νee . In this equation the electron-phonon
collisions νeph , representing the collisions also present at equilibrium conditions, are
extended by the dynamic part of the electron-hole collisions νeh (Te ) and in addition
the effect of electron-electron collisions νee is included. The influence of electronelectron collisions νee on the Drude damping term can be neglected when describing
the dielectric function [40]. The electron-hole-collision νeh (Te ) can be further divided
in collisions with free holes in the s/p-band which play a minor role even at elevated
electronic temperatures [40] and the effect of collisions with bound holes in the dband which do change the damping term in the Drude-model when Te is rising. The
reason is the formation of unoccupied states in the d-band and an equal increase
of occupied states in the s/p-band due to the Fermi-Dirac distribution and can be
described by Nhd (Te ) = Nesp (Te ) − 1. These effective numbers of holes and electrons
per atom in the d-band and sp-band respectively are calculated by the DOS from
the DFT calculation. The collision frequency
νeh (Te ) = Aeh Ned (Te )Nhd (Te )

(4.4)

is then given by the parameter Aeh (assumed constant over Te and ~ω) times the
scattering electrons (which are the effective number per atom of all occupied states
in the band 5d10 ) times the holes in the d-band [40]. The parameter Aeh was found
to fit best to our experimental data for Aeh = 0.45 fs−1 .
The two different reflectivity maps R(Te ,ω) can now be used to describe the effects
on the transition edge, marking the change from high to low reflectivity values, at
elevated electronic temperatures where it is possible to separate the effect of the the
ab-initio DFT calculations presented in Figure 4.4 a). The effect of the additional
inclusion of a Te dependent increase of eh-collisions is shown in Fig. 4.4 b). When
comparing Figure 4.4 a) and b) the effect of the added dynamic damping term
νeh (Te ) is visible especially in the IR, where the increase of Te leads to an earlier
and stronger drop in reflectivity with rising Te compared to the case without a
temperature dependent damping term. The effect on the higher energetic photons
is only a slight increase of the reflectivity. The results in Fig. 4.4 b) below Te ≈ 10 kK
around the absorption edge qualitatively agree with experimental thermo-reflectance
results from the literature [13–15]. A decrease in reflectivity below an excitation
energy of ~ω0 = 2.35 eV and an increase above that excitation energy is measured,
and related to a broadening of the edge. As an explanation for this broadening our
calculation results suggest, that the dynamic damping term νeh (Te ) describing free
electrons colliding with bound d-band holes explains this broadening, rather than
the broadening of the excitation edge itself by a smearing of the edge of the occupied
states in the s/p-band when excitation in a sharp d-band is assumed [13–15]. In our
ab-initio simulation (Figure 4.4 a)) this effect is visible, but only appearing above
Te ≈ 10 kK and attribute this to the width of the d-band edge itself as described
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above. (or the shift of µ combined with the drop due to the collision rate). With
this detailed knowledge of the effect of Te on the reflectivity map the next task is
to relate this parameter with a model to the experiment. The model is described in
Section 2.3.3, the description of the experiment at two wavelengths at 248 nm and
745 nm follows.

4.1.3 Experimental Setup for Reflectivity Measurements
The spatially and temporally integrated reflectivity is measured by using a pulse
having a Gaussian shape both in the space and time domain. The incident energy
Einc and reflected energy Eref (Te ) is measured to obtain the integral reflectivity
Rint (Te ) by using Eq. (2.59). The measurement is performed at two wavelengths

L1

TA

Ti:Sapphire
1 mJ
0.6 ps
745 nm
Au

P1

A1
P2

(a) Setup for reflectivity measurement at 745 nm (IR)

VA
L2
SA
P1

KrF excimer
10 mJ
1.6 ps
248 nm
Au

A2
P2

(b) Setup for reflectivity measurement at 248 nm (UV)
Figure 4.5 Scemetic of the self-reflectivity measurements in the IR (a) and in UV (b) region. The
pulse energy is varied by a thin film attenuator (TA) and a variable attenuator (VA), respectively.
Different apertures (A1) and (A2) and lenses (L1) and (L2) are used at the different wavelength,
to obtain in both cases the focus size of b = 85 µm. The incident Energy is determined by a
calibrated pyrometer head (P1), the energy reflected on the gold sample (Au) is measured by
pyrometer head (P2).

corresponding to photon energies of 1.66 eV (IR), shown in Figure 4.5(a) and 4.98 eV
(UV), shown in Figure 4.5(b). The duration of the pulses were τ IR = 0.6 ps and
τ U V = 1.6 ps as determined by FROG measurement, shown in Figure 4.7. The pulse
energy is varied between 0.3 µJ and 500 µJ, to obtain typical structuring conditions
U V ≈ 0.2 Jcm−1 ,
covering fluences of the ablation threshold of gold in the UV Finc
IR
−1
[130] and the IR Finc ≈ 1.5 Jcm , [131] which both show also a pulse duration
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dependency, described in the present work by the parameter Te .
The IR experiments are conducted with pulses from a Ti:Sapphire regenerative amplifier system (see Section 3.1.3), normally producing pulses with a duration of 130 fs.
For the reflectivity measurements the pulses were stretched, using the grating compressor within the Libra system, to a duration of τG ≈ 600 fs (Figure 4.7(a)). For
the UV experiments, the Ti:Sapphire pulses were frequency tripled and amplified in
a KrF excimer module to reach sufficient pulse energy [89, 90]. The UV pulses pass
a 3 mm aperture and are focused with a f = 1000 mm fused silica lens to a nearly
Gaussian spot of b = 85 µm diameter at 1/e2 , as shown in Figure 4.6. For the IR
experiments a f = 500 mm lens is used to create the same focus parameter with a
larger beam profile. A single laser pulse is reflected under nearly normal incidence
(< 5◦ ) by a thick gold target, and the incident and reflected energy of the pulse
are measured. A x-y-z-stage is used to move the sample along the beam waist and
to allow every pulse to hit a new undamaged area of the gold sample. The thick
polycrystalline gold films are deposited by evaporation technique on a polished glass
surface with a 50 nm chromium layer for enhanced lattice matching between gold
and the substrate.

(a) surface focus spot

(b) cross-section

Figure 4.6 Microscopic picture of focus spot (a), the single laser pulse modified the surface in a
ring shape, corresponding to the pulse energy and focus size and shape. In (b) a TEM picture,
done by V. Roddatis of a cut through the gold film is presented, showing the film thickness and
the grain size of the gold crystall.

The film has a thickness of 400 nm and an estimated grain size of 75 nm, determined
by analyzing the cross section of TEM measurements. To ensure a high precision
of the data, four different energy detectors in overlapping scales are used: A Polytec RjP-735, Ophir PE10BF-C, Ophir PE9-ES-C and Ophir PD10-C. In the setup
one pulse energy sensor measures the Fresnel-reflection of the incoming pulse from
the focusing lens while a second sensor measures the reflected pulse, depicted in
Figure 4.5(a) and (b). Both detectors are calibrated prior to the measurement.
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Temporal and Spectral Pulse Distribution
The pulses are characterized by two different FROG devices, described in Section 3.2.
For the amplified excimer pulse the single shot UV TG FROG is used. The compressed pulse from the Ti:Sapphire, here tuned to a wavelength of 745 nm, is measured with the multi-shot SD FROG.

(a) 0.13 ps IR pulse

(b) 1.6 ps UV pulse

Figure 4.7 Measured FROG trace of the pulse (top left) and the retrieved pulse trace (top
right), for (a) measure with a multi-shot SD FROG and in (b) measured with a single shot PG
FROG, respectively. The retrieved spectrum (black) in (bottom left) is compared to a measured
spectrum (red) in the (bottom right) the retrieved temporal shape (black) and its corresponding
phase (blue) for each pulse is shown.

Figure 4.7(a) shows a FROG trace of the compressed pulses at IR 745 nm. The
pulse duration, fully compressed, is τG = 129.7 fs with a spectral bandwidth of
∆λ = 7.6 nm, with a corresponding T BPG = 0.54 . The retrieved spectrum and
the spectrum taken with a spectrometer show good agreement validating the FROG
measurement, which has a FROG error below 0.5 %. As previously mentioned for
the experiment the pulse was stretched to a pulse duration of τG = 600 fs. The
duration of these pulses were determined by a commercial single shot autocorrelator
from Positive Light.
The UV trace, as shown in Figure 4.7(b) (top left) is measured behind the amplifier,
the retrieved trace is shown in Figure 4.7(b) (top right) and belongs to a pulse with
a temporal length of τG = 1619 fs and spectral bandwidth of ∆λ = 0.324 nm. To
reduce the peak intensity and thus nonlinearities in the windows that enclose the
amplifier medium a linear positive chirp is introduced in the pulse. This is achieved
by a 20 cm water path prior to the excimer amplifier. This positive chirp is clearly
visible in the trace leading to a shift of the wavelength with the delay. The linear chirp produces a longer pulse and forms a parabolic shape of the spectral phase
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which can bee seen in Figure 4.7(b) (bottom left). Unchirped the pulse would have a
length of τG ≈ 150 fs, no tilt in the FROG trace and a linear behavior of the spectral
phase. In Figure 4.7(b) (bottom left) the retrieved spectrum contains a visible side
peak that is shifted to the red and can be lead back to the excimer amplification
process and the spectral distribution of the KrF gas. The retrieved spectrum from
the FROG trace and the spectrograph measured spectrum (black line and red line
respectively in 4.7(b) (bottom left)) show a similar behavior which demonstrates the
quality of the retrieved data and corresponds with the small FROG error below 1 %.

4.1.4 Comparison of Reflectivity Map: Experiment/Simulation
The simulated integral values of reflectivity described by Eq. (2.59) are compared to
the experimental results of the self-reflectivity at two wavelength by using the laser
pulse induced electronic temperature evolution calculated with the TTM and implementing these results in both of the reflectivity maps R(Te ,ω) shown in Figure 4.4
a) and b).
The results are plotted In Figure 4.8 versus the incident pulse energies resulting
from the spatial and temporal integration showing atop the corresponding incident
peak fluence. A change in reflectivity is observed in both experiment and simupeak
= 600 mJcm−2 in the IR for the 0.6 ps laser pulses and above
lation above Finc
peak
Finc
= 120 mJcm−2 for the 1.6 ps pulses in the UV when looking at the simulation
where DFT with eh-collisions are implemented, shown in (red diamonds) and (magenta circles), respectively. The difference of the onset of the reflectivity change in
the IR and UV can be explained by the initial reflectivity difference at equilibrium
conditions and therefore the difference of the amount of absorbed energy and thus
the reached electronic temperatures. From Figure 4.4 (a) it is seen that the rise of
R(Te ,ω) in the UV appears at much higher Te than the drop in R(Te ,ω) in the probed
IR range. When looking at the simulation results where only the ab-inito calculations of the modified WIEN2k code are used shown in (orange diamonds) and (blue
circles), for IR and UV respectively, it appears that the shift of the chemical potential and the broadening of the Fermi-Dirac distribution alone is not able to describe
precisely the change in reflectivity observed in experiment. To describe the strong
decrease of reflectivity in Figure 4.8 in the IR and the small increase of R(Te ,ω) in
the UV, a temperature-dependent eh-collision obtained from the calculated DOS for
the intra-band excitations needs to be included, resulting in a remarkable agreement
of experiment and simulation at both probed wavelengths even though one has to
mention that therefore a parameter Aeh to the ab-initio calculations needs to be
included.
The electronic temperature thus seems to be the key parameter describing the optical
response around a fluence relevant for metal surface structuring. In the IR, the rise of
Te explains an increases of the rate of free electrons colliding with bound states of the
d-band, where the depopulation of states by a broadened Fermi-Dirac distribution
increases the probability of free electrons to collide with. Also the effect of the
broadening of the excitation edge of the d-band itself plays a role as shown in the
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Figure 4.8 Single-shot self-reflectivity of gold measured at different incident pulse energies for
laser pulses with ~ω = 1.66 eV (IR) and τ = 0.6 ps (black circles) in a), ~ω = 4.98 eV (UV) and
τ = 1.6 ps (black diamonds) in b) respectively, focused on a spot with b = 85 µm and compared to
simulations, run by D. Ivanov, incorporating temperature-dependent DFT calculations (orange
diamonds and magenta circles), combined with the effect of eh-collisions (red diamonds and blue
circles). A simulation including two-photon absorption (TPA) is included in the IR case (gray
Au
=
diamonds). The literature values of Johnson and Christy for low pulse energies are R1.66eV
Au
0.974 (black bar) and R4.98eV = 0.340 (gray bar) [42] are included.

DFT results in Figure 4.4 a). In the UV, an increase of reflectivity is observed in
experiment and the DFT simulations described in Section 4.1.2 and suggests that
in this case mainly the extent of the broadening of the Fermi-Dirac distribution
explains the change in reflectivity. The explanation is that a de-population of the
d-band which creates more occupied states in the s/p-band, leads to an effective shift
of the now broad chemical potential µ(Te ) to higher energies and thus also increases
the relative depth of the d-band, as shown in Figure 4.3. The UV photons thus have
an increased probability to excite from a bound state since excitations from bound
states to unoccupied states even at an excitation energy of 5 eV is possible.
An increase of the electronic temperature up to Te = 4 kK will already change the
reflectivity around the absorption edge and is referred to as thermo-reflectance [13–
15]. In literature the effect is normally described by a simplified picture of a smearing
of the excitation from the Fermi level EF (chemical potential µ(Te )) to a sharp dband [15]. At these elevated Te no material changes after equilibrating with the
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lattice will appear. However, when the laser induced energy is sufficient to ablate
material after its transfer to the lattice, electronic temperatures up to 80 kK can
be reached during transient self-reflectance. This state is often referred to as warm
dense matter [74, 132]. Under these conditions the density of states (DOS) itself
changes, the occupation around the chemical potential µ(Te ) smears out spanning a
few eV on the photon energy axis and a shift of µ(Te ) is observed [65, 70]. At these
conditions a dynamic decrease in reflectivity during the pulses interaction with the
surface can even produce a self strengthening effect altering the onset of the ablation
threshold of a pulse and the introduced amount of energy, a crucial parameter for a
precise simulation of the nano-structuring of metal surfaces [72, 133].
Influence of Two Photon Absorption
The possibility of two photon absorption (TPA) instead of eh-collision explaining
the drop in reflectivity in the IR with increasing incident pulse energies was also
considered. Therefore from the DFT results the absorption AT P A is subtracted.
This nonlinear process is described here in a simplified form covering the intensity
dependent quadratic nature of this χ(2) effect by
ATPA (Iinc ) = m · (βIinc )2 ,

(4.5)

with m = 0.3 and β = 1 · 10−12 Wcm−2 best describing the experimental results.
The intensity is given by Iinc = Einc fr (r)fz (z,Te ,ω)ft (t). The onset of TPA was
aligned to the experimental data at 400 µJ but the slope of the simulated integral
reflectivity (gray diamonds) in Fig. 4.8 does not match the experimental data, and
thus the effect is thought to play a minor role at the conditions used for structuring of surfaces. A complete model of laser induced self-reflectivity changes in
metals only including intensity dependent parameters like the non-linear refractive
index n = n0 + n2 I is not sufficient to describe all effects involved [136]. The laser
pulse energy deposited in the electronic system before being transfered to the lattice described by Te is crucial for a complete model of laser pulse self-reflectivity
changes. However, at higher peak fluence (above 1 Jcm−2 ), when entering the above
described plasma region when conditions with Te > 100 kK are reached, effects like
two-photon absorption as well as other loss mechanisms, described in Section 2.3.2
like photo excitation [74], fluorescence, or an onset of a plasma state might play
a role in describing the reflection/absorption behavior [68, 76–78]. The dynamic
reflectivity change drastically increases the initial amount of energy deposited in a
system before a plasma state is reached influencing the onset of a plasma mirror, an
effect important to consider when describing for instance a pre-pulse filter [79] or
when modeling attosecond generation on solid targets [17].
Conclusion
The reflectivity change under electron-phonon non-equilibrium conditions is measured, simulated and described for a wide range of photon energies at pulse energies
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relevant for structuring purposes. A map describing R(Te ,ω) is introduced and visualizes the effect of a broadening of the Fermi-Dirac distribution on the typical
d-band absorption edge of gold as well as the effect of introducing an additional Te
dependent damping factor on the IR reflectivity of gold. At two probe wavelengths,
in the IR and UV, a good agreement between experiment and simulation, based
on the ab-initio results, was shown. Our model is also in agreement with experimental thermo-reflectance data around the absorption edge described by Hohlfeld
et al. and others [13–15], and gives a more detailed picture of the involved processes
than described before. It also agrees with experiments at warm dense matter conditions, where a decrease in reflectivity in the IR, described by Fourment et al. and
others [40, 67], is described in order of the here presented results. In the UV, the
increase in reflectivity described by Fedosejevs et al. [68] also agrees qualitatively
with our model. The reflectivity change is distinguished from effects related to the
formation of a plasma mirror, due to the lower obtained electronic temperature and
a still present difference in reflectivity at the different probe wavelength, which is
not observed under plasma conditions [77]. The relevant phenomena assumed here
appearing at elevated electronic temperatures are a smearing of the excitation into
the d-band combined with an eh-collision rate increase of free electrons with bound
d-band holes being responsible for the dynamic change in reflectivity around the
ablation regime, especially in the IR. The shown approach represents a powerful
tool, allowing the description of the most general case of laser self-reflectivity and
its precise absorbed energy at a certain time and location for elevated electronic
temperature conditions.
To obtain in further investigation a complete ab-initio description of the reflectivity changes around the ablation regime, a temperature-dependent eh-collision rate
calculated directly from DFT might be of interest.
The inclusion of the here shown results of R(Te ,ω) should become a standard in
laser pulse structuring simulations, included there in tabulated data, in matrix form
to account for the reflectivity in dependence of the wavelength and the electronic
temperature.
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4.2 Time-Resolved Reflectivity Measurements
For an even more direct comparison of the simulated temperature-dependent reflectivity map R(Te ,ω), obtained in the previous section and shown in Figure 4.4 with
an experimental reflectivity, further efforts have to be made. In the following, a new
approach to this task is presented, utilizing a broad-band pump-probe reflectivity
(BBPPR) measurement. In this time resolved method only the center of a flat-top
pump pulse on a thick gold sample is probed. Then only the energy transfer in
depth needs to be simulated by a TTM and uncertainties resulting from the lateral
and temporal integration over the pulse are avoided. Here a method is described
utilizing the broad spectrum created by a SF-HCF, introduced in Section 3.1.5 and
a generation of sub 4 fs pulses is realized with this setup. This over octave spanning spectrum is used for a time-resolved BBPPR measurement. A resolution of
the probing setup down to 20 fs is realized, allowing a mapping of the evolution
of the reflectivity changes of sub 100 fs pump pulses. The base broadness of these
pump pulses span roughly 200 fs in which the electronic temperature is changing as
described in the theoretical part in Figure 2.8. Two spectrometers and a divided
beam are used to obtain the reflectivity in a single shot, therefore a reference of the
incident spectrum before the sample and a reflected spectrum are recorded simultaneously allowing a reflectivity determination over a broad spectral range. Typical
resulting spectra are shown in Figure 4.9, where also the obtained reflectivity in a
single shot and the literature value is shown. Also the pulse spectrum before the
SF-HCF is included to show the large broadening factor of F ≈ 45 , which is obtained with this setup.
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Figure 4.9 Raw spectra of a single sub 20 fs pulse used as broad band probe of the equilibrium
reflectivity, after broadening in the SF-HCF (orange) and after reflection on the gold surface
(blue), also the spectrum of the pulse coupled in the fiber before broadening is included (red).
The raw data reflectivity obtained by these two spectra is shown (light gray) and the literature
value [42] is included (thin black line).

In the following Section 4.2.1 first the setup is described in detail, starting with
the description of the complex setup, shown in Figure 4.10, which is structured as
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followed: first the different stages of the setup are described to obtain the necessary
conditions on the sample surface, consisting of the creation of the broad probe pulse
spectrum in the SF-HCF, the compression by the UBCM pair, the splitting of the
beam in reference and probe, the focusing of the probe pulse on the sample and
the measuring of the spectrum. Than the non trivial setup for triggering the spectrometer will be described. The pump pulse delay unit is introduced and the spatial
shaping of the pump to obtain an equally distributed fluence in the focus on the
sample is described. The results of the time resolved measurements are shown and
discussed in Section 4.2.2. To compare the experimental results with the reflectivity
map R(Te ,ω) a simplified 1-D variation of the model described in Section 2.3.3 is
used. The results are discussed in Section 4.3 and possible further applications of
this method are pointed out.

4.2.1 Experimental Setup
Pulses with an energy up to 1 mJ are delivered by the Ti:Sapphire CPA system,
described in Section 3.1.3 for these experiments the laser was tuned to a wavelength
of 780 nm, at a bandwidth of 15.6 nm and compressed to a pulse duration of τG =
80.5 fs, retrieved from the trace shown in Figure 4.12.
Hollow Core Fiber Setup
The ultra-broad spectrum which is compressible to a sub 4 fs pulse is realized by a
hollow core fiber setup. The limitations of the laser system and the required pump
fluence on the sample allow only a pulse energy of 0.1 mJ for the probe pulse. This
makes the use of the noble gas with the highest available nI,p
2 necessary, listed in
Table 3.1. In addition to obtain sufficient broadening a SF-HCF with a length of 3 m
operating close to the critical pressure defined in Eq. (3.11) is necessary. Including
the pulse parameters of the in coupled pulse Ein = 0.1 mJ and τG = 80.5 fs, yields a
maximum pressure of pcr,Xe = 1490 mbar. The inner fiber diameter of ID = 320 µm
allowed a relatively high theoretical transmission of up to 80.9 % and is for the pulse
input parameters far away from the critical minimal core diameter for the onset of
ionization of IDcr,min = 125 µm, given by Eq. (3.10). A fiber with core radius of
ID = 200 µm and the same length would only have a theoretical transmission of
44.5 %. Therefore a smaller radius than ID = 320 µm was not considered, since the
spectrometers require a certain amount of pulse energy. The broadening factor of
this system as defined in Eq. (3.7) is F ≈ 45 , leading to a theoretical bandwidth
(FWHM) after the fiber of ∆λG ≈ 500 nm supporting in theory pulses down to
1.8 fs.
The coupling into the SF-HCF is realized by a refractive telescope (RT), as shown
in Figure 4.10 which also allows a compensation for astigmatism in the input beam.
At the fiber entrance a beam waist with
1/e2

wG

≈ 0.64 · ID ≈ 206 µm

(4.6)
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is created, matching the excitation of the EH11 mode as described in detail in Section 3.1.5. The tolerance for a deviation from the ideal beam waist size is ±5 µm,
to avoid the excitation of higher modes. The caustic of the input beam is measured
with a camera movable along the beam propagation axis. Therefore a strongly attenuated front side reflex from a prism is used. The prism is introduced in the beam
path before the fiber arm window. The beam caustic is optimized by tuning the
compressor alignment of the Ti:Sapphire CPA system, to minimize the astigmatism.
Also the angles of the telescope are adjusted and additionally an iris-aperture with
a variable diameter and a x-y direction adjustment option is used. The highest
transmission of the fiber measured at pXe ≈ 1500 mbar was 59.3 %. The fiber is once
adjusted to collinearity with the free propagating beam from the last mirror before,
to the first mirror behind the fiber. Than the SF-HCF assembly frame is placed
and adjusted with the two x-y-translation stages, one at the inlet, one at the outlet.
Thereby the sensitivity of the inlet is much higher than that of the outlet. The
relative stability of the beam pointing of the laser system makes only an adjustment
of the fiber frame x-y-stage at the inlet necessary when starting the laser system,
on a daily base.
Chirp Management
Ultra broad band chirped mirrors in combination with a double wedge for fine tuning are used to achieve optimal compression of the broad spectrum. The spectrum
behind the fiber is very sensitive to the output pulse parameters of the Libra system.
The stability of the oscillator over the whole day at a precise wavelength and bandwidth is difficult to maintain. In combination with the limited bandwidth of the
regenerative amplifier this leads to pulse duration variations and a changing shape
of the output spectrum of the Ti:Sapphire system. This is also greatly effecting the
output spectrum of the SF-HCF, however the drift is rather slow, appearing over a
few hours and can be compensated by fine tuning the oscillator and the Libra-S system compressor. The dispersion of the pulse, during propagation in the hollow fiber,
in Xe, through the air, or through the windows after the fiber makes a compensation
of a GVD of 280 fs2 necessary. This negative GVD is provided by 7 chirped mirrors
(UBCM 3 and the same amount of UBCM 4). Each mirror is hit twice by a pulse to
obtain the 14 bounces on each UBCM type. Behind the fiber the ultra-broad chirped
mirrors are aligned to an incident angle of 7 °, a precise adjustment is crucial to obtain optimal compression of the pulse. The transmission of the compressor setup
is about 40 %. The pulse energy after compression is than only about 20 % of the
energy at the fiber entrance, however the compressed pulse is up to 20 times shorter
in duration than at the entrance. The UBCM 3,4 pair allows only a discrete amount
of negative GVD insertion of −20 fs2 . This amount of GVD compensation is equal
to about traveling 1 m in air or about 0.5 mm in quartz, as listed in Table 3.3. The
distance from the last compressor mirror to the sample surface was chosen so that
it was equal to the distance to the nonlinear medium where the pulse duration is
measured. The actual temporal chirp on a transform limited pulse can be calculated
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Ti:Sapphire CPA

1 mJ

100 fs

780 nm

pump

BS1

SF-HCF

probe

dt
UBCM 4

UBCM 3

RT

CM

BS2
WP

S1

ES
FM

S2
sample

L

GTH

Figure 4.10 Setup of the time-resolved pump-probe white light reflectivity measurement, or
BBPPR. The beam is split at (BS1) in a pump and a probe pulse. The probe is focused by a
reflective telescope (RT) into a stretched flexible hollow core fiber (SF-HCF) where the pulse
is spectrally broadened and after leaving the fiber collimated by a lens (CM). The pulse is
compressed on multiple (UBCM 3,4) pairs and the chirp is fine tuned by a wedge pair (WP),
then divided at a beam splitter (BS2) and focused by (FM) on the sample. The reflected
spectrum is finally focused on a spectrometer entrance (S2). The other pulse passing through
(BS2) is recorded as a reference spectrum in the spectrometer (S1). The pump is send via a
variable delay line and shaped by a Gauss to top-head (GTH) element and focused by a lens (L)
on the sample, additionally the self-reflectivity of the pump is measured with an energy sensor
(ES).

by Eq. (3.13).
To overcome the discrete nature of the GVD introduced by UBCM 3,4 pairs, two
wedged prisms are placed in the beam allowing a continuous insertion of glass with
a precise adjustment possibility. This realizes the necessary fine tuning of the chirp
for optimal compression of the pulse.
Pump Beam Setup
An equally distributed pump fluence on the sample is obtained with a beam shaper
and a delay of the pump versus the probe is realized by a linear translation stage
which varies the beam path.
The pulses delivered from the Libra-S System are split in two by a fused silica plate
with a thickness of d = 10 mm. The angle of this plate is set to 50 ° to obtain a
s-polarized Fresnel-Reflection of the linear polarized pulse on the front side of 10 %.
The front reflex is coupled into the fiber, the backside reflex is blocked and the
transmitted pulse is used as pump. A delay unit is realized in the pump beam path
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for the pump-probe experiment by a linear stage with a retro reflector mirror setup
as shown in Figure 4.10. The used stage PI M-505-2.DG has a minimal step size of
16.47 nm which creates an overall time delay per step of 0.11 fs. The delay stage,
on which an aligned retro reflector is mounted offers a 50 mm traveling distance,
which introduces a maximum delay of ∆t = 330 ps. In the setup the pump pulse is
send through a beam shaper, from TOPAG (GTH-4-2.2), generating a top hat beam
profile. This gauss to top hat (GTH) optical element forms in combination with a
lens an equally illuminated square shaped flat beam profile in a defined distance
behind the lens. The intensity distribution in the focus is shown in Figure 4.11(a),
the result on the gold sample after illumination is shown in Figure 4.11(b).

(a) camera image in focus

(b) Light microscope picture of sample

Figure 4.11 Pump beam profile taken with a camera in (a) and microscope image in (b) of the
sample surface after flat-top illumination under ablation/structuring conditions, showing the
damaged gold thin film, which is partly ablated down to the chromium layer beneath.
1/e2

The GTH requires a beam size of bG = 4 mm to obtain an optimal top-hat beam
profile. The output of the Libra-S system matches after propagation over approximately 4.5 m this requirement. Behind the GTH a second lens is placed and focuses
the beam. The size of the square top hat on the camera is averaged over 8 pixel. It
is measured to be 130.8 × 109.9 µm, shown in Figure 4.11(a) obtained by the camera
software Mr Beam, which is developed at the LLG. The size of the ablated region
on the sample is determined by a light microscope and given for each experiment
in Table 4.1. An representative example is shown in Figure 4.11(b). The flat top
is not a perfect square on the sample due to the incident angle of the pump beam
of αinc = 23.7 °, creating an elongated projection on the sample proportional to
1/ cos αinc = 1.09. This effect is over compensated by an elliptical pump-beam entering the GTH. The elongated axis is along x-direction explaining the larger extent
in this direction also in the flat-top on the sample. It should be noted that the
flat top forms before the focus. The effect of the incident angle on the polarization
dependent reflectivity can be neglected. Under equilibrium reflectivity at 780 nm
pump wavelength on s- or p-polarized light ("senkrecht" or parallel on the surface),
the calculation of the Fresnel-formulas shows a change of less than 0.3 % compared
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to normal incidence angle [44].
Probe Pulse Setup
Behind the wedge pair, which represents the fine tuning device of the chirp management setup, a beam height step is implemented. The beam step rotates the
polarization of the beam resulting in orthogonal polarization for the pump and
probe beams on the sample surface. This setup avoids interference between the two
beams and also helps suppressing stray light originating from the pump pulse when
detecting the probe pulse. A d = 2 mm fused silica plate is used as beam splitter.
The transmitted part is used as reference and the reflected part is directed on the
sample, as depicted in Figure 4.10. The plate is placed in the beam at an angle
of 79.5 ° at which the splitting ratio is about 50 %, defined by the Fresnel-reflex for
s-polarized light. There is only a negligible wavelength dependence of this ratio.
After the beam splitter the probe and the reference pulses are reflected by a identical pair of components consisting of one mirror and one concave focusing mirror
with the same focal length of f=-125 mm. Next both pulses are going through a
focus and behind that a quartz lens with f=50 mm is directing the pulses on a cosine
corrector in front of the spectrometer 1 and spectrometer 2, respectively. The angle
of incidence of the probe beam at the sample is below 4 °.
Please note that the focus size in general is wavelength dependent which is not negligible for an octave spanning probe wavelength. If the aperture behind the fiber
would be large enough and the spectrally broad pulse would be refocused, that
problem would not occur, since the divergence is wavelength dependent and the red
components require a larger aperture even when a collimating lens is inserted after
the fiber. If, however an aperture is inserted, which is the case here due to the limited free aperture on the UBCM, the red spectral components, are effected more by
the limiting aperture, than the blue ones, consequently the focal size is wavelength
dependent. When, however, the flat top area of the pump beam is large enough, no
changes occur on the sample.
Single Shot Spectrometer, Pulse Picking and Data Recording
The pulse picking setup is based on the constantly running low repetition rate of
10 Hz of the laser and a fast shutter, from UNIBLITZ model VMM-D1 which are not
synchronized. The opening and closing time of the shutter is below 15 ms, producing a small tolerable amount of unusable pulses. Pump and probe beams are send
through the same shutter, both beams are centered to the aperture, to reduce the
probability of the shutter partly blocking the beam during the opening or closing
process. Both spectrometers are of the type OceanOptics USB4000 and have a CCD
Detector which produces an increasing level of electric noise, when not constantly
read out [137]. Therefore an operation mode has to be found where the spectrometer
can be read out constantly while making sure that every recording precisely measures one pulse (of reference and reflected pulse, respectively). Therefore, the sample
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was moving at a constant speed in such a way that at a repetition rate of 10 Hz from
the laser every pulse hits a new undamaged surface. The shutter had to stay open
for the entire time, while the spectrometer needed a periodic high-low signal, or
burst mode, where the high was determining the acquisition time of the spectrometer. This mode was realized by using two digital delay generator devices (Stanford
Research DG535 and DG645), one to suppress the second incoming trigger signal,
which the shutter requires, the other used to create a burst mode of 17 high-low
voltage signals. Within the acquisition time a pulse is hitting the spectrometer fiber
entrance, where a cosine corrector is used to reduces mode interference which would
otherwise lead to a strong modulation in the spectrum. The data recording from
the spectrometers is done by an OceanView software allowing simultaneous logging
of the spectra, and an on the fly reflectivity calculation and writing of the data in
a file. This software allows a programming option to narrow the recorded spectra,
to bin the spectra and thus allow a division of reference and reflected spectra. For
each pulse hitting a new surface area, both spectra of reference and reflection and
the resulting reflectivity is logged. The resolution of the two OceanOptics USB4000
spectrometers at the center wavelength is ∼ 0.2 nm. Both devices are wavelength
calibrated with pen-ray emission line calibration lamps (LSP060) from LOT prior
to the experiment. Also an intensity calibration is undertaken by using a calibrated
halogen and deuterium lamp DH-2000 from Mikropack, with the cosine corrector
and attached to the spectrometer during the calibration measurement. The energy
reaching the cosine correctors in the experiment was not exactly the same; therefore
on one of the spectra, a factor was multiplied, to match the recorded reflectivity to
the literature value at equilibrium conditions (without pump laser excitation).
Due to the high noise of a single spectrum obtained in the experiment a number of 17
spectra are taken at each delay step. The first two recorded spectra are discarded,
due to the previously described electric noise the spectrometer chip experiences,
when not constantly read out. In the data analysis the number of spectra obtained
in one burst are first averaged, still maintaining the full resolution of the spectrometer. Unphysical reflectivity data sets are manually detected and are not taken
into account. The equilibrium reflectivity depicted in Figure 4.9 shows some spikes,
where the reflectivity is strongly deviating from the literature value. To compensate
for them, the measured equilibrium reflectivity is calibrated on the literature value
given by [42], and a calibration function is multiplied on all averaged obtained reflectivity data sets. On the averaged, calibrated data additionally a locally weighted
scatterplott smoothing (LOWESS) [138] is applied. This method is utilized spanning over 150 data points, or a bandwidth of ∼ 30 nm. The LOWESS method is
implemented in the software OriginPro 2015G which is used here, and utilizes a
tri-cubic weighting function and a linear regression of the least squares [138].
These steps are necessary to obtain from the noisy spectra shown in Figure 4.9
a dataset reproducible for different broadening parameters, and showing the small
reflectivity changes appearing within the time steps of 20 fs.
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Fiber Input Pulse Characterization

Figure 4.12 FROG trace obtained by a multi-shot SHG device with τG = 80.5 fs, ∆λG = 15.6 nm
and T BPG = 0.62 . The measured trace of the pulse is shown (top left) and the retrieved pulse
trace in the (top right). The retrieved spectrum (black) in (bottom left) and its spectral phase
(blue) is compared to a measured spectrum (red). In the (bottom right) the retrieved temporal
shape (black) and its corresponding phase (blue) for each pulse is shown.

The pulses from the Libra-S system are recorded and fully characterized by a MSSHG-FROG. This allows a determination of the spectral broadening factor, to check
the input beams spectral, temporal and phase quality, besides the pulse duration. At
the laser output τG = 80,5 fs is measured. The precise temporal shape is needed to
relate the obtained probed reflectivity to an electronic temperature in a simulation.
In the time domain, a small satellite pre-pulse is visible in Figure 4.12.
Fiber Output Pulse Characterization
The shortest pulse duration achieved with this setup is τG = 3.9 fs measured by a
SHG multti-shot FROG setup as introduced in Section 3.2. Note that the input
pulse energy was only 0.1 mJ and that a high broadening factor was only possible
due to the excellent performance of the 3 m SF-HCF.
The bandwidth limited pulse duration corresponding to the measured spectral bandwidth was half of the measured pulse duration. To explain this discrepancy, some
plausible factors leading to practical limitations in the compressibility are discussed
below. One is that the SF-HCF is operating at the limit of the critical pressure,
where self-focusing can begin to occur, as discussed previously in Section 3.1.5.
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Figure 4.13 FROG trace with τG = 3.9 fs, ∆λG = 247 nm and T BPG = 0.55 obtained by a
multi-shot SHG device. In the (top left) the measured trace of the pulse is shown and in the
(top right), the retrieved. The corresponding obtained retrieved spectrum (black) is shown in
the (bottom left) and is compared to a measured spectrum (red) also the retrieved spectral
phase is shown in (blue). In the (bottom right) the retrieved temporal shape (black) and its
corresponding phase (blue) for each pulse is shown. Due to the fine details in the trace here a
different color scheme was used.

Self-focusing can excite higher order modes, which due to a different propagation
lengths can lead to interferences of the pulse with itself and therefore can favor
sum frequency generation in the fiber. One spike in the spectrum is for instance
visible in the retrieved and measured spectrum (bottom left) in Figure 4.13, which
is not present at slightly lower pressure and might be attributed to sum frequency
generation. These spikes and interferences also manifest in the recorded trace in
Figure 4.13 and lead to strong signal variations along the wavelength axis, even at
optimal compression. The variations are resulting partly from the UBCM as discussed in Section 3.1.6 and in more detail in [107], but also the spectrum in front
of the mirror compressor has some spikes which might also have a non compressible phase relation to the main pulse phase components, which can be attributed to
higher order mode coupling caused by self-focusing, which have a longer beam path
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than the EH11 mode as discussed previously.
A further factor accounting for a non-perfect compression of the pulse is the obvious
presence of a s-shaped cubic phase in the spectrum, indicating a non-compensated
third order dispersion in Figure 4.13. Also the pre-pulses with a decreasing peak intensity when appearing earlier in the time domain are related to a TOD as described
in Section 2.1.5 and in [47]. The stepwise drop in the temporal phase, corresponding
to the before described pre-pulses, can also be attributed to the presence of TOD.
For the pump-probe experiments the use of slightly longer pulses up to τG = 17.5 fs
and thus below the delay interval of 20 fs were used. Two main reasons are relevant
for this choice. One is the constant delivering of sub 4 fs at the sample surface can not
be maintained over a long time due to a small drift in the spectrum of the oscillator,
as discussed previously. The second reason is to reduce nonlinear interactions of the
probe pulse with the sample at the focus overly of pump and probe.
The spectral width of the probe pulse also pushes the FROG measurement to its
limits. To obtain a spectrally broad phase matching condition, in order to measure
the main wavelength components of the pulse a 5 µm BBO crystal was utilized, as
discussed previously in Section 2.2.2. The wavelength range covered by the FROG
measurement ranges in the frequency doubled regime from about 260 − 450 nm.
This range corresponds to a pulse spectrum reaching from about 520 − 900 nm,
which is also represented by the retrieved spectrum shown in Figure 4.13 (bottom
left) in black. The measured spectrum of the probe pulse however shows, especially
in the UV region a larger extend reaching down to about 400 nm, not covered by
the recorded FROG trace, and not present in the retrieved spectrum. This can be
attributed to the limited phase matching by the BBO crystal, which is shown in
Figure 2.4(a). The conversion efficiency at a 5 µm BBO crystal drops significantly
below about 250 nm, as described by Akturk et al. [50]. The range were a significant
part of the trace is temporarily aligned, represented by strong signal along one time
delay over a large extent in the spectral domain ranges only from about 270−440 nm,
related to an ideal compression of the pulse ranging only from about 540 − 880 nm.
Parts of the measured trace are spread by ±100 fs. The wavelength range from 600−
860 nm analyzed from the trace is ideally compressed and dominates the intensity
plot shown in Figure 4.13 (bottom right) in black, since it carries most of the pulse
energy. The spectral components further from the central wavelength have possibly
a higher temporal spread in which the energy of the pulse is placed. A time and
wavelength resolved intensity plot of the pulse itself could solve the question of how
much energy is ideally compressed, since a direct analysis of the FROG trace does
not show these details. Using a wavelet transform would yield this result, but is not
undertaken here [139]. However the results in BBPPR measurements above roughly
860 nm and below 600 nm have to be treated under special attention.
To improve the BBPPR method in this setup a stable compression of sub 4 fs spanning the complete spectrum from ideally 400−900 nm at significant spectral intensity
and completely free of phase distortions would greatly improve this method. With a
higher pulse energy or a shorter pulse duration at the input this could be achieved.
Also the use of a longer fiber would allow the broadening of a more stable spectrum.
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This would greatly reduce some of the problems originating from the operation of the
fiber near the critical pressure pcr . Phase-front distorting non-linear effects like selffocusing and possibly four wave-mixing resulting from excitations of higher modes,
would be reduced when not operating slightly above or near the critical self-focusing
regime.
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4.2.2 Results of Broad-Band Pump-Probe Reflectivity measurements
top = 2 ,
The results of two BBPPR experiments with different pump fluences of Fpump
−2
and 3 Jcm are analyzed in detail in the following. First, the obtained data are
described and discussed, focusing on the wavelength related effects in Figure 4.14,
relating them to the previous self-reflectivity measurements. Than the influence of
the different pump fluence of Figure 4.14(a) and 4.14(b) is discussed. In addition,
this method allows a discussion of temporal phenomena related to the laser induced
reflectivity changes on gold surfaces. These are shown in Figure 4.15, where the
delay of pump and probe is plotted as a function of time, showing cuts thorough the
reflectivity maps presented in Figure 4.14. Finally, in Figure 4.19 the reflectivity
map from the BBPPR measurements is compared to the map obtained from DFT
and including the collision rate.

Comparison of BBPPR to Self-Reflectivity Results
In Figure 4.14 the probed reflectivity results on gold of the flat top pump fluences
with = 2 and 3 Jcm−2 are shown. This allows the observation of the reflectivity
changes induced by the heating of the electronic system on the sub ps time scale.
The smallest step size of the time delay is 20 fs. The time delay is represented by a
coloring scheme from (green), before the pump arrives to (red) after the pump. In
the range 2-10 ps past the pump a step size of 2 ps is chosen, shown in a coloring from
(purple) to (gray). At both pump fluences in Figure 4.14 an increase in reflectivity
up to a wavelength of about 550 nm can be observed. The increase is going up to
R ≈ 0.65 and R ≈ 0.6 , for the low and high fluence measurement, respectively,
not considering the slight shift of the reflectivity transition edge from low to high
reflectivity, around the wavelength of 550 nm. The main changes occur within the
delay with the coloring from (green) at about t = 0 fs to (orange) at about t = 340 fs
at both fluences. Above 550 nm a reflectivity drop can be observed up to 900 nm.
When the falling edge of the pump pulse reaches the surface, the reflectivity has
dropped to a value of R ≈ 0.7 at the 550 nm side and is slowly increasing towards
the IR to a maximum of about R ≈ 0.8 . For both pump fluences these results
are similar. The reflectivity changes can be well described by a broadening of the
reflectivity edge, with increasing delay combined with a shift of the edge towards
lower wavelength. This qualitative results of the reflectivity changes as a function
of pump-probe delay are well comparable to the reflectivity map dependent on the
electronic temperature derived in the previous Section and shown in Figure 4.4. The
explanations used there can be applied here as well, namely the drop in reflectivity
above 600 nm over the whole range up to 950 nm is partly related to the increase of
the collision rate at higher electronic temperatures. The broadening can be partly
related to the broadening of the Fermi distribution with rising Te , as depicted in
Figure 4.3(a) and 4.3(b). Also the shift of the absorption edge is described in
the DFT based results presented in Section 4.1.4 and is validated in the BBPPR
experiment presented here.

89

4 Reflectivity of Metals Under Structuring Conditions

top
(a) Measured R(t,ω) at Fpump
= 2 Jcm−2 with τprobe,G = 5.3 fs

top
(b) Measured R(t,ω) at Fpump
= 3 Jcm−2 with τprobe,G = 17.5 fs

Figure 4.14 Results of BBPPR measurements showing the averaged and smoothed probed retop
flectivity at increasing pump-probe delay at a pump fluence of Fpump
= 2 Jcm−2 in (a) and
top
−2
Fpump = 3 Jcm in (b), respectively. Showing the map R(t,ω) the probe has a delay down to
20 fs, shown in the colour scheme from (green) to (red). The delay from 2 − 10 ps is shown in
the color scheme (purple) to (gray). The measured pump-pulse self-reflectivity (black bar) is
included and the literature value [42] at equilibrium conditions is shown.
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General precision of the here shown BBPPR measurements
The Reflectivty results show some significant fluctuations, which moast likely are
non physical, but related to the measuring method. These fluctuations are visible in
the results despite the averaging over a number of single shot reflectivities, and the
calibration of the two spectrometer on the cold gold curve prior to each measurements. The major source for the fluctuations could be created by the different slit
sizes of the spectrometers which are calibrated but still deviate in their slit function.
The difference in the slit functions of the two spectrometers is especially relevant
when the spectrum of the probe has strong peaks next to intensity valleys, then
the resulting reflectivity shows strong fluctuations which are not related to a physical phenomena. In order to reduce the influence of spikes in the spectrum either
a cleaner spectrum could be used, when the broadening is not to close to unstable
conditions. Another possibility is to slightly scan for instance the gas pressure in the
fiber while recording the different spectra which are than later averaged, avoiding
the influence of a fixed spectral position of single spikes.
A further source of fluctuations in the measurements in Figure 4.14 can be observed
when the temporal overlap of pump and probe match, then an interference on the
spectrum can be observed when scanning through the delay. This interference is
represented in the spectral domain in the measurements especially near the pump
wavelength and can be observed from about 600 to 900 nm and from the delay of
100 to 400 fs. Most likely it can be attributed to an interference of the pump and
probe of components of the pulses which are not perfectly polarized and thus not
standing orthogonal to each other.
Another obvious feature is the reflectivity spike occurring around the pump wavelength of 780 nm. The spike is more distinguishable with increasing delay, compared
to the surrounding reflectivity at e.g. 750 and 850 nm. This higher reflectivity sets
on with a delay and persists up to a delay of 10 ps. The origin of this spike is not
clear but could be attributed to increased fluctuations of the probe spectrum around
the wavelength from the fiber input. This spectrum spikes can be attributed to the
SPM broadening occurring at the less steepest flanks of the temporal profile of the
input pulse entering the fiber. Also pump pulse induced effects, like scattering can
not be completely disqualified as sources. One route to test this hypothesis would be
to use as pump the frequency doubled fundamental and probe with the broadened
fundamental.
In the blue and red wings of the spectrum also the intensity is very low which might
explain the strong changes in reflectivity appearing at the very edge of the recorded
spectrum, where also the measurement range is cut.
Influence of the Pulse Parameters of the Two BBPPR Measurements
The parameter of the two pump fluences are compared in Table 4.1. The incident
inc
pump energy Epump
differs in the two cases and was adjusted by inserting a thin
top = 2 Jcm−2 case. In both cases, nearly top hat beam
film attenuator for the Fpump
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profiles with slightly differing sizes were realized. The fluence profile is not perfectly
flat-top as can be seen from the resulting spot in Figure 4.11(b), a slightly higher
fluence is present in the center at a vertically elongated spot. The probe pulse energy
S2 , that reached the spectrometer S2, behind the sample is given in Table 4.1.
Eprobe
It is chosen so that no deviation from the equilibrium reflectivity is visible.
top
Fpump

2 Jcm−2

3 Jcm−2

inc
Epump

237 µJ

468 µJ

top
wpump

133 × 90 µm

137 × 116 µm

self
Rpump
S2
Eprobe
overlap
ξprobe

80.3 %

71.6 %

1.95 µJ

1.6 µJ

> 90 %

> 90 %

τprobe,G

5.3 fs

17.5 fs

< 20 fs

< 20 fs

τprobe,E=0.5
Table 4.1

Comparison of parameter sets for the BBPPR measurements.

The quality of the Gaussian probe beam overlap with the pump beam is described by
overlap
the value ξprobe
. It is determined by the amount of energy reaching the spectrometer
S2, behind the sample when the pump beam has ablated its illuminated surface area
down to the almost non reflecting substrate. This is realized by acquiring the above
mentioned burst of spectra while in this case not moving the sample, and pump and
probe hitting with every pulse the same spot. This method has shown to be a good
indication for pump and probe spatial alignment. Also the probes focus size can be
checked with this method. The probe size was chosen so that the peak fluence is
below the damage threshold of gold, which is for wavelengths above 248 nm higher
than 210 mJcm−2 [130]. In the UV, the absorption in gold is higher than in the
visible and in the IR, therefore this is a lower limit. Without a pump, no reflectivity
changes were detectable in the probe setup. The probe beam size was changed by
shifting the focusing lens moving the focus spot, behind the sample surface. An
additional figure of merit chosen here, is the temporal width τprobe,E=0.5 in which
50 % of the probe pulse energy is contained. This parameter is introduced to make
sure that the recorded spectrum is mainly originating from within this short period
of time. This parameter is listed in Table 4.1. Also in this table the pulse duration
at FWHM which is normally given in this work, is included for comparison.
Effect of Different Pump Fluence on the Self-reflectivity of the Pump
When comparing in Figure 4.14 the probed time resolved reflectivity (color scheme)
top =
with the reflectivity measured for the pump pulse, a difference between the Fpump
2 and 3 Jcm−2 can be observed. The pump pulse reflectivity (black bar) is the so
called self-reflectivity appearing when a pulse changes the reflectivity for its later
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arriving components. The model for this case is described in detail in Section 2.3.3.
top
For the case of Fpump
= 2 Jcm−2 shown in Figure 4.14(a), the pump pulse selfreflectivity has a slightly higher reflectivity than the surrounding probed reflectivity.
A reason might be that it is an integration over time and therefore also reflectivity
contribution of lower electron temperatures are added to the overall measured selfreflectivity. In the lateral dimensions a flat top is used and therefore these influences
can be neglected. For the case of the lower pump fluence self-reflectivity and BBPPR
reflectivity for the IR range from 600 − 900 nm fits well. The self reflectivity is
somewhat lower than the probed reflectivity which can be attributed to the temporal
slow increase in the case of self-reflectivity. Thus the leading edge of the pump
pulse experiences higher reflectivities than the falling edge. For the case of the
top
higher fluence of Fpump
= 3 Jcm−2 , shown in Figure 4.14(b) the self-reflectivity is
significantly lower than the BBPPR results in the 600 − 900 nm range. The BBPPR
measurements allows to determine electronic temperature dependent effects, due to
the separation of pump and probe in time. The further decrease of reflectivity of
the pump below about R ≈ 0.80 thus can not be explained by Te dependent effects
in this experiment. Other absorption mechanisms which do not include a delayed
signal to probe need to be considered. TPA is known to participate in absorption
in band gap materials above an intensity of ∼ 1010−11 Wcm−2 in quartz for instance
[56]. However in the here investigated d-band metal gold the penetration depth is
in the order of a few tenth of nm, presumably increasing the onset of two photon
absorption (TPA). Here the absorption is related to the d-band contribution of
gold, which partly can be treated similar to a band gap material. One assumption is
that the electromagnetic field of the laser pulse directly interacts with the material
in a nonlinear way, described in a term of χ(2) . This onset corresponds well to
the results shown for the self-reflectivity results in Section 4.1.4 where also the
simulation and the applied theoretical model does not explain the highest applied
fluences in experiment. From the previously described results, above a peak fluence
top
of Fpeak
= 3.6 Jcm−2 in the IR a χ(2) dependent effect should come into play. One
plausible explanation would be TPA, which would increase the amount of absorbed
energy and reduce the measured reflectivity. TPA is an effect, the probe pulse
does not measure, thus allowing a separation of electronic temperature dependent
reflectivity and non-linear intensity dependent reflectivity. Here it is important
to distinguish between reflectivity changes, which are directly depending on the
intensity and reflectivity changes which are only indirectly intensity dependent, with
the key parameter of the electronic temperature. For a precise description of laser
absorption at high intensities at very short or very energetic pulses, an inclusion
of intensity dependent effects, alongside the here described electronic temperature
dependent effects would be required. A first approximation should include effects in
χ(2) .
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4.2.3 Results of Time Resolved Reflectivity Changes
The aspect of the time resolved reflectivity changes during irradiation with pump
pulses at a fluence of 2 Jcm−2 are shown in Figure 4.15(a) for the wavelengths of 475,
500, 525, 550, 650 and 850 nm separately. The influence of the pump pulse duration is
investigated. Also a tendency of all wavelength to show similar reflectivity behavior
at the maximum of the here reached elevated Te is discussed. Another aspect that
can be derived when looking at a larger time scale in Figure 4.15(b) are the effects
that start ps after the pulse left the surface and are discussed as well in the following.
When plotting the temporal evolution of the reflectivity of gold, the wavelength
dependence of the reflectivity curve and its edge is less pronounced towards high
electronic temperature and reach a relatively wavelength independent value at its
peak. In the simulation at the end of the pulse Te ≈ 64 kK can be reached. A general
picture of the origin of this effect can be given here by describing a transition from a
d-band structure governed reflectivity curve, with absorption in the visible spectral
range towards a more plasma state governed uniformly describable reflectivity. In the
regime described here up to about Te ≈ 60 kK the influence of the Fermi-distribution
on the band-structure governs the reflectivity of the material. At these extreme
laser induced conditions the influence of the band structure is at a transition and its
influence on the reflectivity is diminishing. The parameter describing this state well
is the electronic temperature Te , which is also used to describe a Fermi degenerate
plasma [68]. In Figure 4.15(a) it is shown that a material like gold with a band
structure induced reflectivity drop is changing its reflectivity when highly excited.
The resulting behavior changes towards a constant reflectivity, independent of the
wavelength which ultimately can be described for higher excitation than used in this
work as a plasma mirror. Here however, an intermediate state is present, which is
most relevant for surface structuring [77]. Price et al. describe a transition towards
a plasma reflectivity at a pump wavelength of 800 nm, which is valid for a wide
range of materials independent if metal or insulator. The reflectivity under the
assumption that R = (1 − A) rises in the measurement from Price et al. from about
R ≈ 0.6 to R ≈ 0.9 at the corresponding intensity range of 1013 − 1018 Wcm−2 . The
top = 2 Jcm−2
maximum pump intensity in the here presented measurements at Fpump
top
13
−2
is Ipump = 2.4 · 10 Wcm at similar pulse parameters as used by Price et al.,
and therefore comparable. The assumption is that at higher pump fluences for all
wavelengths, the self-reflectivity could be described like suggested by Price et al.
and rise to plasma mirror behavior where no band structure picture can be applied
and thus effects like TPA could occur.
Effect of the pump-pulse length
The reflectivity changes are occurring, as described before, with an increase in R
below 550 nm and a decrease in R above this wavelength, here plotted in dependence
of the delay between pump and probe. From the arbitrary time shown here at -40 fs,
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Figure 4.15 Probed reflectivity changes at different wavelengths in dependence of the relative
top
delay, to the pump at Fpump
= 2 Jcm−2 , at fs resolution in (a) and ps resolution in (b). The
pump position of the FROG retrieved temporal pulse shape I(t) is arbitrarily set to the onset
of the reflectivity changes. The literature values from [42] are included as thick lines in the left
of the plot in (a) valid at equilibrium conditions.

visible changes occur in reflectivity and appear until a delay of 400 fs. This region
is marked in gray in Figure 4.15(a). The reflectivity changes are occurring over a
longer time than the measured pulse duration and shape also included in the plot. An
explanation can be that the pump is actually longer than the pulse shape measured
by the FROG. This pulse length was measured at the laser output. Considering
the chirp introduced by the components in the beam path, one obtains: At the
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spectral width of the pump pulse of 15.6 nm, when propagating through ∼ 4 m air
and ∼ 20 mm of quartz, the chirp however should only introduce a ∆t of 10 fs. To
obtain these results Eq. 3.13 and Table 3.3 were used. This delay is not sufficient
to explain the reflectivity changes spanning ∼ 440 fs. The influence on the pulse
front of the focusing by a transmissive quartz lens as described by Bor et al. [140]
could explain this effective increase of pulse duration. Also the principle of the GTH
(Gauss to top hat) device implemented in the beam could be a source of an increased
pulse duration. A measurement of the pulse duration in the focus would answer this
question.
The other option is that the probe pulse is strongly chirped or its pulse front is tilted
or disrupted. This however is unlikely since the pulse is focused by a spherical mirror
and its propagation through air is compensated by a negative chirp, therefore the
probe should have at least 50 % of its energy within 20 fs in the focus, as described
in the previous section. The rest of the pulse energy however is spread over up to
±100 fs, of which components participating also to the recorded spectrum.
Reflectivity Changes delayed 2 ps - 10 ps to the Pump Pulse
After t = 2 ps and continuing at the 2 ps steps a steady decrease in reflectivity over
the whole spectral range can be observed. This drop in reflectivity is observed nearly
similarly for all wavelengths. An electronic temperature dependent effect would be
wavelength sensitive: around 650 nm the reflectivity should rise, it should not drop
around 550 nm, and in the 475 nm range a drop would be expected.
A reasonable explanation is that about 2 ps after the pump pulse was absorbed, an
uplift or a modification of the surface starts, where single atoms are ejected from the
surface forming a plasma at the surface which induces a higher absorption which is
mainly wavelength independent, due to a lack of band structures in a plasma state.
A plasma plume formation process of the surface has been reported in the literature
and also calculated in our own simulations as seen after 5 ps in Figure 5.11 (b). The
evolution of plumes is described by Wu et al. [133]. The heating and absorption by
a plasma is described by Bulgakova et al. [141]. For a more detailed picture of the
temporal reflectivity evolution after 10 ps a further investigation with more delay
time could help to understand the process. Also an irregular surface uplift of the
material could induce undirected light reflection, reducing the pulse energy hitting
the spectrometer and thus leading to a reflectivity drop in the measurement.

4.3 Discussion and Comparison of Reflectivity
Measurements and Simulations
The simulation of the pump pulse allows to relate the probed delay to an electronic
temperature, for which a DFT based reflectivity map R(Te ,ω) was introduced previously. The pump pulse at 780 nm is in a self-strengthening absorption regime
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and therefore a modeling is required to obtain the precise amount of the deposited
energy. Here a 1-D TTM variation, based on the self reflectivity results from the
previous section 4.1.4, is used to describe the temperature evolution, utilizing the
parameters determined there. The knowledge of the pump pulse duration and absorption behavior is crucial for a precise simulation, it has to be kept in mind that
any deviations in the model or in the input are projected on the comparison to the
experimental results as well.
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Figure 4.16 Simulated surface conditions induced by a pump pulse with a flat-top spatial profile
top
with a fluence of Fpump
= 2 Jcm−2 pulse at a fs and ps time scale shown in (a) and (b), calculated
by D.S. Ivanov, with the evolution of the electronic temperature (red), the lattice temperature
(magenta), the integrated incident fluence (orange), integrated absorbed fluence (blue) and the
measured pulse shape in arbitrary units (gray).

Pump-Pulse absorption simulation in depth (1-D)
In Figure 4.16(a) the 1-D simulation results for the pump pulse are shown. A delayed
increase of energy deposition is observed where a self-strengthening at the falling
edge of the pulse absorption increases the electronic temperature significantly. This
simulation allows a direct comparison to th BBPPR measurements. A difference to
a constant absorption, as shown in Section 2.3 in Figure 2.8, can be observed here.
From Figure 4.16(a) one can see that the absorbed fluence is mainly originating from
the falling edge of the pulse due to the self strengthening absorption at elevated Te
applied in the here shown model. The leading and falling edge of the pulse are
separated by a gray dotted line in the plot. The non-symetrical temperature rise
can be clearly observed. It should be noted that pumping at 550 nm would lead to
a constant and well describable deposition of energy due to a constant reflectivity,
even at non-equilibrium conditions. This Te independent energy deposition is described in a similar approach for pump-probe experiments at much lower electronic
temperatures for thermo reflectance experiments by Hohlfeld et al. [15]. The use of
the second harmonic at 390 nm as pump wavelength, would reduce the possibility of
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errors introduced by the simulation. The difference when using the second harmonic
is that the amount of absorbed energy would slightly decrease instead of strongly
increasing, when Te is changing, adding less uncertainty to the simulation. In Figure 4.16(b) the decrease of Te on the ps scale can be observed and the corresponding
delayed rise of the atomic temperature Ta . The reached Ta is above the threshold
temperature of explosive boiling which is at least for Ni at about 9 kK [142]. It can
be assumed that a significant amount of desorbed atoms will leave the surface and
top = 2 Jcm−2 of the experiment.
form a plasma plume, under these conditions of Fpump
Implementing the Modeled Te Into the DFT Results Compared to Measured
(Time Resolved) Measurements
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Figure 4.17 Time-resolved reflectivity of gold of measurements (circles) and simulation (diamonds) at different wavelengths from 500 − 850 nm, with a temporal resolution of 20 fs. The
pulse measured at the laser output is included (gray), at an arbitrary timing.

The temperature evolution created on the sample by the pump pulse is influencing
the reflectivity, which is probed time resolved by the broadband pulse. In order to
relate the electronic temperature obtained in the 1-D simulation to the delay of the
BBPPR measurements, the map introduced in Section 4.1.4 is utilized. The reflectivity changes occurring for the pulse parameters are simulated and compared for
different wavelengths to the experimental results from the BBPPR measurements.
The results are shown in Figure 4.17. At the equilibrium conditions present before
the pump arrives, experiment and simulation match well. Only at 525 nm a deviation is visible. This green spectral region is exactly at the transition edge from low to
high reflectivity which is not precisely described by our simulation, this discrepancy
is also shown in Figure 4.2. Between 200-300 fs after the pulse leading edge the highest electronic temperature is reached in the simulation, as seen in Figure 4.16(a). At
these conditions in the IR a drop in reflectivity is observed, represented here by the

98

4.3 Discussion and Comparison of Reflectivity Measurements and Simulations
curves shown at 650 and 850 nm. At 500 nm an increase in reflectivity is observed.
The reflectivity changes occur in the simulation within a time of about 200 fs, which
corresponds to the time between the rising and falling edge of the input pulse. In
the experiment the changes appear over about 450 fs. The trends of the changes in
the simulation and experiment are in good agreement and represents the physical
phenomena described for the reflectivity map. However, the time scales in which
the reflectivity changes appear do not match between simulation and experiment,
the reasons for this discrepancy were discussed in the previous section. Also in the
simulation a dip in the curve is visible, before a rather constant reflectivity value
is achieved, and can be related to the dip in the reflectivity map. In the displayed
wavelength ranges the reflectivity at elevated Te is underestimated in the simulation,
suggesting that a parameter in the simulation needs re-consideration.
Broad Band Comparison of Te Implemented in Timing of Measurement
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Figure 4.18 Comparison of the wavelength dependent reflectivity as a function of the electronic
temperature in simulation and BBPPR measurement.

In Figure 4.18 the electronic temperature obtained from the simulation is indicated
with the color scheme and compared to the results obtained by DFT calculations
with the collision rate included. The assumption that the model is underestimating
the reflectivity at elevated Te is also supported by Figure 4.18. However, also in
this plot the trend of the reflectivity changes, a rise below the absorption edge
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and a decrease above the edge are well observable in experiment and simulation.
The position of the transition edge from high to low and the wavelength where R
stays constant with increasing electronic temperature, match well in simulation and
experiment. In Figure 4.18 also the shift of the reflectivity edge at Te = 10 kK
(yellow squares) and Te = 15 kK (orange squares) in the simulation and as well in
the BBPPR measurements is observable. The explanation for this effect is given in
the description of the DFT results in Section 4.1.2 and describes the shift of the
chemical potential µ(Te ) position due to the asymmetric density of states, shown in
Figure 4.3.
Reflectivity Map Comparison of Simulation and Experiment
A detail of the reflectivity map showing the the electronic temperature and wavelength dependency obtained in Section 4.1 is shown in Figure 4.19 (a), and is based
on the results of the self-reflectivity measurements. In Figure 4.19 (b) the BBPPR
measurement results are shown, but plotted versus the delay on the y-axis. Additionally, the pure DFT results, where no Te dependent electron-hole collision rate is
included, are shown in Figure 4.19 (c).
The experimental results suggest that the damping effect is overestimated in (a),
leading to a too strong decrease in reflectivity in the IR and underestimated in (c),
leading to a too high assumed reflectivity in the IR. This assumption is done even
though the data are compared here with a different y-axis: the experiment in a
dependence of the time and the simulation in dependence of the electronic temperature. Since in the simulation a maximum temperature of 65 kK is reached and the
changes in R in the experiment are observed starting from -40 to about 400 fs, in
this time the electronic temperature should rise from RT to the ∼ 65 kK shown in
Figure 4.18. The main difference in the shown plots of simulation and experiment in
Figure 4.19, is the area of low reflectivity reaching from 20 kK to about 45 kK over
the complete range, visible as blue feature in the map. This temperature range,
which should be passed in the experiment on the left at least temporarily, is not
represented in the BBPPR measurements. A possible reason is that the damping
parameter or prefactor Aeh was overestimated in the self-reflectivity measurements,
due to the inability of a self-reflectivity experiment to distinguish between purely
electronic temperature dependent effects on the reflectivity and intensity dependent
effects changing the reflectivity.
The discussion of the different pump-fluences of 2 and 3 Jcm−2 during this BBPPR
experiment suggested that starting at about 3 Jcm−2 average fluence in the IR intensity dependent effects are starting to change the reflectivity, while the probe
pulse reflectivity changes most likely can be related to the electronic temperature
as the key parameter. The electronic temperature however explains the reflectivity changes at 780 nm only to a value of about 80 %, this corresponds well to the
2 Jcm−2 self-reflectivity measurements. For reflectivity changes which were meatop = 3 Jcm−2 an avsured in the self-reflectivity regime in the experiments at Fpump
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erage reflectivity of 72 % is measured in this section. At an even higher fluence,
there measured as peak fluence in the self-reflectivity measurements of the previous
peak = 6 Jcm−2 the value drops to about 70 %. This further reflectivsection of Fpump
ity decrease could be explained by a possible absorption mechanism introduced in
Section 2.2.6 which could be two photon absorption, an intensity dependent effect.
In a self-reflectivity measurements, a separation of a Te induced reflectivity change
and an intensity dependent effect is difficult, but the task of the separation of the
effects is achieved with the here described second approach of the BBPPR method.
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Figure 4.19 Qualitative comparison of the Reflectivity map obtained from simulation in (a)
with collision rate included and (c) without collision rate, both plotted versus Te compared to
broad-band
pump-probe reflectivity (BBPPR) measurements (b), plotted versus the time.
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Therefore the damping related parameters νe−ph and Aeh , that were derived from
the self-reflectivity measurements could be reconsidered from the findings in the
BBPPR experiment. An improvement should probably be achieved by matching
the parameter of νe−ph or Aeh to the more precise BBPPR measurements, especially
due to the fact that the BBPPR method does not probe direct intensity dependent
effects like two photon absorption.
It should be further noted that uncertainties can also result from the lack of knowledge about the precise pump pulse length in the focus. The pump pulse duration
might be longer than the measured τG = 80.5 fs. The propagation might increase
the pulse duration and also the focus and the GTH device might induce chirp and
also pulse front curvature, as discussed in the previous Section. Therefore a precise
knowledge of the pump pulse duration in the focus is probably not given.
Summary of the BBPPR Measurement
This new BBPPR method showed that a high temporal resolution of 20 fs in the
central probed wavelength region can be achieved. This probing method was utilized
to determine the effects inducing reflectivity changes on gold around the transition
top = 2 Jcm−2 . The electronic temperature in this
edge up to pump fluences of Fpump
regime was found to be the key parameter for reflectivity changes. Above these
fluences instantaneous reflectivity changes occur, not described with this probing
method. One possible explanation is the directly intensity dependent effect of TPA.
A TTM allows a relation from a measured delay of pump and probe to the electronic
temperature described in theory. The general behavior of the material could be
modeled and the DFT simulation allows an explanation by a physical mechanism.
The electronic temperature in the non-equilibrium state after laser pulse absorption
drastically changes the Fermi-distribution and thus alters the photon excitation
in the band structure. The collision of free electrons and holes is increased with
elevated Te . Both of these mechanisms are represented in the here shown BBPPR
measurements, even though the precise quantitative agreement of the physical model
incorporated in a simulation and compared to experiment is not fully matched.
Perspective of BBPPR Measurements
The BBPPR is a powerful method to distinguish electronic temperature and lattice temperature induced effects in a bulk from other effects like intensity induced
non-linear phenomena. The broad band and time resolved nature allows a more
detailed understanding of the complete band structure change of a material after
intense laser pulse excitation. The method is also applicable to other metals and the
here suggested model of an increase of collision rate with an increase in electronic
temperature can be put to test with the here described method, and is the topic of
future work. Silver is an interesting candidate for further investigations due to its
strong similarities to gold in its band structure, where the d-band is located deeper
than in gold, shifting the absorption edge from the green spectral range in the UV
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range [65], while also exhibiting free electrons. For silver a different central wavelength for the probing could be useful. The here described setup can be modified
to operate at the frequency doubled laser wavelength. Also copper is comparable in
its band structure to gold. The difficulty with copper is the oxide layer forming on
top under oxygen atmosphere. Also in aluminum the influence of the collision rate
can be investigated isolated, due to nearly ideal free electron gas behavior, reaching
down to energies of 11 eV below the Fermi edge [65].
The investigation of silicon is also of great interest. The resolution of the BBPPR
method could give insights in the non-thermal melting mechanism at the surface.
Also a probing of a band-gap shrinkage under laser excitation as described by Winkler et al. [143] could be possible with this method due to its broad band spectral
top = 2 Jcm−2 could give a more
nature. Probing at lower pump fluences than Fpump
detailed view on the effects of the Fermi- broadening which from simulation results
should be present at lower energy deposition values. This corresponds to lower
electronic temperatures of about Te ≈ 10 kK, a temperature regime described in
literature as thermo-reflectance [13–15].
Probing at higher incident pump fluences could yield the information of the onset
of the plasma state, where the reflectivity should be high, and become completely
independent of the wavelength, due to the absence of a band structure in a plasma,
and reach a value of about R ≈ 0.9 [77].
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5 Periodic Nanostructuring of Surfaces
by Ultrashort Laser Pulses
The use of short pulses at short wavelength combined with a well defined periodic nanostructuring method by interference, as introduced in Section 3.3, will be
described in what follows. The applied method allows to understand the laser induced structure formation process in great detail. The setup used to create the
nanostructures is described in Section 5.1, followed by a description of the sample
alignment, the beam characteristics as well as the detailed pulse characterization.
Two beam interference is utilized at a wavelength of 248 nm creating sinus shaped
fluence variations of 500, 350 and 270 nm period. This sinusoidal line grating is
achieved by de-magnified imaging of a grating on the sample surface utilizing the
first order diffracted beams. The resulting well defined periodic line structures allow
an atomistic simulation in a special geometry of a slice as introduced in Section 2.3.5
and a comparison at the same length scale of experiment and simulation [72]. The
investigations of the obtained structures are distinguished by the process which is
dominant for the surface modifications: the swelling, melting, spallation, and phase
explosion. These different terms of laser structuring conditions and the underlying
process are specified in Section 5.2. The investigation by TEM cross-sections allows
an understanding of the processes beneath the surface. Comparison of the TEM
results to simulations at the parameters of the experiment allow to understand the
temporal evolution of the structure formation, on the surface and beneath it and
helps to identify the mechanism underlying these processes. The agreement of the
simulation results after crystallization starts, with the final structures observed in
SEM and TEM, is shown for the different fluences.

5.1 Experimental Setup
The general setup for two-beam interference in combination with mask projection
is introduced in Section 3.3. Here, this method is used with a 248 nm excimer laser
with single pulse energies of up to 10 mJ at a repetition rate of up to 10 Hz. A
grating compressor and a stretcher, realized by a propagation in water, allows pulse
duration variations from 0.2-1.6 ps.
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(a) Sketch of stucturing setup

(b) Structuring setup, UV beam path marked blue
Figure 5.1 Setup to obtain periodic nanostructures by two beam interference. In (a) the
schematic shows the UV laser beam collimated by a lens (L1) on an amplitude grating (AG).
The pinhole (PH1) forms an aperture, which is then de-magnified on the sample. The first
orders are send by a dielectric mirror (DM) through a Schwarzschild-obejective (SSO) on the
sample. The alignment of the sample position is realized by an alignment laser (AL), which is
send through a pinhole (PH2) and imaged on the sample. The sample is illuminated by a lamp
(LED) and observed by a camera (CCD), through the 50 % beam splitters (BS1) and (BS2),
respectively. A beam block (BB) absorbs the reflections from the alignment laser. In (b) a
picture from the top view shows the setup with a drawn beam path (transparent blue layer),
resembling the path of the ultrashort UV excimer amplified pulse.
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All Schwarzschild-objectives (SSO) used for de-magnification have a highly reflective
(HR) dielectric coating for 248 nm and were manufactured by Ealing. The advantages of a SSO versus a quartz lens are that the SSO avoids two photon absorption,
problematic for high energy ultrashort laser pulses and thus tolerates higher peak
intensities. In theory, an achromatic and pulse front maintaining imaging is possible
with a SSO. In addition the wave front is not distorted, which is critical for this
interference based method. A high numerical aperture can be realized with these
objectives, listed in Table 5.1. In this table also the specifications of the SSO and the
combinations used to obtain the structure sizes of 500, 350 and 270 nm, calculated
by Eq. (3.17) are summarized.
Mmag

NA

dsm

g

dp

[mm]

[µm]

[nm]

15

0.28

7.3

15

500

25

0.4

6.3

25

500

36

0.5

5.6

25

350

74

0.65

3.35

50

∼350

74

0.65

3.35

40

270

Table 5.1 Obtainable structuring periods and parameters of the used Schwarzschild-objectives
(SSO) for two-beam interference. With the magnification of the objective Mmag , the numerical
aperture N A, the size of the first mirror in the SSO given by dsm , the period of the amplitude
grating g and the structure period dp created by the first orders on the sample. The duty cycle
of the Cr on quartz grating is 0.5.

Sample Alignment and Observation
An alignment laser is used to position the sample precisely in the image plane. This
is critical due to a short Rayleigh length as described in Eq. (3.6), resulting from the
high angles, and short focal length created by the SSO. For the sample positioning a
pinhole with a diameter of 35 µm is imaged by the SSO on the sample. The pinhole
is illuminated by an alignment laser. A focus scan of the imaging with both, pinhole
focus and the grating makes sure that both have the same distance to the SSO and a
precise de-magnification into this plane is obtained, and an interference line pattern
is formed. In the beam path in front of the SSO, from the pinhole the alignment
laser beam is send through two beam splitters, one is coupling an illumination for
the sample surface in the beam path, the other is making a live observation by a
camera of the surface possible. These alignment and observation beam paths are on
axis to the SSO and are also used to align the position of the objective as shown
in Figure 5.1. The structuring beam is coupled in this beam path by a 248 nm HR
dielectric mirror, which is transparent in the complete visible spectrum and hence
at 532 nm where the alignment laser is operating. The back-reflex of the first small
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mirror in the SSO is used to adjust its position. Also, prior to inserting it into the
experimental setup, the SSO is mounted in a light microscope and the small mirror
position is adjusted.
Pulse Characterization
The pulses used for surface structuring which are amplified by an excimer discharge
module, are characterized by a home build single shot FROG, described in Section 3.2. This device was specifically built to measured single pulses at 248 nm at
up to mJ pulse energies. It is all reflective and records the trace in one shot on a
UV sensitive CCD chip [110].

Figure 5.2 FROG trace obtained by a single shot TG device with τG = 401 fs, ∆λG = 0.37 nm
and T BPG = 0.7334 . Shown are the measured pulse trace (top left) and retrieved trace (top
right), the retrieved spectrum (black), (bottom left) and its spectral phase (blue) compared to
a measured spectrum (red). In the (bottom right) the retrieved temporal shape (black) and its
corresponding phase (blue) is shown.

In Figure 5.2 the measured trace is shown which is recorded after the excimer amplification. The seed is delivered by a frequency tripled Ti:Sapphire with a pulse
length of 130 fs shown in Figure 4.7(a). The propagation through the excimer, the
limited supported bandwidth of the KrF state, the tube windows and the air distance are introducing a positive linear chirp to the high energy pulse, leading to a
pulse length of τG = 401 fs at the amplifier output. The linear chirp is manifesting
in the parabola shaped phase (blue) in the spectral and temporal domain, visible
in Figure 5.2. If not otherwise specified this measured pulse length is assumed in
experiment and used for the simulation. Optional the pulse duration is stretched to
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1.6 ps by introducing a water path of 350 mm.
Beam distortions and pulse to pulse fluctuations are topics that need to be addressed
when working with ultrashort UV excimer amplifier laser pulses. Partly they can
result from stains at the inside of the discharge tube. Also a self-focusing of higher
intense parts of the pulse can lead to a non homogeneous beam profile [88]. Typically, the beam profile after the excimer amplifier has a size of (20 × 25) mm. The
size is determined by the electrode distance in the excimer tube. The beam quality is
improved by sending the beam through a spatial filter, realized by a quartz pinhole
at a created focus position in a vacuum tube.
Another aspect appearing at these discharge type excimer laser tubes are pulse to
pulse fluctuations. They are related to a variation of the timing of the thyratron
and the seed. This so called jitter between seed and discharge is critical for a stable
pulse output energy. It can be optimized, and is adjusted prior to every experiment. Also the quality of the excimer gas mixture influences this aspect [88]. Here
a gas mixture of helium, krypton, and fluorine is used with the partial pressures of
pKr = 150 mbar, and pF,(5%) = 120 mbar of a gas mixture containing 5 % F and 95 %
He, the laser tube is finally filled with the buffer gas helium to a resulting laser tube
pressure of 2650 mbar.

Structuring Beam Setup
The multi mJ energy pulse in the deep UV is send through an aperture which is
directly in front of the grating. Both are imaged on the sample. Since only the
first orders are used and the rest of the energy leaving the grating is discarded, not
all information of the shape of the grating is transfered by the SSO to the sample.
The resulting grating period is therefore decreased compared to the de-magnification
number by a factor of two as described by Eq. (3.17). From the energy on the front
side of the grating less than 10.22 % is transfered to the sample, the de-magnification
however increases the fluence with a power of two, calculated for the case of an amplitude grating with a duty cycle of 0.5 as used in Eq. (3.24). The fluence on the
grating is controlled by a variable attenuator consisting of a dielectric mirror which
can be tilted out of ideal reflection conditions.
Irregularities in the beam leaving the excimer amplifier influence the image quality
on the sample surface. The beam homogeneity is further optimized by introducing
a device allowing a lateral shift of the beam and therefore a selection of the most
homogeneous part of the beam. The nearly flattop beam profile used for experiments has a standard deviation around 10 % and is measured at the plane where
the grating is placed. These measurements are performed by a UV-sensitive camera
system. Also the size of the beam in front of the grating is variable by introducing
a lens collimating or diverging the beam. To avoid damaging of components in the
beam path, the structuring pulse fluence needs to be below a critical value. The
most critical components are the amplitude grating and the first small mirror in
the SSO. The actual fluence on these components is calculated prior to experiment.
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(a) nanostructured spot on gold sample

(b) two-beam interference sketch and location on the sample

Figure 5.3 SEM recording of a typical structured spot in (a) created on the surface by the
interference of the two square shaped first orders of a line grating. Here the resulting period is
270 nm, the average fluence over the spot is 275 mJcm−2 . The spot dimensions are (14×12) µm in
xy-direction, created by a 1 mm aperture, a SSO with Mmag = 74 and a grating with g = 40 µm.

Even the fluence on the sample can be calculated by considering all losses and beam
size variations. The fluence reaching the actual sample surface is determined in
addition by an energy sensor head using the measured pulse energy reaching the
sample and using the actual size of the structured area, shown in Figure 5.3(a).
Given hereafter is always the average incident fluence Finc , if not further specified.
The determination of Finc actually hitting the surface and used for the comparison
to the simulation has a number of sources for deviations, namely the pulse to pulse
fluctuation and the inhomogeneity of the profile. Therefore the average incident fluence in the following is always approximated and can be estimated to have an error
up to about 15 %. The amount of the actually absorbed fluence Fabs is relevant for
the wavelength independent damage threshold. With the equilibrium reflectivity of
gold at 248 nm of Req = 0.3402 [42], the absorbed fluence is determined Fabs . One
has to keep in mind that for the damage threshold besides to the absorbed energy
also the penetration depth is a relevant factor. Also it should be mentioned that
due to the sine shape of the profile the given average fluence is always two times
lower than the peak fluence that is reached in the center of the sine shaped profile.
In the experiment for controlled illumination of a spot at an undamaged part on the
sample a non synchronized shutter is used to pick pulses out of the system running
at 10 Hz, by opening the shutter slightly shorter than the time between consecutive pulses. At 10 Hz an opening time of 93 ms was used and produced the least
amount of discarded pulses. The pulse energy fluctuation from shot to shot can be
as high as 10 % within the used aperture. A pyroelectric sensor is used to measure

110

5.1 Experimental Setup
the fluctuation over 32 shots. The sample is moved with sub µm precision by a
x-y-z-stage from Physik Instrumente. The sample is mounted on a mirror holder to
allow a precise matching of the sample plane and the focus plane of the SSO. To
achieve this, the sample is moved in one of the directions x,y and then the focus of
the pinhole is adjusted by the mirror mount screws. This process is iterated until
the focus of the imaged pinhole stays in the minimum over the whole sample.
The surface structuring is taking place under air environment, while in the simulations no gaseous atoms are present at the start of the simulation at t = 0. One
observable difference between air and vacuum conditions in experiment is the reduced debris formation around the structured surface at vacuum laser ablation. In
previous experiments [144] and in the work of Stuke et al. [130] no significant difference in the ablation threshold and the structuring behavior under air and vacuum
could be examined [72].
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5.2 Experimental Results
The ultrashort laser pulse induced nanostructure formation on gold is discussed
below in dependence of the average fluence of the sine-shaped line profile. The observed differences are categorized in four main mechanism governing the structuring
process, mainly around the peak of the profile. In addition, the influence of different
structure periods is investigated.

(a) damge threshold - swelling

(b) melting - void formation

(c) spallation - droplets

(d) phase explosion - broad melting

Figure 5.4 SEM pictures of patterned gold surfaces representing different incident fluence levels
at a period of 350 nm. Shown are the damage threshold in (a) appearing at ∼ 100 mJcm−2 ,
the melting corresponding to a swelling of the material in (b) at ∼ 150 mJcm−2 , the spallation
with a lateral movement of material in (c) at ∼ 200 mJcm−2 and phase explosion with a broad
melting in (d) at ∼ 350 mJcm−2 .
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The structure formation process is distinguished in: the damage threshold - leading to a surface swelling, melting - corresponding to a void formation beneath the
surface, the onset of spallation - manifesting in droplet and wall formation at the
sides of the opening groove and the process of phase explosion - where broad surface
melting and ejection of disintegrated single atoms is taking place, producing a less
structured or irregular surface. These distinctions are following a description by
Zhigilei et al. [142], and here the distinctions are discussed in detail at different
periodicities and differences are analyzed. The utilization of TEM cross-sections
and a comparison to MD-TTM simulations allow a view beneath the surface and an
insight in the temporal evolution of the structure, consisting of melt splashes, substructures, droplets, voids and other features in the nm range. A detailed insight in
the mechanisms behind the formation process of these features for gold, created by
ultrashort UV pulses is given in the following, relating the different mechanisms to
physical phenomena.
In Section 5.2.1 the results of the fluence conditions where the peak of the sinusoidal
profile is slightly above the damage threshold are described, where a melting and
swelling of the surface can be observed, shown in Figure 5.4(a), and the difference of
sub-structures at the periodicities of 500, 350 and 270 nm is investigated. At slightly
higher average fluence, discussed in Section 5.2.2, the significant melting beneath the
profile peak fluence is accompanied by an uplift of the material and a nucleation of
voids which are undergoing coalescence in the melt forming larger voids, compare
Figure 5.4(b). These processes are discussed on the basis of cross-sections and compared to simulations, reasons for the partly opening of the cavities to the surface are
pointed out, and the influence of the structure size on the cavity opening position
is discussed. When the average fluence is further increased, the onset of spallation
is observed and discussed in Section 5.2.3. This fluence regime is accompanied by
the formation of grooves, melt splashes, droplets and walls. From the evolution of
structure formation in simulation, mechanisms are described explaining their creation. In Section 5.2.4 the effect of even higher fluence leading to a melting over the
whole profile is discussed, shown in Figure 5.4(d) in simulation and experiment. The
structure is smeared out which marks the onset of a fluence above which no periodic,
well defined structure formation is achieved. At this fluence a difference between the
behavior at 270 and 500 nm at the same incident fluence is significant and is related
to the radius of melt, which is forming around a localized energy deposition. This
indicates that there will be a lowest periodicity which can be created by this kind
of laser energy introduction in metals.

5.2.1 Damage Threshold - Surface Swelling
Above an average incident fluence of ∼ 100 mJcm−2 in experiment an uplift of material can be observed. This uplift occurs in periodic lines at a corridor where the
fluence is exceeding the damage threshold, and is corresponding in periodicity and
orientation to the applied fluence line grating. This visible change of the surface
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can be related to the ablation threshold for gold at 248 nm, which is given in the
literature as 210 mJcm−2 [130]. This threshold is based on a rather large illumination area. The special attribute here however is the periodical sinusoidal variation
of the applied fluence, from zero to peak fluence within a few hundreds of nm. The
peak fluence of ∼ 200 mJcm−2 , which is twice as high as the average fluence, corresponds quite well to the reported value of the ablation threshold, even though no
ablation but rather a melting can be observed at the threshold for structures shown
in the SEM pictures in Figure 5.5. The melting without material removal might
be explained by the localized energy insertion and the distribution of the energy
not only in z-direction, but due to the fluence variation also in y-direction, while
in x-direction no energy is transfered, due to a constant fluence in this direction.
Consequently, in experiment at ∼ 200 mJcm−2 peak fluence no ablation is observed,
even though the state of matter at the position of the peak fluence would support
ablation, the surrounding within a few hundred nm is mainly unaffected, preventing
ablation by the laser pulse. The associated mechanisms will be the topic of the
discussion below.

Figure 5.5 Sub-structure formation on gold in dependence of the periodicity. At the structure
sizes of 270 nm in (a), 350 nm in (b) and compared to 500 nm in (c), with an average incident
fluence of ∼ 120 mJcm−2 . In the first and second row the SEM pictures (gray contrast) are
shown. In the first row tilted by 45 ° to increase the contrast, in the second row a top view is
shown. In the last two rows AFM surface heights in a orange color scheme are shown, in a top
view and a line profile over the surface.

The surface changes for fluences from (120 − 130) mJcm−2 for the periodicities of
500, 350 and 270 nm are compared in Figure 5.5. The case discussed here is where
after solidification no voids remain beneath the surface, as shown in a cross-section
in Figure 5.6. The fluctuations in the fluence lead to a partial overlap of different
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mechanism observable in one picture, therefore in Figure 5.5 the melting without
void formation is partly overlapping with the formation of voids. The measured
structure height difference at the position of the peak fluence and the deepest determined position obtained from the AFM profile is about 10 − 15 nm for all the
investigated structure periods. This applies for a regime where presumably no voids
are formed beneath the surface. The height from the peak to the assumed location
of the previous undamaged surface are highest for the 500 nm structure with about
13 nm and about 10 nm for dp = 270 nm. For the 350 nm structure the height versus the surface where no fluence was applied is only about 5 nm. A difference in
the width of the uplifted area can be observed, determined at FWHM from top to
lowest depth. For the smallest structure a width of 100 nm is measured, while for
dp = 350 nm, the raised structure extent in y-direction is measured to be 120 nm.
For dp = 500 nm the uplifted area had an expansion in y-direction of about 145 nm.
All widths are determined from the AFM line profiles, shown in Figure 5.6 and are
averaged over three single periods.

Finc

350 nm

Finc

500 nm

y

y
Pt

Au

100 nm

(a) TEM cross-section dp = 350 nm

100 nm
(b) TEM cross-section dp = 500 nm

Figure 5.6 Surface swelling in cross-section view, with sketch of incident fluence profile (red) for
the periodicities of dp = 350 nm in (a) and dp = 500 nm in (b), both at Finc ∼ 120 mJcm−2 .
In the TEM picture the darker contrast shows the polycrystalline gold, with randomly oriented
grains with boundaries, and the (brighter irregular contrast) represents the platinum top layer
resulting from the FIB preparation.

Between the elevated areas, in the case of 270 nm and 350 nm a sub-structure in
form of depressions next to the uplifted material is visible in Figure 5.5(a) and (b),
while for 500 nm periodicity no sub-structure is observed. For dp = 270 nm in Figures 5.5(a) the sub-structure is most distinct and looks like a ridge, with an extent
in y-direction at FWHM of ∼ 70 nm at a height of about 5 nm. In Figure (b) the
sub-structure appears more to be a depression next to the uplifted area as can be
observed from the AFM profile. Also in the TEM cross-section in Figure 5.6(a),
the lowering of the surface is visible, leading to the assumption that where no fluence was applied the surface is completely unchanged. The applied fluence profile is
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shown above the cross-section for both periodicities of 350 nm in Figure 5.6(a) and
for 500 nm in Figure 5.6(b), in the latter the rise is minimal or even absent.
The suggested mechanism for the observed uplift and formation of a surrounding
depression is a laser induced fast melting leading to a sudden increase of volume.
Liquid gold is less dense than gold in the crystalline phase, the process underlying
the uplift of material here is comparable to that reported for Ni by D. S. Ivanov
3
g
et al. [82]. The density of the crystalline gold is ρAu
solid = 19.3 /cm , and changes
3
g
in the MD-TTM simulation for liquid gold to ρAu
solid = 18.3 /cm , corresponding to
a volume increase by about 5 %. A fast volume increase induced by the transfer of
heat from the electronic system to the lattice on a few picosecond scale, as discussed
in Section 2.3.4, is accelerating the melt and is inducing an uplift. This upwards
movement is strongest in the center where the deepest melting into the bulk occurs.
Some small voids might form temporarily, in the overheated melt and increase the
upwards directed movement, and release stress/pressure of the material. In the here
discussed case sufficiently large voids to sustain or agglomerate cannot be observed.
The suggested mechanism is the following: if not enough energy is present to sustain
a minimal energy for a large void to form, molten gold is pulled from the upward
moving center towards the middle, slowing the uplift but pulling material from the
sides to the center. When recrystallization starts from the bottom and the sides,
the original level of the surface at the sides of uplifted material is decreased, and
mass conservation is preserved. The process described here is partly derived from
the simulation results at slightly higher applied fluence shown in Figure 5.9(e) and
(f). The difference is, that here the melt is not strongly overheated and has not
enough time to form a stable void. The process with no voids beneath, is not yet
simulated. A simulation with dp = 350 nm and Finc = 110 mJcm−2 would allow to
observe the development of a non explosive melt, without void formation after laser
illumination. In the simulation the cooling process needs to be finished completely
to possibly see in the MD-simulation the effect of the decreasing volume and the dip
formation at the sides.
If the melt is overheated in a sufficient manner and voids can form before recrystallization, also the transiently liquid sides are not pulled down, and no sub-structure
is formed. This case, of a void formation is described in the following Section.

5.2.2 Melting - Induced Uplift Below Spallation
At about Finc ∼ 150 mJcm−2 in the sine- shaped line grating a localized melting
is induced and creates a visible void, Figure 5.7. The voids are partly beneath the
surface and partly open up, while in the first case an uplift is observed, in the latter
a hole is created. The void opening is accompanied by a material transfer in x- and
y-direction, and also can induce an agglomerating to a droplet at the surface, near
to the formed cavity. At these conditions, however, no material is spallated from the
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surface, concluded from the absence of debris around the structured area, observed
in experiment.
In Figure 5.7(a) and (b) SEM pictures from the top are shown at dp = 500 nm
and Finc ∼ 125 mJcm−2 and Finc ∼ 150 mJcm−2 . The peak fluence, as mentioned
before, thus is twice as high. The absorbed energy is sufficient to introduce a localized phase explosion in the center of the simulation slice, where the peak fluence
is applied. Separated voids or even channels are forming beneath the surface and
an uplift of a thin layer of a few tenth of nm can be observed in the simulations
for both fluences in Figure 5.7(e) and (f) 100 ps after pulse absorption. A possible
mechanism for the uplifting process leaving behind a void in the structuring is an
inertial stress confinement as described in [82, 145, 146]. At the shown snapshot
at 300 ps in Figure 5.7(g) and 500 ps in (h), recrystallization is starting from the
bottom, freezing the void under the surface. A very comparable sub-surface void
is observed at these parameters also in experiment for dp = 500 nm, and visible
when a cross-section of the sample is prepared by FIB as shown in Section 3.4.2.
The cross-sections shown in Figure 5.7(c) and (d) of a smaller and a larger void can
be related to a slightly different incident fluence. The sub-surface cavities are very
much comparable to the simulation results after 300 ps and 500 ps with a periodicity
of 350 nm, in Figure 5.7(g) and (h). The upward movement has stopped at these
simulation times, which is deduced from a not shown directed velocity plot created
from the MD-TTM data. This aspect is also described in detail in the collaborative
work which partly resulted from work on this thesis [72]. At the SEM top view
in Figure 5.7(a) and (b) the opened voids are visible, but also the uplifted surface,
beneath which voids are formed. This is concluded from the preparation picture
during the FIB slice cutting, and the later allocation to the cross-section pictures.
In experiment, voids and agglomerations of material are observed on the surface
within the strongest illuminated lines of the grating profile as shown in Figure 5.7(a)
and (b). In the simulation, surface opened voids and material transport in xdirection is not observed on the surface. However, beneath the surface variations
of wall thickness and differently sized voids can be observed in Figure 5.7(h), which
correspond well to the experimental sub surface structures, and will be discussed further in detail later. First it is discussed whether the surface detectable opened voids
and agglomerations in x-direction are periodic or randomly distributed. Therefore a
Fourier analysis of a line profile along the structure in x- and y-direction is done and
compared to the reference analysis of the unstructured surface. Figure 5.8 shows the
Fourier transform of line profiles of dp = 500 nm structures. In y-direction (blue)
the dp = 500 nm periodicity is clearly observed, in x-direction (green) no distinct
periodicity from a single shot on the sample is observed. The unstructured surface
(magenta) shows no features at all. The 500 nm well defined deterministic periodicity in y-direction resulting from the two-beam interference is clearly visible, while in
x-direction no periodic structure formation can be observed. Thus the agglomeration and void formation in x-direction is a random process, and no self-organization
with a particular structure formation is observed.
In Figure 5.9 the structure period dp of experiment and simulation match precisely.
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Figure 5.7 SEM recording of a gold surface in (a) and (b) structured with a periodicity of
500 nm at about 125 mJcm−2 and 150 mJcm−2 . Beneath, in (c) and (d) TEM cross-sections
were prepared by a FIB. The poly crystalline gold has a darker contrast. The brighter contrast
results from deposited platinum which also partly fills the voids. In (e) and (f) the MD-TTM
simulation results at t = 100 ps and in (g) and (h) for t = 300 ps and t = 500 ps are shown.
A 1 nm thick slice with a local order parameter is shown here in a cross-section view of the
simulation, making a strong distinction between liquid (red) and crystalline phase (blue/green).
The simulation volume is (20 × 350 × 150) nm in xyz-direction, published in [72].
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Figure 5.8 Fourier transform along a line profile at the 500 nm structure on Au. In y-direction
(blue) in (a), in x-direction (green) (b) no periodicity from a single shot on the sample is
observed, published in [72]

The fluence in the experiment was measured to be 148 mJcm−2 , the visible difference in structure height and void opening in Figure 5.9(a) justify together with the
discussion of the beam quality in Section 5.1 the assumption that fluences between
(130 − 160) mJcm−2 are hitting this surface section, therefore in Figure 5.9(b) and
(e) the simulated snapshots for these incident fluences are shown, and locations that
could resemble positions on the sample are marked with (green) bars, depicted in the
SEM top view. The simulation volume here is presented in a 3-D view of the slice
with an additional cut through the line of the applied peak fluence. The structure
formation process here is similar to the case described before with the difference
that here the smaller dp = 270 nm is shown and direct comparison of experiment
and simulation is achieved. The energy is introduced more localized, and a phase
explosion and a volume increase also leads to a melt lift up. Until recrystallization
starts, in both fluence cases, single voids form, which are centered under the peak
fluence in this smaller volume of overheated melt. The observed uplift on the sample
seems to reach higher, and is more regular than at dp = 500 nm in Figure 5.7(a) and
(b). Here no material ablation is observed, as well. When looking at the evolution of
the overheated melt in Figure 5.9(c) to (d), the voids are growing together, hitting
the periodic boundary in x-direction, simulating a non-realistic void and droplet
formation in this direction of x while the process in y-direction is well described.
In Figure 5.9(b) the simulation is run until solidification in the uplifted material is
observed, and also there a single void is formed (in the picture of periodic boundary
conditions in x-direction), with a very thin wall. Both resulting simulations resemble well positions shown in the SEM top-view showing the quality of this MD-TTM.
This simulation result at dp = 270 nm is also well comparable to the TEM crosssection view in Figure 5.7(c).
In the experiment some voids open and partly at these fluences also droplets are
forming on the surface, however other parts on the sample show a homogeneous
uplift, manifesting in the SEM picture by a stronger contrast. At these periodicities
of dp = 270 nm also at these fluences where most likely voids or even tunnels are
forming beneath the surface, a sub-structure between the positions of the highest
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Figure 5.9 Direct comparison of experiment and simulation of dp = 270 nm under melting - void
formation conditions. In the experiment in (a) a fluence of ∼ 150 mJcm−2 hits the surface. In
the simulation 130 mJcm−2 in (b) after 500 ps and 160 mJcm−2 (c)-(e) are assumed, and show
different snapshots after 100, 200 and 500 ps in a 3-D view of the slice in the central symmetry
parameter (CSP) which highlights the difference of the solid, liquid and gaseous phase. The
simulated volume is (40 × 270 × 200) nm in xyz-direction. Simulation by D.S. Ivanov.

fluences in the grating can be observed. Also the volume reduction during recrystallization might play a role here. The sub-structure seems weaker when voids are
forming beneath, and absent if the voids are opened, like in the very left corner of
Figure 5.9(a), where no sub-structure is visible on the SEM picture. The limited
dimension in x-direction of 40 nm does not allow a realistic simulation of large voids.
In the simulation no voids open which might be explained due to a too small extent
in x-direction or by too even illumination conditions in simulation. Another possible
explanation would be that solidification is too fast in the simulation.
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Influence of Structure Size on Void Localization
In direction of the fluence variation the previous analysis showed, that the MD-TTM
simulation allows a sound description of the process of the structure formation.
In Figure 5.10 a direct comparison of the simulation and experiment is utilized
to investigate the sub-surface void formation and the observable differences in ydirection for the case of 500 and 270 nm in great detail. In the top row SEM
pictures with a top view perspective are shown, with a few periods of the profile
at the melting - void formation conditions, at about an average incident fluence of
Finc = 130 mJcm−2 . In the bottom row in Figure 5.10(a) and (b) a simulated slice
is shown, at a position, that should correspond to the indicated positions on the
sample.

X
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Figure 5.10 Under the conditions of melting - void formation here at Finc = 130 mJcm−2 the
difference of the structuring periods of the sinusoidal fluence profile between 500 and 270 nm are
shown in (a) and (b) respectively, both in experiment, top view SEM, and simulation, snapshot
after 260 ps. Here the local order parameter (LOP) is shown, increasing the contrast between
melt and crystal, simulation by D.S. Ivanov. The simulated volume is (40 × y × 200) nm in
xyz-direction, with y given by the above mentioned periodicities dp .

When comparing the simulation of the 500 and 270 nm structure 260 ps after pulse
absorption in Figure 5.10, in the latter case all voids are undergoing coalescence to
one void, while after the same time for the almost two times larger period, still a
number of voids are coexisting in the melt, the coalescence is not finished [147]. For
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the larger structure period of 500 nm the extent of the melt is at the shown snapshot
about 200 nm wide along the y-direction. This is twice as large as the extent of the
melt in the case of the structure period of 270 nm. The time until crystallization
starts however is almost the same, and since the agglomeration of droplets, and the
coalescence, are time dependent processes [147], the voids visible in (a) and (b) have
a comparable size, however in the larger period more of the voids formed after 260 ps
are fitting next to each other. This aspect seen in the evolution of the simulation
is also clearly visible in the experiment. In the surface perspective in experiment
the larger 500 nm structure exhibits voids open to the surface next to each other in
y-direction and located not on a line along the line grating in x-direction. In the
case of dp = 270 nm only singular voids, located on a straight line in x-direction, are
opened to the surface and visible in the final structure. They are large enough to fill
the space along the highest fluence of the line grating, centered beneath the peak
fluence line. A similar behavior is visible in Figure 5.7(g) and (h) in the difference
between the different fluence. However here it is related to the larger period size
that more than one void can form next to each other without growing together.
The important factor is the width of the melt during the phase of coalescence.
The larger it is the more likely it is that voids can open to the surface while for
270 nm a nano-channel below the uplifted material is likely, which could be a possible
interesting application. To clarify this aspect a TEM cross-section cut along xdirection of the sample could be prepared and analyzed. The cavity can not open
since it is centered with a similar thickness of material above the complete cavity.
When more than one void forms under the surface walls in the liquid, a flow of
melt between bubbles and a localized opening is favored. The over all structure
size should in that case in this fluence range be reduced. The simulations shown
here were continued in its time evolution but did not show a void opening, which
might be due to the too thin extent in x-direction preventing a realistic mimicking of
the coalescence of voids or agglomeration to droplets in this direction. The average
fluence also creates the same peak fluence even though the area is more localized
in which energy is deposited. In the case of a smaller structuring period it is not
surprising that at about half the periodicity the critical fluence at which melting
occurs is half the size, even though energy is transported not only in depth.

5.2.3 Spallation - Formation of Droplets and Walls
The effect of laser induced spallation is shown in two different examples in which
the simulation is compared to experimentally obtained periodic line structures. The
simulation is used to discuss the evolution of droplets, melt splashes and walls which
are forming. Furthermore the influence of the periodicity on the structuring mechanism is discussed. At first, in Figure 5.11 a lower fluence at 270 nm in the simulation
is compared to a higher fluence at 500 nm in the experiment.
In the simulation in Figure 5.11(a) the sinusoidal source is shown introducing the
energy at t = 0 ps into the simulation volume. The electronic temperature is rising
and hot electrons transfer energy. After 5 ps in Figure 5.11(b) a significant amount
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Figure 5.11 Simulated 3-D cross-section view at dp = 270 nm at spallation - droplet formation
conditions compared to experiment with dp = 500 nm at a slightly higher fluence than in simulation. A comparison to a position in this profile is included by a (green rectangle) and a
droplet forming at the side of the groove is highlighted with an (orange rectangle). Droplets
forming on the surface are highlighted by a (yellow rectangle). Thin walls are highlight by a
(blue rectangle) The CSP is used to depict the different phases in the snapshots. The simulation
volume is (40 × 270 × 200) nm, and was conducted by D. S. Ivanov.

of energy is transferred by the collisions of the highly excited electrons to the lattice
and melting of the bulk occurs, visible by the green coloring of the atoms. The melting is observed to a depth of about (30 − 50) nm, corresponding to the temperature
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dependent penetration depth of the excited electrons [72]. The melting begins from
the top near the surface, where the fluence on the surface was highest. At t = 25 ps
in Figure 5.11(c) the melt is over heated and explosive boiling is observed [36, 142],
manifesting in a significant number of gaseous bubbles opening near the surface in
the center of the simulation volume. In addition, at the surface single atoms are
evaporated, colored in red due to the CSP parameter. A cloud is forming with high
kinetic energy atoms moving away from the surface. At a time of t = 70 ps after
pulse absorption the explosive boiling within a radius of ∼ 80 nm can be observed
in Figure 5.11(d). A melting (green colored atoms) is shortly occurring, up to the
sides of the simulation volume and is accompanied by a temporal volume increase
leading to an uplift of the complete simulation volume. About 100 ps later, however
recrystallization is starting from the bottom of the sample leaving only a molten
semi circle. This shape can be explained by the combination of the sinusoidal introduction of energy and a smearing of the energy due to heat diffusion up to this time.
In the upper part of the molten semi circle the volume increase and explosive boiling
leads to an ejection of material in a plume, shown in the snap shot at t = 175 ps in
Figure 5.11(e). At t = 500 ps in Figure 5.11(e) in the center of this plume of uplifting material, surrounded by two walls of molten gold, droplets of detached melt
are visible, which will ultimately leave the surface. Thus an ablation of material is
taking place and is described here as a spallation of droplets, as suggested by the
droplets that separated from the surface. In vacuum they would probably leave the
surface while under air they lead to debris, which is observed at these fluences in
experiment next to the sample.
On the ground of the well or trench in Figure 5.11(f), where material is partly
ejected, thin filaments of gold have been solidified, also observable in Figure 5.13(d),
in the left bottom, marked there with an orange rectangle. The thin filaments of
melt splashes with a few tens of nm thickness, are marked in Figure 5.11 in the SEM
picture from the experiment and simulation with an orange rectangle. These melt
splashes have a direct connection to the bulk, and therefore to the heat sink of the
bulk. A fast cooling by mobile electrons is most likely the reason for the formation
of these frozen structures.
In the simulation the solidification is not finished after 500 ps. For the walls visible in
Figure 5.11(f) reaching up at the sides of the simulation, different further evolution
is discussed and compared to formations in SEM picture. There the formation of
bulges, shown at the sides of the green rectangle, frozen wall like structures, shown
in the blue rectangle and the formation of large droplets at the side of the groove,
shown in the yellow rectangle, can be observed. The walls at the side of the ejection
volume after the 500 ps, are forming at a location where the fluence drop in the sinusoidal source profile is strongest leading to an area where the bulk is molten from
25 ps on without reaching the state of boiling, and not detaching from the surface.
This connection allows a fast cooling of this highly uplifted but still connected thin
wall like structure. At the highest ejected melt of the wall, the volume is opening
up and irregular wall thickness is observable in Figure 5.11(f), which might be the
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starting point of agglomeration and the pull back of material. An aspect is that
most likely this thin structure can only transfer energy through a thin channel and
therefore sufficient time is given for the surface tension to pull the melt back towards
the surface where the solidification process starts. Depending on different parameters this process most likely explains the formation of walls, bulges and droplets
at the side of the grooves. In the SEM picture in Figure 5.11(g) these different
possible features are highlighted in rectangles, in green for the bulges, blue for the
solidified wall, and yellow for the droplet. In the SEM recording in Figure 5.11(g) at
Finc = 250 mJ cm-2
t = 1000 ps

z
y

solid

liquid

gas

500 nm

(a)

(b)

50 nm

(c)

Figure 5.12 Direct comparison of SEM top view in (a) and TEM cross-section in (b) to simulation
results in (c) all at 500 nm at spallation - droplet formation conditions. The green bar represents
a possible location of the simulation and TEM cross-section, respectively. The red rectangle
shows a very small sub-surface void, in simulation and TEM view. The orange rectangle shows
a solidified melt splash in simulation and SEM top view. The simulation volume is (40×500×200)
nm, and was conducted by D. S. Ivanov.
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the very left bottom corner the original surface is still present, this was the edge of
the imaged aperture. From these sides where no laser light hits the sample also undamaged areas can be observed reaching in the structure, these are the parts where
the fluence in the sine function was below the damage threshold. This can also be
observed in the simulation at the side of the simulation volume where the surface is
after the 500 ps also undamaged.
In Figure 5.12 a dp = 500 nm structure at an incident fluence is shown which forms
grooves along the peak fluence in a line with sub features at the side describable as
walls, bulges, droplets. A top view SEM picture, and a cross-section are compared
to simulation, also in cross-section view at the same length scale, in Figure 5.12. In
the SEM top view in (a) and in the simulation in (c) an average incident fluence
of ∼ 250 mJcm−2 reaches the surface. In Figure 5.12(b) in the TEM cross-section
the fluence is ∼ 175 mJcm−2 and thus lower than in simulation; therefore the extent
of the groove, identified as the void with the brighter contrast, is smaller and only
about 100 nm extending in y-direction.
The above discussed features of melt splashes, in a orange rectangle are also visible
in this picture both in experiment in Figure 5.12(a) as a bright contrast from above
and in simulation in Figure 5.12(b), partly crystallized, shown from the side.
In the TEM cross-section also the bulge formation is visible, here also created most
likely by the pulled back melt of the thin walls visible in the simulation in Figure 5.12(c), here 1000 ps after pulse absorption. In this case the simulated and
experimental dimensions of the groove and the space between the grooves are well
matching.
The red rectangle in Figure 5.12(b) and (c) marks an area beneath the groove, where
a void with a size below 40 nm has formed in both simulation and TEM cross-section.
The location is below the groove from which material was expelled. An explanation
for these very small voids at this location might be the fast cooling rate of the melt.
When the fast laser induced heat expands the gold crystal, the disruption forms
small voids, visible from about a time in the simulation of t=25 ps, as shown in
the previous simulation in Figure 5.11(c). Near the bottom these few nm voids do
not have sufficient time to coalesce to one, or collapse before crystallization starts
beginning from the bulk which did not undergo sufficient energy introduction for
melting to appear. Heat dissipates by electron transport very fast in the deeper
parts of the sample. The appearance of very small voids, frozen due to fast cooling
is observed also in Figure 5.9(e), there after a simulation time of 500 ps, and there
also beneath the uplifted material.
Influence of the Interference Periodicity on the Structure Formation
At spallation conditions around ∼ 200 mJcm−2 the influence of the structure period
in experiment is discussed for dp = 270 nm and dp = 500 nm. In Figure 5.13 these
two periods are compared for two different fluence regimes, and the differences,
especially in the groove spacing and nano-feature formation, are pointed out.
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Figure 5.13 Differences in spallation - void formation at 270 nm and 500 nm, at different incident
fleuneces, SEM pictures taken in a 45 ° angle.

In Figure 5.12(a) the smaller of the two structure periods is shown at ∼ 170 mJcm−2 .
At these parameters groove formation with distinct walls and a high density of
droplets is observed, in the center of the picture. The walls are colliding in a line
along the lowest fluence of the profile. Since here a 270 nm structure is shown, the
simulation in Figure 5.11(f), shown before, is directly comparable to this structure.
In the right corner in Figure 5.12(a) the fluence was lower; therefore grooves are
partly not even opened up. When comparing this structure to the larger period
of dp = 500 nm in Figure 5.12(b) some differences can be observed. Even though
also groove formation is observed, space of undamaged surface is visible between the
grooves; the wall like features at the side of the groove are not colliding with each
other like in (a), even though the fluence in (b) is significantly higher than in (a).
When the fluence of the 500 nm structure is raised to ∼ 400 mJcm−2 also at this large
structure period the walls are colliding forming a single feature between them also
wide grooves. The walls contain material that has been laterally moved in y-direction
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and is standing higher than the original surface, as observed in Figure 5.12(d) in the
front left. The density of features at the surface seems reduced at this high fluence
which might be due to a spallation of a significant amount of melt from the grooves.
Also at the smaller structure in (c) the amount of droplets is significantly reduced
compared to (a), however the walls are not as high as in (d), and they show a more
bulge shape than a sharp thin wall like shape.
A possible explanation for these significant differences between structuring periods of
270 nm and 500 nm is that the gradient of the fluence profile is roughly twice as high
in the smaller applied fluence profile. Limiting however is the heat diffusion before
melting occurs, preventing a structure formation in a metal at these structuring
conditions. Also the induced fluence is a parameter that needs to be considered. A
limit in the minimal structure period that can be created in a metal can be defined
and is governed by the heat transport range before the uplifting process at about
20 ps starts and will be further discussed in the following section where even higher
fluences are applied.

5.2.4 Phase Explosion - Broad Melting
At an incident average fluence over the sine-shaped profile near 500 mJcm−2 the
complete sample surface is at least temporarily molten, and the material located
at the peak intensity positions undergoes phase explosion. The extent is depending
on the periodicity, here the difference between 500 and 270 nm is shown. Another
aspect is that at this fluence regime a distinct structure formation is partly hindered, which is discussed with respect to the simulated and experimentally obtained
structures shown in Figure 5.14.
It is crucial to mention that the average fluence over a sinusoidal profile in all structures in Figure 5.14(a)-(d) is about the same, the difference is that at the 270 nm
structure the positions of the peak fluence, of the sinusoidal line grating are less
spaced, increasing the influence of the effective penetration depth and the heat diffusion within the first 100 ps, overlapping the maximum melting extent. At these
high average incident fluences phase explosion is occurring in the simulation at both
periodicities in a semi circle at the surface around the peak of the incident fluence
profile shown here after 100 ps in Figure 5.14(a) and (c). In both simulations a
significant amount of single atoms are ejected from the surface, which is one criteria
of phase explosion as defined in [142]. In the 500 nm structure in Figure 5.14(c)
a semi circle is visible where voids are forming from the overheated melt, down to
∼ 80 nm of the sample, while in the top region clear signs of phase explosion are
present, indicated by the vast amount of single atoms evaporating from the surface.
For the smaller structure with dp = 270 nm the void formation is not limited to an
also present semi circle at the surface. The big difference compared to the larger periodicity is that voids are forming also at the periodic boundary, in a depth of about
100 nm shown in Figure 5.14(a). These voids can be related to a rather spallation
type ejection of material due to stress confinement, as described before for lower
fluences. Stress confinement at the sides of the simulation which is not run further
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Figure 5.14 Conditions of phase explosion in simulation in (a) and (c) and the corresponding
resulting broad melting appearing in the experiment in (b) and (d). Here a LOP is used. The
simulation, conducted by D. S. Ivanov, has a volume of (40 × y × 200), where y is 270 nm in (a)
and (b) and 500 nm in (c) and (d).

here but will eventually lead to spallation. From the simulation one could assume
that no distinct structure formation is visible at these incident fluence conditions
due to the spallation appearing along the y-axis over the complete surface. This
hypotheses is supported by the top-view shown in Figure 5.14(b) of this 270 nm
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structure, where at the fluence applied in the simulation also in experiment no periodic regular structure formation is observed. The surface shows a smooth height
variation with a variation amplitude above ∼ 1 µm, which indicated the presence
of a melting process of the surface, where not all melt was ejected from the surface. In the SEM picture a rather large area of the structured spot is shown, where
two-beam interference was applied at the surface, compared to Figure 5.3(a) where
a complete structured spot is shown. In the central part of the square no periodic
structure formation is observed. At the side of the square the fluence drops within
∼ 1 µm to zero, and the two-beam interference induced structure formation is visible in this area of decreased fluence. In that case for dp = 270 nm no structuring of
the surface is achieved and a critical threshold of fluence introduced in a small area
can be identified. A critical structure size can be observed beneath which a period
reduction does not allow a finer structuring with a high aspect ratio. In Figure 5.13
a structure formation at Finc ≈ 300 mJcm−2 is still observed, while at experiments,
which are not shown here at Finc ≈ 400 mJcm−2 the steep structure features of the
walls between the groves are partly present and partly disappeared. Considering the
fluctuation of the fluence on the sample, discussed in Section 5.1 which amounts to
10 %, a threshold for a structure formation of gold for dp = 270 nm at a wavelength
of 248 nm is concluded to be Finc ≈ 400 mJcm−2 .
For the dp = 500 nm case, homogeneous melting is observed after 100 ps at the periodic boundary in y-direction. Though temporarily the complete surface is molten,
while partly a regular variation in height can be still observed in experiment even
though the aspect ratio is reduced. The simulation suggests that the ballistic range of
the electrons is mainly determining the melting radius around the peak of the fluence
profile. At a certain periodicity most of the surface is molten and the grooves are not
becoming deeper. This structuring threshold for dp = 500 nm is at ∼ 500 mJcm−2 ,
deduced from the presence of a periodicity in Figure 5.14(d), whose features are
already partly reduced in height over the shown sample surface section, due to the
fluctuation in the beam profile mentioned above. In the beam profile here both structures and broad melting without distinct periodicity can be observed. Therefore the
applied fluence at Figure 5.14(d) of ∼ 500 mJcm−2 is assumed as the threshold value.

5.3 Discussion of the Periodic Structuring Process
The comparison of the simulations with experiment show an overall remarkable
agreement. The structure formation at different fluences is shown and the driving mechanisms are identified. In addition the influence of the structure period
is discussed. The fluence dependent ablation mechanisms are discussed using the
definition by Zhigilei et al., and a critical structuring fluence in dependence on the
structure period can be postulated for gold. For higher fluences the structuring of
gold at 248 nm above 500 mJcm−2 and at dp = 270 nm, leads to a complete sur-
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face melting and no periodic structure is observed in experiment. This presumably
is observed due to the range of the energy transport by ballistic electrons, which
exceeds half the structure period, deploying energy, within the sample to locations
on the y-axis, where no fluence was present at the surface, during absorption. For
the 500 nm structure a formation of wells still can be observed at these high fluence regime but since the surface is temporarily completely molten the stability and
thus the height of the features is reduced. Also at these high fluences the ejection
of material is to fast for coalescence to form a single void under the surface after
about 175 ps. Therefore a number of rather small voids are opened to the surface.
A structure size dependence is observed and a threshold can be identified above
which no structuring of this metal surface is achieved. For 270 nm this threshold
is at about ∼ 400 mJcm−2 while for the 500 nm this value is about the here shown
fluence of ∼ 500 mJcm−2 . To be able to describe the material behavior above these
highest fluence a description of ionized atoms would be necessary [142]. Also the
non reflective boundaries at the bottom are at its limits, therefore a thicker volume
to simulate would be required for the very high fluences.
The void formation under the surface as presented in [72], is described in detail
and extended by the influence of the structuring period in this work. Furthermore
a difference can be found in the partly opening of the voids and the location of
this opening. Coalescence leads to an average void size in the temporarily molten
gold phase. In larger periodic structures more of the voids can be found next to
each other, while a stronger confinement in space in smaller structures fixes the
void location to the center of the incident intensity profile. With a single void the
mechanism of the surface opening differs to the case were voids can be located next
to each other. At slightly higher fluences the opening of the voids is accompanied
by a wall formation at the sides and a central groove is created. These processes are
observed in experiment and match well to the results from the MD-TTM simulation.
The formation of sub-structures is an effect observed around much lower fluences
of ∼ 100 mJcm−2 at these conditions a periodicity of 125 nm can form. The aspect
ratio, between depth and period is quite low with depth of 5 nm to 125 nm. In
general more simulations are required at different parameters especially at very low
fluence to describe the precise formation mechanism of these sub-structures.
For all these different fluences the extend in x-direction (thickness of the simulated
slice) of the simulated volume needs to be enlarged even though the simulation time is
increasing linear with the extend. This enlarged volume would allow a more realistic
simulation for coalescence void and droplet formation. Also a small variation along
y-direction can be included in simulation to allow a slightly higher energy variation
to possibly favor void formation. In experiment an uplift in such a thin high wall is
seen in Figure 5.12. Polarization induced effects which are known to induce a ripple
formation in different materials might also induce small variations in the energy
deposition in the material which might finally favor the opening of a void [111, 120].
In the shown simulations a droplet formation and a pull back of melt towards the
surface was not observed, also a material transport in x-direction could not be
deduced from the simulation. A larger chosen simulation volume in x-direction
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might be able to cover these aspects. Simulation of 125, 175 and 300 mJcm−2 for
270 and 500 nm which are run to a time above 1000 ps is probably most interesting
and could allow the observation of the evolution of the effects observed in experiment
of sub structure formation, void surface opening and droplet agglomeration.
The influence of the pulse length is also of interest. In this context also the simulation
of longer pulse length of (0.4, 5, 50 )ps might be of interest. Especially when coming
closer to the the electron-phonon equilibration time or when using pulses in the
single cycle regime, effects like non-thermal melting might also occur in metals, or
effects which are directly intensity dependent, like non-linear optical response to the
electro magnetic field. Also the investigation of the difference in the mechanisms of
stress confinement and simple laser heating induced melting are in general possible
with the here described methods and could reveal interesting phenomena.
To improve the existing MD-TTM simulation as is, further aspects could be included;
the first step would be to include the dynamic reflectivity as introduced in Section 4.2
in the simulations. This would allow a comparison of the influence of the wavelength
on structuring especially to compare the UV and the IR region. When using for
instance a wavelength of 800 nm maybe sharper structures are possible due to the self
strengthening absorption behavior for high fluences at this wavelength as discussed
in Section 4, while in the IR the absorbed amount is increased in the UV the absorbed
amount at the surface is decreased during the laser induced non-equilibrium.
A dynamic gold potential, as predicted for gold under laser pulse non-equilibrium
[148], would be interesting to implement in the model and could enable to see the
effect of bond strengthening in the simulated structuring process. In the here shown
simulations at least in the maximum of the deposited fluence the treatment of gold
in a static potential is not fully realistic, due to changes of the potential by excited
electrons [149].
Further objects for studying would be for gold a varying profile in x,y direction
like a double sinusoidal function with a profile of an "egg box" in the scale of the
agglomeration distance might induce a controlled droplet formation at the point of
highest fluence when the mean distance of the droplets is met precisely.
Also an interesting aspect is the investigation of a simulated atmosphere and the
question how this effects debris formation and what are the detailed effects of an
atmosphere like standard air environment. Another change of the interface where
the absorption is taking place is by introducing a confinement layer as described
in [113] where some preliminary experimental results are shown and compared to
simulation.
The precise knowledege of the evolution of the plasma plume, the amount of atoms,
their speed, the formation of droplets and their direction of movement are aspects of
great interest for applications like pulsed laser deposition (PLD) [25, 150]. In these
techniques atoms from the plume are used for thin film growth [150]. The formation
of droplets is for the growth of a precise film hindering and strategies for avoiding
droplets are of great interest.
For further investigations the crystal structure between simulation and experiment
should match, either in experiment a (100) cut crystal could be used or in the simu-
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lation a polycrystalline structure could be implemented as starting condition. At the
grain boundary an increased electron-phonon scattering is likely, which would promote a more irregular melting and therefore probably also the process of coalescence.
The use of a single crystal would also allow a direct investigation of dislocations in
a HRTEM cross-section. Dislocation planes are visible beneath the molten area in
the simulation in this work, compare Figure 5.10, these laser induced dislocations
are used for laser shock peeing applications [151]. The introduction of dislocations
strengthen the structure of the material [152]. Laser induced dislocations planes can
also be made visible on the surface by electro polishing and are reported on copper
surfaces [153].
The voids that form beneath the surface have a perfect vacuum without vapor or
other impurities as also discussed in the collaborative work [72]. If a nano channel
could be formed with high precision beneath the surface with a diameter of about
100 nm, and could enable new applications.
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The two beam interference structuring introduced in Section 3.3 is applied on silicon
to create line shaped nanostructures. The ultrashort pulse length combined with the
wavelength of 248 nm leads to noteworthy preliminary results which are presented
in the following to motivate further investigations of this material at these specific
conditions delivered by an ultra-short KrF excimer amplifier. The effect of different
incident fluences and the polarization on the structure formation on the silicon
surface are described in following. The surface changes from low to high fluence
are manifesting by a swelling, a groove formation and at the highest fluence a wall
formation. While the effect of a polarization change by 90 ° of linearly polarized
light leads to a change of sub-structure details observable in the formed grooves
overlying the line shaped sinusoidal profile. Even though the results are in some
respect comparable to the results reported on gold which were presented in the
previous Chapter 5, the energy transport after the laser pulse illumination is based on
completely different mechanisms in a semiconductor, than in a metal, like discussed
in the previous chapters on the case of gold. For silicon, a detailed analysis of the
involved physics of energy transport and phase transitions is not given here and a
comparison to simulation was not undertaken, even though a lot could be learned
from it. The difficulty for a large scale simulation of silicon results from the direct
response of the atomic potential to laser excitation which massively changes the
silicon potential and can even lead to a direct laser induced non thermal melting
[59, 73, 154]. The involved physics of laser excitation can be well described in small
simulation cells [155]. In order to understand laser induced structure formation,
however, larger volumes with at least millions of atoms need to be described. The
main difficulty in a large scale MD-TTM is the treatment of the potential energy of
the excited atoms. MD for laser structuring in large scales only works with static
potential so far [72, 142]. Therefore, the analysis of the structure formation can be
based in the following only on the results from SEM, AFM and TEM cross-section.
While a MD-TTM is not available to this point, the TEM cross section reveal a
completely different material response to the laser pulse absorption, compared to a
metal and rises questions of their origin.
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6.1 Structuring Results
The effects of the sinusoidal line grating applied on a silicon surface are discussed
in the following and shown in Figure 6.1. The applied fluence creates effects like
surface swelling, groove formation and wall formation and will be discussed in the
sub-sections. The different applied methods allow a precise analysis of the state
after laser pulse illumination. Resulting surface modifications are observed by SEM
edge contrast and by AFM measurements revealing the height properties and height
profile information. In addition, a TEM is used to visualize the phase contrast,
where the bright contrast shows an amorphous phase and the darker contrast a
crystalline phase, revealing the sub-surface effects and phase changes. All following
experiments are conducted on silicon at a wavelength of 248 nm, a periodicity of
the line gating of ∼ 350 nm and a pulse duration of ∼ 450 fs. The pulse duration is
obtained from the single shot FROG device described in Section 3.2.

Figure 6.1 Periodic nanostructure formation on silicon at various incidence fluences, increasing
from left to right. Pictures are obtained by different analysis methods highlighting different
features of the structures.

6.1.1 Surface Swelling
In Figure 6.3 an incident fluence of 27 mJcm−2 is applied on the samples surface
in an average over the sine shaped profile in a single laser pulse. The TEM crosssection reveals that around the highest applied fluence of the sine shape the silicon
single crystal was temporarily molten and can later be observed as frozen melt, in
the amorphous phase. The resulting shape of the amorphous phase is that of a
lentil, with a deepest extend of ∼ 20 nm at the peak of the here applied fluence.
The TEM allows to distinguish between the crystalline phase and the amorphous
phase. A crystal thereby creates a diffraction pattern with a regular bright dotted
matrix in the Fourier plane from which the lattice constant can be derived. The
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10 nm

350 nm

Figure 6.2 TEM cross section of a silicon sample irradiated with Finc ≈ 27 mJcm−2 showing a
deformation of the surface.

amorphous phase creates a ring shaped diffraction pattern typical for a liquid. Both
phases can be distinguished in Figure 6.2, when selecting a part of the picture and
Fourier transforming it. By doing so, the mean distance of the amorphous phase
and the lattice constant can be determined. This can also be done with even higher
precision when using directly in the TEM an aperture to select a part of the sample
and record a picture of the corresponding Fourier plane, see Figure 3.16.

(a) single pulse with 27 mJcm−2

(b) 10 pulses with 27 mJcm−2

Figure 6.3 Atomic force microscopic recording of the surface, showing laser interference induced
height variations after single pulse (a) and 10 pulse irradiation (b).

The height sensitive AFM measurement reveals in Figure 6.3(a) that after a single
shot the surface above the amorphous lentil has raised by ∼ 1 nm, forming long
grooves. When the sample is hit multiple times with the same laser pulse fluence
the uprise of the surface is further increasing. After 10 pulses the surface has swollen
to a mean extend in the center of ∼ 2 nm. Thus a consecutive laser induced height
increase is assumed here. A connection of the phase change and the height increase would seem logical. The density of silicon in the crystalline phase is: C-Si
2.336 gcm−3 (T = 20 °C) [156]. In the amorphous phase silicon has a 1.8 ± 0.1 %
lower density than crystalline silicon. However potential based simulation would
suggest a higher density of the amorphous phase compared to the crystalline phase
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and reasons for these discrepancies are debated [156]. One possible explanation here
is that point defects change the average distance of the atoms in the amorphous
phase [157]. Also micro cracks formed under laser excitation within the amorphous
phase could explain a volume increase. Another possibility would be a frozen nonthermal melted (amorphous) Si-phase. Further investigations are needed, incorporating detailed TEM investigations and analysis of the amorphous phase, allowing to
determine changes in the mean atomic distance or the visualization of micro cracks.
In order to understand the mechanism of the energy transport in this material, also
a detailed model and a large scale simulation would be advantageous.

6.1.2 Surface Depression
At an incident average fluence of ∼ 75 mJcm−2 the sinusoidal fluence distribution at
the location of the peak fluence leads to a groove formation which can be observed
in the final structure. Here the TEM cross-section shows this example.

350 nm

Pt
Si

amorphous

crystalline

Figure 6.4 TEM cross section showing the interface between amorphous and crystalline silicon.
A surface modification within the structuring periodicity of 350 nm can be observed by the
contrast versus the protective platinum which was applied during preparation on top of the
amorphous silicon layer.

The cross-section also reveals the depth in which the sample was molten and formed
an amorphous phase during the cooling. The resulting amorphous phase exhibits
a depth of ∼ 70 nm. The depth of the depression at the deepest point is ∼ 10 nm.
The lateral extension of the depression is about ∼ 80 nm. The elevation at the side
rises to about ∼ 3 nm. These features are also well observable in Figure 6.1, for the
∼ 75 mJcm−2 case showing a depression at the location of the highest applied fluence,
a slight elevation at the sides of the depression and the original surface height.
Debris can be found on the structure and around the structured area. Indicating
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that ablation, material removal and redeposition is taking place at these incident
fluences.
It is interesting to note that the surface is completely amorphous with at least a
thickness of the above mentioned ∼ 80 nm, only below the depression, where the
highest fluence was applied during the structuring process, the amorphous phase
extends deeper. However, no crystalline phase is present at the surface, even though
at some areas approximately zero fluence was applied. Therefore, energy transport
within the material must have lead to the melting of these areas, which precedes the
amorphous phase.

6.1.3 Groove formation / Ablation
At a single shot irradiation with an average over the profile of ∼ 165 mJcm−2 a deep
groove is forming at the peak of the fluence and wells are forming at the sides. In
Figure 6.5 the amorphous phase has a brighter contrast and can be well distinguished
from the crystalline phase in the deeper part of the shown cross section of the sample.
The boundary between crystalline and amorphous phase at this fluence conditions

350 nm
10 nm

Figure 6.5

TEM cross section showing the interface between amorphous and crystalline silicon.

show a wave like shape with the period of dp = 350 nm. The deepest extent of this
phase boundary is located where the peak fluence of the line grating was applied.
At this fluence location a groove has formed, presumably due to lateral movement
of the liquid phase during the structuring process. On both sides of this observed
groove a wall like structure has formed, consisting of the bright contrast amorphous
silicon phase. In the inset shown in Figure 6.5 an inclusion can be observed within
the amorous wall like structure. A hypothesis of its origin is that at this location
of lowest irradiated energy the original surface height stayed nearly in place. It was
surrounded by liquid melt during the material restructuring process and a pocket,
presumably not filled with material, formed.
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6.1.4 Ripple/LIPPS formation
In Figure 6.6 the effect of p- and s-polarized pulses on a silicon surface is shown.
The applied fluence was ∼ 42 mJcm−2 and results using 2 and 5 consecutive pulses
41 mJcm-2
2 shots

p

42 mJcm-2
2 shots

s

700 nm

700 nm

(b) Si 2 shots 42 mJ/cm2

(a) Si 2 shots 41 mJ/cm2

41 mJcm-2
5 shots

p

42 mJcm-2
5 shots

s

700 nm

700 nm

(c) Si 5 shots 41 mJ/cm2

(d) Si 5 shots 42 mJ/cm2

Figure 6.6 Influence of polarization at multi shot structuring conditions on Si at a wavelength
of 248 nm, a pulse duration of 450 fs and a structure period of 350 nm.

are presented. After 2 shots, shown in Figure 6.6 (a), with p-polarized pulses and
(b), with s-polarized pulses, no sub-structures overlapping the introduced interference based line grating can in either of the samples be observed. After 5 pulses, each
with ∼ 42 mJcm−2 , some areas of the p-polarized sample in Figure 6.6 (c) are molten
in a rather irregular way. Some parts of the sample are comparable from its surface
structure to the 2 pulse irradiation state in Figure 6.6 (a). The s-polarized 5 shots
sample in Figure 6.6 (d) however shows a clear regular sub-structure perpendicular
to the interference induced line grating with a regular periodicity of dr = 234 nm
(determined from the SEM measurements). The periodicity dr is thus a factor 0.93
smaller than the illumination wavelength of λil. = 248 nm.
On silicon the effect of ripple formation is well described by Bonse et al. for a wavelength of 800 nm at a pulse length of 130 fs and fluence of 420 mJcm−2 and a number
of repetitions on one spot of 5 [111, 119, 120]. In Bonses work the formation of the
ripples is explained by surface plasmon polaritons [119] and a polarization orien-
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tation of the electric field component perpendicular to the period of the ripples is
described. The ripple periods are described to be typically between the illumination
wavelength λil. and 0.62λil. . In Bonses work a subsequent feed back of the surface
modification and the coupling of the surface plasmons is suggested and fits well to
the here observed difference between the samples with 2 shots and 5 shots [119].
A general aspect that need to be considered when changing the polarization of the
beam, is that the reflectivity changes of all angled reflections need to be considered,
even that of the measurement head. In addition to the angle the dielectric constant
itself can change and favor the in-coupling conditions of surface plasmon polaritons. The excitation of surface plasmons in dielectrics and semiconductors and the
influence of small laser induced nonlinear refractive index changes is described for
instance by Miyaji et al. [158].
For further experiments pre-structured surface seems an interesting route to investigate the formation and excitation of plasmons. When relating these results to the
findings on gold, it should be noted that on the gold samples in this work in the UV
under no experimental conditions an influence of the polarization or the formation
of sub structures related to plasmons could be observed. One explanation for this
is that a strong damping by bound states in the d-band suppresses the formation of
substructures, by a plasmon field damped before an oscillation occurs.
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Im Rahmen der vorliegenden Arbeit wurde der Einfluss von kurzen intensiven Laserpulsen auf Oberflächen untersucht. Dabei wurde Gold als Modellsystem ausgewählt
und dessen Eigenschaften, die sich durch ein laserinduziertes Nichtgleichgewicht
ergeben, im Detail beschrieben. Ein neues wellenlängen- und elektronentemperaturabhängiges Modell der Reflektivität wurde eingeführt. Es ermöglicht eine Beschreibung der dielektrischen Funktion von Gold unter Laseranregung. Dazu werden die
gebundenen Valenzelektronen um den Atomkern, in Zusammenarbeit mit E.S. Zijlstra, ab-initio mithilfe von DFT berechnet und die freien Elektronen mit einem
erweiterten Drude-Modell beschrieben. Das Modell berücksichtigt die Verbreiterung
und Verschiebung der Fermi-Verteilung unter Laseranregung sowie eine erhöhte
Kollisionswahrscheinlichkeit von freien Elektronen mit gebundenen Löchern. Das
Ergebnis wird an einer Reflektivitätskarte diskutiert und zeigt deutlich die Einflüsse der Elektronentemperatur für verschiedene Wellenlängen. Insbesondere die
Fermi-Verbreiterung und die erhöhte Dämpfung der freien Elektronen spiegelt sich
dabei direkt sichtbar in der Reflektivitätskarte wieder. Diese Arbeit bestätigt in
zwei unterschiedlichen experimentellen Ansätze dieses physikalische Bild. Der eine
experimentelle Ansatz basiert auf einer kompletten Simulation des Laserquellterms
eines zeitlich und räumlich gaußförmigen Laserpulses in einem Zweitemperaturmodell. Dazu wurden in Zusammenarbeit mit D.S. Ivanov ein von ihm entwickeltes
TTM modifiziert und der zeitliche und räumliche Temperaturverlauf der Elektronen
und Kerne simuliert. Dies ermöglicht einen Vergleich der im Experiment gemessenen Laserpuls Selbstreflektion mit den elektronentemperaturabhängen Ergebnissen
der simulierten Reflektivtätskarte. Bei den Wellenlängen 248 nm und 745 nm konnte
die Reflektivtätskarte validiert werden und erklärt den Anstieg der Reflektivität im
UV-Bereich sowie die Reflektivitäts-Reduktion im IR mit Zunahme der Elektronentemperatur. Um den Einfluss der Selbstreflektion zu minimieren und um das Zweitemperaturmodell des Quellterms zu vereinfachen und so einen direkteren Zugang zur
elektronentemperaturabhängen Reflektivität zu erhalten wurde zusätzlich eine neue
Messmethode eingeführt. Bei dieser Messung wird eine zeitliche Auflösung von 20 fs
realisiert und somit der Verlauf der dynamischen Reflektivitätsänderung untersuchbar. Qualitativ konnte das in der Simulation angenommene Modell der Beschreibung der Bandkante von Gold mit diesem experimentellen Aufbau bestätigt werden.
So ist die Verschiebung sowie Verbreiterung der Fermikante und die Dämpfung im
Drude-Modell auch im Experiment deutlich zu erkennen. Eine präzise quantitative
Übereinstimmung unter Verwendung der Parameter aus der Sebstreflektivitätsmessung konnte jedoch nicht erzielt werden. Des Weiteren zeigen diese Messungen, dass
bis zu einer gewissen eingetragenen Energie die Elektronentemperatur der Param-
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eter ist, der die Reflektivitätsveränderung unter Laseranregung präzise beschreiben
kann. Steigt jedoch die Intensität des Pump-Pulses über einen kritischen Wert,
treten Phänomene auf, die nicht über die Elektronentemperatur beschrieben werden
können. Ob dies durch eine direkte Intensitätsabhängigkeit in einem nichtlinearen
Prozess wie der Zwei-Photonen Absorption zu beschreiben ist, bleibt zu klären. Mit
der hier beschrieben Pump-Probe Methode kann in einem Experiment eine Bandbreite von einer Oktave abgedeckt werden und die Reflektivität für alle Spektralanteile
gleichzeitig untersucht werden, was eine Anwendung auch auf weitere Materialien
und Prozesse als vielversprechend erscheinen lässt.
Die im ersten Teil der Arbeit behandelte Beschreibung der eingetragene Energiemenge
von Laserpulsen bei der Oberflächenreflektion beziehungsweise Absorption ist ein
wichtiger Parameter für die präzise Beschreibung von Strukturierungsphänomenen,
die im zweiten Teil dieser Arbeit untersucht werden. Der Mechanismus des Energieeintrags auf Zeitskalen unterhalb von Pikosekunden ist dabei insbesondere für
die Oberflächenstrukturierung von Materialien von Interesse und stellt einen wichtigen Teil dieser Arbeit dar. In den Experimenten konnten, durch die Verwendung
von Hochenergetischen UV Kurzpulslasern und der Verwendung von Maskenprojektion, Nanostrukturen mit einer minimalen Periodizität von 270 nm erzeugt werden.
Für die Erzeugung von Sub-Strukturen und Strukturdetails konnten dabei deutlich
kleinere Größen nachgewiesen werden. Das Besondere an der Strukturuntersuchung
in dieser Arbeit, ist der direkte Vergleich von experimentellen Ergebnissen mit einer
Molekular-dynamischen Simulation. Die Verwendung von hochauflösenden Elektronenmikroskopen erlauben dabei sowohl eine Oberflächenuntersuchung von Strukturdetails mit einigen Nanometern Größe, sowie eine Querschnittansicht einer präparierten Lamelle, die eine atomare Auflösung erlaubt. Die Simulation ermöglicht es die
genauen Entstehungsprozesse von periodischen Nanostrukturen zu Verstehen, vom
Nachverfolgen der Lokalisierung des Energieeintrags, über die Entstehung der Agglomeration von Blasen aus der überhitzten Schmelze bis zum Auswurf des Materials
[72]. Die Ablation von Material kann dabei in Tropfen oder Einzel-Atomen vonstatten gehen je nach eingetragener Energiemenge innerhalb einer bestimmten Zeit. Die
Simulationen fanden dabei innerhalb einer Zusammenarbeit in einem DFG Projekt
der UNI Kassel, UNI Kaiserslautern und des Laser-Laboratoriums Göttingens e.V.
statt.
Ein Ausblick auf das Materialsystem Silizium wurde gegeben, welches im Experiment
ein sehr vielfältige Strukturierungsmechanismen aufweist, die von einer Aufwölbung,
über eine Vertiefung zu einer lateralen Verschiebung übergeht. Die realistische Simulation von Silizium in dem hier gezeigten MD-TTM weist Schwierigkeiten auf, da
das Atompotential von Silizium unter Laseranregung so dynamisch reagiert, dass
ein statisches EAM Potential wie es für Gold verwendet wird, nicht alle nötigen
Prozesse wie zum Beispiel thermisches Schmelzen in Silizium abbilden kann. Um
ein dynamisches Potenzial in einer MD Simulation verwenden zu können, müsste
die Energie der Valenzelektronen korrekt beschrieben werden. Dieses Problem ist
bisher für großskalige MD Simulation nicht vollständig gelöst [148]. Zusätzlich zur
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fluenzabhängigen Veränderung der Oberflächen-Strukturierung wurde die Polarisationsabhängigkeit untersucht. Deutliche Unterschiede in der Laserstrukturierung
sind zu erkennen, die genauen Prozesse zu deren Bildung, stellen jedoch neue herausfordernde wissenschaftliche Ansätze voraus, für die hier lediglich Ansätze genannt
werden.

Summary
Within the here presented work the influence of short intense laser pulses on surfaces is investigated. Gold is chosen as a model system and its properties under laser
induced non-equilibrium conditions are described in detail. A new wavelength and
electronic temperature dependent model for reflectivity is introduced. This model allows a description of the dielectric function of gold under laser excitation. The bound
valence electrons around the core, therefore are described ab-initio within a collaboration with E.S. Zijlstra by DFT. The free electrons in this model are described by an
extended Drude-model. The model is taking into account the broadening and shift
of the Fermi-distribution under laser excitation and an increased collision probability of the free electrons with bound holes. The results are discussed at a reflectivity
map and show the influence of the electronic temperature at different wavelengths.
Especially the Fermi-broadening and the increased damping of the free electrons are
directly visible in the reflectivity map. This physical picture is validated in two different experimental setups. The one experimental approach is based on a complete
simulation of the laser source term of a temporal and spatial Gaussian laser pulse
in a TTM. The modification of the model was developed in collaboration with D.S.
Ivanov and calculated by his TTM. This approach allows a direct comparison of the
self-reflectivity of the pulse measured in experiment with the electronic temperature
dependent results of the simulated reflectivity map. At 248 nm and 745 nm the reflectivity map could be validated in an experiment and explains the the rise of the
reflectivity in the UV and the reflectivity drop in the IR with increasing electronic
temperature. In order to minimize the influence of the self-reflection and to simplify
the TTM of the source term and to achieve a direct description of the electronic
temperature dependent reflectivity, in addition a new measurement method is introduced. This new method realizes a temporal resolution of 20 fs and allows to map
the dynamic nature of this process. The experimental setup confirmed qualitatively
the modeled description of the band edge of gold. The shift of the Fermi-level and
its broadening as well as the increased damping in the Drude-model is clearly observed in this experiment as well. However, a precise quantitative agreement was
not fully achieved when using the parameter set obtained from the self-reflectivity
measurement. The measurements show that until a certain deposited energy, the
parameter of the electronic temperature is well describing the reflectivity changes
under short pulse laser excitation. When, however, the intensity of the pump pulse
is above a critical value, phenomena become relevant which are not describable by
the electronic temperature. Whether this is completely described by an intensity
dependent effect like the two photon absorption is not answered in this work. With
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the pump-probe method described here in one experiment a octave spanning bandwidth is covered and the reflectivity for all spectral components is simultaneously
recorded which seems a promising method to investigated also other materials and
processes.
The description of the energy deposition under laser pulse reflection or absorption
in the first part of this work is an important parameter for the precise description of
structuring phenomena, which are investigated in the second part of this work. The
mechanism of the deposition of energy at timescales below ps is of special interest
for the surface structuring of materials and is an important part of this work. In
the experiment, the use of high energy UV short pulse lasers and the use of mask
projection allowed the formation of nano structures with periodicities as small as
270 nm. Structure details and sub-structures forming on top of this period showed
even significantly smaller sizes. Remarkable in this work is the direct comparison
of experimental results with molecular dynamic simulations. The use of high resolution electron microscopes allows a surface investigation of structure details with
a few nanometers in size, and a cross section view in a prepared lamellae. This
even allows an atomic resolution. The simulation helps to understand the exact
formation process of nanostructures, from the localization of the deposited energy,
to the formation of agglomerates and bubbles from the over heated melt and further
to the ejection of material [72]. The ablation of material can take place in droplets
or in single atoms, depending on the amount od deposited energy. The simulations
took place within a collaboration within a DFG Project of the UNI Kassel, UNI
Kaiserslauter and the Laser-Laboratorium Göttingen e.V.
The semiconductor silicon is also investigated experimentally and shows a divers
behavior under structuring conditions, from a buckling, to a groove formation and a
lateral material movement. The realistic simulation of silicon within the here used
MD-TTM is a difficult task, due to the dynamic nature of the silicon potential under
laser excitation. The use of a static EAM potential like used for gold can not describe
all required behavior like non-thermal effects. In order to use a dynamic potential
within a MD simulation, the energy levels of the valence electrons would need to
be described correctly. This problem is not solved for large scale MD simulations
[148]. In addition to the fluence dependent surface structuring differences, the effect
of the polarization was investigated. Significant differences in the structuring results
were observed. However, the detailed description of the involved physical processes
are new scientific challenges for which here only ideas for a possible approach are
presented.
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