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1 INTRODUCTION

1 Introduction

Femtosecond ablation is becoming of great importance in machining of micron
or sub micron structures in dielectrics[1], semiconductors[2] and metals[3]. One
of the applications in nanomachining is the creation of waveguides for light,
which can cause a non-trivial transmission profile due to the creation of surface
plasmons[4]. However, before we can study these possibilities we first need to
understand the dynamics of femtosecond ablation. Our main question will thus
be,

Which processes can accurately describe the dynamics of
femtosecond ablation on thin gold films?

Different approaches have been made to describe the processes, including the
two-temperature model[5] (TTM). The two-temperature model makes the dis-
tinction between the heating of electrons and the lattice. It assumes that light
coming from the laser is heating the electrons first, which in turn dispense their
heat to the lattice. However, the deposition of energy by the laser using an
intensity profile [6] is often too simplistic as it does not incorporate non-linear
effects due to the narrow focusing. One of the goals in this report is too find out
how the energy deposition works for narrow focusing femtosecond ablation. We
study this process by describing the process with the Finite-Difference Time-
Domain (FDTD) method[7] in combination with assuming Drude-like behaviour
of the electrons in the exited region of the sample. This method will simulate
the deposition of the laser energy, which then can be verified by performing
experiments where the self reflectivity of the laser pulses are measured. One of
the sub questions is thus,

How is self reflectivity on thin gold films effected by femtosecond laser pulses?

Once we quantified the energy deposition of the laser pulses, we consider heat
diffusion to find the spread of deposited energy over the sample. By establishing
a possible number of ablation criteria we can then simulate the geometry of the
ablated holes. Again, these results can be compared with experimental results,
where holes are ablated with a range of laser fluences.

What is the criterion for ablation with femtosecond laser pulses in thin gold
films?

As the main application of these holes is the creation of a waveguide it is useful
to study the ablated samples in a larger scope. Particularly interesting is per-
forming transmission spectroscopy over a large spectral range with holes ablated
through the entire film. In section 5 the use of a white light laser in combination
with an computer driven AOTF for high speed (µs) transmission spectroscopy
is discussed.
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2 THEORY

2 Theory

There is quite some uncertainty over the way ablation works[8]. One of the
theories proposed for dealing with the problem is the so-called two-temperature
model. The model assumes the energy to be absorbed by the electrons first,
followed by an equilibration between the electrons and the lattice. Atoms do
not directly interact with light as the atoms are too heavy.

In a semiconductor the absorption of the laser energy by a valence electron
will result in the creation of free carriers in the conduction band. Important
processes in the excitation of most semiconductors are the one- and two-photon
absorption and the impact ionization[9]. If the energy of the laser is large enough
and sufficient free carriers are created a plasma is formed and will have metal-like
behaviour.

In a metal however there are already sufficient free carriers, which means that the
laser energy will be directly absorbed by the free carriers, resulting in heating.
The difference in heat between the electrons and lattice can be expressed by its
temperatures. The diffusion of this heat, combined with the coupling between
electrons and lattice and the input of the laser energy can be described with
the two-temperature model. The model has two differential equations for the
electron (Te) and lattice (Tl) temperatures in space (~r) and time (t),

Ce
∂Te
∂t

= ∇ · (Ke(Te)∇Te)−G(Te − Tl) + S(~r, t) (2.1)

Cl
∂Tl
∂t

= ∇ · (Ke(Te)∇Te) +G(Te − Tl) (2.2)

Here, Ce and Cl are the heat capacities of the electrons and lattice, respectively,
Ke and Kl the heat conductivities of the electrons and lattice, respectively, G
the coupling term between the electrons and the lattice (phonons) and S a
source term, in our case the energy delivered by the laser.

Though the energy deposition by the laser and the electron diffusion have some
overlap in time, there is a clear distinction in speed. The ablation process can
be divided into two time regimes: the energy deposition by the laser (I) followed
by the temperature diffusion and coupling between the electrons and the lattice
(II). In the first regime, which is roughly the first 1 ps, the most significant
effect is the deposition of laser energy. During this transfer the properties of
the material will change drastically due to the rapid deposition of energy. This
happens so fast that even within the laser pulse of roughly 100 fs the material
is changing, at least under ablation conditions. In section 2.1 the principle of
FDTD is discussed to describe the process of deposition and in section 2.2 the
effect of the deposited energy on the material will be explained, causing a change
in reflectivity and possible scattering of hot electrons.
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2.1 FDTD 2 THEORY

In the second regime (1 - 100 ps) the energy deposition from the incident laser
pulse is complete and the diffusion and electron-phonon coupling become the
dominant processes. While the heat of the electrons is diffusing through the
material the electrons will also exchange heat with the lattice due to the cou-
pling, causing the lattice temperature to rise and the electron temperature to
fall. Eventually, the electrons and lattice will reach an equilibrium temperature
depending on the initial temperature difference. In section 2.3 we will see how
the diffusion and the ablation criteria affects the shape of the ablated holes.

2.1 FDTD

The problem with simulating the deposition of the laser pulse energy is that the
details of focusing a laser beam are quite complex. If the laser would not be
focused, an Gaussian intensity profile could be used to describe the energy trans-
fer (see appendix A). However, as non-linear effects will occur when focusing
sharply, the effects are to be described by Maxwell’s equations. In particular,
two equations are important: Ampère’s and Faraday’s laws,

∇× ~E = −µ0
∂ ~H

∂t
(2.3)

∇× ~H = σ ~E + ε
∂ ~E

∂t
(2.4)

These equations state that the spatial variation of the electric field ~E is depen-
dent on the time variation of the magnetizing field ~H and vice versa. Here σ
is the electrical conductivity, ε = ε0εr the permittivity and µ the permeability.
Equation 2.4 can be rewritten introducing the electrical displacement field ~D
[10],

∇× ~H =
∂ ~D

∂t
(2.5)

~D(ω) = ε0 ε
∗
r
~E(ω). (2.6)

D and E will be normalized to Gaussian units for simplicity in the formulas,

Ẽ =

√
ε0
µ0
E, (2.7)

D̃ =

√
1

ε0µ0
D. (2.8)

5



2.1 FDTD 2 THEORY

Equations 2.3, 2.5 and 2.6 will become,

∇× Ẽ = −√ε0µ0
∂ ~H

∂t
, (2.9)

∇× ~H =
√
ε0µ0

∂D̃

∂t
, (2.10)

D̃ = ε∗rẼ. (2.11)

From now on, when E and D are used, they will be in Gaussian units, unless
specified otherwise.

The D and E field are in the frequency domain, but the simulation uses time-
dependent functions thus both needs to be converted to the time domain. First,
we will find εr(t) (see equation 2.64) by Fourier transforming ε∗r to the time
domain (see appendix B.1).

ε∗r(ω) = ε∞ −
ω2
p

ω2 − iωγ

εr(t) = ε∞ +
ω2
p

γ

[
1− e−γt

]
u(t) with : (2.12)

u(t) = 0 for t < 0

u(t) = 1 for t ≥ 0

The D-field now can be converted to the time domain using εr(t) and convo-
lution. The expression will be split in three terms: the E-term, I-term and
S-term.

~D(t) = εr ∗ E(t) (2.13)

~D(t) = ε∞ ~E(t) +
ω2
p

γ
u(t) ∗ ~E(t) −

ω2
p

γ
e−γtu(t) ∗ ~E(t) (2.14)

~D(t) = ε∞ ~E(t) +
σ

ε0
u(t) ∗ ~E(t) +χ1 · γe−γtu(t) ∗ ~E(t) (2.15)

~D(t) = ε∞ ~E(t) + ~I(t) + ~S(t) (2.16)

(2.17)

Here, σ =
ω2

p

γ ε0 and χ1 = −ω2
pγ

2. The E-term (blue) remains the same after

the inverse Fourier transform. The I- (green) and S-term (yellow) however, will
not. The discrete form will become (see full derivation in appendix B.2),
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2.1 FDTD 2 THEORY

Dn = εrE
n + In + Sn (2.18)

Dn = ε∗rE
n +

σ ·∆t
ε0

En + In−1 + χ1 · γ∆tEn + eγ∆tSn−1 (2.19)

En can be expressed in terms of Dn, In−1 and Sn−1.

En =
Dn − In − e−γ∆tSn

εr + σ·∆t
ε0

+ χ1 · γ∆t
(2.20)

Where In and Sn are given by equations B.12 and B.20. Dn is a discrete D(t),
which can be calculated using Faraday’s equation (2.10), which in turn can be
calculated using Ampère’s equation 2.9.

Though the ~D-field is now discretized, this is not yet the case for the Maxwell
equations (eq. 2.9 and 2.10). Though it would be nice to do this for three
dimensions, for computation time this is too expensive. We will limit ourselves
to the 1D and 2D case,

1D

Let us recall the Maxwell equations:

∇× Ẽ = −√ε0µ0
∂ ~H

∂t
,

∇× ~H =
√
ε0µ0

∂D̃

∂t
.

The direction of propagation is ẑ and we choose ~D to be in the x-direction. ~H
will then be in the y-direction.

∂ ~Dx

∂t
= − 1
√
ε0µ0

∂Hy

∂z
(2.21)

∂ ~Hy

∂t
= − 1
√
ε0µ0

∂Ex
∂z

(2.22)

In discrete form this becomes,
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2.1 FDTD 2 THEORY

Dn = Dn−1 − ∆t

∆z

1
√
ε0µ0

[
Hn−1
y+ 1

2

−Hn−1
y− 1

2

]
(2.23)

Hn = Hn−1 − ∆t

∆z

1
√
ε0µ0

[
En−1
x+1 − En−1

y

]
(2.24)

An important aspect of FDTD simulation is that the step size in space and
time needs to be linked by the Courant Condition[10]. In this thesis the relation
between ∆t and ∆z, following the condition will be,

∆t =
∆z

2 · c
(2.25)

Note that 1√
ε0µ0

= c and equations 2.23 and 2.24 will become,

D
n+ 1

2
x = D

n− 1
2

x − 1

2

[
Hn
y+ 1

2
−Hn

y− 1
2

]
(2.26)

H
n+ 1

2
y = H

n− 1
2

y − 1

2

[
Enx+1 − Eny

]
(2.27)

2D

In the 2D we consider the fields in the yz-plane (see figure 2.1), but as the
fields are in general 3D we consider two different modes: one where there is
no magnetic field in the propagation direction, TM (Transverse Magnetic) and
one where there is no electric field in the propagation direction, TE (Transverse
Electric). Maxwell’s equations will then look like,

TM mode

∂Hx

∂t
= − 1
√
ε0µ0

(
∂Ez
∂y
− ∂Ey

∂z

)
(2.28)

∂Dy

∂t
=

1
√
ε0µ0

∂Hx

∂z
(2.29)

∂Dz

∂t
= − 1
√
ε0µ0

∂Hx

∂y
(2.30)
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2.1 FDTD 2 THEORY

Figure 2.1: 2D FDTD simulation box

In discrete form,

H
n+ 1

2
x (j, k) = H

n− 1
2

x (j, k) +
1

2

[
Enz (j +

1

2
, k)− Enz (j − 1

2
, k) −

Eny (j, k +
1

2
) + Eny (j, k − 1

2
)

]
(2.31)

D
n+ 1

2
y (j, k) = D

n− 1
2

y (j, k)− 1

2

[
Hn
x (j, k +

1

2
)−Hn

x (j, k − 1

2
)

]
(2.32)

D
n+ 1

2
z (j, k) = D

n− 1
2

z (j, k) +
1

2

[
Hn
x (j +

1

2
, k)−Hn

x (j − 1

2
, k)

]
(2.33)

(2.34)

Note that ∆y = ∆z and the Courant condition (eq. 2.25) forms the 1
2 -factor

before the brackets.
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2.1 FDTD 2 THEORY

TE mode

∂Dx

∂t
=

1
√
ε0µ0

(
∂Hz

∂y
− ∂Hy

∂z

)
(2.35)

∂Hy

∂t
= − 1
√
ε0µ0

∂Ex
∂z

(2.36)

∂Hz

∂t
=

1
√
ε0µ0

∂Ex
∂y

(2.37)

In discrete form,

D
n+ 1

2
x (j, k) = D

n− 1
2

x (j, k) +
1

2

[
Hn
z (j +

1

2
, k)−Hn

z (j − 1

2
, k) −

Hn
y (j, k +

1

2
) +Hn

y (j, k − 1

2
)

]
(2.38)

H
n+ 1

2
y (j, k) = H

n− 1
2

y (j, k)− 1

2

[
Enx (j, k +

1

2
)− Enx (j, k − 1

2
)

]
(2.39)

H
n+ 1

2
z (j, k) = H

n− 1
2

z (j, k) +
1

2

[
Enx (j +

1

2
, k)− Enx (j − 1

2
, k)

]
(2.40)

(2.41)

The result is a set of discrete functions that describe the propagation of electric
and magnetic fields. However, the electric field also interacts with the material
and creates excitation as described in section 2.2. The temperature of a material
depends on the absorbed fluences in the material (more in section 2.2) for which
the amplitude of electric field is relevant. Let us consider a monochromatic,
electric field,

E(t) = E0 cosω0t+ φ (2.42)

If we integrate the field over half an optical cycle, we can find an expression for
the amplitude and calculate it in our discrete FDTD model,
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2.1 FDTD 2 THEORY

Figure 2.2: Phase of a complex quantity

∫ T/2

0

E(t)2dt =

∫ T/2

0

E2
0 cos2 ω0t+ φdt

= E2
0

T

4
(2.43)

E0 =

√√√√2
∫ T/2

0
E2(t)dt
T
2

(2.44)

E0 =

√
2
∑T/2
n=T0

E2(n∆t)∆t

T/2
(2.45)

We are also interested in the reflectivity, which can be calculated using the
time-averaged Poynting vector,

〈S〉 =
1

2
Re
[
Ẽ0 × H̃0

∗]
(2.46)

Here Ẽ0 and H̃0 are the complex amplitude defined by the amplitude calculated
above and the complex phase,

Ẽ0 = E0e
−iφ (2.47)

H̃0 = H0e
−iφ (2.48)

However, as we do not now the phase we need a method called ‘homodyne
detection’ to extract it from the time-dependent field[11]. Again, we use an
integration over half an optical cycle,
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2.1 FDTD 2 THEORY

∫ T/2

0

E(t)e−iω0tdt =∫ T/2

0

E0 cos (ω0t+ φ)e−iω0tdt = (2.49)∫ T/2

0

E0 cos (ω0t+ φ) [cosω0t− i sinω0t] dt =∫ T/2

0

E0 cos (ω0t+ φ) cosω0tdt− i
∫ T/2

0

E0 cos (ω0t+ φ) sinω0tdt =

E0π cosφ

2ω0
+ i

E0π sinφ

2ω0
(2.50)

The phase of the complex amplitude can be extracted by taking the inverse
tangent of the imaginary part over the real part (see figure 2.2).

φ̃ = tan−1

[
sinφ

cosφ

]
= φ (2.51)

We can evaluate relation 2.49 in our FDTD simulation and use the result, a
complex number to calculate the phase. Now that we both found the amplitude
and phase we can calculate the time-averaged Poynting vector with equation
2.46[12].

〈S〉 =
1

2
Re
[
Ẽ0 × H̃0

∗]
TM mode

〈S〉 =
1

2
Re [0x̂ + Ey0ŷ + Ez0ẑ)× (H∗x0x̂ + 0ŷ + 0∗ẑ)] (2.52)

〈S〉 =
1

2
Re [−Ex0H

∗
z0] ŷ +

1

2
Re
[
Ex0H

∗
y0

]
ẑ (2.53)

TE mode

〈S〉 =
1

2
Re
[
(Ex0x̂ + 0ŷ + 0ẑ)× (0x̂ +H∗y0ŷ +H∗z0ẑ)

]
(2.54)

〈S〉 =
1

2
Re [−Ex0H

∗
z0] ŷ +

1

2
Re
[
Ex0H

∗
y0

]
ẑ (2.55)

Finally, we can use the time-average Poynting vector to calculate the fluence
by integrating it over time, both for the reflected (FR) as the incident (FI)
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2.2 Metallic properties 2 THEORY

case. Dividing the reflected fluence with the incident fluence will give you the
reflectivity,

F =

∫
〈S〉dt (2.56)

R =
FR
FI

(2.57)

In short, this subsection, we have used Maxwell’s equations to derive a set of
discrete equations that describe the propagation of fields within a medium. From
the calculated fields we can extract the fields amplitude and the phase, enabling
us to calculate the Poynting vector. This vector is then used to determine
the reflectivity, and the intensity corresponding to the electric field within the
medium.

As we are trying to simulate ablation with a single femtosecond pulse, we have
to reconcile that the material is changing during the pulse. This will cause a
change in the interaction between the fields and the medium. To know these
effects, we need to have a closer look at the metallic properties.

2.2 Metallic properties

First, let us go back to the beginning of this section. There we argued that the
temperature of the system will rise when transferring laser energy on a material.

Ce
∂Te
∂t

= ∇ · (Ke(Te)∇Te)−G(Te − Tl) + S(~r, t)

(2.58)

However, in the first regime, where the deposition of the laser energy takes place,
we ignore the coupling between the electrons and phonons and the diffusion of
the electron. The simplified equation will then be,

Ce
∂Te
∂t

= S(~r, t) (2.59)

Ce
∂Te
∂t

=
I(~r, t)

Lp
(2.60)

Here Lp is the skin depth for gold, which will be explained later. The tempera-
ture is dependent on the intensity which we can extract from the amplitude of
the electric fields,
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2.2 Metallic properties 2 THEORY

I =
1

2
nε0c |E|2 (2.61)

Here, I is the intensity, n is the refractive index of the medium, c the speed
of light and E the amplitude of the electric field. In the Drude model[13] a
rising temperature will mean that the electron will move faster and thus have a
higher change of scattering with each other. This is called damping and can be
described with the following relation,

γ =
1

τe−e
+

1

τe−l
(2.62)

where 1
τe−e

= AT 2
e and 1

τe−l
= BTl

[14] are the scattering rates for electron-

electron and electron-lattice interactions, respectively. A and B are material
specific constants and their value for gold can be found in table 2.1 (see appendix
C). The scattering rates have a influence on the heat conductivity of the electrons
Ke,

Au
A 1.18 · 107 s−1K−2

B 1.25 · 1011 s−1K−1

K0 3.18 Jm−1s−1K−1

ρΩvap 32.8 · 109 Jm−3

ε∞ 6.0
ωp 13.8 · 103 THz
ωpL 4.5 · 103 THz
ω0 4.2 · 103 THz
γL 0.9 · 103 THz

Table 2.1: Parameters for gold

Ke = BK0
Te

AT 2
e +BTl

(2.63)

With K0 the heat conductivity constant for gold found in table 2.1. We note
that this equation is only valid for temperatures between the Debye temperature
(170 K for gold), and the Fermi temperature (6.42 104 K), the limit[14]. In our
experiment and simulation the temperature is within this range.

The scattering rates have an ever larger influence on the dielectric constant.

ε∗r = ε∞ −
ω2
p

ω2 − iωγ
(2.64)
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2.3 Diffusion 2 THEORY

ε∞ is the standard dielectric constant, ωp is the plasma frequency, ω is the laser
frequency and γ the damping term described by equation 2.62. Appendix D
contains more information about the dielectric constant and its derivation.

With the general relation ε = (nR + inI)
2 it can be seen that a change in the

dielectric constant will change the refractive index of the material. This will
change the skin depth Lp which affects the deposition of the laser energy. The
skin depth reads,

Lp ≡
1

kI
=

c

ωnI
(2.65)

Here kI is the imaginary part of the wave vector and c the speed of light. Due
to the Gaussian profile of the laser beam, the incoming intensity on the surface
of the effect is not homogeneous. This effect is enhanced by the difference in
incidence angle due to focusing. In the simulation it is therefore necessary to
consider the energy deposition in the yz-plane and not just the z-direction.

As mentioned earlier, a rise in electron (and lattice) temperature will cause a
change in the reflectivity of the material. This process is so fast that the mate-
rial is changing during the pulse. When ablating a material, one can measure
the reflected fields and calculate the self-reflectivity of the laser pulse. One can
then simulate the energy deposition and calculate the self-reflectivity. If this
corresponds with experimental results, it can be assumed that the energy de-
position is simulated faithfully after which the effects of diffusion and coupling
can be examined.

2.3 Diffusion

In the second regime, realizing that in practice the depth of the film is signif-
icantly larger than the skin depth, there will be a large difference in electron
temperature between the front and back surface of the metal, causing diffu-
sion. Meanwhile, the electrons will exchange heat with the lattice causing both
temperatures to equilibrate.

This diffusion of the electron heat and resulting redistribution of the deposited
energy is essential for our ablation model as the temperature is the most impor-
tant parameter for our ablation criteria. One of these is evaporation, where the
ablation depth is given when at any time during the process the temperature
fulfils [6],

ClT + C ′e
T 2

2
≥ ρΩvap (2.66)

Here, Cl is the heat capacity of the lattice and C ′e the heat capacity coefficient
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2.3 Diffusion 2 THEORY

(Ce = C ′eT ), T said equilibrium temperature, ρ the material density and Ωvap
the mass specific enthalpy of evaporation (see table 2.1). Another criterion can
simply be when either the electrons or the phonons reach a certain temperature.
An interesting temperature is of course the melting temperature of gold (1337K).

But before we can apply these different criteria we need to know the spreading
of temperature by diffusion. To calculate the diffusion we recall equations 2.1
and 2.2,

Ce
∂Te
∂t

= ∇ · (Ke(Te)∇Te)−G(Te − Tl) + S(~r, t)

Cl
∂Tl
∂t

= ∇ · (Ke(Te)∇Te) +G(Te − Tl)

This equation can be simplified with certain assumptions. First, using FDTD
the source term S(~r, t) has already been evaluated and has been used to deter-
mine the initial condition of Te. Second, we assume that only the heat of the
electrons diffuse over the material and ignore the diffusion term in the phonon
equation,

Ce
∂Te
∂t

= ∇ · (Ke(Te)∇Te)−G(Te − Tl) (2.67)

Cl
∂Tl
∂t

= G(Te − Tl) (2.68)

The phonon equation becomes quite straight forward, but the electron equation
has the diffusion term which needs to be evaluated. In order to do this we isolate
this term and evaluate it first, after which we calculate the coupling between
the two systems,

Ce(Te)
∂Te

∂t
≡ ∇ · (Ke(Te)∇Te) (2.69)

Tn+1 = Tn +
∆t

Ce(Te)
(∇ · (Ke(Tn)∇Tn))

= Tn +
∆t

Ce(Te)
D(Tn) (2.70)

As we only discuss the 1 and 2-dimensional case, the resulting equations become
(see full derivation and boundary conditions in append E),

1D
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2.3 Diffusion 2 THEORY

D(T ) =
∂

∂z
(Ke(T )

∂

∂z
T ) (2.71)

=
1

∆z2

[
Ke(T )i+1 +Ke(T )i

2
(Ti+1 − Ti) +

Ke(T )i−1 +Ke(T )i
2

(Ti−1 − Ti)
]

(2.72)

2D

D(T ) =∇ · (Ke(T )∇ · T )

=
∂

∂x

(
Ke(T )

∂T

∂x

)
+

∂

∂y

(
Ke(T )

∂T

∂y

)
(2.73)

=
1

∆x2

[
Ke(T )i+1 +Ke(T )i

2
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2

(Ti−1 − Ti)
]
+ (2.74)

1

∆y2

[
Ke(T )j+1 +Ke(T )j

2
(Tj+1 − Tj) +

Ke(T )j−1 +Ke(T )j
2

(Tj−1 − Tj)
]

(2.75)

Finally, we identified the potential significant processes for ablation. We as-
sume energy of the laser is deposited onto the electrons for heating which can
be described by FDTD. During the deposition the material is changing during
the pulse, which can be described by the Drude model. The heat of the elec-
trons is diffused over the material and coupled with the lattice. The resulting
temperatures can be used for criteria for ablation.

We can now perform experiments, run our simulations and compare both results.
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3 Experimental setup

Figure 3.1: Schematic view of setup

The heart of the ablation setup is the Ti:Saph laser, delivering 126fs pulses
of 800 nm light with a repetition rate of upto 1 kHz (1). The pulse is then
focussed through a pinhole to clean the beam (2) and adopts a nice Gaussian
profile. Subsequently, it passes through two sets of a λ/2 wave plate and a
polarizing beam splitter (3 + 4). As the polarizing beam splitter reflects the
S-polarized light to a beam dump, the wave plate can control the intensity (P-
polarized) light. The first combination is manually controlled and is used for
coarse control of the energy input to the setup. The second combination is
computer-automated and is used to adjust the energy during the experiment.

The beam is subsequently send through another pinhole to clean the beam after
which it is splitted by a beam splitter. The first beam goes to the microscopic
objective (5) with an NA of 0.8, which tightly focuses the beam onto a sample (6)
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of gold (Au). This is were the actual ablation is done. The sample is mounted
on a stage (7) that can be moved and tilted in all three dimensions. The
reflected beam from the sample is then send to a CCD camera for monitoring
and measuring the reflectivity in-situ. The second beam goes straight through
the beam splitter and is used to calibrate how much much power is incident on
the sample. The beam is therefore splitted again into two, one going to a power
meter and one going to a photo diode. The power meter is used to measure
the power, but as we need to measure the energy of each single shot we use the
photo diode. The diode is connected to an integrator for precise measuring of
the pulse energy. Finally, we calibrate the diode to the power meter.

The ablation experiment has two aspects. First, we study the effect of various
fluences on the size and shape of the hole. This will be done by shooting an
array of 10x10 holes, each shot with a single pulse by adjusting the laser fre-
quency to 1 Hz. For each hole the automated wave plate is rotated to control
the incoming fluence. Secondly, we will study the effects in case of overlapping
holes by decreasing the intermediate distance and find the limit for indepen-
dent holes. Unfortunately, during this experiment, the translation stage in the
vertical direction broke down, limiting us to shoot the holes over a line only.

List 3.1: Apparatus used in the ablation setup

1. Ti:Saphire laser (Hurricane, Spectral Physics). 126 fs pulse laser
of 800 nm light with a (changeable) repetition rate of upto 1 kHz.
The laser is used to ablate thin films of semiconductors or (in this
experiment) metals.

2. Pinhole, inserted in between two positive lenses. This combination
is used as a spatial filter to clean the beam from noise.

3. λ/2-waveplate. This plate is used to rotate the polarization of the
light. In combination with a polarizing beam splitter it can be used
to couple out laser light from the setup.

4. Polarizing beam splitter. S-polarized light is reflected, P-polarized
light is passed through. In combination with the λ/2-waveplate it
can be used to extract energy from the setup.

5. Microscopic objective. Nikon (CFI160, 100x) with an NA of 0.8

6. Sample. Thin film on glass (in this experiment either 150nm or
400nm) of gold (Au).

7. Translation stage, Zaber Technology (T-LSM025A). Range of 25 mm,
with an accury of 0.04 µm. Motion can be regulated manually and
computer automated.

8. CCD camera. Qimaging RETIGA 1300. The camera is used to
analyze the reflection from the sample for alignment and focussing.
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3 EXPERIMENTAL SETUP

9. Power meter. The meter is used to measure the power coming from
the laser. During the experiment the meter is not used as its inte-
gration time is too slow to measure single shot pulses but calibrates
the photo diode.

10. Photo diode. The diode measures the energy of single shot pulses.
As the output is in arbitrary units it needs the power meter to be
calibrated to.

11. Neutral Density (ND) filters. Ranging from a transmission of 0.001
to 0.5.

12. Atomic force microscope (Digital Instruments).
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4 Results

(a) AFM image of the 150 nm gold film (b) AFM image of the 400 nm gold film

Figure 4.1: AFM images for ablation experiments

The first part that we address is the energy deposition which is simulated by the
FDTD method, accessible in the experiment by examining the self reflectivity.
By measuring the self reflectivity, we get a better grasp how much energy has
been deposited in the material. Bear in mind, the energy not reflected by the
material does not need to be absorbed completely as there is also the possibility
of scattering on the induced plasma.

The second part we will address is the actual ablation of the holes. By studying
the geometry of the holes, we can try to understand how the energy has moved
through the material. In this report we will focus on the depth and the width,
including the case of overlapping holes.

Finally, it is useful to keep in mind that an important application of making
such hole arrays is the guidance of light. Transmission spectroscopy is a very
important method to study the usability of these holes as wave guides. Spec-
troscopy has not been applied yet for this report, but the method has been
tested with a combination of a white light laser and an AOTF. More about this
experiment can be found in section 5.

4.1 Self reflectivity

First, we examine the self reflectivity. The energy of each laser pulse is measured
and calibrated with a photo diode. Furthermore, the reflection of the sample is
observed and measured by the CCD camera. For low intensities, below ablation
threshold, the reflectivity of gold is 0.975 and is used for calibration. In our
experiment ablation has been performed on 150 nm and 400 nm gold films
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Figure 4.2: Self reflectivity of single shot experiments and simulations as a function of
the fluence. The light pulses are 126 fs long and have a wavelength of 800 nm. The
experiments have been performed on gold films of 150 nm (blue circles) and 400 nm
(green squares). In the simulations a 400 nm film is used, both for 1D (red triangles)
and 2D (red diamonds).

(see figure 4.2). With increasing fluence both films show a steady decrease in
reflectivity.

For the simulations we calculated the reflectivity by running the model twice,
once with the metal film in place and once just in air. By subtracting the
results we obtain the calculated reflected fields. This can then be divided by
the fields in the air run, which gives you the reflectivity (see figure 4.2). When we
examine the results we find a significant difference in the 1D and 2D simulation.
This is expected from the fact that for 1D we determine the reflectivity at the
center of the pulse. Here, the fluence on the surface is highest, which causes a
larger change in the metallic properties and resulting in a lower reflectivity. We
can conclude that the 1D simulation is not realistic and will therefore not be
mentioned in the morphology section.

In the 2D case, we account for the entire width of the pulse where at the edges
the fluence is much smaller. This causes a smaller change on the reflectivity,
resulting in overall higher reflectivity over the whole width. Of course, this is a
more realistic comparison to our experiment.

The 2D simulation is partly in good agreement with the experiments. However,
where the experiment has a linear dependency on the fluence, the simulation
shows a dip in the self reflectivity. We note that the FDTD was calibrated
with vanishing fluences and compared with theoretical reflectivity (see figure
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(a) Reflectivity as a function of permittivity
of the material.

(b) Reflectivity as a function of temperature
of the material.

Figure 4.3: Reflection simulations where the pulses do not interact with the material.

4.3). One can see that the simulations faithfully match the theory, suggesting
that our FDTD works and that deviations of the calculated results with the
experiments is most likely due to too simple assumptions about the interaction
process.

It could be that diffusion does play a significant part during the deposition of
the laser energy. For low fluences the difference is hardly noticeable, but for
larger fluences the build-up of heat of the electrons, due to the lack of diffusion,
could account for an overestimate in the change of self reflectivity. If diffusion
is taken in account the heat of the electrons would be diffused into the material,
causing lower temperatures and thus less of change in the self reflectivity.

Another option could be that the absorbed energy is not completely used for
heating. The conversion from intensity to temperature (see equation 2.60) is
then too high and only a fraction of the intensity should be converted.

4.2 Morphology

We will now address the geometry of the holes, in particular the depth of the
holes. For this we need to discuss the different criteria for our simulations and
decide which ones are the most appropriate. Four criteria have been compared
which each other: first we have evaporation (see equation 2.66) and melting,
where with the latter the lattice temperature exceeds the melting temperature
of gold. Second, we examined how defining a minimum electron temperature
as a criterion for ablation compares to evaporation and melting (see figure 4.4).
We find that the depths with criteria for criteria with an high and low electron
temperature is largely the same for evaporation and melting depths, respectively.
The first observation follows from the evaporation equation (see equation 2.66)
as for larger fluences the electron temperature is much higher than the lattice
temperature and is therefore dominant.
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Figure 4.4: Depth measurements by simulations as a function of the fluence for different
ablation criteria: evaporation (blue circles), low electron temperatures (green squares),
high electron temperatures (red triangles) and the lattice at melting temperature (red
diamonds).

The depths with melting and low electron temperature criteria become similar
starting at a depth of 250 nm. This could be explained that in our simulations
from this point electrons are solely heated due to the diffusion and not by
deposition of the laser energy as well. The temperature differences become
smaller, causing the heat conductivities to become constant. This means that
heat diffuses through the material with a constant speed, which explains why
the ablation depth goes linear with fluence when diffusion is the only active
energy transport. Before the 250 nm point the electrons are heated during the
energy deposition to such a level that without diffusion it would already heat
the atoms enough for ablation. This causes the change in depth between the
scenario’s with the two different criteria.

When looking at the experiments, we see that for the threshold for both depths
ablation is around 1.1 J/cm2 (see 4.5; 150 nm: blue circles, 400 nm: green
squares). Both films show a linear increase in depth with increasing fluence,
which is caused by diffusion. One can see that the ablation threshold of the
simulation with the melting and low electron temperature criterion is much too
low. Furthermore, the slopes with these two criteria are much too flat slope
compared to the experiments. The melting temperature seems to best the best
option from the four as the shape and slope is quite similar to the experiments.
However, it still has a low threshold (0.5 J/cm2) to 1.1 J/cm2 for the 150 and
400 nm film in the experiments (red diamonds). However, the difference with
the experiments is consistent with the reflectivity. Lower reflectivity means
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Figure 4.5: Depth measurements by an AFM of single shot experiments and simulations
as a function of the fluence. The light pulses are 126 fs long and have a wavelength of
800 nm. The experiments have been performed on gold films of 150 nm (blue circles)
and 400 nm (green squares). In the simulations a 400 nm film is used, both for 1D (red
triangles) and 2D (red diamonds).

that more energy energy is absorbed, causing a lower threshold for the same
fluence. In fact, when correcting the results of the model with a factor of
roughly 1.6 to the fluence, we find that the simulations with a melting criterion
fits the experiments quite well (red triangles). This indicates that we might
oversimplified or ignored a significant process. Before we go deeper into these
possibilities, we first will look at the diameter of the holes.

The next geometry parameter we will discuss is the diameter of holes. First,
we will again compare the simulation results for different criteria (see figure
4.6). Again, the evaporation and high electron temperature criteria virtually
coincide, though widths for the the electron temperature criterion has a small
positive offset. It is notable that the melting temperature criteria follows the
same behaviour, where with the depth its slope was much steeper. This can
be explained if the temperature of the lattice increases faster in depth than
in width. As diffusion of the lattice temperature was neglected the heating of
the lattice can only caused by electron diffusion and subsequently the coupling
between electrons and phonons. This would mean that the heat of the electrons
would diffuse faster in depth than in width which can be explained by the fact
that at the surface the surroundings are heated as well, causing the largest
gradient to be into the material.

If we compare the simulations with the experiments it is not surprising that the
simulation already has a width at a lower threshold as this was the case with
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Figure 4.6: Diameter measurements by simulations as a function of the fluence for dif-
ferent ablation criteria: evaporation (blue circles), low electron temperatures (green
squares), high electron temperatures (red triangles) and the lattice at melting tempera-
ture (red diamonds).

Figure 4.7: Diameter measurements by an AFM of single shot experiments and simula-
tions as a function of the fluence. The light pulses are 126 fs long and have a wavelength
of 800 nm. The experiments have been performed on gold films of 150 nm (blue circles)
and 400 nm (green squares). In the 2D simulations (red diamonds) a 400 nm film is
used.
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Figure 4.8: Overlap by an AFM of single shot experiments and simulations as a function
of the fluence. The light pulses are 126 fs long and have a wavelength of 800 nm. The
experiments have been performed twice (triangles up and down) on gold films of 150 nm
for a number of fluences. In the 2D simulations a 400 nm film is used and we compare
the experiment to the criteria discussed in figure 4.6

the depth (see figure 4.7). However, like in the simulations we see for the 400
nm film that the slope is gradually become shallower which we did not see with
the depth. This could mean that diffusion has indeed a preference to go deeper.

Like with the depths of the holes, the simulation are off with a factor of roughly
1.6. When corrected, the results fit quite nicely with the experiments, strength-
ening our assumption that we neglected a significant process. In the self reflec-
tivity section (section 4.1) we already discussed the possibility of the neglected
diffusion during deposition and the intensity-absorption ratio. Both processes
could explain the factor we found examining the depths and widths. Both
reduces the maximum temperature the material has at every given location,
causing the ablation threshold to become higher.

Finally, we will look at another experiment we did, where we studied the overlap
between individual holes on the 150 nm film. For this experiment we ablated
a line of holes where the intermediate distance decreases linearly from 1 µm to
0.02 µm in 20 equal steps (see appendix F for the AFM images and profiles).
We did this routine for a number of fluences. The criteria for overlap was if the
rims of the holes would cross each other. We then measure the size of the crater
consisting of all the overlapping holes.

When we look at the results (see figure 4.8), we can see that the model follow the
experimental results quite well. This is quite strange as the ablation threshold

27



4.2 Morphology 4 RESULTS

suddenly is 0.5 J/cm2 while before this was much higher (1.1 J/cm2).

It should be noted that in retrospect the accuracy at which the stages move
is too low for this experiment. To distinguish overlap we need to be able to
accurately move the stage less than 1 µm, while the accuracy of the stage is
only 4 µm. One could already see in figure 4.1 that the holes are roughly
aligned but can differ from their supposed position with a too high uncertainty.
This means that the results in figure 4.8 are not reliable and cannot be used to
draw conclusions from.

28



5 TRANSMISSION SPECTROSCOPY

5 Transmission spectroscopy

In our setup we have the option to perform transmission spectroscopy with
the beam of a white light femtosecond laser. The white light laser is used
in combination with a so-called Acoustic Optical Tunable Filter (AOTF) to
filter specific wavelengths for the spectroscopy, while keeping the beam profile
and direction constant. The reason a narrow bandwidth is used is not only to
enhance the spectral resolution, but is also required to reduce the power of the
probe beam and prevent damaging of the sample.

The special advantage of an AOTF to filter the light is that an AOTF works
electronically and can therefore scan much faster than a mechanical device (e.g.
a diffracting prism). The high-speed performance allows for a quick measure-
ment of the transmission over the entire spectrum and reduces fluctuations of
the setup as much as possible.

5.1 Theory

An AOTF uses travelling sound waves in a crystal to create changes in refractive
index (in the order of 10−8 to 10−5). Incoming photons will interact with these
perturbations and diffract accordingly. In order to properly describe the effect
light will be described in wave vectors,

|k| = ωn

c
(photons) (5.1)

|k| = 2πf

Va
(phonons) (5.2)

Here, ω is the frequency of the light, n the refractive index of the medium, c
the speed of light, f the frequency of the sound wave and Va the speed of the
sound wave. Interacting fields have to apply to the k-matching condition [15],

~ki + ~ka = ~kd (5.3)

Since the light frequency is virtually constant as the sound waves have a much
smaller frequency, the wave vector will be constant. In a wave vector diagram
the wave vectors are indicated with vector arrows and one can easily see that
an incoming wave vector can only point from the origin to a semicircle, also
called the dispersion surface (see figure 5.9). This surface represents the wave
vector light will have when encountering a certain refractive index. The same
restriction goes for the out coming, diffracted wave vector. Thus, wave vectors
have to apply to both the k-matching condition as the dispersion restriction.
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Figure 5.9: (Left) Principle of acousto-optic filtering: light is diffracted by a moving
diffraction grating that is generated with acoustic perturbations. (Right) Interaction of
acoustic waves with optical waves in wave vector space. The black circle is a dispersion
surface for light of a particular wavelength. If light is incident under an angle Ψ, the
incoming wave vector (ki) couples to the diffracted wave vector (kd) due to interaction
(addition) with the acoustic wave vector (ka). A momentum mismatch (∆k) occurs if
light is incident under an angle other than Ψ.[16]

This means that only a specific ka can cause a diffracted kd. Other wave vectors
would cause a mismatch ∆k and therefore no diffraction occurs.

Moreover, the crystal in an AOTF is birefringent causing another effect. The
speed of photons in birefringent materials depends on the polarization of the
light, due to the anisotropy (directional dependence) of the material. Anisotropy
can be caused by the manner in which molecules are lined up or by the construc-
tion of the crystal lattice. In uni-axial materials there is a single anisotropy axis,
causing ordinary and extra-ordinary rays: polarizations perpendicular and par-
allel to the anisotropy axis, respectively. Extra-ordinary rays encounter a larger
refractive index (thus an shorter wave vector) along the axis of anisotropy, caus-
ing an elliptical dispersion surface (see figure 5.10).

The wave vector of the sound wave can cause the polarization of the incoming
light to change from ordinary to extra-ordinary. As the wave vector difference
between polarizations is different per wavelength, one can tune the out coming
wavelength by tuning the frequency of the sound wave while keeping the same
beam direction and profile. Moreover, the polarization of the out coming wave
vector will be extra-ordinary.

5.2 Setup

List 5.1: Items used in the ablation setup

1. White light laser, NKT Photonics SuperK Extreme EXR-4
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Figure 5.10: Wave vector diagrams for interaction of light and acoustics in a birefringent
medium. Wave vectors and dispersion curves for blue light (large blue arrows and circle)
and red light (small red arrows and circle) are shown. Since the medium is anisotropic
(no < ne) ordinary polarized light (solid curves) and extra-ordinary polarized light
(dashed curves, ellipsoidal) have different dispersion curves; light polarized parallel to
the axis of anisotropy (ẑ) encounters a larger refractive index, and therefore, a smaller
wave vector. Incident light (ki) interacts with an acoustic wave (ka, green arrow) upon
a polarization rotation and diffracts into kd. K-vector matching for blue light requires a
different length of the acoustic wave vector than for red light.[16]

Figure 5.11: Schematic view of the AOTF calibration setup
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2. Polarizing beam splitter.

3. AOTF crystal, Crystal Technology (PCAOM NIR 1). Acoustic fre-
quency range: 48-86 MHz, Wavelength range: 640-1100 nm.

4. Spectrometer, Ocean Optics (HR2000CG UV-NIR). Connected to a
200 µm fiber (UV-VIS High OH content, 300-1100 nm) for analysis
of the laser spectrum.

5. Neutral Density (ND) filters. Ranging from a transmission of 0.001
to 0.5.

6. DNS board, National Instruments.

7. NIDAQ board, National Instruments.

In the setup for the AOTF calibration experiment (see figure 5.11) the white
light laser is first send through a polarizing beam splitter to polarize the light.
The beam then traverses to the AOTF where a diffraction pattern is created
(see section 5.1) where the 1st order is send straight through, while the 0th is
deflected with an angle to a beam dump. Normally, this is the other way around
but the crystal is cut in such a fashion that the 0th is refracted under an angle.
The first-order beam is then send to the sample for analysis. The AOTF is
powered by the AOM driver, which provides an RF power at the desired acoustic
frequency. The driver is connected to a DNS board for computer automated
control and a NIDAQ board to create a delay for the RF power. The purpose
of the delay is explained in section 5.3.

5.3 Results

As discussed before, the advantage of using an AOTF for wavelength specific
transmission spectroscopy is the speed at which it can sweep through a spec-
trum. We have to make sure that the wavelengths are indeed selected by the
AOTF at the time we believe it to be. For this we first check which wavelength
corresponds to which frequency of the sound wave in the AOTF. This is done by
measuring the spectrum of the laser for a range of different AOTF frequencies.
From the manufacturer we know that the relation between the AOTF frequency
and the outgoing wavelength is a 4th degree polynomial which we can use as a
gauge (see figure 5.12).

We now know when we send a known frequency at a given time to the AOTF
what wavelength should be emitted at that time. In order to check this we will do
an sweep through the spectrum by rapidly changing the AOTF driver frequency
but will feed the AOTF only a short pulse of RF power after a specified delay
(see figure 5.13). This means that for a certain delay only a narrow range of
wavelengths will be sent from the AOTF (the wavelengths on the blue line within
the green pulse). We then analyse the out coming light with a spectrometer (see
figure 5.14). Our prediction corresponds very well with our measured data which
indicates that the AOTF is working as we thought it would.
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Figure 5.12: Spectra for different AOTF frequencies. The blue points are the measured
wavelengths for each AOTF frequency, the red line is the fit with a goodness of χ2 =
0.008274

Figure 5.13: Sketch of sending a peak pulse of RF power for a known delay. While
sweeping through the spectrum over time (blue line), the AOTF only gets a RF power
after a certain delay (green) resulting in only a small range of wavelengths being emitted.
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Figure 5.14: Wavelength emitted after a certain time. The blue points are the wave-
lengths measured after a known delay. The red line is the prediction as we know which
frequencies (converted to wavelengths with relation from figure 5.12) corresponds to
which delay.

Unfortunately, we were yet not able to create suitable samples with laser abla-
tion to check the optical transmission of these samples with the present setup.
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6 Conclusion

In this report we discussed the energy deposition and spread of femtosecond
laser ablation on thin gold films. Our main questions was how the dynamics
of femtosecond ablation on thin gold films can be accurately described. Our
hypotheses was that the two-temperature model could be a likely candidate.
We compared the model with the experimental results on two different aspect
of the process, self reflectivity and the geometry of the ablated holes.

When we look at the self reflectivity we see that the model is in rather good
agreement with the experiments. It shows the same descent in self reflectivity
within a range of fluences, though it descends a bit too fast for large fluences.
This can be explained by the sharp separation of the heat diffusion, causing too
high of a build-up of heat during the energy deposition and thus an overestimate
of the drop in self reflectivity.

This small mismatch has of course its effect on the geometry of the ablated
holes. The fluence threshold in the model is much lower than in the experiments,
however the order of magnitude in depth and the rate of ablation is quite similar.
The model is actually off with a factor of around 1.6, suggesting that we missed
or simplified an significant process. The lack of diffusion during the energy
deposition could be an explanation, but it can also be that we overestimate the
transfer between the intensity of the electric fields and the absorbed energy. It
is certainly worth while to have a closer look at the effects of these processes.

A different study of femtosecond ablation is the suitability of the holes as a
light wave guide. Transmission spectroscopy is an important tool the establish
this and therefore we studied the possibility of using a white light laser with
an AOTF. It shows that an AOTF is very suitable for switching between wave-
lengths in a very short time frame (µs). This feature is rather useful to diminish
the variation in pulse energy of the laser.
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8 Appendix

A Laser fluence

When dealing with the laser pulse as a simple intensity profile, the laser pulse
is described by:

S(z, t) = I0(1−R)L−1
p exp(−z/Lp)exp(−(t− t0)2/2σ2)exp(−2(r − r0)2/rL)

(A.1)

The term consists of the peak intensity I0, dependent on the laser fluence F
and pulse duration τL by I0 = F/τL(

√
π/4ln(2)). This intensity is absorbed,

scattered or transmitted to a skindepth Lp. The skindepth also specifies the
logarithmic decay in the z-direction. The third term is describing the Gaussian
time-dependence profile of the laser input with pulse duration τL (Full Width at
Half-Maximum(FWHM)) resulting in σ = τL/

√
8ln(2). Finally, the last term

described the Gaussian radial profile of the laser with a pulse width of rL.

To find an expression for the fluence F as function of the intensity I(t), we
integrate the intensity (which is a gaussian) over time. When we integrate over
time using the the FWHM pulse duration τL (see equation A.2) and integrate
over space using the general gaussian expression (see equation A.3) we can also
find the expression for σ as described in equation A.1.

F =

∫
I(t)dt

F =

∫
I0exp(− log 2

t2

( 1
2τL)2

)dt (A.2)

F =

√
π

4 log 2
τLI0

F =

∫
I(t)dt

F =

∫
I0exp(

−t2

2σ2
)dt (A.3)

F =
√

2πσI0

σ =
τL√

8 log 2
(A.4)
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B FDTD

B.1 Residual integration

χ(t) =
1

2π

∫ ∞
−∞

dωχ(ω)eiωt (B.1)

χ(t) =
−ω2

p

2π

∫ ∞
−∞

dω
eiωt

ω(ω − iγ)
(B.2)

(a) ω = 0 (b) ω = iγ

Figure B.1: Contour integration around the two poles ω = 0 (a) and ω = iγ (b)

This integral can be solved by the residue theorom, where there are two poles:
ω = 0 and ω = iγ (see also figure B.1).

χ(t) =
−ω2

p

2π
2πi Res

[
eiωt

ω(ω − iγ)

]
(B.3)

χ(t) =
−ω2

p

2π
2πi

[
eiωt

ω − iγ

∣∣∣∣
ω=0

+
eiωt

ω

∣∣∣∣
ω=iγ

]
(B.4)

χ(t) =
ω2
p

γ

[
1− e−γt

]
u(t) (B.5)

Mind the u(t) at the end of χ(t). This is the block function, which is 0 for t < 0
and 1 for t ≥ 0, and is used to define t = 0 as the beginning of the simulation
as it is assumed that there are no functions before.
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B.2 I and S

~D(t) = ε∞ ~E(t) + ~I(t) + ~S(t) (B.6)

I(t) =
σ

ε0
u(t) ∗ ~E(t) (B.7)

I(t) =
σ

ε0

∫ t

0

E(t′) · dt′ (B.8)

In =
σ ·∆t
ε0

n∑
i=0

Ei (B.9)

=
σ ·∆t
ε0

En +
n−1∑
i=0

Ei (B.10)

=
σ ·∆t
ε0

En +
σ ·∆t
ε0

En−1 (B.11)

=
σ ·∆t
ε0

En + In−1 (B.12)

The integral has a lower boundary of 0 due to the block function. When dis-
cretized we can express the term in En and its previous value In−1. This will
become useful in a moment, but first the S-term needs to be converted.

S(t) = χ1 · γe−γtu(t) ∗ ~E(t) (B.13)

S(t) = χ1 · γ
∫ t

0

e−γ(t−t′)E(t′) · dt′ (B.14)

Sn = χ1 · γ∆t

n∑
i=0

e−∆tγ(n−i)Ei (B.15)

Sn = χ1 · γ∆t

[
En +

n−1∑
i=0

e−∆tγ(n−i)Ei

]
(B.16)

Here u(t) again causes the lower boundary of 0. When discretized En is split
off again, leaving a sum notation from 0 tot n− 1. The discretized function Sn

can also be filled in for n− 1, replacing n with n− 1 in equation B.15.
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C DAMPING COLLISIONS

Sn−1 = χ1 · γ∆t

n−1∑
i=0

e−∆tγ(n−1−i)Ei (B.17)

Sn−1 = χ1 · γ∆t eγ∆t
n−1∑
i=0

e−∆tγ(n−i)Ei (B.18)

(B.19)

Equation B.18 can be used to express Sn in terms of its previous value Sn−1 in
equation B.16.

Sn = χ1 · γ∆tEn + e−γ∆tSn−1 (B.20)

Now all the terms from equation 2.15 are known in discretized form and can be
filled in,

Dn = εrE
n + In + Sn (B.21)

Dn = ε∗rE
n +

σ ·∆t
ε0

En + In−1 + χ1 · γ∆tEn + eγ∆tSn−1 (B.22)

C Damping collisions

At low temperature (but still above the Debye temperature) the electron-phonon
collision dominates whereas at high temperature (but below the Fermi tempera-
ture) the electron-electron collisions dominate[14]. The first can can be described
by:

1

τe−e
=

1

3
v2
FCeWe−e = AT 2 (C.1)

where vF is the Fermi velocity, Ce the heat capacity and We−e is the thermal
resistivity. The electron-phonon collision frequency can be described by:

1

τe−ph
=
ρ(T )nee

2

m
= BT (C.2)

where ρ is the electronic resistivity, ne the electron density, e the electron charge
and m the effective electron mass. Constants A and B can be found in table
2.1[14].
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D DIELECTRIC CONSTANT

D Dielectric constant

The motion of an electron can be described by applying Newton’s law, resulting
in the following motion equation:

mer̈ = −eE(t)− γmeṙ (D.1)

Here, the general force (me is the electron mass) consist of the electric force (e
is the charge of the electron and E(t) the electric field) and the damping force
(γ is the damping constant). To solve this equation, we need a sample solution
and a description of E(t) which generally are both given in the form of:

r(t) = r0e
iωt (D.2)

E(t) = E0e
iωt (D.3)

Note that many physicists use the alternative form e−iωt. In this thesis the
‘engineering’ method is used with a positive sign. Filling in the sample solution
and E(t) gives you the motion of the electron. This can be than used to calculate
the polarization P .

r(ω, t) =
e

me

1

ω2 − iωγ
E0e

iωt (D.4)

P (t) = −Ner(t) (D.5)

P (ω, t) = −Ne
2

me

1

ω2 − iωγ
E0e

iωt (D.6)

The polarization can also be given by the electric field (E) and the electrical
susceptibility (χ).

P (t) = ε0χE(t) (D.7)

χ(ω) =
P (ω, t)

ε0E(t)
(D.8)

χ(ω) = − Ne2

ε0me

1

ω2 − iγω
(D.9)

χ(ω) = −
ω2
p

ω2 − iγω
(D.10)

41



D DIELECTRIC CONSTANT

χ is now given in the frequency domain and can be converted to the time domain
with Fourier transform.

In some cases the dielectric constant also consists of a Lorentz term, expanding
the equation to:

ε∗r = ε∞ −
ω2
p

ω2 − iωγ
+

ω2
p0

ω2
0 − ω2 − iγ0ω

(D.11)

The parameters are dependent on the material and can be found in table 2.1.
The parameters are fitted with experimental data and are based on the Drude-
Sommerfeld theory combined with interband transitions [17].

The dielectric constant can also be described by:

εD =(nR + inI)
2 (D.12)

εD =n2
R − n2

I + i 2nRnI

If we equalize the real part of εD to n2
R − n2

I and the imaginary part to 2nRnI ,
we can find an expression for nR and nI .

nR =

√
α+

√
α2 + β2

2
(D.13)

nI =
β√

2(α+
√
α2 + β2)

(D.14)

Now, we can use these parts of the refractive index to calculate the reflectivity
R and skindepth Lp.

However, there are also non-linear processes to consider. The extra term can be
described by (citaat!):

ε2 =
3

4
χ(3)E2 (D.15)

E =

√
2I

nε0c
(D.16)

Here, χ(3) is the non-linear coefficient and E the electric field inside the material.
E is related to the intensity of the pulse I, the refractive index (assuming just
ε1) and the speed of light c.
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E DIFFUSION

(a) Incoming intensity of the laser pulse (b) Reflectivity due to linear effect

(c) Reflectivity due to non-linear effect (d) Reflectivity due to combined linear and
non-linear effect

Figure D.0: Non-linearity in reflectivity

E Diffusion

Ce(Te)
∂Te

∂t
≡ ∇ · (Ke(Te)∇Te) (E.1)

Tn+1 = Tn +
∆t

Ce(Te)
(∇ · (Ke(Tn)∇Tn))

= Tn +
∆t

Ce(Te)
D(Tn) (E.2)

1D
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E DIFFUSION

D(T ) =
∂

∂z
(Ke(T )

∂

∂z
T ) (E.3)

D(Ti) =
1

∆z

[
(Ke(T )

∂

∂z
T )i+ 1

2
− (Ke(T )

∂

∂z
T )i− 1

2

]
=

1

∆z

[
(Ke(T )i+ 1

2

1

∆z
(Ti+1 − Ti))− (Ke(T )i− 1

2

1

∆z
(Ti − Ti−1)

]
=

1

∆z2

[
Ke(T )i+1 +Ke(T )i

2
(Ti+1 − Ti) +

Ke(T )i−1 +Ke(T )i
2

(Ti−1 − Ti)
]

(E.4)

2D

D(T ) =∇ · (Ke(T )∇ · T )

=∇ ·
(
Ke(T )

[
∂T

∂x
x̂+

∂T

∂y
ŷ

])
=
∂

∂x

(
Ke(T )

∂T

∂x

)
+

∂

∂y

(
Ke(T )

∂T

∂y

)
(E.5)

This equation is simply the 1D case twice and added to each other. This means
that we can discretize the equation by using equation 2.72,

=
1

∆x2

[
Ke(T )i+1 +Ke(T )i

2
(Ti+1 − Ti) +

Ke(T )i−1 +Ke(T )i
2

(Ti−1 − Ti)
]
+ (E.6)

1

∆y2

[
Ke(T )j+1 +Ke(T )j

2
(Tj+1 − Tj) +

Ke(T )j−1 +Ke(T )j
2

(Tj−1 − Tj)
]

(E.7)

Boundary conditions: At the edges we state that the flux outside is zero:
∂T
∂z = 0. For easy calculations we state that the temperature right outside the
film is equal to the temperature at the surface.
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E DIFFUSION

T−1 = T0

D(T0) =
1

∆z2

[
Ke(T )i+1 +Ke(T )i

2
(T1 − T0)

]
(E.8)

Timax+1 = Timax

D(Timax
) =

1

∆z2

[
Ke(T )i−1 +Ke(T )i

2
(Timax−1 − Timax

)

]
(E.9)

In a simular fashion, this goes for the y-direction as well.
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F OVERLAP

(a) (b)

(c) (d)

Figure F.0: AFM images of overlapping experiment

F Overlap
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F OVERLAP

Figure F.1: Depth profile for 20 shots with decreasing intermediate distance (1 µm to
0.05 µm). Each profile has a different fluence (top right corner).
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