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Chapter 1

Introduction

1.1 Femtosecond laser ablation

Lasers, at present, have found a wide-range of important applications in modern
technology. Lasers are used in daily-life electronic devices such as CD/DVD players,
laser pointers, laser printers, barcode scanners, etc. They act as the light source in
the manufacturing of modern integrated circuits by optical lithography. Lasers are
used in today’s fiber-optics communication technology that serves to link people
worldwide through the internet. In medicine, advanced surgery and various skin
treatments by lasers are routinely used. In industry, they are cutting and welding
tools. Indeed lasers are still extensively involved in modern scientific research.

After the emergence of high power lasers, especially ultra-fast lasers, process-
ing of matter directly by laser light became possible. Nowadays femtosecond laser
processing of materials is attracting great attention and opens exciting new possi-
bilities in high quality micro-machining of a wide range of materials including met-
als [1, 2], semiconductors [3–12], transparent materials [13,14], and even biological
tissue [15]. A femtosecond laser pulse can easily achieve very high peak intensities,
high enough to ionize almost any material. At such high intensities, free electrons
are created via multi-photon ionization and/or impact ionization processes which
are virtually independent on the initial state of the target materials [16,17]. Hence,
femtosecond laser ablation is deterministic and highly reproducible. For this rea-
son, sub-diffraction-limited resolution can be achieved by tuning the laser fluence
slightly above the ablation threshold, in order to achieve that only a small area of
the beam center exceeds the ablation threshold. The free electrons generated dur-
ing a femtosecond laser pulse strongly absorb the photon energy, thus preventing
laser energy to penetrate deeply into the material. As a result, the ablation depth
of a femtosecond laser pulse is only on the order of ∼ 100 nm per pulse. Hence,
femtosecond laser ablation is a very accurate technique. A femtosecond laser pulse
deposit its energy into the target material in a sub-picosecond time scale, while
subsequent energy relaxation from free electrons to lattice due to electron-phonon
scattering happens on a picosecond scale [18]. This implies that the pulse is termi-
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Chapter 1. Introduction

nated well before heat conduction and thermodynamic and hydrodynamic motion
start to act. Therefore, thermal damage, cracks etc. are greatly reduced.

The basic processes during femtosecond laser ablation such as excitation, melt-
ing, and material removal are temporally separated [25, 26]. The excitation of the
solid target takes place during the pulse. Depending on the material properties,
the excitation can be dominated by free-carrier absorption (for metals) or by multi-
photon absorption and impact ionization (for semiconductors and dielectrics). In
semiconductors and dielectrics, photoionization and impact ionization can generate
very high free carrier densities. These free carriers in turn can gain higher energy
states in the conduction band via free-carrier absorption. A thermal distribution is
rapidly established in the carrier system by fast carrier-carrier collisions on a time
scale much shorter than that of the laser pulse. Thus a carrier temperature is read-
ily established during the laser pulse. Following the excitation, a rapid transition to
the liquid state is known to occur in semiconductors [27,28]. The photo-excited high
density electron-hole plasma instantaneously turns the initial covalent lattice bond
into a repulsive potential, leads to lattice instability [22] and causes a disordering
of the lattice on a sub-picosecond time scale [29–31]. Since the disordering occurs
faster than lattice heating, this process is often called non-thermal melting [25].
If the laser-induced carrier density is insufficient to induce non-thermal melting,
normal thermal melting due to lattice heating may occur. The typical time scales
for lattice heating due to electron-phonon collision is in the range of a few to ten
picoseconds [24, 25]. Melting usually starts at the surface where the liquid phase
is nucleated and a melt front proceeds from the surface into the material with a
velocity ultimately limited by the speed of sound [25, 32]. Melt front velocities in
semiconductors around 1000 m/s were experimentally observed [32–34]. Assuming
a typical liquid layer thickness of 100 nm , the melting process completes in about
100 nm/1000 m/s = 100 ps after excitation [25, 32]. After thermal melting or a
direct transition to the liquid state by the non-thermal process, the surface of the
target material is covered by a layer of hot, pressurized molten material in a highly
non-equilibrium state [25, 33]. Thus expansion of the molten layer starts, usually
the expansion starts with a compression wave followed by a rarefaction wave which
proceeds from the surface into the material [25, 33], the speed of which is given
by the local sound speed. The propagation of the rarefaction wave is the initial
stage of the expansion process, the ablation of the excited material can last up to
nanosecond regime [25].

Silicon is widely used in microelectronics industry and photonics. Due to its
importance in modern technologies and the emergence of ultra-fast lasers, it has
drawn a lot of attention from researchers to study both the fundamental response
to ultrashort pulsed laser radiation [19,22–24] and its potential application in direct
laser writing of photonic devices [3], laser fabrication of nano-tips on thin silicon
films [5, 6], direct laser amorphization of silicon [8, 9] and microspiked or black
silicon [10, 12]. Silicon-on-insulator wafers are widely used in optical waveguide
fabrication. In these wafers, the crystalline silicon layer is sandwiched between
the buried insulator (SiO2) and top cladding of air (or any other low refractive
index material). This enables the propagation of electromagnetic waves in the
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1.2. Overview of this thesis

waveguide on the basis of total internal reflection. Photonic crystal waveguide
slabs are usually made out of silicon-on-insulator (SOI) by electron-beam and x-
ray lithography, as well as focused ion beam (FIB) milling. For a device like a
photonic crystal waveguide to be used for visible or telecom wavelength, feature
sizes on the order of a few hundred nanometers are required. The above mentioned
advantages of femtosecond laser ablation open a new opportunity of fabricating
nano-sized features on SOI wafers by laser light. For instance, Ming Li et al.
reported the fabrication of a photonic bandpass filter at 1550 nm by femtosecond
direct laser ablation [3].

In spite of the potential applications of femtosecond laser ablation technique
on nano-structuring of SOI wafers, there has been little work on a systematic
study of both the basic processes of femtosecond laser ablation of SOI wafers on
the nanoscale and the characterization of the morphology of the ablated nano-
craters. Furthermore, although some previous work on the optical response of
the femtosecond laser-induce plasma in silicon exists [19,20], none of these studies
considers ablating sub-wavelength sized holes and furthermore these studies ignore
the effect of impact ionization on the carrier generation process, which has been
demonstrated to be the dominant mechanism for the dielectric breakdown in silicon
with femtosecond laser pulses at above-gap photon energies [21].

In this thesis, we study and model some of the basic processes in femtoseocond
laser ablation of silicon and SOI wafers on the nanoscale and characterise the
morphology of the ablated nano-craters by atomic force microscopy (AFM). We
focused especially on developing a numerical model describing the interaction of
a single femtosecond laser pulse with the laser-induced plasma on the nanoscale.
The model is compared with experiments of self-reflectivity and the measured crater
morphologies.

1.2 Overview of this thesis

Chapter 2 provides the theoretical framework necessary to understand the optical
response of solids during the illumination with a single femtosecond laser pulse of
high intensity. Furthermore, some properties of the femtosecond laser-induced
plasma in silicon at the ablation threshold are discussed.

The automated setup we have built in the lab to allow most of the experimental
work presented in this thesis is described in detail in Chapter 3. We also describe
in this chapter the algorithm we have developed to automatically analyse the atomic
force microcopy (AFM) data of the ablated craters.

Chapter 4 presents the work we have done before the automated experimental
setup was built in the lab. Here we present a saturation effect we found in the
single-shot ablation depth of silicon-on-insulator (SOI). A simple model is given to
understand and reproduce the ablation depth.

The experimental work we performed using the automated setup and its theo-
retical interpretation are described in Chapter 5. To understand and model the
experimental data, a numerical code which describes the interaction of a single
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Chapter 1. Introduction

femtosecond laser pulse with silicon based on the Finite Difference Time Domain
(FDTD) method is developed. Detailed information and benchmarks on the de-
velopment of the numerical code are given. The model excellently reproduces the
experimentally measured self-reflectivity data. It is shown that impact ionization is
the dominating carrier generation process in silicon excited by a single femtosecond
laser pulse with a wavelength of 800 nm. Furthermore, based on the agreement
between the model and the experiments, as far as we know, we find for the first
time the evidence of self-scattering of the incident pulse in femtosecond laser ab-
lation on the nanoscale. Finally, we discovered a pronounced peak in the ablation
depth versus fluence data which in practice may well turn out to be very beneficial
for laser drilling of high aspect-ratio nano-holes. It is shown qualitatively by the
model that optical interference effects in laser ablation of layered structures such
as the SOI contribute to the appearance of this pronounced peak.

Chapter 6 presents ablation of materials by using a femtosecond laser beam
with a ring-shaped intensity distribution. Fabrication of ring-shaped structures in
a ruby crystal and a chromium film deposited on sapphire induced by focusing a
femtosecond Bessel beam is demonstrated. Furthermore, for the chromium film,
material ejection in the center of the ring-shaped intensity is observed and it is pro-
posed that this material ejection is caused by the converging shock wave produced
by the laser-excitation in the ring. Finally, femtosecond cylindrical vector beams
are created and their focusing properties are analyzed and the use of these beams
in femtosecond laser processing of materials is discussed.
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Chapter 2

Interaction of Light with
Solids

2.1 Introduction

The interaction of light with solids is a heavily investigated subject which can be
traced back to 10− 70 AD, when it is Hero of Alexandria who first discovered the
law of reflection. But before the laser was invented, when the brightness of the light
sources was not very high, it was the presence of matter that had an impact on
the properties of light, through the processes of reflection and refraction. After the
invention of lasers, and especially the emergence of ultra-fast lasers, the available
laser power in the laboratories is so high that processing of matter by laser light
is possible. For example, the laser melting and ablation of solids. The optical
properties of solids change under the illumination of high power laser light, and
in turn, the changes of optical properties of the substance affect the properties
of the incoming light through reflection, refraction and absorption. Therefore,
understanding the light-matter interaction and the response of substances in these
extreme electromagnetic conditions is of great importance. In this chapter we
provide the theoretical framework to understand the optical response of solids.
Theory presented in this chapter will form the basis for the interpretation of the
experimental results in this thesis.

2.2 Optical properties of solids

It is well known that matter changes the properties of incoming light. For exam-
ple, light reflects, refracts, changes in polarization, becomes absorbed, or shifts in
frequency when it interacts with materials. Electrons are bound to atoms with an
extraordinarily strong force. Its strength can be estimated from the binding energy
of the electrons (∼ eV for valence electrons) and the sub-nanometer range of the
atomic binding force as ∼ binding energy/range of force, implying a binding field
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Chapter 2. Interaction of Light with Solids

strength of ∼ 108V/cm. It is commonly assumed that the properties of matter stay
unchanged when the light strikes the solids. This is true when the electric field
strength of the incoming light is much smaller than ∼ 108V/cm. To largely affect
the optical properties of the illuminated target, an external electric field of com-
parable strength must be applied, i.e., intensity of ∼ 1013W/cm2 (by the relation

I = cnε0
2 |E0|2). With the advent of ultra-fast laser pulses, such field strength can

be easily achieved in laboratories. A fs laser pulse of duration of Tp = 100fs and
energy of Ep = 10nJ, if focused to a spot of A = 1µm2 (i.e. to a beam diameter of
∼ 1µm), yields the averaged intensity of,

I ≈ 1

A

Ep
Tp

=
10× 10−9J

10−8cm2 × 100× 10−15s
= 1013W/cm2. (2.1)

Under the presence of such a high electric field, the material is first ionized to
form a plasma causing profound changes in its optical properties due to the increase
of concentration of conduction electrons. These changes can be described by the
behavior of the complex dielectric constant of the excited plasma and in turn, affect
the properties of the incident light wave. In the following sections, we will provide
the theoretical background describing the interaction of light with matter.

2.2.1 Maxwell equations

We know that time-varying electric fields give rise to magnetic fields and vice-versa.
Light consists of time-varying electric and magnetic fields, therefore we have to
describe it as electromagnetic wave. To study the interaction of laser light with
matter we first need to introduce Maxwell’s equations which govern the behavior
of electromagnetic fields inside matter. In the SI system, Maxwell’s equations have
the form [1,2]

∇×H =
∂D

∂t
+ j, (2.2)

∇×E = −∂B

∂t
, (2.3)

∇ ·D = ρ, (2.4)

∇ ·B = 0. (2.5)

In the above equations E(r, t) is the electric field, B(r, t) is the magnetic induc-
tion, D(r, t) is the electric displacement, H(r, t) is the magnetic field, and j(r, t) is
the electric current density. To allow a unique determination of the field vectors
from a given distribution of currents and charges, these equations must be supple-
mented by relations which describe the behavior of materials under the influence
of the field [1]. These relations are known as material equations. If the material is
isotropic, the relations take the form,
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2.2. Optical properties of solids

j = σE. (2.6)

D = ε0εE. (2.7)

B = µ0µH. (2.8)

Here σ is called the specific conductivity, ε is known as the dielectric constant
and µ is called the magnetic permeability. The ε0 and the µ0 are two physical
constants commonly called permittivity of free space and permeability of free space,
respectively. Eq. 2.6 is the differential form of Ohm’s law. For most materials the
magnetic permeability µ is almost equal to 1 for optical frequencies. If µ differs
appreciably from 1, we say that the substance is magnetic. In particular, if µ < 1,
the substance is said to be paramagnetic, while if µ > 1 it is said to be diamagnetic.

The relations among the four electromagnetic field vectors are known as the
constitutive relations. These relations, even in the presence of nonlinearities, have
the form [2]

D = ε0E + P, (2.9)

H = µ−1
0 B−M. (2.10)

For sufficiently weak fields one can assume P and M to be proportional to E
and H respectively [1]

P = ε0χE, (2.11)

M = χmH. (2.12)

From Eqs. 2.7− 2.8, Eqs. 2.9− 2.10 and Eqs. 2.11− 2.12, we find that

ε = 1 + χ, (2.13)

µ = 1 + χm. (2.14)

In Eq. 2.7, ε is the dielectric constant. By definition it is a dimensionless
quantity. In most textbooks ε is called dielectric constant but one has to bear in
mind that ε is actually a function of the frequency of the electromagnetic wave
incident on the medium, it is therefore more appropriately called the dielectric
function. The refractive index of that medium can be calculated as

n =
√
εµ. (2.15)

Because most materials are non-magnetic, i.e., µ = 1, the refractive index of the
material is only a function of the dielectric constant ε of that material. This is why
the dielectric function is the most important quantity when studying the response
of matter subject to electromagnetic radiation. Knowing the dielectric function
one can obtain a wealth of information about the material such as whether it is a
metal or dielectric, how it reflects and absorbs optical radiation. If a semiconductor
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material is subject to intense optical radiation such as a femtosecond laser pulse,
many of the covalent electrons in the material will be excited to the conduction
band to form a sea of free electrons and leave the same number of holes in the
valence band, i.e., a electron-hole plasma. As we will discuss in Sec. 2.2.4, the
dielectric constant of the plasma depends on how much the material is excited, i.e.,
the free electron concentration. One can imagine that in the interaction of a laser
pulse with material, the free electron concentration will develop according to the
Gaussian envelope of the pulse, therefore the dielectric constant will dynamically
change. These changes in the dielectric constant change the amount of reflection
and absorption the laser pulse will experience. This can be studied by the transfer
matrix method which will be discussed in subsection. 2.2.2.

2.2.2 The transfer matrix method

The transfer-matrix method produces an analytical solution to the Maxwell equa-
tions in a one dimensional stratified (layered) medium where the medium contains
multiple interfaces. At each interface, the transmissions and the reflections them-
selves are also partially transmitted and then partially reflected. Depending on the
optical path, these reflections and transmissions can interfere destructively or con-
structively. The transfer-matrix method solves the Maxwell equations in each layer
and use the continuity conditions for the electric field across boundaries from one
medium to the next. The method shows that the field at the end of each layer can
be calculated by a simple matrix multiplication between the characteristic matrix
of this layer and the field at the beginning of this layer [1]. The transfer-matrix
method provides a fast and simple method to calculate the electric field inside a
laser-induced plasma. The smooth changing of the refractive index of the plasma
is approximated by a large number of layers to form a stratified medium that can
be analyzed by the transfer-matrix method. The complex electric field amplitude
and the complex magnetic field amplitude in the nth layer is [1]:[

En
Hn

]
=

[
cos(k0nδzcosθ) − i

ncosθ sin(k0nδzcosθ)
−incosθsin(k0nδzcosθ) cos(k0nδzcosθ)

] [
En+1

Hn+1,

]
(2.16)

where En and Hn are the complex amplitude of the electric field and the magnetic
field at the beginning of the nth layer, En+1 and Hn+1 are the complex amplitude
of the electric field and magnetic field at the end of the nth layer, δz is the thickness
of the nth layer, n is the index of refraction of the nth layer and θ is the incident
angle of the light impinging on the nth layer. By the matrix multiplications layer
by layer, one can obtain the electric and magnetic fields in each layer.

2.2.3 Finite difference time domain method

As will be discussed in the following chapters, the experimental setup utilizes a
high NA objective which focuses the incident laser beam into a light cone. The
maximum angle of this light cone can be as large as 52◦ for a 0.8 NA objective.
This causes two effects. One is that the field in the focus is a superposition of
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2.2. Optical properties of solids

plane waves impinging on the sample over a range of angles. This effect obviously
complicates the calculation of the reflectivity. The second effect is that due to the
tight focusing and the Drude response of the material, a sub-micron sized plasma
ball is formed during the laser matter interaction. This plasma ball scatters the
incident wave and creates evanescent components which do not propagate to the
far-field. The transfer matrix model introduced in the previous subsection can
unfortunately not simulate these two effects. The finite difference time domain
method (FDTD) however directly solves the Maxwell equations on a discrete grid
and therefore does not need any assumptions allowing to take these two effects into
account. In the following, by taking the one dimensional FDTD as an example, we
briefly discuss the basics of FDTD calculation.

Basics of FDTD

The first FDTD space and time-stepping algorithm can be traced back to a seminal
1966 paper by Kane Yee [3]. Here we follow the FDTD book by Dennis M. Sullivan
to illustrate the FDTD method [4].

We start with the two curl operators in the Maxwell equations

∂D

∂t
= ∇×H, (2.17)

D = ε0εrE, (2.18)

∂H

∂t
= − 1

µ0
∇×E, (2.19)

where D is the electric flux density. Note that the εr in Eq. 2.18 is taken as a
constant. The simulation of lossy and dispersive material like a laser-generated
plasma will be discussed in Chapter 5 in more detail. We first scale the electric
and displacement fields, using

Ẽ =

√
ε0
µ0

E, (2.20)

D̃ =

√
1

ε0µ0
D, (2.21)

which leads to
∂D̃

∂t
=

1
√
ε0µ0

∇× H̃, (2.22)

D̃ = εrẼ, (2.23)

∂H̃

∂t
= − 1
√
ε0µ0

∇× Ẽ. (2.24)
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Chapter 2. Interaction of Light with Solids

The reason for the scaling is to make E and H the same order of magnitude
therefore increasing the numerical accuracy. But from here we drop the ∼ symbol
for convenience.

For the 1D case, there are only x and y components of the fields, thus Eq. 2.22,
Eq. 2.23 and Eq. 2.24 become

∂Dx

∂t
= − 1
√
ε0µ0

∂Hy

∂z
, (2.25)

Dx = εrEx, (2.26)

∂Hy

∂t
= − 1
√
ε0µ0

∂Ex
∂z

. (2.27)

These are the equations of a plane wave with the electric field oriented in the x
direction, the magnetic field oriented in the y direction, and traveling in the z
direction. Taking the central difference approximations for both the temporal and
spatial derivatives yields

D
n+ 1

2
x (k)−Dn− 1

2
x (k)

∆t
= − 1
√
ε0µ0

Hn
y (k + 1

2 )−Hn
y (k − 1

2 )

∆z
, (2.28)

Hn+1
y (k + 1

2 )−Hn
y (k + 1

2 )

∆t
= − 1
√
ε0µ0

E
n+ 1

2
x (k + 1)− En+ 1

2
x (k)

∆z
. (2.29)

Eq.2.28 and Eq.2.29 can be rearranged in an explicit iterative algorithm

D
n+ 1

2
x (k) = D

n− 1
2

x (k)− 1
√
ε0µ0

∆t

∆z
[Hn

y (k +
1

2
)−Hn

y (k − 1

2
)], (2.30)

Hn+1
y (k +

1

2
) = Hn

y (k +
1

2
)− 1
√
ε0µ0

∆t

∆z
[E

n+ 1
2

x (k + 1)− En+ 1
2

x (k)]. (2.31)

In these two equations, time is specified by the superscripts n and k actually means
the distance z = ∆z · k. It is assumed that the E and H fields are interleaved in
both space and time. This is the so called leapfrog scheme for advancing the E and
H fields. There is always a stability problem in explicit algorithms. This stability
is satisfied by the well known ”Courant Condition” [4]

∆t ≤ ∆x√
n · c0

(2.32)

where n is the dimension of the simulation. One of the challenges in FDTD sim-
ulations is the issue of absorbing boundary conditions (ABCs). The size of the
area that can be simulated is clearly limited by computer resources. As the wave
propagates outward, it will eventually come to the edge of the allowable space. If
nothing were done to address this, unpredictable reflections would be generated
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2.2. Optical properties of solids

that would go back inward. In this case, it is not possible to separate the real wave
from the waves reflected at the boundaries. This is the reason that an absorbing
boundary condition (ABC) must be applied to exclude these unwanted reflections.
One of the most flexible and efficient ABCs is the perfectly matched layer (PML)
developed by Berenger [5]. The idea behind the PML is to construct an artificial
medium which has the same impedance as the background medium. This is ac-
complished by changing the permittivity and the permeability in such a way that
the impedance remains the same thus no reflection would occur. But this does not
solve our problem because the wave will continue propagating in the new medium.
Therefore the new medium should be also lossy so the wave will damp out before
it escapes from the PML region. This is accomplished by using complex permit-
tivity and permeability since the imaginary part causes decay. Details about the
construction of the PML layer can be found in Ref. [4] and Ref. [6].

2.2.4 The dielectric function of a free electron gas

As we already discussed the dielectric constant is the most important quantity
when studying the optical response of matter. Furthermore, the dielectric constant
of a solid subject to strong excitation depends on the degree of excitation. In this
subsection we devote ourselves to deriving an analytical expression for the dielectric
function of a free electron gas.

In this work we are only concerned with optical frequencies (f ≈ 1015Hz) for
which only the electrons have sufficiently small inertia to respond to such extremely
fast time-varying electromagnetic fields. Therefore, the dielectric function only
depends on the response of the electrons in the material. Suppose we have a large
number of electrons that are not localized in any covalent bonds in the material like
in the metal or in a laser excited plasma. In the presence of an external electric
field, the electrons are free to move under the force caused by the electric field.
According to the Drude model [7], which is the simplest model to describe the
behavior of a free electron gas, the equation of motion of a free electron under the
force of a time harmonic electric field E(t) = Ee−iωtis

dp

dt
+

p

τ
= −eEe−iωt, (2.33)

where p is the momentum of that electron, τ is the average time interval between
two collision events that the electron randomly suffers. It is also known as the mean
free time or relaxation time. From the definition of the mean free time follows the
definition of the mean free path of an electron, l = v0τ , where v0 is the average
speed of the electrons in the medium. The mean free path is the average distance
an electron travels between two collision events. We seek a solution to Eq. 2.33 of
the form p(t) = Ce−iωt. By substitution in Eq. 2.33 we have

p(t) =
−eEe−iωt

1/τ − iω
. (2.34)
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Let us assume there are N free electrons per unit volume, the electric current
density is then

j = −Nep/m. (2.35)

From Eq. 2.6, Eq. 2.34 and Eq. 2.35 we obtain for the electric conductivity of
a free electron gas

σ(ω) =
Ne2τ

m

1

1− iωτ
(2.36)

At zero frequency this quantity is known as the DC conductivity of a free electron

gas, σ0 = Ne2τ
m .

Once we know the conductivity we can calculate the dielectric function from
[7]:

ε(ω) = 1 +
iσ

ε0ω
. (2.37)
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Figure 2.1: The real (solid line) and imaginary (dash line) part of (a) The dielectric
function and (b) The complex refractive index.

By substituting Eq. 2.36 into Eq. 2.37 we obtain the analytic expression for the
dielectric function:

ε(ω) = 1− (
ωp
ω

)2 1

1 + i 1
ωτ

, (2.38)

where ωp =
√

Ne2

ε0m
is known as the plasma frequency. The real and imaginary part

of the Drude dielectric function are:

Re[ε(ω)] = 1−
ω2
pτ

2

1 + ω2τ2
, (2.39)

Im[ε(ω)] =
ω2
pτ

ω(1 + ω2τ2)
. (2.40)
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2.2. Optical properties of solids

In Fig. 2.1 we plot the real and the imaginary part of the dielectric function
and the complex refractive index using Eq. 2.39, Eq. 2.40 and Eq. 2.15. We take
a free electron gas of density N = 1022/cm3 and we choose the electron mean free
time τ = 1fs. We can see that for higher frequency ω � ωp, the real part of
the complex refractive index approaches 1 while the imaginary part vanishes. If
there is an interface between air and the medium, we find zero reflection and zero
absorption which means the medium is transparent for shorter wavelengths. For
longer wavelengths ω � ωp, both the real and imaginary part become very large
signifying that the medium is highly reflective and absorptive. For most metals,
the plasma frequency exceeds the optical frequency and leads to high reflectivity.

The Drude theory is ready for use in finding the dielectric function of a laser
excited plasma, resembling a free electron gas. However there are additional minor
contributions to the dielectric function of a strongly excited solid. In section 2.2.6
we will take silicon as an example to examine such contributions and provide the
dielectric function of strongly excited silicon.

2.2.5 The nonlinear dielectric function

The dielectric function of any optical materials depends on the intensity of the
light inside the material. The optical Kerr effect and the two-photon absorption
are instantaneous nonlinear processes. The incident electric field can be described
as a monochromatic plane wave by

E(t) =
1

2
[E0e

−iωt + c.c.]. (2.41)

Many materials like silicon are centrosymmetric (i.e., it has inversion symmetry)
thus they lack the second-order nonlinearity. Therefore we only consider the third-
order contribution to the nonlinear polarization [2] and neglect higher orders

P (3)(t) = ε0χ
(3)E3(t)

=
1

8
ε0χ

(3)[E2
0E0e

−3iωt + E2
0E
∗
0e
−iωt + 2E2

0E
∗
0e
−iωt + 2E0E

∗2
0 eiωt

+ E∗
2

0 E0e
iωt + E∗

2

0 E∗0e
3iωt].

(2.42)

The terms associated with frequency 3ω in Eq.2.42 describe a response at fre-
quency 3ω that is created by an applied field at frequency ω. This term leads to
the process of third-harmonic generation. The terms associated with frequency ω
in Eq.2.42 describe a nonlinear contribution to the polarization at the frequency of
the incident field; this term hence leads to a nonlinear contribution to the dielectric
function experienced by a wave at frequency ω. We write down this term below as,

P
(3)
NL(t) =

1

8
ε0χ

(3)[3E2
0E
∗
0e
−iωt + 3E0E

∗2
0 eiωt] =

3

8
ε0χ

(3)|E0|22Re[E0e
−iωt]

=
3

4
ε0χ

(3)|E0|2Re[E0e
−iωt]

(2.43)
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The total polarization of the material is then described by

PTOT (t) = ε0χ
(1)Re[E0e

−iωt] +
3

4
ε0χ

(3)|E0|2Re[E0e
−iωt] = ε0χeffRe[E0e

−iωt],

(2.44)

where we introduced the effective susceptibility

χeff = χ(1) +
3

4
χ(3)|E0|2, (2.45)

which we can insert into the permittivity [2]

ε = 1 + χeff . (2.46)

By introducing Eq. 2.45 on the right hand of this equation, we find that

ε = 1 + χ(1) +
3

4
χ(3)|E0|2 = εL + εNL, (2.47)

where εNL = 3
4χ

(3)|E0|2 is the nonlinear contribution to the dielectric function due

to nonlinear polarization. The real part of χ(3) adds a real contribution to the
dielectric function while the imaginary part of χ(3) adds a imaginary contribution
to the dielectric function. The two contributions are referred as the optical Kerr
effect and two photon absorption (TPA), respectively.

Optical Kerr effect

The refractive index of many materials can be described by the relation [2]

n = n0 + n2〈E(t)2〉, (2.48)

where n0 represents the usual refractive index and n2 is a new optical constant
expressing the nonlinear reflective index. The angular brackets surrounding the
quantity E(t)2 represent a time average. Thus, if the optical field is of the form of
Eq. 2.41, we have

〈E(t)2〉 =
1

2
|E0|2, (2.49)

so that

n = n0 +
1

2
n2|E0|2. (2.50)

Substituting the above equation into Eq. 2.47 and use the relation ε = n2, we have

[n0 +
1

2
n2|E0|2]2 = 1 + χ(1) +

3

4
Re[χ(3)]|E0|2. (2.51)

Correcting to the terms of the order |E0|2, this expression becomes

n2
0 + n0n2|E0|2 = 1 + χ(1) +

3

4
Re[χ(3)]|E0|2. (2.52)
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This shows that the linear and nonlinear refractive indices are related to the linear
and nonlinear susceptibilities by

n0 =
√

1 + χ(1). (2.53)

and

n2 =
3Re[χ(3)]

4n0
. (2.54)

An alterative way of defining the intensity-dependent refractive index is by means
of the equation

n = n0 + n2I, , (2.55)

where I denotes the time-averaged intensity of the optical field,given by

I =
1

2
n0ε0c|E0|2. (2.56)

Since the two definitions of the total refractive index n must be the same, we see
that

1

2
n2|E0|2 = n2I. (2.57)

By introducing Eq. 2.54 into this expression, we find that n2 is related to χ(3) by

n2 =
3Re[χ(3)]

4n2
0ε0c

. (2.58)

Two-photon absorption

If the third-order susceptibility χ(3) has a non-zero imaginary part, it will lead
to an intensity dependent absorption coefficient. This is what we call two-photon
absorption. Here we will derive an expression relating the two-photon absorption
coefficient β to the imaginary part of the third-order susceptibility Im[χ(3)]. We
start with the nonlinear wave equation [2,19] and use the nonlinear polarization as
the source term,

∇2E(r, t)− n2

c2
∂2E(r, t)

∂t2
=

1

ε0c2
∂2P

(3)
NL(r, t)

∂t2
. (2.59)

Taking the Fourier transform of Eq. 2.59, we can rewrite this equation in the
frequency domain as

∇2E(r, ω) +
n2ω2

c2
E(r, ω) = − ω2

ε0c2
P

(3)
NL(r, ω). (2.60)

Now we assume the propagating light along the z axis to be a linearly polarized
plane wave with the electric field polarized along the x axis. If the medium is
isotropic the third-order susceptibility reads [19]

P (3)
x (ω) = 3ε0χ

(3)|Ex(z)|2Ex(z). (2.61)
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Substituting this in Eq. 2.60 gives

∂2Ex(z)

∂z2
+
n2ω2

c2
Ex(z) = −3

ω2

c2
χ(3)|Ex(z)|2Ex(z). (2.62)

Now we express Ex(z) by a slowly-varying amplitude of the wave and the propa-
gation constant of the wave k = nω

c

Ex(z, ω) = A(z)e−ikz. (2.63)

By substituting this in Eq. 2.62 and relating the light intensity I(z) with the
amplitude A(z) we can find the variation of I(z) as a function of z

dI(z)

dz
= − 3ω

2ε0n2c2
Im[χ(3)]I2(z). (2.64)

Now we can relate the TPA coefficient β with the imaginary part of χ(3) as

β =
3ω

2ε0n2c2
Im[χ(3)]. (2.65)

2.2.6 The dielectric function of strongly excited silicon

Three physical effects are responsible for the changes of the linear optical prop-
erties of a semiconductor as a function of the carrier density: (i) state and band
filling, (ii) renormalization of the band structure, and (iii) the free carrier (Drude)
response [11]. At the carrier densities relevant for this work, Drude response dom-
inates the optical response [11].

As we already discussed, the third-order susceptibility is responsible for the non-
linear contribution to the dielectric function. Thus for simplicity we assume that
each mechanism contributes separately to the dielectric constant of the strongly
excited silicon εex:

εex = εSi + ∆εDrude + ∆εNL

= εSi − (
ωp
ω

)2 1

1 + i 1
ωτ

+
3

4
χ(3)|E0|2.

(2.66)

Where εSi denotes the dielectric constant of unexcited silicon. At 800nm, the value
is εSi = 13.6 + 0.048i for an intrinsic crystal.

2.3 Estimation of the density, temperature and
pressure of laser-induced plasma in silicon at
the ablation threshold

At high incident intensity, the leading process during the laser matter interaction
is the formation of a plasma layer by the leading edge of the laser pulse. There-
fore the optical properties of this plasma layer determine the propagation of the
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tailing edge of the laser pulse. For this reason, it is relevant to estimate some key
parameters such as the density, temperature and pressure of the plasma layer at
the ablation threshold. Taking silicon as an example, we show that the plasma of
the temperature and density produced by an ultra-short laser pulse at the ablation
threshold can in a good approximation be treated as a non-degenerate gas that
obeys the Boltzmann distribution.

When a semiconductor is excited with a laser pulse, electrons absorb the photon
energy and transit from the valence to the conduction band via single- and/or multi-
photon absorption [8,9], depending on the photon energy relative to the band-gap
energy. This interband transition of electrons creates holes in the valence band.
Electrons already promoted to the conduction band can further gain higher energy
states in the conduction band through intraband transitions, a process known as
inverse Bremsstrahlung. If the energy of a conduction electron is sufficiently high,
it may excite another valence electron to the conduction band, creating a new
electron-hole pair, a process called impact ionization. The carriers thermalize into
Fermi-Dirac distribution via carrier-carrier collisions on a time scale of no more
than a few carrier collision times. This carrier collision time is believed to be as
small as 1 fs at the incident laser intensity we are dealing with in this work [10–12].
Therefore a carrier temperature is readily defined throughout the entire duration of
the 100 fs incident pulse. The distribution function for the electrons and holes can
possess different quasi-Fermi levels but have a common temperature (Te = Th =
T ) [8]:

f(E,EeF ) =
1

1 + e
E−Ee

F
kT

, for the electrons (2.67)

f(E,EhF ) =
1

1 + e
E−Eh

F
kT

, for the holes (2.68)

where EeF and EhF are the quasi fermi levels for the electrons and holes, respectively.
Meanwhile, a thermalization between the carriers and the phonons proceeds, but
the thermal equilibrium between carriers and phonons will only be established on
a ps time scale.

The free-electron density in silicon at the melting threshold (Fm ∼ 0.17 J/cm2)
by a fs pulse is estimated to be 1022 cm−3 [11]. A number of theoretical studies [14–
17] discussed non-thermal melting in semiconductors. These studies set a lower
density limit of approximately 1022 cm−3 for the proposed lattice instability. In our
experiments, the ablation threshold of silicon is measured to be Fab ∼ 0.2 J/cm2,
very close to the melting threshold reported in [11]. For these reasons, we take the
reported value of 1022 cm−3 as a faithful estimation of the electron density of the
plasma generated at the ablation threshold in our experiments.

The equilibrium carrier temperature can be estimated by a simple argument
of energy conservation. In order to melt a crystal, a certain minimum amount of
energy is required. This energy Eab equals the thermal energy required to elevate
the crystal from room temperature to the melting point (for crystalline silicon,
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(b) T = 3 × 104 K, ne = 1022 cm−3
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(c) T = 300 K, ne = 1020 cm−3
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(d) T = 300 K, ne = 1019 cm−3

Figure 2.2: The distribution function at (a) T = 300 K,ne = 1022 cm−3. (b)
T = 3×104 K,ne = 1022 cm−3. (c)T = 300 K,ne = 1020 cm−3. (d)T = 300 K,ne =
1019 cm−3.

Tm = 1687 K) plus the latent heat of melting (for silicon, Ql = 4.16 kJ/cm3)

Eab = C∆T +Ql

= 2.33 J/cm3 K× (1687− 300) K + 4.16× 103 J/cm3

= 7.4× 103 J/cm3,

(2.69)

where C is the specific heat capacity of solid silicon. All the thermal energy con-
tained in the lattice system required for melting must be transferred from the
electrons. Therefore the averaged kinetic energy that each electron-hole pair has
is Eeh = Eab/1022 = 4.6 eV, thus, the carrier temperature T ∼ Eeh/(2kB) ∼
3× 104 K. The Boltzmann constant kB = 1.3807× 10−23 J/K.

For the density of electrons in the conduction band ne, it can be deduced, with
the help of the density of states for a free electron gas that [13]

ne = Ne
effe

EC−E
e
F

kT , (2.70)
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with Ne
eff the effective density of states estimated from the free-electron gas model

and Ec the band edge energy [13].

Ne
eff = 2(

2πmkT

h2
)3/2. (2.71)

By rewriting Eq. 2.70, we find the definition of the quasi Fermi energy,

EeF = Ec + kT ln(
ne

Ne
eff

), (2.72)

EhF = EV − kT ln(
nh

Nh
eff

). (2.73)

From the combination of Eq. 2.71, Eq. 2.72 and Eq. 2.67 we obtain the electron
distribution function as a function of temperature and density:

f(E, T, ne) =
1

1 + e
E−Ee

F
kT

=
1

1 + e
(E−Ec)−kTln(

ne
Neff

)

kT

=
1

1 + e
E−kTln(ne/[2( 2πmkT

h2 )3/2])

kT

(2.74)

In the above equation, we define the zero energy point as the conduction band edge
EC . It can be understood from Eq. 2.71 and Eq. 2.72 that for large temperature T
or small electron density ne, ne � Neff , the quasi fermi energy EeF is large and neg-
ative. Consequently the Fermi-Dirac distribution Eq. 2.74 is approximately equal

to 1/(e
E−EeF
kT ). This corresponds to the Maxwell-Boltzmann distribution, which is

also referred to as the non-degenerate system. In Fig. 2.2 we show the distribution
function for different sets of T and ne according to Eq. 2.74 and compare them
with the Maxell-Boltzmann distribution. The tendency is very clear, the larger the
temperature or the smaller the density, the closer it lies to the non-degenerate limit.
For the region in which we are interested, T ∼ 3 × 104 K and ne ∼ 1022 cm−3,
as shown in Fig. 2.2b, the high temperature makes the plasma non-degenerate.
Therefore we can approximate the electron pressure directly after the laser pulse
follow the classical ideal gas law [18]

Pe = 2× nekT ∼ 8 GPa. (2.75)

The factor 2 accounts for both electrons and holes. As soon as the carriers have
transferred their energy to phonons, the shock wave driven by the pressure Pe
starts to propagate from the energy deposition zone. However, in the case of
dielectrics, where the pressure Pe is on the order of several TPa [18], the 8 GPa
pressure in silicon ablation is an order of magnitude lower than the bulk modulus of
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silicon (Y ∼ 100 GPa). This suggests that the physics associated with shockwave
propagation is a minor effect in silicon.

In summary, we estimate the density, temperature and pressure of the plasma
generated at the ablation threshold of silicon as ne ∼ 1022 cm−3, Te ∼ 3× 104 K,
Pe ∼ 8 GPa. This plasma can in a good approximation be treated as a non-
degenerate plasma.
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Chapter 3

Automated ablation setup
and AFM data analysis

Abstract This chapter describes our fully automated femtosecond laser ablation setup.
In order to obtain accurate measurements of the pulse energy, we use a photo diode, an
analog integrator and a data acquisition card to measure and collect the incident pulse
energy at the single-shot level. To achieve more reliable and efficient ablation experiments,
the entire experiment including the moving of the translation stages, the focusing of the
objective, the photo diode calibration and the control over the pulse energy is made fully
automated and easily repeatable. By analysing the CCD images of the reflected beam
profile, the setup also allows measurement of the self-reflectivity of the incident laser
pulse in-situ. The setup enables hundreds of single shot ablation craters to be made
in minutes. Those nano-sized craters are analyzed by atomic force microscopy (AFM).
However, the large amount of AFM data of the craters produced by this setup makes
manual determination of the ablation depth not feasible. Thus we developed an algorithm
and a numerical code to automatically determine the ablated-crater geometry. We show
that not only the crater depth can be determined by this algorithm, but also crater size
and roughness.

3.1 Introduction

There is no doubt that studying the ablated surface morphology as a function
of various experimental parameters is very important for both the understand-
ing of the physics involved in femtosecond laser ablation and the application of
this technique in nano-fabrication. To study those systematically it is necessary
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3.2. Automated ablation experiment setup

to repeat experiments many times with various experimental parameters such as
fluence, pulse width, wavelength etc. Therefore, an automated, precise and easily
repeatable experimental setup is very desirable. Additionally, the utilization of
high NA objectives in our experimental setup is not only advantageous for nano-
fabrication, but also makes the characterization of large number of ablation spots
in a single AFM scan area possible. Since many of the ablated structures need to
be analyzed, a fast and automatic determination of the ablated geometry from the
collected AFM data is of great importance.

The first concern in designing the automatic ablation experimental setup is the
synchronization of laser firing and the movement of the translation stages. To study
the single-shot damage to the sample, every incident laser shot needs a fresh sample
surface. Considering the sub-micron depth of focus of the high NA objectives used
in the setup, it is better to have the translation stages completely standing still
before the next laser pulse arrives. As a consequence, the repetition rate of the
laser must be low enough to ensure that the mechanical vibration of the stages due
to the motor acceleration and deceleration force was totally vanished before arrival
of the next laser pulse. This limits the laser repetition rate to below a few Hz.
Furthermore, the short depth of focus also poses a great challenge for a correct and
identical focusing of the objective. In order to focus the objective correctly and
identically for each shot we had to automate the objective focusing. Additionally,
the laser beam as well as the optical components in the setup may drift a little
on a day-to-day basis. This means the single-shot energy measurement needs to
be regularly calibrated. To ensure precise and reliable energy measurements, we
designed an automated photodiode calibration, allows easy calibration whenever
needed.

This chapter starts with a detailed description of the automated setup followed
by a discussion of the automatic determination of crater geometry by our algorithm.
At the end of this chapter, we present tests for the setup and the crater geometry
determination algorithm.

3.2 Automated ablation experiment setup

3.2.1 Description of the setup

For the experiments, 800 nm, ∼ 100 fs laser pulses from an amplified Ti:sapphire
laser were tightly focused to the sample surface. A schematic representation of
our automated ablation setup is shown in Fig. 3.1. A 3D model (made by the
software SketchUP) of the setup is shown in Fig. 3.2. The laser pulses are sent
through several neutral density filters and λ/2 plates followed by a polarization
beam splitter (PBS) cube to attenuate the pulse energy down to the nano joule
level. One of the rotating λ/2 plate is mounted on a computer controlled motorized
rotational stage (Zaber T-RS60A) to change the pulse energy to the desired level
automatically during the experiment. The two sets of λ/2 plates and PBS allow
precise control over the pulse energy. For the experiments with radially polarized
beam, two sets of spatial filters were used to clean the beam both before and after
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Figure 3.1: Setup sketch. Upper inset shows the trigger sequence. Lower inset
shows optical images of ablated surface when the ablation frequency is set to 20Hz
and 5Hz, respectively.

the radial polarization converter (RPC). The first non-polarizing beam splitter
(NPBS) splits the beam into two paths, one to the objective, the other one to the
single-shot auto-correlator or the scanning auto-correlator in order to measure the
pulse width. A description of the two auto-correlators can be found in Appendix
A.

The pulses leaving the first NPBS are subsequently split into two, one is tightly
focused on the sample by a NA = 0.8 infinity corrected objective (Nikon CFI60,
100×), the other is further split and directed to impinge on both a photo diode
and a power meter head. The sample is mounted on a 3-axis computer-controlled
motor stage (T-LSM025A, Zaber Technologies, Inc). The signal generated by the
photodiode is sent to an analog integrator circuit. A data acquisition card (National
Instruments, PCI-6024E) collects the integrated signal to a computer for further
data analysis. The integrator is equipped with an electronic switch that is used

33



3.2. Automated ablation experiment setup

Figure 3.2: 3D model of the setup (only some of the optical components).

to reset the integrator between laser shots. The mean power measured by the
power meter is imported to the same computer via the RS − 232 port so that
the photodiode calibration is made automatically and can be repeated whenever
needed. White light from a lamp is focused on the sample through the objective,
the reflected light is collected by an imaging lens and projected into a charge-
coupled device (CCD) camera (Q-imaging RETIGA-1300) to monitor the sample
surface in-situ. The red filter and polarizer before the CCD camera are used to
suppress the femtosecond beam to improve the imaging quality.

It should be noted that the reflected laser beam profile projected onto the CCD
camera provides a convenient way to find the optimum objective focal position
which will be discussed in detail in Sec. 3.2.3. A Helium Neon (He-Ne) laser beam
is also focused on the sample surface to continuously monitor the focal position
when the Ti:sapphire laser is set to single-shot or low-repetition rate mode. The
two lenses after the He-Ne laser serve to compensate the focal position difference
between the He-Ne laser and the Ti:sapphire laser since the two lasers operate at
different wavelengths.

The upper corner of Fig. 3.1 shows the trigger sequence. The integrator is
triggered by the previous pulse. The movement of the sample and the λ/2 plate
are triggered few milliseconds after the pulse. Due to the micro-meter depth of focus
of the high-NA objective, the setup is very sensitive to mechanical vibrations. The
translation stages must be completely standing still before the next pulse hits which
limits our ablation repetition rate below a few Hz. The lower corner of Fig. 3.1
shows the in-situ optical image of the ablated surface when ablation frequency is
set to 20 Hz and 5 Hz respectively. For the 20 Hz case, irregular damage patterns
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Chapter 3. Automated ablation setup and AFM data analysis

are obviously caused by a poor focusing due to mechanical vibrations. The AFM
image of the 5 Hz case shows the expected crater pattern; no signature of mis-
focusing is found excepted for a misalignment of craters (Fig. 3.9a). To further
rule out residual vibrations, the repetition rate of the Ti:sapphire laser is set at
1 Hz in the experiments.

3.2.2 Photodiode calibration and detection uncertainty

The integrated photodiode signals are imported into the computer by the data
acquisition card. Fig. 3.3a shows a typical integrated photodiode signal. The
slope before the pulse comes is used to fit the photo diode dark current and the
background level. The height difference between the upper flat part and the lower
flat part is the quantity proportional to pulse energy. To calibrate the photodiode,
the signal measured by the power meter is sent to the computer by serial port,
so the calibration is automatic. Fig. 3.3b shows a typical photo diode calibration.
Each calibration point is the averaged signal voltage among 1000 laser pulses. The
average power of those 1000 pulses is measured by the power meter.

The ultimate detection noise is the photodiode shot noise, which is due to the
fact that the photocurrents consist of electrons, the distribution of which is very
well known. The standard deviation of the number of photons arriving on the photo
detector is proportional to the square root of the average number of photons, i.e.,

σn =
√
n, (3.1)

Each photon induces a free electron with a quantum efficiency η (for silicon,η ∼
0.5), during the time τ the number of electron produced is then ηn. Every electron
contributes to the signal current i for a charge e, the average value of the signal
current is then,

i =
e

τ
ηn (3.2)

Fluctuations in the number of photons create fluctuations in the signal current.
The standard deviation of those fluctuation is then,

σi =
e

τ

√
ηn (3.3)

Therefore the relative standard deviation is,

σi

i
=

√
ηn

ηn
(3.4)

Fig. 3.4 shows the experimentally found energy detection uncertainty and the
calculated photodiode shot noise based on the average power measured by the
power meter. It can be seen the actual detection uncertainty is about 2 orders of
magnitude larger than the quantum limit. This is to large extent caused by the
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Figure 3.3: Integrator signal and photo diode calibration. The dash line in (a) is
a linear fit of background noise and photo diode dark current. circle line, original
integrator data. Dotted line, data after noise subtraction.

quantization error of the analog to digital converter (ADC) in the data acquisition
card which is only a 12 bit ADC. In any case, at the lowest pulse energy (the
ablation threshold) used in the experiments, the error is below 0.5%, which is
sufficiently good for our experiments. Improvements can be made by reducing the
ND filters before the photodiode at the expense of narrower energy measurement
range, or by replacing the data acquisition card with a newer model which is
planned.
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Figure 3.4: Experimentally found detection uncertainty and calculated photodiode
shot noise as a function of laser power impinging on the photo diode.

Another variable that can be extracted from the calibration data is the shot-to-shot
pulse energy variation of the Ti:sapphire laser. The results are shown in Fig. 3.5.
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The mean shot-to-shot energy variation is measured to be ∼ 1.7%. This value is
consistent with the shot-to-shot instability of a typical amplified Ti:sapphire laser.
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Figure 3.5: Shot-to-shot energy variation of the Ti:sapphire laser. Each point is
the standard deviation in pulse energy among 1000 laser shots.

3.2.3 Automated focusing

The setup utilizes a high NA objective (NA=0.8). The depth of focus of such a high
NA objective is on the order of 1 µm. One can estimate that a 300 nm deviation
to the focal plane will cause 10% reduction in focused fluence. Thus focusing the
objective correctly and identically for each shot is crucial. Finding of optimum focal
position contains several steps. First the focal position of the objective is found
by a trial-and-error method, i.e., scanning the sample surface across the estimated
focal position when the laser power is below the damage threshold, increasing the
power, scanning the sample in the focusing direction again; if the sample is still not
damaged yet, increasing the power a little bit and repeating the process again until
first damage is observed on the sample. This position where the first sample damage
is observed is the optimal focal position of the objective. Once the focal position
is found, the reflected beam profile is recorded by the CCD camera, providing a
reference for the optimum focal position. A 2D-Gaussian fitting of this recorded
focal beam profile yields a focal beam diameter (at 1/e intensity) of 1.02 µm.

One can now find the optimum focal position much simpler by just comparing
the in-situ reflected beam profile to the one recorded by the CCD camera when the
objective was in the optimum position found by the above mentioned trial-and-error
method. Initially this comparison was done by the operator observing the CCD
image, but it was soon found that judging the CCD image by the human operator is
not precise enough. The focused fluence can vary by 10% without observable change
in the reflected beam profile. In order to focus the objective precisely we developed
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Figure 3.6: (a) Computer focused beam profiles in x direction. (b) Computer
focused beam profiles in y direction.

a numerical code to do the automated focusing. The CCD camera acquires the
reflected beam profile automatically during the scan in the focusing direction in-
situ. At each step in the focusing direction, the code fits the acquired beam profile
into a 2D-Gaussian function and thus measures the focused beam diameter in-situ
with sub-pixel accuracy. This fitted beam diameter is compared to the optimum
beam diameter found by the time consuming trial-and-error method (1.02 µm).
As soon as the two values are sufficiently close to each other, the code stops the
movement in the focusing direction, constituting optimum focal position.

We tested this automated focusing by refocusing the objective five times using
the numerical code. The results are shown in Fig. 3.6. As can be seen, the five
curves are very identical in terms of beam waist and shape. The fitting of these
focal profiles yields a standard deviation in the focused beam diameter by only
1.5 nm. This demonstrates that the initial focusing condition in our experiments
can be maintained.

3.3 Automated crater geometry determination al-
gorithm

A software code was developed in Matlab to automatically locate and analyze
ablated craters. This is done by fitting the AFM images of each crater into a
mathematical form, from which the crater depth, crater size, crater ellipticity,
roughness can be automatically determined.

3.3.1 Mathematical form

We approximate the morphology of the ablated craters by two dimensional Gaus-
sian functions. A ring-shaped Gaussian function is further used to account for the
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rim of the craters. The morphology of the craters is approximated by

Z =−B exp{−[
(x+ x0hole)

2

a2
+

(y + y0hole)
2

b2
]}+B

+A exp{−[

√
(x+ x0rim)2

c2
+

(y + y0rim)2

d2
− ∆r√

cd
]2}

−A exp[−(
∆r√
cd

)2],

(3.5)

with 11 fitting parameters. The meaning of each of the fitting parameters can be
found in Table. 3.1. In this form, the bottom of the crater is defined at Z = 0,
so the crater depth can be directly determined from one of the fitting parameters.
One can see from Table. 3.1 that ∆r >>

√
cd. Therefore,

Depthcrater = lim
x,y→∞

Z = B −A exp[−(
∆r√
cd

)2]

≈ B
(3.6)

The averaged ellipticity of the holes and the rims can also be determined from the
fitting parameters,

Ellipticityhole =
a

b
(3.7)

Ellipticityrim =
c

d
(3.8)

In the heavy ablation regime, as we will show in the following chapters, the craters
appear to become rough. From this procedure, we can quantitatively define the
crater roughness as the root mean squared fitting residual,

Roughness =

√√√√ 1

N

N∑
i=1

(ZAFM − Zfitted)2 (3.9)

To minimize the influence of background roughness on the crater roughness calcu-
lation, Eq. 3.9 is applied only for the area within the craters.

3.3.2 Fitted examples

To demonstrate that the fitting procedure represents the actual morphology of the
ablated craters correctly we discuss two typical crater geometries, one in the gentle
ablation regime, the other in the heavy ablation regime. To start with the least
square fit, one needs a reasonable guess of the 11 parameters. The guessed values
can be first estimated by looking at the AFM images using the WSxM software [4].
Fig. 3.7 shows the contour map of the original AFM data, the guessed data and the
fitted data. Fig. 3.8 plots the fitted curve along x and y axis as a comparison with
AFM data. Table. 3.1 summarizes the meaning of each parameter, the guessed
value and the best fitted value.
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Figure 3.7: Contour map of AFM data((a),(d)), guessed data((b),(e)), least square
fitted data((c),(f)) for the two regimes: gentle ablation regime: (a),(b),(c); heavy
ablation regime: (d),(e),(f). The color scale is different between the two regimes.
Note the correction for the hole ellipticity from the guessed one in the heavy abla-
tion regime.
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Figure 3.8: AFM data(circle line) and best fitted curve(solid line) along x and y
direction through the hole center. (a), (b) the gentle ablation regime. (c), (d) the
heavy ablation regime.

From these figures we can see that the AFM data are well fitted by the above
mentioned mathematical form for both regimes thanks to the 11 degrees of freedom
in equation 3.5. The disagreement in the rim part of Fig. 3.8d is due to a local
roughening of the rim in the heavy ablation regime. we can see this as the ’high
island’ in the rim of Fig. 3.7d. This clearly demonstrates that the fitting procedure
can reliably be used to parameterize the crater geometry and roughness.
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parameters
geometry
meaning

guessed
gentle
(nm)

fitted gen-
tle (nm)

guessed
heavy
(nm)

fitted
heavy
(nm)

B
crater
depth

43.0 51.5 95.5 133.3

x0hole
hole center
x

0 10.8 0 5.7

y0hole
hole center
y

0 -25.8 0 -51.5

a hole axis x 270 265.5 270 175.0

b hole axis y 240 215.7 240 237.0

A rim height 30 28.1 30 37.4

x0rim
rim center
x

0 11.9 0 -9.4

y0rim
rim center
y

0 -26.7 0 -20.7

c
rim width
x

50 73.5 50 97.6

d
rim width
y

60 89.9 60 93.2

∆r rim radius 390 383.4 400 396.1

Table 3.1: Geometric label of each fitting parameters, guessed value and best fitted
value for the examples in Fig. reffig:2Dfitting. The (0, 0) position is defined as the
bottom of crater from original AFM data.

3.3.3 Automated AFM image splitting

Eq. 3.5 is designed to fit one crater at a time. An AFM image consists of a
two dimensional field of many craters. Therefore the first step before the start of
the fitting procedure discussed above must be splitting the whole AFM data set
into many separated data sets which constitute the data of the individual craters.
The large number of craters makes manually splitting the whole AFM data set
very inefficient. One may think the simplest way to do this is always ablating
the same number of craters on the same position of the field and always keeping
the field on the same position of the AFM scanning area. In practice this is very
cumbersome since the limited precision of the translation stages introduces disorder
in the position of the craters.

We use Fig. 3.9 to illustrate the algorithm to realize the automated image
splitting. Fig. 3.9a shows a typical AFM image of the craters ablated by the setup
at 5Hz repetition rate. At this relatively high repetition rate, the translation
stages have not stopped when the laser pulse arrives. Therefore, the disorder in
the position of the craters is strongly exaggerated. The craters have local minima,
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so at first thought the software code just needs to find each local minima. However
the AFM image may have dirt or artifact particles. A large number of these
particles also have local minima. Besides this, the bottom of craters sometimes
have multiple local minima. We thus need to use a different procedure to find the
local minima.
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Figure 3.9: (a) Original AFM data. (b) Edges of craters. (c) Convolution map of
the crater edges. (d) Crater center (circle) and sorting (solid line), note the correct
determination of hole center position comparing to (a).

The first step is to avoid dirt and artifact particles to interfere with the structures
we want to find. This is done by deliberately set the AFM data slightly above the
surface to 0, typically 10 nm above surface will eliminate all the dirt and artifacts.

The second step is to find the crater edges. This is done by analyzing the
gradient of the AFM data after step 1. Fig. 3.9b plots the edges of the craters.

The third step is a crucial step. What we want the computer to find is a two
dimensional function which has the right number of local minima (or maxima)
equal to the number of craters at the positions where the crater centers are. This
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can be done by taking a two dimensional convolution between the edge map in
Fig. 3.9b and a two dimensional identity matrix. This convolution (plotted in
Fig. 3.9c) always has maxima at the crater centers because it actually computes
the number of edge points that fall on the identity matrix as the identity matrix is
scanned across the edge map. The crater center positions are just the local maxima
of the convolution map.

The fourth step is to sort the crater center according to the the sequence the
ablation experiment is carried out so as to assign the correct fluences. Fig 3.9d
shows the computer determined crater center and a correct sorting.

The final step is to split each crater from the whole AFM image and fit them
one by one using Eq. 3.5. The 30 automatically identified craters from Fig. 3.9a
are shown in Fig. 3.10.

Figure 3.10: Computer splitted craters from their AFM image Fig. 3.9a

3.4 Focused spot size measurements

A correct fluence measurement requires a precise measurement of the focal spot
size. The scanning knife edge is a widely used method for measuring the laser
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beam waist, but unfortunately very complex and hard to directly apply to high-
NA objective systems [1, 2]. We estimate the focused spot size by three other
methods. The first is a theoretical calculation using vector diffraction theory [3].
The second one is a simple method based on laser ablation [1]. The third one is
based on the fitting of the reflected focal beam profile (Fig. 3.6). We show that the
results of the three methods agree with each other.

Unlike the case of low NA systems, the simple formula D v λ
NA is not valid

for a high NA objective, as in this case, the polarization of light must be taken
into account. Therefore we follow the vector diffraction theory [3] and by numerical
calculations we calculate the 3D construction of the electric field distribution in the
focal region. For the calculation, one needs to know the beam size incident on the
objective pupil. As shown in Fig. 3.11, the beam profile incident on the objective
pupil is recorded by a CCD camera and the data are fitted into a 2D-Gaussian
function. Fig. 3.11 shows that the fitted curve yields an averaged beam diameter
of 3.82 mm at 1/e2 maximum. The beam diameter is therefore slightly larger than
the objective pupil of 3.2 mm, thus we take full advantage of the high NA of the
objective. The calculated results are shown in Fig. 3.12.
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Figure 3.11: Beam size at the objective pupil: (a) x direction, (b) y direction

Just as expected from vector diffraction theory, the distribution in the focal
plane xy is elongated along polarization direction x, therefore we define the average
focused spot diameter to be

Dfocal =
√
D1D2 (3.10)

where D1 and D2 are the 1/e2 beam diameter along and perpendicular to po-
larization direction. The calculation yields the average focused beam diameter
Dfocal = 937 nm.
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Figure 3.12: Intensity distribution in the focal region: (a) x-y plane, (b) two di-
rections in the focal plane, (c)x-z plane, (d)y-z plane. λ = 800 nm, NA = 0.8.
x-y is the plane perpendicular to beam propagation direction, z parallel to beam
propagation direction.

The experimental estimation of the focused spot size was done by the following
method widely used in laser ablation experiments [1], taking advantage of the fact
that ablation occurs only when the threshold value is surpassed. Therefore the
following relation holds,

D2 = 2ω2
0ln(

E

Eth
), (3.11)

where D is the ablated hole diameter, ω0 is the beam waist in the focal plane, E is
the pulse energy, Eth is the ablation threshold energy. Therefore the slope of D2

versus ln(E) curve yields the focused beam waist at 1/e2 maximum.

The measured hole diameters at the sample surface are shown in Fig. 3.13 versus
fluence. From Fig. 3.13a we find two regimes, corresponding to gentle and heavy
ablation. The drop of hole diameter around 0.5 J/cm2 is caused by a sudden
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Figure 3.13: (a) Measured hole diameter as a function of fluence. (b) Hole diameter
square as a function of Ln(Fluence).

growth of the rims partly refilling the holes. As shown in Fig. 3.13b, the hole
diameter squared in the gentle regime grows linearly with the logarithm of fluence
in conformity with Eq. 3.11. The fitted slope of this curve and the corresponding
curve from another independent experimental run yields the focused spot diameter
Dfocal = 960±60 nm which coincides within errors with both the theoretical value
and the value extracted from the reflected focal profile (Sec. 3.2.3).

3.4.1 Focusing error

The high-NA objective makes the setup sensitive to minute mechanical vibrations.
If such mechanical vibrations are big enough, the objective will be significantly out
of focus. To measure the focusing error due to mechanical vibrations, we trigger
the camera in such a way that the software stores the beam profile reflected by
the sample immediately after each time the laser fires its pulses. After that, these
acquired images are fitted into 2D-Gaussian functions to extract the beam waist.

The 144 acquired images by the CCD camera in a typical experimental run are
collected in Fig. 3.14. By naked eye, one can barley see the differences among each
shots. But from Fig. 3.15 we see the fitting suggests that the focal beam diameter
shows a certain pattern. During the experiments, the anti-backlash mode of the
translation stages is activated to minimize the position error due to backlash(on the
order of 2 µm). In this mode, when the stage travel in negative direction, it first
travel a certain distance towards positive direction to compensate the backlash.
Therefore the vibrations are bigger when the stage does the compensation proce-
dure. The peaks in Fig. 3.15 just correspond to the negative direction while the
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3.4. Focused spot size measurements

Figure 3.14: The 144 acquired beam profile in a typical experimental run. Each
image has its own color bar.
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Figure 3.15: The fitted focal beam diameter from Fig. 3.14.
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Chapter 3. Automated ablation setup and AFM data analysis

valleys correspond to positive direction. We note that the anti-backlash mode is
necessary to ensure that every laser pulse sees a fresh part of the sample; otherwise
when the stage changes direction, it has a very big chance to fire at the position
which has already been fired at by the previous shot. We can see that the focusing
error is not very big. However, to make the measurement precise, we compensate
this error by using the fitted beam waist in the incident laser fluence calculations.
Future improvements on the focusing error may be done by replacing the motor
stages with piezoelectric stages.

3.4.2 Pointing uncertainty
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Figure 3.16: Pointing uncertainty of the setup.

The automated acquisition of the focal beam profile by the camera allows us to
easily measure the pointing uncertainty of the setup. For each acquired image,
the fitting yields a fitted focal beam center. The laser energy is kept well below
damage threshold and the sample is not moving in this measurement. The result is
shown in Fig. 3.16. The circles represent the fitted focal beam center for each laser
shot. The standard deviation of the distance from their averaged value is 19.8 nm.
This pointing uncertainty may come from the instability of the laser itself and/or
the mechanical vibrations in the environment. If this setup is to be used for the
fabrication of photonic crystals, a ten-fold improvement of the stability is required.
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3.5. Self-reflectivity measurement

3.5 Self-reflectivity measurement

The automated acquisition of the focal beam profile by the CCD camera also allows
us to measure the reflectivity changes as a function of incident fluence.
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Figure 3.17: (a) Using silver as the reflectivity calibration. (b) Typical self-
reflectivity of bulk Si.

We call this reflectivity self-reflectivity because the reflectivity of the sample
changes during the incident pulse due to the pulse interacting with the plasma gen-
erated by the pulse itself. In this sense, it is similar to the well known self-focusing
effect where the pulse is so intense that the refractive index of the medium changes
in such a way that it leads to the self-focusing. By subtracting the background level
of each acquired image and calibrating the absolute reflectivity by the reflectivity
of a silver mirror at low fluence, we are able to measure the self-reflectivity as a
function of fluence. Fig. 3.17a shows the un-calibrated reflectivity of silver. The
flat part of this curve is used to calibrate the self-reflectivity as we can treat the flat
part as the reflectivity of the unexcited silver, which is known to be 0.98 for this
wavelength. The measured self-reflectivity of bulk silicon is plotted in Fig. 3.17b.
From the figure, we see the reflectivity at low fluence approaches 0.33 which is the
reflectivity of unexcited silicon as it should.

3.6 A test for the automated system

A 10×10 single-shot field was made on the SOI sample as a test for the automated
ablation setup and the fitting algorithm. Fig. 3.18a shows the AFM images of the
test field and their corresponding laser fluences.
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Chapter 3. Automated ablation setup and AFM data analysis

(a)

(b)

Figure 3.18: (a) Original AFM images of the test field. (b) The fitted AFM data
of the test field. The number above each image are the single-shot incident fluence
in J/cm2. The dimension of each image is 1.4 µm× 1.4 µm.
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3.7. Conclusion

The AFM data are fitted by the software code and the results are shown in
Fig. 3.18b. The fitted ablation depth and crater roughness are plotted as a function
of fluence in Fig. 3.19. A careful comparison between the fitted AFM data and the
original AFM data demonstrates the validity of the fitting algorithm.
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Figure 3.19: The fitted ablation depth and crater roughness.

3.7 Conclusion

In conclusion, we have built a fully automated fs laser ablation setup with sub-
micron resolution. For each laser shot, the single pulse energy and the reflected
focal beam images are recorded. The error of the single pulse energy measurement is
within 0.5%. By fitting the reflected beam images, we have an estimate of focusing
error due to the mechanical vibrations along the optical axis of the objective. This
focusing error is used to correct the fluence determination. The fitting also yields
the self-reflectivity changes as a function of incident pulse fluence which is of great
importance for the study of the plasma properties. Furthermore, for the ablated
crater morphology measurements, we have developed an algorithm and Matlab
code to automatically determine the ablation depth, hole size, crater roughness
and other interesting aspects from the AFM images.
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Chapter 4

Saturation effect in
femtosecond laser ablation of
silicon-on-insulator

Abstract This chapter1 describes a particular saturation effect found in femtosecond
laser ablation of silicon-on-insulator (SOI). This effect is explained by the secondary laser
absorption in the laser-induced plasma created by the leading part of the incident pulse.
We use a Drude model to calculate the transient complex refractive index change due
to the excitation of the carriers. This allows us to calculate the laser intensity inside
the sample everywhere at every time interval. By using an internal fluence criterion, the
ablation depth is well fitted to this model.

4.1 Introduction

Silicon on insulator (SOI) wafers are widely used in microelectronics industry and
silicon photonics. [1] The crystalline silicon layer on insulator can be used to fabri-
cate optical waveguides and other passive optical devices for integrated optics. The
crystalline silicon layer is sandwiched between the buried insulator (SiO2, Al2O3

etc.) and top cladding of air (or any other low refractive index material). This en-
ables propagation of electromagnetic waves in the waveguides on the basis of total
internal reflection. Photonic crystal waveguide slabs are usually often fabricated in

1This chapter is based on an earlier publication (Appl. Phys. Lett. 99, 231108 (2011)) before
the automated ablation experiment setup described in Chapter 3 was built.
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silicon-on-insulator (SOI) by electron-beam or x-ray lithography, as well as focused
ion beam (FIB) milling [2].

Femtosecond laser ablation of solid materials has become an increasingly com-
mon tool for precise machining of micron and submicron features in both di-
electrics [6] and semiconductors [2, 4]. Silicon, as the most important element
in todays semiconductor industry, has drawn a lot of attention from researchers to
study both the fundamental response to ultrashort pulsed laser radiation [5, 7–9]
and its potential application in direct laser writing of photonic devices [2], laser
fabrication of nano-tips on thin silicon films [10, 11], direct laser amorphization of
silicon [3,12] and microspiked or black silicon [13,14]. The emergence of femtosec-
ond laser microfabrication makes sub-diffraction-limited features directly fabricated
on SOI wafer possible. For instance, Ming Li et al. reported the fabrication of a
photonic bandpass filter at 1550 nm by femtosecond direct laser ablation [2]. Un-
like the case for bulk silicon, few studies on ultrafast laser machining of SOI wafers
have been reported [2, 3].

Furthermore, most studies in silicon [4, 5] are done in a relatively high fluence
regime. Therefore, these studies shed limited light on the ablation behavior around
the ablation threshold. This chapter describes a systematic study on submicron
features fabricated on the front surface of SOI (a 200 nm c-Si layer on a 1 µm
thick SiO2 layer) by tightly focused femtosecond laser pulses. We determine the
surface morphology and ablation depth using atomic force microscopy (AFM) in a
fluence range around the ablation threshold and identify three modification regimes.
Subsequently, we model the ablation behavior around the ablation threshold, taking
into account one- and two-photon absorption and secondary absorption by the
optically generated carriers. Crucially, we also take full account of the effect of
transient reflectivity during the laser pulse itself.

4.2 Sample and setup

Fig. 4.1 shows a sketch of the setup and a schematic representation of the sample.
The sample used for this study is a commercial SOI wafer with ∼ 200nm c-Si layer
on top and 1 µm SiO2 layer in between.

An amplified Ti:Sapphire femtosecond laser (Hurricane, Spectra Physics Inc.) op-
erating in single-shot mode is used to produce pulses centered around 800 nm, with
an initial pulse duration of ∼ 100 fs. These linearly polarized pulses are focused on
the c-Si layer by a NA=0.8 objective lens (Nikon CFI60, 100x). We estimate that
group velocity dispersion of the objective will increase the pulse duration to upto
150 fs [15]. Three-axis high-precision motorized translation stages (T-LSM025A,
Zaber Technologies Inc.) are used to find the exact focal position of the objective
and scan the sample to provide a fresh surface for every shot. A charge coupled
device (CCD) camera (Qimaging RETIGA 1300) is used to allow in-situ monitor-
ing of the sample surface. Special care is taken to keep the sample surface in focus
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Figure 4.1: (a) The setup sketch. (b) The sample illustration. M:Mirror. PBS: po-
larization beam splitter. NPBS: non-polarization beam splitter. BS: beam splitter.

during the whole experiment, since the depth of field of the CFI60 objective is
smaller than 1 µm. The focused beam diameter is measured to be 1.2 µm (at 1/e2

maximum intensity) by analyzing the CCD image of the focused spot. The pulse
energy is measured by a power meter and the corresponding fluence is varied in
the range 0.09 J/cm2 < F < 0.7 J/cm2 using a rotating λ/2 plate followed by a
polarizing beam splitter.

4.3 Experimental results and theory

Single-shots at various laser fluences are focused on the top c-Si layer of the SOI.
Experiments are repeated 3 times to test the reproducibility and to get an estimate
of experimental error. All experiments are conducted in ambient air and at room
temperature. An atomic force microscope (Digital Instruments) operating in tap-
ping mode is used to measure the detailed surface morphology of the laser-modified
sample. The AFM images of the 3 experimental runs are shown in Fig. 4.2.

From Fig. 4.2, we can identify three types of crater morphology. As specifically
shown in Fig. 4.3, They are nano-tips (Fig. 4.3a), smooth craters (Fig. 4.3b) and
rough craters (Fig. 4.3c). The smooth craters and the rough craters can be seen
more clearly in the scanning electron microscope (SEM) images shown in Fig. 4.4.
In Fig. 4.5, the depth of the craters, defined by the distance from the bottom of
the crater to the flat sample surface, is plotted as a function of laser fluence. As
can be seen, the crater depth first saturates at 50 nm and then quickly increases
to about 150 nm. We can identify three regimes of modification: (a) nano-tip
formation regime (0.13 J/cm2 < F < 0.22 J/cm2), (b) gentle ablation regime
(0.22 J/cm2 < F < 0.35 J/cm2) and (c) heavy ablation regime (F > 0.35 J/cm2).
These can be related to the various types of surface morphology or to the crater
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(a) (b)

(c)

Figure 4.2: (a) The AFM image of the first experimental run. (b) The AFM image
of the second experimental run. (c) The AFM image of the third experimental run.

depths. Single-shot surface morphology modification is observed at laser fluences
above 0.13 J/cm2. In the fluence range from 0.13 J/cm2 to 0.18 J/cm2 nano-tips
are formed, with a width of 150 nm and 20 nm in height(Fig. 4.3d). The same
experiment is performed in bulk silicon but here this nano-tip formation regime
is missing, indicating that the particular layered arrangement of the SOI wafer is
crucial for the formation of nano-tips.

In fact, in Ref [10], Georgiev et al. reported similar nano-tip formation in SOI
fabricated by a nano-second laser [10, 11]. These authors attribute the formation
of nano-tips to the predominantly lateral dissipation of heat from the laser-heated
spot. The nano-tip formation regime in our experiment suggests that thermal ef-
fects may not be completely ignored even for a femtosecond pulse. Turning now to
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Figure 4.3: Typical AFM images (top row) and cross-sections (bottom row) of
single-shot submicron features on SOI wafer for (a,d) nano-tip formation (fluence
F ∼ 0.13 J/cm2), (b,e) gentle ablation (F ∼ 0.3 J/cm2), (c,f) heavy ablation
regime (F ∼ 0.6 J/cm2). Note that the three AFM images have a different color
scaling.

the ablation regimes, the data in Fig. 4.5 show that in the gentle ablation regime,
the ablation depth saturates at about 50 nm, before it steeply increases in the
heavy ablation regime. Inspection of the AFM images shows that in the gentle ab-
lation regime, smooth craters are formed (Fig. 4.3b), whereas in the heavy ablation
regime the craters become rough and deformed (Fig. 4.3c). As we will show, a de-
tailed knowledge of laser absorption in excited silicon is crucial to understand this
saturation effect. The creation of electron-hole pairs via absorption of ultra short
pulse radiation is mainly due to one-photon absorption (OPA) and two-photon ab-
sorption (TPA) [4, 5, 7]. We show that the secondary laser absorption due to the
interaction between the incident pulses and the dense electron-hole plasma excited
via OPA and TPA must be taken into account to explain the saturation of the ab-
lation depth observed in the experimental data. Inside the material, laser intensity
is described by a Lambert-Beer like law [5]

∂I

∂x
= −(α0 + αDrude)I − βI2, (4.1)

where I = (1 − R)I0, R the transient surface reflectivity and I0 the incident in-
tensity. The OPA coefficient α0 = 1021 cm−1 (at λ = 800 nm) is taken from
Ref. [5] and the TPA coefficient β = 1.85 GW/cm is taken from Bristow et al. [16].
The secondary laser absorption in the excited electron-hole plasma is described by
a time and space dependent extra absorption coefficient αDrude. By considering
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(a) (b)

(c) (d)

Figure 4.4: (a) SEM image of craters in the gentle ablation regime. (b) SEM image
of craters in the heavy ablation regime. (c) A zoom in of (a). (d) A zoom in of (b).

the creation of electron-hole pairs via OPA and TPA and the diffusion of the cre-
ated carriers through ambipolar diffusion, the balance equation for carrier number
density N can be written as follows [5, 7]

∂N

∂t
+∇ · (−D0∇N) =

α0I

~ω
+
βI2

2~ω
, (4.2)

where D0 is the coefficient of ambipolar diffusivity (18 cm2/s) [5] and ~ω is the
photon energy. Recombination and impact ionization can be safely ignored since
the time period of our computation is only 600 fs. The reflectivity R as well as the
absorption αDrude in the excited plasma change during the pulse due to the time
and space dependence of the carrier number density N [5]. The complex refractive
index n of the highly excited silicon is calculated by a simple Drude model of the
dense electron-hole plasma according to the following expression [5, 7]

n =

√
εc−Si −

ω2
p

ω2 + iω/τd
, (4.3)
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where εc−Si is the dielectric constant of crystalline silicon, ω is the angular frequency
of the incident pulse, and the damping time τd is chosen at 1.1 fs considering
high carrier-carrier collisions [7]. The plasma frequency ωp is calculated from the
transient carrier density as ωp = (4πNe2/m∗)1/2, where m∗ is the electron effective
mass taken as m∗ = 0.18 me [7]. The laser absorption in the plasma αDrude is given
by αDrude = 4πκ/λ, where κ is the imaginary part of n. The transient reflectivity of
the plasma layer excited by the incident pulse can be calculated using the transfer
matrix method [17]. By extrapolating the measured crater depth to zero (Fig. 4.5),
a single shot ablation threshold Fav = 0.22 J/cm2 is deduced which is close to the
threshold value measured by other groups (0.2 J/cm2) [18,19].

4.4 Model and discussion
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Figure 4.5: The data points indicate the crater depth measured on SOI, averaged
over three experiments. The error bars indicate the standard deviation in measured
crater depth. Solid curve shows the calculated crater depth using a 136 fs pulse
duration. The shaded area indicates the effect of the pulse duration on the ablation
depth when pulse durations between 100 fs and 172 fs are used. Dashed curve
shows the crater depth calculated only taking OPA and TPA into account. The
inset shows a magnified view of the gentle ablation regime.

We propose following a simple model to determine the ablation depth. The cou-
pled Eqs. (4.2) and (4.3) are solved numerically by a fully implicit finite difference
scheme. The nonlinear light attenuation Eq. (4.1) is solved numerically by im-
proved Euler’s method. The computation region includes the 200 nm c-Si film
on top, the 1 µm SiO2 in between and the infinite bulk Si substrate at the bot-
tom. The top 200 nm c-Si film is sliced into 1024 pieces where the finite difference
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scheme is applied on. The computation time is within the pulse length (600 fs) as
we are only interested in the laser intensity inside the sample during the pulse. The
transient reflectivity change due to the transient carrier excitation is calculated by
transfer matrix method [17]. Solving the coupled Eqs. (4.1), (4.2), and (4.3) allows
us to calculate the internal laser intensity everywhere inside the sample at every
time interval during the pulse length. By integrating the internal intensity over the
pulse length the internal laser fluence as a function of depth is obtained, i.e.,

F (x) =

∫ 3τ

−3τ

I(x, t) dt, (4.4)

where the τ is the pulse length. We model the crater depth by a fluence criterion.
The crater depth is modeled by calculating the region where the laser fluence F (x)
is larger than the threshold value of Fpeak = 0.321 J/cm2. This peak fluence is the
fluence inside the material at the center of the laser spot (2Fav) corrected for the
part of the pulse that is transiently reflected by the excited silicon.

The data points in Fig. 4.5 show the measured crater depth as a function of
fluence. The pulse duration was used as a fit parameter. The best correspondence
was found with a pulse duration of 136 fs, which is consistent with our estimates.
The solid line is the result of the model calculation using that pulse duration. To
indicate the effect of the uncertainty in the in-situ pulse duration, the shaded area
indicates the result when pulse durations between 100 fs and 172 fs are used. As is
seen in Fig. 4.5, agreement between calculation and measurement is excellent for
laser fluences below 0.35 J/cm2. We have found a similar saturation effect in bulk
silicon, indicating the saturation is not caused by the particular layered structure
of the SOI wafer2. In Ref [4], AFM measurements on ablation depth using pulse
fluence F > 0.7 J/cm2 are carried out. The authors fit the ablation depth with
a simple logarithmic function, as is appropriate when only taking OPA and TPA
into account. As is seen in Fig. 4.5, such a logarithmic fit (dashed grey curve)
leads to a rather poor correspondence close to the threshold. Furthermore, this
logarithmic fit can only be obtained using an unrealistically large TPA coefficient
of β = 29 cm/GW. Based on this consideration, we contribute the saturation in
ablation depth to the secondary laser absorption in the laser-induced plasma.

To better illustrate the saturation of internal fluence, the calculated internal
pulse fluence as a function of incident pulse fluence and depth is shown as a contour
map in Fig. 4.6. The lines in Fig. 4.6 correspond to the location where the internal
fluence is the same. We can see that as the incident pulse fluence goes higher, the
attenuation of light in the first tens of nanometer becomes so high such that in the
depth of ∼ 50 nm, the internal fluence is not increase as the incident fluence goes
higher. This is due to the increased light absorption in the generated free carriers.
This increased absorption is even more pronounced where the internal fluence below
∼ 100 nm decrease as the incident fluence increase beyond ∼ 0.15 J/cm2.

2Since the publication of the manuscript, we have found that the saturation effect in bulk
silicon is in fact not caused by exactly the same mechanism as in SOI. This is discussed in
Chapter 5.
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4.5. Conclusion

For laser fluences beyond the gentle ablation regime our model no longer de-
scribes the data, which suggests that the ablation depth in the heavy ablation
regime is no longer determined by the effective optical penetration depth, but
rather by the effective energy penetration depth [4]. However, identifying the ex-
act mechanism for the departure from the model requires further study.
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Figure 4.6: Contour map of the calculated pulse fluence inside the sample. The
solid black line shows the ablation threshold. Material for which the internal fluence
is larger than the threshold value is removed in the ablation process.

4.5 Conclusion

In conclusion, submicron features were directly fabricated on SOI wafer by tightly
focused single-shot femtosecond laser pulses. In the regime below single-shot abla-
tion threshold, nano-tips are formed. In the regime just above single-shot ablation
threshold, we found a saturation in ablation depth which can be understood by
secondary laser absorption in the laser-induced plasma. we expect that this satu-
ration can be used as an effective depth-stop in laser processing. Such a depth-stop
is technically very beneficial for laser milling of structure, especially in stratified
media such as SOI. The calculated ablation depth agrees excellently with the mea-
sured value in this regime. Beyond this regime, the ablation depth exhibits a sharp
increase, which requires further study.
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Chapter 5

Self-scattering and optical
interference effects in
single-shot femtosecond laser
ablation of thin silicon films

Abstract In this chapter, we present the single-shot ablation experiments in silicon-
on-insulator (SOI) wafers using the automated setup described in Chapter 3. The ex-
periments and the AFM measurements yield the single-shot ablation depth and the self-
reflectivity as a function of incident fluence. The experimental results are interpreted by
computer simulations using the Finite Difference Time Domain (FDTD) method, which
incorporates the changes in the transient dielectric constant during the pulse. The ex-
perimentally measured self-reflectivity data are well reproduced by the FDTD simulation
of a single fs laser pulse interacting with a sub-micron sized laser-induced plasma. The
simulation shows the evidence of self-scattering effects due to the buildup of a sub-micron
sized plasma in the focal region. Furthermore, the results of the FDTD simulation clearly
demonstrate the dominant role of impact ionization in silicon on the development of the
laser-induced plasma by a femtosecond laser pulse. Additionally, we found unique fea-
tures in the ablation depth of the SOI sample. Those unique features are qualitatively
explained by the interference effect in laser ablation of thin films such as SOI.
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5.1 Introduction

In Chapter 3, we described the automated ablation setup which enables us to mea-
sure the single-shot self-reflectivity and ablation depth accurately. The changes
in the dielectric constant induced by the excitation of carriers govern the self-
reflectivity the incident pulse experiences. Studying the self-reflectivity provides
detailed information about the plasma properties. Within the framework of the
Drude model, a quantitative fitting of the self-reflectivity data does provide the
carrier density, which allows identification of the dominant carrier generation pro-
cess. In an early report [17], the self-reflectivity was studied for crystalline and
amorphous silicon illuminated by a single femtosecond pulse. Later [8], the reflec-
tivity of dense electron-hole plasma in silicon induced by femtosecond pulses was
investigated by time-resolved pump-probe experiments. However, in the interpre-
tation of the reflectivity data, the role of impact ionization was ignored while it has
been demonstrated to be the dominant mechanism for the dielectric breakdown in
silicon with femtosecond laser pulses at above-gap photon energies by Pronko et.
al. [9]. Furthermore, in a theoretical work by Riffe [14], it is shown that the effec-
tive mass of the laser-induced plasma is both density and temperature dependent.
In contrast with the above mentioned self-reflectivity and pump-probe studies, we
consider a temperature dependent optical effective mass according to Riffe’s theo-
retical calculations [14] in the interpretation of our self-reflectivity data. By fitting
the self-reflectivity using the temperature dependent effective mass, it allows us to
determine the carrier density reached in our experiments directly.

Additionally, different from these studies, our experimental setup utilizes a high-
numerical aperture objective (NA = 0.8). The objective tightly focuses the laser
pulses to a sub-micron spot causing the laser-induced plasma to scatter the incident
light which makes the physics rich but complicates the model of the self-reflectivity
in relative to the situation where low-numerical aperture system is employed. The
complexity comes from two aspects. One is that the field in the focus is a super-
position of plane waves impinging on the sample at a range of angles. This effect
complicates the calculation of the reflectivity. The other aspects is that due to the
tight focusing and the Drude response of the material, a sub-micron sized plasma
ball is formed during the laser matter interaction. This plasma ball scatters the
incident wave and creates evanescent components which do not propagate to the
far-field. In order to correctly model these effects, we developed a numerical code
of a single femtosecond laser pulse interacting with the laser-induced sub-micron
sized plasma by the Finite Difference Time Domain (FDTD) Method. The numer-
ical results clearly show the importance of laser-induced self-scattering effect due
to the build up of a sub-micron sized plasma during the laser-matter interaction.
In addition, the fitting of our self-reflectivity data by FDTD simulations demon-
strates that impact ionization governs the plasma development in silicon induced
by a femtosecond laser pulse with a wavelength of 800 nm which is consistent with
the findings of Pronko et.al [9].

Last but not least, atomic force microscopy (AFM) measurements on the ab-
lated craters allow us to study the single-shot ablation depth and the ablated
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surface roughness as a function of incident laser fluence. The experimental results
show some unique features in the ablation depth and the ablated crater rough-
ness. With the successful modelling of the self-reflectivity data, the numerical code
can calculate the deposited laser energy density anywhere inside the samples. The
model qualitatively explains these unique features on the ablation depth and the
ablated crater roughness found in the experiments. The results demonstrate the
importance of the optical interference effect in laser ablation of layered structure
such as the silicon-on-insulator (SOI) used in this work.

5.2 Experimental results

5.2.1 Film thickness

In the experiment, three different types of samples were used, bulk single-crystalline
silicon and two silicon-on-insulator (SOI) samples of different device layer thickness.
To determine the thicknesses of the device layer for the two SOI wafers, we measure
the hole depth ablated at a fluence that is much larger than the ablation threshold
of silicon but smaller than the ablation threshold of the buried oxide layer beneath.
As a result, the device layer is ablated all the way down to the oxide layer and the
bottom of the ablated hole is therefore flat. By measuring the depth of the ablated
hole we can measure the thickness of the film. The cross section of the ablated
hole measured by AFM is shown in Fig. 5.1. The AFM was calibrated by two
calibration gratings, TGZ1 and TGZ3 from NT −MDT Co. The step height of
these two gratings are 17 ± 1.2 nm and 560 ± 2.6 nm. Fig. 5.1 plots the cross
section of typical craters with flat bottom and the cross section of the two AFM
calibration gratings. From Fig. 5.1c and Fig. 5.1d, we deduced two calibration
factors 1.204± 0.085 and 1.181± 0.0054 by the two calibration gratings TGZ1 and
TGZ3 respectively. Considering the larger relative error in the grating TGZ1 we
use the factor determined from the TGZ3 (1.181) for the AFM calibration. The
device layer thickness measured by AFM after calibration as well as the value from
specification are summarized in Table. 5.1.

Table 5.1: The device layer thickness d1 of the two SOI samples. The value mea-
sured by AFM and the value from specification are summarized. d2 is the thickness
of the SiO2 layer from specification.

samples d1(nm, spec.) d1(nm,AFM, calibrated) d2(nm, spec.)

SOI1 200 201.3± 4.1 1000

SOI2 100 111.5± 3.0 300
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Figure 5.1: AFM data of the cross section of craters on (a) the SOI sample 1
(un-calibrated), (b) the SOI sample 2 (un-calibrated) ablated at high fluence and
(c) calibration grating TGZ1 (un-calibrated), (d) calibration grating TGZ3 (un-
calibrated).

5.2.2 Single shot ablation depth and self-reflectivity mea-
surements

We now summarize the measurements done on the above mentioned samples.
Fig. 5.2, Fig. 5.3 and Fig. 5.4 show the AFM images of ablated craters on the
SOI1 sample, SOI2 sample and the bulk Si sample, respectively.

From each of these AFM images, we determine the single shot ablation depth and
the RMS roughness of the ablated craters by the fitting algorithm discussed in
Sec. 3.3. The results of this fitting procedure are shown in Fig. 5.5. The differences
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Figure 5.2: AFM images of ablated craters in the SOI1 sample. The number
above each image is the incident fluence in J/cm2. The dimension of each image
is 1.6 µm× 1.6 µm.

Figure 5.3: AFM images of ablated craters in the SOI2 sample. The number
above each image is the incident fluence in J/cm2. The dimension of each image is
2.2 µm× 2.2 µm.
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Figure 5.4: AFM images of ablated craters in bulk Si sample. The number above
each image is the incident fluence in J/cm2. The dimension of each image is
1.6 µm× 1.6 µm.

among the ablation depth data for the 3 samples immediately imply the importance
of layered structure on the ablation behavior. What is even more pronounced is
that for the SOI1 sample a peak (marked by a circle) in the ablation depth data
appears at an incident fluence Finc = 0.27 J/cm2. As the incident fluence further
increases, this peak disappears until a sudden increase of the ablation depth at
Finc = 0.45 J/cm2. Several other independent experimental runs demonstrate that
this peak is reproducible (for example, see Fig. 3.19 in Chapter 3).

Fig. 5.6 shows the self-reflectivity data measured during the ablation. In this
figure, the data of two independent experimental runs are presented for each sam-
ple. The data labeled with ’run 1’ in Fig. 5.6 are the self-reflectivity associated
with the experimental runs which produced the craters in Fig. 5.2, Fig. 5.3 and
Fig. 5.4. The data labeled with ’run 2’ are other experimental runs with more data
points in the low fluence range. Details of the experimental measurement of the
self-reflectivity are discussed in Sec. 3.5. We see in Fig. 5.6 that the reflectivities at
the lowest incident fluences (which approaches the reflectivities of the un-excited
samples) for the three samples are quite different, especially for the SOI1 sam-
ple. As we will discuss later, this is because of the optical interference due to the
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Figure 5.5: (a) The single shot ablation depth and (b) The RMS roughness of the
ablated craters.
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Figure 5.6: The self-reflectivity data.

presence of the layered structure. As the incident fluence increases, the reflectivity
drops to a minimum and then increases again. This behavior suggests a typical
free-carrier (Drude) response. As the carrier density increases, the real part of the
refractive index first drops until it reaches the critical density (where the plasma
frequency equals the incident light frequency), after which the real part of the re-
fractive index increases again. But as we can see, the drop of the reflectivity for the
SOI1 sample is more pronounced than in the other two samples. As we will discuss
later, the scattering by the sub-micron sized laser-induced plasma and the interfer-
ence effect must be considered for a correct modelling of the self-reflectivity data.
In the following sections, in order to quantitatively understand the self-reflectivity
data and qualitatively understand the single-shot ablation depth data, we will nu-
merically solve the Maxwell equations which govern the deposition of laser energy
into the material by FDTD, coupled to the equations specifying the changes in the
optical properties of the material during the pulse and the subsequent transfer of
energy from electron to the lattice.

5.3 Theory

The basic processes during fs laser ablation such as excitation, energy transfer to
the lattice and material removal are temporally well separated [5]. The first process
during the absorption of a fs laser pulse by a semiconductor is the excitation of
electrons from the valence band to the conduction band. Depending on the band
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gap of the material and the incident photon energy, the excitation can be either
one-photon absorption or multi-photon absorbtion or both. Subsequently, electrons
already excited to the conduction band can gain energy in the laser field via free
carrier absorption. If the energy of a conduction electron is sufficiently high, it may
excite another electron in the valence band to the conduction band, by a process
known as impact ionization. This process can repeat multiple times, so it is also
known as avalanche or cascade ionization. For silicon, at 800 nm excitation wave-
length, the free carriers are created by one-photon absorption (OPA), two photon
absorption (TPA) [7, 8] and impact ionization [9]. Generally, impact ionization
is a very complicated process that requires taking into account the energy distri-
bution of the electrons. Here we use the simplified expression deduced by Stuart
et.al. [10] for the impact ionization term. The rate equation for the evolution of
carrier density N is then [7, 8, 10]:

∂N(r, t)

∂t
+∇ · [−D∇N(r, t)] =

α0I(r, t)

~ω
+
βI2(r, t)

2~ω
+ θI(r, t)N(r, t), (5.1)

where D is the carrier diffusivity, α0 is the OPA coefficient, β is the TPA coefficient,
and θ is the impact ionization coefficient. A so-called two-temperature model is
used to model the evolution of carrier temperature Tc and lattice temperature
Tl [7, 8]:

∂[Uc(r, t)]

∂t
+∇ · [−κc∇Tc(r, t)] = αexI(r, t)− Cc

τcl
(Tc − Tl), (5.2)

∂[ClTl(r, t)]

∂t
+∇ · [−κl∇Tl(r, t)] =

Cc
τcl

(Tc − Tl), (5.3)

where the total energy density of the excited carriers Uc = CcTc + NEg with Cc
the carrier heat capacity and Eg the band gap energy. The effective absorption
coefficient αex of the excited material accounts for OPA, TPA and free carrier
absorption (Drude). The thermal conductivity of carrier and lattice are denoted
by κc and κl, respectively. The symbol τcl represents the carrier-lattice coupling
time.

In Sec. 2.3 we have concluded that the laser-induced plasma in this work can
in a good approximation be treated as a non-degenerate plasma. Thus, the carrier
heat capacity and the carrier heat conductivity can be approximated using classical
thermodynamics [11,12]:

Cc = 3kBN(r, t), (5.4)

κc =
1

3
Cc〈vc〉2τd, 〈vc〉 =

√
3kBTc
m∗

, (5.5)

where kB the Boltzmann constant, 〈vc〉 the mean speed of carriers, m∗ the carrier
effective mass and τd the carrier-carrier collision time. The carrier diffusivity can
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be calculated by the Einstein relation [11,12]

D =
kBTcτd
m∗

, (5.6)

The source term in Eq. 5.1 and Eq. 5.2 is the internal laser intensity which can
be obtained from the amplitude of the time-varying electric field in the material
using

I(r, t) =
cRe[n(r, t)]ε0

2
|E0(r, t)|2, (5.7)

As we have discussed in Sec. 2.2.6, the dielectric function of strongly excited silicon
can be written as

εex = εSi + εDrude + εχ,

εDrude = −(
ωp
ω

)2 1

1 + i( 1
ωτd

)
,

ωp =

√
Ne2

m∗meε0
,

εχ =
3

4
χ3|E0(r, t)|2.

(5.8)

Thus the refractive index n and the effective absorption coefficient αex of the excited
material are

nex =
√
εex,

αex =
4πIm[nex]

λ0
. (5.9)

We can see from above that Eqs. 5.1-5.3 are coupled and that the coefficients D,
Cc, κc, κl and so on are all spatially and temporally dependent. Thus we must
solve them numerically. In the model, we solve the three diffusion equations by an
implicit finite difference method which is always numerically stable. The source
term I is extracted from either FDTD or the transfer matrix method, which solve
the Maxwell equations governing the interaction of the incident laser pulse with the
laser-induced plasma. The implicit scheme used to solve the diffusion equations can
be readily coupled into the FDTD simulation or the transfer matrix calculation,
because the implicit scheme is always stable regardless of the time step size. Fig. 5.7
illustrates the road map of our FDTD simulation. The change of dielectric constant
in Eq. 5.8 and other parameters are updated every half an optical cycle once the
laser intensity can be extracted from the time-varying electric field by Eq. 5.47.
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Incident Ez and Hz field at time t 

Solving the Maxwell equations by FDTD, 
updating the E and H field 

From the total E field update the laser 
intensity   

Solving the diffusion equations for N, Tc and 
Tl 

Updating the dielectric constant and other 
parameters      

Half an optical cycle ? 
yes 

ttt 

Time end? 

no 
yes 

Extracting the complex amplitude 

Filtering out the evanescent component and 
the light escapes the objective aperture 

TE (Hz excitation) TM (Ez excitation) 

From the scattered poynting vector, calculate 
the self-reflectivity 

Figure 5.7: Road map of our 2D-FDTD simulation of laser-matter interaction and
the self-reflectivity calculation.
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5.4 Modeling the self-reflectivity by FDTD simu-
lations

In our experiments, the laser pulses are tightly focused by a NA = 0.8 objec-
tive (see Sec. 3.2.1). The utilization of high NA objective is advantageous us for
nano fabrication, since the resulting craters are small, it also makes a convenient
measurement of the ablation depth by AFM possible. On the other hand, the
tight focusing condition presents a great challenge for understanding and modeling
the self-reflectivity data presented in Fig. 5.6. This difficulty arises from two as-
pects; one is the angle-depended reflectivity and the other one is what we call the
self-scattering effect. We know from Fresnel equations that the reflectivity on an
interface depends on the incident angle of the incoming ray. Light passing through
a high NA objective is focused to a focal point by a superposition of rays coming
from a range of angles. This angle can be very large for a high NA objective. Thus
the overall reflectivity is a superposition of all the reflectivity of different angles
combined. Fig. 5.8 plots the calculated reflectivity of the unexcited SOI1 sample
obtained using the transfer matrix method. The dependence of reflectivity on the
incident angle is very obvious. Since its strong dependence, simple averaging over
the NA of the objective does not give correct results.

The second complexity arises from the self-scattering effect. Because of the
tight focusing condition, the focal spot is on the same order of the wavelength.
This means that a sub-micron sized plasma will form during the incident pulse.
This tiny plasma will scatter the incident light wave and produce evanescent field
components in the scattered field which do not propagate to the far-field detec-
tor in our experimental setup. In order to correctly model the self-reflectivity
data in our experiments, we perform the Finite Difference Time Domain (FDTD)
simulations of a tightly focused fs laser pulse interacting with a sub-micron sized
laser-induced plasma. The FDTD method rigorously solves the Maxwell equations
thus it can take all these effects into account. In the following subsections, we
present the important equations, methods and benchmarks of our FDTD simula-
tion. In Sec. 5.4.3, the results of FDTD calculation on the self-reflectivity and its
comparison with the experimental data will be presented.

5.4.1 FDTD accuracy

Any numerical method has its own limited accuracy. The FDTD method has
intrinsic second order accuracy because it uses central difference for both the time
and space derivative. The main error of a FDTD code has two major sources. One
comes from the second order accuracy of its central difference while the other one
comes from the small residual reflection at the PML boundary. The PML in theory
is a perfect layer that has zero reflection. This is true for an analytic solution, but
when one uses FDTD the PML layer itself must be discretized as well. This will
give rise to small residual reflection, the amount of which depends on the spacing
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Figure 5.8: Angle dependent reflectivity (unexcited) of the SOI1 sample (calculated
by the transfer matrix method).

of the grid and the thickness of the PML layer. By making the grid extremely fine
will of course result in an correspondingly small error, but it will take an excessive
amount of computer time to solve. When doing FDTD simulations one therefore
always need to find the right balance between CPU time and accuracy.

This subsection serves two purposes, one is to test the validity of our FDTD
code, the other is to find the right balance between accuracy and performance. To
benchmark our FDTD code, we calculate the reflectivity of a plane wave under
normal incidence and compare the result to the exact Fresnel result [1],

R = (
n− 1

n+ 1
)2. (5.10)

For silicon, at 800 nm incident wavelength, the above equation yields a reflectivity
of 0.3287. We developed our 1D FDTD code in Matlab and compare the results
with Eq. 5.10. The FDTD simulation box contains 50 nm air, 1 µm silicon layer
and two PML layers on each side. In order to extract the reflectivity, we carry out
the simulations with and without the silicon layer. In the simulations we record
the time-varying E and H field at the detector which is located at one cell above
the silicon surface. Thus the reflected time-varying Poynting vector is

Sref = (E − Efree)× (H −Hfree), (5.11)

where Efree and Hfree are the fields from the simulation without the silicon layer.
The time integrated Sref is therefore the reflected fluence

F =

∫
Srefdt. (5.12)
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Thus, the reflectivity is

R′ =
F

F0
, (5.13)

where F0 is the incident fluence which is calculated from the simulation in absence
of the silicon layer. The absolute error err in the FDTD simulation is defined as

err = R′ −R. (5.14)

We run the simulation with a range of different grid spacings ∆x and PML layer
thicknesses npml measured in the number of cells in the PML layer. The pulse
duration is set to 100 fs. The electric field of this pulse is used as a soft source [4]
to excite the grid. Figure 5.9a plots the absolute error in reflectivity by Eq. 5.14.
From the figure we can see that for a coarser grid, the error is very large even
for the thickest PML layer while for the finest grid, decreasing the PML thickness
gives rise to larger error. This suggests that for a coarser grid the error from
central difference approximation dominates while for a fine grid, the error from the
PML layer dominates. To make the FDTD simulation very accurate, one needs
to choose a very fine grid and at the same time choose a very thick PML layer.
The measured CPU time used to run the simulation is plotted in Fig. 5.9b. The
CPU time of the 1D case is an actual measurement. The CPU time of 2D and
3D are estimated from the 1D case by counting the total number of grid points.
For the 1D case, decreasing the grid spacing by a half consumes 4 times the CPU
time. This is because there are twice the number of grid points to calculate and
at the same time to maintain the Courant condition, the time step needs to be
half as well. Similarly, in a 2D simulation, decreasing the grid spacing by a half
consumes 8 times the CPU time while the 3D case needs 16 times the CPU time.
The quadratic increase in CPU time for the 3D case makes a very fine grid not
practical to implement. From Fig 5.9b, the finest 1 nm grid in 3D simulation
needs ∼ 104 hours to calculate, this is more than 1 year. Note that this CPU
time estimation does not even take into account the memory constraint for a 3D
simulation. Form the figure, we conclude that in order to keep the error below 1%,
one needs a grid spacing ≤ 15 nm and a PML layer not less than 20 points. This
makes the calculation time shorter than 5 minutes for a 2D simulation while a 3D
simulation needs roughly 10 hours.

5.4.2 2D-FDTD

Once again, we start with the scaled Maxwell’s equations Eq. 2.22, Eq. 2.23 and
Eq. 2.24. In the 3D Maxwell’s equations, there are six components of the E and
H fields: Ex, Ey, Ez, Hx, Hy, Hz. In the two-dimensional situation, the equations
can be simplified because we only have one plane to deal with. Further, because
the E and H fields must be perpendicular to each other, we can choose either the E
field or the H field oscillating in that plane, while the other field has to be pointed
in the direction perpendicular to this plane. Therefor, if we choose the H field

78



Chapter 5. Self-scattering and optical interference effects in single-shot
femtosecond laser ablation of thin silicon films

0 10 20 30 40
−0.02

0

0.02

0.04

0.06

0.08

0.1

∆ x (nm)

er
r

 

 

5−points PML
10−points PML
20−points PML
40−points PML
60−points PML
100−points PML
300−points PML

(a)

0 10 20 30 40
10

−4

10
−2

10
0

10
2

10
4

10
6

∆ x (nm)

C
P

U
 ti

m
e 

(h
ou

r)

 

 

1D
2D
3D

(b)

Figure 5.9: (a) The error of the FDTD simulation. (b) The CPU time measured
in hours.

oscillating in this plane, we call it the transverse magnetic (TM) mode, which is
composed of Ez, Hx and Hy. Or we choose the E field oscillating in the plane, we
call it the transverse electric (TE) mode, which is composed of Hz, Ex and Ey.

TM mode

For the TM mode, Maxwell’s equations 2.22, 2.23 and 2.24 reduce to

∂Dz

∂t
=

1
√
ε0µ0

(
∂Hy

∂x
− ∂Hx

∂y
), (5.15)

Dz(ω) = ε∗r(ω)Ez(ω), (5.16)

∂Hx

∂t
= − 1
√
ε0µ0

∂Ez
∂y

, (5.17)

∂Hy

∂t
=

1
√
ε0µ0

∂Ez
∂x

. (5.18)

Taking the central difference approximation for both the temporal and spatial
derivatives results in the following interleaving equations

D
n+ 1

2
z (i, j) =D

n− 1
2

z (i, j) +
1

√
ε0µ0

∆t

∆z
[Hn

y (i+
1

2
, j)−Hn

y (i− 1

2
, j)

−Hn
x (i, j +

1

2
) +Hn

x (i, j − 1

2
)],

(5.19)

Hn+1
x (i, j +

1

2
) = Hn

x (i, j +
1

2
)− 1
√
ε0µ0

∆t

∆z
[E

n+ 1
2

z (i, j + 1)− En+ 1
2

z (i, j)], (5.20)

Hn+1
y (i+

1

2
, j) = Hn

y (i+
1

2
, j) +

1
√
ε0µ0

∆t

∆z
[E

n+ 1
2

z (i+ 1, j)− En+ 1
2

z (i, j)]. (5.21)
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TE mode

Similarly to the TM mode, the Maxwell’s equations for the TE mode reduce to

∂Dx

∂t
=

1
√
ε0µ0

∂Hz

∂y
, (5.22)

∂Dy

∂t
= − 1
√
ε0µ0

∂Hz

∂x
, (5.23)

Dx(ω) = ε∗r(ω)Ex(ω), (5.24)

Dy(ω) = ε∗r(ω)Ey(ω), (5.25)

∂Hz

∂t
= − 1
√
ε0µ0

(
∂Ey
∂x
− ∂Ex

∂y
). (5.26)

Again, by taking the central difference approximation for both the temporal and
spatial derivatives results in the following interleaving equations

D
n+ 1

2
x (i, j) =D
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2
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1

√
ε0µ0
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)], (5.27)

D
n+ 1

2
y (i, j) =D

n− 1
2

y (i, j)− 1
√
ε0µ0

∆t

∆z
[Hn

z (i+
1

2
, j)−Hn

z (i− 1

2
, j)], (5.28)
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2
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[Eny (i+

1

2
, j)− Eny (i− 1

2
, j)

− Enx (i, j +
1

2
) + Enx (i, j − 1

2
)].

(5.29)

We can see from those equations that the equations of the TM mode and the equa-
tions of the TE mode are completely decoupled, whereas in a 3D simulation, they
would be coupled to each other. Note that in these equations, the dielectric func-
tion is written as a function of the frequency. We will describe how to implement
this into FDTD simulations later.

Benchmark

We developed our 2D-FDTD code. As a test for the validity of our 2D-FDTD code,
we calculate the unperturbed reflectivity of a SOI with a 230 nm thick device layer
and bulk silicon by our FDTD code and compare the results with a commercial-
grad simulator FDTD Solutions [2]. The oxide layer of the SOI wafer is 1µm. An
schematic representation of the 2D-FDTD simulation box is plotted in Fig. 5.10. In
the simulation, we take a 1D Gaussian profile of the electric field as an soft source to
excite the grid. The 1/e width of the Gaussian pulse is set to 100 fs. The reflectivity
is extracted from the simulation by the method discussed in section 5.4.1. The grid
size in the simulation is set as 13 nm. The results are summarized in Table 5.2. We
further tested the code by calculating the reflectivity of a micron-sized scatterer
(dispersive and lossy) embodied in the device layer of the SOI wafer. As can been
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seen, the results obtained by the FDTD Solutions and our FDTD code are very
close to each other. The small differences are most likely due to the differences in
the PML layer thicknesses and/or the grid sizes between FDTD Sultions and our
FDTD code. Considering the possibility that both the FDTD Solutions (or most
likely the method of using the software to calculate reflectivity) and our FDTD
code are wrong and still give the same results is very small we conclude that the
implement of the FDTD algorithm into our numerical code is correct.

Table 5.2: A comparison between the results of our 2D-FDTD code with the results
from the commerical software FDTD Solutions. The results by FDTD Solutions are
denoted by R′TM and R′TE . The ∗ symbol represents the presence of a micron-sized
scatterer embodied in the SOI wafer.

Structure RTM R′TM RTE R′TE
Bulk Si 0.322 0.338 0.345 0.356

SOI 0.499 0.505 0.495 0.507

SOI∗ 0.220 0.237 0.236 0.252
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PML layer 

P
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L layer 

P
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L layer 
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air 
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Figure 5.10: 2D-FDTD simulation box

Modeling dispersive and lossy medium by FDTD

The expression for the dielectric function of a laser-induced plasma Eq. 2.66 is
frequency dependent and has an imaginary part, i.e. it is dispersive and lossy. In
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order to simulate a laser pulse interacting with such a medium, we need a model
to account for this.

Starting from Eq. 2.66 we first consider the Drude term,

εex = εSi + ∆εDrude

= εSi − (
ωp
ω

)2 1

1 + i 1
ωτ

.
(5.30)

By using partial fraction expansion and switching the imaginary unit from i to j
(j = −i, as is conventional in engineering), Eq. 5.30 can be written as

εex = εSi +
ω2
pτ

jω
−

ω2
pτ

2

1 + jωτ

= εSi +
σDrude
jωε0

+
χ

1 + jωτ
.

(5.31)

Where we introduce two new parameters

σDrude = ε0ω
2
pτ, (5.32)

χ = −ω2
pτ

2, (5.33)

where σDrude is the conductivity of the plasma. The χ term causes additional
dispersion. This is referred to as the Debye formulation [4] of the Drude model.

Inserting the dielectric function, the electric displacement reads

D(ω) = εex(ω)E(ω)

= εSiE(ω) +
σDrude
jωε0

E(ω) +
χ

1 + jωτ
E(ω)

= D′(ω) + S(ω),

(5.34)

where the first two terms of the right-hand side of the equation are summarized as
D′(ω) and the last term is written as S(ω).

The FDTD operates in the time domain, thus in order to simulate this medium,
Eq. 5.34 must be transformed into the time domain. We first transform D′(ω) into
the time domain. Recall that 1

jω in the frequency domain corresponds to integration

in the time domain, so D′(ω) becomes

D′(t) = εSiE(t) +
σDrude
ε0

∫ t

0

E(t′)dt′. (5.35)

The integral will be approximated as a summation over the time steps ∆t in the
FDTD simulation

D′n = εSiE
n +

σDrude∆t

ε0

n∑
i=0

Ei. (5.36)

Note that n indicates the time step at t = n∆t. But there is one problem remaining.
Looking back to Eq. 5.16, we see that we have to solve for En given D′n. However
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the value En is needed in the calculation of the summation. We can circumvent
this by separating the En term from the rest of the summation

D′n = εSiE
n +

σDrude∆t

ε0
En +

σDrude∆t

ε0

n−1∑
i=0

Ei. (5.37)

We can now calculate En from

En =

D′n − σDrude∆t
ε0

n−1∑
i=0

Ei

εSi + σDrude∆t
ε0

. (5.38)

With the above equation we can calculate En, the current value of E, from the
current value of D and previous values of E.

We now solve the S(ω) term in Eq. 5.34.

S(ω) =
χ

1 + jωτ
E(ω). (5.39)

Fourier theory teaches us that a multiplication in the frequency domain becomes
a convolution in time domain. Taking the inverse Fourier transform, Eq. 5.39
becomes

S(t) =
χ

τ

∫ t

0

e−
t−t′
τ E(t′)dt′. (5.40)

Once again, we approximate the integral as a summation

Sn = χ
∆t

τ

n∑
i=0

e−
∆t(n−i)

τ Ei

= χ
∆t

τ
[En +

n−1∑
i=0

e−
∆t(n−i)

τ Ei].

(5.41)

Now we can add Eq. 5.41 to Eq. 5.37 to get the electric displacement for all the
three terms

Dn = εSiE
n +

σDrude∆t

ε0
En +

σDrude∆t

ε0

n−1∑
i=0

Ei + χ
∆t

τ
[En +

n−1∑
i=0

e−
∆t(n−i)

τ Ei].

(5.42)
Solving Eq. 5.42 for En, we find

En =

Dn − σDrude∆t
ε0

n−1∑
i=0

Ei − χ∆t
τ

n−1∑
i=0

e−
∆t(n−i)

τ Ei

εSi + σDrude∆t
ε0

+ χ∆t
τ

. (5.43)

Note that in this equation, we calculate En, the current value of E, from the current
value of D and the summation of all previous values of E.
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We are free to add two-photon absorption (TPA) and optical Kerr effect into
Eq. 5.43 by introducing an extra conductivity term due to the TPA and an extra
change in the real part of the dielectric constant due to the optical Kerr effect.
Together with the one photon absorption (OPA), Eq. 5.43 can then be re-written
as

En =

Dn − σ∆t
ε0

n−1∑
i=0

Ei − χ∆t
τ

n−1∑
i=0

e−
∆t(n−i)

τ Ei

Re[εSi] + ∆ε+ σ∆t
ε0

+ χ∆t
τ

. (5.44)

Where σ = σOPA + σTPA + σDrude and ∆ε is the change in the real part of the
dielectric constant due to the optical Kerr effect. The term σOPA can be linked to
the imaginary part of the dielectric constant of un-excited silicon. The terms ∆ε
and σTPA are linked to the real and imaginary part of χ(3), respectively.

Extracting the complex amplitude from FDTD simulation

As noted above, the FDTD method operates with time-varying electric and mag-
netic fields. However, some relevant physical quantities are expressed in the am-
plitude of the oscillation. For instance, the optical intensity in Eq. 5.7 for the
generation of carriers is a function of the amplitude squared of the electric field.
Therefore we need to extract the amplitude of the fields from the simulation in
order to update the dielectric constant.

We first assume that the electric field E(t) is a time-varying harmonic field with
frequency ω0, amplitude E0 and phase φ. Thus,

E(t) = E0cos(ω0t+ φ). (5.45)

The integration of E2(t) over half an optical cycle T
2 is then∫ T

2

0

E2(t)dt =

∫ T
2

0

E2
0cos

2(ω0t+ φ)dt

= E2
0

T

4
.

(5.46)

Therefore,

E0 =

√
4
∫ T

2

0
E2(t)dt

T
. (5.47)

In the FDTD simulation, the integration is as before approximated as a summation∫ T
2

0

E2(t)dt ∼=
n1+m∑
n=n1

E2(n∆t) ·∆t, . (5.48)

where n1 is the starting time step of the summation and m is the total time steps
contained in half an optical cycle.

In other cases, the phase φ is also important. For instance, the spectral repre-
sentation of the fields we are going to introduce in the following sections requires
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complex valued fields. If one for instance needs to find the time-averaged Poynting
vector 〈S〉 near a scatterer

〈S〉 =
1

2
Re[E0 ×H∗0], (5.49)

one must extract the complex valued electric and magnetic fields from the FDTD
simulation. To achieve this, we consider the following integral∫ T

2

0

E0cos(ω0t+ φ)e−iω0tdt =

∫ T
2

0

E0cos(ω0t+ φ)[cos(ω0t)− isin(ω0t)]dt

=

∫ T
2

0

E0cos(ω0t+ φ)cos(ω0t)dt− i
∫ T

2

0

E0cos(ω0t+ φ)sin(ω0t)dt

=
E0πcos(φ)

2ω0
+ i

E0πsin(φ)

2ω0
.

,

(5.50)

Thus, the phase of the above integral φ′ is

φ′ = tan−1[
sin(φ)

cos(φ)
] = φ. (5.51)

This tells us that we can extract the phase φ by calculating the phase of the complex
integral Eq. 5.50 instead. Once again, in the FDTD simulation the integration in
Eq. 5.50 can be approximated as summation. Once both the amplitude and phase
are extracted, the complex amplitude can be calculated as

Ẽ0 = E0e
−iφ (5.52)

To test the above amplitude and phase extraction method we compare the
fluence obtained by integrating the time-averaged Poynting vector Eq. 5.49 with
the fluence obtained by directly integrating the time-varying Poynting vector. But
before getting to the simulation results, let us first recall the Poynting vector in
two dimensions. For the TM mode, the time varying Poynting vector is

S = E×H

= (0x + 0y + Ezz)× (Hxx +Hyy + 0z)

= −EzHyx + EzHxy

= Sxx + Syy.

(5.53)

The time averaged poynting vector is

〈S〉 =
1

2
Re[E0 ×H∗0]

=
1

2
Re[(0x + 0y + Ez0z)× (H∗x0x + H∗y0y + 0z)]

= −1

2
Re[Ez0H∗y0]x +

1

2
Re[Ez0H∗x0]y

= 〈Sx〉x + 〈Sy〉y.

(5.54)
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Similarly, for the TE mode

S = E×H

= (Exx + Eyy + 0z)× (0x + 0y +Hzz)

= EyHzx− ExHzy

= Sxx + Syy.

(5.55)

The time averaged poynting vector is

〈S〉 =
1

2
Re[E0 ×H∗0]

=
1

2
Re[(Ex0x + Ey0y + 0z)× (0x + 0y + H∗z0z)]

=
1

2
Re[Ey0H∗z0]x− 1

2
Re[Ex0H∗z0]y

= 〈Sx〉x + 〈Sy〉y.

(5.56)

We excite the FDTD grid by an soft source at the source plane illustrated in
Fig. 5.10. The spatial profile of the source is a Gaussian profile with a 1/e width
of 1 µm. The temporal width of the source is set to 100 fs. The position of this
source plane is located at 100 nm above the Si film surface. For the TM mode,
the source is an electric field component Ez pointing in the direction perpendicular
to the plane of incidence while for the TE mode the source is a magnetic field
component Hz pointing in the direction perpendicular to the plane of incidence.
We record the electric and magnetic field at a location one cell above the Si film
surface, for every time step. Similar to the 1D simulation, the scattered fields Esca
and Hsca are calculated by the difference between simulations with and without
structure.

Esca = E − Efree, (5.57)

Hsca = H −Hfree. (5.58)

Where free means the fields obtained by the simulation without structure.
From the recorded electric and magnetic fields Esca and Hsca at the detector

plane, one has two methods to calculate the scattered fluence. F ′sca is the fluence
calculated by integrating the time-averaged Poynting vector 〈S〉 in Eq. 5.54 and
Eq. 5.56 with the extracted complex amplitudes; Fsca is fluence calculated by
directly integrating the time-varying Poynting vector S in Eq. 5.53 and Eq. 5.55.

Fsca =

∫ Tend

0

Sscadt =

∫ Tend

0

(Esca ×Hsca)dt, (5.59)

F ′sca =

∫ Tend

0

〈Ssca〉dt′ =
∫ Tend

0

1

2
Re[Esca0 ×H∗sca0]dt′. (5.60)

Where Tend is the total simulation time.
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Figure 5.11: Solid line, the fluence Fsca calculated by directly integrating the time-
varying Poynting vector. Circle, the fluence F ′sca calculated by integrating the
time-averaged Poynting vector with the extracted complex-amplitude. The results
are presented for fluence in two directions and two modes. Incident laser fluence is
assumed to be 0.3 J/cm2.

The scattered fluences calculated by the two methods are plotted in Fig. 5.11.
The oscillation of the fluence on a scale smaller than a wavelength is due to the
scattering by the formation of a sub-micron sized plasma during the laser-matter
interaction. The agreement of the calculated fluences by the two methods demon-
strates the validity of the complex-amplitude extraction method discussed above.
The complex-amplitude extraction by the above discussed method will be used
in the spectral representation of the fields in order to distinguish the evanescent
components from the total fields. This will be discussed in the next subsection.

Evanescent component

Scattering by the laser-induced plasma creates higher spatial frequency components
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Figure 5.12: (a), (b): Near field fluence and (c), (d): The fluence associated with
Eq. 5.63. Incident laser fluence is assumed to be 0.5 J/cm2.

in the scattered field, which have a non-zero imaginary part in its wave vector. We
can decompose the wave vector into the transverse and the longitudinal component.
In 2D, the longitudinal wave number kx is

kx =
√
k2 − k2

y, (5.61)

where k is the wavenumber in air and ky is the transverse wavenumber. We see
from the above equation that for k2

y > k2 the longitudinal wavenumber kx is purely
imaginary, therefore the wave associated with it is evanescent and will not propa-
gate into the far-field. The transverse wavenumber can be expressed conveniently
in terms of the angle of reflection θ as

ky = ksinθ. (5.62)

In our case, the numerical aperture of the objective is NA = sinθ = 0.8. This means
that scattered waves associated with a transverse wavenumber ky > 0.8k will not
be collected by the objective. From Eq. 5.61 and Eq. 5.62, we can see that the
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objective only collects the scattered field associated with a transverse wavenumber

ky ≤ 0.8k. (5.63)

This tells us that what we measure in Fig. 5.6 is the scattered field associated with
a transverse wavenumber which satisfy Eq. 5.63. So in the FDTD simulation, we
have to filter these high-frequency components from our near-field line detector
signal (see Fig. 5.10). This can be accomplished by the spectral representation of
the fields [13]

Â(ky) =
1√
2π

∫ ∞
−∞

A(y)e−ikyydy. (5.64)

The fields collected by the objective can then be calculated by the truncated inverse
Fourier transform of Eq. 5.64

A′(y) =
1√
2π

∫ 0.8k

−0.8k

Â(ky)eikyydky. (5.65)

Note that in the FDTD simulation, Eq. 5.64 and Eq. 5.65 are evaluated every half
an optical cycle by a Fast Fourier Transform of the complex amplitude A extracted
by the method discussed before. Fig. 5.12 shows the time-integrated Poynting
vector Fy at the near field line detector and the fluence calculated from the field
components which satisfy Eq. 5.63. The high spatial frequency components in
Fig. 5.12a and Fig. 5.12b are correctly filtered out by the Fourier transform Eq. 5.64
and its inverse Eq. 5.65.

5.4.3 Results and discussion

To understand the measured self-reflectivity data plotted in Fig. 5.6, we calculate
the self-reflectivity for the three samples by a 2D-FDTD simulation. The numeri-
cal code rigorously solve the Maxwell equations by FDTD which incorporates the
changes in the dielectric constant during the laser-matter interaction due to the
excitation of carriers and the nonlinear refractive index due to the χ(3) process,
the elevation of carrier temperature, the carrier diffusion, the carrier thermal con-
ductivity, the cooling of the carrier temperature, the elevation of the lattice tem-
perature governed by electron-photon coupling and the lattice thermal conduction.
Due to the enormous computation efforts of doing a true 3D-FDTD simulation
(see Fig. 5.9b), we limit ourselves to a 2D-FDTD calculation. We incorporate both
the TE and TM modes of a 2D-FDTD simulation into our numerical code. Be-
cause the rotational symmetry and the linear polarized light, one can argue that
the true 3D case should lie between the TE mode and the TM mode. For sim-
plicity, we divide the incident pulse energy equally into the two modes. For the
TM mode we use the Ez field as the source while for the TE mode we use the
Hz field as the source. The code solves the two modes independently except that
in the calculation of the light intensity in Eq. 5.7, we use the total electric field

amplitude E0 =
√
E2
x0 + E2

y0 + E2
z0 calculated from the electric field of the two
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modes. To extract the scattered field the code runs the simulation with and with-
out the structure and stores the field at the near field line detector (see Fig. 5.10)
for every time step. The scattered field is then the difference of these two. Given
this time-varying scattered field, the code extracts the complex amplitude by the
method discussed above and filters out the evanescent components and the compo-
nents that escapes the objective aperture. We call these filtered fields the far-field
values. Having the far-field complex-amplitude Ez0f , Hx0f , Hy0f for the TM mode
and Hz0f , Ex0f , Ey0f for the TE mode we can calculate the amplitude of the far-
field Poynting vector by Eq. 5.54 and Eq. 5.56 for the two modes

STMf =
√
S2
xTMf + S2

yTMf

STEf =
√
S2
xTEf + S2

yTEf
(5.66)

Integrating these over the pulse duration one has the reflected fluence FyTMf and
FyTEf for the two modes on the far-field detector as a function of position y. Then,
the self-reflectivity is calculated as

R2D =

y∑
[FyTMf (y) + FyTEf (y)]/

y∑
[F incTM (y) + F incTE (y)], (5.67)

where inc denotes the incident pulse. Eq. 5.67 is the reflectivity which can be
directly extracted from the 2D model. However, the incident focal spot in reality
has 3 dimensions. By a simple geometrical argument one finds that for the NA = 0.8
objective the energy impinges on the sample at an angle of incidence of about 30

◦

is the most among all the incident angles. In such a case the overall reflectivity
is a weighted average of the reflectivity at different incident angles. To account
for this weighted average, we use the fact that the far-field pattern of the reflected
pulse is axially-symmetric. Thus we calculate the reflectivity Rquasi3D by a rotational
integral

Rquasi3D =

∫ R

0

[FyTMf (r) + FyTEf (r)]2πrdr/

∫ R

0

[F incyTM (r) + F incyTE(r)]2πrdr,

(5.68)

where R is the simulation boundary in the lateral direction. Eq. 5.68 is the value
we should compare with the experiments. We call this reflectivity Rquasi3D the re-
flectivity obtained by a quasi-3D calculation.

Before discussing the results, two additional points need to be addressed. The
impact ionization rate θI in Eq. 5.1 is linearly proportional to the light intensity.
In Ref. [9], the authors measured the impact ionization rate (s−1) for the dielectric
breakdown in silicon with 786 nm fs laser pulses. Their results are presented in
their paper as a function of electric field strength. In Fig. 5.13, we re-plot their

90



Chapter 5. Self-scattering and optical interference effects in single-shot
femtosecond laser ablation of thin silicon films

0 2 4 6 8 10 12

x 10
11

0

0.5

1

1.5

2

2.5

3
x 10

13

Intensity (W/cm2)

Im
pa

ct
 io

ni
za

tio
n 

ra
te

 (
s− 1)

Figure 5.13: Impact ionization rate in silicon. Data are from Ref. [9].

results as a function of intensity by converting the data using Eq. 5.7. The linear
relationship is clear. Fitting of the data yields an impact ionization coefficient
θ = 21.2 cm2/J. In Ref. [8] the authors extract a static optical effective mass of the
fs laser-induced plasma in silicon through time-resolved pump-probe experiments.
We noted earlier that the optical effective mass is both density and temperature
dependent. Thus it will dynamically change during the pulse. The temperature
dependence is easy to understand; when the electrons are heated up far beyond
the conduction band edge, the curvature of the band decreases, giving rise to a
larger effective mass. Another contribution to these dependencies is the effect of
nonparabolicity in the band that defines the conduction-band minimum [14]. For a
nondegenerate plasma (which is our case, see Sec. 2.3) the Fermi-Dirac distribution
becomes a Boltzmann distribution, resulting in an effective mass that is indepen-
dent of the carrier density [14]. In this case, the optical effective mass increases
approximately linear as the carrier temperature increases [14]. As far as we know,
all experimental measurements of the optical effective mass are based on the Drude
model, which can in principle only measure the ratio N/m∗ (see Eq. 5.8). So an
accurate measurement of m∗ needs knowledge of the carrier density N which is
often obtained by solving the carrier generation equation 5.1. In Ref. [8], the role
of impact ionization is ignored. As demonstrated by Pronko et.al. [9], impact ion-
ization is the dominant mechanism for the dielectric breakdown in silicon with fs
laser pulses at above-gap photon energies. As will be shown in the following, the
interpretation of our experimental data also requires the consideration of impact
ionization. Ignoring impact ionization tends to underestimate the carrier density
which must then be compensated by fitting a smaller optical effective mass accord-
ing to the Drude model. Indeed, in Ref. [8] the reflectivity is fitted by a static
effective mass m∗ = 0.18me of the laser-generated plasma. However, it is shown by
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Riffe’s theoretical work that at a carrier temperature of 3000 K, the optical effective
mass of silicon already exceeds 0.24me [14]. Considering that carrier temperature
of above 104K are reached in the above mentioned experiments [8, 17], the value
m∗ = 0.18me reported in Ref. [8] is too low. Furthermore, Eq. 5.1 requires the
intensity distribution I(r, t) to calculate the carrier density. But the intensity dis-
tribution equation 5.2 implicitly requires the knowledge of m∗ through the plasma
frequency. To summarize the problem: we have measured N/m∗ and we want to
extract m∗ from it. This requires the knowledge of N , but the determination of
N itself requires the knowledge of m∗. So how can we deal with this? We can
ignore the connection between N and m∗ and solve the coupled equations to fit
the experimental data by adjusting the parameter m∗. This is what the authors
of Ref. [8] did. Here we instead use the relation suggested by Riffe’s theoretical
calculation which takes the detailed band structure of silicon into account [14]. His
calculation shows that the optical effective mass of excited silicon in the nonde-
generate carrier density limit can be approximated by a simple linear relation with
carrier temperature

m∗ = m∗0 +mkTc, (5.69)

where the optical effective mass of unperturbed silicon m∗0 is well-known to be
0.15(me) [8, 14]. We extract the slope mk = 3.1 × 10−5 K−1 from Riffe’s calcu-
lations [14]. Eq. 5.69 implicitly links the effective mass and the carrier density
through the carrier temperature. In the following, we use this to fit the experimen-
tal data by the carrier density (through the impact ionization coefficient) alone.

We now summarize the simulation results. The width of the simulation box
is 2 µm which is two times the size of the focused laser spot (1 µm @ 1/e2 of
intensity). The grid sizes for the simulations are chosen as values in a close vicinity
around 15 nm such that the errors are within 1% and at the same time the device
layer thicknesses can be written as integers times the grid sizes. There are 30
grid points in the PML layers to ensure negligible reflections at the boundaries.
The incident pulse duration used in the simulation is equal to the value measured
experimentally 126 fs using our single-shot autocorrelator. The source plane is
located at 200 nm above the sample surface while the near-field detector plane is
located one cell above the sample surface. (See Fig. 5.10). Other parameters used
in the simulation are shown in Table 5.3.

Having these parameters fixed, we leave the film thickness d1, the oxide layer
thickness d2, the carrier-carrier collision time τd, and the impact ionization coef-
ficient θ as four adjustable parameters. Layer thickness d1 and d2 determine the
length of the optical path in each layer and mainly affect the reflectivity at low
fluence. In a pure Drude model where the interference in each layer is absent, τd
determines the minimum reflectivity. The impact ionization coefficient θ affects
the carrier density thus changes both the real and imaginary part of εex. Fig. 5.14
shows the quasi-3D (Eq.5.68) FDTD calculations of the self-reflectivity and the
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Table 5.3: Simulation parameters.

Symbol Description Value

εSi [7]
Dielectric constant of un-
excited silicon @ 800 nm

13.6 + 0.048i

β [15] TPA 1.85× 10−9 cm/W

n2 [15] Kerr coefficient 0.5× 10−14 cm2/W

Eg
[16]

Band gap 1.12 eV

τcl [7]
Carrier-lattice coupling
time

10 ps

Cl [7,
16]

Lattice heat capacity 1.978+3.54×10−4Tl−3.68T−2
l J/cm3

κl [7,
16]

Lattice thermal conduc-
tivity

1585T−1.23
l W/cm K

experimental data. As can be seen, the experimental data for both samples lie be-
tween the calculated self-reflectivity for the TM and the TE mode and agree well
with the calculation considering both modes. The parameters used for the calcu-
lations are given in Table 5.4 with the film thickness as measured by atomic force
microscopy (AFM) and the parameters from the literature. As can be seen, the
correspondence between the adjusted values and the measured/literature values is
very good. In Fig. 5.14, the results of 1D-FDTD calculations using the same pa-
rameters as the quasi-3D calculations are plotted as dashed lines. The disagreement
with the experimental data of 1D-calculations directly shows that the wide range
of incident angles must be taken into account when a high NA objective is used, as
is the case in nano-ablation experiments. We note that these adjusted parameters
are not obtained by a least squares fit since such a fitting requires calculations of
the self-reflectivity for a range of incident fluences many times by our FDTD code.
Due to the fact that our FDTD calculation requires about five minutes for just one
incident fluence, doing such a fitting procedure for four fitting parameters and three
samples requires a considerable amount of time. Instead we visually inspect the
agreement between the experimental data and the modelling results and optimize
their consistency by adjusting the four fitting parameters mentioned above.
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Figure 5.14: Quasi-3D and 1D FDTD calculations and experimental measurements
of self-reflectivity on (a) SOI1, SOI2 samples and (b) bulk Si sample.
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Table 5.4: Adjusted parameters.

Parameters Measured or from References Adjusted

d1, SOI1 201.3± 4.1 nm(AFM); 200 nm(speci.) 200 nm

d2, SOI1 1000 nm(speci.) 970 nm

d1, SOI2 111.5± 3.0 nm(AFM); 100 nm(speci.) 100 nm
d2, SOI2 300 nm(speci.) 275 nm

τd 1.1 fs [8] 0.75 fs

θ 21.2 cm2/J [9] 20 cm2/J
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Figure 5.15: 2D FDTD calculations of self-reflectivity on (a) SOI1, SOI2 samples
and (b) bulk Si sample. solid line: far-field reflectivity. dash line: near-field
reflectivity.
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Figure 5.16: Quasi-3D FDTD calculations with θ = 0 of self-reflectivity on (a)
SOI1, SOI2 samples and (b) bulk Si sample.
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Figure 5.17: Calculated carrier density (a), carrier temperature (b) on the surface
of the three samples as a function of incident fluence. For the carrier density, the
calculations with θ = 0 are plotted in red.
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Figure 5.18: Calculated optical effective mass on the surface.

The self-reflectivity calculated by the pure 2D-FDTD (Eq. 5.67) is plotted in
Fig. 5.15. In this figure, the near-field reflectivity represents the reflectivity ex-
tracted by the fields directly from the near-field detector. Its deviation from the
far-field reflectivity is due to the evanescent components which are caused by the
scattering of the laser-induced plasma. This clearly demonstrates the laser-induced
scattering effect due to the build up of a submicron-sized plasma during the laser-
matter interaction. In this particular case, the term self-scattering therefore is
more suitable than self-reflectivity. Fig. 5.16 shows the calculation results with the
impact ionization coefficient θ set to zero. In Fig. 5.14, the same calculations with
θ = 20 cm2/J are plotted. The disagreement with the experimental data in Fig. 5.16
and the excellent agreement with the experimental data in Fig. 5.14 demonstrates
directly that impact ionization plays a significant role in the development of the
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Figure 5.19: Simulated Ez field in the SOI1 sample 122 fs (a) before and (b) after
the peak of the incident pulse arrives. Incident laser fluence is 0.5 J/cm2. (c)
Power spectrum of the wavevectors present in the device layer (the region between
the two horizontal lines), obtained by a spatial Fourier transform of the simulated
Ez in the device layer of (b) (red solid line). Solid vertical lines correspond to the
wavevectors of the TE0 and the TE1 slab modes (effective indices neff = 3.4 and
neff = 2.4, respectively). Dashed vertical lines correspond to the light-line in air.
Green dashed line, obtained from a MEEP simulation of the same structure, is
shown for comparison.

dense electron-hole plasma in silicon induced by a single femtosecond laser pulse.
We further note that the adjusted impact ionization coefficient θ = 20 cm2/J is in
good agreement with the value θ = 21.2 cm2/J extracted from Ref. [9]. Fig. 5.17
shows the calculated carrier density and carrier temperature on the surface of the
excited plasma as a function of incident fluence. In Fig. 5.17a, the calculated car-
rier density with (blue) and without (red) impact ionization suggest that impact
ionization which is seeded by the OPA and the TPA is the dominating process for
carrier generation in silicon induced by a femtosecond laser pulse of 800 nm. The
optical effective mass shown in Fig. 5.18 is clearly beyond its unperturbed value
(0.15me) due to the high temperature (∼ 1.5×104 K) of the laser-induced plasma.

To better illustrate the self-scattering effects, we show in Fig. 5.19 examples of
simulated Ez fields in the SOI1 sample at time slices 122 fs before and after the
peak of the incident pulse arrives at the silicon-air interface. In Fig. 5.19 (a), the
plasma has not been generated, thus we only observe standing waves formed in the
device layer and the oxide layer. In Fig. 5.19 (b), the plasma has been generated
by the leading part of the pulse, which strongly scatters the trailing part of the
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incident pulse. It is very striking that the scattering causes a significant portion
of the incident power to be coupled into guided modes inside the device layer.
We see that the pattern inside the device layer (the area between the horizontal
lines in Fig. 5.19 (b)) is strongly anti-symmetric. We can also observe a beat
pattern, suggesting that more than one guided mode is excited. To elucidate this,
we performed a Fourier analysis on the field inside the device layer. Fig. 5.19 (c)
shows the resulting power spectrum of the wavevectors present in the device layer
of Fig. 5.19 (b). We indeed see that two propagation constants are present, one
corresponds to an effective index of neff = 2.4 and one to neff = 3.4. Using a simple
mode solver, we find that these are the effective indices of the TE1 and the TE0

mode, respectively. The strong anti-symmetry of the pattern is thus caused by the
fact that the TE1 mode is more strongly excited than the TE0 mode. The reason
that the TE1 mode is much more strongly excited than the TE0 mode is that the
plasma is only formed in the topmost ∼ 100 nm of the device layer because the
highly absorptive plasma prevents the incident pulse from penetrating deeper into
the sample. Therefore, the scattering of the incident pulse mainly occurs in the
upper part of the device layer. The TE0 mode is more strongly confined to the
center of the device layer, whereas the TE1 mode is more localized close to the
interfaces of the layer. Thus the TE1 mode naturally has more overlap with the
scatterer. Therefore a larger fraction of the scattered power is coupled into the anti-
symmetric mode. As a comparison, the results obtained by a MEEP [23] simulation
of the same structure are shown where in this case the simulation is driven by a
70 nm thick source just underneath the silicon-air interface. The thickness of the
source in the MEEP simulation was adjusted to be 70 nm to obtain the same
ratio between the heights of the TE0 and the TE1 peaks in the red and the green
spectrum in Fig. 5.19 (c). This means that we can consider the scattering plasma to
have an effective thickness of 70 nm, which is in good agreement with the thickness
of the plasma layer induced by a femtosecond laser pulse in silicon as estimated by
Pronko et. al. [9].

5.5 A qualitative understanding of the ablation
depth and roughness

The successful modeling of the self-reflectivity data in the previous section shows
that we can trust the calculated laser energy deposition in the three samples. The
laser energy deposition and the resulting lattice heating and thermodynamic ex-
pansion/resolidification of the molten layer ultimately determine the ablated crater
depth. Even though our model does not take the thermodynamic, hydrodynamic
expansion and resolidification into account, we can give a qualitative explanation
of the single-shot ablation depth and the crater roughness.

The experimentally measured single-shot ablation depths for the 3 samples
are shown in Fig. 5.20 as a function of incident fluence. Compared to the SOI2
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Figure 5.20: Single-shot ablation depth in the 3 samples. A pronounced peak
(marked by a circle) appears at the depth of 66.5 nm in SOI1 sample when the
incident fluence Finc = 0.27 J/cm2.

sample and the bulk Si sample, the data of the SOI1 sample exhibit some striking
characteristics; a pronounced peak (marked by a circle) at an incident fluence
Finc = 0.27 J/cm2 and a sudden increase of the ablation depth around Finc =
0.45 J/cm2. Fig. 5.21 shows the internal laser fluence (along the beam axis) as a
function of depth inside the SOI1 sample as calculated by our FDTD simulation.
The results are calculated for a range of incident fluences. We observe for lower
fluences an interference pattern, caused by the high contrast of the refractive index
at the Si/SiO2 interface. This interference effect results in a local maximum of
the internal fluence around 80 nm. For higher incident fluences, when the plasma
layer becomes highly absorptive the internal fluence in this layer exponentially
decays, suppressing the interference effect. This gives rise to a lower value of the
interference-induced local maximum despite the fact that in this case the incident
fluence is higher. This competition between interference and plasma absorption
results in a peak in the internal fluence at the depth of 66.5 nm for an incident
fluence Finc = 0.27 J/cm2. The red curve in Fig. 5.21 is the calculated internal
fluence at an incident fluence of Finc = 0.27 J/cm2. We see from the zoom in
curve in Fig. 5.21b that the internal fluence at the depth of 66.5 nm reaches its
highest value when the incident fluence Finc = 0.27 J/cm2. This behavior is more
clearly illustrated in Fig. 5.22 where we plot the internal fluence at a depth of
66.5 nm in the SOI1 sample as a function of the incident laser fluence, peaking at
Finc = 0.27 J/cm2. This behavior is consistent with the experimental observation
in the SOI1 sample that a peak of the ablation depth vs. fluence appears at a
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depth of 66.5 nm for an incident fluence Finc = 0.27 J/cm2. Further increasing
the incident pulse energy leads to the disappearance of this peak. This is because
the higher dissipation rate of the pulse energy in the topmost plasma layer results
in a less pronounced interference effect which leads to less internal fluence at the
depth of 66.5 nm, as suggested by the model. Nevertheless, we note that the peak
internal fluence in Fig. 5.22 is only slightly above the other internal fluences. How
such a minor effect results in the pronounced peak in Fig. 5.20 is not understood
yet. It is perhaps due to the absence of thermodynamic expansion/resolidification
in our model. This requires further study. On the other hand, Fig. 5.23 shows
the calculated internal fluence in the SOI2 sample and the bulk Si sample. In
these two cases, as suggested by the model, no significantly interference pattern is
found. This is again consistent with the experimental observation that for these two
samples, as shown in Fig. 5.20, no ablation peak and no sudden increase of ablation
depth is found. Fig. 5.24 shows the AFM images and their cross sections of typical
ablated craters at the fluence of the pronounced peak in Fig. 5.20 and the gentle
ablation regime [19]. Compared to the crater in the typical gentle ablation regime,
the crater corresponding to the pronounced peak in Fig. 5.20 is both smaller in
diameter and deeper in depth. Its diameter at its half depth is only ∼ 200 nm.
This is one fourth of the wavelength. For an application point of view, it is very
beneficial for laser drilling of high aspect-ratio nano-holes in layered structures such
as the SOI.

We note that the slope from Finc = 0.45 J/cm2 to Finc = 0.7 J/cm2 of the
ablation depth data (from the depth of 100 nm to 150 nm) in Fig. 5.20 are the
same for the SOI1 sample and the bulk Si sample. However, as calculated in
Fig. 5.21a and Fig. 5.23b the internal fluences at these depths are quite different
for the two samples. This proves that the removal of materials in this higher
incident fluence regime cannot be caused by direct absorption of the incident laser
energy. We believe, as also suggested by others [18], that the ablation in this
regime is dominated by diffusion of hot carriers created in the topmost plasma
layer. Comparing Fig. 5.21a with Fig. 5.23 we see that for the SOI1 sample, due to
interference, the internal fluence in the depth from 50 nm to 100 nm is not decaying
as a function of depth and is larger than that in the other two samples. We believe
that the sudden increase of ablation in the SOI1 sample at the incident fluence
Finc = 0.45 J/cm2 is a combined effect of the interference-induced higher internal
fluence and the above mentioned hot electron diffusion from the topmost plasma
layer. The ablation depth where the sudden increase leads to (∼ 100 nm) is close
to the calculated depth where the internal fluence is enhanced by the interference
as shown in Fig. 5.21a.
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(a) Calculated internal fluence in the SOI1 sample
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Figure 5.21: Calculated internal fluence in SOI1 sample. (a) The results of a range
of incident fluence are plotted. From low to high incident fluence: 0.06 J/cm2,
0.102 J/cm2, 0.144 J/cm2, 0.186 J/cm2, 0.228 J/cm2, 0.27 J/cm2, 0.31 J/cm2,
0.388 J/cm2, 0.466 J/cm2, 0.544 J/cm2, 0.622 J/cm2, 0.7 J/cm2. (b) shows a
zoom in around the depth of 66.5 nm in (a). The result of Finc = 0.27 J/cm2 is
plotted in red. The dots are the the values on the FDTD grid points, the values
between the grid points are obtained by spline interpolation.
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Figure 5.22: Calculated internal fluence at the depth of 66.5 nm in SOI1 sample
as a function of incident laser fluence. The internal fluence in the depth of 66.5 nm
peaks at Finc = 0.27 J/cm2.
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(a) Calculated internal fluence in SOI2 sam-
ple
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(b) Calculated internal fluence in the bulk Si
sample

Figure 5.23: Calculated internal fluence in SOI2 sample (a) and bulk Si sample
(b). The results of a range of incident fluence are plotted. From low to high
incident fluence: 0.06 J/cm2, 0.102 J/cm2, 0.144 J/cm2, 0.186 J/cm2, 0.228 J/cm2,
0.27 J/cm2, 0.31 J/cm2, 0.388 J/cm2, 0.466 J/cm2, 0.544 J/cm2, 0.622 J/cm2,
0.7 J/cm2.
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Figure 5.24: AFM images (after fitting) and cross sections of typical ablated craters
corresponding to (a), (c) the pronounced peak in Fig. 5.20 (Finc = 0.276 J/cm2)
and (b), (d) the gentle ablation regime (Finc = 0.314 J/cm2). In (c) and (d), the
circles are the original AFM data points and the blue curves show the cross sections
of the fitted images.

Finally we address the roughness of the ablated craters vs. incident fluence
shown in Fig. 5.25. Fig. 5.26 shows the calculated lattice temperature at the sam-
ple surface 20 ps after the excitation as a function of incident pulse fluence by
our model. The carrier-lattice coupling time τcl = 10 ps is used in the calcula-
tion. The model ignores the phase transition from solid to liquid, thus we correct
the melting point of silicon as T ′m = Tm + Ql/Cl, where Tm = 1687 K is the
melting temperature of silicon, Ql = 4.16 kJ/cm3 is the latent heat of melting
of silicon and Cl = 2.33 J/cm3 K is the specific heat capacity of solid silicon.
In this way we effectively take the heat required to complete the solid to liquid
transition into account. Similarly, the boiling temperature of silicon is corrected
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Figure 5.25: RMS roughness of the ablated craters in the 3 samples.

0 0.1 0.22 0.35 0.48 0.6 0.7
0

500
1000
1500
2000
2500
3000
3500
4000
4500
5000
5500

Incident fluence (J/cm2)

La
tti

ce
 te

m
pe

ra
tu

re
 (

K
)

 

 

SOI
1

SOI
2

Bulk Si

Figure 5.26: Calculated lattice temperature at sample surface 20 ps after the ex-
citation. The two horizontal lines show the melting temperature T ′m and boiling
temperature T ′b of silicon, which has been corrected for the latent heat of melting.
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as T ′b = Tb + Ql/Cl, where Tb = 2630 K. From Fig. 5.26 we can see that at the
ablation threshold Finc = 0.22 J/cm2 of the SOI1 sample, the crystal is com-
pletely melted, but significantly below the boiling temperature. In this regime,
the material removal and the ablated surface morphology is caused by the ther-
modynamic expansion/resolidification of this melted layer. At an incident fluence
Finc = 0.48 J/cm2, as shown in Fig. 5.25, the ablated surface starts to become
rough. This can be understood by the results of Fig. 5.26 that the surface tem-
perature above Finc = 0.48 J/cm2 exceeds the boiling temperature of silicon. As
a consequence, the ablated material consists of gas-liquid mixture which make the
surface rough.

For laser fluences relative close to the ablation threshold the expanding mate-
rial can reach a liquid-gas coexistence regime in which case the ablating material
is expected to assume a bubble-like structure consisting of a thin outer shell of
liquid density and a two-phase (liquid-gas) mixture inside the bubble [5, 6]. K.
Sokolowski-Tinten et. al. studied femtosecond laser ablation of silicon and metals
for energies close to the threshold by means of ultrafast time-resolved microscopy.
In their experiments, they found the formation of high contrast optical interference
patterns (Newton rings) in a wide variety of materials including silicon. In their
paper [20], the formation of Newton rings is interpreted as a presence of a hetero-
geneous liquid-gas mixture on the surface of the sample during femtosecond laser
ablation at near-threshold energy. These studies support the above mentioned re-
sults that at higher fluence the ablated material consists of gas-liquid mixture. We
note that in the above roughness analysis, the ablation is interpreted as a thermal
process. As observed and studied by several groups [20–22], the solid-to-liquid tran-
sition in silicon induced by femtosecond laser pulses can occur on a sub-picosecond
time scale caused by the excitation of a dense electron-hole plasma of the order of
1022 cm−3 that instantaneously turns the initial binding potential into a repulsive
potential. Leaving the question of whether femtosecond laser ablation in silicon is of
thermal or non-thermal nature, we believe, nevertheless, that the ultimate crater
morphology and roughness is determined by the thermodynamic, hydrodynamic
expansion/resolidification of the molten or the liquid-gas mixture layer. Thus a
precise calculation of the energy deposition into the samples which is already done
in our FDTD calculations, needs a detailed model taking into account the thermo-
dynamic, hydrodynamic expansion/resolidification stages to fully understand and
quantitatively reproduce the ablation depth and roughness.

5.6 Conclusion

Single-shot femtosecond laser ablation of SOI and bulk Si on the nanoscale, includ-
ing the self-reflectivity and the ablation depth, have been studied theoretically and
experimentally. Self-reflectivity measurements, taken on two SOI wafers and one
bulk Si sample, show typical Drude responses in the reflectivity. The self-reflectivity
changes result from the build-up of a submicron-sized dense electron-hole plasma
induced by a single femtosecond laser pulse. Additionally, some striking character-
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istics such as a peak and a sudden increase of the ablation depth appear at certain
incident laser fluences in one of the SOI samples.

The tight focusing condition and the presence of a layered structure such as the
SOI wafers in our experiments, present a great but surmountable challenge to model
the self-reflectivity data. In order to quantitatively model the self-reflectivity and
qualitatively explain the ablation depth, we developed a numerical model based on
the 2D-FDTD method. In this model, changes in the transient dielectric constant
during the incident laser pulse due to the excitation of carriers, the plasma heating
and the carrier-phonon relaxation are taken into account to simulate the interac-
tion between a single femtosecond laser pulse with the laser-induced sub-micron
sized plasma. Furthermore, the model takes into account the increase of the opti-
cal effective mass due to the elevation of the carrier temperature during the pulse
which allow us to determine the carrier density more precisely. Some of the key
steps in the development of the FDTD code such as the model of dispersive and
lossy media, the complex amplitude extraction and the near-to-far-field transform
are discussed. The experimentally measured self-reflectivity of both the two SOI
wafers and the bulk Si sample are reproduced excellently by the model. Fitting
of the self-reflectivity data clearly demonstrates the dominant role of impact ion-
ization for the carrier generation in silicon induced by a femtosecond laser pulse
of 800 nm. Importantly, we find that a one-dimensional model fails to reproduce
the experimental results, but with a two-dimensional model excellent agreement
with the experimental data is obtained. Finally, the simulation shows that the
laser-induced localized plasma forms in the laser focus and strongly scatters the
incident laser pulse. This fact is made strikingly visible by guided modes being
excited in the device layer of the sample.

Finally, with the successful modelling of the self-reflectivity data we are in the
position to accurately calculate the laser energy deposition anywhere in the sam-
ples. By comparing the measured single-shot ablation depth data with the calcu-
lated internal fluence by the model, we found optical interference in laser ablation of
thin films such as the SOI to be of crucial importance. The striking peak in the ab-
lation depth data in one of the SOI wafers is explained by the competition between
the interference-induced fluence enhancement and the laser-induced plasma absorp-
tion. The model gives qualitative explanation of those striking features. Further
research and detailed modelling of the thermodynamic expansion/resolidification
stages are required to fully understand this novel phenomenon.

These results demonstrate that FDTD simulations incorporating the Drude
response of the laser-induced plasma excellently describe the behavior of the self-
reflectivity under the ablation condition on the nanoscale. Our results for the
quantitative modelling of self-reflectivity and the qualitative explanation of single-
shot ablation depth are of general importance for the research on laser ablation,
especially on the nanoscale. The striking peak in the ablation depth data observed
in one of the SOI samples may prove to be very beneficial for laser drilling of high
aspect-ratio nano-holes in layered structures.
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Chapter 6

Laser processing of materials
by Bessel and cylindrical
vector beams

Abstract In this chapter, we discuss femtosecond laser ablation using laser beams with
a ring-shaped intensity distribution. Such ring-shaped intensity distributions can be ob-
tained by using a focused Bessel beam or a cylindrical vector beam. We demonstrate
femtosecond ablation by focused Bessel beams in a ruby crystal and a chromium film de-
posited on a sapphire substrate. For the ablation on the chromium film, material ejection
in the center of the ring-shaped intensity distribution is observed. We propose that this
material ejection is caused by a converging shock wave produced by the laser-excitation
in the ring. Additionally, we create femtosecond cylindrical vector beams using a Radial-
Azimuthal Polarization Converter. The focusing properties of cylindrical vector beams
and the use of these beams in femtosecond laser processing of materials are discussed.

6.1 Introduction

In the previous chapters, we demonstrated ablation of materials by focusing a nor-
mal Gaussian beam. Focusing such a beam leads to a Gaussian distribution of the
intensity in the focal plane. In this chapter, we realize ring-shaped intensity dis-
tributions in the focal plane by focusing Bessel beams or cylindrical vector beams.
Bessel beams have attracted much attention in recent years, owing to their inter-
esting properties. They are for instance diffraction-free [1, 2] and self-healing and
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they have found applications in material processing [3] and optical trapping [4] of
particles and atoms. In this chapter, we show theoretically and experimentally
that focusing a Bessel beam gives rise to a micron-sized ring-shaped intensity dis-
tribution in the focal plane of the focusing objective. Furthermore, we demonstrate
femtosecond laser ablation by such beams in a ruby crystal and a thin chromium
film.

Laser beams with cylindrical symmetry in polarization have also attracted an
increasing interest due to their unique properties. Most interesting for application
in laser ablation is the fact that focusing such a beam by a high NA objective
leads to either a submicron-sized ring-shaped intensity distribution (for azimuthal
polarization) or a beam spot which can be sharper than a linearly-polarized beam
focused by the same objective (for the radial polarization) [8]. For laser ablation
on the nanoscale, such a sharp focus is of course very desirable. The submicron-
sized ring-shaped intensity distribution obtained by focusing the beams with an
azimuthal polarization may also be used for laser structuring of materials.

6.2 Ablation by focusing bessel beams

Bessel beams are solutions of the Bessel type to the Helmholtz equation [1]. A
true Bessel beam is diffraction-free; the center of the beam can be smaller than
a wavelength, and most importantly, its central focal spot does not spread along
propagation. This diffraction-free property means that its intensity in the focus
stays high over much longer distances compared to a Gaussian beam of the same
spot size. This property in practice releases the alignment constraint in the focusing
direction and has found applications in femtosecond laser nano-fabrication [3]. The
intensity profile of a Bessel beam can reform even after encountering an obstacle,
a property known as self-healing. This property has found important applications
in optical trapping [4]. Because mathematically a Bessel beam is described by a
Bessel function, an ideal Bessel beam must contain an infinite number of concentric
rings thus over an infinite area would carry infinite power. So clearly, a true Bessel
beam cannot be realized experimentally. However one can make an approximation
to the ideal Bessel beam experimentally, which contains the properties of the ideal
case over a finite distance. Such a approximate Bessel beam can be constructed
by focusing a Gaussian beam using an axicon [5, 6]. This method is illustrated in
Fig. 6.1a. As can be seen, a Bessel beam is made up of a set of waves propagating
along a cone. The electric field amplitude after passing through the axicon can
be calculated from the scalar Kirchhoff theory of diffraction. At a distance z from
the aperture and a distance r from the optical axis, the cylindrically symmetric
amplitude distribution Eax(r, z) can be written as [7]

Eax(r, z) =
2πeikz

iλz

∫ D1/2

0

J0(k
r1r

z
)e[i k2z (r2+r2

1)]G(r)Aax(r)rdr, (6.1)

where k = (2π/λ) is the wavenumber for the light of wavelength λ and J0 is

the Bessel function of zero order. The function G(r) = exp[−( r
ω0

)
2
] is the in-
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B 

ϒ 

(a) (b)

Figure 6.1: (a) Creation of a Bessel beam making use of an axicon lens [1]. (b)
Calculated intensity distribution at the plane B in (a).

put Gaussian beam distribution. The phase retardation caused by the axicon is
Aax(r) = exp[−ik(n− 1)rγ] where n is the refractive index and γ is the axicon an-
gle. Fig. 6.1b shows the intensity distribution at the plane B in Fig. 6.1a calculated
by Eq. 6.1.

To make a ring-shaped intensity pattern we use a combination of an axicon and
an objective. If an objective is placed in the plane B in Fig. 6.1a, we can use the
following equation to calculate the amplitude distribution in the focal plane of the
objective as

Eob(r, z) =
2πeikz

iλz

∫ D2/2

0

J0(k
r1r

z
)e[i k2z (r2+r2

1)]Eax(r)Aob(r)rdr, (6.2)

where Aob = exp[−(ikr2)/(2f)] is the phase retardation caused by the objective,
which has a focal length f. The calculated intensity distribution in the focal plane
of the focusing objective is shown in Fig. 6.2.

Fig. 6.3 shows the optical microscope images of an Olympic Rings ablated on the
surface of a ruby crystal by the above discussed axicon-objective combination. The
axicon used in the experiments has an axicon angle of γ = 1◦. The numerical
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Figure 6.2: (a) Calculated intensity distribution at the focal plane by using axicon-
objective combination. (b) The calculated intensity as a function of r. The intensity
is normalized to the peak intensity across the ring.

(a) (b)

Figure 6.3: (a) Optical microscope image of an Olympic-Ring ablated on the surface
of a ruby crystal by axicon-objective combination. (b) A zoom in of (a) shows the
diameter of the rings is 53 µm.
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Figure 6.4: Solid line: Calculated intensity distribution across the ring of Fig. 6.2.
Dashed line shows the intensity at the center of the ring.

aperture of the focusing objective is 0.85. Each ring is fabricated by a single
femtosecond laser pulse. The diameter of these rings is measured to be 53 µm
which agrees well with the theoretical calculation shown in Fig. 6.2b.

The same experiments were performed on a 30 nm thick chromium film de-
posited on a sapphire substrate. Scanning electron microscope (SEM) images of
the ablated rings on the chromium film are shown in Fig. 6.5. As in the case of
the ruby experiment, each ring is fabricated by a single femtosecond laser pulse.
In Fig. 6.5, the experimental conditions (the pulse energy, temporal pulse width,
focusing conditions etc.) used to fabricate each of the rings are the same. Surpris-
ingly, a central hole appears for some laser shots. Closer inspection of these central
holes reveals: (i) The sizes and shapes of these central holes produced by different
laser shots are quite different despite the fact that the experimental conditions are
the same. (ii) Different from the damage on the ring itself, where a large amount
of melted material is deposited around the rings, the central holes do not show
such signs of melting. (iii) The edges of these central holes are very irregular and
exhibit sharp edges on the nanoscale. From the SEM image Fig. 6.5b we measure
the average width of the ablated ring to be 2.5 µm. Fig. 6.4 shows the intensity
distribution across the ring calculated using Eq. 6.2, where the intensity in the
center of the ring is indicated by the dashed line. As can be seen, the intensity on
the optical axis is much smaller than even the third-order maxima. The distance
between the two second-order maxima on each sides is about 3 µm which is larger
than the 2.5 µm width of the ablated ring. Thus, the ablation threshold must lie
between the intensity of the first and the second maxima. Therefore the central
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(a) (b)

(c) (d)

Figure 6.5: SEM images of ablated rings on a 30 nm thick chromium film. (b)
shows the averaged width of the ring is 2.5 µm.
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holes can not be caused by the residual light in the center of the ring. From the
above mentioned considerations we conclude that the central holes are not directly
caused by ablation. We instead propose that the central holes are likely due to
a concentric acoustic shockwave excited by the absorption of the laser energy in
the ring area. The concentric shockwave propagating inwards will focus in the
ring center which leads to material ejection. Further research and pump-probe
experiments are necessary to ascertain the origin of this novel phenomenon.

6.3 Focusing properties of cylindrical vector beams

Cylindrical vector beams are laser beams with cylindrical symmetry in polarization.
We generated femtosecond cylindrical vector beams by sending linearly-polarized
femtosecond laser pulses through a commercial Radial-Azimuthal Polarization Con-
verter (ARCoptix, Switzerland).

(a) (b)

Figure 6.6: (a) CCD image of the femtosecond azimuthally-polarized beam gen-
erated by the Radial-Azimuthal Polarization Converter. The arrows illustrate the
polarization direction. (b) The beam pattern after passing through a horizontal
linear polarizer.

Fig. 6.6a shows a CCD image of an azimuthally-polarized beam generated by
using the polarization converter. To confirm its polarization is azimuthal, the
beam is sent through a linear polarizer. The beam profile after the linear polarizer
is shown in Fig. 6.6b. Just as expected for an azimuthally polarized beam, the
part of the beam which is polarized vertically in the figure is blocked by the linear
polarizer while the part perpendicular to it is transmitted. This demonstrates that
it is indeed an azimuthally-polarized beam.
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(a) (b)

Figure 6.7: Intensity profile of an azimuthally polarized beam focused by a NA =
0.8 objective in (a) x-y plane and (b) r-z plane.

The properties of tightly focused beams can be analyzed by the vectorial diffrac-
tion method. This method has also been used to calculate the electric fields in the
vicinity of the focal spot of cylindrical vector beams. The amplitudes of the three
orthogonal electric field components of the field in the focal plane can be written
as [8, 9]

Er(r, φ, z) = Acosφ0

∫ θmax

0

cos1/2(θ)P (θ)sinθcosθJ1(krsinθ)eikzcosθdθ, (6.3)

Ez(r, φ, z) = iAcosφ0

∫ θmax

0

cos1/2(θ)P (θ)sin2θJ0(krsinθ)eikzcosθdθ, (6.4)

Eφ(r, φ, z) = Asinφ0

∫ θmax

0

cos1/2(θ)P (θ)J1(krsinθ)eikzcosθdθ, (6.5)

where θmax is the maximum angle determined by the NA of the focusing objective,
k is the wavenumber, and Jn(x) is the Bessel function of the first kind with order n.
The angle φ0 = π/2 corresponds to azimuthal polarization while φ0 = 0 corresponds
to radial polarization [8]. P (θ) is the pupil apodization function, for a Gaussian
input intensity distribution,

P (θ) = e−(
Robj
w0

)2( sinθ
sinθmax

)2

, (6.6)

where w0 is the input beam waist and Robj is the radius of the objective pupil.
Fig. 6.7 shows the intensity distribution in the vicinity of the focal spot for an
azimuthally-polarized beam calculated using Eq. 6.3-6.6. The NA of the focus-
ing objective is chosen to be 0.8 and the wavelength is 800 nm. For a pure az-
imuthal polarization (φ0 = π/2), only azimuthal components exist in the focus.
This micron-sized donut-shaped focus has found application in femtosecond laser
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material processing where interesting phenomenon such as material removal by
converging shock waves have been proposed [10].

One can use Eq. 6.3-6.6 to calculate the intensity distribution in the vicin-
ity of the focus for a radially polarized beam. As shown theoretically by several
groups [8, 9, 11] and experimentally demonstrated by Dorn et.al. [12], the electric
field in the focus of a high NA objective for a radially-polarized beam has a strong
longitudinal component. The relative contribution of this longitudinal component
can be enhanced using an annular aperture. Compared to a linearly-polarized
beam focused by the same objective, the resulting spot size for the radially po-
larized beam is significantly smaller and can eventually approach the spot size
predicted by scalar theory [11]. Such a sharp focus is very promising for laser
nano-structuring of materials.

6.4 Conclusion

To conclude, we have demonstrated single-shot femtosecond laser microstructuring
of ring structures on a ruby crystal and a chromium film using axicon-objective
combination. The diameter of the ablated rings agrees well with the calculated
intensity distribution in the focus. For the chromium film, we observed material
ejection in the center of the ring-shaped intensity distribution. We propose that
this material ejection is caused by a converging shockwave excited by the optical
excitation of the material in the ring area. Additionally, the generation of femtosec-
ond cylindrical vector beams was realized experimentally. The focusing properties
of such beams are calculated through numerical calculations and their applications
on femtosecond laser ablation are discussed.
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Appendix A

Autocorrelation and GVD
calculation

A.1 Introduction

In experiments utilizing ultrafast laser pulses, it is important to have information
about and control over the pulse length. In our model of the laser-matter inter-
action, the temporal pulse width is required as one of the input parameters. The
”Hurricane” femtosecond laser system, as used in our experiments, is based on
Chirped Pulse Amplification principle (CPA) [1]. CPA is accomplished in three
steps. The first step is to stretch a very short, but low energy, seed pulse. The
second step is to amplify the stretched pulse to a much higher energy. The third
step is to recompress the stretched and amplified pulse close to its original pulse
length. These three steps ensure a high energy short pulse but rule out the proba-
bility of damage to the Ti:sapphire crystal used in the amplifier. The ”Hurricane”
system has a tunable compression mechanism for output pulse optimization in the
third step. It has a motor that can control the chirp and therefore the pulse dura-
tion of the amplified pulses by varying the distance from the retroreflector to the
diffraction grating. In this way, the output pulse duration can be varied. But one
requires knowledge on what the pulse length is exactly and how much it changes
in the remainder of the setup due to dispersion.

The measurement of an event on the 100 fs scale is not trivial because there is
no electronic event which happens faster than it. Therefore one can only measure
the length of that event by itself, i.e. one should determine the autocorrelation
function of the pulse [2]. For a full measurement of both the temporal and spectral
information, usually the frequency-resolved optical gating (FROG) method is used
[3]. For our purpose, where the pulse shape is expected to be roughly Gaussian,
obtaining only the temporal information suffices.

In this appendix, we briefly discuss the autocorrelator used to determine the
pulse length and the pulse broadening due to dispersion.
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A.2. The autocorrelator

A.2 The autocorrelator

We use two types of autocorrelators, one is a single-shot autocorrelator while the
other one is a scanning autocorrelator. The beam path is aligned such that one
can choose which autocorrelator to use by flipping a mirror. They are both based
on the second harmonic generation technique, and are sketched in Fig. A.1.
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Figure A.1: (a) Sketch of scanning autocorrelator. (b) Sketch of single-shot au-
tocorrelator. (c) Sketch of the geometry in the BBO frequency doubling crystal
used in the single-shot autocorrelator. Lower part shows the beams crossing in the
BBO.

In our single-shot autocorrelator, with a beam waist w0 ∼ 2 mm, θ ∼ 5◦, and a
BBO crystal size ∼ 0.5 cm, pulse lengths can be measured upto ∼ 300 fs, where
eventually the beam size becomes limiting. The FWHM pulse width is given by [2]

δt =
kδxsinθ

c
, (A.1)

with c the speed of light, δx the measured spatial width on the CCD, and a factor
k, which is

√
2 for Gaussian pulses.

Fig. A.2 shows two typical single shot autocorrelator traces and corresponding
fits to a Gaussian function. The pulse width is determined by Eq. A.1 with the
fitted spatial width on the CCD. The pulse width is changed by changing the
distance from the retroreflector to the diffraction grating inside the stretcher.

Table A.1 shows the pulse FWHM measured using the two autocorrelators.
The chirp is introduced by adjusting the distance from the retroreflector to the
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Figure A.2: Two typical single shot autocorrelator trace and their fitting to a
Gaussian function: (a) 125.7 fs, (b) 326.0 fs

diffraction grating inside the stretcher which is easily controlled externally. We
see from Table A.1 that the two autocorrelators give very close results. To see
the effect of pulse broadening due to dispersion, an 11 cm BK7 glass is inserted
in the beam path for the zero initial chirp case. The pulse width after the BK7
glass is measured by both autocorrelators. For the scanning autocorrelator, the
equivalent glass thickness is 22 cm because due to geometrical constraints the beam
has to travel back and forth in this case. The GVD coefficient of the BK7 glass
is calculated using the pulse FWHM measured from the two autocorrelators with
and without the glass. They both give results close to the known GVD coefficient
of BK7 glass (∼ 50 fs2/mm).

It is also interesting to compare the pulse width as implied by the autocorre-
lation, to the values implied by the measured spectral width. To this purpose the
pulse FWHM values are determined from the measured spectral FWHM. For a
Fourier-transform-limited Gaussian pulse, the temporal FWHM and the spectral
FWHM are related as

δυ ∗ δt = 0.441. (A.2)

The results are also stated in Table A.1. From the good agreement between the
temporal and the spectral determination we conclude that the original zero initial
chirp pulse is transform limited and that the measurements of the pulse width by
both autocorrelators are reliable.

A.3 The GVD calculation

121



A.3. The GVD calculation

Table A.1: Measured pulse temporal FWHM and calculated GVD of BK7 glass.

Single-shot autocorrelator
Without
glass

With 11 cm
BK7

Calculated
GVD

Pulse FWHM from
spectral measure-
ment

Zero ini-
tial chirp

137.6 fs 166.3 fs 42 fs2/mm 143.7 fs

Positive
initial
chirp

158.0 fs 194.8 fs

Negative
initial
chirp

158.2 fs 140.2 fs

Scanning autocorrelator
Without
glass

With
11 cm × 2
BK7

Calculated
GVD

Pulse FWHM from
spectral measure-
ment

Zero ini-
tial chirp

153.9 fs 241.4 fs 47 fs2/mm 143.7 fs

Positive
initial
chirp

182.0 fs 379.7 fs

Negative
initial
chirp

168.2 fs 184.8 fs

In the time domain, the electric field for a Gaussian pulse with a carrier frequency,
ω0, pulse duration, ∆t, and phase, θ(t), can be described by [4],

E(t) =

√
Ate−ln2( 2t

∆t )2
e−i(ω0t+θ(t)) + c.c. (A.3)

Performing Fourier transform on Eq. A.3 yields,

E(ω) =

√
Aωe−ln2(

2(ω−ω0)
∆ω )2

e−iφpulse(ω−ω0) (A.4)

When an input pulse, Ein(ω), passes through a dispersive medium, the phase added
by the material is given simply by the product of the input field with the transfer
function of the material. The emerging pulse Eout(ω), is given by [4],

Eout(ω) = Ein(ω)R(ω)e−iφmaterial(ω−ω0) (A.5)

where φmaterial(ω − ω0) is the spectral phase added by the material and R(ω)
is an amplitude scaling factor which for a linear transparent medium can be ap-
proximated by, R(ω) ≈ 1 [5]. Performing a Taylor expansion around the carrier
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Figure A.3: numerically calculated pulse broadening due to GVD. The electric field
(a) before and (c) after the dispersive medium. (b) The spectra of the pulse. (d)
the pulse shape before and after the medium.

frequency on the spectral phase, we can express it as,

φ(ω − ω0) = φ0 + φ1(ω − ω0) + φ2
(ω − ω0)2

2
+ φ3

(ω − ω0)3

6
+ ... (A.6)

The first term in Eq. A.6 adds a constant to the phase. The second term adds delay
to the pulse. Neither of these terms affects the shape of the pulse. The third term,
referred to as group delay dispersion (GDD), introduces a frequency dependent
delay of the different spectral components of the pulse, thus temporally changing
it. The GDD and the GVD (group velocity dispersion) are related through

φ2(ω) = k2(ω)L. (A.7)

The forth term, referred to as Third Order Dispersion (TOD) applies quadratic
phase across the pulse. Truncating Eq. A.6 at the third term and assuming the
pulse has zero chirp before entering the medium allow us to derive an analytical
expression linking together the pulse width before and after the dispersive material
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as,

∆tout =

√
∆t4 + 16(ln2)2φ2

2

∆tin
(A.8)

the derivation of Eq. A.8 can be found in [4]. To test the validity of Eq. A.8 and
account for higher order dispersion if necessary, we do the numerical calculation
on Eq. A.3, Eq. A.4, Eq. A.5 and compare the results with Eq. A.8. We use a
zero chirped 125 fs pulse as input and 120 mm BK7 glass as dispersive medium
(GVD ∼ 50 fs2/mm). The numerically calculated electric field and the pulse shape
before and after the dispersive medium is shown in Fig. A.3. Eq. A.8 yields the
FWHM pulse width after the BK7 glass as 182.58 fs consistent with the numerical
value of 182.50 fs. We note that the analytical expression in Eq. A.8 only exists
for a zero chirp pulse and it can only handle the GVD. If it is necessary to include
pre-chirp or higher order terms, one needs to do the numerical calculation.
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Summary

When we were in our childhood, most of us had the experience of igniting a leaf
by focusing sunlight on it using a lens. Not only for children it is astonishing to
see something igniting by the seemingly magical power of light. Laser ablation is
in some sense similar to this experiment from our childhood. But in fact there are
big differences. The average irradiance of sunlight on the surface of the earth on a
perfect sunny day is about one kilowatt per square meter. If this sunlight is focused
by a typical lens (∼ 10 cm2) to a spot size with a diameter of 100 µm, an intensity
is reached of ∼ 1 × 104 W/cm2. In femtosecond laser ablation experiments, as
described in this thesis, an intensity of 1013 W/cm2 is typically used. This is a
factor of 1,000,000,000 times larger than the intensity of the focused sunlight. The
electric field strength corresponding to this intensity is huge and comparable to the
Coulomb field of a valence electron bound to an atom. Therefore the state of that
electron changes under the action of such a high field. This leads to a sudden and
severe change of the properties of the illuminated material in contrast to the case of
focused sunlight, where a prolonged illumination is required to heat up and ignite
the leaf. There is another big difference: In femtosecond laser ablation, the duration
of the pulse (∼ 100 fs, i.e., ten millionth of a millionth of a second) is extremely
short. This leads to a sudden deposition of energy into the material. This energy
is initially deposited in the electrons because the frequency of light is so high that
only electrons, which of course have a much smaller mass than the atom, can follow.
This implies that on the timescale of the pulse duration, the electrons are heated
up by the pulse whereas the lattice remains cold. Therefore, the material damage
due to lattice heating is significantly reduced. This reduced lattice heating results
in a smaller heat-affected-zone and reduces uncontrolled melting and evaporation.
Thus femtosecond laser ablation is clean and precise.

These advantages of femtosecond laser ablation explain the massive attention
in the past decades for the applications on material processing and the study of
the response of matter subject to femtosecond laser illumination. Since the optical
properties of matter change significantly during the illumination with an intense
laser pulse, the propagation of the incident laser pulse can be severely affected.
Existing studies on this topic usually deal with relatively large laser spots, on the
order of tens of microns. However, it has been demonstrated that femtosecond laser
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ablation can be used as a precise tool in nano-fabrication when highly focused laser
beams are used. With such highly focused beams we expect novel effects such as
the self-scattering of the incident laser pulse to be present. In this thesis, we study
single-shot ablation of silicon by highly focused femtosecond laser beams, anal-
yse the optical response of matter subject to femtosecond laser illumination and
measure the morphology of the ablated nano-craters by atomic force microscopy
(AFM). In particular, a numerical model based on the Finite Difference Time Do-
main (FDTD) method is developed to study the propagation of a strongly focused
femtosecond laser pulse in the illuminated material with dynamically changing opti-
cal properties induced by the pulse itself. The model is compared with experimental
results of self-reflectivity and measured crater morphologies. As an introduction,
Chapter 1 gives a brief survey of the most important work in the existing liter-
ature concerning femtosecond laser ablation of silicon. Chapter 2 provides the
theoretical framework to understand the interpretation of the experimental results
in the thesis.

Specific studies constitute the remaining chapters, involving the description
of our automated femtosecond laser ablation setup, experiments and numerical
modeling of laser-plasma interaction in bulk silicon and silicon-on-insulator (SOI)
and finally preliminary results on femtosecond laser processing of materials by
Bessel and cylindrical vector beams.

To study laser ablation systematically it is necessary to repeat experiments
multiple times with varying and well specified experimental parameters. For this,
we have built an automated femtosecond laser ablation setup. This allows us
to perform experiments with high precision and reproducibility. In Chapter 3
we describe in detail the automated experimental setup which allows most of the
experimental work presented in this thesis. We also present the algorithm we have
developed to automatically analyse the atomic force microcopy (AFM) data of the
ablated craters. It is shown that the self-reflectivity, the single-shot ablation depth
and crater roughness can be accurately measured employing the setup, the AFM
and the AFM data analyzing algorithm.

The second part of the thesis describes both experimental and theoretical stud-
ies of the laser-matter interaction during the ablation and the ablated crater mor-
phology in bulk silicon and two SOI samples. Work carried out prior to the de-
velopment of the automated experimental setup is described in Chapter 4, where
we use a simple one-dimensional transfer-matrix model that takes into account the
refractive index change during the pulse to reproduce the measured saturation of
ablation depth. By using an internal fluence criterion, the ablation depth is well
fitted to this model. The success of the model and some unexplained features in the
experimental data inspired us to go further and to build the automated ablation
setup. The experimental data produced with this new setup and their theoretical
interpretation are described in Chapter 5. Single-pulse self-reflectivity and crater
morphology was measured as a function of incident laser fluence. In order to un-
derstand and reproduce the experimental data, we developed a numerical model
based on the two dimensional FDTD method which takes into account the genera-
tion of carriers by the laser pulse and the interaction of the pulse with the induced
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plasma. The model rigourously takes into account the tight focusing condition and
even accounts for effects such as the increase of the optical effective mass due to
the elevation of carrier temperature during the pulse. The model excellently re-
produces the experimentally measured self-reflectivity data. The results show that
impact ionization seeded by one-photon and two-photon absorption, dominates car-
rier creation in silicon under illumination by a single femtosecond laser pulse with
a wavelength of 800 nm. Furthermore, based on the agreement between the model
and the experiments, we prove that the incident laser pulse is strongly scattered
by the laser-induced plasma in femtosecond laser nano-ablation, a novel effect that
we refer to as self-scattering. Finally, we discovered a pronounced peak in the ab-
lation depth versus fluence graph which may prove beneficial for laser drilling of
high-aspect-ratio nano-holes. It is shown qualitatively by the model that optical
interference effects in laser ablation of layered structures such as SOI contribute to
the appearance of this pronounced peak. However, further research and detailed
modelling of the thermodynamic expansion/resolidification stages is required to
fully understand this novel phenomenon. The work described in this thesis demon-
strates that a two dimensional FDTD method incorporating the Drude response of
the laser-induced plasma excellently describes the behavior of the self-reflectivity
under nano-ablation conditions. Therefore such a model is of general importance
for the research on laser ablation, especially with strongly focused beams.

The third part of the thesis provides preliminary studies on the fabrication of
ring-shaped structures in a ruby crystal and a chromium film induced by focusing
a femtosecond Bessel beam. In the chromium film, material removal in the center
of the ring-shaped intensity is observed even though there is no light there. we
propose that this material removal is caused by a converging shock wave produced
by the laser-excitation in the ring. Finally, femtosecond cylindrical vector beams
are demonstrated and their focusing properties are analyzed through numerical
calculations. The potential use of these beams in femtosecond laser processing of
materials is discussed.
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Samenvatting in het
Nederlands

Iedereen heeft als kind wel eens een blad in brand gestoken door het zonlicht er
met een lens op te bundelen. Het is niet alleen voor kinderen fascinerend om te
zien dat licht zo’n magische kracht heeft.

Laserablatie lijkt op het eerste gezicht vergelijkbaar met dit kinderspel, maar er
zijn grote verschillen. De sterkte waarmee de zon op het aardoppervlak straalt, de
irradiantie, is op een stralend zonnige dag ongeveer 1 ééntiende Watt per vierkante
centimeter. Als dat licht met een lens van 10 vierkante centimeter wordt gefo-
cusseerd in een vlekje met een diameter van een tiende millimeter wordt een inten-
siteit van ongeveer tienduizend Watt per vierkante centimeter bereikt. In ablatie
experimenten met femtoseconde laser pulsen, zoals de experimenten die in dit proef-
schrift worden beschreven, zijn intensiteiten van tien biljard Watt per vierkante
centimeter heel gebruikelijk. Dat is dus een miljard keer groter dan de intensi-
tieit van gefocusseerd zonlicht. Deze intensiteit komt overeen met een electrische
veldsterkte die vergelijkbaar is met de Coulomb veldsterkte die een electron aan
een atoom bindt. Dit betekent dat de toestand van dat electron sterk verandert
onder invloed van het licht, wat leidt tot een plotselinge en sterke verandering van
het belichte materiaal. Dit in tegenstelling tot de situatie met het gefocusseerde
zonlicht, waar een langdurige belichting nodig is om het blad zo ver te verwarmen
dat het ontbrandt.

Er is nog een groot verschil: in femtoseconde laserablatie is de duur van de
lichtpuls heel erg kort, nl ∼ 100 fs (een tienmiljoenste van een miljoenste seconde).
Dit betekent dat de energie in die korte tijd in het materiaal wordt gedeponeerd.
Aangezien licht een electromagnetische golf is met een extreem hoge frequentie
kunnen alleen de electronen, die een veel kleinere massa hebben dan het atoom, er
snel genoeg op reageren. Dit heeft tot gevolg dat op de tijdschaal van de duur van
de lichtpuls alleen de electronen worden verhit en het atoomrooster nog koud blijft.
Hierdoor blijft de schade aan het materiaal beperkt tot een kleiner gebied en vin-
den er geen ongecontroleerde smelt-en verdampingsprocessen plaats. Femtoseconde
laserablatie is daarom heel schoon en secuur.

Door deze voordelen is er al tientallen jaren een enorme belangstelling voor
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ablatie met femtoseconde laser pulsen. Die belangstelling richt zich enerzijds op
toepassingen in de materiaalbewerking, anderzijds op meer fundamentele studies
van het gedrag van materie onder invloed van bestraling met femtoseconde lasers.

Omdat de optische eigenschappen van materie veranderen onder invloed van de
bestraling met licht, beinvloedt dat in hoge mate hoe het licht zich in de materie
voortplant. Tot op heden hebben de meeste studies zich beperkt tot betrekkelijk
zwak gefocusseerde bundels, ter grootte van tientallen micrometers. Maar het
blijkt dat femtoseconde laserablatie ook gebruikt kan worden voor nanofabricage.
In dat geval dienen sterk gefocusseerde laserbundels gebruikt te worden en worden
er nieuwe effecten, zoals zelf-verstrooiing van de invallende laserpuls, verwacht.

In dit proefschrift hebben we ons gericht op ablatie van silicium met een enkele,
sterk gefocusseerde fs laserpuls, het gedrag van de materie onder invloed van fs
laser bestraling en het meten van de kraters in het oppervlak met behulp van
atomaire kracht microscopie (AFM). Een belangrijk aspect van dit proefschrift is
een numeriek model, gebaseerd op de FDTD methode, dat we hebben ontwikkeld
om het voorplanten van licht in een materiaal te bestuderen terwijl de optische
eigenschappen van dat materiaal veranderen onder invloed van datzelfde licht.

Dit model wordt vergeleken met zelf-reflectiviteitsmetingen en metingen van
de vorm van de ablatiekraters. Ter inleiding geeft Hoofdstuk 1 een kort overzicht
van het meest belangrijke werk in de bestaande literatuur over femtoseconde laser-
ablatie van silicium. Hoofdstuk 2 beschrijft de theorie die ten grondslag ligt aan
de interpretatie van de experimentele resultaten in dit proefschrift. In de overige
hoofdstukken wordt ingegaan op onze geautomatiseerde femtoseconde laserablatie
opstelling, de experimenten aan bulk silicium en ’silicon-on-insulator (SOI)’ en het
numerieke model om de laser-plasma interactie te beschrijven. Tot slot worden
enkele voorlopige resultaten van het werk met Besselbundels en cylindrische vec-
torbundels besproken.

Om laserablatie systematisch te onderzoeken is het noodzakelijk om experi-
menten een aantal malen te herhalen met variabele, nauwkeurig bepaalde parame-
ters. Om dit te doen hebben we een geautomatiseerde opstelling gebouwd, waarmee
we experimenten met hoge precisie en reproduceerbaarheid kunnen doen. In hoofd-
stuk 3 wordt deze opstelling in detail beschreven, samen met het algoritme wat we
ontwikkeld hebben om de meetgegevens van de AFM te analyseren. We laten zien
dat we hiermee nauwkeurige zelf-reflectiviteitsmetingen kunnen doen en zowel de
diepte als de ruwheid van de kraters met grote precisie kunnen bepalen.

De daaropvolgende hoofdstukken van het proefschrift zijn gewijd aan het ex-
perimentele en theoretische onderzoek van de laser-materiaal interactie tijdens het
ableren en de vorm van de geableerde kraters in bulk silicium en in twee verschil-
lende SOI preparaten.

Werk dat werd uitgevoerd voordat de geautomatiseerde opstelling gebouwd
werd, wordt beschreven in hoofdstuk 4. Om de gemeten verzadiging van de kra-
terdiepte te verklaren, gebruiken we een eenvoudig een-dimensionaal overdrachts-
matrixmodel dat rekening houdt met de verandering van brekingsindex tijdens de
puls. Door de interne fluentie (intensiteit van de puls geintegreerd over de tijd) als
criterium voor ablatie te gebruiken kan de algemene trend in de meetgegevens goed
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gemodelleerd worden. Om de meer gedetailleerde aspecten van het ablatiegedrag
met voldoende precisie te kunnen meten zijn we verder gegaan met het bouwen van
de geautomatiseerde opstelling. De metingen die daarmee zijn uitgevoerd als ook
hun interpretatie worden beschreven in hoofdstuk 5. Als functie van de fluentie
zijn de zelf-reflectiviteit en kratervorm gemeten na ablatie met een enkele puls.
Om de meetresultaten te begrijpen hebben we een numeriek model ontwikkeld dat
gebaseerd is op de FDTD methode. Deze methode hebben we in twee dimensies
geimplementeerd, om rekenimg te kunnen houden met de sterke focussering van het
licht. Het model houdt rekening met het feit dat de laserpuls een plasma van vrije
ladingsdragers in het silicium genereert en dat dit plasma de propagatie van de
puls beinvloedt. Ook de toename van de optische effectieve massa tengevolge van
de verhoogde temperatuur van de ladingsdragers wordt in het model meegenomen.
Het model reproduceert de gemeten zelf-reflectiviteit uitstekend. Het laat zien voor
het geval van fs laserablatie van silicium met 800 nm licht, dat naast één-en twee-
photon absorptie ook botsingsionisatie een bepalende rol speelt bij het genereren
van de ladingsdragers. Op basis van de overeenstemming tussen model en exper-
iment laten we ook zien dat in het geval van femtoseconde laser nano-ablatie de
invallende laserpuls sterk verstrooid wordt door het plasma dat door de puls zelf
gemaakt wordt; dit is voor zover wij weten een nieuw verschijnsel dat wij zelfver-
strooiing noemen. Tot slot hebben we ontdekt dat er bij een bepaalde fluentie een
zeer scherpe piek is in de kraterdiepte. Dit merkwaardige verschijnsel kan nuttig
zijn bij het boren van lange nauwe gaten met lasers. Ons model geeft kwalitatief
aan dat deze piek te maken heeft met het feit dat optische interferentie effecten een
rol spelen in laserablatie van gelaagde structuren zoals SOI. Om dit verschijnsel
volledig te begrijpen is meer onderzoek en een meer gedetailleerd model van de
verschillende thermodynamische fasen nodig.

Het onderzoek dat in dit proefschrift wordt beschreven laat zien dat de zelf-
reflectiviteit in het geval van nano-ablatie uitstekend beschreven kan worden met
een tweedimensionale FDTD methode die het Drude gedrag van het door de laser
geproduceerde plasma in rekening brengt. Deze methode is in het algemeen van be-
lang voor onderzoek aan laserablatie, met name bij gebruik van sterk gefocusseerde
bundels.

Het derde/laatste deel van het proefschrift geeft voorlopige resultaten van de
fabricage van ringstrukturen in een robijn kristal en een dunne chroomlaag met
behulp van gefocusseerde fs Besselbundels. In de chroomlaag zien we dat in het
midden van het ringvormige intensiteitsprofiel, waar dus geen licht invalt, materiaal
verwijderd wordt. Wij schrijven dit toe aan een acoustische schokgolf die wordt
geinduceerd door de laserexcitatie in de ring.

Tot slot laten we zien dat we femtoseconde cylindrische vectorbundels kunnen
maken. We analyseren hun focusseringsgedrag met behulp van numerieke metho-
den en bespreken de mogelijke toepassing van deze bundels voor materiaalbewerk-
ing.

130



Acknowledgements

Doing a four years’ PhD study is never an easy journey. Fortunately, it is never a
lonely journey. Without the help of many people, I could not imagine completing
such a long-lasting and demanding commitment.

I would like to address my sincere thanks to Prof. dr. Jaap Dijkhuis, my super-
visor. Thank you for offering me the opportunity to work at your group in Utrecht
University. You guided me through my four years’ journey, judged the direction,
and made me just in time stop a walk on the wrong road. Your challenging ideas
and questions made the journey adventurous. Furthermore, I am grateful for your
patience in reading all my manuscripts and checking language problems. Also, my
sincere thanks go to my supervisor, Prof. dr. Denise Krol. The door of your office
was always open for me to have a discussion. Thanks for your carefully examining
all my manuscripts over and over again, and thanks for your wonderful translation
of the Dutch summary even when you were not here in Utrecht. I am also greatly
indebted to Denise for her efforts in getting me acquainted with other researchers
in the academic community outside the Netherlands. This is extremely helpful
for my future career. Thank you Denise! I would also like to express my sincerely
thanks to my co-supervisor, Dr. Dries van Oosten. He is easily the smartest person
I have ever met. In research, no matter what the circumstance is, he can always
give strong and clever points. I am certain that there was always a solution waiting
for me there in his mind when I had problems, even before I went to find him.

I would like to give my acknowledgements to the technical support and discus-
sion from Cees de Kok and Paul Jurrius. My experimental setup would not have
been accomplished without their fantastic work of handling the equipment. Also I
would like to thank our secretary, Clarien Derks, who helped me to deal with the
administrative work and housing for my first few weeks in Utrecht.

Next, I would like to express my gratitude to my officemates Marijn Versteegh
in OL256 for helping me when I first came to the Netherlands. I wish him good
luck and a prosperous career. And, thanks Ole and Pieter for sharing room OL272
with me when I switched my office to there.

Moreover, I need to give thanks to my collaborators inside and outside Utrecht.
Neil Troy, thank you for coming from UC Davis to spend three months in research
with us. Your experimental skills gave contributions to the accomplishment of the

131



setup. Stephan Wolbers, thank you as a master student and for doing experiments
with me. To the bachelor students I have been working with: Ruiyu Xie, Merijn
Schipper, and Christiaan Mennes, thank you for the time we spent in the lab and
I wish you all a good luck with your future. I enjoyed all the time shared with my
colleagues, Marijn, Arjon, Benjamin, Ruben, Erik, Sandy, Ole... Further, I must
address my thank to Dr. Zhixiang Sun, for teaching me how to use the atomic
force microscope at the first place. And thank Yinghuan Kuang, for taking the
scanning electron microscope images presented in Chapter 4.

Additionally, I must thank people that I have met during my conference visits.
Prof. Ya Cheng, Prof. Stelios Tzortzakis, Prof. Razvan Stoian, Prof. Guanghua
Cheng, Prof. Xiaonong Zhu and Prof. Yves Bellouard, thank you for spending
time having discussion with me. I hope we keep in touch with each other and have
future collaborations. Fen Xu and Wei, thanks for the nice time we shared in the
summer school Son et Lumiere 2010 in the beautiful island Corsica. Fen, I wish
you good luck with your postdoc research in Bordeaux.

In addition to this, my thanks to friends that I have met in Holland: Bo Peng,
Da Wang, Yan Ni, Weikai Qi, Shaoyu Yin, Haiyan Wu, Junting Zhang, Fang Chen,
Jingwei Zhang, Hong Hu, Qiulan Zhang, Qingyun Qian, Duo Pan, Yanchao Liu,
Xin Jin, Yuxiang Hong... I wish you all the best.

Thanks to Sai, for the wonderful time we share together and your support.
Finally, I want to thank my parents for their endless support and love.

132



List of Publication and
Conference Visits

This thesis is partly based on the following publications:

1. Hao Zhang, D. van Oosten, D. Krol, J. Dijkhuis, Saturation effects in fem-
tosecond laser ablation of silicon-on-insulator, Appl. Phys. Lett. 99, 231108
(2011)

Related to Chapter 4

2. Hao Zhang, D. van Oosten, D. Krol, J. Dijkhuis, Saturation behavior of fem-
tosecond laser ablation in silicon on insulator, Research in Opt. Sciences
(OSA 2012) paper JT2A.46

Related to Chapter 4

3. Hao Zhang, Denise M. Krol, Jaap I. Dijkhuis, and Dries van Oosten, Self-
scattering effects in femtosecond laser nano-ablation, submitted to Optics
Letters.

Related to Chapter 5

4. Hao Zhang, Denise M. Krol, Jaap I. Dijkhuis, and Dries van Oosten, A
two-dimensional FDTD model of the self-reflectivity of strongly focused fem-
tosecond laser pulses for single-shot nano-ablation experiments, manuscript
in preparation for submission to Physical Review B.

Related to Chapter 5

5. Hao Zhang, Jaap I. Dijkhuis, and Dries van Oosten, Note: A low-cost single-
pulse energy detector for femtosecond laser pulses, manuscript in preparation
for submission to Review of Scientific Instruments.

Related to Chapter 3

133



Parts of the research described in this thesis have been pre-
sented in the following international conferences:

1. Progress in Ultrafast Laser Modification of Materials, Cargese, Corsical, France,
14-19 April, 2013 (Poster).

2. International Conference on Ultrafast Structural Dynamics, Berlin, Germany,
March 19-21, 2012 (Poster).

3. International Summer School Son et Lumiere 2010: Phononics and photonics
at nano-scale, Cargese, France, 30 August-11 September, 2010 (Short Oral
Presentation).

Further, some of the work described in this thesis has been presented at annual
meetings of the Physics@FOM, Veldhoven, Netherlands (2010-2013).

134



Curriculum Vitae

The author of this thesis was born on 19 February, 1984 in Shijiazhuang, Hebei,
China. He graduated from Shijiazhuang No. 1 middle school in 2002, after which
he started his bachelor education on Electronic and Information Engineering at
Hebei Polytechnic University and obtained his bachelor’s degree in 2006. In the
same year he decided to study Optics and began his master study on Optics Engi-
neering at University of Electronic Science and Technology of China, Chendu. In
his master research, he focused on nonlinear optics and performed numerical study
of ultrafast laser pulse propagation and supercontinuum generation in photonic
crystal fibers, supervised by Prof. Kang Xie. After obtaining his masters degree in
2009, he was awarded a China Scholarship Council-Utrecht University PhD schol-
arship to carry out his PhD research in the group of ’Ultrafast Dynamics’ led by
Prof. dr. Jaap I. Dijkhuis in the Debye Institute for Nanomaterials Science of
Utrecht University. The research was supervised by Prof. dr. Jaap I. Dijkhuis,
Prof. dr. Denise M. Krol, and Dr. Dries van Oosten. This thesis represents the
author’s accomplishments during his four years period in Utrecht.

135




