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Zusammenfassung

Diese Arbeit dient dem Zweck, anhand von neuen Nahfeldphotographiemessungen einen

umfassenden Überblick über den Mechanismus der plasmonischen Nahfeldablation zu

geben. Darüber hinaus werden die Möglichkeiten und Beschränkungen der Ober�ächen-

Nanostrukturierung von Siliziumsubstraten durch direkte Ablation mit plasmonischen

Nahfeldern untersucht. Die Untersuchungen unterteilen sich in zwei Hauptaspekte: In

Kapitel 5 werden hochaufgelöste Messungen der Nahfeldablationsverteilung und quan-

titative Messungen der maximalen Nahfeldverstärkung von �achen, dreieckigen Gold-

Nanostrukturen präsentiert. Im Vergleich mit "Finite Di�erence in the Time Domain"

(FDTD) Simulationen der Nahfeldverteilung zeigt sich eine sehr gute Übereinstimmung

von FDTD- und Nahfeldablationsverteilung. Der Vergleich der gemessenen und berech-

neten maximalen Nahfeldverstärkung weist jedoch eine deutliche Diskrepanz zwischen

den Werten auf: In Abhängigkeit von Gröÿe und Form der plasmonischen Nanostruk-

turen sind die errechneten maximalen Nahfeldverstärkungen um den Faktor 4 bis 10

gröÿer.

In Kapitel 6 wird der Mechanismus der Femtosekundenablation von Silizium genauer

untersucht, um Rückschlüsse auf die Ursachen dieser Diskrepanz zu ziehen. Dabei kön-

nen Details in der Nahfeldablationsverteilung in der Gröÿenordnung eines Achtzigs-

tels der beleuchtenden Wellenlänge gezeigt werden. Verschiedene Experimente legen

einen Mechanismus nahe, der das minimale Ablationsvolumen auch für Femtosekun-

denbeschuss begrenzt.

Verteilung der Intensität im Beleuchtungsspot Um quantitative Messungen von

Ablationsschwellen und Nahfeldverstärkungen zu ermöglichen, ist eine genaue Kenntnis

der Intensitätsverteilung im Beleuchtungs�eck vonnöten. Um diese zu messen, wurde

eine von Liu [Liu82] beschriebene Methode zur quantitativen Bestimmung einer gaus-

sartigen Intensitätsverteilung so erweitert, dass sie auch zum Ausmessen eines durch

Fraunhoferbeugung entstandenen Airy-Musters eingesetzt werden kann. Theoretische

Überlegungen sowie der Vergleich mit Messdaten zeigen eine bessere Übereinstimmung
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Zusammenfassung

der mit der neuen Methode bestimmten Intensitätsverteilung mit der tatsächlichen

Verteilung auf der Probenober�äche.

Nahfelder von plasmonischen Partikeln Kapitel 5 beschäftigt sich mit den

grundlegenden Parametern, die die Nahfeldverteilung und absolute Nahfeldverstärkung

von plasmonischen Nanostrukturen beein�ussen. Dazu werden die Nahfeldabla-

tionsverteilungen und die FDTD-berechneten Intensitätsverteilungen von Golddreiecken

verglichen, die mittels Kolloid- und Elektronenstrahllithographie hergestellten wurden.

Zunächst kann ein vorher unverstandenes Phänomen erklärt werden: durch den Ver-

gleich von optischen Absorptionsspektren und Ablationsverteilungen für Dreiecke mit

zwei verschiedenen Seitenlängen (85 nm und 530 nm) lässt sich begründen, weshalb die

Spitzen mit höchster Nahfeldintensität für die gröÿeren Dreiecke um 90° gegen die Po-

larisationsrichtung des einfallenden Lichtes gedreht sind. Bei diesen Dreiecken wird bei

Bestrahlung mit Licht von 800 nmWellenlänge eine höhere plasmonische Mode angeregt.

Die kleineren Strukturen werden in ihrer Grundmode, einer Dipolmode, angeregt.

Die Ablationsverteilungen von beiden Dreieckstypen kann mit FDTD-Simulationen

nachempfunden werden. Dazu wird ein Modell verwendet, welches die wichtigsten ge-

ometrischen sowie optischen Parameter der plasmonischen Strukturen beinhaltet (Run-

dung der Spitzen, Krümmungsradius der Kannten, sowie das Vorhandensein der natür-

lichen SiO2-Schicht zwischen Silizium und plasmonischem Partikel).

Die quantitativen Messungen ergeben eine Nahfeld-Intensitätsverstärkung von 25 für

die kleinen und 7 für die groÿen Dreiecke. Dies ist zehn- beziehungsweise fünfmal mal

niedriger als die durch FDTD-Berechnungen vorausgesagten Verstärkungsfaktoren.

Darauf folgend wird auf den Ein�uss von Details der Nanostrukturgeometrie auf die

plasmonische Feldverteilung eingegangen. Dazu werden Ablationsverteilung, berechnete

Nahfeldverteilung sowie berechnete und gemessene maximale Nahfeldverstärkung von

zwei ähnlichen Nanodreiecken verglichen. Beide wurden durch Elektronenstrahllithogra-

phie hergestellt und unterscheiden sich nur im Kurvenradius ihrer Kanten. Während

die eine Sorte Dreiecke gekrümmte Kanten hat, um den mit Kolloidmasken hergestellten

Dreiecken zu gleichen, ist die Kante der anderen Sorte gerade. Dies entspricht eher einem

in früheren Berechnungen eingesetzten vereinfachten geometrischen Modell. Sowohl die

Ablationsverteilung als auch die FDTD Berechnungen zu den unterschiedlichen Dreieck-

stypen weisen deutliche Unterschiede auf. Dies ist ein Hinweis darauf, dass bei der

Vereinfachung eines geometrischen Modells für eine Nahfeldsimulation nicht zu rigoros

vorgegangen werden darf.
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In einem letzten Abschnitt werden die Ablationsmuster und berechneten Nahfeld-

verteilungen sowie das berechnete Absorptionsspektrum von einer Sorte Kolloiddreicke

bei verschiedenen Wellenlängen verglichen. Die Dreiecksgröÿe ist so gewählt, dass ver-

schiedene höhere plasmonische Moden von der Laserstrahlung angeregt werden können.

Es lässt sich zeigen, dass eine Mischung aus verschiedenen Moden bei Femtosekundenbe-

strahlung angeregt wird.

Lasergestützte Materialbearbeitung auf der Nanometerskala Kapitel 6 beschäf-

tigt sich mit dem Mechanismus der Laserablation unter Zuhilfenahme von plasmonischen

Nahfeldern. Um das Entstehen eines Plasmas während der Nahfeldablation zu unter-

suchen, wurde die Lichtemission während des Ablationsprozesses gemessen. Anhand der

Messergebnisse wird gezeigt, dass die Nahfeldverstärkung bei den untersuchten Struk-

turen zu einer Reduzierung der Plasmaschwelle führt.

Auÿerdem wurde das Aussehen der Ablationskrater nach Femtosekundennahfeldabla-

tion untersucht. Diese zeigen vergleichbare Merkmale wie die Krater, die durch reguläre

Femtosekundenablation entstehen. Diese Ergebnisse lassen den Schluss zu, dass der

Mechanismus der Femtosekundenablation auf der Nanometerskala dem regulären Mech-

nismus weitgehend entspricht.

Ein wesentlicher Unterschied lässt sich jedoch feststellen: So lassen sich zwar De-

tails der Nahfeldablationsverteilung in der Gröÿenordnung von 10 nm (λ/80) �nden,

was in etwa der berechneten Ausdehnung des Nahfeldes in dieser Region entspricht.

Die komplette Modi�kation der Ober�äche in diesem Bereich erstreckt sich jedoch über

das Dreifache dieser Länge. Des Weiteren lässt sich in dem Spalt einer "Bow-Tie" An-

tenne, in dem bei der anregenden Wellenlänge keine wesentliche Feldüberhöhung zu

erwarten ist, Ablation nachweisen. Diese beiden Beobachtungen machen einen Verbre-

iterungsmechnismus wahrscheinlich, der die auf Femtosekundskala eingetragene Energie

im Substrat verteilt, bevor diese wirken kann. Auf der Grundlage des bekannten Abla-

tionsmechanismus für reguläre Femtosekundenablation werden zwei mögliche Auslöser

für dieses Verhalten vorgeschlagen: Zum einen thermische Di�usion während der Re-

laxationszeit der angeregten Elektron-Loch-Paare, zum anderen ballistischer Transport

während des Relaxationsprozesses.

In einem letzten Abschnitt werden die Ergebnisse der Femtosekundenablation mit

Ergebnissen von mit einem Pikosekundenlaserpuls beschossenen Proben verglichen. Hi-

erbei zeigt sich ein partielles, nanometerbegrenztes Schmelzen der plasmonischen Struk-

turen.
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1 Introduction

In classical optics, light cannot be focused to a scale considerably smaller than its wave-

length. This commonly known "di�raction limit" represents a major obstacle in modern

nanotechnology as it prevents the use of well-established optical methods in the prepara-

tion of nanostructures or the integration of optical parts into nanodevices. For instance,

the trend towards higher integration and downscaling in microprocessors has led to a

strong decrease in the wavelength applied in photolithography. Unfortunately, this is

accompanied by a strong increase in handling complexity, as the optical components for

this ultra-short ultra-violet radiation have to be of extreme precision [Wu07]. Another

�eld of application arises from biology as the most interesting building blocks of organic

life are of a smaller scale than optical wavelengths. Therefore, optics below the di�rac-

tion limit are also of great interest to enable the use of well-established optical methods

on a sub-cellular level. The importance of optics below the di�raction limit can also

be seen by the e�ort which is invested in this scienti�c �eld. The work of the author

of this dissertation, for instance, has mainly been funded by the DFG's priority pro-

gram (Schwerpunktprogramm � SPP) 1327, "Optisch erzeugte Sub-100nm Strukturen

für biomedizinische und technische Applikationen" � Optically Generated Sub-100nm

Structures for Biomedical and Technical Applications.

The �rst concept for a device that enables optical experiments below the di�raction

limit was described by E. H. Synge in 1928 [Syn28] and realized in 1984 by D. W. Pohl,

W. Denk, and M. Lanz [Poh84]. With this so-called Scanning Near-�eld Optical Micro-

scope (SNOM), optical resolution in the regime of a few tens of nanometers is achieved

by scanning a sub-wavelength aperture over the sample.

Another approach to sub-wavelength illumination is the use of the high �eld con-

centration in the vicinity of scattering objects, the optical near �eld. Metal nanopar-

ticles, in particular, are known to be very e�ective scatterers for wavelengths close

to their plasmonic resonances. These highly localized optical near �elds of plas-

monic particles have been demonstrated to be a very e�cient tool for nanomachin-

ing [Mün01], optical pumping of nanoscale objects (quantum dots, surface-enhanced
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1 Introduction

Raman scattering) [Far05, McF05, Nie97] and extreme light con�nement for non-linear

e�ects [Han12, Sch10, Han09]. While the basic principles of plasmonic resonances are

very well understood (i.e. using Maxwell's formulas on small objects), there have been

quite a few problems predicting a �eld distribution for a given nanoscopic object. There

are two main factors complicating this prediction. Firstly, solving the Maxwell equa-

tions for a system more complex than a simple geometric object always requires a certain

amount of simpli�cation. This led to the development of several numerical simulation

methods.

Secondly, the outcome of these simulations have to be compared with a measurement

of the �eld distribution. Unfortunately, as the �eld enhancement is highly con�ned,

direct probing of the �eld distribution is rather complicated. Only recently, scanning

techniques employing electron microscopy that combine the high resolution of transmis-

sion electron microscopy with a sensitivity for optical photons [Bar09, Nel07] have been

demonstrated. However, those techniques have not been used for absolute measurements

of the near-�eld intensity enhancement yet.

Starting ten years ago, several near-�eld photography techniques with ex situ analysis

have been developed. With these techniques, the near �eld is depicted in a matrix that

is either placed below the scattering particle or situated around it [Küh09, Ple09, Mur09,

Uen08, Sie08, Bon07, Lei04, Mün01]. These techniques share the common advantage

that the resolution is believed to be limited mainly by the read out process. As the

read out is done after irradiation, highly advanced standard high-resolution microscopy

methods can be used. Direct near-�eld ablation is a relatively straight-forward near-

�eld photography technique that was proven to depict the near �eld of nanostructures

in great detail [Bon07].

In this work, near-�eld photography by direct ablation of silicon will be used for the

quantitative measurement of the near �eld of metallic nanostructures. The �ndings will

be compared to the results of Finite Di�erence in the Time Domain (FDTD) simula-

tions. To fully understand the imaging mechanism and estimate the possibilities and

limitations of direct plasmonic nanomachining, femtosecond ablation of silicon on the

nanometer scale will also be examined in greater detail.

After discussing the basic principles needed to understand plasmonic resonances and

laser ablation on the nanoscale (chapter 2), recent developments in research on plas-

monic resonances will be presented (chapter 3). Subsequently, the experimental set-up

and samples used in this work will be discussed (chapter 4). The experimental �nd-

ings presented in this work are discussed in two seperate chapters. At �rst, several

6



experiments addressing aspects in�uencing the near-�eld enhancement close to metal-

lic nanoparticles will be shown (chapter 5) followed by the discussion of the nanoscale

ablation process of silicon (chapter 6). Finally, possible further research based on the

�ndings of this thesis will be suggested (chapter 7).
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2 Basic Principles

In this chapter, the theoretical background needed for the understanding of the experi-

ments presented in this work will be given. It is divided into two sections. The �rst one

will concentrate on optics below the di�raction limit (section 2.1) while the second will

discuss the mechanism of femtosecond ablation of solids (section 2.2).

2.1 Sub-Wavelength Optics

In the following section, basic principles needed to understand sub-wavelength optics

will be discussed. Starting by the compression of an optical wave below its wavelength

in an evanescent light �eld, the concept of an optical near �eld will be introduced.

Subsequently, the source of the optical near �eld for metallic particles, the plasmonic

resonance, will be discussed. In section 2.1.4 the principles for the computation of optical

near �elds by FDTD will be introduced.

2.1.1 Evanescent Light Fields – Sub-Wavelength Optical
Microscopy

Principally, the sub-wavelength con�nement of an electromagnetic wave is only forbidden

for a propagating wave in free space. On an interface between two half spaces, Maxwell's

equations in combination with the right boundary conditions lead to Fresnel's formulas.

They describe the di�raction on a boundary between two materials with di�erent indices

of di�raction ni. Considering a boundary between two half spaces 1 and 2 in the z = 0

plane and a plane wave reaching this boundary coming from half space 1, we can derive

the wave vectors ki in the wave equation for the electric �eld (Ei(r, t) = Ei exp(ki · r−
iωt)). The components of the wave vectors perpendicular to the surface are [Nov11]:

kz1 = k1

√
1− sin2(θ1), kz2 = k2

√
1−

(
n1

n2

)2

sin2(θ1) (2.1)
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With the refractive indices of the media ni and the angle of incidence θ1. If n1 is larger

than n2, the argument of the root in the expression for kz2 can become negative for large

enough θ1. In this case (known as total internal re�ection), the z component of the wave

vector in the second half space becomes complex. Now, the wave equation describes the

so-called evanescent �eld in the second half space. For larger θ1, the electromagnetic

�eld can already be compressed well below the wavelength in one dimension. Also, the

transmitted evanescent �eld intensity can be larger than the intensity of the incident

light �eld (e.g. by a factor of 9 for p-polarised light on a glass/air surface [Nov11]).

If half space 2 consists of a homogeneous non-absobing medium, no energy is trans-

ferred via the evanescent light �eld. If a scatterer is brought in the vicinity of the �eld,

however, it can transform the surface-bound light into a propagating wave. Furthermore,

a �uorescent molecule that is submerged in the evanescent light will be pumped and �uo-

resce. Those principles are used in Total Internal Re�ection Microscopy (TIRM) [Pri90]

and Total Internal Re�ection Fluorescence Microscopy (TIRFM) [Axe81].

The principle to use non-propagating, decaying light �elds (called near �elds � see

chapter 2.1.2) to overcome the di�raction limit can also be applied to three (or better

two and a half) dimensions. If light is shone on an aperture with a diameter well below

its wavelength, it cannot propagate through that hole. Still, an evanescent light �eld

is formed around the hole. If this light �eld is brought close enough to a scatterer,

the light coupled out of the evanescent �eld can be used for optical measurements with

sub-wavelength resolution. The idea for such a device which is called Scanning Near-

�eld Optical Microscope (SNOM also: NSOM) was �rst described by E. H. Synge in

1928 [Syn28]. Even though he thought that the device he described would "depend upon

a technical accomplishment which does not seem impracticable at present" [Syn28], it

would take about 60 years until a �rst working SNOMwas build by D. W. Pohl, W. Denk,

and M. Lanz in 1984 [Poh84]. Their 'optical stetoscope' consisted of a quartz crystal

with a very �ne tip (curvature ≈ 30 nm) coated with an optically opaque metal �lm.

Only at the apex, the metal �lm was removed. Using this tip illuminated from behind

by a 488 nm laser as a light source and scanning over a surface, an optical resolution of

λ/20 could be achieved.

Modern SNOMs consist of a very small hole with a diameter signi�cantly below the

wavelength of the illuminating light on the tip of an optical �ber coated with metal.

This probe can either be used to illuminate a small volume of the sample or to collect

light from the near �eld of a sample illuminated conventionally [Hei94, Dur86, Poh84].

Another approach is to use a very �ne metal or dielectrical tip as a scatterer in the
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2 Basic Principles

vicinity of the optical near �eld of the sample. By alternating the tip distance while

monitoring the scattered light signal, one can distinguish between the rather weak signal

of the near �eld and the scattering background [Bac94, Spe92, Zen94].

2.1.2 Optical Near Fields

In the following, I will brie�y outline the formation of an optical near �eld for a dielectric

scatterer. For metallic nanoparticles, the scattering can be described by a plasmonic res-

onance. This more detailed discription of the �eld distribution for metallic nanoparticles

will be discussed in section 2.1.3.

incident

light

a)
incident

light

b)
+-

+-
+-+-

+- +- +-
+-

conduction
electrons

lattice

Figure 2.1: Schematic drawing of a dielectric (a) or metallic (b) nanoparticle excited by light.

If light hits any kind of physical object with a refractive index di�erent from 1 (or

an absorption coe�cient di�erent from 0) it will interact with its electronic system. For

a microscopic particle with a size smaller than the wavelength of the incident light the

alternating force of the electric �eld will lead to an oscillating displacement of some of

the electrons of the system. Figure 2.1 (a) shows a simple sketch of a spherical dielectric

particle excited by light. The case of a metallic particle (�gure 2.1(b)) will be discussed

in section 2.1.3.3. The displacement of the electrons from their resting position and with

respect to the immobile nuclei leads to local polarization that results in an overall dipolar

moment. Due to the oscillation of the electrons and the resulting electric �eld, the �eld

can detach from the particle and form a propagating scattered light �eld [Oht04].

In the region close to the particle where the �eld is not yet detached, local �eld

intensities can become much larger than the intensity of the incident light, depending

on the exact material parameters, particle shape and scattering mechanism. In general,

the part of an electromagnetic �eld (at optical frequencies) that is attached to a physical

object is called optical near �eld. The whole �eld distribution for such a scattering

problem can be derived by solving Maxwell's equations for this problem. Analytically,

this is only possible for simple geometric objects. Especially for objects with a size in

the order of the illuminating wavelength, simple approximations are not possible, while
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2.1 Sub-Wavelength Optics

at least in the far �eld, smaller objects can be described as dipole scatterers (described

for the �rst time by J. W. Strutt - 3rd Baron Rayleigh - in 1871 [Str71] and named

after him: Rayleigh-Scattering) and larger objects are described by classical optics.

For the intermediate region, a well-known analytical solution for spherical objects was

derived by G. Mie in 1908 [Mie08]. It is known today as the Mie theory and, being

a complete solution for Maxwell's formulas, it can also be used to compute the near-

�eld distribution of spheres [Mün01]. For more complex objects only partially analytic

approximations are possible. Today, most �eld distribution problems for objects in this

size regime can be calculated by powerful numerical methods such as Discrete Dipole

Approximations (DDA) or Finite Di�erence in the Time Domain (FDTD) simulations

(see section 2.1.4). With the increasing processing power of modern computers, these

methods yield excellent results and help us understand the complex relationship between

physical objects and their microscopic optical properties.

2.1.3 Surface Plasmons and Plasmonic Resonances of
Nanoparticles

2.1.3.1 Bulk Plasmons

After discussing general optical properties of nanoscopic objects, the next section will

concentrate on the optical properties of metallic nanoparticles. In general, light at

optical frequencies interacts with the metal's free electron gas that can move freely

around the �xed nuclei. Only at higher frequencies, intraband transitions start playing

a role for the optical properties of the material. For some metals, including gold, these

transitions are of importance even in the blue part of the visible spectrum. For gold,

light with a wavelength below 500 nm can excite intraband transitions [Mai07].

Regarding the optical properties of metals that can be derived from the free electron

gas model, the plasma frequency

ωp =

√
ne2

meε0
(2.2)

(with: n = electron density; e = elementary charge; me = e�ective mass of the electrons

and ε0 = permittivity of free space) plays a major role. Depending on the ratio between

the frequency of the incident electromagnetic wave and the plasma frequency of the

metal, the metal exhibits the following characteristic behaviors: For low frequencies,

the real and the imaginary part of the dielectric function are of the same magnitude

11



2 Basic Principles

and the metal is an absorbing medium. For higher frequencies, the complex part of

the dielectric function dominates, which leads to a high re�ectivity of the metal. For

frequencies close to, but below the plasma frequency, the dielectric function of the free

electron gas becomes a real number leading to weak damping of the electromagnetic

wave in the material if intraband transitions can be ignored [Mai07].

For frequencies above the plasma frequency, electromagnetic waves can no longer in-

teract with the free electron gas and the dielectric function becomes 1 ('UV transparency

of metals'). For those frequencies, however, the equations of motions of the free electron

gas can still be solved by an oscillatory solution. This solution describes a longitudinal

collective oscillation of the free electron gas, called volume plasmons. Being an longi-

tudinal excitation, they cannot be excited by electromagnetic waves. Experimentally,

these oscillations are measured by electron loss spectroscopy [Mai07].

2.1.3.2 Surface Plasmons

air glass

grating

metal/glass surface plasmon

metal/air surface plasmon
b)

a)

wave vector

fre
qu

en
cy

Figure 2.2: Dispersion relation for a Surface Plasmon/Polariton (SPP) on a metal/air- (black
line) as well as a metal/glass-interface (dotted blue line) and the corresponding dispersion lines
for freely propagating light. As the light line for glass crosses the line of the metal/air surface
plasmon (a) a SPP can be excited by the evanescent light �eld of totally re�ected light in glass.
It is also possible to excite a surface plasmon without evanescent �elds if an additional wave
vector (dotted red arrow) is provided by a grating on the metal/air-interface (b).

With the introduction of a surface, it is possible to show that there are solutions

to the equation of motion for the metal electrons that are bound to the surface. These

collective oscillations in the surface-charge density of a metal are commonly referred to as

Surface Plasmon/Polariton (SPP � note that this is not an entirely correct expression as

a surface plasmon would be, by de�nition, the quantum for surface charge oscillations).

The term polariton describes the electromagnetic wave that accompanies the plasmon in

12



2.1 Sub-Wavelength Optics

the dielectric half-space. Figure 2.2 shows the dispersion relation of a surface plasmon

on an metal/air (black line) and metal/glass interface (dotted blue line) as well as the

corresponding dispersion relation for light in free space (black line) and glass (dotted blue

line). As the plasmon dispersion in air approaches the light line in air asymptotically for

lower energies, it cannot be excited directly by light coming from free space. However, it

is either possible to tilt the light line (�gure 2.2 (a)) by exciting a surface plasmon with

the evanescent �eld of a totally re�ected beam of light in a dielectric medium (the well

known Otto- and Kretschmann-Con�guration). Another way is to provide an additional

phonon by illuminating a grating on the sample's surface (�gure 2.2 (b)) [Mai07].

2.1.3.3 Plasmon Resonances

In contrast to a metal surface, a plasmon in a metal particle of the size of the illumi-

nating wavelength can be excited directly by light propagating in free space. Within

a particle, the whole cloud of free electrons is moved by the incident electric �eld (see

�gure 2.1). Due to its high polarizability for light close to the resonance frequency of the

particle, this excitation can be very e�cient. The resonance frequency depends on the

particle's dimensions as well as on the material it consists of. For plasmonic particles,

the resonance frequency can be tuned to frequencies in the whole visible spectrum just

by changing the overall size of the particle. Figure 2.3 demonstrates how di�erent sizes

and shapes and materials of plasmonic particles have an e�ect on the scattering behav-

ior of those particles. Interestingly, this e�ect can be used to color glasses by adding

metallic particles to the glass mold. This has already been done in Roman times as

archaeological �ndings show. The most prominent of these is the well-known Lycurgus

Cup (see e.g. [Leo07]), a glass cup that changes its color depending on whether it is

illuminated from behind or in re�ection.

Close to the resonance frequency, the absorption e�ciency can become so high that

the absorption cross section exceeds the real diameter of the particle. Therefore, close to

such a particle, the local �eld intensity will exceed the incoming intensity by far. This is

comparable to the more general description of the near �eld of a particle illuminated by

light. However, due to the resonant excitation, much higher near-�eld enhancement can

be reached by metallic scatterers as compared to dielectric particles [Miy12, Ned06].
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Figure 2.3: "Rayleigh light-scattering of particles deposited on a microscope glass slide. The
slide is used as a planar waveguide, which is illuminated with a tungsten source. The image was
taken with a digital camera." From R. Jin, Y. Cao, C. A. Mirkin, K. L. Kelly, G. C. Schatz und
J. G. Zheng, Photoinduced conversion of silver nanospheres to nanoprisms, Science 294(5548),
S. 1901 (2001). Reprinted with permission from AAAS.

2.1.4 Simulation of Plamonic Resonances

As mentioned in section 2.1.2, an analytic solution for the scattering problem of a particle

with a size comparable to the wavelength of the illuminating irradiation, like Mie calcu-

lations [Mün01], is only possible for simple geometric objects. To gain insight into the

scattering behavior of more complex nanostructures which can be produced by today's

nanostructuring and nanoimaging techniques, several numerical solutions have been pro-

posed. Besides the Boundary Element Method (BEM) [Han12, Myr08, Eve07], the Finite

Element Method [Sch11, Zha09] and the Discrete Dipole Approximation (DDA) method

[Har10, Hre10, Nel10, Per10, Jai08, Myr08], the Finite Di�erence in the Time Domain

(FDTD) method [Gel12, Miy12, Gel11, Ned11, Oba11, Saj10, Sak10, Miy09, Mur09,

Uen08] has become increasingly popular in recent years.

The basic algorithm for FDTD calculations has been described by K. Yee in 1966

[Yee66]. Since then, the method has been improved and extended to a wide range of

applications but the generally applied basic algorithm remains the same [Taf05]. In the

following I will give a short overview of the general idea of this method and mention the

most important parameters for the successful outcome of a FDTD calculation. In doing

so, I will loosely follow the second and third chapter of [Taf05], which I can recommend

as a good introduction into this topic for the interested reader.
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2.1 Sub-Wavelength Optics

FDTD is based on �nding a solution for Maxwell's curl equations (given here for a

linear, isotropic, nondispersive, lossy material in MKS units)

∂H

∂t
= − 1

µ
∇× E− 1

µ
(Msource + σ∗H)

∂E

∂t
=

1

ε
∇×H− 1

ε
(Jsource + σE)

(with: E: electric �eld; H: magnetic �eld; J: electric current density; M: equivalent

magnetic current density; ε: electric permittivity; µ: magnetic permittivity; σ: electric

conductivity; σ∗: equivalent magnetic loss)

with a function that has been discretized in time and space into �nite steps by a Taylor

expansion. The error term originating in the Taylor expansion approaches zero quadrat-

ically for �ner steps in time and space. The algorithm presented by K. Yee describes

the exact method of discretization. Other methods have been suggested depending on

the exact physical problem at hand but the original algorithm has proven to be useful

and stable in a wide range of applications.

One can show that with the right discretization algorithm, the components of the

electric and magnetic �eld vector in one cell of the grid only depend on the vector

components of the vectors in the same and adjacent cells in earlier time steps. Therefore,

the complete evolution of the time-dependent E and H �elds can be derived from given

starting conditions in real time and space. By selecting a �tting excitation pulse, the

reaction of the simulated system can be calculated over a wide frequency range in just

one computation.

It is important to note that the correct outcome of a FDTD simulation depends

heavily on the step size of the discretization in space and time. Generally speaking, the

numerical stability of a FDTD simulation gets higher for a �ner mesh and smaller time

steps. Unfortunately, this also leads to a larger computational workload.
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2.2 Ultrashort Laser Ablation

Material processing has become one of the main applications for lasers since high-power

laser systems became available. Continuous wave lasers or high repetition rate pulsed

lasers with a pulse duration in the nanosecond regime, (normally CO2-, excimer-, or

solid-state-lasers) are now a common tool for a wide variety of tasks such as cutting,

welding, engraving or melting of many di�erent materials [Bäu00]. All of these appli-

cation share one common characteristic: For these tasks the laser is merely a strongly

localisable heat source that is used to melt or evaporate material in a strictly thermal

way.

This leads to some fundamental constraints of laser material processing. Even though

it is much more �exible and precise than the corresponding classical machining tech-

niques, there are two physical principles that hinder the direct application of laser ma-

chining in the sub-micron regime: Firstly, due to the di�raction limit, the light and

therefore the heat source for material processing can only be minimized to the order

of the wavelength of the light employed. Plasmonic resonances as a resolution to that

problem have been discussed in chapter 2.1.3 and will be the main aspect of chapter 5.

Secondly, as the ablation mechanism for continuous-wave and nanosecond lasers is

strictly thermal [Chi96, Bäu00], heat di�usion plays an important role especially when

working with relatively good thermal conductors such as metals or semiconductors. For

example, the thermal di�usion length [Bäu09]

LD ≈
√
D · τ (2.3)

(with τ : pulse length and D: (thermal) di�usion coe�cient) for a 10 nanosecond heat

pulse in silicon is approximately one micrometer. Hence, the volume to which energy

can dissipate thermally during an irradiation is larger than the minimum focal volume of

visible light. Furthermore, thermal di�usion does not only limit the minimum ablation

region: the heat spreading into the non-ablated material is also known to induce stress

and defects [Chi96, Bäu00]. And �nally, due to the fact that stronger thermal di�usion

leads to larger areas of molten material around the cutting area, the rim quality even

for larger cuts is, in general, far from perfect.

As a solution to these problems, in applications where very delicate material handling

is of essence (i.e. laser surgery, micromachining), high power femtosecond lasers can be

used for material processing [Tue10]. With their very short light pulses, energy densities

can be reached which even allow for non-thermal evaporation of material.
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2.2 Ultrashort Laser Ablation

In the following section the basic thermodynamical and optical principles that are

needed to understand the process of femtosecond laser ablation will be discussed. Ad-

ditionally, recent progress in the understanding of the femtosecond laser ablation mech-

anisms will be presented.

Light Absorption When light reaches a border between two di�erent materials (e.g.

a surface), it is partially re�ected and partially transmitted. In a macroscopic point of

view, the ratio between re�ected and transmitted light is de�ned by its angle of inci-

dence, the polarization of the light and the refractive indices of the materials involved as

described by the Fresnel's formulas. Furthermore, if a medium is not (fully) transparent,

a part of the light is absorbed following a natural decay (Lambert-Beers Law):

I = I0 · e−ν · d (2.4)

(with I: transmitted intensity; I0: starting intensity; ν: absorption coe�cient; d: dis-

tance traveled in the medium). The absorbed light's energy is transformed into heat

and can be used to melt and modify the material.

However, for a profound understanding of the ablation process, especially for ultra-

short laser pulses, this simple picture is not su�cient. As laser pulses in the femtosecond

regime deposit energy in the time frame of or even faster than the thermal relaxation

processes in solids, the exact mechanism of absorption plays an important role in the

absorption and subsequent modi�cation process for ultrashort pulse lasers. As the laser

light � being an electromagnetic wave � only interacts with the electronic system of

the solid, the properties of the electronic system close to the Fermi level in�uence the

absorption and modi�cation process strongly. Therefore, di�erent models have to be

applied depending on whether the solid which the femtosecond light pulse interacts

with is a metal, a semiconductor, or a dielectric [McD07, Bäu00]. Especially the di�er-

ences between the absorption processes but also the electron relaxation processes play

an important role in the distinction between materials.

Two Temperature Model A model that is commonly used for the description of the

absorption of laser pulses and subsequent heat dispersion in metals is the Two Temper-

ature Model (see �gure 2.4). The idea behind it is to distinguish between the electronic

and the phononic system of a solid. Electrons and phonons are considered to be two

coupled systems that can have di�erent temperatures with a heat source in the electronic

system. After the energy is deposited in the electron system, it is either transformed
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Figure 2.4: Representation of the two temperature model in its basic form.

back into light if an optical transition is possible, or it is transfered into the phonon sys-

tem of the solid state medium as the excited electrons relax into their equilibrium state.

These considerations lead to a simple rate equation which includes the light absorption

and heat transfer in metals and can be used to predictively describe the temperature

evolution after ultra-short laser irradiation.

Relaxation Times An important measure for the modi�cation process in general is

the time scale in which the excited electron system transfers its energy to the phonon

system of the solid, the electron-phonon relaxation time τe-ph. It is strongly dependent

on the type of medium and excitation. In metals electron-phonon relaxation times are

in the order of 10−12 to 10−10 seconds. Interband relaxation times (in non-metals) can

be as fast as intraband transitions (in metals) but can also be as slow as 10−6 seconds.

For single molecules, the relaxation time is between 10−14 and 10−6 seconds [Bäu00].

Looking at the relaxation times, a major di�erence between continuous wave ablation

and nanosecond pulsed laser ablation on the one hand and femtosecond laser ablation

on the other hand becomes obvious. For longer pulse durations or a continuous wave

operation, a signi�cant amount of energy is transferred into the phonon system before

the end of the laser pulse. Regarding this aspect, the exact description of the ablation

process with nanosecond lasers is more complicated, because the incoming laser light

interacts with heated/molten matter or even already-ablated species. For instance,

during nanosecond pulsed laser ablation so-called plasma shielding can occur, where

the already-ablated material absorbs a major part of the incident laser light mainly via

reverse bremsstrahlung. This changes the ablation depth and rate of plasma ionisation

signi�cantly in comparison with a model not including this factor [Fäh96]. Furthermore,

increasing roughness and surface morphology can alter the course of the ablation process.
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2.3 Femtosecond Ablation of Silicon

Femtosecond Ablation In the femtosecond and lower picosecond regime, the situa-

tion is rather di�erent. Here, the energy is deposited into the electronic system before

any thermal e�ects can have a relevant in�uence on the atomic structure. While there

are e�ects that can lead to melting and ablation without prior thermalization of the

energy deposited into the electronic system, they are material-speci�c (Coulomb explo-

sion for dielectrics and non-thermal melting for semiconductors) and the main part of

the energy deposited into the electronic system of the materials discussed in this work

(namely a metal: gold and a semiconductor: silicon) is currently believed to modify the

solid in a thermal way [Med10, Ret10, Bäu00]. In the following section, I will discuss

the processes leading to ablation in silicon in more detail and present the latest �ndings

on the details of that evaporation process.

2.3 Femtosecond Ablation of Silicon

The following section will concentrate on the di�erent stages of material modi�cation

in silicon in dependence on the incident laser intensity. The modi�cation of silicon due

to high energy femtosecond laser pulses has been thoroughly discussed in recent years

[Med10, Ret10, Bon04, Bul04, Bon02, Jes02, Ret02, Rou01, Lin00, ST00, Cav99] because

femtosecond material processing has many advantages over slower techniques.

Generally speaking, one has to distinguish between di�erent types of modi�cation.

The main distinction has to be made between melting and subsequent resolidi�cation

on the one hand and ablation on the other hand. Melting with subsequent resolidi�ca-

tion takes place when material is irradiated with intensities just above the modi�cation

threshold and leads to silicon remaining in an amorphous state after irradiation. Ab-

lation is de�ned by the measurable removal of material due to laser irradiation. At

higher intensities (above 1 J/cm2 for silicon [Cav99]), a larger amount of highly ionized

material is produced during evaporation, leading to the formation of a plasma and the

emission of characteristic irradiation.

At very low intensities (<150mJ/cm2 at λ = 610 nm and τ = 150 fs [ST98, Cav99]),

no melting occurs. The excited electron-hole pairs thermalize via electron-hole scattering

or carrier-phonon scattering. The thermalization process is slowed down additionally

by Auger recombinations and can take up to a few tens of picoseconds [Dow86]. As the

heated lattice temperature exceeds the melting temperature of silicon, heterogeneous

melting occurs: a layer of molten material grows into the surface. The dense electron-

hole plasma which is induced in the system due to the laser irradiation will modify

19



2 Basic Principles

the band structure of the silicon temporarily. This leads to a metallic state of the

semiconductor which can be measured as a steep rise in re�ectivity in pump-probe

measurements [Lin00, ST00].

At higher laser �uences (as soon as the density of excited carriers exceeds 1022 cm−3

[ST95] � about 1.5 times the melting threshold [Rou01]), melting can occur in a non-

thermal way. This is accompanied by a strong increase in melting speed: melting occurs

in about 1 ps. The e�ect is due to the very dense electron-hole plasma that directly

destabilizes the lattice [Sta94]. In addition to heterogeneous and non-thermal melt-

ing, homogeneous (thermal) melting was described as a third pathway for the melting

process. It is also expected to occur in a �uence regime around 1.5 times the melting

threshold [Ret02].

If the temperatures reached in the thermalization process are higher than the evap-

oration threshold of silicon, material will be expelled from the surface. The �uence

associated with this threshold is generally described as the ablation �uence for that

material. The di�erent thresholds are strongly dependent on the exact de�nition and

measurement method used. Several examples described in the current literature will be

provided in section 2.3.2.

2.3.1 Thermodynamic Model

Figure 2.5: "Schematic van der Waals-like P/V diagram of a material and thermodynamic
pathway of ablation." Reprinted with permission from: A. Cavalleri, K. Sokolowski-Tinten, J.
Bialkowski, M. Schreiner und D. von der Linde, Femtosecond melting and ablation of semicon-

ductors studied with time of �ight mass spectroscopy, Journal of Applied Physics 85(6), S. 3301
(1999). Copyright 1999, American Institute of Physics.

Figure 2.5 gives an overview of the possible thermodynamic pathways for material

modi�cation after melting. Cavalleri et al. [Cav99] use this �gure to describe the
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2.3 Femtosecond Ablation of Silicon

ablation/melting processes for incident light intensities below the plasma threshold. In

the following, I will summarize this overview.

The melting process itself can be described as completely isochoric as the following

mechanical stress release takes much longer than the one picosecond of the melting

process itself. After reaching the hot liquid state A (For high enough laser energies,

the material can also exceed the critical temperature, above which a gas and a liquid is

no longer be distinguishable), pressure is released through expansion during which the

liquid cools down adiabatically. As this mechanical process is limited by the speed of

sound, it takes several picoseconds.

In this adiabatic expansion the liquid can reach the binodal line (state B). If thermal

coupling between the liquid and the surrounding material is strong enough, it can stay

in its liquid form while cooling down along the binodal line (B → C). If not, it will

enter a two-state regime in which it will gradually evaporate. As the adiabatic process

itself is still quite fast, the liquid will probably enter the binodal region without a phase

transition and overheat (state B∗). This leads to homogeneous boiling (phase explosion)

which takes place in the whole overheated volume in contrast to heterogeneous boiling

on the liquid's surface. This will lead to a mixture of coexisting phases which expands

even further until a completely gaseous state is reached (D) which �nally reaches a stable

state through further expansion (D → E).

If the initial heating process is strong enough, the material's state can no longer be

determined as gaseous or liquid and the expansion of the gas phase takes place without

entering the two-phase regime. Here, the expansion of the material can be described in

�rst-order-approximation as an ideal gas. In their work, Chavalleri et al. have found

evidence for all stages of ablation described by means of time-of-�ight mass spectroscopy

and were able to explain their �ndings on the basis of this theory.

2.3.2 Modification Thresholds in the Literature

In their 2002 publication, Bonse et al. [Bon02] present di�erent stages of silicon modi-

�cation and their corresponding thresholds for single-shot and multi-shot experiments.

Experiments were performed with 5 to 400 fs irradiation at a wavelength of 780 and

800 nm. The resulting modi�cation spots were analyzed optically. As the energy dis-

tribution of their laser spot was Gaussian, the radius of an ablation feature could be

associated with the corresponding local �uence, enabling a more or less direct mea-

surement of the di�erent thresholds � much like the measurements presented in this

work. The single-shot modi�cation threshold for silicon is given to be 260mJ/cm2 while
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the ablation threshold was named to be roughly twice as high. The same group found

the ablation threshold (measured by AFM) of a (111)-silicon wafer to be 520mJ/cm2

(irradiation: 130 fs; 800 nm) [Bon04].

Generally speaking, the thresholds found in the literature depend strongly on the exact

material ablated but also on the wavelength applied and the detection method used. In

their 2004 article, Bonse et al. [Bon04] give an overview of the di�erent ablation and

melting thresholds (not discriminating between single pulse and multi pulse thresholds,

even though multi pulse thresholds are usually lower due to incubation e�ects [Bon02])

found to this point by di�erent groups. The span of the melting thresholds is 160mJ/cm2

to 270mJ/cm2 while the ablation threshold is found to be between 260mJ/cm2 and

520mJ/cm2.

2.3.3 Characteristic Features of the Ablation Crater

Even though femtosecond ablation is commonly believed to be the cleanest method for

direct laser processing, a complete evaporation in the focus of the laser is usually not

achieved. Still, the volume in which material gets a�ected by the laser treatment (e.g.

defects, thermal stress) is generally much smaller than for nanosecond or continuous wave

machining. Borowiec et al. [Bor03] have studied the ablation crater which remained after

irradiating a silicon wafer (100) with ultrashort (150 fs) laser pulses with a wavelength

of 790 nm. The laser was focused to a spot size (2ω0) of 6.7µm and varied in intensity

by using a changing number of neutral density �lters. Irradiations were performed in

rough vacuum (approx 0.1mbar).

In their publication, they distinguish between three di�erent energy regimes. The

morphology of the craters formed during irradiation does not change abruptly for ener-

gies of di�erent regimes. Still, the craters from di�erent regimes exhibit discriminable

features. In the lowest energy regime (below a pulse energy of 50 nJ), merely a depres-

sion develops on the surface. For medium energies (below a pulse energy of 300 nJ),

a circular rim forms around it. For even higher pulse energies, material gets expelled

from the crater in a more violent way, leading to the formation of droplets and splashes

around the crater. Using transmission electron microscopy, the nature of the expelled

material could be derived. It consists of molten and resolidi�ed silicon, whereas a par-

tial recrystallization as a function of the cooling rate is observed. No evidence for an

increased oxidation of the resolidi�ed material could be found. In case of the lower

and medium energy regime, the silicon in the crater did not show any defects. For the

highest �uences, the silicon in the crater showed many defects, probably because only
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a part of the molten silicon gets expelled while the remaining material freezes on the

walls of the crater. Similar results have also been published by Jia et al. [Jia04].
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3 Recent Development in Near Field /
Plasmon Resonance Research

The general �eld of plasmonics has become of great interest over the last years as

a growing number of functional plasmonic structures have emerged in many di�erent

disciplines. Examples for these applications have already been presented in the previous

sections. As a general overview of the �eld of plasmonics would exceed the scope of

this work by far and can be found in a number of textbooks (e.g. [Kaw02, Pra04,

Oht04, Mai07, Nov11]) I will proceed by giving an overview of the recent developments

in topics that are closely connected to the scope of this work: the progress and new

methods in near-�eld visualization and near-�eld intensity measurement as well as near-

�eld calculations.

Near-�eld distributions can be measured following two fundamentally di�erent ap-

proaches. Either the near �eld can be probed directly with a scanning technique or

it can be depicted in a medium in proximity of the scattering particle, a near-�eld

photography approach.

3.1 Near-Field Scanning Probe Techniques

The �rst time an optical resolution below the di�raction limit was reached it was done

by a scanning probe technique. With Scanning Near-�eld Optical Microscopy (SNOM)

either a tip with a small sub-wavelength aperture is brought into the vicinity of an

object. This tip can either be used as a sub-wavelength illumination source or to collect

light from the near �eld [Poh84, Dur86, Hei94]. An apertureless SNOM is based on the

principle of bringing a scattering probe in the near �eld of an illuminated object. The

scattered light can then be detected by altering the distance between the tip and the

object and using a lock-in ampli�er [Zen94, Bac94].
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Near-Field Scanning Probe Techniques – EELS In addition to these classic tech-

niques two methods employing a Scanning Transmission Electron Microscope (STEM)

have been developed in the recent past. With Electron Energy Loss Spectroscopy

(EELS), plasmon modes are not excited by light but by the scanning electron beam.

With this technique, the inelastic scattering of the electron beam at an atom or

nanoscoptic object is measured. Classically, this has only been possible for electron

energies above several eV until Nelayah et al. showed that a measurement is also possi-

ble with electron energies comparable to optical photons [Nel07].

Figure 3.1: "Size dependent mapping of plasmons in silver nanoprisms. EELS spectra acquired
at a corner (A), the middle point of an edge (B) and the center (C) of (a) a 97 nm edge-long
(thickness 4 nm) (b) and a 176 nm edge-long (thickness 6 nm) nanoprisms, respectively. The
corresponding insets show the HAADF images of each nanoprism and the exact positions at
which the EEL data were measured. In each case, three main resonances were identi�ed. The
energies of these modes vary from one prism to another. Panels (c,e,g) present maps of the
intensity distributions of the main resonances detected on the prism in (a). Similarly, panels
(d,f,h) show the intensity maps of the three modes on the prism in (b). For each set of three
maps, the common intensity scale is linear and expressed in arbitrary units. The general inset
of this �gure de�nes the two dimensions t and L." Reprinted with permission from: J. Nelayah,
M. Kociak, O. Stephan, N. Geuquet, L. Henrard, F. J. Garcia de Abajo, I. Pastoriza-Santos,
L. M. Liz-Marzan und C. Colliex, Two-dimensional quasistatic stationary short range surface

plasmons in �at nanoprisms, Nano Letters 10(3), S. 902 (2010). Copyright 2010 American
Chemical Society.

In a more recent publication they connected their �ndings on chemically-grown single-

crystalline silver nanotriangles with the results of DDA calculations and found very good

agreement [Nel10]. Additionally, they were able to �nd a scaling law for the occurrence

of speci�c resonances in dependance on the overall size of the triangle. Figure 3.1 shows
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the outcome of their measurements for two triangles of di�erent sizes. (a) and (b) present

the EELS spectra at three corresponding points on the two triangles (inset: High-Angle

Annular Dark Field (HAADF) image of the triangle with the exact location where the

spectra were taken) each showing a distinctive peak. (c) to (h) present the corresponding

intensity maps for the peak electron energy. It is indeed possible to identify a plasmonic

resonance distribution with a peak in the EELS spectrum.

Near-Field Scanning Probe Techniques – PINEM The second technique that

has emerged recently employs a combination of both a femtosecond-pulsed STEM

and a femtosecond laser. It is called Photon-Induced Near-�eld Electron Microscopy

(PINEM) [Bar09]. Barwick et al. were able to show that the "precise spatiotemporal

overlap of femtosecond single-electron packets with intense optical pulses at a nanos-

tructure [...] results in the direct absorption of integer multiples of photon quanta (n~ω)
by the relativistic electrons accelerated to 200 keV." [Bar09]. By measuring the electron

energy spectrum of those packets after the interaction they were able to directly measure

plasmonic resonances of nanotubes with nanometer spatial and femtosecond temporal

resolution.

Yurtsever et al. have used this technique to directly measure the near-�eld distribution

of gold nanospheres [Yur12]. Figure 3.2 shows their measurement of a pair of gold spheres

separated by 70 nm and a cluster of three spheres in dependence on incident polarization.

Both TEM techniques described here represent a great advancement in the resolution

of near-�eld imaging but they are not without some major drawbacks. While they

require a considerable experimental complexity, they can only be used on samples that

can be prepared for TEM measurements. From a practical point of view, the near �eld

of a plasmonic object in its natural environment is of great interest especially as the

exact near-�eld distribution is greatly in�uenced by the surrounding optical properties

(especially the substrate of particle). Additionally, these techniques have only been

used to measure a relative near-�eld distribution without giving the absolute near-�eld

enhancement of an object yet.

3.2 Near-Field Photography Techniques

Since direct near-�eld ablation was used as a �rst near-�eld photography technique

[Mün01] roughly ten years ago, more techniques have emerged using a medium close to

the nanostructure to depict the near �eld of the structure. Basically, it is possible to
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Figure 3.2: "PINEM images of two close-by particles and triangular particle assembly for two
polarizations. The dipole-shaped �elds and nodal planes are evident [...]. For comparison, we
display in the lower panel images obtained using electron energy loss, instead of the electron
energy gain of PINEM, and no dipolar near �eld is present; the weak fringe around the bright
�eld in the lower right panel is due to a slight defocus of the objective lens. The lower left
(middle) panels are energy-�ltered images using surface (bulk) plasmon energy selection (the
spot in the middle image is due to a crystalline grain which di�racts and causes darker contrast
due to the selected objective aperture. The particles in the top panel are separated by 70 nm
(edgeto-edge), and the particle radius in the bottom panel is 45 nm." Reprinted with permission
from: A. Yurtsever und A. H. Zewail, Direct visualization of near-�elds in nanoplasmonics

and nanophotonics, Nano Letters 12(6), S. 3334 (2012). Copyright 2012 American Chemical
Society.
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use any material that shows distinctive threshold behavior to depict the scattered light

�eld or the near �eld of a structure.

Near Field Photography Techniques – GST Kühler et al. [Küh09] have shown that

the near �eld of a scattering dielectric particle can be depicted in a crystalline GE2Sb2Te5
(GST) �lm, a chalcogenide that can be switched by femtosecond laser irradiation be-

tween a highly re�ective crystalline state and an amorphous optically absorbing state

and has been used for reversible optical recording (CD-RW and DVD-RW) for over ten

years. In this and subsequent publications they were able to show that a near-�eld dis-

tribution measurement is also possible with ultraviolet nanosecond laser irradiation and

the read-out can be done by AFM and SEM which enables sub-micrometer resolution

[Küh09, Sie10, Küh12]. Furthermore, even the removal of the near-�eld information im-

printed in the GST �lm by modi�cation of the irradiation �uence could be demonstrated

[Lei11], emphasizing the versatility of this near-�eld measurement method.

Figure 3.3: "Near-�eld patterning with particle arrays. Optical micrographs of imprinted com-
plex near-�eld patterns produced by irradiating arrangements of three silica particles on a GST
�lm with fs laser pulses. a,c) Experimental patterns taken at Θ = 0◦ and Θ = 53◦ incidence, re-
spectively. b,d) Calculated distributions corresponding to (a) and (c), respectively." Reprinted
with permission from: P. Kühler, F. J. Garcia de Abajo, J. Solis, M. Mosbacher, P. Leiderer, C.
Afonso und J. Siegel, Imprinting the optical near �eld of microstructures with nanometer reso-

lution, Small 5(16), S. 1825 (2009), URL http://dx.doi.org/10.1002/smll.200900393. Copyright
2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 3.3 shows optical micrographs of the scattered light �elds of clusters of dielectric

spheres imprinted in GST and the corresponding calculations. The latter have been
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performed "by rigorously solving Maxwell's equations for a sphere supported on a layered

planar substrate." [Küh09]. Note that the scale of the calculation is somehow counter-

intuitive (highest intensities: dark, lowest intensities light) to better re�ect the imaging

mechanics of the GST �lm. The pictures nicely show the potential of this measurement

method while also pointing out the major constraint of the optical read-out, namely the

resolution limitation (compare the region left of the position of the dielectric spheres in

(c) and (d)). However, this can be overcome by AFM or SEM measurements [Küh09,

Küh12]. While there should be no reason hindering the measurement of plasmonic

near-�eld distributions with this method, this has not been demonstrated yet.

Near-Field Photography Techniques – TPP Another material that enables the

measurement of the near �eld of a particle with nanometer resolution has been pre-

sented by Ueno et al. [Uen08]. They used the commercially available photoresist SU-8

in combination with femtosecond laser irradiation at at a wavelength of 800 nm to de-

pict the near-�eld distribution of di�erent metallic nanoparticles [Uen08, Mur09, Gel11].

As the exposure process of SU-8 requires ultraviolet irradiation, the polymerization of

SU-8 at 800 nm can only be mediated in a Two-Photon Polymerization (TPP) process

at high intensities. This leads to a very distinct threshold behavior and therefore a good

resolution of the near-�eld enhancement.

Recently, Geldhauser et al. [Gel12] have employed this technique to quantitatively

measure the near-�eld enhancement by plasmonic nanotriangles. By comparing the

�uence of the onset of polymerization in regions of high near-�eld enhancement with

the onset of polymerization without any enhancement (see �gure 3.4), they were able to

determine an enhancement factor of 600 close to the resonant tips of the triangles. This

was compared to the outcome of FDTD calculations which showed a much higher peak

of up to 2600. However, assuming a minimum interaction volume with a diameter of

25 nm (smaller polymerized structures could not be found on the sample), Geldhauser et

al. were able �t the absolute values of the measured near-�eld enhancement nicely to the

calculated ones. The origin of this minimum volume could not be clari�ed completely

but they excluded a thermal mechanism in their publication.

Near-Field Photography Techniques – Direct Ablation Direct ablation measure-

ments have also been used to derive a near-�eld enhancement factor for plasmonic par-

ticles. For gold spheres with a diameter of 200 nm Nedyalkov et al. [Ned06] measured

an enhancement factor of 26. The �eld distribution that could be derived from the
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Figure 3.4: "Intensity pro�le of the incident laser beam on the surface with the threshold
�uences for polymerization without any NFE of the structures (A, blue dashed line) and due
to the NFE (B, red dashed line) is illustrated in the upper panel. In area C, no polymerization
occurs anymore. To illustrate the method, the same boundaries are drawn into the SEM
images. In the middle panel, an SEM image of a polymerized area irradiated by a Gaussian
laser beam with a fwhm of 15.2µm is shown. In the circle in the center of the laser beam, where
the surface appears black, the intensity is high enough to polymerize the SU-8 in a domelike
structure, and in the very center the metallic nanostructures have been ablated. This area is
not of importance for the determination of the NFE. Blow-ups of the threshold regions are
shown in the lower part of the �gure. The scale bars in the lower part are 2µm (right) and
600 nm (left)." Reprinted with permission from: T. Geldhauser, A. Kolloch, N. Murazawa, K.
Ueno, J. Boneberg, P. Leiderer, E. Scheer und H. Misawa, Quantitative measurement of the

near-�eld enhancement of nanostructures by two-photon polymerization, Langmuir 28, S. 9041
(2012). Copyright 2012 American Chemical Society.
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ablation pattern matched FDTD calculations. Unfortunately, the accompanying FDTD

calculations were not normalized and therefore a comparison of the enhancement factor

with the calculated values was not performed.

Eversole et al. [Eve07] extrapolated the feature size of holes fabricated by plasmonic

ablation with gold spheres (diameter: 150 nm � irradiation under an angle of 45° and 0°)

as a function of the local �uence to zero to measure the ablation threshold for plasmonic

ablation. Comparing it to the ablation threshold of bare silicon lead to enhancement

factors between 4.1 and 23.1. They compared this to the distribution of the Poynting

vector on the sample's surface and found even slightly stronger enhancement in the

experiment than predicted by calculation.

The in�uence of the substrate on the near-�eld distribution and subsequently on the

ablation mechanism has recently been discussed by Nedyalkov et al. [Ned11]. They

measured the ablation distribution of gold nanoparticles on a thin �lm of platinum as

well as on Poly-Methyl-Metha-Acrylate (PMMA) and found distinct di�erences in the

ablation craters. By using FDTD calculations to simulate the intensity distribution

followed by a two-temperature model to calculate the heat evolution in the plasmonic

particle, they found that for the plasmonic particle on platinum a strong near-�eld

intensity enhancement is located close to the surface and this near-�eld enhancement

is directly resposible for the ablation below the plasmonic particle. Indeed, the hole

structure on the surface showed a distribution like the near-�eld distribution derived

from FDTD calculations. In contrast to that, the hole structure for a PMMA substrate

was much more blurred out and the calculated near-�eld enhancement did not show

large values close to the substrate because of the lower refractive index. Therefore,

Nedyalkov et al. concluded that the plasmonic energy deposited in the particle had been

transferred into heat and the substrate had evaporated after subsequent heat transfer

from the plasmonic particle to the substrate.

Regarding the exact electromagnetic source of ablation, the physical quantity that is

commonly regarded as the source for energy deposition in the substrate below a plas-

monic particle is the local intensity (|E2|) [Ned11, Oba11, Sak10, Miy09, Bon07], even

though good agreement has also been reportet between the Poynting vector distribution

and the ablation crater below plasmonic nanostructure [Eve07]. Harrison and Ben-Yakar

recently presented experimental data that they interpreted as evidence for the Poynting

vector as the electromagnetic source of ablation [Har10]. They measured the ablation

threshold as well as the ablation distribution for gold nanorods on a silicon wafer and

compared it to the ablation threshold of silica (as the ablation holes measured for the
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lowest �uences were smaller than the native oxide layer on their sample, they assumed

this as the right threshold to compare). The intensity and Poynting vector distribution

were calculated by DDA. Comparing measurement and calculation, they did not only

�nd the Poynting vector distribution more �tting to the shape of the ablation holes (the

|E2|-distribution predicted two intensity peaks at both ends of the rod for parallel polar-
ization while the Poynting vector predicted ablation over the whole particle length) but

also did the enhancement factor derived from the ablation thresholds �t the calculated

one.

This view was later disputed by Boulais et al. [Bou11]. They presented ablation

measurements for similar nanorods on silicon showing the two-hole structure predicted

by the |E2|-distribution and argued that "the time-averaged rate of work W done on a

material contained in a volume V , representing the conversion of electromagnetic energy

into mechanical or thermal energy, is given by

W =
1

2
Re

[∫
V

J∗
·Ed3x

]
where J = σE is the current distribution in the material. [Therefore,] W [would be]

obviously proportional to |E|2 when the material is ohmic." [Bou11].

In a subsequent paper, Harrison and Ben-Yakar contradicted Boulais' theoretical ar-

gument and claimed that the �ndings presented by Boulais et al. were "interesting, but

not su�cient to disprove [their] earlier conclusions" [Har11].

3.3 Calculation of the Near Field

Almost all publications discussed above compared their experimental �ndings with cal-

culated �eld distributions (mostly calculated by DDA or FDTD). In some of these

publications, the importance of a good resemblance between the simulated model and

the real plasmonic particle was emphasized. The strong dependence of the outcome

of a DDA simulation on the exact shape of the simulated particle has recently been

demonstrated by Perassi et al. [Per10]. They compared the calculated properties of

two di�erent models of a nanoparticle. One was built to resemble a real particle almost

perfectly while the other was an idealized form that could be used for calculation if a

top-view of the particle was used as a basis for the computational 3D-model.

Figure 3.5 compares the outcome of the two simulations. It demonstrates how com-

pletely di�erent the outcome of a simulation can be despite the similarity of the particle's
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Breite: 15,7 cm
Höhe: 23 cm (incl. Bildtext)
Beschriftung: LM Sans 17 in 10
Strichstärke: 0,03 cm

Figure 3.5: "Comparison between the electromagnetic-�eld enhancement between the real gold
NP P and the idealized NP I at the same wavelength, λ = 520 nm. (a) Three-dimensional plots
showing the regions of each NPs with enhancements greater than 5. The NP orientation and
wave vector and polarization direction are also indicated. (b) Field-enhancement contours for
the half plane along the z-axis marked with a bold line in (a). (c) Projection of the electric-�eld
vector along this plane showing that this mode corresponds to a quadrupole mode." Reprinted
with permission from: E. M. Perassi, J. C. Hernandez-Garrido, M. S. Moreno, E. R. Encina, E.
A. Coronado und P. A. Midgley, Using highly accurate 3d nanometrology to model the optical

properties of highly irregular nanoparticles: A powerful tool for rational design of plasmonic

devices, Nano Letters 10(6), S. 2097 (2010). Copyright 2010 American Chemical Society.
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overall feature size and shape. (a) furthermore demonstrates that especially when 2D

monitors are used for simulation data output, the placement of the monitor has to be

considered carefully.
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4 Methods

In this chapter, the experimental set-up, sample preparation techniques and microscopic

measurement techniques are presented. In section 4.4, the �uence distribution on the

sample's surface is regarded in more detail. Finally, in sections 4.5 and 4.6, the process

of measuring a threshold, as employed in this work, is explained.

4.1 Experimental Set-up

energy meter

laser system

sample
stage

lens

Figure 4.1: Schematic drawing of the optical set-up used to irradiate the samples. Di�erent
stages of the laser pro�le are sketched beside the laser beam.

Most of the irradiations performed in this work utilized femtosecond laser irradiation

provided by a multi-pass Titan:Sapphire ampli�er system (Positive Light) with an out-

put rate of 10 hertz, a maximum pulse energy of up to 15mJ, a nominal pulse length of

150 fs, and a center wavelength of 800 nm. The system is pumped by a Titan:Sapphire

femtosecond laser (Spectra Physics Tsunami). Single pulses are coupled out of the am-

pli�er's pulse train by a mechanical shutter. For picosecond experiments, the laser beam
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can be coupled out of the ampli�er before passing the compressor stage. In this case

the pulse length of the laser was measured to be 300 ps (Full With Half Maximum �

FWHM).

The optical path behind the ampli�er system is sketched in �gure 4.1. Unfortunately,

the beam pro�le that is coupled out of the laser system is of poor shape. Therefore,

to shape a de�ned laser �uence pro�le, a part of the disturbed pro�le coming from the

laser system is cut out with an aperture. Subsequently, it is focused on the sample's

surface leading to an Airy-like �uence distribution in the focal plane. Details of this

process will be discussed in section 4.4.

To measure the energy of each pulse, a part of the beam is re�ected into a laser

energy meter (Coherent Field Master GS with LM-P2 Pulse Head) by a glass slide. The

energy measured in this energy meter can later be calibrated with a second energy meter

(Coherent Field Max II with J-25MB-LE pulse head) that is put directly into the main

beam.

The sample stage is mounted on an x-y-micrometer bench and can be moved via

a motorized stage in one direction below a video microscope. This can be used to

determine the exact position for irradiation on a micrometer scale.

4.2 Preparation of Plasmonic Structures

300 nm

a) b) c) d)

Figure 4.2: SEM micrographs of di�erent types of triangles used in the course of this work.
a) and b) were prepared by colloidal lithography (diameter of the colloids in a) 320 nm and b)
1.5µm) and c) and d) by electron beam lithography.

In the course of this work, di�erent kinds of plasmonic structures were prepared by

two di�erent kinds of nanostructure methods. Figure 4.2 presents Scanning Electron

Microscope (SEM) images for di�erent structures used in this work. The two meth-

ods employed for preparation were colloidal lithography, which will be discussed in the
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following section, as well as electron beam lithography. The electron beam lithography

samples were prepared by Tobias Geldhauser at Hokkaido University. For electron beam

lithography, an electron beam sensitive resist is exposed to an electron beam inside a

SEM. After developing, the residual resist can be used as an evaporation mask. The

electron-beam lithography samples were prepared on a silicon waver with a native silicon

oxide (SiO2) layer with a thickness of 2.4 nm (measured by ellipsometry). The thickness

of the SiO2 layer of the silicon substrate used for the structures prepared by colloidal

lithography was measured to be 1.5 nm.

4.2.1 Colloidal Masks

Such an evaporation mask can also be produced by a self-assembled monolayer of meso-

or nanoscopic spherical particles. This method was described by Deckmann et al.

[Dec82] for the �rst time roughly 30 years ago. It has since been improved by many

di�erent groups to yield large arrays of di�erent nanostructures in merely one step

[Bur97, Bur98, Jen00, Kos04, Kos05, Gwi09]. The main advantage of colloidal lithog-

raphy is that, while being relatively easy to implement (in contrast to conventional

resist-based lithography methods, no subsequent exposure- and etch-steps are needed),

periodic arrays of uniform nanostructures can be distributed over large areas (up to a

few cm2). Furthermore, the triangular structures prepared with this method can have

tip radii as small as 5 nm, a size which is di�cult to achieved by conventional lithography.

In the course of my work, I implemented and improved a method for the preparation

of colloidal monolayers that has been proposed by Kosiorek et al. [Kos04]. Figure 4.3

presents an outline of the whole preparation process of metallic nano-antennas by col-

loidal lithography. In a �rst step, the colloids that are delivered in aqueous dispersion,

have to be dispersed in ethanol. For this purpose, the polar functionalization of the

colloids' surface needs to be made inert by a small amount of hexylamine. Afterwards,

colloids dispersed in ethanol are slowly pumped onto water in a petri dish (Figure

4.3 (a)). As water and ethanol do not mix easily, a thin �lm of colloidal dispersion

develops on the water surface. While the ethanol evaporates rapidly, the colloids cannot

disperse in the underlying water and form a monolayer on the water surface. With in-

creasing colloidal density, the colloids form large clusters of ordered monolayers on the

water surface (Figure 4.3 (b)).

Using a very slow syringe pump, the water is removed from below the colloids and

the monolayer can be deposited on any given substrate (Figure 4.3 (c)). Compared to a
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a)

b)

c)

d)

e)

Figure 4.3: Preparation of colloidal monolayers: (a) colloids, dispersed in ethanol, are carefully
distributed on a water surface. (b) When the surface is completely covered by colloids, the
stream is stopped. Via self-assembly, the colloids form a highly ordered monolayer. (c) By
removing the water, the colloids are placed on an underlying substrate. (d) SEM picture
of a colloidal monolayer, consisting of polystyrene (PS) particles with a diameter of 320 nm;
(e) partially removed monolayer of 1.5µm PS beads after prior deposition of 40 nm of gold
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formerly used drying technique this constitutes an advantage, as the wetting capability

of the substrate's surface does not play a role in the deposition of colloidal monolayers.

With the colloidal monolayer on the substrate's surface, a thin �lm of metallic material

is evaporated onto the sample. It reaches the surface only through the holes in the col-

loidal monolayer, which leads to the characteristic triangular structures (Figure 4.3 (e)).

The colloids can then simply be removed by attachment and subsequent removal of an

adhesive tape.

4.3 Microscopic Measurements

To measure the dimensions of the plasmonic structures and the resulting ablation dis-

tributions two scannig probe microscopy methods were employed in the course of this

work, Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM). Both

microscopy methods o�er a comparable lateral resolution in the nanometer range (de-

pending on measurement conditions, the lateral resolution of the AFM can be enhanced

to the sub-nanometer regime. Using it under environmental conditions with regular

scanning probes (like in this work), the lateral resolution is limited to a few nanometers

much like the resolution of the high resolution SEM used in this work.). Each method

also has a speci�c advantage over the other, which makes a combination of both methods

useful for a complete understanding of the ablation process. As the SEM provides the

possibility to continuously zoom from a weak magni�cation (≈ 15x) to a magni�cation

with nanometer resolution (≈ 15000x) it can be used to image nanometer-sized features

(like the ablation craters below a plasmonic structure) while measuring their exact po-

sition in a micrometer-sized regime (i.e. the position of the nanometer-sized picture in

respect to the position of the laser spot which has dimensions in the regime of 100µm).

Such a wide range of magni�cation is hard to achieve with the AFM, as it is limited

by the maximum scanning range of the piezo scanning stage. Additionally, the image

acquisition usually takes considerably longer than the SEM. However, the SEM is only

limited to measurements in lateral dimensions, as it does only provide limited depth

information. The AFM on the other hand provides sub-nanometer depth resolution.

Therefore, it can be used to three-dimensionally map structures on a substrate with

nanometer lateral and sub-nanometer depth information.

AFM - Tapping Mode The AFM used in this work was a Veeco Multimode V and all

measurements were performed in Tapping Mode. To measure surface structures, a sharp
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tip is scanned over the surface using a xyz-piezo scanner. The tip is attached to a thin

silicon cantilever that is mechanically excited with its resonance frequency. When the

tip comes close to the surface, they interact and damp the vibration of the cantilever.

The reduction of the vibration amplitude of the excited cantilever is used to control the

tip-surface distance while the sample is being scanned laterally. AFM images, therefore,

contain three-dimensional surface information with a resolution limited laterally by the

tip radius and depth information limited by the resolution of the piezo (except if a hole

in the surface is too small for the tip to enter).

Field Effect SEM - Inlens Detector The SEM used in this work was a Zeiss Gemini

Supra. The relatively high resolution of this SEM is based on a �eld e�ect electron

source, a cross-over free electron path inside the electron column and the Inlens detector.

The electron source and special beam path lead to a very small electron focus (1.1 nm

@ 20 kV acceleration voltage). In contrast to a classical secondary electron detector,

the Inlens detector only collects secondary electrons from the very center of the electron

spot as a result of its spatial geometry. This leads to a very surface-sensitive image with

high edge contrast.

0 nm

48.5 nm

400 nm

Figure 4.4: Comparison between an AFM (left) and SEM (right) graph of two similar nano-
triangles prepared with colloids with a diameter of 1.5µm and a 40 nm thick gold �lm.

To be able to distinguish between SEM images and AFM images in this work all AFM

images are presented in a brownish color scheme, while a green color scheme is used for

SEM images. Figure 4.4 compares the AFM image and SEM image of two comparable

nanotriangles prepared with colloids with a diameter of 1.5µm.

4.4 Laser Beam Shaping / Beam Characterisation

To gain insight into more than just the distribution of the near-�eld enhancement of

a nanoscale object, the absolute enhancement factor has to be measured. In near-�eld
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photography this is commonly done by comparing the imaging mechanism's threshold

without near-�eld enhancement to one with a scattering nanostructure present during

illumination. To be able to do this, the exact �uence distribution of the illuminating laser

spot needs to be known. In this case, the measurement of the local �uence is reduced

to a distance measurement after illumination in combination with a measurement of the

total energy of the illuminating laser pulse.

For a Gaussian intensity distribution on the sample's surface, a simple method to

measure the important parameters (the variance σ or FWHM and the peak intensity I0)

of the distribution has been suggested by J. M. Liu [Liu82]. To determine the intensity

distribution, a substrate with a threshold behavior is illuminated with laser pulses of

di�erent total power. Measuring the radius of the a�ected area and plotting its square

against the logarithm of the incident total power, the slope of the resulting line is directly

proportional to the variance of the Gaussian intensity distribution. By extending this

line to zero one can also determine the threshold for the physical process used to char-

acterize the laser beam. This method is commonly used for the characterization of the

�uence distribution in the sample plane as well as for threshold �uence determination.

With a TEM00 mode as the illuminating laser mode and a large lens, the assumption

of a Gaussian intensity distribution is correct. In the case of the set-up presented

in this work, however, the intensity distribution of the ampli�er system was rather

inhomogeneous. Therefore, to produce a de�ned intensity distribution on the sample's

surface, a 2mm aperture was put into a region of the beam with a constant intensity.

Afterwards, the cut beam was focused onto the sample's surface. This situation is

described by Fraunhofer-di�raction and leads to an Airy-like intensity distribution in

the focal plane of the lens [Bor99]:

I = I(0)

[
2J1(kar/f)

kar/f

]2
(4.1)

with

I(0) =
P0A

λ2f 2
(4.2)

(J1: �rst order Bessel function of the �rst kind; k = 2π/λ: wave vector of the incident

irradiation; λ: wavelength of the incident irradiation; a: radius of the illuminated aper-

ture; r: distance from the intensity maximum on the sample surface; f : focal length of

the lens; P0: total irradiation power; A = πr2: area of aperture)
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The region close to the middle of this �uence distribution can be �tted by a Gaussian

distribution quite nicely. Using the method described by J. M. Liu, however, one has

to be very careful with the total incident power used in the experiment, to gain a

valid Gaussian �t. In the following section I will present an example demonstrating

the di�culties that originate from �tting a Gaussian distribution onto an Airy-like one.

Furthermore, I will explain why a Gaussian distribution could not be assumed for the

experiments presented in this work. In section 4.4.2 I will present a method developed

to provide a better characterization of the �uence distribution on the sample's surface.

4.4.1 Comparison Between a Gaussian and an Airy-Like Intensity
Distribution

To assess the possibility of �tting the �uence distribution of our experimental set-up with

a Gaussian distribution, the method proposed by Liu et al. was modeled in calculation

based on the Airy-like distribution given in equation 4.1. For di�erent P0, the q50(P0)

were found where q50(P0) = 50mJ/cm2. This is approximately the threshold �uence

for the amorphization of GST by femtosecond pulses [Sie08], the material used for the

characterization of our laser beam (see section 4.4.2).

By plotting the squared radius of the "amorphization threshold" against the natural

logarithm of P0 and a subsequent linear regression I emulated the method described

by Liu in a purely numerical way. Figure 4.5 depicts the results of such a simulation

for a wide range of incident energies (called Liu Plot in the following). One can see

that the behavior of the simulated values is roughly linear (red line in �gure 4.5 (b)) at

best. For smaller energy regimes, however, (which are more likely to be used in real-life

experiments) a linear behavior could be �tted onto the data. It is important to note that

for di�erent energy intervals the slope of the linear regression would be rather di�erent,

though.

To demonstrate this, two energy regimes are used for a �t in �gure 4.6 and the resulting

Gaussian distributions are compared to the original Airy-like �uence distribution. While

the energy regime as depicted on the left side of �gure 4.6 (4.1µJ to 8.2µJ) leads to

peak �uences just above the simulated threshold, the regime on the right was chosen to

re�ect the situation given by our experimental set-up1.

When comparing he Liu plot for the two energy regions, one can see that a lin-

ear regression seems reasonable for both. The threshold derived from both plots is

1Because of restrictions of our laser energy meter, lower �uences could not be reached in the laser spot
while being able to measure the total incident energy at the same time
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Figure 4.5: Calculated Airy �uence distributions for incident total energies ranging 6µJ and
100µJ (a). (b) shows the Liu plot for a threshold value of 50 mJ/cm2 (blue line in (a)). The
color code links the radii in (b) with their corresponding intensity distribution in (a).
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the measurement of the spotsize - see section 4.4.2) and the corresponding linear �t (red line).
In the lower row, the outcome of the Gaussian �t is compared to the Airy-like distribution the
�t is based on. The distributions are calculated for the same total incident energy � 50µJ.
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52.8mJ/cm2 and 39.6mJ/cm2, respectively. The variance derived from the slope of the

linear regression is 34.9µm for the peak �uences just above the threshold �uence right

and 28.3µm for the energy region given by the experimental set-up. To compare the

quality of the �ts, the lower row in �gure 4.6 depicts the result of the Gaussian �t for

both energy regimes as well as the Airy-like distribution they are based on for the same

total incident energy. While the Gaussian �uence distribution resulting from the energy

regime just above the threshold is fairly close to the original distribution (the deviation

is below 10 % for the inner 50µm), the Gaussian approximation signi�cantly deviates

from the original distribution, especially in the center region. Only in the region of the

simulated radii, the Gaussian distribution resembles the Airy-like one. Additionnally,

the calculated threshold �uence for the energy regime just above the threshold �uence

is much closer to the original.

This demonstrates that when applying a Gaussian approximation by the method

described by Liu one needs to carefully consider the validity boundaries for the �t. In

the case of the set-up at hand, the method did not reproduce the real �uence distribution

correctly. A correct measurement for the local �uence distribution derived from this

�nding is presented in the following section.

4.4.2 Local Fluence

As explained in the previous section, a Liu-plot �t for the �uence distribution in the focal

region does not seem to be accurate. Therefore, an Airy-like distribution (equation 4.1)

was employed to calculate the local �uence. As this distribution is determined entirely by

experimental parameters, the focal length of the lens was chosen as a �tting parameter

to compensate for deviations from perfect experimental conditions (e.g. diameter of the

aperture, focal length of the lens, the presence of a distance between the lens and the

aperture). The focal spot was then measured by a procedure described in the following:

As material for laser beam characterization I chose GST to prevent possible compli-

cations from non-linear absorption [Pue08]. A thin layer of GST on a silicon wafer was

irradiated with laser pulses of di�erent total incident power in the set-up described in

section 4.1. The dimensions of the resulting round spots were measured by optical mi-

croscopy at a wavelength of 488 nm using a Zeiss Axioplan Microscope with an optical

bandpass �lter in re�ection mode. This leads to pairs of total incident energy Pi and

threshold radii ri that can be used to derive an Airy-like intensity distribution.
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Figure 4.7: Comparison between a Gaussian (red line) and an Airy-like (blue line) �t for amor-
phization threshold measurements on GST with a f = 0.2 m lens; (a) amorphization threshold
radii (ri) and their corresponding total incident energies (Pi) with the �tted distributions; (b)
resulting �uence distributions
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4.5 Calculation of a Local Fluence / Threshold Fluence

Starting from equation 4.1, we assume that the threshold for all measurements is

the same and reached at the threshold radius (I(ri) = Ithreshold for all i). Combining

equations 4.1 and 4.2 and putting in Pi, ri and Ithreshold leads to:

Ithreshold =
PiA

λ2f 2

[
2J1(kari/f)

kari/f

]2
(4.3)

This can be transposed to:

Pi =
Ithresholdλ

2f 2

A

[
2J1(kari/f)

kari/f

]−2

(4.4)

Using equation 4.4 with f and Ithreshold as �tting parameters, an Airy distribution

could be �tted onto the laser �uence pro�le. For all nanoscale ablation measurements

a lens with a nominal focal length of 0.2m was used. For this lens, the �tted focal

length is 0.193m. The measurement of the �uence distribution was repeated for every

experiment. Still, the value for f stayed the same within the margin of error. Figure

4.7 (a) shows the measured values for Pi and ri in linear notation as well as an Airy-

like �t (blue line) and a Gaussian distribution (red line) �tted onto the data. Both

curves seem to �t the data quite reasonably, with a slight advantage for the Airy-like

�t. Looking at the resulting distributions for a given total incident energy (�gure 4.7

(b)), however, the di�erence between the two distributions, particularly in the center

of the spot, is evident. Only in the radial region of the data used for the �t, the two

distributions overlap. Due to the slightly better �t for the data, the information given

in the previous section and the physical basis for the �uence distribution on the surface,

I chose an Airy-like distribution to calculate the local intensity. At least in the case of

the restriction to a relatively small energy window for beam shape characterization it

provides a better �t than a Gaussian distribution.

4.5 Calculation of a Local Fluence / Threshold Fluence

In many parts of this work, a threshold �uence needs to be measured. As the same

concept is used for all quantitative measurements in this work, I will discuss the mea-

surement method in more detail: To measure a threshold, a sample is irradiated with

a known intensity distribution (upper graph in �gure 4.8). Afterwards, the sample is

examined with high-resolution scanning electron microscopy. The outmost occurrences

of a feature associated with the threshold (e.g. ablation below the plasmonic nanostruc-

tures, removal of the structures, melting) are then marked on a low-resolution overview
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Figure 4.8: Schematic drawing illustrating the measurement of a threshold in this work: The
upper graph represents the �uence distribution, the sample in the lower graph was irradiated
with. The blue dots in the lower graph represent the outmost occurrences of a feature associated
with the threshold behavior. From those, the threshold radius is derived.

micrograph (lower picture in �gure 4.8). From those, a threshold radius rthreshold can be

derived. Using the known �uence distribution, this threshold �uence can be calculated.

4.6 Silicon Ablation Threshold

The ablation threshold for bare silicon was measured using a di�erent method. As the

SEM image of an ablated area on a silicon wafer shows several signs of modi�cation

[Bon02] that cannot be distinguished between easily, the ablation spot was depicted

by an AFM measurement. As the maximum lateral scanning range of the AFM is

120µm, the spot size of the f = 20 cm lens used in the other experiments was too big

to be measured with the set-up at hand. Therefore, a lens with a shorter focal length

(f = 3.5 cm) was used to irradiate the silicon surface. This lead to a �uence distribution

with smaller lateral dimensions on the sample's surface. As the focal length of the lens is

smaller than the one used in the other experiments, a stronger deviation from the ideal

Airy distribution is to be expected (the lens can no longer be seen as �at, the spatial

separation between the lens and the aperture will play a stronger role). However, when

�tting the �uence distribution as described in section 4.4.2, an Airy �t with a focal

length of f = 4.1 cm matched the data better than a Gaussian distribution.
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Figure 4.9: Depth of the crater formed on a bare silicon wafer (measured by AFM) plotted
against the maximum local �uence of the laser spot. Red line: linear regression

Several ablations were performed with di�erent total pulse energies. The depth of

the ablation hole was then plotted against the maximum �uence derived from the to-

tal energy and the known Airy distribution. Figure 4.9 shows this plot including a

linear regression. From this regression, the ablation threshold was calculated to be

(900 ± 90) mJ/cm2. This is higher than the 500mJ/cm2 measured by Bonse et al.

[Bon04] using the same method. As it was measured in the same set-up as the other

experiments, however, I decided to use the values presented in this section as a reference

value for the ablation threshold of bare silicon in this work.
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5 Plasmonic Resonances of Metallic
Nanoparticles

In the following chapter, I will assess the information accessible by direct near-�eld

machining with plasmonic nanostructures and present the results of a quantitative mea-

surement of the absolute near-�eld enhancement derived from the known focal �uence

distribution of the laser spot (see section 4.5). Section 5.1 will start by giving an overview

of the main factor in�uencing the near-�eld distribution of a given plasmonic object at

a given wavelength: its size. Subsequently (section 5.2), the in�uence of the exact shape

of a given nanostructure on the distribution and the strength of the near-�eld enhance-

ment will be discussed. Finally, measurements demonstrating the relation between the

wavelength of the incident laser irradiation and the excited plasmonic mode will be

presented in section 5.3.

Previous work of our group has demonstrated the feasibility of near-�eld distribution

measurements employing direct near-�eld ablation [Mün01, Lei04, Bon07, KB07, Ple09].

However, even though some partial agreement between experiment and simulation could

be achieved, certain features of the ablation distribution could not be predicted by the

Direct Dipole Approximation (DDA) simulations carried out at the time [Bon07].

A very good agreement has only been established recently, when Finite Di�erence

in the Time Domain (FDTD) simulations were carried out using the FDTD Software

"FDTD Solutions" by Lumerical Inc.. This software uses a di�erent method of solving

Maxwell's equations than the previous DDA calculations. More importantly, however, it

allows for a highly detailed three-dimensional modeling of the plasmonic structure and

its surroundings. The importance of such a highly detailed model has also been shown

for DDA simulations by Perassi et al. ([Per10] � see also section 3.3). In the following

sections, I will discuss several aspects of how certain details of the plasmonic structure

in�uence the near-�eld distribution as well as its strength. In addition to the near-�eld

distribution, the optical extinction spectra, both calculated and measured, can be used

to test the congruence of real-life structure and simulation.
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5.1 Dependence on Size

For any kind of antenna, its overall size is of great importance. For a simple rod an-

tenna (a simple metallic structure with a length signi�cantly larger than its diameter),

the length of the rod determines its resonance frequency. The same has to be the case for

the subjects of this work, the nanoscopic plasmonic antennas. Even though they are of a

considerably more complicated geometry, their overall size dominates the wavelength of

the plasmonic resonance [Gel11]. Figure 5.1 demonstrates this general connection with

two types of di�erently sized triangular gold structures prepared by colloidal lithogra-

phy. Figure 5.1 (a) shows the absorption spectra (both calculated by FDTD (red line)

and measured (black line)) for two di�erent sizes of plasmonic nanotriangles prepared by

colloidal lithography with a side length of 85 nm (left) and 530 nm (right) (SEM images

of these two types of triangles can be found in �gure 4.2 (a) and (b)). Both absorption

graphs show a prominent peak (small triangles: ≈ 800 nm, large triangles: ≈ 1600 nm)1

which can be associated with a dipolar resonance of the plasmonic structure. For the

larger structures, additional peaks are found at wavelengths below the dipolar resonance

(black arrow in �gure 5.1 (a)). Those peaks are the result of higher order plasmonic

modes in the nanotriangles. If the triangles are illuminated with a wavelength in the

region of those modes it will result in a more complex near-�eld distribution. This

behavior can be observed in the calculated near-�eld distribution for both sizes of tri-

angles (�gure 5.1 (b))2. The near �eld of the smaller triangle is quite similar to the �eld

distribution of a rod antenna as the highest intensity enhancements are situated at the

very end of the triangle in the direction of the incident light's polarization vector. The

calculated �eld distribution of the larger triangles, however, is not only more complex,

it is even slightly counterintuitive at �rst sight. The maxima of this distribution are

tilted 90° against the polarization vector of the incident light.

The distribution simulated by FDTD almost perfectly reproduces the hole structures

that are the result of femtosecond laser ablation at the same wavelength. Figure 5.1 (c)

1Note that the absorption spectra presented here have been measured and calculated for gold triangles
on glass. The presence of the underlying silicon will play an important role in the plasmonic excitation
of the gold nanotriangles as it changes the dieelectric constant of the surroundings of the plasmonic
structure. However, the general tendency regarding the dipolar and multipolar resonances remains the
same for all substrates.

2Note that the thickness of the calculated SiO2 layer (2 nm) di�ers slightly from the thickness measured
for the real-life substrate (1.5 nm) as the ellypsometry measurements on the substrates had not been
done at the time the calculations were performed. The di�erence in thickness should only play a minor
for the shape and intensity of the plasmonic resonance of the particle. In section 5.2 calculations for an
even thicker SiO2 layer will be presented that only di�er slightly in the regions of lower intensity from
the calculations shown here.
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Figure 5.1: Calculation and near-�eld ablation for two di�erent triangle sizes. Left: side
length: 85 nm; right: side length: 530 nm. For each size, the absorption spectrum for the
triangles on a glass substrate (measured in transmission with a spectrometer attached to a
microscope and calculated by FDTD) is presented ((a) � measured by Tobias Geldhauser of
Hokkaido University). Below that, a calculated �eld distribution for the triangles on silicon
at 790 nm is shown (b). The intensity distribution was monitored below the simulated SiO2

layer (thickness: 2 nm). The mesh size was 2 nm for the large triangles (right) and 1 nm for the
small ones (left). Periodic boundary conditions were used. In this and all following simulations,
material data by Palik has been used [Pal98]. Finally, an AFM image of the ablation pattern
for the corresponding triangles is depicted (c). Irradiations have been performed with the
femtosecond laser system described in section 4.1 (wavelength: 800 nm; pulse length: 150 fs).
For the smaller triangles, the position of one of the triangles before ablation is given in the
calculated near-�eld distribution as well as in the AFM graph by the dotted outline of a triangle.

52



5.1 Dependence on Size

shows AFM topography images of the surface modi�cation that results from the ablation

of gold nanotriangles with a side length of 85 nm and 530 nm, respectively. Comparing

these to the simulated near-�eld distributions, good agreement between �eld distribution

and regions of highest ablation can be found.

5.1.1 Intensity Enhancement

Polarization

Triangle size

Side length: ≈ 100 nm
39mJ/cm2

IE: 23
N/A

Side length: ≈ 530 nm
116mJ/cm2

IE: 7.8
157mJ/cm2

IE: 5.7

Table 5.1: Threshold for surface modi�cation and intensity enhancement (IE) for two di�erent
sizes of triangular structures and polarizations

Regarding the strength of the near-�eld enhancement3, one can see from the absorp-

tion spectra (�gure 5.1(a)) as well as the simulated maximum local �uence of the �eld

distribution (�gure 5.1(b)) that the maximum �eld enhancement at a wavelength of

800 nm is signi�cantly higher for the dipolar resonance of the smaller triangles. By

comparing the ablation threshold of bare silicon (see section 4.6) with the threshold for

ablation below the nanostructures, this can also be con�rmed experimentally: As de-

scribed in section 4.5, the ablation threshold for femtosecond irradiation (pulse length:

150 fs, wavelengths: 800 nm) of two di�erently sized plamonic nanotriangles (side length:

100 nm and 530 nm) was measured. By dividing the threshold �uence for the ablation

of bare silicon (900mJ/cm2) by the threshold �uence for plasmon assisted ablation, an

intensity enhancement (IE) is derived. Table 5.1 presents the ablation threshold and the

derived intensity enhancement for the two di�erent triangle sizes as well as two di�erent

polarization angles. For comparison, the calculated maximum intensity enhancement

for similar structures as presented in �gure 5.1 (b) is 255 for the smaller and 30 for the

larger triangles. When comparing the results to the measured and calculated intensity

enhancement it has to be noted that the smaller triangles are about 20 % larger than

the ones used in �gure 5.1. Assuming, in the �rst approximation, a linear dependence

3In this work, all calculations and considerations are presented in terms of intensity (|E2|).
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5 Plasmonic Resonances of Metallic Nanoparticles

between the wavelength of the dipolar resonance and the side length of the triangles, this

should shift the dipolar resonance even closer to the excitation wavelength of 800 nm.

Therefore, the calculated intensity enhancement should be stronger than for the triangles

discussed in the preceding section.

Triangle
size

Threshold
�uence

Side length:
≈ 100 nm

33mJ/cm2

Side length:
≈ 530 nm

80mJ/cm2

Table 5.2: Threshold for triangle removal for two di�erent sizes of triangular structures

Comparing the experimentally derived enhancement factors (table 5.1) with the ones

calculated in FDTD simulations (�gure 5.1) one can see that the general tendency is

the same for calculation and experiment: The intensity enhancement is stronger for the

smaller triangles than it is for the ones with the larger side length. Unfortunately, the

FDTD calculations predict an enhancement which is roughly one order of magnitude

larger than the one measured in the experiment. The values measured for the large

triangles are smaller than calculated by a factor of 4 to 5 while those for the smaller

triangles are smaller by a factor of around 10. Looking at the removal thresholds for

the aforementioned triangle sizes (table 5.2), one can see that the �uence threshold for

the removal of the gold triangles from the surface is slightly smaller than the one for

damaging the underlying silicon enough to be measurable by SEM. The conclusions that

can be drawn from these �ndings with regard to the removal and ablation mechanism

will be discussed in section 6.1.5. Regarding plasmonic resonances, it is noteworthy that

even at the removal threshold, the ablation threshold of silicon should be exceeded by

far by the plasmonic near �eld if the calculated maximum intensity enhancement was

correct.

There are several possible e�ects that could explain the discrepancy between the

calculated intensity enhancement and the measured values for the ablation and removal

thresholds. One would be to assume that the resolution of the SEM imaging system

was not su�cient to identify ablation below a minimum amount of removed material.

However, the smallest signs of plasmonic ablation measured by SEM as well as AFM

had lateral dimensions of at least 20 nm. This is well above the minimum resolution of

both microscopy methods.
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Another way of explaining the discrepancy is to postulate a minimum a�ected volume

required for ablation to occur. In this case, the energy depositded by the plasmonic

near �eld would be dissipated over a larger volume before any ablation could occur.

This would lead to an overall lower e�ective maximum �uence enhancement. This has

been done by Geldhauser et al. [Gel12] to explain the lower than expected intensity

enhancement for gold triangles on glass measured by two-photon-polymerization. In

this publication, they suggest that thermal e�ects play a minor role in this e�ect for the

polymeric system at hand. The assessment of the origins of such a broadening e�ect for

gold triangles on silicon will be part of chapter 6.1.5.

Finally, another important e�ect that signi�cantly in�uences the agreement of the

calculation with the experiment is the level of detail of the simulation. The importance

of a good modeling of the plasmonic object will be discussed in more detail in the

following section. For the comparison between the two triangle sizes discussed in this

chapter, the important measure is the ratio between surface and volume that is heavily

in�uenced by the overall size of the plasmonic particle. Even though the FDTD model

was build to reassemble the real structure in its most important details (round tips,

rounded edges) smaller details like the roughness of the surface and edges were not

implemented. Additionally, the edges of the triangle were modeled to be completely

vertical walls which is not the case for the real structures as can be seen in AFM images

(see for example �gur 4.4 in section 4.3)4. As these neglected parameters are heavily

surface dependent, they will play a larger role for the smaller triangles with their higher

surface to volume ratio.

Error Estimation The straight-forward method for calculating the local incident �u-

ence used in the preceding section (and described in section 4.5) has one major drawback.

As only the last measurable ablation is counted, at least one diameter of the colloids

used to produce the plasmonic structures should be considered as the minimum error

margin of the ablation radius. Additionally, the presence of non-perfect triangles on the

surface will add the possibility of missing ablation structures on the surfaces. Finally,

the exact center of an ablation spot cannot be easily identi�ed. This is especially true

for measurements where the remaining plasmonic triangles have to be removed because

the ablation threshold is smaller than the removal threshold (with the triangles still

present, the relatively clear circle of the removal threshold can be used to determine

4Additionally, if thicker triangles are deposited through a colloidal mask, the gold triangle defers further
from its ideal form and is increasingly shaped like a truncated pyramidal.
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the center of ablation). For all larger structures examined in this work, this leads to an

absolute error of the ablation radius of about ±3µm to ±5µm. This leads to a relative

error in the order of 10 %. The relative error of the �uence associated with this radius is

dependent of the local slope of the �uence distribution but should at least be assumed

to be of the same order of magnitude. Assuming an error in the energy measurement

and the �tted focal length for the �uence distribution of the same size, an error margin

of at least 25 % should be considered for all thresholds measured within this work.

5.2 Dependence on Shape

20 µm

Figure 5.2: A �eld of 75 x 35 bow-tie antennas after irradiation with a single femtosecond laser
pulse

To demonstrate the dependence of both �eld distribution and �eld enhancement on the

shape of a nanostructure, two similar types of plasmonic nanotriangles with di�erently

shaped edges were used. The two types of edges were: One is slightly curved to mimic

the slightly curved edges of triangles prepared by nanosphere lithography, while the

second one is straight, like the triangles simulated in early DDA calculations. Both

types of triangles where prepared by electron beam lithography by Tobias Geldhauser at

Hokkaido university. Single triangles as well as pairs of triangles with their tips oriented

towards each other (so-called bow-tie antennas) with varying distances (between 40 nm

and 100 nm) were prepared. 75 x 35 of the same triangles/pairs of triangles are arranged

as a square with a side length of about 100µm. Figure 5.2 shows a SEM micrograph

of such a �eld of similar nanostructures. The structures have been ablated by a 150 fs

laser pulse before this image was taken.
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300 nm polarization

175 mJ/cm2

250 mJ/cm2

190 mJ/cm2

230 mJ/cm2

200 mJ/cm2 200 mJ/cm2

280 mJ/cm2 260 mJ/cm2

Figure 5.3: SEM micrographs of two di�erent types of nanotriangles, prepared by electron
beam lithography, and their corresponding ablation patterns for two orientations with respect
to the polarization of the incident laser light. The local �uence is denoted below each picture.
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Figure 5.3 shows SEM micrographs of single triangles and their corresponding ablation

patterns for two di�erent orientations with respect to the polarization of the incident

laser pulse and for the two di�erent types of edges. Comparing the ablation pattern for

both structures and orientations, the di�erences in the ablation distribution are evident.

Even though both structures are of comparable size and their basic geometry is the same,

the exact shape of the triangles' edges has a major e�ect on the �eld distribution. The

triangles with the rounded edges, which have been modeled to resemble the triangles

prepared by colloidal lithography, show an ablation pattern similar to the pattern of

these triangles (�gure 5.1 - right side). The straight-edged triangles, however, show an

ablation pattern much closer to the simple (dipolar) expectation. Slightly above the

ablation threshold, ablation can only be found below the tips of the triangles which are

oriented in the direction of the polarization. For higher local �uences, a more complex

ablation distribution is revealed. For the triangles with rounded edges, the situation is

somehow inverse. Here, the more complex patterns are found in the regions with lower

local �uences while the simpler dipolar-like ablation pattern can only be found for higher

local �uences.

FDTD simulations for both types of triangles can be found in �gure 5.4. Again,

the distribution of the local �eld enhancement matches the distribution of the ablation

pattern quite nicely5. Comparing the calculated pattern with the ablation pattern in

�gure 5.3, it is clearly visible that the regions with highest calculated intensities appear

already for local �uences slightly above the ablation threshold (�gure 5.3 (b)) while

ablation in the regions with lower calculated intensity only appears for regions with

higher local �uence (�gure 5.3 (c)). Additionally, the graphs emphasize that a de�nite

distinction between di�erent plasmonic modes that are excited in the particle is not

possible by looking at a �eld distribution for a single wavelength. Only by comparing

5Comparing the simulation for the round edged triangle in the lower right of �gure 5.4 with the cor-
responding simulation in �gure 5.1, the distribution in the region of highest intensities looks similar.
Looking at lower intensity regions, however, a slight deviation between the calculations can be found.
While being in the same position for both calculations, the weaker local maxima di�er in intensity. This
is possibly due to the fact that the simulation presented in �gure 5.1 is calculated with a 2 nm thick
SiO2 layer, while in this section the 2.4 nm thick SiO2 layer of the electron beam sample's substrate
was simulated. Another reason for the deviation might be that the model of the gold triangle has been
completely rebuild for the simulation in �gure 5.4 and the positioning of the mesh also di�ers in both
simulations.
The presence of the other triangles in �gure 5.1, however, should not play a role, as the triangles are
separated to far from each other. This was demonstrated in [Kol11] by calculating a single triangle
under the exact same conditions as the periodically arranged triangles in �gure 5.1 (b) with exactly the
same results. The relatively short range of in�uence of the plasmonic resonances does also play a role
in �gure 6.4 in the following chapter (section 6.1.5).
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Figure 5.4: FDTD calculations for the structures presented in �gure 5.3. The �eld intensity
enhancement was extracted in a plane between the SiO2-layer (thickness: 2.4 nm) and the
silicon substrate below the triangle. The simulation volume was 3x3x6µm3 with "perfectly
matched layer" boundary conditions. The meshing was set to automatic far from the triangle
and a manually re�ned mesh with a cell size of 2x2x0.5 nm3 was added around the particle.
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5 Plasmonic Resonances of Metallic Nanoparticles

�eld distributions for di�erent wavelengths and corresponding absorption spectra the

distinction between modes becomes clearer. This will be discussed in greater detail in

section 5.3.

5.2.1 Intensity Enhancement

Polarization

Edge
shape

65mJ/cm2

IE: 14.1
64mJ/cm2

IE: 14.3

124mJ/cm2

IE: 7.4
116mJ/cm2

IE: 7.9

Table 5.3: Threshold for surface modi�cation and intensity enhancement (IE) for di�erent
types of triangular structures and polarizations.

Table 5.3 shows the local �uences for the regions where �rst signs of ablation could

be found in high resolution SEM pictures. Comparing those to the ablation threshold

for silicon without plasmonic structures (see section 4.6), an intensity enhancement IE

(in the ablation region) can be derived. As the comparison of the maximum values

of the FDTD simulations predicted (�gure 5.4), the ablation threshold for the straight

edged triangles is half as high as the threshold for triangles with slightly rounded edges.

However, the calculated maximum IEs are still roughly 4 times higher than the measured

values. This is about the same factor as for the larger triangles prepared by colloidal

lithography (see section 5.1.1).

5.3 Dependence on Ablation Wavelength

In chapter 5.1 it was mentioned that the absorption of a given nanotriangle depends

strongly on the wavelength that is being absorbed. This has been discussed with regard

to the measured and calculated absorption spectra (see spectra in �gure 5.1). This

variation in ablation strength has been attributed to di�erent plasmonic resonances being

excited by that particular wavelength. The �eld distribution of those varying resonances

can also be imaged experimentally. Figure 5.5 shows the calculated absorption spectrum
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Figure 5.5: Calculated extinction spectrum for the triangles in �gure 5.6. Triangles produced
by colloids with a diameter of 1.55µm, a thickness of 45 nm on a silicon substrate with a SiO2

layer of 1.5 nm.

for a gold nanotriangle (side length: 530 nm, height: 45 nm, prepared with 1.55µm

colloids). A single triangle on a silicon wafer and its natural SiO2 layer (1.5 nm) was used

for calculation. Figure 5.6 shows SEM graphs of the ablation pattern for those triangles

at di�erent ablation wavelengths in the region of this spectrum. For the ablation, an

optical parametric ampli�er (OPA) system was used to modify the output wavelength of

a Ti:Sa femtosecond laser system (200 fs pulse length). The measurements were done at

CSIC in Madrid, Spain. Single laser pulses were focused through a single lens onto the

sample's surface. Because of the low output power of the OPA system, a pulse shaping,

as described in section 4.4, was impossible. Therefore, absolute local �uences cannot be

provided for these graphs. Next to each SEM picture the calculated �eld distribution

for the corresponding wavelength is depicted. The maximum near-�eld enhancement

reached in this calculation is given next to each FDTD picture.

Comparing ablation distribution with their corresponding calculated near-�eld pat-

tern, like in the previous sections, a good agreement between experimental and calculated

distribution is visible. However, the e�ect of the roughness of the real triangles' edges

(as mentioned in section 5.1.1) seems to play an important role for the ablation pattern.

The ablation distribution is not as smooth as the calculated intensity distribution would
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Figure 5.6: SEM micrographs of ablation pattern for gold triangles with a side length of 530 nm
and a thickness of 45 nm irradiated with varying wavelength. Next to each SEM graph, the
corresponding calculated near-�eld distribution and the maximum intensity enhancement (IE)
is shown. The near �eld Calculation has been performed for a single triangle with "perfectly
matched layer" boundary conditions and a mesh size of 2 nm. Ablation studies were performed
using an optical parametric ampli�er at CSIC in Madrid together with F. Javier Hernandez-
Rueda in the group of Jan Siegel.
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5.3 Dependence on Ablation Wavelength

suggest and there are even some regions with ablation where it is not predicted by the

FDTD calculation.

Looking at the maximum near-�eld enhancement for a given wavelength and com-

paring it to the extinction spectrum in �gure 5.5, one can see that a higher absorption

indeed correlates with higher near-�eld intensity enhancement. Although an absolute

assessment of the ablation intensity was impossible due to the insu�cient laser output

power, this general tendency was also observed in the ablation experiments. For the

longer wavelengths used in the experiment, the �rst ablation sites of the near-�eld plas-

monic excitation were spatially separated from regions where the surface of the sample

was damaged without �eld enhancement. For the shortest wavelengths used in this

study, this separation decreased in size. This is visible in the SEM graph for the short-

est wavelength (680 nm) in �gure 5.6. Here, the ablation below the edges of the triangle

is surrounded by a modi�ed surface in the region where no �eld enhancement due to

plasmonic excitation is expected. As no other experimental parameters than the abla-

tion wavelength where changed during the experiments, these �ndings suggest that the

plasmonic ablation threshold is very close to the one of bare silicon for the irradiation

with shorter wavelengths.

Looking at the �eld distribution, the interpretation is not as simple. Generally speak-

ing, beginning at the shortest wavelength the regions of highest intensity enhancement

are found on the outmost tips of the triangle that are aligned perpendicular to the polar-

ization of the laser beam. For longer wavelengths, the regions with the highest near-�eld

intensity enhancement "move" along the edges away from these tips. This general ten-

dency can be found in both calculation and experiment. Comparing calculation and the

ablation pattern for a single wavelength, however, a discrepancy is evident as there is

an o�set in the wavelength dependency especially for the wavelength below 800 nm (left

column). For the wavelength region above 800 nm, this o�set seems to be missing.

Comparing the extinction spectrum (�gure 5.5) with the �eld distributions (�gure 5.6),

a clear attribution of plasmonic modes to the peaks in the extinction spectrum is not

possible. Especially looking at such ablations for which defects of the triangle in�uence

the local intensity enhancement distribution additionally, the transition between di�er-

ent �eld distributions seems �uent. Looking at the FDTD distributions for 850 nm and

965 nm, the peaks at 870 nm and 950 nm seem to have distinguishable �eld distributions

that are superimposed on each other. However, these features are not as easily spotted

in the ablation pattern because of the in�uence of local distortions from a perfectly

formed triangle.
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5 Plasmonic Resonances of Metallic Nanoparticles

The results of these measurements show how the near-�eld distribution of a plasmonic

particle can change over a relatively small range of excitation wavelength and emphasize

that one cannot describe these higher order resonances for more complex plasmonic

antennas in the simple term of a single quadrupolar resonance. The �eld distribution

of these structures is rather a superposition of several higher order modes resulting in a

complex near-�eld pattern.

5.4 Conclusions

In this chapter, several measurements were presented chosen to give a deeper insight

into the factors in�uencing the distribution of the near-�eld enhancement for a given

nanostructure. Direct near-�eld ablation in combination with a well-known �uence dis-

tribution was presented as a simple method to quantify the absolute near-�eld enhance-

ment of plasmonic structures. Additionally, I was able to show that calculations with

the FDTD software "FDTD solutions" by Lumerical Inc. represent a good method to

predict the distribution of the near �eld for a given nanostructure at a given wavelength.

Comparing the measured enhancement factors with those predicted by calculation, the

factors determined in the experiment are found to be always smaller than the ones calcu-

lated by a factor of 4 to 10. While some basic thoughts on the origin of this discrepancy

were given, a closer look as well as an explanation for this general behavior will be

presented in the following chapter.

Regarding the �eld distribution and enhancement of di�erent plasmonic nanostruc-

tures, some basic relations between the form of a plasmonic structure and its near �eld

were discussed and measurements were presented: The impact of the overall size of a

plasmonic structure on the plasmonic mode - and therefore on the strength of the plas-

monic excitation - that can be excited by a given incident laser wavelength was discussed

in section 5.1. The linkage between excitation wavelength and the excited plasmonic

resonance was additionally investigated by varying the excitation wavelength for a given

nanostructure 5.3. Finally, even though the overall size of a metallic nanostructure plays

the most important role in the excitation of a plasmonic resonance for a given wave-

length, the measurements in section 5.2 demonstrate how particularly in the region of

higher order resonances, the exact shape of a nanostructure is of great importance when

the near-�eld distribution is examined in greater detail.
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In the previous chapter, the substrate of the plasmonic structure has been mainly

adressed in terms of an additional dielectric layer below the particle as well as a medium

to imprint the near-�eld distribution. While providing a qualitative agreement between

calculation and experiment, a quantitative assessment of the ablation pattern reveals

deviations between experiment and calculation. In all cases, the calculation overesti-

mates the values reached in the experimental �ndings. Additionally, the holes drilled

by near-�eld ablation show a more complex pattern than a complete evaporation of the

material excited with the strongest near �elds would suggest.

These �ndings lead to the conclusion that a complete description and measurement of

the near �eld of a given nanostructure by near-�eld ablation of the underlying substrate

requires a more detailed assessment of the plasmonic ablation process on the nanoscale

itself. In the following, several aspects of the connection between the near-�eld distri-

bution and the ablation pattern of a given plasmonic structure will be discussed with

the goal to elucidate the process of nanoscale femtosecond ablation.

Section 6.1 will start by giving an overview over the several regimes of substrate modi-

�cation as well as the plasmonic structure itself as a function of the incident laser �uence.

Subsequently, an experiment will be presented to show the presence of a broadening ef-

fect of the near-�eld distribution's ablation pattern (section 6.1.5). Finally, the exact

electro-magnetic source of the plasmonic near-�eld ablation will be discussed (section

6.1.6). Here, the more complex near-�eld distribution of larger plasmonic triangles and

their higher order plasmonic resonances can be used to hint at whether the enhancement

of the intensity of the electric �eld or the enhancement of the Poynting vector plays a

role in plasmonic femtosecond ablation. This question is still a controversy in the direct

ablation community (see section 3.2).

In the second part of this chapter (section 6.2), longer laser pulses (FWHM: 300 ps) will

be used to excite the plasmonic resonances. In this time regime, thermally driven melting
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6 Nanoscale Material Processing by Light

and evaporation is commonly accepted to be the driving force of the modi�cations of

the plasmonic particles and the substrate. In section 6.2.1, several di�erent modi�cation

regimes are described as a function of the local �uence.

6.1 Femtosecond Laser Ablation

6.1.1 Phenomenological Description

In this section, an overview over the general features of femtosecond plasmonic ablation

will be given. Figure 6.1 shows a picture of a typical femtosecond ablation site on a

sample consisting of gold nanotriangles prepared by colloidal lithography (as described

in section 4.2.1). The plasmonic triangles were irradiated with a femtosecond laser pulse

(pulse length: 150 fs; wavelength: 800 nm) and a total energy of 30µJ as described in

section 4.5. The irradiation intensity increases towards the center of the irradiated spot,

making it possible to determine the exact local �uence by measuring the distance to

the ablation center. The details shown to the right of the overview show the di�erent

stages of the removal/ablation process as a function of the local �uence. The calculated

near �eld distribution for similar triangles on a wafer with a slightly thicker SiO2 layer

(calculation: 2.4 nm, experiment: 1.5 nm) can be found in �gure 5.4.

Looking at the SEM micrograph, several thresholds are visible for a single femtosecond

ablation. Coming from lower intensities, the triangles are removed from the surface. In

some cases, the complete triangle is tilted from its original position (see detail (2)) or

found somewhere else on the sample's surface. Note that, in contrast to picosecond (see

Chapter 6.2) or nanosecond [Hab05] irradiation, only slight modi�cation (e.g. molten

parts - see tip of triangle (1)) of the triangle itself can be found on triangles irradiated

with a �uence below the removal threshold or even on redeposited triangles. Triangles in

more advanced states of melting were not found for femtosecond ablation. Unfortunately,

the resolution of neither SEM nor AFM is high enough to estimate the amount of

material ablated from the moved triangles.

Depending on the size and shape of the plasmonic particle, the removal threshold is

usually followed by a region where no modi�cation of the underlying surface is visible by

SEM or AFM measurements. At a certain �uence, an ablation of the substrate's surface

is visible. The local �uence associated with this ablation threshold of the plasmonic

structures is strongly dependent on their size and shape and can be higher, the same or

even lower than the removal threshold. Above the modi�cation threshold, the surface
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Figure 6.1: SEM picture of an ablation pattern of gold triangles produced by colloidal lithogra-
phy using spheres with a diametre of 1.55µm (lower right � side length of a triangle: ≈ 530 nm).
Above, the �uence distribution along the spot radius is given. The detailed blow-ups show tri-
angles and the silicon surface in di�erent states of modi�cation. The radial position of each
blow up is marked in the �uence distribution.
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6 Nanoscale Material Processing by Light

modi�cation takes the form of material removal as well as droplets of apparently molten

and resolidi�ed material.

For even higher intensities, the ablated region increases with the size of the accom-

panying droplets increasing accordingly. For even higher intensities, the substrate is

modi�ed at a larger distances away from the plasmonic structure itself. The moderate

undulation and the formation of droplets in some cases suggest a melting of a larger

part of the surrounding substrate. Still, this melting is con�ned to regions of a size

comparable to the nanostructure.

6.1.2 Minimum Feature Size

The smallest measurable engravings of the plasmonic near �elds show diametres down to

10 nm, a length scale signi�cantly smaller than the wavelength (800 nm) of the irradiating

laserlight. Figure 6.2 shows the surface of a silicon substrate after triangles with a side

length of 85 nm were irradiated with an intense 150 fs, 800 nm laser pulse (a). For

comparison, the intensity enhancement distribution, calculated by a FDTD simulation,

is also given (b). The triangle was irradiated with a �uence slightly above the ablation

�uence. Therefore, the resulting crater was of minimum height. The height pro�le (along

the black line in 6.2 (a)) shows that the hole in the surface has an expansion of less than

10 nm (solid arrows in (c)). This is at least 80 times smaller than the wavelength of the

incident laser light and of the same width as the expansion of the calculated near-�eld

distribution (arrows in (d)). Still, the size of the whole area a�ected by the near-�eld

modi�cation should be taken into account. Including the crater's rims is reasonable

as measurements on craters produced by non-plasmon assisted femtosecond ablation

have shown that the material below the ridges around the ablation craters was also

molten and re-solidi�ed (see section 2.3.3) [Bor03, Jia04]. Including the ridges around

the crater, the overall a�ected area has a diameter roughly three to four times larger

than the expansion of the near-�eld distribution (dotted arrows in �gure 6.2 (c)). As

this is signi�cantly larger than the dimensions of the predicted near �eld enhancement,

a mechanism limiting the spatial resolution of the ablation process has to exist. Even

though the features presented here are very small, the AFM resolution should not be the

limiting factor. Section 6.1.5 will address the broadening mechanism in greater detail.

68



6.1 Femtosecond Laser Ablation

80 0 40 80
0.2

0.4

0.6

0.8

1

20 60
position/nm

he
igh

t/
nm

0 40 80

0

100

200

0.2

0.4

0.6

0.8

1

20 60
position/nm

he
igh

t/
nm

ne
ar

-fi
eld

 en
ha

nc
em

en
t

245

0

50 nm

polarization

(a) (b)

0 nm

2.8 nm

(d)(c)

Figure 6.2: AFM picture (a) and calculated enhancement distribution (b) of the ablation crater
left by a gold triangle with a side length of 85 nm (prepared with 320 nm colloids and a height
of 40 nm). The calculation is a cut of a single triangle from �gure 5.1 (b) (left). (c) and (d)
show cuts along the grey line in the picture above. The width of the near-�eld enhancement in
(d) marked by the black arrows is 10 nm. The width of the indentation in (c) (black arrows) is
of the same size, while the width of the complete surface modi�cation (dotted arrows) is about
three times larger.
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6.1.3 Ablation Patterns and Corresponding Near-Field
Distributions

Comparing the ablation pattern and a calculated near-�eld distribution of a given nanos-

tructure, some links between those features are obvious, both from a phenomenological

point of view as well as considering the physics behind the structuring. Most promi-

nently, the positions of the holes in the surface for incoming intensities just above the

ablation threshold correlate with the position of the highest local �eld intensities due to

the plasmonic resonances. This is due to the fact that the microscopic near-�eld inten-

sity exceeds the ablation threshold of silicon, leading to explosive removal of silicon in

this region. For regions with higher irradiation �uence, the lateral expansion as well as

the depth of the holes increases, as the ablation threshold is surpassed in a larger area.

Finally, the ablation �uence is surpassed even far away from the plasmonic structure,

leading to evaporation in between the nanostructures.

Looking closer, however, the ablation pattern reveals many more features that even al-

low for an approximate insight into the chronology of the ablation process. The droplets

accompanying the ablation craters are always situated on the side of the ablation crater

opposing the position of the former triangle. The droplets do not consist of gold, as they

are not removable by aqua regia. This leads to the conclusion that, even with the strong

near-�eld compression of the electromagnetic �eld, not all material instantly evaporates

in femtosecond ablation. This �nding has been described for classical femtosecond ab-

lation by other groups [Bon02, Bor03]. Comparing the rims of the craters formed in

plasmonic ablation and classical femtosecond ablation (section 2.3.3) they look quite

similar in respect to the material that is expelled from the crater. However, signs of

melting and subsequent resolidi�cation without evaporation could not be found for any

plasmonic structures for a local �uence below the plasmonic ablation �uence. This is

especially important as such signs can be found for picosecond ablation (see chapter

6.2). Overall, the remainders of plasmon-assisted femtosecond ablation largely resemble

the features found in non-plasmon assisted femtosecond ablation, suggesting a similar

ablation mechanism.

The position of the molten and resolidi�ed silicon also gives an approximate insight

to the chronology of the ablation process. As the material has been pushed away from

the former position of the triangle, the gold triangle still had to be in place during

melting and evaporation of the silicon. Even at higher energies, where the triangle will

not survive the irradiation, the �ow of the molten silicon is still directed outward. This
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6.1 Femtosecond Laser Ablation

suggests that the ablation and melting of silicon takes place at the same time with the

plasmonic particle still being in place. Accordingly, the model of ultrafast heating and

subsequent explosive boiling, as described in section 2.3.1, seems to �t the features of

the plasmonic silicon near-�eld ablation.

Regarding the propellant of the removal of the gold triangles, however, the data at

hand is not so clear. Depending on the exact shape of the plasmonic structure, the

removal can take place without an ablation of the underlying substrate. On the other

hand, a modi�cation of the substrate can take place without a removal of the triangle

(see section 6.1.5). As the modi�cation of the gold triangle itself can be seen but not

quanti�ed, evaporation of gold due to the high intensities of the local near �eld might

play a role in the removal process. Additionally, the thin �lm of remaining ambient water

between the silicon substrate and the plasmonic triangle might also be of importance.

6.1.4 Optical Emission Study

For femtosecond laser ablation, the high intensities reached during irradiation can lead

to a breakdown of the ablated material into ions and the formation of a plasma. In

order to assess if this high �uence regime is also reached locally during near-�eld ab-

lation, the light emitted during ablation was collected through a microscope and into

a spectrometer. For this experiment two di�erent kind of nanotriangles (side length

100 nm, thickness 30 nm and side length 530 nm, thickness 40 nm) as well as bare silicon

was irradiated with an intense 150 fs, 800 nm laser pulse. This approach is comparable

with the so called Laser-Induced Breakdown Spectroscopy (LIBS) [Son97]. Figure 6.3

(a) shows the emission spectrum for femtosecond ablation of the smaller triangles in

�gure 6.3 (b). To get a su�cient signal to noise ratio, the measurement had to be aver-

aged over 40 irradiations. The sample was moved during the averaging time to ensure

a pristine sample for each shot.

The signal consists of a white light background with superimposed spectral lines

depending on the material being ablated. By comparing the signal collected during

ablation of the gold triangles with the one collected during pure silicon ablation, a

spectral line associated with the silicon plasma could be identi�ed (circle in �gure 6.3

(a)). Figure 6.3 (b) shows the evolution of the height of this line (after removal of the

white light background) for the three di�erent samples described above in dependence

of the maximum local �uence of the irradiating laser spot. Please note that the absolute

values of the line intensities between the pure samples and the larger triangles on the
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Figure 6.3: (a) Plasma spectra produced by the ablation of plasmonic triangles with a side
length of 100 nm and a thickness of 30 nm irradiated with di�erent incident �uences.
(b) Peak heights of a single spectral line that could be identi�ed to be speci�c for a silicon
plasma (marked in (a)) for the afore mentioned plasmonic gold triangles (green triangles),
larger plasmonic gold triangles (side length: 530 nm, thickness:40 nm - black squares), and
bare silicon (red dots) in dependence of the maximum incident �uence. The measurements for
the plasmonic particles have been �tted with a quadratic function with an o�set in x and y.

one hand and the smaller triangles on the other hand can not be compared, as the

experiment had to be realigned in between the measurements.

Because of the direct bandgap of silicon, which is larger than the energy of a single

800 nm photon, the absorption process in silicon is a two photon process. This would

suggest a quadratic behavior for processes resulting from this absorption. Unfortunately,

due to the rather poor signal to noise ratio of the spectra measured for the ablation of

pure silicon, the quadratic behavior is not clearly visible in this case. The spectra

measured during plasmon-assisted ablation, however, show a visible quadratic behavior.

To demonstrate this, they were �tted with a quadratic function featuring an o�set in x

and y. The o�set in x direction can be interpreted as the ablation threshold while the

o�set in y direction is caused by some remaining white light background irradiation. The

plasma thresholds derived from those �ts are 540± 220mJ/cm2 for the larger triangles

and 1± 140mJ/cm2 for the smaller ones.

Compared to the plasma threshold of bare silicon from literature (≈ 1 J/cm2 [Cav99]),

the plasma thresholds measured for plasmon-assisted ablation are reduced. Due to the

large margin of error, however, a comparison to the ablation thresholds of those samples

is not as easy. While the plasma threshold for the triangles with a sidelength of 530 nm

is above the ablation threshold measured for the same type of triangles (≈ 140mJ/cm2

� see table 5.1 in section 5.1.1), the plasma threshold for the smaller triangles is even
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6.1 Femtosecond Laser Ablation

below their ablation threshold (≈ 40mJ/cm2 - also table 5.1). For the smaller triangles,

however, the margin of error of the plasma threshold exceeds the ablation threshold by

far.

The measurement presented here can be used to demonstrate that the plasma thresh-

old is reduced in plasmon-assisted ablation. The question whether plasma formation

already takes place at the ablation threshold, however, cannot be answered as easily.

This would require a more accurate measurement of the plasma formation threshold.

It could be achieved by measuring the plasma irradiation with a photomultiplier. The

correct wavelength of the silicon plasma irradiation could be cut out by a narrow band-

pass �lter and a second photomultiplier with a slightly detuned band-pass �lter could

be used to subtract the background irradiation.

6.1.5 Ablation Broadening

As discussed in section 6.1.2, the smallest area a�ected by plasmonic near �eld ablation

is larger by a factor of roughly 3 than the size of the enhancement distribution calculated

for the plasmonic particle in this case. In absolute values, the widening accounts for

15 nm in one direction (compare �gure 6.2 (c) and (d)). Figure 6.4 presents a system that

can be used to gain more insight into this broadening process. Two triangles, produced

with electron beam lithography with straight edges, a side length of 530 nm, and a height

of 40 nm (a single triangle of this kind has been discussed in section 5.2) are positioned

with one tip pointing towards each other and varying distances. In calculations (�gure

6.4 (a)), one can see that the near-�eld distribution for the ablation wavelength of 800 nm

is only slightly - if at all - in�uenced by the presence of the second triangle. The absolute

maximum value is slightly (≈ 10%) higher for the triangles with a distance of 101 nm

but overall the calculated in�uence of the triangles on each other is neglectable1.

Figure 6.4(b) presents a comparison between measured and the calculated near-�eld

enhancement in dependence on the distance of the triangles in the bow-tie antenna.

The measured enhancement has been calculated by dividing the ablation threshold for

bare silicon (section 4.6) by the ablation threshold measured for each type of bow-tie

1Please note that the physical model for the simulation of the single triangle here and in �gure 5.4
is the same. However, while the distribution of both near �eld enhancement patterns is similar, the
calculated maximum near �eld enhancement is smaller by almost 20% in �gure 5.4. As the simulated
area in the calculations for the bow-tie antennas had to be larger, the simulation mesh could not be
set to be as �ne as in �gure 5.4 due to computational limitiations. This emphasizes the importance of
an experimental measurement of the near �eld. Even though the calculated �eld distribution resembles
the ablation pattern quite nicely and is stable for di�erent calculation parameters, the exact outcome
of the calculation still depends strongly on the exact computational parameters.

73



6 Nanoscale Material Processing by Light

0 %

of
NFE max

NFE max:

pol:

74 73 74 7081

  

 

 

triangle distance/nm triangle distance/nm

 

 

 

 

calculated NFEm
ea

su
re

d 
NF

E
calculated/m

ea sured NFE

20 40 60 80 100 120 20 40 60 80 100 12060

65

70

75

80

85

10

15

20

25

30

35

40

2

4

6

3

5

(a)

(b) (c)

30 nm 40 nm 60 nm 100 nm

100 nm

50 %

100 %

Figure 6.4: (a) Calculated near-�eld enhancement (NFE) distribution for bow tie antennas
with di�erent distances between the triangles (distances from left to right: 30 nm; 40 nm;
60 nm; 100 nm) as well as a single triangle (A SEM image of such a structure can be found in
�gure 4.2). The maximum NFE is given below the graphs. The simulation was performed with
"perfectly matched layer" boundary conditions and a simulation volume of 3x3.7x2.3µm3. The
meshing was set to automatic far away from the plasmonic structure and a manually re�ned
mesh with a cell size of 2x2x1.2 nm3 was added close to it.
(b) Calculated and measured NFE for the triangles depicted above.
(c) Ratio of calculated and measured enhancement. Solid line: ratio for a single triangle.
Dotted lines: errorbars for a single triangle.
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antenna. Comparing these measured near-�eld enhancements, there is an increase in

ablation threshold for the shortest distance. This e�ect becomes even more obvious

when the FDTD maximum near-�eld enhancement is divided by the measured one for

a given distance (�gure 6.4 (c)).

100 nm

polarization:

a) b)

0

5

Figure 6.5: SEM graph (a) and calculated �eld distribution (b) for the center region of a bow-
tie antenna with a distance of 30 nm (cut-out from �gure 6.4 (a)). The structure has been
irradiated with a 150 fs laser pulse (wavelength: 800 nm) with a local �uence of 90 mJ/cm2.
The scale in (b) has been narrowed down to show the �eld distribution in the region between
the triangles.

Figure 6.5 shows the region between a bow-tie antenna as described before with a

distance of 30 nm after irradiation with a local �uence of 90mJ/cm2 (a) as well as a

calculated �eld distribution for this con�guration. The scale for the distribution has

been adjusted to show the intensity enhancement in between the triangles. One can

see in �gure 6.5 (a) that there has been distinct ablation between the two triangles

(arrow in 6.5 (a)) even below the the triangle removal threshold. In the same region of

�gure 6.5 (b), the calculated intensity enhancement stays below a factor of 1, making it

improbable that the enhanced local �uence would reach the �uence needed to ablate the

underlying silicon substrate as the near-�eld enhanced local intensity stays well below

the ablation threshold of bare silicon (90mJ/cm2
· 2 = 180mJ/cm2 < 900mJ/cm2).

Postulating a broadening mechanism for the e�ects of the near-�eld enhancement

that disperses the energy deposited by the plasmonic near �elds could explain not only

the ablation in between the triangles in �gure 6.5 but also the decrease in the abla-

tion threshold for the triangles with a smaller distance in �gure 6.4. The higher �eld

enhancement could simply be interpreted as a superposition of the broadened e�ects

of the plasmon resonances of both triangles. Finally, it would explain the discrepancy

between the width of the near-�eld enhancement and the a�ected volume in �gure 6.2.
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Therefore, the �ndings in this section and �gure 6.2 suggest that the broadening takes

place in a region of 20 to 30 nm in diameter.

Such a broadening mechanism could not only explain the ablation described in this

section but also the signi�cantly lower enhancement factors found in all ablation ex-

periments when compared to the intensity enhancement calculated by FDTD. When

dissipated over a wider region, the overall e�ect of the near-�eld enhancement is dimin-

ished by a factor given by the ratio of the size of the near-�eld distribution and the

dissipation volume.

Such a mechanism has already been described by Geldhauser et al. [Gel12] for the

measurement of the near-�eld enhancement of triangular nanostructures by two-photon-

polymerization. In their case, they excluded a thermal mechanism. Interestingly, the

diameter of the broadening was also estimated to be roughly 25 nm, even though it takes

place in a polymeric matrix.

In the following I will suggest two mechanisms that can explain the dispersion of

energy during femtosecond near-�eld ablation. During irradiation, the energy of the

plasmonic resonance is stored in the electronic system of the plasmonic particle and the

silicon substrate (by the excitation of electrons in the conduction band of the metal and

electron hole pairs on the band gap of the semiconductor, respectively). As the pulse

length of the laser beam is shorter than the electron-phonon relaxation time in gold

or the relaxation time for the carriers in silicon, the energy is completely stored in the

electronic system of the plasmonic particle and silicon substrate. Assuming that the

resulting electric �elds are not strong enough to lead to direct breakdown of the ablated

material, the energy stored in the electronic system has to be transferred to the lattice

before a modi�cation of any kind can take place. This two-step process leads to two

di�erent possible explanations of the energy dispersion. One explanation stems from

the fact that the time scale of energy deposition is no longer given by the pulse length

of the laser but by the relaxation time of the electron-hole-plasma which is in the order

of a few picoseconds [Cav99, Ret02]. In a rough estimation, the thermal di�usion length

lD ≈
√
D · t [Bäu09] with the thermal di�usivity D = 8.6 · 10−5m2/s for silicon at room

temperature [Hul99] and a typical time t = 1ps is approximately 10 nm. This can only

be a very rough estimation, as the strong excitation of the silicon during melting and

therefore e�ects like non-thermal melting [Sta95, Sta94] are neglected.

The second possible dissipation process can be explained by regarding the relaxation

process itself. During relaxation, the carriers can transport the energy ballistically,

before they interact with a phonon. The length scale for this ballistic transport of
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6.1 Femtosecond Laser Ablation

energy is given by the mean free path of an electron. The mean free path of the carriers

in weakly doped silicon at room temperature has been measured to be in between 30 to

40 nm [Web91].

Even though the values for both the thermal di�usion length and the mean free path

at ambient conditions will not be exactly applicable for the highly excited silicon in the

case of this work, the good agreement between the values and the energy dispersion

length derived from the experiments is rather encouraging. Over all, either thermal

di�usion during carrier-phonon relaxation or ballistic transport of the energy deposited

by a plasmonic excitation might be responsible for a minimum interaction volume of a

femtosecond near �eld with the surrounding material. In any case, whatever the exact

dissipation mechanism might be, the complex nature of the femtosecond ablation mech-

anism leads to a large number of possible energy dissipation mechanisms. Therefore, a

dissipation-less near-�eld ablation mechanism is almost inconceivable.

6.1.6 Electromagnetic Source of Ablation

Up until now, all �eld enhancement in this work were discussed in terms of the �eld

intensity (|E2|). This physical quantity is assumed to be the basis for near-�eld ablation

in a wide range of publications. In the recent past, however, Harrison et al. have

presented data that suggests "that the plasmonic ablation [of silicon] with plasmonic

nanoparticles depends directly on [...] the value of the near-�eld enhancement of the

Poynting vector" (|P| = |1/2 ·E×H∗|) [Har10]2. This interpretation is still discussed

in the community [Har11, Bou11]. The more complex �eld distribution of the larger

round edged triangles discussed in section 5.2 represent a �tting base to contribute

to this discussion and and support the classical interpretation of the square of the �eld

strength being the source of near-�eld ablation. Figure 6.6 shows the calculated intensity

enhancement of the electric �eld (a) as well as the distribution of the norm of the

Poynting vector (c) for the same plasmonic structure (prepared by e-beam lithography

and previously discussed in section 5.2). Additionally, a SEM graph of an ablation

pattern of that structure is presented in �gure 6.6 (b). As only the distribution of the

pattern is discussed in this section, no absolute values for the calculations are given.

Comparing both simulations with the ablation pattern, the similarities between the

electric �eld intensity enhancement and the ablation pattern are obvious. The regions

2Regarding a plane wave, the energy deposited in a lossy material by the Poynting vector is the same
as calculated by the local intensity because E and H are perpendicular to each other [Bou11]. This is
no longer given in the case of an optical near �eld. Therefore the distribution of

∣∣E2
∣∣ and |P| di�er.
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200 nm

a) b) c)

polarization:

Figure 6.6: Comparison between the calculated near-�eld enhancement (
∣∣E2
∣∣) (a) and the

norm of the Poynting vector distribution (|P|) for a round edged triangle prepared by e-beam
lithography (as discussed in section 5.2) (c) and the corresponding ablation pattern (b).

with the strongest ablation are exactly in the regions predicted by the highest intensity

enhancement in this distribution. For the ablation spots on the lower side of the triangle,

the Poynting vector distribution does also predict a high enhancement. However, the

second largest enhancement in the Poynting vector distribution is predicted to be in the

upper tip of the triangle and not on the lower part of the other two sides of the plasmonic

triangle. Here, a large deviation between the distribution of the Poynting vector and the

ablation pattern is visible. Over all, the data at hand strongly suggests that, at least for

the plasmonic particles discussed in this dissertation, the intensity enhancement (|E2|)
of the electric �eld is responsible for the ablation of the silicon substrate.

6.2 Picosecond Laser Melting

In contrast to the aforementioned femtosecond irradiation studies, thermal di�usion be-

comes the dominating factor when ablation is done with laser-pulses with a duration

in the higher picosecond regime [Bäu00]. For plasmon-assisted ablation this leads to

a signi�cant decrease in near-�eld imaging resolution and renders this timescale use-

less for nanoscale material processing of the substrate. The resulting modi�cations of

the plasmonic structure, however, are of importance both from a technical as well as a

fundamental point of view. For fundamental considerations, the dominance of thermal

di�usion entails a simpli�cation in the distribution of the energy provided by the incom-

ing laser pulse. As the only distinguishable process of material modi�cation is melting

the near-�eld distribution can simply be considered a heat source. This simpli�es the

calculation and simulation of the thermal and mechanical processes after irradiation im-
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mensely. From a technical point of view, the system provides a spatially con�ned heat

source that is only limited by thermal di�usion for a given pulse length.

300 nm

300 nm

Figure 6.7: SEM micrograph, showing nanometer con�ned melting of plasmonic nanostruc-
tures. The triangles have been prepared by a colloidal mask (d=1740 nm). The polarization
of the incident laser light (wavelength: 800 nm, FWHM 300 ps) was slightly tilted against the
axis perpendicular to the line connecting both molten tips of the triangle. The image shows a
region of constant local �uence. The inset shows six di�erent triangles in more detail.

6.2.1 Phenomenological Description

Figure 6.7 depicts a larger area of nanotriangles after irradiation with a picosecond pulse

(FWHM 300 ps, wavelength 800 nm) of homogeneous local �uence. For all triangles,

the tips with the highest plasmonic resonance intensity (compare section 5.1.1 - even

though the larger triangles discussed there are slightly smaller than the triangles used

in this section, the overall intensity enhancement distribution should be the same) been

deformed into a spherical droplet, while the tip with low near-�eld enhancement has

not been altered. Additionally, the surface texture in the modi�ed region has changed.

While the unmodi�ed regions have a roughness comparable to the gold �lm as cast, the
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surface structure in the regions that show change due to the laser radiation is much

smoother.
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Figure 6.8: SEM Micrographs showing the evolution of lasermolten gold triangles (thickness:
40 nm, side length: 530 nm, prepared by 1.55µm diameter colloids) for increasing laser �uence;
lower left: overview of an ablation spot irradiated with a ps laser pulse (wavelength: 800 nm,
FWHM: 300 ps); small graphs: details at di�erent levels of incident laser �uence; the local
�uence is noted in each picture.

With increasing local �uence, lager parts of the triangles are deformed until only one

smooth, spherical particle can be found instead of the original triangle. Figure 6.8 gives

an overview over the di�erent stages of the picosecond melting/ablation for triangles

with a side length of 530 nm (Note that the polarization in this picture is perpendicular

to the polarization in 6.7). The near-�eld distribution for such triangles irradiated with

800 nm laser light has been discussed in sections 5.1 and 5.2. An image of the calculated
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�eld distribution of a similar triangle on a substrate with a slightly thicker SiO2 layer

(experiment: 1.5 nm, calculation: 2.4 nm) can be found in �gure 5.4 (lower right).

Above a local �uence threshold of 180mJ/cm2, no gold particles of the size of the

original triangles can be found anywhere on the substrate. For even larger intensities,

however, a formation of droplets in the former triangles positions and in between these

positions can be found. The size of the droplets between the triangle positions is roughly

constant, while the size of the droplets in the positions of the former triangles increases

with increasing �uence (see �gure 6.9). Larger droplets also appear between the former

triangle positions. Still, the smaller droplets do not change their size. Additionally, some

of the larger droplets can be found at the end of a "trail" on which the small droplets

have disappeared. The droplets consist of gold, as they can be removed by aqua regia

(see �gure 6.11).

For the highest intensities above 450mJ/cm2, a modi�cation of the silicon substrate

can be found. The modi�cation can �rst be found in the region where the tips of the

triangles with the highest near-�eld intensity were situated before removal. In contrast

to the relatively sharp ablation holes described in connection with femtosecond ablation

in chapter 6.1 the surface modi�cation in case of ps irradiation is a blurred-out region

that is slightly elevated against the unmodi�ed silicon (see also �gure 6.11).

To gain a deeper insight into the formation of these droplets, �gure 6.9 covers this

�uence regime in more detail. The upper row of SEM graphs in �gure 6.9 shows the

remainders of a plasmonic bow-tie antenna (as described in section 6.1.5, distance be-

tween the triangles: 40 nm, an unirradiated structure is depicted in �gure 4.2 (d)) after

irradiation with a picosecond laser pulse (wavelength: 800 nm, FWHM: 300 ps) at di�er-

ent incident local �uences. The diagram in the lower right shows the average projected

area of the resulting gold droplets as a function of the local incident �uence for three

di�erent regions on the triangles (colorcode: green: region of the tips of the triangles

directed towards each other; red: remaining tips; black: rest of the triangle; see the

dotted lines in the sketch of the bow-tie structure). The size of the droplets increases

with increasing local �uence. This is not only visible by comparing each picture but

also by comparing the droplets' sizes at di�erent regions in a single triangle. Addition-

ally, there is an outward �ow of particles from the original position of the triangle. In

addition to the particle size in the region of the irradiated bow-tie antenna, the size of

the droplets far away from the triangles was measured. It stays more or less constant at

a relatively low size around 30 nm2. Finally, the area fraction of the droplets is shown

in �gure 6.10 (a). One can see that the droplets do not only increase in size but also
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Figure 6.9: Droplet size distribution for increasing local incident power density.
Upper row: SEM Graphs of bow tie antenna structures irradiated with a 300 ps laser pulse.
Only half the structure is shown in each graph, with the triangles located at the right side of
the picture. The dotted lines give the outlines of the structure before irradiation. Below each
picture, the local incident �uence is given.
Lower row: middle: In-scale sketch of the bow tie antenna. The dotted lines indicate the
area in which the di�erent droplet sizes for the graph next to the sketch were taken. Right:
average droplet size for di�erent areas on the triangle over the local �uence of the incident laser
irradiation. Blue triangles: droplet size far from the bow-tie antenna.
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Figure 6.10: (a) Area fraction of the area covered by droplets; (b) particle volume per area
calculated from the data in (a) and �gure 6.9 assuming spherical particles; same color code as
in �gure 6.9

double the amount of area covered by them. This leads to an overall larger amount

of material redeposited on the surface. This is visible in �gure 6.10 (b). It presents

the redeposited volume per area calculated from the measured particle area and area

fraction data assuming spherical particles.

6.2.2 Mechanism

All the �ndings described above can be explained by ultrafast heating and subsequent

melting, evaporation and overheating of the plasmonic nanostructures and the under-

lying substrate. Assuming that the heat is produced in the area of the highest near-

�eld intensity for the duration of the laser pulse, the relatively short thermal di�usion

length leads to strong thermal gradients with a length scale that is below the dimen-

sions of the plasmonic particle (Thermal di�usion length: lD =
√
Dτ ≈ 200 nm with

D = κ/(cp · ρ) = 1.27 · 10−4m2/s: thermal di�usivity of gold and τ = 300 ps: the pulse

length of the laser pulse � κ: thermal conductivity; cp: speci�c heat capacity; ρ: density).

For higher intensities, larger parts of the triangles melt until there is no solid material

left. The removal process for the liquid gold droplets has been described for nanosecond

pulses by Habenicht et al. [Hab05]. Basically, the potential energy that is stored in

the �at triangle as compared to its round droplet form on a non-wettable surface is

transferred into kinetic energy that launches the particle from the surface.

In contrast to the nanosecond particle removal, however, there are some more complex

energy regimes accessible with picosecond laser irradiation (see �gure 6.9). Here, the

gold of which the plasmonic triangle consisted is partially found in the form of droplets
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on the surface after irradiation. The droplets are not only found in the positions where

the triangles where situated before the laser irradiation but also in regions far away from

those. However, while the droplets far away from the original positions of the plasmonic

particles do not change in size or area density for higher �uences, the droplets in the

positions of the plasmonic particles increase in size and area density. This means that

an increasing amount of gold is situated here after the irradiation process. This is also

true for regions that have higher local �uences due to near-�eld enhancement inside of

a single plasmonic particle when compared to regions with lower local �uence (compare

the particle size of the corners of the plasmonic particle (red dots and green triangles)

with the one for the center of the particle (black square) for any given incident �uence

in the dot graph in �gure 6.9). Looking at the outlines of the plasmonic triangle before

irradiation (dotted white lines in the SEM graphs in �gure 6.9), one can see that the

larger droplets can also be found in a region around the original position of the triangle.

While the exact pathways leading to the formation of the droplets on the surface is

not fully deducible by the data at hand, the most probable explanation is the following:

During the irradiation, the energy deposited in the electronic system of the triangle is

transformed into heat. This leads to a rapid evaporation of the plasmonic particle. The

resulting dense gold vapor cannot expand immediately due to the surrounding atmo-

sphere. Additionally, the underlying substrate is not heated to the same temperature

as the plasmonic structure above. Therefore, the gold starts to condense on the silicon

surface. For higher substrate temperatures, the resulting droplets are more mobile on

the surface and recombine to larger droplets freeing more space on the silicon substrate

in the process. This leads to larger droplets and an overall higher condensation rate in

regions with a higher temperature. As in areas of higher near-�eld enhancement higher

temperatures in the plasmonic particle are reached, which will also result in higher local

temperatures in the silicon substrate, these processes could explain the counter-intuitive

�ndings that larger droplets and more gold is found in regions of higher incident �uence.

For even higher local �uences, the underlying substrate is damaged. Comparing this

surface modi�cation to the ablation with femtosecond pulses, however, a distinctive

di�erence between the region that was in�uenced by the near �eld is visible (see �gure

6.11). For femtosecond pulses, the modi�cation of the surface always consists of a

crater accompanied by higher rims of material expelled from the ablation center (�gure

6.11 (a)). The changes in the sample's surface produced by picosecond plasmons are

of a di�erent nature. In contrast to the ablation with femtosecond pulses, the �rst

signs of surface change are not only of larger dimensions due to the larger area a�ected
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Figure 6.11: AFM Graphs of the modi�ed surface after irradiation of two similar plasmonic
structures with 150 fs (a) and 300 ps pulses (wavelength: 800 nm � please note that the structure
ablated in (b) was approximatly 15 % larger (prepared with colloids with a diametre of 1.74µm)
than the one in (a) (prepared with colloids with a diametre of 1.5µm).) Thickness of both:
40 nm. To be able to prepare the image in (b) the gold droplets on the substrates surface had
to be removed by aqua regia. Even though the di�erent sizes lead to a di�erent maximum near
�eld enhancement, the overall distribution for the near �eld of the two structures is comparable.

by heat, they also only show a slight surface elevation (�gure 6.11 (b)). For higher

intensities, holes can also be found, but the elevated areas are always larger than the

holes. Additionally, the rims around the femtosecond holes are much smoother than the

elevated areas in picosecond ablation.

Again, the �ndings described above can be explained by fast local heating. As soon as

the energy deposited in the silicon (by the part of the near �eld that enters the silicon but

also by the thermal energy transferred from the plasmonic triangle into the substrate)

exceeds the melting threshold, liquid silicon is formed. Upon its fast resolidi�cation it

will not return to its single crystalline form but will stay in a polycrystalline or even

amorphous state.

6.3 Conclusions

In this chapter, several examples that demonstrate the complex link between the near-

�eld enhancement distribution of a plasmonic structure and the ablation pattern after

ultrashort laser irradiation in the structure's substrate were presented. The data pre-

sented in section 6.1 provided an overview over the several classes of modi�cation acces-

sible with femtosecond laser irradiation as a function of the local �uence. The resulting

patterns were the basis for a discussion of the details of the ablation process. It could

be identi�ed to be basically the same as for classical femtosecond ablation of silicon.

In the ablation crater of dipolar excited triangles, features with a size as small as λ/80

could be identi�ed.
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Using bow-tie like plasmonic structures, a dissipation e�ect for the deposited energy

has been demonstrated (section 6.1.5). The length scale of this broadening can be es-

timated to be in the region between 10 and 20 nm. As a possible explanation for this

broadening e�ect two ideas were presented: Firstly, the energy could dissipate through

thermal di�usion during the relaxation time of the electron-hole plasma. The other pos-

sibility would be ballistic transport of the hot electrons' energies before thermalization.

Additionally, light emission measurements in section 6.1.4 were used to estimate the

role of plasma formation during near-�eld ablation. The �ndings in this section sug-

gest that the plasma formation threshold decreases due to the near-�eld enhancement.

Finally, a comparison between measurement and calculation demonstrated that the com-

monly used enhancement of the intensity of the electromagnetic �eld and not the Poynt-

ing vector distribution, as it has been suggested recently, is the source of the near-�eld

ablation of silicon (section 6.1.6).

The �ndings of the �rst part of this chapter lead to the conclusion that near-�eld ab-

lation just above the ablation threshold can be described by a energy dispersive heating

mechanism. The energy deposited in the electron-hole system of the sample is spread

either during or before thermalization to the phononic system takes place. After ther-

malization, the substrate is partially evaporated and partially lique�ed, leading to the

characteristic formation of rimmed holes in the surface in the regions of highest near-�eld

enhancement.

In the second part of this chapter (section 6.2), picosecond (FWHM: 300 ps) laser

irradiated plasmonic particles were analyzed to compare the �ndings in the previous part

with a time regime completely ruled by thermal di�usion. For the �rst time, nanometer-

con�ned melting of plasmonic particles has been demonstrated in the course of this work.

Its length scale is in agreement with the thermal di�usion length for the Several regimes

of modi�cation of the plasmonic nanostructure as well as the underlying substrate have

been shown (section 6.2.1). All the phenomena could be linked to thermally driven fast

melting and evaporation of the plasmonic particles and the underlying substrate (section

6.2.2).
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This work has provided an overview of the mechanics of plasmonic near-�eld ablation.

It could be shown that near-�eld photography by direct ablation of the substrate can be

used as a quantitative tool to measure the near-�eld distribution as well as the absolute

near-�eld enhancement below plasmonic nanostructures on silicon. Concerning the ab-

lation mechanism itself, ablation on the nanometer scale has shown to possess the same

features as classic femtosecond ablation of silicon. Therefore, the ablation mechanism

was described to be similar to the non-plasmon assisted one, namely relaxation of the

electron-hole-pairs in the excited substrate with either thermal or non-thermal melting,

subsequent evaporation and possible plasma formation depending on the incident local

�uence.

Even though a largely coherent view on the ablation process in the vicinity of plas-

monic nanostructures is possible with the data at hand, some improvements of the

measurement methods as well as the calculations could provide an even deeper insight

into the ablation mechanism. The straight-forward method to measure the threshold

�uence for plasmon-assisted ablation as described in section 4.5 leads to results with a

relatively large margin of error (see "Error Estimation" in section 5.1.1). To improve

this method, the crater left behind by plasmonic ablation should be analyzed by topo-

graphic AFM measurements. Plotting the depth of the ablation crater over the local

�uence, one should be able to measure the ablation threshold more accurately (This has

been shown for spherical plasmonic particles by Eversole et al. [Eve07]). This method

would also render the need for the removal of the plasmonic structures obsolete. With

the current method, the plasmonic structures have to be removed to analyze the sam-

ple if the removal threshold of the particle is higher than the ablation threshold of the

sample, as the view on the ablation craters is otherwise obstructed.

Furthermore, the ablation distribution does not only contain information on the max-

imum �uence enhancement below a plasmonic structure. Using the ablation pattern for

di�erent incident �uences, maps of the enhancement could be compiled. More informa-

tion on the energy deposited in the plasmonic system could also be derived from the
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picosecond-ablation measurements. Up until now, the changes in the plasmonic parti-

cles as well as the substrate have only been described in a phenomenological way. As

the thermodynamic pathways are well known for that time regime, a more thorough

analysis of the molten areas in the plasmonic triangles and the substrate might proof to

be a valuable tool for further validation of the FDTD calculations.

The measurements in this thesis have suggested a minimum feature size that is possible

to achieve by femtosecond near-�eld ablation of silicon. As a cause of this minimum

a�ected volume, the relaxation of the excited electron-hole plasma during near-�eld

ablation has been suggested. This relaxation is only part of the ablation process for

metals and semiconductors. In excited dielectrics, the high �elds cannot be compensated

by free charge carriers. Therefore, ablation is caused by coulomb explosion. Accordingly,

plasmonic ablation of a dielectric substrate might lead to even smaller ablation features.

Regarding the simulations, the source of the ablation-broadening e�ect (as described

in section 6.1.5) could be investigated in more detail using the output of the FDTD

simulation as an input for a spatially resolved simulation of the elctronic and phononic

system of the plasmonic structure and substrate. This has been done with a two-

temperature model only for the plasmonic structure by Nedyalkov et al. [Ned11] for gold

nanospheres on PMMA. In the present case, however, a simulation of the substrate's

electronic and phononic system would also be needed.

From an applicational point of view, in addition to sub-wavelength patterning of

surfaces by ablation, two aspects of this work might be of special interest. Even though

the plasmonic ablation process can take place without the formation of a measurable

plasma, for structures with a high near-�eld enhancement a reduction of the plasma

threshold could be shown in section 6.1.4. This might hint at the formation of a plasma

with nanometer dimensions. Such a nanometer-scale plasma formation could be used

to change chemical properties of the substrate locally. This could be interesting from

a biological point of view, as plasma treatment of a substrate can change the binding

behavior of cells.

The strong thermal gradients in triangles irradiated with picosecond laser pulses as

described in section 6.2 might also be interesting for biological applications. Plasmonic

particles heated by laser pulses have been discussed to be used as "nano-stoves" for

biological tissue in biosensors or for cancer thermotherapy [Hre10, Ste08]. In addition

to the spherical particles described in literature, the selective heating of single tips of the

plasmonic triangle would make it possible to compare heating e�ects under otherwise

invariant conditions on a very small scale.
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This dissertation provides a detailed overview of the mechanism behind direct ablation

as a near-�eld photography technique and explores the possibilities and limitations of

plasmonic near �elds for the nanostructuring of substrates by direct ablation. Two main

aspects of plasmonic near-�eld ablation are examined in greater detail. In chapter 5,

highly detailed measurements of the near-�eld ablation distribution as well as quan-

titative measurements of the maximum near-�eld enhancement are presented. Those

measurements are compared to Finite Di�erence in the Time Domain (FDTD) simula-

tions which show good agreement in the intensity distribution. Comparing the values

for the maximum �uence enhancement, however, a deviation between experiment and

simulation is found. The simulated maximum intensity enhancement is larger than the

measured one by a factor of between 4 to 10 depending on the size and shape of the

plasmonic particle.

To comprehend this deviation, chapter 6 scrutinizes the mechanism responsible for

the plasmonic near-�eld ablation of silicon in more detail. In this chapter, ablation

features with a scale down to λ/80 are presented. Additionally, a mechanism limiting

the minimum ablation volume for direct ablation of semiconductors is described.

Irradiation Fluence Distribution To be able to measure the ablation threshold and

near-�eld enhancement of plasmonic nanostructures an exact knowledge of the irradi-

ating laser's �uence distribution is of great importance. In section 4.4.2, a method

described by Liu [Liu82] to quantitatively measure the expansion of a Gaussian inten-

sity distribution is extended to be applicable to an Airy pattern, the result of Fraun-

hofer di�raction. A theoretical argument (section 4.4.1) as well as a comparison with

experimental data (section 4.4.2) demonstrates the better agreement of the Airy-like

distribution with the �uence distribution on the sample's surface (see section 4.1).

Near Fields of Plasmonic Particles In chapter 5, near-�eld ablation in combina-

tion with FDTD calculations is used to discuss fundamental parameters in�uencing the
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near-�eld distribution and absolute intensity enhancement of a metallic nanostructure.

Triangular structures with di�erent sizes and di�erently shaped edges were prepared

by colloidal and electron beam lithography. Comparing the ablation distribution and

absorption spectrum of triangles of two di�erent sizes (sidelength: 85 nm and 530 nm),

a previously surprising �nding is explained: For the larger triangle, the tips with the

highest intensity enhancement are tilted 90° against the polarization of the illuminat-

ing laser. This is due to the fact that the 800 nm laser irradiation excites higher-order

plasmonic modes in the larger triangular structures. In the smaller structures, the fun-

damental dipolar mode is excited by the 800 nm laser light. The ablation distribution

of both types of triangles was reproduced in great detail by FDTD simulations with

a three-dimensional model which included the main parameters of the shape and sur-

roundings of the plasmonic structure (shape of the edges and tips, SiO2 layer between

silicon and the structure).

Quantitative measurements revealed a maximum enhancement factor of about 25 for

the dipolar excitation and about 7 for higher order modes. This is roughly 10 and 5 times

smaller than the factor derived from the corresponding FDTD calculations, respectively.

Subsequently, the importance of the exact shape of a nanostructure for the distribution

of the near-�eld enhancement is demonstrated by comparing the ablation distribution

and enhancement factor of two similarly sized triangular structures prepared by electron-

beam lithography. Only di�ering in the curvature of the edges, a distinct di�erence in

absolute near-�eld enhancement and ablation distribution was found for the two types

of triangles. This behavior was reproduced by FDTD calculations. This is of great

importance, as the triangular structures with the curvature-free edges resemble a model

that was used in earlier near-�eld calculations. With those calculations, the ablation

distribution of the nanotriangles could not be reproduced correctly. Therefore, the

ablation measurements on di�erently shaped edges emphasize that simpli�cation should

be used carefully when designing a model for calculations.

Finally, ablation distributions of larger triangles for di�ering wavelengths are com-

pared to calculated enhancement distributions and a calculated absorption spectrum.

Using these measurements, the role of di�erent higher order modes in the plasmonic

response of a nanotriangle is discussed. It is shown that a mixture of di�erent modes is

excited during femtosecond laser illumination.

Nanoscale Material Processing by Light In the �nal chapter, the mechanism of

femtosecond ablation by plasmonic structures is investigated. To investigate the presence
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of a plasma during ablation on the nanometer scale, the optical emission during near-

�eld femtosecond ablation is analyzed spectrally. The �ndings suggest that the plasma

formation threshold is reduced during near �eld ablation.

Additionally, the �uence-dependent shape of the ablation crater is investigated. It

shows the same features, especially regarding the rims, as craters prepared by femtosec-

ond ablation of bare silicon. Taking into account the shape of the ablation crater and

redeposited substrate material, plasmon-assisted ablation shows the same characteristics

as non-plasmon-assisted ablation only on a smaller scale.

By illuminating triangles with a side length of 85 nm with a 800 nm, 150 fs laser

pulse, ablation pattern with a crater diameter of down to 10 nm (λ/80) were prepared.

This is the same size as the dimensions of the near-�eld enhancement predicted by

FDTD simulations. Regarding the whole area a�ected by the near-�eld ablation (i.e.

including the rim of the crater), the lateral dimensions are roughly three times larger

than expected. Also taking into account measurements that show ablation in the middle

of a dipolar antenna � a region where no signi�cant near-�eld enhancement is predicted

by calculation for the illuminating wavelength � a dispersion mechanism for the energy

deposited by the plasmonic near �eld is proposed. Either thermal di�usion or a ballistic

transport of energy by the electron system could be responsible for the broadening of the

volume e�ected by the plasmonic near �eld. This energy dissipation could also explain

the reduced values measured for the maximum intensity enhancement in comparison to

the calculated values. If the energy deposited in the substrate is dissipated, the e�ective

enhancement is reduced by a factor determined by the ratio of excitation and dissipation

volume.

To compare the �ndings for the femtosecond ablation experiments to a completely

thermally driven ablation process, plasmonic triangles were irradiated with 300 ps,

800 nm laser light. The �uence-dependent modi�cations of the plasmonic structures

and the substrate are ascribed to a heating process with the heat sources in the regions

with the highest near-�eld intensities. Additionally, nanometer-con�ned melting of the

plasmonic structures could be demonstrated. This represents a plasmonic "nano-stove"

that might prove interesting from an applicational point of view.
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