Attosecond Electron Transport
in Plasmonic Nanostructures

Doctoral thesis for obtaining the
academic degree Doctor of Natural Sciences

(Doctor rerum naturalium)

submitted by

Tobias Rybka

at the

Universitat F==mE
Konstanz

:%:F:
E=

Faculty of Sciences

Department of Physics

Konstanz, 2018



Date of the oral examination: Mai 11, 2018
1. Reviewer: Prof. Dr. Alfred Leitenstorfer

2. Reviewer: Prof. Dr. Daniele Brida



Contents

List of Acronyms

1.

Introduction
Einleitung . . . . . . . .

. Strong-field electron emission from metal surfaces

2.1. Light-induced electron emission from metal surfaces . . . . . . . . .. ...
2.1.1. Linear photoelectric effect . . . . . . . ... ... ... ... ...
2.1.2. Multiphoton photoemission . . . . . .. ... ... .. .......
2.1.3. The Keldysh theory and strong-field driven tunneling . . . . . . ..

2.2. Electron emission in strong static electric fields . . . . . . .. ... .. ..

2.3. Optical near-field enhancement at plasmonic nanostructures . . . . . . ..
2.3.1. Optical near-field enhancement in a bowtie nanoantenna . . . . . .

. Passively phase-locked single-cycle light pulses in the near infrared

3.1. Few-cycle light pulses . . . . . . .. .. ...
3.2. Ultrabroadband Er:fiber laser technology . . . . . .. ... ... ... ...
3.3. Femtosecond Er:fiber oscillator . . . . . . . . . . ...
3.4. Passive carrier-envelope phase stabilization . . . . . . .. .. ... ... ..
3.4.1. Ultrafast femtosecond Er:fiber amplifier . . . . . . . . ... ... ..
3.4.2. Frequency conversion in a highly nonlinear fiber . . . . . . . .. ..
3.4.3. Difference-frequency generation within lithium niobate . . . . . ..
3.5. Synthesis of light pulses with a single optical cycle . . . . . . . .. ... ..
3.5.1.  Generation of an ultrabroad spectrum . . . . ... ... ... ...
3.5.2. Dispersion control by means of a prism sequence . . . . . . . .. ..
3.6. Detection and control of the carrier-envelope phase . . . . ... ... ...

. Fabrication and characterization of electrically contacted nanoantennas

4.1. Fabrication of electrically contacted bow-tie shaped nanoantennas . . . . .
4.1.1. Layout . . . . . . . . .
4.1.2. Nanofabrication by electron-beam lithography . . . . . . . .. . ..
4.1.3. Electrical interconnecting circuit . . . . . . .. .. ..o

4.2. Stationary current-voltage characteristics . . . . . . . . ... ... ... ..
4.2.1. Setup and measurement scheme . . . . . . .. ... ... L.
4.2.2. Stationary electrical properties of a contacted optical antenna

4.3. Conclusion . . . . . . . . L

11
11
11
12
15
19
22
24

29
30
32
33
36
39
42
48
49
49
23
61

65
65
66
66
71
72
72
73
76



CONTENTS

5. Attosecond control of electron transport in an electrically contacted nano-

antenna

5.1. General principle . . . . . . ..o

5.2. Experimental setup . . . . . ...

5.3. Single-electron transport controlled with the carrier-envelope phase

5.4. Modelling of the attosecond electron transport . . . . . . . ... ... ...
5.4.1. Assessment of the time-dependent tunneling current . . . . . . . . .
5.4.2. Field-driven ballistic propagation in the nanoantenna gap . . . . . .
54.3. Conclusion . . . . . . . . ..

Conclusion and outlook
Zusammenfassung und Auslick . . . . .. ... oo

. Appendix

A.1. Full temporal characterization of ultrashort pulses . . . . . . ... ... ..
A.1.1. Frequency-resolved optical gating . . . . . .. ... ... ... ...
A.1.2. Two-Dimensional spectral shearing interferometry . . . . . . . . ..

A.2. Calculation of the optical electric field strength . . . . . . .. ... .. ..

A.3. Optical pulse synthesis by coherent superposition . . . . . . . ... .. ..

A.4. Dependence of the single-cycle synthesis on the relative carrier phases . .

A.5. Tailored waveforms in the near infrared . . . . . . . . ... ... ... ...

A.6. Pulse parameters of the ultrabroad Er:fiber laser setup . . . . . ... ...

Bibliography

Publications and conference talks

Acknowledgements

i

105
108

111
111
111
113
114
116

. 118

121
125

125
149

151



Contents

OPA optical parametric amplifier

BEM boundary element method

ATP above-threshold photoemission
ATI above-threshold ionization

RSD relative standard deviation

FN  Fowler-Nordheim

2DSI two-dimensional spectral shearing interferometry
SMU source meter unit

AFM atomic force microscope

SEM scanning electron microscope

EBL electron-beam lithography

RMS root-mean-square

BBO beta barium borate

TBP time-bandwidth product

CEP carrier-envelope phase

CEQO carrier-envelope offset

SAM semiconductor saturable absorber mirror
GDD group delay dispersion

GVD group velocity dispersion

SPM self-phase modulation

XPM cross-phase modulation

FWM four-wave mixing

PPLN periodically poled lithium niobate
SRS stimulated raman scattering

DFG difference frequency generation

1ii



CONTENTS

NLSE nonlinear Schroedinger equation
ZDW zero-dispersion wavelength
WDM wavelength-division multiplexing
EDF erbium doped fiber

EDFA erbium-doped fiber amplifier
MFA mode field area

MFD mode field diameter

HNF highly nonlinear bulk silica fiber
PCF photonic crystal fiber

PM polarization-maintaining

NPE nonlinear polarization evolution
NALM nonlinear amplifying loop mirror
FWHM full-width at half-maximum
FROG frequency-resolved optical gating
IMFP inelastic mean free path

EMFP elastic mean free path

I-V  current-voltage

v



CHAPTER 1

Introduction

Elementary phenomena in nature take place on very different time scales. The fastest
events in atoms, molecules and condensed matter are linked to the movement of electrons
and occur on an ultrashort time scale of femtoseconds (1fs = 107'%s) down to attoseconds
(las = 107'8s). The quest to observe and ideally control electron dynamics in matter
on these fundamental time scales inevitably requires light sources that are capable of
generating intense ultrashort light pulses. They offer the ability to manipulate and control
the movement of electrons via their rapidly varying strong electric field on an attosecond
time scale [Cor07, Bor12, Ghil4, Guél6]. A long-term goal is to control electron dynamics
with this unprecedented precision in nanostructured materials to develop innovative
concepts for nanoelectronic devices. Here, the field of plasmonics may play a key role.
It provides capabilities to concentrate the electric field of light to dimensions as small
as a few nanometers, thus to the scale of modern integrated circuits [Gral0]. The work
presented in this thesis contributes to this new research field of light-field-driven electronics
on ultrashort time scales.

At high optical intensities, light-matter interaction is governed by the electric field of
the exciting light. Field-driven effects take place if the optical electric field becomes
comparable to the binding force seen by the electron in matter. In this regime, the field
cannot be simply regarded as a weak perturbation anymore. The notion that the state of
an atom is only weakly or perturbatively influenced by the electric field must be dropped;
the interaction dynamics can no longer be described by perturbation theory [Blo82].

Instead, intense light pulses or nonperturbative interactions effectively modify the
potential landscape on which electron dynamics occur [Sus06]. In a semi-classical picture,
the strong electric field bends the electronic potential as such that it creates a penetrable
tunneling barrier through which an electron leaves its atomic orbital. The tunneling event
occurs most likely within a very short period of time around the strongest peaks of the
laser field. This highly nonlinear process was described already shortly after the discovery
of the pulsed operation of lasers in Leonid Keldysh's seminal theoretical work [Kel65].
After liberation, an electron experiences a strong acceleration in the alternating electric
field. This motion can result in a series of phenomena that do not occur in weak laser fields
[Cor93, Pau9b, Eic09]. For example, if the released electron is accelerated back to, and
absorbed by, the ionized atom, the ion returns to its original atomic state accompanied
by the emission of coherent high harmonics of the driving carrier wave [McP87, Lew94].
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This phenomenon has drawn considerable attention as it gives access to extreme photon
energies and enables the generation of attosecond light pulses [Ant96, Pau0l, Ago04].
The ultrafast movement of the quasi-free electron depends critically on the electric field
waveform and the time at which the electron leaves the atom. Therefore, controlling the
electron dynamics requires pulses with precisely controllable and reproducible temporal
profile of the electric field.

Ultrashort light pulses comprising merely only a few wave cycles [Bal97, Sut99, Rau08,
Bri08] or even only a single cycle of the electromagnetic field [Kral0, Jun10, Wirll]
became available by the turn of the millennium. The small number of wave cycles allows to
control fast electron dynamics via the absolute phase of the electric field under the envelope
[Jon00, Bal02, Gou08]. This so-called carrier-envelope phase (CEP) determines the electric
field profile in a well-defined manner, and thereby the amplitude and direction of the
strongest optical half wave. However, due to the different phase and group velocities in a
resonator, the CEP generally shifts by a constant slippage from pulse to pulse. Techniques
how to get access to the CEP of the consecutive pulses and to stabilize it are therefore
absolutely essential [Jon00]. In particular, a completely passive approach for setting the
carrier-envelope slippage to zero by exploiting the ultrafast nonlinearity of a nonlinear
crystal provides a pulse train of identical pulses with highest short-term and long-term
phase stability [Bal02, Man04, Krallb].

The transient character of few-cycle pulses in the infrared allows to apply very strong
optical electric fields to bulk transparent solids without causing damage [Len98, Junl0,
Ghil4, Woll5]. Only recently has it been possible to detect the generation of high
harmonics in dielectrics and high-band-gap semiconductors [Ghil4, Luul5|. In [Schl3al,
it was reported that a few-cycle waveform strongly increases the conductivity of quartz
glass due to a transient occupation of the conduction band. These studies demonstrate
that electronic properties in condensed matter can be controlled on a subcycle time scale.
However, the diffraction limit of light restricts the minimum focal spot size to greater than
half the wavelength in a dielectric.

In contrast, metallic nanometer-sized structures allows to confine optical electric fields
to dimensions as small as a few nanometers [Gral0, Benl6]. Thus it provides a pathway
towards controlling strong-field electron dynamics on the smallest length scales. A subject
of many previous investigations is emission of electrons from sharp metal tips [HomO06,
Borl0, Her12, Kriil2a]. In addition to the prospect of enabling electron microscopes with
a femtosecond resolution [Feil7|, the experiments aimed at studying strong-field electron
dynamics at metal surfaces by recording the energy distribution of electrons reaching the
far field. Analogous to the atomic case, electrons can tunnel out of the metal surface if the
field strength is sufficiently high and the carrier frequency is low enough [Bun65, Her12].
The latter is due to an increasing tunneling probability as the period of the optical carrier
wave increases. Consequently, light induced tunneling could be demonstrated in the
microwave range [Cha63, Tan94a], in the THz range [Wim14] and in the mid infrared
[Her12]. In the near infrared, the probability typically predominates that an electron



escapes from a metal surface by the absorption of several photons. However, the effect
of a plasmonic field enhancement can be exploited to reach the nonperturbative regime
in this spectral range [Sch12a, Pigl13]. Tunneling using near-infrared pulses is appealing
due to the fast oscillation of the electric field. Here, tunneling events take place on a time
scale of only a few hundred attoseconds.

In this context, this work shows that near-infrared light pulses with a duration of a few
field cycles can be used to generate fully phase-coherent tunneling currents between two
contacts in a plasmonic nanoscale device.

Sophisticated erbium-doped fiber laser technology [Bril4]| provides an ideal technological
platform to perform this experiment. It provides the generation of pulses comprising
merely a single optical cycle at a wavelength around 1.3 um [Kral0], and it offers the
flexibility to passively stabilize the CEP [Krallb]. CEP stabilization is crucial to the
experiment in order to have reproducible tunneling events. Furthermore, the relatively
long carrier waves promise an increased tunneling probability compared to widely used
titanium-sapphire laser wavelengths at 800 nm.

With the ultrashort pulse source built in this work, such a combination is available for the
first time. The system provides single-cycle 4.2-fs pulses with a passively stabilized CEP,
and operates at a high pulse repetition rate of 80 MHz to allow a high signal-to-noise ratio
in the experiment. Another innovation of the system is that the CEP of the single-cycle
pulses can be varied without affecting their temporal envelope.

The nanodevice in this work consists of two nanoelectrodes that are separated by a gap of
only a few nanometers. In order to achieve strong electric fields even at low pulse energies,
both electrodes are shaped like sharply pointing triangles, also jointly called a plasmonic
bowtie nanoantenna. Like its bowtie shaped microwave antenna pendent [Gro97], it has the
ability to strongly enhance the electric field inside its sub-wavelength gap. Few-femtosecond
pulses with energies in the picojoule range can thus achieve extremely high field peaks of
100 V/nm. This corresponds to local intensities of 1 PW/cm?, an order of magnitude that
is hardly achievable in dielectric systems without damage [Len98, Ghil4]. These fields are
still non-disruptive, because they exist only in a very small volume and, in contrast to the
static case of such a bias voltage, over a period of only a few femtoseconds. In addition
to the strong field enhancement, plasmonic nanoantennas in the near infrared provide
ultrafast response times [Han12|, preserving the temporal field profile of the ultrashort
pulses.

In the experiment, a single bowtie nanoantenna is irradiated by the single-cycle light
pulses. The few-nanometer gap effectively acts as a tunneling barrier with a strong
nonlinear and antisymmetric current-voltage characteristic. Electrons tunnel out of a
contact into the gap. Subsequently, they accelerate in the optical field and move ballistically
to the other contact in less than a femtosecond. The high nonlinearity of the field emission
process in combination with the few-cycle driving pulses leads to a dominant tunneling
current in the direction of the strongest half cycle, and thus to a net transport of electrons.
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This transport can be completely controlled via the CEP.

This dissertation is organized as follows. Chapter 2 provides background knowledge on
the fundamental mechanisms in light-matter interaction that lead to electron emission from
metal surfaces. Emphasis is put on photoemission processes which preserve the temporal
confinement of the triggering light pulse. The limiting cases of multiphoton photoemission
in moderate and high-frequency fields and the field-driven tunneling emission in strong
and low-frequency fields are described by Keldysh theory. Plasmonic nanoantennas are
introduced in the last section, and the field enhancement and dephasing time of a bowtie
shaped nanoantenna are calculated.

Chapter 3 describes the entirely homemade femtosecond Er:fiber laser system in detail.
After a brief review of ultrabroadband Er:fiber laser technology, the oscillator is introduced.
It generates femtosecond pulses with highly stable pulse shape at a central wavelength
of 1.5 um, and at a pulse repetition rate of 80 MHz. The technique of passive phase
stabilization is addressed afterwards. It is based on the idea of generating the difference
frequency of two spectral components within the same frequency comb. For this purpose, a
spectrum tunable over a range from 0.8 um to 2.2 pm is generated in a highly nonlinear bulk
silica fiber. Subsequently, the difference frequency at a corresponding central wavelength
of 1.5 um is created. This allows to proceed in the scope of the Er:fiber technology: The
phase-locked pulses are re-amplified by means of an efficient fiber amplifier, and pass
through a pulse compressor. The increased intensity of the pulses enables generation
of a supercontinuum in a tailored highly nonlinear fiber. The resulting spectrum spans
over the entire range from 0.8 um to 2.2 um. An accurate control over the spectral phase
is achieved by an advanced prism compressor [Selll, Riel6|, allowing the synthesis of
4.2-fs single-cycle pulses. The CEP and its temporal stability is detected using a f-to-2f
self-referencing technique, as presented in the last section.

The fabrication and characterization of the electrically contacted bowtie nanoantennas
are addressed in Chapter 4. After introducing the electrical interconnecting circuit design,
the nanofabrication by means of electron beam lithography is presented. In addition,
stationary current-voltage characteristics of the device are recorded to investigate the field
emission behavior under a static electrical bias. The electronic transport is further studied
by applying high static bias voltages above a junction-specific damage threshold level.

The experimental results of the optically induced electron transport are the subject of
Chapter 5. After an introduction of the basic experimental idea and the experimental
setup, CEP and intensity dependent tunneling current measurements are presented.
Based on the experimental data, a robust method for estimating the instantaneous
tunneling currents is presented. Classical trajectories of electrons released by tunneling
and accelerated in the optical field are calculated. They permit to estimate the time it
takes for an electron to reach the other contact. The chapter concludes with a discussion
on the elementary electron dynamics in the nanogap and the detection process.



Einleitung

Elementare Vorgénge in der Natur finden auf unterschiedlichsten Zeitskalen statt. Die
schnellsten Vorgénge in Atomen, Molekiillen und kondensierter Materie sind mit der
Bewegung von Elektronen verkniipft und spielen auf der extrem kurzen Zeitskala von
Femtosekunden (1 fs = 10717 s) bis hin zu Attosekunden (1 as = 107!8s) ab. Die Vision,
Elektronendynamiken nicht nur in Echtzeit zu verfolgen, sondern auf diesen fundamentalen
Zeitskalen gezielt zu kontrollieren, erfordert hochentwickelte Lichtquellen zur Erzeugung
von intensiven ultrakurzen Lichtimimpulsen. Ihr starkes elektrische Feld dient dabei
als Werkzeug, die Bewegung von Elektronen bis auf wenige Attosekunden genau zu
manipulieren und zu kontrollieren [Cor07, Bor12, Ghil4, Guél6]. Langfristiges Ziel ist es
dabei, Elektronendynamiken mit dieser zuvor unerreichten Prazision in nanostrukturierten
Materialien zu kontrollieren, um innovative Konzepte fiir neue mikro- und nanoelektronische
Bauelemente zu entwickeln. Eine besondere Schliisselrolle nimmt dabei die Plasmonik ein.
Sie liefert Moglichkeiten, das elektrische Feld von Licht auf Dimensionen weit unterhalb der
Wellenlange bis hin zu wenigen Nanometern - und damit auf der Skala moderner integrierter
Schaltkreise - zu kontrollieren [Gral0]. Die vorliegende Arbeit liefert einen Beitrag
zu diesem neuen Forschungsfeld der lichtwellengesteuerten Elektronik auf ultrakurzen
Zeitskalen.

Mit steigenden Leistungsdichten gewinnt der Feldcharakter eines Lichtimpulses in der
Licht-Materie-Wechselwirkung an Einfluss. Der elektrische Feldverlauf bestimmt die
Wechselwirkung insbesondere dann, wenn die Feldstidrken so hoch sind, dass sie die
Bindungskrifte, die Valenzelektronen in einem Atom erfahren, bei weitem tibersteigen.
Unter einer nicht-resonanten Anregung eines Atoms muss dabei die Vorstellung, dass
der Zustand eines Atoms durch das elektrische Feld lediglich schwach bzw. perturbativ
beeinflusst wird, fallengelassen werden; die Interaktionsdynamik lasst sich nicht mehr im
Rahmen einer Storungstheorie beschreiben [Blo82].

Stattdessen modifizieren intensive Lichtimpulse beziehungsweise nichtperturbative Wech-
selwirkungen effektiv die Potentiallandschaft, auf der sich die Elektronendynamik abspielt
[Sus06]. Dies fiihrt zu einer fundamental unterschiedlichen Dynamik: Semiklassisch be-
trachtet erzeugt das starke elektrische Feld eine so starke Deformation des elektronisches
Potentials, dass ein Elektron sein Atomorbital innerhalb der sehr kurzen Zeitspanne,
in der das elektrische Feld seine Spitzenwerte annimmt, in einem quantenmechanischen
Tunnelprozess verldsst. Nach diesem stark nichtlinearen Prozess, der schon kurz nach der
Erfindung gepulster Lasersysteme in der Arbeit von Keldysh theoretisch beschrieben wurde
[Kel65], erfahrt das Elektron eine starke Beschleunigung im elektrischen Wechselfeld. Diese
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ultraschnelle Elektronendynamik fithrt dabei zu einer Reihe von Phanomenen, welche in
schwachen Lichtfeldern nicht auftreten [Cor93, Pau9s, Eic09]. Wird das Elektron beispiel-
sweise wieder auf das ionisierte Atom zuriickbeschleunigt und von ihm absorbiert, kehrt
das Ton unter Erzeugung von koharenten hohen Harmonischen der treibenden Tragerwelle
in seinen atomaren Ursprungszustand zuriick [McP87, Lew94]. Dieses Phdnomen hat be-
trachtliche Aufmerksamkeit auf sich gezogen, da es Zugang zu extremen Photonenenergien
und die Erzeugung von Attosekunden-Lichtimpulsen ermoglicht [Ant96, Pau01l, Ago04].
Dabei hiangt die Bewegung des quasi-freien Elektrons mafigebend vom zeitlichen Feldverlauf
der treibenden Welle und dem Zeitpunkt ab, in der das Elektron das Atom verldsst. Diese
Elektronendynamik zu kontrollieren erfordert deshalb Impulse mit exakt kontrollier- und
reproduzierbaren zeitlichen Profil des elektrischen Feldes.

Seit der Jahrtausendwende stehen mit hochstentwickelten Lasersystemen Lichtimpulse
mit nur noch wenigen Schwingungen [Bal97, Sut99, Rau08, Bri08] oder sogar lediglich
einer einzelnen Schwingung des elektromagnetischen Feldes [KralO, Junl0, Wirll] zur
Verfiigung. Durch die geringe Anzahl an Lichtzyklen lassen sich schnelle Elektronendy-
namiken gezielt iiber die absolute Phasenlage des elektrischen Feldes unter der Einhiillenden
kontrollieren [Jon00, Bal02, Gou08|. Man spricht von der Triger-Einhiillenden-Phase (TE-
Phase). Sie legt den elektrischen Feldverlauf und damit einhergehend auch die Amplitude
und Richtung der stérksten optischen Halbschwingung prézise fest. Aufgrund der un-
terschiedlichen Phasen- und Gruppengeschwindigkeiten im optischen Resonator variiert
die Phasenlage von Lichtimpulsen jedoch im Allgemeinen von Impuls zu Impuls mit der
Trager-Einhiillenden-Schlupffrequenz. Techniken, diese Frequenz und damit die TE-Phase
zu kontrollieren, sind deshalb essentiell [Jon00]. Insbesondere kann unter Ausnutzung
der optischen Nichtlinearitat eines Kristalls die TE-Phase vollstandig passiv auf Null
stabilisiert werden. So lassen identische Impulse mit einer insbesondere sehr hohen Kurz-
und Langzeitphasenstabilitat zu erzeugen [Bal02, Man04, Krallb].

Femtosekunden-Impulse mit wenigen Lichtzyklen im infraroten Spektralbereich er-
moglichen es, auf ultrakurzen Zeitskalen hochste elektrische Felder nicht-resonant an
Festkorpersysteme anzulegen, ohne eine Schadigung hervorzurufen [Len98, Jun10, Ghil4,
Woll5]. Erst kiirzlich konnte die Erzeugung hoher Harmonischer in Dielektrika und
Halbleitern hoher Bandliicke nachgewiesen werden [Ghil4, Luul5]. In [Sch13a] wurde
berichtet, dass in Quarzglas starkfeldinduzierte Strome aufgrund einer transienten Beset-
zung des Leitungsbands auftreten. Die Studien zeigen, dass elektronische Eigenschaften in
kondensierter Materie auf einer Subzyklen-Zeitskala kontrolliert werden konnen. Die Prop-
agation von Licht in einem Dielektrikum unterliegt jedoch der Abbeschen Beugungsgrenze
und kann nicht auf Bereiche unterhalb etwa der halben Wellenldnge konzentriert werden.

Dagegen besitzen metallische Nanostrukturen die Eigenschaft, elektrische Feldiiberhéhun-
gen im Bereich von wenigen Nanometern zu erzeugen. Sie lassen sich wirkungsvoll dafir
einsetzen, ultraschnelle Elektronendynamiken auf kleinsten Langenskalen zu kontrollieren.
Gegenstand vieler bisheriger Untersuchungen ist die Elektronenemission aus scharfen Met-
allspitzen [Hom06, Bor10, Her12, Krti12b]. Neben der Aussicht, Elektronenmikroskope mit



einer Zeitauflosung im Femtosekunden-Bereich auszustatten [Feil7], zielen die Experimente
darauf ab, anhand der Energieverteilung herausgeloster Elektronen die Elektronendynamik
an Metalloberflichen zu untersuchen. Analog zur Situation isolierter Atome, kénnen
Elektronen direkt aus der Metalloberfliche tunneln, sofern die elektrischen Feldstarken
hoch genug und die Frequenz der Triagerwelle niedrig genug ist [Bun65, Her12|. Letzteres
liegt daran, dass die Tunnelwahrscheinlichkeit mit der Periodendauer der Tragerwelle zu-
nimmt. So konnte das Tunnel-Regime mit dem jeweiligen Einzug starker Strahlungsquellen
im Mikrowellen-Bereich [Cha63, Tan94b|, im THz-Bereich [Wiml14] und im mittleren
Infrarot [Her12] erreicht werden. Im nahinfraroten Spektralbereich tiberwiegt typischer-
weise die Wahrscheinlichkeit, dass ein Elektron durch die Absorption mehrerer Photonen
aus einer Metalloberflache austritt. Um auch in diesem Spektralbereich das nichtpertur-
bative Regime zu erreichen, lasst sich der Effekt einer plasmonischen Feldiiberhéhung
ausnutzen [Sch12a, Pigl3]. Die Verwendung von nahinfraroten Lichtimpulsen zur Erzeu-
gung einer Tunnelemission ist deshalb reizvoll, da ihr schnell oszillierendes Feld koharente
Elektronenpakete mit einer Dauer von wenigen hundert Attosekunden erzeugt.

Vor diesem Hintergrund zeigt diese Arbeit, dass nahinfrarote Lichtimpulse mit einer Dauer
weniger Lichtschwingungen genutzt werden konnen, um einen vollsténdig phasenkohérenten
Tunnelstrom zwischen zwei Kontakten einer einzelnen plasmonischen Nanostruktur zu
erzeugen.

Die hoch flexible Erbium-Faserlasertechnologie [Bril4] bietet einen idealen Ausgangspunkt
fiir die Ausfithrung des Experiments. Neben der Synthese einer einzelnen Lichtschwingung
mit einer Zentralwellenlénge von 1.3 pm [Kral0O] bietet die Technologie die Flexibilitat, die
TE-Phase zusitzlich passiv zu stabilisieren [Krallb]. Absolut exakt gleiche Feldverlaufe
eines Impulszugs sind notwendige Voraussetzung dafiir, auch iiber viele Lichtimpulse
hinweg einen messbaren Netto-Strom durch einen Tunnelkontakt zu generieren. Zudem
versprechen die relativ langwelligen Tragerwellen eine erhohte Tunnelwahrscheinlichkeit
im Vergleich zur weit verbreiteten Titan:Saphir-Laserwellenlange bei 800 nm.

Mit der Ultrakurzpulsquelle, die im Rahmen dieser Arbeit aufgebaut wurde, steht diese
Kombination erstmals zur Verfiigung. Das System liefert Lichtimpulse mit einer Dauer einer
einzelnen Lichtschwingung mit einer Dauer von 4.2 fs und einer passiv stabilisierten TE-
Phase. Um zusétzlich ein hohes Signal-zu-Rauschverhéltnis im Experiment zu erméglichen,
stellt das System die Impulse mit einer hohen Repetitionsrate von 80 MHz bereit. Selbst
kleinste mittlere Tunnelstrome von nicht einmal einem pro Lichtimpuls transportierten
Elektron konnen so detektiert werden. Innovativ am System ist dartiber hinaus, dass
sich die TE-Phase frei einstellen ldsst ohne dabei den zeitlichen Intensitdtsverlauf zu
beeinflussen.

Die Struktur, die dieser Arbeit zugrunde liegt, besteht aus zwei Nanoelektroden, die
mithilfe der Elektronenstrahllithografie hergestellt werden und einen Abstand von nur
wenigen Nanometern besitzen. Um selbst bei geringen Impulsenergien hohe Feldstarken zu
erreichen, besitzen sie die Form einer optischen Antenne. Insbesondere eine Bowtie-
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Antennengeometrie!, die in dieser Arbeit verwendet wird, fiihrt bei einer resonant-
plasmonischen Anregung zu einer sehr hohen Steigerung der elektrischen Feldstarke im
Nanospalt. Femtosekunden-Impulse mit Energien im Pikojoule-Bereich erzielen so extrem
hohe Feldspitzen von 100 V/nm. Dies entspricht lokalen Intensitéten von 10 W /cm?,
eine Grofenordnung die in dielektrischen Systemen ohne eine Schiadigung kaum erreich-
bar ist [Len98, Ghil4]. Dabei tibersteht die Nanostruktur die extremen Feldgradienten
unbeschadet, da sie nur in einem Bereich von wenigen Nanometern und im Gegensatz
zum statischen Fall einer solchen Vorspannung nur iiber einen Zeitraum von wenigen
Femtosekunden anliegen. Das zeitliche Profil des elektrischen Feldes bleibt dabei durch
die sehr kurzen Dephasierungszeiten der mafigeschneiderten Nanoantennen, trotz der
Feldiiberhohung, nahezu unverandert.

Im Experiment werden die Lichtimpulse auf eine einzelne Bowtie-Nanoantenne fokussiert
und regen einen koharenten Ladungstransport an. Der Spalt der Bowtie-Nanoantenne be-
tragt wenige Nanometer und wirkt effektiv als Tunnelbarriere mit einer stark nichtlinearen
und antisymmetrischen Strom-Spannungs-Charakteristik. Elektronen tunneln aus einem
Kontakt in den Liicke. Die Bewegung iiber den Freiraum erfolgt ballistisch und dauert
aufgrund der extremem Beschleunigung weniger als eine Femtosekunde. In Verbindung
mit der starken Nichtlinearitat des Tunnelprozesses fithrt der Einsatz von Impulsen mit
lediglich einer einzelnen Feldschwingung zu einem dominanten Tunnelstrom in Richtung
der starksten Halbschwingung und somit zu einem zeitlich iiber viele Impulse gemittelten
Netto-Transport der Elektronen. Wie sich herausstellt, kann ein Transportregime erreicht
werden, in dem der gesamte optisch angeregte Strom vollsténdig kohérent zum elektrischen
Feld ist und somit diesem Transportmechanismus unterliegt. Der Elektronentransport
lasst sich somit vollstdndig iiber die TE-Phase kontrollieren.

Die Dissertation ist wie folgt gegliedert. Kapitel 2 vermittelt das Hintergrundwis-
sen iiber die fundamentalen Mechanismen der Licht-Materie-Wechselwirkung, die zur
Elektronenemission aus Metalloberflichen fithren. Fokus wird dabei auf ultraschnelle
Mechanismen gelegt, welche auf die Dauer des Lichtimpulses beschrankt sind. Die Gren-
zfille der perturbativ beschreibbaren Multiphotonen-Photoemission in moderaten und
schnell oszillierenden sowie der nicht-perturbativen Tunnelemission in starken und nieder-
frequenteren elektrischen Feldern werden innerhalb der von Keldysh aufgestellten Theorie
erfasst und kénnen anhand des von ihm eingefiihrten Keldysh-Parameters klassifiziert
werden. Als ein weiterer wichtiger Aspekt wird in diesem Kapitel die Kopplung von Licht
an metallische Nanostrukturen behandelt. Nach einer kurzen Einfithrung in die Plasmonik
folgt eine Berechnung der Feldiiberhohung und der Dephasierungszeit einer plasmonischen
Bowtie-Nanoantenne.

Kapitel 3 widmet sich eingehend dem faserbasierten Femtosekunden-Lasersystem. Nach
einem kurzen Uberblick iiber die Erbium-Faserlasertechnologie im ersten Kapitel, wird

! bow-tie engl. fiir: Fliege; impliziert eine Strukturform von zwei einander zugewandten, nicht berithrenden
spitzformigen Dreiecke.



der Faseroszillator vorgestellt. Er stellt Femtosekunden-Impulse mit hochststabiler Im-
pulsform bei einer Zentralwellenldnge von 1.5 um und einer Repetitionsrate von 80 MHz
bereit. Die im Anschluss beschriebene passive Phasenstabilisierung beruht auf der Idee,
die Differenzfrequenz zweier spektraler Anteile desselben Frequenzkamms, aus dem das
Spektrum eines modengekoppelten Lasers aufgebaut ist, in einem optisch nichtlinearen
Kristall zu erzeugen. Das in einer hoch nichtlinearen Germanosilikatfaser erzeugte und in
einem Wellenlangenbereich von 0.8 ym bis 2.2 um durchstimmbare Spektrum ermoglicht
es dabei, die Zentralwellenlange von 1.5 um beizubehalten. So lassen sich die daraufhin
phasenstarren Impulse in einem effizienten Er:Faserverstarker zu verstarken [Sel09, Kral0).
Das der einzelnen Lichtschwingung zugrundeliegende Superkontinuum entsteht in einer
weiteren mafigeschneiderten hoch nichtlinearen Glasfaserkombination. Das Spektrum
iiberspannt dabei die volle spektrale Breite von 0.8 um bis 2.2 yum. Fir die Impulskom-
pression kommt ein weiterentwickelter Prismenkompressor zum Einsatz [Selll, Riel6], der
es ermoglicht, die Impulse auf die Dauer von 4.2 fs zu komprimieren. Die Messung der
TE-Phase und ihrer zeitlichen Stabilitat erfolgt tiber einen f-2f-Interferometer, und wird
im letzten Abschnitt priasentiert.

Die Herstellung und Charakterisierung der elektrisch kontaktierten Bowtie-Nanoantennen
wird in Kapitel 4 erlautert. Nach der Vorstellung des entworfenen Schaltungslayouts folgt
die Beschreibung der Nanofabrikation. Sie erfolgt mithilfe der Elektronenstrahllithografie
und ist auf die Minimierung der Spaltbreiten optimiert. Mafinahmen werden vorgestellt,
die aufgrund des geringen Abstandes und den spitz zulaufenden Nanoelektroden zum
Schutz gegen elektrostatische Entladungen getroffen werden miissen. Ein Nachweis der
erwarteten nichtlinearen und antisymmetrischen Strom-Spannungs-Charakteristik erfolgt
unter moderaten statischen elektrischen Vorspannungen. Dabei wird zusétzlich das elek-
tronische Verhalten unter hohen Vorspannungen untersucht, und das Potenzial aufgezeigt,
durch Elektromigrationstechniken noch geringere Spaltbreiten zu erzielen.

Die experimentellen Resultate des optisch induzierten Ladungstransports sind Gegenstand
von Kapitel 5. Zu Beginn wird die grundlegende Idee und der experimentelle Aufbau
beschrieben. Anschlielend folgen die in Abhéngigkeit der Impulsenergie und der TE-Phase
gemessenen Strome. Auf den experimentellen Ergebnissen basierend wird ein numerisches
Verfahren vorgestellt, das eine robuste Abschétzung des zeitlichen Verlaufs des Subzyklen-
Tunnelstroms liefert. Die Trajektorien der durch den Tunnelprozess befreiten und im
starken Nahfeld beschleunigten Elektronen werden klassisch berechnet, und die Subzyklen-
Transportdauer zwischen beiden Nanoelektroden sowie die finalen kinetischen Energien
der Elektronen abgeschéitzt. Das Kapitel schlieft mit einer Diskussion der elementaren
Elektronendynamiken im Nanospalt und im Detektionsprozess.






CHAPTER 2

Strong-field electron emission from metal
surfaces

This chapter aims to familiarize the reader with the theoretical background. Section 2.1
introduces fundamental mechanisms of light-induced electron emission from metal surfaces.
Electron emission under the influence of a strong static electric field is subject of the
section 2.2. In the last section, in section 2.3, plasmonic nanoantennas are introduced.
Their property to concentrate optical fields at the nanometer scale gives the opportunity
to control strong-field effects not only at a sub-wavelength scale but also with ultrashort
laser pulses of low energy content.

2.1. Light-induced electron emission from metal surfaces

The light-induced emission of electrons from matter can originate from distinctly different
mechanisms, depending on the light intensity. These mechanisms are introduced in this
section in the order of increasing light intensity, from the linear photoelectric effect to
multiphoton photoemission and to light-field driven tunneling at high intensities. This
order matches the order of their discovery, which goes along with the advancement of
ultrashort laser technology. For this reason, the effects are put into some historical context.

2.1.1. Linear photoelectric effect

Observation of phenomena where light affects the movement of electric charges had been
restricted to low intensities until the availability of laser sources. A solid illuminated by
low-intensity light can eject electrons due to the quantum nature of light. It was in 1887
that Heinrich Hertz found that ultraviolet light, which he filtered from an flames or arc
lamp by using a quartz window, created sparks between two electrodes more easily [Her87].
This was actually ten years before the "discovery" of the electron as a particle with negative
electric charge through the experiments conducted by Thomson. Later in 1902, P. Lenard
discovered that only light of high enough frequency is able to free electrons from a metal.
He also found that the energy of the emitted electrons do not depend on intensity, but
instead increase with the light frequency [Len02]. Based on these findings, Albert Einstein
suggested in 1905 the revolutionary idea that free monochromatic radiation of frequency v
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2. STRONG-FIELD ELECTRON EMISSION FROM METAL SURFACES

is composed of energy quanta given by hv, where h is the Planck constant. He was in this
way able to explain the photoelectric effect [Ein05]: a single light quantum, a photon, is
absorbed by the metal that in turn ejects a single electron with a maximum kinetic energy
of

Eyin = hv — @, (2.1)

provided that the energy of the photon is larger than the work function ®, that is, the
binding energy of the weakest-bound electron at the surface of the metal. In the case
of metals (typically ® = 4-6¢eV), photoemission takes place with ultraviolet light. The
emission current is directly proportional to the light intensity, but no amount of light below
the threshold frequency vy = ®/h can release an electron. The nonlinear two-photon
photoelectric effect, the release of an electron from a metal by simultaneously absorbing
the sum energy of two photons was first observed in 1964 [Son64], four years after the
first demonstration of the laser. This important emission mechanism, termed multiphoton
photoemission, is presented in the next chapter.

2.1.2. Multiphoton photoemission

Multiphoton photoemission (MPPE) describes the nonlinear process in which a single
electron is ejected from a solid through simultaneous absorption of two or multiple photons.
In general, all electron emission processes are said to be nonlinear when the light field only
contains frequencies Aiw < ®. Figure 2.1a shows a schematic of a photoemission process
from a metal treated as a Fermi gas at room temperature through simultaneous absorption
of five photons. An electron is thereby promoted from the Fermi level to an unbound
continuum state with enough kinetic energy to escape the metal. The sum energy of n
absorbed photons has to exceed the work function ®. The excess energy is then transferred
to the electron in the form of kinetic energy. The maximum kinetic energy an electron
obtained after leaving the metal is

By, = nhv — @ (2.2)

Electrons excited below the Fermi level or electrons inelastically scattered within the metal
escape the metal with lower kinetic energies. MPPE occurs at moderate light intensities
corresponding to field strengths that can be regarded as weak perturbation of the binding
potential. In other words, the laser electric field does not significantly distort the surface
electrostatic potential ® binding an electron to the metal. MPPE thus can be described
within the framework of time-dependent perturbation theory.

In the time-dependent Schroedinger equation, the interaction of an electromagnetlc field
with the metal appears as an perturbation term Ut (t) to the Hamiltonian HO, where H,
describes the unperturbed system of conduction electrons. The Hamiltonian of a single
electron in the potential V() of the metal and interacting with the external field is then
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2.1. Light-induced electron emission from metal surfaces

given by!
. N p cAp e?A?
Hit)=Hy4+U(t)=—+YV 2.3
)=+ 0() = B v+ 2P 2 (2.3
I:IO U(t)
where A = A(t) is the time-dependent vector potential related to the electric field E(t) by
E(t) = —0,A(t) [Dell2], and p, e and m are the electron’s momentum operator, charge and

mass, respectively. In the simplest case, the field-free metal is considered to be a free Fermi
gas terminated by the potential step of the metal-vacuum surface [Mis91]. The potential
V(7) is taken to be zero outside and constantly attractive inside the metal representing
the positively charged background of screened atomic cores. Optical transitions in solids
can be understood as being induced by the minimal coupling perturbation Hamiltonian
U, = eAp/m. Absorption of n photons mainly corresponds to the nth order perturbation
theory for this term. The interaction Hamiltonian also contains the effectively repulsive
potential term U, = €24%/(2m). In atoms or molecules and at low intensities, it gives
only a faint energy shift of the atomic quantum states, known as the ac stark effect. The
magnitude of Up is twice the ponderomotive energy of an electron in a linear polarized field
(see equation 2.7). The (n-1)th order calculation for this term gives a weaker contribution
to the n-photon transition probability and can usually be omitted [Bec77]. The two-
photon photoemission, for instance, may occur from either U, in second order perturbation
theory or, with a weaker contribution, from the Up in first order [Log69]. The n-photon
photoemission current density .J,(t) is scaling as the nth power of the intensity I(t):

Jo(t) = o, I"(t) (2.4)

where o, is the probability of a n-photon photoemission process, which in turn is pro-
portional to the product of all possible dipole matrix elements involved in the transition
[Mis91, Her08]. The probability to absorb n photons decreases with increasing photon
number n. At relatively low intensities the emission process is thus dominated by the
contribution of J,, with n the minimum number of photons needed to overcome the work
function. For example, the three-photon photoelectric effect in gold (® = 5.2¢eV) was
observed for the first time by using long nanosecond pulses from a Ruby laser (hv =
1.8eV). The photoemission current was clearly governed by J = o3I° as long as intensities
lower than 10¢ W/cm? were used [Log67]. At higher intensities thermionic effects appear
for such long pulses. Heating-up of the emitter can cause n-photon photoemission from
the high-energy tail of the Fermi-Dirac distribution, termed as thermally assisted photoe-
mission [Yen80, GM95]. However, their contributions are small, unless the temperature
approaches the Fermi temperature. Five-order photoemission from gold could be observed
at intensities of about 10° W/cm? employing picosecond pulses (hv = 1.17eV) strongly
diminishing heating-up of the sample [Ani77].

As shown in the last paragraph, an electron preponderantly absorbs the minimum amount

1To achieve U(t) in this form the dipole-approximation (A(r,t) ~ A(t)) needs to be fulfilled. This
is true here as optical wavelengths are considerably larger than the system-characteristic Fermi
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2. STRONG-FIELD ELECTRON EMISSION FROM METAL SURFACES
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Figure 2.1.: (a) Simplified potential diagram for a multiphoton photoemission process from a
metal with the work function ®. Five photons are absorbed to eject a single electron from the
Fermi level Erp with enough kinetic energy to escape the metal. (b) In the strong-field regime,
electrons escape the metal by tunneling: The electric field sufficiently suppresses the atomic
binding potential, resulting in the creation of a tunneling junction. Here, the metal is treated as
a Fermi gas at room temperature.

of photons n,,;, required to overcome the work function. Perturbation calculations can
thus be reduced to the so-called lowest-order perturbation theory. In the present literature,
this regime of electron emission at threshold is called the multiphoton-regime. Actually, it
is not impossible for an electron to absorb more photons (n > n,,;,) than necessary. This
effect is called above-threshold photoemission (ATP) and from metals it was observed
for the first time in 1989 [Lua89]. It is the solid-state counterpart of above-threshold
ionization (ATT) of gas atoms, which was disclosed earlier by finding a series of peaks in the
electron energy spectrum which are separated by the photon energy [Ago79]. At the lowest
intensities of their appearance, they are exponentially decreasing with the photon number.
Peculiarities may occur when slightly increasing the intensity. For example, multiphoton
photoemission peaks shift to lower energies and, at slightly higher intensities of ultrashort
laser pulses, the lowest-order photoemission peaks start to disappear [Buc87, Sch10a].
This is because the ponderomotive potential in equation (2.3) is not small anymore with
respect to the work function of a metal. For example, U, = 4.3¢eV at a peak intensity of
10 W /ecm? and a driving wavelength of 1.5 um. This marks the onset of the strong-field
regime, where a clear departure from the perturbation theory can be observed!.

To account for strong-field effects one has to pursue an approach which does not require
the assumption that the optical field is weak. The multiphoton regime should be identified
therein as asymptotic limit. Such a more general, nonperturbative theory describing
nonlinear electron emission in a wide range of intensities was first proposed by Keldysh
[Kel65]. His pivotal theory is described in the following.

A~

wavelengths [Del12]. U(¢) is the so-called velocity gauge.
L A discussion of multiphoton processes, including ATI, is contained in the book of Delone and Krainov
[Dell2] and in [Bec02, Mil06].
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2.1. Light-induced electron emission from metal surfaces

2.1.3. The Keldysh theory and strong-field driven tunneling

In this chapter, first the characteristic Keldysh parameter is introduced, then the generalized
tunneling rate is derived. It reproduces the rates for multiphoton photoemission and
Fowler-Nordheim tunneling at the asymptotic limits of the Keldysh parameter. At the
end of this section, the different emission rates are applied to the parameter range present
in the experiment conducted in this work.

Strong-field effects take place if the external electric field becomes comparable to the
binding force seen by the electron in matter. In this regime, the field cannot be simply
regarded as weak perturbation anymore. To give an example: the inner-atomic electric
field strength? binding the electron to the ground state in the hydrogen atom is on the
order of 100 V/nm. For conduction electrons in metals, the strength is about one order of
magnitude lower. In an external field of this strength, and if the wavelength is long enough,
the release of electrons is predicted by the Keldysh theory to occur via quantum-mechanical
tunneling through the field-distorted binding potential seen by an electron.

In 1965 Leonid Keldysh proposed a simple way to analytically derive the nonlinear
ionization probability of an atom under the action of an intense laser field [Kel65]. By
using Keldysh's method, Bunkin and Fedorov investigated the light-field induced electron
emission from a metallic surface [Bun65]. They all found that the electron ejection process
depends essentially on three parameters — the light electric field strength Ej, the involved
(angular) light frequencies w and the work function ®, or respectively the ionization energy
in the atomic case. Keldysh summarized these defining quantities in a characteristic
parameter . For electron emission from atoms, the Keldysh parameter is obtained by
merely replacing the work function with the ionization energy. It is defined as

V2mdw )

_ _ |2 2.5
% E, T (2.5)

where U, is the ponderomotive energy, defined later in equation (2.7), and m and e are
the electron mass and charge. Keldysh used the parameter to determine two limiting
regimes: In moderate laser fields and at high frequencies (7 > 1), emission is described by
a multiphoton photoeffect (see Chapter 2.1.2). In the case of a strong laser field and at
relatively low frequencies (v < 1), it is more probable for an electron to tunnel away from
the metal (or atom) than to get emitted by absorbing many photons. This regime is termed
light induced tunneling or light induced field emission. A potential diagram for tunneling
from a metal surface is sketched in Fig. 2.1b. The surrounding potential landscape is
strongly modulated with the frequency of the present laser field. At high field strengths a
penetrable tunneling barrier is created. Since the barrier oscillates synchronously with
the field, the tunneling occurs most likely within a fraction of each half oscillation period.
Thus, tunneling emission depends stringently on the instantaneous value of the electric
field.

2 Batom = €/4mepa3 = 500 V/nm, where ag = 0.5 A is the Bohr radius and €y the vacuum permittivity.
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2. STRONG-FIELD ELECTRON EMISSION FROM METAL SURFACES

Derivation of the generalized emission rate

Keldysh's generalized emission rate is briefly derived in the following [Del12], including his
fundamental assumptions and pursuing the derivation introduced by H. Reiss [Rei80]. The
derivation gives the identical result compared to the one of Keldysh but the derivation
is even more simpler through the use of the velocity gauge in the formalism of Keldysh.
Starting point is the exact transition amplitude a;;(¢) from an initial state ¢ to a final
state f in the continuum. The S-matrix element is given by

aif(t) = —i/ot<\I/Z-|U(r,t)|‘Ilf>dt’, (2.6)

where W, (7, t) is the wave function of the initial state i. The wave function is considered
to be equal to an unperturbed wave function W,(r,t) = exp(—iE;t) at energy F; = —® of
a Fermi gas in equilibrium. The success of Keldysh's approach is due to the adopted wave
function of the final state W (r,t), which accounts for the external light field acting on
the free electron. In the velocity gauge, the interaction with the electromagnetic field is
constituted by the same quantity U (r, t) as given in equation (2.3). The final state is given
by the so-called Volkov wave function in this case. It is an exact solution for a free electron
in a plane wave electromagnetic field. As such the approach assumes that the final-state
motion of the electron is dominated by the laser field. The average kinetic energy U, of
this oscillating motion in response to a monochromatic laser field of amplitude Eqy and
angular frequency w is
m{v?); e?E?
2 4dmw?
It arises naturally in strong-field theories and is called the ponderomotive energy. The
Keldysh parameter v can be expressed in terms of U, (see equation 2.5). Using the
expression of U, the Volkov state can be written as

(2.7)

epE,

9 sin th . (2.8)

Us(t) = exp (721 [QUS sin 2wt + p—

Here, p is the electron momentum in the final state. A fundamental approximation
of Keldysh's approach is that the photon energy Aw is much smaller compared to the
work function ®. This allows the use of the saddle-point method for the calculation of
the integral over time in equation (2.6). Neglecting the term dependent on p in (2.8),
substituting W ;(¢) and W;(¢) into equation (2.6) and calculating the integral over one optical

cycle, one obtains a simple expression for the emission rate P = a?f(t) /t [Bun65, Dell2]:

P(7y) o exp <—2i Kl + 2;) sinh ™y — \/TD (2.9)

This generalized Keldysh rate, which describes the electron emission from a metal surface
with work function ® for a monochromatic electric field of frequency w. The defining
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2.1. Light-induced electron emission from metal surfaces

quantities are the ratio ®/hw and the Keldysh parameter . It was assumed that after
detachment, an electron is in a state that can be described by the Volkov wave function,
describing the situation where is no atomic potential seen by the electron in the final state.
Although Bunking and Fedorov calculated the correct pre-exponential factor of the term
on the right side of equation (2.9), this factor is omitted here because it depends on the
exact situation. For example, taking into account an image potential experienced by the
electron in the final state does change this factor. It also differs from the pre-exponential
factor derived by Keldysh in his original work, because the Keldysh's approach is not
gauge invariant. He used the interaction potential U (t) = pE(t). In an experimental
situation it is difficult to distinguish between different pre-ensponential factors anyhow
since the field dependence is decisively determined by the exponential factor rather than
by the pre-exponential.

Asymptotic limits of the generalized Keldysh rate

In the limiting case of high frequencies and moderate field strengths (v > 1), the emission
rate is well approximated by

1 2® /hw
sinh™'y~In2y = P(y) x (%) x B (2.10)
The rate depends on the intensity I oc E3 as some power of n = ®/hw. This result is
distinctive for the multiphoton-regime (see equation (2.4)). There, n is the minimum
number of absorbed photons required for an electron to overcome the work function.
Noteworthy, the term proportional to p in equation (2.8) accounts for above-threshold
emission [Dell2].

On the other hand, if the field becomes sufficiently strong and/or has a long oscillation
period (v < 1), the rate becomes

3

sinh™ y & v + % = P(Ej) x exp (—

ho 3

2P 27> ( 8mv/2m <1>3/2> (2.11)
xX exp | — . .
3he E()

This formula can be identified with a regime that is closely connected to electron emission
in a strong static electric field. Fowler and Nordheim showed that in presence of a
static field the electrons escape the metal by tunneling, with a rate that is equal to the
asymptotic Keldysh rate (2.11) (disregarding the pre-exponential factor); see section 2.2.
Consequently, the optical regime with v < 1 can be understood as an optical pendant.
As noted before, the Keldysh rate is calculated for an oscillating field and averaged over
one oscillation period 27 /w. In the deep tunneling regime, where v < 1 is fulfilled, the
electron has enough time to tunneling before the field changes its amplitude and sign.
The tunneling probability follows the field adiabatically. It is therefore justified to model
the instantaneous tunneling rate by substituting Fy — E(t) (quasi-static approximation)
in equation (2.11). In this regime, the average tunneling rate becomes equal to the
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Figure 2.2.: Electron emission rates from gold as a function of the electric field strength of
driving fields in the visible (labeled 2, hw = 2.5e¢V, A\ = 500nm) and in the near infrared
(labeled 1, iw = 0.93eV, A = 1325nm). Two different Keldysh-parameter scales are added to
the upper part of the figure: the scale labeled with ~; is related to the emission rates induced by
the near-infrared driving field, and the scale labeled with o to the emission rate induced by the
visible field. The general Keldysh rate is depicted in solid blue, the multiphoton photoemission
rates as red dashed lines and the tunneling rate as black dashed lines. In the multiphoton
photoemission regime (left side of the figure), the rate follows a power law. In the tunneling
limiting case (right side of the figure), the dependence of the rate on the light frequency vanishes.

instantaneous rate calculated at each instant ¢ and averaged over the full pulse duration
[YudO1]. The time it takes for the electron to tunnel through the barrier is found to scale
to the Keldysh time 7, defined as 7x = 771y /(47) [Zhel6], with Tj the oscillation period
of the carrier wave. Recently it was shown from basic principles of quantum mechanics
that the Keldysh time presents a lower limit to the tunneling time [Orl14].

The tunneling regime can be reached by strong laser fields or low frequencies as the
Keldysh parameter scales as v o< w/FE. However, for very high electric fields other effects
(e.g., relativistic effects [Rei08]) come into play that cannot be predicted by the simple
Keldysh-type theories anymore.

There is a regime of intermediate v, which is called the transition regime between the
multiphoton-induced and the tunneling regime [T6t91]. Contributions from both effects
are present in this crossover, there is no clear demarcation between the pure regimes.
Usually, v ~ 1 is considered as the center for the intermediate regime. However, in
[YudO1] it is theoretically shown that for v ~ 1 tunneling is still predominant, though its
instantaneous rate differs significantly from the quasi-static limit (2.11). Indicated by a
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2.2. Electron emission in strong static electric fields

recent field-ionization experiment with gas atoms, tunneling even can be dominant at a
Keldysh parameter as high as 3 [Uib07].

Figure 2.2 depicts the generalized Keldysh rate (2.9) for the emission from gold (® =5.2eV
[Han78]) induced by two different light fields. One is in the visible (A = 500 nm?, hw =
2.5¢V) and the other in the near-infrared spectral region (1300 nm, 0.93¢eV). The latter
matches center wavelength of the pulses used in the experiments of this thesis (see Fig.
3.16d). The emission rates for pure multiphoton emission in equation (2.10) and pure
quasi-static tunneling in equation (2.11) are plotted. For field strengths below 1V /nm, an
electron can only be ejected by absorbing 2 visible photons and 5.6 near-infrared photons.
The point of v = 1 is reached at field strengths of around 30 V/nm for the visible wave,
and for the near-infrared wave at a weaker field strength of 10 V/nm. With increasing
field strengths the emission transitions into the tunneling regime.

Tunneling probability is proportional to the time the electric field acts in one direction,
tunneling by mid-infrared waves may be achieved at lower field strengths. This wavelengths
scaling is supported by a recent experiment in the gas phase [Col08]. For optical fields in
the few-terahertz spectral range, tunneling formula becomes applicable starting at field
strengths on the order of V/nm (1V/nm at 20 THz) [Her14]. These are still high field
strengths but can be supported by modern high-field THz sources [Leil4, May14, Jun10].
Note that high field strengths on the order of V/nm are required either way to achieve
reasonable emission rates no matter how large the laser wavelength is. If the optical field
is too weak, a common approach to reach the tunneling regime is to superimpose the
optical field with a strong static electric field [Coc13, Borl0)].

Summing up, the generalized Keldysh rate (2.9) gives an accurate (to within exponential
accuracy ) description of the light induced electron emission process. Its asymptotic limit in
strong fields corresponds to field-induced tunneling. The validity of the derived tunneling
rate (given in equation (2.11)) is corroborated by the static-field result derived by Fowler
and Nordheim. Their model is addressed in the next chapter.

2.2. Electron emission in strong static electric fields

In this section, the static-field induced emission rate derived by Fowler and Nordheim is
presented and discussed. Subsequently, the static field strength in the gap of a bowtie
nanoantenna is calculated.

Fowler and Nordheim gave an analytical expression for the tunneling current on the basis
of the quantum-mechanical Sommerfeld model for metals [Fow28]. They assumed that
electrons in the metal are in thermal equilibrium and obey the Fermi-Dirac distribution.
In cold metals (including metals at room temperature), the most energetic electrons in
the conduction band occupy states at the Fermi level Er (smoothed by k7). Fowler
and Nordheim solved the one dimensional Schrédinger equation for an electron moving

3 This case is chosen for illustrative purposes although it is questionable as the condition ® >> Aw which is
necessary to permit the use of equation (2.9) is not strictly fulfilled.
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2. STRONG-FIELD ELECTRON EMISSION FROM METAL SURFACES

freely in the metal and approaching a triangular tunneling barrier. In the presence of
an electric field of strength Ey., the potential barrier is lowered by —eFE.z in positive
x direction outside of the metal (see Fig. 2.3a). If the potential is strongly bent, the
electrons still are bound to the metal, but the probability to escape is non-zero due to
the tunneling effect. They calculated the probability for tunneling and with that the
integrated tunneling-current contributions of all occupied free-electron states in the metal.
They assumed a metallic emitter with a planar, atomically smooth surface of constant
work function ® and found the resulting tunneling current J to be [Fow28, Ste29, For08]:

E2 (1)3/2

= F. . b¢ - R 2.12

J arN - exp( brx | EDC|) (2.12)
el 1 pA eV

= —. =1.54-10° 2.13

NCT Srh 2(w) V2 (2:13)

= . = 6.8—— 2.14

brN e v(w) =6 8nme\/ (2.14)

Here, F' is the emitter area, h is the Planck constant, e the electron charge and m is the
electron mass. The dimensionless functions t(w) and v(w) account for the lowering of the
effective potential barrier by a factor of w (Nordheim parameter) through an image-force
potential [For06, Spi76]. In case of a present static electric field Ey., the Schottky effect
causes the barrier to shrink by an amount of AWy = /eE;/(4m¢p). This effect gives a
smoother shape to the surface barrier (see solid black line in Fig. 2.1). For this barrier the
Schrodinger equation has no exact analytical solutions. Neglecting image-force potential
effects corresponds to values t = 1 and v = 1 [For06].

The Fowler-Nordheim current is decisively determined by the exponential scaling with
the field strength . and the work function ®. In the case of a gold surface with & = 5eV,
the term bpy - ®*/2 in the exponent amounts to 75V /nm. Therefore the values of the field
for which the emission becomes appreciable are on the order of V/nm. Tunneling occurs if
the width of the tunneling barrier d; approaches the de Broglie wavelength of an electron
at Fermi level. For gold, this Fermi wavelength is around 5 A and so the field strength
that is necessary to bend a triangular barrier to the width of one Fermi wavelength is
E = ®/dr = 10V /nm (see Fig. 2.3). The stronger the field, the more electrons from
deeper states contribute to the current. When the field strength reaches a few tens of
V/nm, surface atoms may start to get emitted. For clean gold surfaces, this so-called field
evaporation occurs at a field strength of about 35V /nm [Ts090].

Actually, adsorbed atoms change the emission characteristic due to its strongly nonlinear
dependency on the work function [Xu05]. The emission current is particularly dominated
for certain atoms on not-atomically smooth surfaces. Surface conditions thus play a major
role in controlling the potential surface barrier that the electron must clear. Hence the
need for clean surfaces. Contaminants are the main reason for the discrepancy between
the absolute value of the emission current and the results given by the Fowler-Nordheim
formula in equation (2.2). This model assumes a work function solely derived from bulk
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Figure 2.3.: (a) Simplified potential diagram for Fowler-Nordheim emission from a metal surface
of work function ®. A tunneling barrier is created by the action of a strong, static electric field E.
Tunneling most likely occurs for electrons at the Fermi level Ex through the barrier of width dr,
assuming a purely triangular barrier (dotted line) or a triangular barrier smoothed and reduced
in height by AWg by the Schottky effect (solid line). (b) Static electric field strength in the
nanoantenna gap as a function of the gap size g. The bias is set to 10V. The field strength
is derived from a simple model (black solid line) of two spheres modeling the tips of a bowtie
antenna (inset). It well approximates the exact expression achieved from a more sophisticated
analysis (red solid line). For small distances ¢ < R/2 = 5nm, the junction behaves like a plate
capacitor and the electric field in the gap can be approximated by V/g (black dashed line).

properties of the material [Man09].

Estimation of the static field strength in the nanoantenna gap

In an experiment, the field emission is characterized by measuring the electron emission
current J as a function of the static bias voltage V applied between two electrodes.
Because the local electric field close to the emitter surface governs the tunneling emission
characteristic, one needs to find its relationship to the applied bias. In our experiments,
we employ a bowtie shaped nanostructure (see Fig. 2.4a). The geometry is already too
complex and requires to solve the problem numerically. The stimulus here is to give an
analytical approximation of the local electric field between the opposing apices. A simple
approach is to approximate both apices by two spheres with equal radius R (see inset of
Fig. 2.3b). As derived in the following, the electric field on the antenna axis in the gap
then can be well approximated by the expression 0.9 - (V/g + V/R), where g is the gap
size and R the radius of curvature of each apex.

The distance of closest approach of two spheres is equal to the antenna gap size g. One
sphere is held at ground potential, the other at V. The field at the surface of a single
conducting sphere far away from a planar detector electrode (g > R) is equal to V/R.
This is also the reason why a tip or a sharp protrusion at the emitter surface (with radius
of curvature R) can produce large local electric fields, also known as the electrostatic
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2. STRONG-FIELD ELECTRON EMISSION FROM METAL SURFACES

lightning rod effect. When the detector plane is very close to the sphere (¢ < R), the
junction behaves as a plate capacitor in close vicinity to the gap; the electric field is
expressed by V/g. At arbitrary distances, the field can be approximated by V/g + V/R.
The electric field of two opposing spheres is constructed by placing an image plane of
equipotential to the center at g/2. Therefore, the field Ey at the surface of each sphere
can be approximated if one substitutes V' — V//2 and g — ¢/2 in the plane-sphere formula.
This leads to Ep. = V/g + V/(2R). A more sophisticated analysis was performed by
Lekner [Lek10]. It provides more precise values for the electric field* for small distances
relative to the radii ¢ < 4R. The simple model presented here overestimates the field by
only 10 %.

To give an example, at a bias of 10V applied between spheres with radii of 10 nm that
are positioned at a distance of 10 nm results in a field strength of 1.4 V/nm. In Fig. 2.3b,
the field strength is depicted as a function of the distance d, at otherwise same conditions.
The result from the approach presented here (black solid line) is shown after correcting
the constant deviation to the Lekner-model (red line) by multiplying ;. by 0.9:

Eye =0.9- (Z + ;;) (2.15)
For distances g < R/2, the electric field can be well approximated by the expression V/g
of a plate capacitor (black dashed line). In close distances (g < 4R) the average value of
the electric field within the gap is equal to the local electric field at the tips [Lek10]. The
bowtie shape of the structure is not taken into account here.

A bowtie shaped nanostructure driven by light pulses has the ability to excite a coherent
electric near-field in a nanometer-scaled gap. The enhancement can be one order of magni-

tude higher compared to the optical field in free-space. So-called plasmonic nanoantennas
are introduced in the next chapter.

2.3. Optical near-field enhancement at plasmonic
nanostructures

In the previous sections, it was described how electrons are ejected from a metal when
strong optical fields are incident on its surface. In contrast to smoothly planar metallic
surfaces, the presence of nanometer-sized structures strongly affects the near-field of optical
light. They can give rise to an inhomogeneous field distribution with highly localized
spots of enhanced electric field strengths [Sch10b]. The spatial distribution scales with
the system'’s feature sizes. The most intense spots thus arise at the sharpest edges and
smallest structures and can be on the scale of a few nanometers. Thus, nanostructures
enables to excite electric near-fields strongly localized to volumes in the vicinity of the

4The electric field in the gap follows the expression Eigx = V/g - 72/(61n[2/+/g/R] + 0.57).
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Figure 2.4.: (a) Schematic representation of a bowtie shaped nanoantenna attached to electrical
leads at an instant of optical excitation. The electric field of an incident optical wave results in
a surface charge accumulations at both tips (+/-). (b) Simulated distribution of the electric
near-field enhancement (color coded) in the central z-plane of a resonantly driven nanoantenna
with a gap size ¢ = 8nm, h = w = 250nm and ¢t = 25nm. The enhancement factor is given by
the ratio between the local electric field strength and the amplitude of an incident light wave.
The excitation wavelength is set to 1300 nm (frequency of 230 THz) and the polarization direction
is along the x-axis.

metal’s surface whose size is much smaller than the diffraction limit [Gral0], even down
to on a scale of less than 1nm?® [Ben16].

The strongly localized field enhancement can be used for many applications and it has
opened the field of nanoplasmonics [Stolla, Kaul2, Tam13]. For example, even modest
enhancement factors lead to strong increases in nonlinear processes, such as third-harmonic
generation [Han09] or surface enhanced Raman scattering from single molecules [Zhal3].
The strong field enhancement also enables electron emission from nanoscale dimensions
and is capable to create free electron wave packets with femtosecond duration and high
directivity [Hom06, Rop07, Parl12, Pigl3]. This offers to establish ultrafast electron
microscopy with high temporal resolution [Yan10].

In this work, near-infrared light fields are used to control the emission of electrons from
gold surfaces. At energies of near-infrared photons, the interaction between the light
and a metal like gold is predominantly governed by the free electrons of the conduction
band. Only at higher energies in the visible spectral region (2eV for gold), electronic
interband transitions take place from the fully occupied d bands to the partially filled sp
bands. In general, an incoming light wave penetrates a metal always to some extent. The
characteristic penetration depth 6 = ¢/(wIm[e(w)]) depends on the light's frequency w
and the imaginary part of the relative permittivity e¢(w) of the metal. In the visible and
near infrared, the depth is on the order of a few tens of nanometers. For gold, which is
used in this work, it is 25nm at a frequency of 250 THz [Han11, Olm12]. Hence the field
creates a microscopic polarization at the surface. A nanostructure with a thickness on the
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order of the penetration depth is fully penetrated by the field. It drives the conduction
band electrons into a collective oscillation with respect to the stationary lattice ions. The
displacement builds up net charges at the surfaces and the Coulomb attraction between
those represents a restoring force pulling the electrons back. Such a coherent charge density
oscillation inside a metallic nanostructure is also called a localized surface plasmon [Pell3].
The name is related the fundamental eigenmodes of a (non-localized) surface plasmon,
which is a propagating electron oscillation at metal-dielectric interfaces. A plasmon is a
single quantum of such an oscillation.

Only materials that behave metallic, which is indicated by a negative real part of its
permittivity, can provide plasmonic resonances. In the near-infrared spectral region, this
is true for materials like Au and Ag [Wes10]. Au is the commonly preferred for plasmonic
applications, since it has a high optical conductivity as well as because it is chemically
inert and hence long-term stable [Olm12]. Ag, Co and Al oxidizes when exposed to air, all
of which are otherwise good plasmonic materials in the near infrared.

2.3.1. Optical near-field enhancement in a bowtie nanoantenna

The nanojunction in this thesis consists of two nano-electrodes that are separated by a gap
of only a few nanometers between which the electrons are promoted. Both electrodes are
formed like sharply pointing triangles (see Fig. 2.4a), also jointly called a bowtie shaped
plasmonic nanoantenna [Sch05, Mh05|. In common with its bowtie shaped microwave
antenna pendant [Gro97], it has the ability to excite a strong electric field inside the
subwavelength gap that is coherent to the external driving field. On the other hand, its
response is ultrafast with dephasing times on the femtosecond scale [Han12]. This ensures
that the near-field quasi-instantaneously follows the field of the impinging optical pulses
and thus it meets the necessary condition in our experiment of preserving the single-cycle
character of the enhanced near-field.

A bowtie nanoantenna combines two mechanisms that contribute to the field enhancement
inside the gap. It combines the optical properties of sharp metal nano-tips with those of
coupled plasmon resonant nanostructure pairs [Sch05, Thol3]. The former are geometric
in nature and lead to a field concentration around the apices [Thol3]. It can be regarded
as the time dependent pendant of the electrostatic lightning rod effect and may occur
with any material in regions of highest surface curvature. The field enhancement factor is
usually below 10 [Thol5|. The latter, a resonant plasmonic oscillation, is accompanied
by an enhancement that can be several times higher. It gives the main contribution to
the field enhancement inside the bowtie shaped antenna gap which is due to the strong
surface charge accumulation at both tips.

Simulation of the near-field enhancement

To acquire knowledge about the electric near-field since it is responsible for the electron
emission process, numerical simulations are done. A classical numerical simulation of
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2.3. Optical near-field enhancement at plasmonic nanostructures

the field enhancement was performed by using the boundary element method (BEM) in
order to solve Maxwell's equations [Hoh12|, based on the work of V. Knittel [Knil2] and
T. Hanke [Hanll1]. The near field is calculated for a single monochromatic plane-wave
excitation and by taking into account the realistic frequency-dependent dielectric function
of gold. A constant refractive index of n = 1.35 is assumed for the environment which is
the weighted mean between substrate and air. The modeled antenna geometry represents
the one used in our experiments, with a gap size ¢ = 8nm, h = w = 250 nm and a gold
thickness t = 25nm (see Fig. 2.4a). The symmetry-breaking electrical leads are omitted
to minimize computational cost. It does not alter the near-field, because they are attached
to a position where they do not disturb the antenna resonance [Pral2, Kerl5]. Positions
of minimal perturbation can be found at near-field troughs of the lead-less antenna (see
Fig. 2.4b).

Figure 2.4b displays a simulation of the overall x-y-distribution of the electric field
enhancement in the central z-plane of the antenna. The excitation wavelength is 1300 nm
(230 THz). The highest fields are found in the feedgap with an enhancement factor of 50
with respect to the impinging field amplitude. It is calculated by averaging over the entire
z-axis, the gap size —4nm <z < 4nm and —10nm < y < 10nm. A detailed view of the
feedgap region is given in Fig. 5.3c. Figure 2.5a depicts different average values at several
other wavelengths. At a wavelength of 900 nm, for example, it is about 23. The validity
of this result is corroborated by a similar enhancement obtained in [Kol14]. There, an
enhancement factor in the gap of a 20 % smaller bowtie antenna is obtained at an optical
excitation at a central wavelength of 920 nm. For an antenna resonant at 800 nm, field
enhancements of 50 were found very recently experimentally [Racl7].

Note that in a classical electrodynamic context it is predicted that smaller gap sizes
would lead to an even larger field enhancement due to the stronger coupling of the opposite
charges at the tips [Hat10, Arill, Haul4]. Quantum effects must be taking into account
only at very small gap sizes of a few angstroms [Cirl2, Sav12, Haul4]. In fact, the induced
surface charge is then smeared out over the Thomas-Fermi screening length (5 A for gold)
which limits the degree to which light can be concentrated [Cirl2, Luol3]. Moreover,
direct electron tunneling may diminish the plasmon resonance [Sch12b].

Plasmon dephasing times

In addition to a strong field enhancement, plasmonic nanoantennas provide ultrafast
response times [Han09, Han12]. In particular, the plasmon inside a bowtie shaped gold
nanoantenna with a resonance in the near infrared is strongly radiation damped. This
leads to a fast decay of the optical polarization, and so the near-field, which is created by
the plasmon oscillation. Moreover, the larger the volume of the nanoantenna, the stronger
the radiative damping [Han12, Han11]. For the antenna volumes used in our experiment
(1.6 - 1072 m?), the collectively oscillating electrons dominantly looses their coherence by
this radiation damping [Han09].
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Figure 2.5.: (a) Simulated resonance profile (black line) and spectral distribution of the field
enhancement (red dots) of the bowtie nanoantenna depicted in Fig. 2.4b. (b-d) Calculation of
the temporal evolution of the plasmonic near field in the bowtie nanoantenna by using the model
of a damped harmonic oscillator. (b) Resonance profile (black dashed line) and spectral phase
(green line) of the damped Lorentz oscillator, whereas its resonance wavelength and bandwidth is
matched to the simulated plasmon resonance (black solid line) of the bowtie nanoantenna. The
black dotted line is the spectral intensity of an Gaussian shaped 1.4-cycle pulse with a carrier
wavelength of 1325 nm and a flat spectral phase. (c) Electric field transient of the Gaussian
shaped 1.4-cycle pulse (black line), which is used to excite a plasmonic oscillation. The plasmon
response is calculated by using the model of a damped Lorentz oscillator. The resonance profile
and phase shown in (b) is thereby used as input. The red line corresponds to the temporal
evolution of the plasmon field. (d) The same transient plasmon field profile as depicted in (c),
but shifted in phase by 7 and in time by a delay of —3.2fs in order to compare it with the
excitation field transient.

A strong damping is directly related to a broadband response. Figure 2.5a depicts
the scattering spectrum of the modeled antenna shown in Fig. 2.4b, extracted from the
simulation outcome [Knil2]. The shape and size of the antenna places the plasmonic
resonance into the near infrared at a center frequency of v, = 210 THz (A, = 1.43 um). The
difference between the position of the maximum of the spectrum and the spectral maximum
of the local field enhancement can be explained as property of a damped harmonic oscillator
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[Zulll]. The full-width at half-maximum of the spectrum is Ay, = 55 THz. Such a broad
resonance leads to a ultrashort dephasing time Ty, of the oscillation amplitude that is on
the order of only a few femtoseconds; it is defined as the time after which the oscillation
amplitude decays to the 1/e-part of its maximum?®. The dephasing time is directly related
to the homogeneous spectral width Av, of the resonance profile via Ty, = 1/(7Av,)
[Han12]. With Av, = 55 THz, in this case the dephasing time is Tyep, = 5.8fs. Note that
while thicker bowtie antennas would lead to even shorter dephasing times [Han12], here
nanoantennas with a thickness of 25 nm were used primarily to provide good results in
the fabrication (see section 4.1.2). Furthermore, this thickness value is a good trade-off
between a strong field enhancement (low volumes) and a short dephasing time (large
volumes), guaranteeing a few-cycle character of strongly enhanced optical field inside the
nanoantenna gap.

Transient plasmon field derived from the Lorentz oscillator model

For an incident laser pulse with a duration that is much longer than the dephasing time,
the temporal shape of the near-field resembles that of the laser field, apart from a possible
constant time delay and phase offset. When using few-cycle laser pulses the spectral
response of the antenna becomes important. A key point in our experiments is that the
single-cycle character of the enhanced near-field needs to be preserved. For this reason, it
is helpful to quantify the time-dependence of the plasmonic near-field E,(t). As simple
and successful approach is to apply the model of a damped harmonic oscillator driven
by a given light's electric field transient F(t) [Lam99, Hanll, Zulll]. This approach is
underpinned by the almost Lorentz-shaped resonance profile of the simulated antenna
response (see Fig. 2.5a and b). For comparison, the spectral intensity profile® of a Lorentz
oscillator, matching the resonance frequency and spectral FWHM width of the antenna
frequency response, is depicted in Fig. 2.5b as black dashed line. From the model it follows
that the plasmonic near-field E,;(t) is proportional to [Lam99, Hanll]

t = ’
E(t) / E(t)e 7 sinw'(t — ¢)dt’ (2.16)

where ¥ = 1/Tyepn and w’' = /wd — 32, w' and wy are the resonance frequencies of the
damped plasmon and the free oscillating plasmon, respectively. Figure 2.5¢ depicts the
temporal evolution of an incident laser field E(¢) and the near-field £, (t). Both fields are
normalized to 1 for illustrative purposes. The excitation field is a Gaussian laser pulse
with a center frequency of v, = 225 THz (A. = 1325nm) and a pulse duration is 6.2 fs,
corresponding to 1.4 optical carrier wave cycles. Note that the excitation transient closely

°1t is also common to refer to the damping time T4y, which is defined as the 1/e-decay time of the
oscillation energy. In our condition of dominant radiation damping, both decay times are linked to each
other by Tgamp = Tuepn/2 since the oscillation energy is proportional to the amplitude squared.

6 The intensity profile of the Lorentz oscillator is given by 1/[(w? — w?)? + 45%w?] and the phase by
¢ = atan [2wy/(w? — w?)], with 5 = 1/Tyeph.
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resembles the main part of the real pulse used in the experiment (see Fig. 3.16d and 5.6d).
The near-field is determined by substituting E(t) into equation (2.16) and calculating the
integral. It is apparent that the transient plasmon field, shown in Fig. 2.5d, is still a
few-cycle transient with only a slightly longer pulse tail. The pulse duration is determined
to 7.7fs, corresponding to 1.7 cycles. Moreover, the resonance delays the plasmon field by
7 = 3.21s and shifts the phase by a constant value of m with respect to the driving field.
In good approximation, the enhanced near-field can be therefore described as a few-cycle
pulse with an enhanced amplitude and a shifted carrier-envelope phase (CEP).

Note that the transient plasmon field profile obtained from equation (2.16) well agrees,
with just minor deviations, with the field profile obtained by taking the Fourier transform
of the amplitude excitation spectrum after multiplying it with the complex frequency
response, that is the amplitude (obtained from the simulation) and the Lorentz phase!
depicted in Fig. 2.5b, of the nanoantenna.

Owing to the field enhancement inside the nanoantenna gap, a focused femtosecond
pulse with a minute energy content of picojoules can reach the peak electric field strength
of several V/nm required for strong-field experiments. For example, a field strengths of
10 V/nm requires a high optical intensity of 1.3 - 10" W/cm?. To reach this level, the
previously mentioned 6.2-fs pulses need to be focused tightly to a diffraction limited spot
with a pulse energy of 1nJ (see appendix A.2). Assuming a field enhancement factor of
35, a field strength of 10 V/nm can be reached with a minor pulse energy of 0.9 pJ.
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CHAPTER 3

Passively phase-locked single-cycle light
pulses in the near infrared

A light pulse with a duration of merely a few optical cycles strongly narrows the interaction
of light and matter in time. Focusing a few-cycle pulse to a small area strongly increases
the strengths of its electric field oscillation. The strong electric field cycles of intense
pulses can be harnessed to control ultrafast charge motion in gaseous matter. Prominent
examples are the generation of high-harmonics [McP87, Fer88] and the closely related
generation of attosecond light pulses [Hen01, Pau01, Bal03, Ago04, San11]. In solid-state
systems, investigated strong-field-driven processes are the electron ejection out of metals
[Apo04, Hom06, Bor10, Krull, Her12] and, only recently demonstrated, the generation of
high-harmonics as well [Ghill, Hoh15, Luul5]. All these processes depend on the exact
electric-field evolution of the ultrashort pulse.

At the core of this thesis lies the tunneling of electrons in a nanometer-sized metallic
junction directly controlled by the electric field of light. Light induced tunneling is a
strong-field process and the tunneling may be fully controlled in the simple way of varying
the carrier-envelope phase (CEP) of few-cycle pulses. Therefore, access to the CEP and
its stabilization is absolutely essential.

Recently, it was demonstrated that near-infrared pulses with a duration below 1.5
carrier cycles can be provided by systems based on traditional Ti:sapphire front ends
in combination with optical parametric amplifiers (OPAs), alone [Huall] or with the
implementation of a subsequent hollow-core fiber [Mat07, Wirll, Paul5, Guél6]. However,
these are actively CEP locked systems and operate at kHz-repetition rates. However, in
our experiment, repetition rates in the MHz-range are mandatory to detect light-induced
currents of less than a single electron transported per pulse. Also actively CEP stabilized
but with a MHz-repetition-rate, a pulse train of nearly single-cycle pulses in the near
infrared can be synthesized by the coherent combination of laser light from a Ti:sapphire
oscillator and an ultrabroadband Er:fiber laser system [Cox12].

Progress in ultrabroadband Er:fiber laser technology has demonstrated the generation
of single-cycle pulses in the near infrared [Kral0] and the passive phase-stabilization via
difference frequency generation (DFG) [Krallb]. In this work, both achievements are
comprised in one system. This is entirely in-house built and provides 1.0-cycle pulses
with a duration of 4.2 fs and a passively stabilized CEP. The system is presented in this
chapter.
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Figure 3.1.: Overview of the ultrabroadband Er:fiber laser system providing passively phase-
locked single-cycle pulses in the near infrared and at a repetition rate of 80 MHz. Acronyms:
highly nonlinear fiber (HNF); prism pulse compressor (PC); difference frequency generation
(DFQG); carrier-envelope offset phase (CEP); pump laser diode (LD) of the amplifier; f-to-2f-
interferometer (f-to-2f).

First, few- and single-cycle pulses are defined in chapter (3.1). Then, a brief introduction
to the employed femtosecond erbium-fiber laser technology is given, which brings plenty of
advantages over Ti:sapphire systems (3.2). The rest of this chapter deals with the detailed
description of the laser system.

Figure 3.1 depicts the laser system at a glance: A passively mode-locked Er:fiber oscillator
generates a femtosecond pulse train with a high repetition rate of 80 MHz (section 3.3).
A supercontinuum generated in a highly nonlinear bulk silica fiber (HNF) provides a
bandwidth of more than an octave in the near infrared, namely from 140 THz (2100nm)
to 360 THz (830nm). This span has been used to advantage for passively stabilizing the
CEP via DFG (section 3.4.3) and, using a second HNF, for providing single-cycle pulses
(section 3.5). An advanced prism compressor setup for the final pulse compression offers
the required spectral phase control. The CEP of the single-cycle pulses can be controlled
by adjusting the optical beam path length through a pair of fused silica wedges or by
tuning the pump power of the Er:fiber amplifier (section 3.6). A relative CEP shift can be
directly monitored by means of an f-to-2f interferometer. Thanks to the over-one-octave
span of the supercontinuum, no additional spectral broadening is necessary. Owing to the
compact fiber technology, the entire setup occupies less than a square meter.

3.1. Few-cycle light pulses

Even for describing a pulse with a duration of only a single light oscillation period [Bra97],
the electric field E(t) of a pulse can be decomposed into a carrier wave and an envelope
function e(t):

E(t) = Epe(t) cos (wet + ¢(t) + Pep) (3.1)

where Ej is the peak electric field, w. is (circular) frequency of the carrier wave and ¢(t)
is the relative time-dependent phase. The absolute electric field phase within the envelope
is given by ¢cyo, called the CEP. The term ’absolute’ states the correct understanding of
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Figure 3.2.: Electric field of light pulses containing only (a) a single and (b) two field cycles
within their FWHM-duration of the intensity envelope. The carrier-envelope phase (CEP) of a
pulse determines the waveform of the optical field within the envelope (dashed line). The field of
each pulse is depicted with a CEP of ¢cpo = 0 (black line) and ¢cpo = 7/2 (red line).

the CEP as a common phase offset for all spectral components of the pulse. Controlling
the CEP means to modify a light pulse in such a manner that the waveform is a precisely
defined function of time. Its control can be obtained by several means described in
section 3.6.

Throughout the thesis, the pulse duration 7 is referred to the FWHM of the intensity
envelope. The number of cycles per pulse N is then defined as N = 7/T,, where T, is
the period of the carrier wave. Therefore, a so-called single-cycle pulse contains only a
single carrier cycle within its pulse duration. For a few-cycle pulse, the CEP becomes
relevant since it precisely determines the waveform of the optical field and with it the
amplitude and direction of the peak electric field. Thus, any effect that depends on the
peak electric field can be controlled by tuning the CEP. Figure 3.2a depicts a 1.0-cycle
pulse with a CEP set to zero. It features a prominent main half-cycle with the amplitude
of the strongest adjacent half-cycle at opposed polarity being 0.72 times lower. Actually,
this peak-to-peak value can be used as a measure of the subcycle field symmetry or inverse
asymmetry. The asymmetry vanishes fairly rapidly with increasing pulse duration; already
a 2-cycle pulse has a peak-to-peak value of 0.92. Although a shift in the CEP changes the
waveform, it does not change the pulse envelope. In this way, the CEP can be used to
precisely control the optical few-cycle field in a defined manner, yet without changing the
intensity (see Fig. 3.2). If a intense light-matter process depends on the optical field and
its temporal structure, it should be possible to alter its outcome by a change of the CEP.
If so, the CEP provides access to a coherent control on these field-dependent processes
which occur on time scales shorter than the optical cycle.

Generation of few-cycle pulses

The generation of ultrashort light pulses requires ultrabroadband coherent light and a
careful dispersion control over its bandwidth. For a given bandwidth Av the shortest
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possible pulse width 7 is achieved only when the spectral phase is linear with frequency. In
this case, the Fourier theorem prescribes a time-bandwidth product (TBP) of 7Av &~ 7~ 1.
The exact value depends on the specific shape of the bandwidth-limited pulse. For example,
a pulse with a Gaussian shaped intensity has a TBP equal to 0.44. A sech?-shaped intensity
pulse of same duration demands less bandwidth, namely 7Av = 0.31.

To get few cycles of light per pulse not the bandwidth Ar but the relative bandwidth
Av/v. has to be large. To generate a single-cycle pulse, according to its definition 7 = T,
the relative bandwidth must be equal to its TBP. A light pulse with a relative bandwidth
exceeding its TBP, in fact, enables optical pulses which last less than a single optical cycle
(see [H&an90, Fat16], and appendix A.5).

In general, a spectrum spanning M octaves is required to support a N-cycle pulse,
where M = 2-TBP/(2N — TBP). For example, in order to generate a Gaussian shaped
single-cycle pulse (TBP = 0.44), it has to cover 0.56 octaves. This corresponds to a
spectral FWHM of Ar = 105 THz for a near-infrared single-cycle pulse with a carrier
frequency of v. = 240 THz (see Fig. 3.2a). Hence a spectral coverage of over 100 THz is
typically needed for a single-cycle pulse in the near infrared, a bandwidth which can be
provided by ultrabroadband Er:fiber technology.

3.2. Ultrabroadband Er:fiber laser technology

Optical fiber technology was initiated by the availability of highly purified fused silica
glass, because it exhibits a low absorption (0.2dB/km at a wavelength of 1550 nm) in
the near infrared [KaolO]. In particular, silica optical fibers doped with laser-active
erbium ions (Er®*) kept being of importance as their emission spectrum coincides with the
spectral low-loss region of silica. The invention of high-brightness laser-diode pump sources
opened the door to efficient erbium-doped fiber amplifiers [Mea87, Des87] and fiber lasers
[Tam93b]. Since then, fiber laser technology has experienced a rapid development owing to
its extensive use in the telecommunication industry. It benefits not only from high-quality
fibers but especially from wavelength-division multiplexing (WDM) devices, which broke
the bandwidth bottleneck in the telecom industry by allowing many optical signals at
separate wavelengths to be sent through a single fiber without significant crosstalk, and
therefore, multiplying fiber capacity. In addition, fiber lasers now make use of several
devices such as output couplers, isolators and pump combiners that are readily available
with high reliability and quality.

The emission spectral width of Er:doped silica fibers enable 50-fs pulses directly generated
from a mode-locked fiber oscillator [Tan07]. With its much broader gain spectrum a
Ti:sapphire oscillator can provide 10 fs-pulses, even 4.3 fs-pulses on sophisticated schemes
[Sut99, El01, Rau08], yet is inferior to fiber systems in many traits. For example, the
noise performance of fiber systems is superior by the virtue of waveguiding [Adl07¢].
Ultrabroadband Er:fiber technology is enabled by the flexibility to tailor dispersive and
nonlinear properties of fibers via germanium-doping and waveguide designing. This allows
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to fabricate dispersion-shifted highly nonlinear bulk fibers (see Chapter 3.4.2) enabling
spectrally tunable sub-30 fs-pulses in the near-infrared [Tau04] and continuously tunable
sub-ps pulses in the visible (through frequency doubling the tunable near infrared emission)
[Mou06]. In particular, as presented in this chapter, it enables a passive CEP stabilization
of near-infrared light pulses [Krallb] and the generation of over-an-octave spanning spectra.
These provide ultrashort pulses with a duration down to 4 fs comprising merely a single
optical cycle [Kral0]. Furthermore, the capability to tailor-make ultrabroadband spectra
allows to apply an Er:fiber front end as seed source for high-power amplifiers based on
various gain media such as Ytterbium [Fis16a, Fis16b, Wun15] and Thulium [Kum12]. For
further reading, the ultrabroadband Er:fiber technology has been recounted in detail in
the review paper from Brida [Bril4].

Moreover, Er:fiber laser technology with its inherent traits of being extremely compact,
long-term stable without adjustment, turn-key and highly reliable without maintenance
makes it attractive for applications in micromachining [Kerl6, Anc08] and precision
metrology [Feh15]. It also gained the high ground in the area of medical imaging techniques
like optical coherence tomography [Adl07a, Larl6].

3.3. Femtosecond Er:fiber oscillator

The development of lasers providing ultrashort pulses was triggered by the discovery of
mode-locking and it kept being a superior draft horse for present-day ultrashort laser oscil-
lators [Bra00]. Passive mode-locking mechanisms exceed active ones in terms of providing
shorter pulses, higher repetition rates and supply a more stable operation, because the
self-adjusting mechanism becomes more efficient as the pulse shortens. Fiber oscillators
can be passively mode-locked by various means. Salient designs make use of nonlinear
polarization evolution (NPE) in optical fibers [Tam93b], of a nonlinear amplifying loop
mirror (NALM) as artificial saturable absorber [Fer90] or of a semiconductor saturable
absorber mirror (SAM) [Adl07c]. NPE is an optical nonlinear effect and thus is able to
exploit the full erbium gain bandwidth to provide the shortest pulse widths of down to 40 fs
[Mal0]. Oscillators based on NALM and SAM can be built completely out of polarization-
maintaining (PM) fibers without free-space parts, which render both compact and highly
stable against environmental influences, wherein mode-locking with NPE is not amenable
with a PM-fiber. SAMs introduce a intensity-dependent loss due to interband transitions,
which short intense pulses are able to bleach by Pauli blocking and therefore, open a
transient net gain window following the pulse and closing on material-related response
times. This results in that mode-locking is preferred to CW-operation. SAMs feature a
reliable self-starting of mode-locking yet have the drawback of relatively slow response
times. Minimal pulse durations are around 200 fs. Since recently, carbon nanotubes and
graphene oxide attract interest as fiber-coupled saturable absorbers with fast recovery
times [Li16].
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Figure 3.3.: (a) Illustration of the Er:fiber oscillator providing solitonic pulses with a FWHM
duration of 225fs and a pulse energy of 38 pJ. Mode-locking is realized via a fiber-coupled
saturable absorber mirror (SAM). Abbreviations: laser diode (LD); fiber coupled Faraday isolator
(Iso.); fiber optic coupler with a 16.3 %/66.7 %-coupling ratio (C); wavelength division multiplexer
(WDM); erbium doped fiber (EDF). (b) Output intensity as a function of the wavelength (red
solid line) together with a fitting function sech?((A — A¢)/ANg) with a bandwidth A\g = 6.4 nm,
which describes the spectral intensity of an optical soliton.

Here, a homebuilt passively mode-locked all-PM-fiber oscillator is presented, operating at
a repetition rate of 80.4 MHz. It is based on a similar 100-MHz-system described in [Feh16].
As can be seen in the layout of the oscillator setup in Fig. 3.3(a), the fiber oscillator
holds a hybrid design [Adl07b] with a circular and a linear part, both linked by an optical
circulator allowing only counter-clockwise propagation. The active medium of a core-doped
erbium fiber (EDF) is spliced into the circular part and is pumped by a fiber-coupled
InGaAs laser diode (3SPTechnologies 2000 CHP with wavelength-locking utilizing a fiber
Bragg grating integrated into the fiber of type SM98-PS-U25A-H) CW-operating at a
wavelength of 974 nm. Passively mode-locking is achieved by means of an InGaAs-SAM
featuring a modulation depth of 18%, a fast relaxation time of 2 ps and a saturation fluence
of 40 uJ /em?. Tt is directly fixed to the facet of the fiber end.

Self-starting occurs at a optical pumping power of 43 mW , whereas this value is measured
in front of the EDF. The laser diode operates well above the laser-threshold to achieve
stable average output power and low relative amplitude noise [Feh16]. Therefore, a fiber
optic coupler adds additional insertion loss of 7.9 dB. This sums up to 8.6 dB (86 %), taking
into account all components between EDF and laser diode. A Faraday isolator protects
the pump diode from back-reflections, another one shields the oscillator from power peaks
coming from the subsequent laser system. As indicated in Fig. 3.3, the entire oscillator
is enclosed by an aluminum housing and connected to the system with a conventional
fiber plug, which renders it portable and makes it more stable against temperature and
humidity fluctuations. A 1-m-long standard silica fiber is installed between fiber plug and
fiber output coupler, whose output coupling amounts to 30 %.

The SAM supports initial pulse formation from white-noise and a subsequent stabilization
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of mode-locking. However, in an all-fiber cavity, ultrashort pulse shaping and steady-
state propagation is governed dominantly by the interplay between the group velocity
dispersion (GVD) and the nonlinear effect of self-phase modulation (SPM) [Agrl3]. In
the case of negative GVD (blue frequencies lead red), a CW-mode is inherently unstable
and self-compression of a pulse is present. This may lead eventually to the formation
of soliton pulses, pulses balanced by nonlinearity and dispersion. An optical soliton is a
temporally stable pulse solution to the generalized nonlinear Schroedinger equation (NSL)
[Agrl13] as the broadening via GVD and generation of new frequency components via SPM
compensate each other. Therefore, the soliton area theorem states that the product of the
pulse energy £, and the bandwidth-limited pulse width 7 is fixed by the fiber-averaged
second order dispersion 35 (GVD) and nonlinear parameter ~y

2
E, 1= NQﬂ (3.2)

8

The nonlinear parameter v = wng(w)/cAcry depends on the material through the nonlinear
refractive index ny and on the fiber design through the effective mode-field area A.y;.
Since they depend on fiber design and pulse peak power, solitons can be compressed below
the width of the net gain window provided by a SAM [Kar98]. Fundamental solitons are
defined due to equation (3.2) with soliton order N = 1. They exhibit a sech?(¢/7)-shape
of their intensity envelope with the time 7y at which the intensity drops to 42 % of its
maximum. The FWHM duration equates to 1.763 times 7. The peak power, Py = E, /27,
is limited by equation (3.2) when either the pulse energy or pulse duration is limited.

The intracavity polarization maintaining fiber link consists of an 41.4 cm-long active
Er:fiber (OFS EDF50-PM with elliptical core) and a standard silica fiber (Corning Panda
PM 1550 with 10.5 um mode-field diameter or equivalent) with a GVD of 49.7 ps® /km and
—19.65 ps? /km, respectively. Such a cavity with alternating sign of the GVD shows an
oscillatory behaviour of pulse streching and compressing with bandwidth-limited pulse
duration twice a round trip [Tam93a, Bril4]. The cavity length of L = 2.57m is chosen
to set a pulse repetition frequency L/v, of 80.4 MHz, with v, the group velocity. This
sets a low negative group delay dispersion (GDD) of —0.0218 ps?, and therefore supports
soliton-like pulse propagation. For a large negative net dispersion only small variations in
pulse width and spectral width occur around the loop as it is expected for operation in
the soliton regime [Tam95]. Operating in the low net negative dispersion regime help to
produce cleaner spectra and more stable pulses with increased bandwidth compared to a
regime with a net dispersion that is strongly negative [Tam94, Feh16].

Figure 3.3b shows the output spectral intensity at power-threshold for self-starting. A
clean spectrum with a perfect sech?-shape is apparent. Kelly sidebands of lowest order are
present, but only with a peak intensity of 25dB below the spectral peak of the soliton,
and as such these are not visible in the linear plot. The spectral bandwidth corresponds to
a bandwidth-limited FWHM of 225 fs, according to the TBP of 0.315. The average output
power amounts to 3.1 mW, corresponding to a pulse energy of 38 pJ. Output power values
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in a range of 1.1-3.5mW, with a corresponding range of the spectral width of 5.8-12nm,
can be achieved by adjusting the pump power (21-51 mW). With increasing pulse energy,
the pulse width decreases as described by the soliton formula (3.2). This behavior is
limited due to finite bandwidth dictated by the components. Therefore, the single pulse
per cavity round-trip breaks up in two longer pulses as they experience reduced loss due
to the finite-gain bandwidth [K&ar98]. The shortest pulse can be expected before breakup
into multiple pulses, occurring at an intracavity fluence of 3 times the saturation fluence
[Kar98]. Indeed, at an intracavity fluence of 130 J/cm? (at 51 mW of pumping power and
an intracavity pulse energy of 110 pJ), the SAM is clearly saturated in the single-pulse
regime and, therefore, an operation in the two-pulse regime is favored as the two pulses do
not suffer increased losses in the absorber due to the reduced pulse energy. This transition
sets the limit to the shortest pulses achievable, that is 210 fs, attributable to the saturable
absorber and all optic fiber parameters.

3.4. Passive carrier-envelope phase stabilization

The ability to precisely stabilize the phase of ultrashort pulses is pivotal in our experiments
as the electron transport processes involved depends on the exact time evolution of the
electric field. The time evolution in turn can be controlled in a defined manner by varying
the CEP of the pulses. Techniques how to get access to the CEP of the consecutive optical
pulses emitted from a mode-locked laser and techniques how to stabilize it are absolutely
essential and, therefore, are addressed in this chapter. These techniques can be deduced
from the simple picture of the frequency comb of which a pulse train's spectrum consists
of. That is because the frequency comb is inextricably interlinked with their temporal
phase evolution. Stabilizing the frequency comb means stabilizing the train of pulses.

The subsequent sections, from section 3.4.1 to 3.4.3, particularize the different parts of the
ultrabroadband Er:fiber laser setup that are needed to realize the passive phase-stabilization
of the seed pulses derived from the oscillator.

First demonstration on the basis of an Er:fiber laser system was shown in the work of
[Krallb]. This technique is borrowed here: two broad spectral components with central
frequencies 195 THz-wide apart are generated in a dispersion-shifted HNF (see chapter
3.4.2). The high spectral coherence of these components [Kum12| enables the generation
of an offset-free frequency comb by difference frequency generation (DFG). The difference-
frequency corresponds to a central wavelength of 1540 nm, which gives the advantage to
proceed with an Er:fiber amplifier having optimal performance (chapter 3.4.3). To provide
access to this nonlinear process, the pulses emitted from the oscillator are amplified by
means of an Er:fiber amplifier and subsequently temporally compressed to increase the
peak intensity to 60 kW (chapter 3.4.1).

In the following, the frequency comb and phase-stabilization is introduced. A more
detailed review on the CEP-stabilization of ultrashort pulses can be found in the paper
from Cundiff [Cun02].
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Figure 3.4.: (a) Illustration of a pulse train with a repetition rate of f.p, and a slippage of the
carrier-envelope phase of 7/2 occuring from pulse to pulse. As a consequence, the spectrum of
the pulse train is (b) a frequency comb with comb lines equally separated by the repetition rate
and offset to zero by the carrier-envelope offset frequency foro = frep/4. The link between both
is explained in the main body.

The frequency comb

Each time the pulse oscillating in the cavity of the oscillator hits the output coupler an
attenuated replica is sent off. Therefore, the oscillator emits a train of pulses with a
repetition frequency f,., given by the inverse round-trip time of the pulse in the laser
cavity, with fiep, = v,/ L, where v, is the group velocity and L is the round-trip length of the
cavity. A single pulse has a continuous spectrum of coherent frequencies. A time-averaged
train of identical pulses instead only comprises spectral components with frequencies equal
to an integer number of the repetition rate, where the frequencies are enveloped by the
broad spectrum that would characterize the single pulse. Due to the dispersion dn/dA
inside the cavity, the carrier wave propagates at a phase velocity v,, which is different to
vg. Therefore, the pulses are not identical since the CEP shifts by a constant slippage
Agcgp from pulse to pulse [Eck78, Rei99] corresponding to

— wAd (1 - 1) (3.3)
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In BK7, a common borosilicate crown glass, dn/d\ = —0.0125 yum~! at A, = 1550 nm
and therefore when the pulse is traveling a distance of Ad = 80 pum, the CEP is shifted by
2m. As a consequence of pulse-to-pulse slipping, the frequency comb is offset from zero
by the so-called carrier-envelope offset (CEO) frequency feopo = frep(Aperr mod 27) /27,
which defines the rate of change of ¢cpp. A frequency comb line with integer mode number
n is given then by

.fn:n' rep+fCEO- (34)
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Fig. 3.4(b) depicts such a frequency comb. For the purpose of illustration the repetition
rate is set unrealistically high so that only a few modes are within the spectral bandwidth
rather than millions of modes, which would be in place for a train of femtosecond pulses
with a repetition rate of 80 MHz. Fig. 3.4a shows the pulse-to-pulse evolution of the CEP
in the case of single-cycle pulses.

Measurement of f., via self-referencing

Equation (3.4) implies that measuring the precise frequency of light in the order of hundreds
of terahertz reduces to the measurement of the radio frequencies fiep and fego. Therefore,
characterization and control of f.., was a breakthrough not only spurring the field of
precision-frequency metrology [Rei99, Hol00, H&n06, Feh15] but also the field of attosecond
physics [Bal03, Kra09]. Whereas the repetition rate can be readily measured by putting a
photodiode in the beam path, the CEO frequency has to be inferred from interferometric
self-referencing techniques. The simplest scheme of this kind is the so-called f-to-2f
method [Jon00, Apo00, Kak01, Ude02], where the second-harmonic frequencies 2f,, are
generated from the low-frequency wing of the spectrum in a nonlinear crystal. Providing
that the spectrum spans more than an octave, superimposing the second-harmonic signal
with the existing high-frequency part of the fundamental spectrum f,,, cause a heterodyning
beat that is detectable with a photodiode:

2fn - f2n = 2fCEO + anrep - (fCEO + anrep) - fCEO (35)

It therefore provides direct information about the temporal evolution of ¢qsp in the pulse
train. Furthermore, the spectrally resolved beat pattern allows to determine values of fcyo
down to the sub-Hz regime, which renders it an important tool to monitor the CEP of
passively phase locked pulse trains (Chapter 3.6). Alternatively, self-referencing schemes
exist that require less than one octave of bandwidth but which employ more than one
stage of nonlinear frequency conversion [Tel99]. Here, the spectral bandwidth of the final
single-cycle pulses meets the requirement for the f-to-2f method without any additional
spectral broadening (Chapter 3.5). Slow drifts of the CEP can be then corrected by
one of the feedback controls. Remarkably, even though a change in CEP is detectable,
neither the self-referencing nor any other all-optical technique is known so far, which allows
to determine the absolute value of ¢¢pp. Our nanostructure device (Chapter 5.3) is the
first compact and on-chip integrable prototype that is possible to measure and therefore
stabilize the CEP. Its time-integrated current fully depends on the CEP of few-cycle
near-infrared pulses and therefore can be exploited as CEP-feedback.

Carrier-envelope phase stabilization

In generel, by implementing a feedback control it is possible to stabilize the CEO frequency
and therefore obtain control on the CEP slippage. Setting fomo to the m' fraction of
the repetition rate results in every m*® pulse having the same electric field profile. In
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Figure 3.5.: Illustration of passive phase-stabilization via difference frequency generation (DFG)
between two spectra (red) sharing the same frequency comb. The spectrum generated via DFG
(green) consists of comb lines f,, = n - fiep being an integer number n of the repetition rate frep.

amplification systems with repetition rates in the kHz-range, fcpo is typically set actively
equal to the amplifier repetition rate. Though being challenging, also actively locking
fezo = 0 was demonstrated with an advanced f-to-2f scheme [Rau09].

The system presented in this thesis allows for a completely passive approach setting
the CEO frequency to zero via difference frequency generation (DFG) in a nonlinear
crystal. Therefore, every pulse can be used for the experiment. The idea behind is that
the difference-frequency signal containing the frequency differences f,, — f,,, between the
spectral modes f,, and f,, of the fundamental comb, given by

fn - fm - fCEO + nfrep - fCE() - mfrep = (n - m)frep7 (36)

is independent of f.z,. This principle is depicted in Fig. 3.5. The optical feedback is based
on an ultrafast nonlinearity, which provides maximal bandwidth at the full repetition
rate of the pulse train. No electronic control loop is therefore needed, which dramatically
reduces the complexity and enhances the quality of the short and long-term performance.
This technique was early demonstrated in systems based on Ti:sapphire oscillators in
combination of optical parametric amplifiers [Bal02, Man04, Zim04] operating at low
repetition rates in the kHz-regime as then pulse energies are high enough so that the pulses
can be efficiently amplified exploiting the Ti:sapphire technology. First demonstration on
the basis of an Er:fiber laser system was shown in the work of [Krallb]. An overview on
its implementation was given in the introductory text of this section.

3.4.1. Ultrafast femtosecond Er:fiber amplifier

The seed pulses from the oscillator are directly launched into a fiber optic stretched-pulse
amplifier with an Er:doped gain fiber. With a seed pulse energy of 40pJ, amplified
spontaneous emission from the pumped gain fiber is sufficiently suppressed and a single-
pass gain of 22.7 dB is achieved resulting in an output energy of 7.5nJ. The spectrally
broadened and temporally stretched output pulses are recompressed in a prism sequence
to a FWHM duration of 109fs. These parameters enable to drive nonlinear effects in a
highly nonlinear fiber leading to a supercontinuum as described in Chapter 3.4.2.
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The setup of the erbium-doped fiber amplifier (EDFA) is shown on the left-hand side in
Fig. 3.6, the beam path through the prism sequence on the right-hand side. It is used
an amplifier design that is similar to those reported by Fehrenbacher [Feh16] and Tauser
[Tau03]. First, a seed pulse derived from the oscillator is chirped and temporally streched in
a dispersive delay of standard polarization-maintaining telecom fiber (Corning Panda PM
1550 with a mode-field diameter of 10.5 um) with a negative GVD of 85" = —19.65 fs* /mm,
before entering the silica fiber highly doped with Er3* ions (OFS EDF50-PM with elliptical
core and 50 dB of unpumped attenuation at 1550 nm and a mode-field diameter of 4.3 ym).
The standard fiber length is lgy = 6.2m, measured from the output coupler of the
oscillator to the erbium doped fiber (EDF). As a result, the duration of the stretched
pulse amounts to around 1ps. Owing to the positive GVD of 85" = +49.7 fs?/mm, the
prechirped pulse shortens during amplification, while its spectrum gets narrower due to
self-phase modulation (SPM), because its prechirp is compensated for by the nonlinear
phase shift [Agr13]. As a result, the pulse reaches its minimum duration at some point in
the EDF. After that point, it gets positively chirped and, hence, SPM strongly broadens
the spectrum as well as the pulse width of the amplified pulse. Without nonlinear effects
the pulse duration would be the shortest after traveling the distance lg: 55" /55" =
2.45m within the erbium-doped fiber, assuming an un-chirped seed pulse leaving the
oscillator. However, due to a positive nonlinear phase-shift induced by SPM, the point of
shortest pulse duration occurs earlier. By implementing a longer EDF with a length of
2.8 m, the pulse gets positively chirped, strongly spectrally broadened and exhibits only
small spectral phase contributions of higher than second order. This enables a proper
temporal compression. To prevent the advent of excessive nonlinearities afterwards, which
eventually would lead to a breakup of the pulse, the standard fiber length after the EDF
is cut at a length of 36 cm.

This overall behavior is tested by using a longer stretching fiber of Iy, = 10.2m. It
leads to a spectral width reduced to 26 nm as the pulse keeps it negative chirp and the
spectral broadening mechanism by SPM inside the EDF is missing. By using a stretching
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Figure 3.6.: Setup for amplifying pulses derived from the oscillator via a fiber optic stretched
pulse amplifier with subsequent prism sequence for temporally compressing the output pulses.
Abbreviations: wavelength-division multiplexing (WDM); pump laser diode (LD).
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Figure 3.7.: Characteristics of the amplified and recompressed output pulses from the oscillator
determined via a second harmonic FROG measurement and optical spectrum analyzer (OSA).
(a) Trace of the FROG measurement. (b) Intensity spectrum reconstructed from the FROG
trace (black) and the OSA-measured intensity spectrum of the amplifier output (red), which
possesses a central wavelength of 1561 nm and a full width of 60 nm (at points of 0.4 relative
intensity). The phase is dominated by uncompensated third order dispersion. The oscillator
spectrum too is included (gray dashed). (c) Intensity and temporal phase of the output pulses
showing a full-width at half-maximum of 109 fs containing 80 % of the pulse energy in the main
peak. The bandwidth-limited pulse (black dashed) has a duration of 92 fs.

fiber much shorter than 6.2 m has also shown to be unsuitable as the point of shortest
pulse duration occurs too early, leading to a strong distortion of the positively chirped
pulse within the amplification fiber.

High power 980 nm pump light is launched into the EDF through a wavelength-division
multiplexing (WDM) to achieve population inversion along the entire EDF. Two of four
fiber-coupled laser diodes (3SPTechnologies 2000 CHP with wavelength-locking utilizing a
fiber bragg grating integrated into the fiber of type SM98-PS-U25A-H or equivalent) pump
at wavelength of 974 nm in backward direction and the other two at 976 nm in forward
direction. Each laser diode is operated with 850 mW of output power, even though they
are capable to provide 1 W, the up-to-date limit for single mode pump diodes. Polarization
multiplexing combines the pump power of two onto a single fiber. The amplifier is entirely
based on polarization maintaining fibers preventing the amplifier to be sensitive to the
environment as temperature or mechanical stress.

The output spectrum is depicted in Fig. 3.7b showing a spectral width of 60nm at a
central wavelength of 1561 nm. The enhanced bandwidth allows for recompression of the
pulses to a duration less than the Fourier limit of the seed spectrum. After out-coupling
and collimating by a fiber-coupled standard lens, the amplified pulses are recompressed by
employing a pair of silicon prisms [For84|. Silicon was chosen as it features a relatively low
ratio between the third- and second-order dispersion at the central wavelength. The beam
is focused on the end mirror via lens implemented in front of the prism sequence. The
accumulated group delay dispersion (GDD) of the fiber link amounts to 0.132 ps?, without
the positive nonlinear phase shift taking into account. Therefore, a silicon prism sequence
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with a tip-to-tip distance of 22 cm is applied to compensate for the positive chirp. Ideally,
the dispersive delay line would impress a chirp on the pulse, resulting in the compression
of the pulse to its minimum width, o« 1/Aw, where Aw is the frequency sweep. The
prism insertion provides a controlled spectral phase which can be varied. Amplitude and
phase of the output pulses are determined via a second harmonic FROG measurement
(Chapter A.1.1). The reconstructed FROG trace is not shown as it overlaps with the
measured one shown in Fig. 3.7a except for a small reconstruction error of 0.5%. The
shortest compressed pulses obtained are 109 fs in duration as shown in Fig. 3.7c, while
the bandwidth-limited width is 86 fs. The major part of the energy (80 %) is contained
in the single pulse with only small side peaks originating from the uncompensated third
order phase. For achieving low reflection losses the prisms are arranged in such a way
that the beam enters and exits each prism under Brewster angle, whereas each prism's
apex angle is equal to the Brewster angle. A lens of 30-cm focal length is installed in a
1:1-imaging configuration. With an energy efficiency of 93 % of the prism sequence, the
average optical output power is 560 mW resulting in a pulse energy of 7nJ.

3.4.2. Frequency conversion in a highly nonlinear fiber

The gain bandwidth of Er:doped fused silica is narrow (1.53-1.56 um) compared to the one
of solid-state media doped with transition metal ions, especially Ti:sapphire (0.65-1.1 um)
[Rau08], because of the laser-active 4 f-electrons in rare earth ions do only weakly interact
with the silica matrix. Nonetheless, a great advantage is the latitude to tailor dispersive and
nonlinear properties of fused silica fibers via germanium doping and waveguide designing.
It allows to fabricate bulk silica fibers that may feature low dispersion slopes, shifted
zero-dispersion wavelengths (ZDWs) and small effective mode field diameters. These fibers
are termed highly nonlinear bulk silica fibers (HNFs). Femtosecond Er:fiber technology
can exploit them to provide spectral tuning from the visible [Mou06] to the near infrared
[Sel09] and generate supercontinua, reaching spectra that span more than an octave in
the near infrared [Tau03]. In contrast to microstructred fused silica fibers, they also serve
excellent coherent properties [Kum12].

Within this laser system, two tailored fiber assemblies of a pre-compression fiber fusion
spliced to a HNF are utilized [Sel09, Bril4]. One of them is assembled to provide appro-
priate spectra for the passive phase-stabilisation via DFG, another one is seeded by these
phase-stable pulses after their amplification. While the fiber lengths of the first assembly
were calculated in order to generate two spectral peaks shifted 195 THz-wide apart, as such
that the resulting difference-frequency corresponds to a wavelength of 1550 nm, the second
HNF provides a supercontinuum which supports the synthesis of single-cycle pulses (see
section 3.5). To this end, it was made use of the possibility to simulate the ultrashort pulse
propagation inside the fiber assembly [Sel06, Sel09, Bril4] on the basis of the generalized
nonlinear Schroedinger equation (NLSE) [Agr13, Mam90]. It is possible not only to find
appropriate fiber lengths for desired output characteristics but to disclose the governing
mechanisms in detail that are involved in the spectrum generation. Nothing but the optic
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fiber parameters and the input pulse characteristics are needed.

In generel, nonlinear optical effects are necessary to enhance the optical bandwidth
coherently and therefore allow shorter pulse durations. Although fused silica possesses a low
third-order nonlinear susceptibility X3, optical fibers from fused silica are excellent nonlinear
media due to their small effective mode field areas A.r;. As an optical pulse propagates
through an optical fiber, X3-processes such as SPM, cross-phase modulation (XPM), four-
wave mixing (FWM) and stimulated raman scattering (SRS) are capable of generating
new frequencies within the pulse spectrum. The first three of them can be characterized
by the nonlinear coefficient v = wns(w)/cAesr, which depends on the material through
the nonlinear refractive index ny o< Re(X3) and on both the core size and the doping levels
through A.ss. Dispersion strongly affects nonlinear pulse propagation and may diminish
extensive spectral broadening. Ultrabroad spectra can be generated in dispersion-managed
HNF's by soliton fission when the central wavelength lies within the anormalous-dispersion
regime as it is the case for Er:fiber laser systems emitting at 1.5 ym above the ZDW
of the HNF [Agr13]. Also shifting the ZDW into the Ti:sapphire regime (0.8 um) is
possible by increasing the waveguide dispersion contribution as it is done by means of
microstructured photonic crystal fibers (PCFs) [Ran00, Paulb] and tapered optical fibers.
Both of them exploit the large refractive-index step between air and silica to funnel light
into a small effective area (A.;; =1-2 um?), promoting nonlinear effects. In contrast,
Ge-doping of HNF's gives the ability of a controlled dispersion and therefore a control on
the supercontinuum, a degree of freedom a PCF lacks.

Pre-compression fiber

The slightly pre-chirped input pulses derived from the EDFA are launched into a standard
PM-fiber (Corning Panda PM 1550) for temporal pre-compression of the pulses before
entering the HNF. The polarization is set along one of the distinguished axes of the optical
PM-fiber. The optical fiber has a large mode field area (MFA) of 80 um? and is coupled to a
commercial telecom lens with a rigid housing by default, which makes the alignment robust.
At the central wavelength of 1560 nm, the silica fiber possesses anomalous dispersion with
a GVD of —19.65 fs>/mm, a low third-order dispersion of 59.6 fs>/mm and a nonlinear
parameter of 1.3 W~'km~!. The 109-fs pulse of 32-kW peak power launched at the input
end of the optical fiber evolves into a third-order soliton at an incipient soliton order of
N = 2.9, calculated by using equation (3.2) with Py = 32kW and Ty = 62fs. The pulse
undergoes an initial compression phase, which is a common feature of any higher-order
soliton. During this phase, its spectrum broadens through self-phase modulation (SPM)
and the pulse gets shorter. This is confirmed by a simulation carried out. It shows a soliton
period of Ls = 7 Lp = 30.5cm, which is the length at which the shape of unperturbed
solitons recur periodically. Here, Lp = T¢/|/32| is the dispersion length. The simulation
reveals that the shortest pulse duration of 17 fs (FWHM) occurs after propagating a
fraction of the soliton period. For a soliton order of 3, this fraction amounts to ~ Lg/4 =
7.5cm. The fiber is cleaved at this point. Because of the broad spectrum of the ultrashort
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Figure 3.8.: Spectral intensity output (L,..) of the fiber assembly tailor-made to generate
two spectral parts — termed as dispersive wave and soliton — for passive phase stabilization of
1550 nm-pulses via difference frequency generation. To assess the fiber assembly a simulation is
carried out in advance, which yields a appropriate fiber assembly of a 1-cm-long HNF fusion
spliced to a 7.5-cm-long pre-compression fiber. (a) Spectral intensity recorded as a function
of prechirp of the input pulses. The prechirp is set via the position of the second Si prism,
as sketched in Fig. 3.6, whereas the position of 3 (arbitrary units) yields the shortest input
pulse shown in Fig. 3.7. In the simulation the pre-chirp is quantified by second order dispersion
imposed on the shortest input pulse. (b) Output spectrum induced by the shortest input pulses.
The central wavelengths of the dispersive and solitonic part amount to 0.85 um and 1.9 um,
respectively, allowing for difference frequency generation with a central wavelength of 1540 nm.
For the purpose of illustration the central part enclosed within the dashed lines is reduced in
amplitude by a factor of 3. This part is cut out as it is not compressible in time.

pulse (~20THz), further propagation would disturb the soliton by allowing intrapulse
stimulated raman scattering and higher-order dispersive effects to start a soliton fission
process causing the pulse to break up into multiple fundamental solitons [Agr13, Tai88].

Highly nonlinear bulk silica fiber

Soliton fission driven inside a dispersion-managed HNF by an intense femtosecond pulse
can be used to extensively expand the spectrum [Ran00, Hus01, Sel09, Tau04]. Spans
from 815nm (370 THz) to 2200 nm (135 THz) are possible with this approach (to within
10dB). Here, the applied nonlinear fiber is 1-cm long. It is directly fusion spliced to
the pre-compression fiber with a low loss of 0.2dB. Although the core has a cylindrical
symmetry, the polarization is maintained due to the short fiber length. Its effective MFA
of 12 uym? results in a large nonlinear parameter of 9km='W~1. Solitonic propagation
is provided by the anomalous dispersion at laser wavelengths longer than the ZDW of
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1.33 um of the nonlinear optical fiber. This value results from the GVD of —10.3 ps®/km
and third-order dispersion of 59.6 fs>/mm at 1550 nm. The combination of the increased
input peak power of the pre-compressed pulses and the high nonlinearity of the HNF results
in a formation of a higher-order soliton. Again, the soliton initially shortens accompanied
by an extensive broadening of its spectrum due to SPM. After a short propagation length
it separates into two parts: a blue-shifted optical pulse experiencing normal dispersion,
the so-called dispersive wave, and a red-shifted soliton. Both interact with each other
via four-wave mixing (FWM), meaning that the soliton shifts to longer and the coupled
dispersive wave to shorter wavelengths. Consequently, the dispersive wave is trailing the
soliton due to group-velocity dispersion and is finally loosing all temporal overlap over long
distances. Thus, the furthermost shifted spectral components are limited by the group
velocity mismatch between both waves, which in turn is governed by the fiber dispersion.
The ZDW marks the point of highest group velocity, decaying to either side. By shifting
the ZDW, it is possible to alter the velocity difference between soliton and dispersive wave.
Here, the nonlinear fiber with its ZDW of 1.33 um (another ZDW occurs at 2.8 um due
to higher-order dispersion) enables a broad spectral tuning range with parts occurring
at wavelengths down to 850 nm [Sel09]. Remarkably, it enables to completely cover the
entire visible range by frequency doubling [Mou06].

Pursuant to a simulation, a nonlinear fiber as short as 10 mm was prepaired that provides
a smooth, suitable spectrum that is tunable by adjusting the prechirp. Starting from the
configuration for minimum input pulse width (according to the pulse characteristics in Fig.
3.7b-c, the chirp imposed on the 1.56-um input is fine tuned by adjusting the position
of the second Si prism [Tau04], as sketched in Fig. 3.6. The intensity spectrum recorded
as a function of the prechirp (i.e. second order dispersion) is shown in the upper part of
Fig. 3.8a. The bottom part of the figure depicts the result of the simulation. Agreement
between measurement and theory is in evidence, whereas not only the spectral positions
coincide but also the absolute values are quite similar as well. Energy efficiency of the
entire fiber link comes to 75 %. In the simulation, this is taking into account by lowering
the input pulse energy and introducing constant splice loss between pre-compressing fiber
and HNF. In addition, a 120-pum-long coreless fiber piece from fused silica is fusion spliced
to the HNF (with negligible splice loss) in order to decrease the intensity at the fiber
end facet to suppress the optical tweezer effect. As can be seen in Fig. 3.8a, the shortest
input pulse turns into the largest spectral displacement, resulting in the spectrum shown
in Fig. 3.8b. The center wavelength of the dispersive and solitonic part with 850 nm
and 1900 nm, respectively, are appropriate generate the difference frequency at 195 THz
(1540 nm) within a lithium niobate crystal. For an efficient energy conversion, both pulses
are temporally compressed.

Pulse compression by means of a prism pair sequence

The outcoupled beam is collimated by an off-axis paraboloid mirror of gold with a focal
length of 5mm and sent through a SF10 prism pair compressor in a folded 1:1 image
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Figure 3.9.: Setup for ultrabroadband frequency conversion in a fiber assembly with subsequent
pulse compression and difference frequency generation (DFG) in periodically poled MgO:LiNbO3
(PPLN). The fiber assembly comprise a commercial telecom lens (F) coupled to a pre-compression
(PF) fiber that is fusion spliced to the highly nonlinear bulk silica fiber (HNF'). The output beam
is collimated by an off-axis paraboloid mirror and subsequently sent through a two-SF10-prism
sequence in a folded 1:1 image configuration for temporal compression of the dispersive wave
(yellow part of the spectrum). The soliton (red part of the spectrum) and the dispersive wave
are focused into a PPLN for DFG. The CEP of the phase-stable pulse output may be set by
the insertion of the SiOs wedge prior amplification in a subsequent fiber amplifier. Details are
explained in the main body.

configuration [For84], as depicted in Fig. 3.9. The prism sequence with a tip-to-tip
distance of 15 cm compensate for the chirp acquired by the dispersive wave inside the HNF.
While it is sent through both prisms, the soliton is deflected by a mirror in order to avoid
additional dispersive broadening in the second prism. The soliton's pulse shape is hardly
affected by the first prism because of the low dispersion of SF10 (from Schott) featuring a
ZDW of 1.7 ym as well as because of the beam path in the first prism that is kept short.
The cylindrical end mirror make up for the spatial dispersion caused by the first prism,
whose tip is placed to the point that is at a distance from the mirror equal to its radius of
curvature (20 cm). The mirror is placed on a fine-resolution translation stage to ensure
fine-adjusting temporal overlap between soliton and dispersive wave. The central part of
the spectrum, enclosed within the dashed lines in Fig. 3.8, is sharply cut away by razor
blades inserted in front of the end mirrors surfaces, which are placed into the focal plane
of the concave mirror (focal length equal to 25cm). This step is crucial as otherwise the
fundamental spectrum would remain as contribution with non-zero carrier-envelope offset
frequency superposing the DFG signal. The power of the dispersive wave and the soliton
leaving the prism sequence amounts to 30 mW and 60 mW, respectively.

To assess the temporal pulse profile after the prism sequence both pulses are characterized
via second harmonic FROG measurement (see Chapter A.1.1). The dispersive wave is
compressed to its bandwidth-limited pulse duration of 27 fs as shown in Fig. 3.10(c). Its
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Figure 3.10.: Full characteristics of dispersive wave (a,b,c) and soliton (d,e,f) determined
via a second harmonic FROG measurement. Generating the difference-frequency between both
provides a phase-locked frequency comb with a central wavelength at 1.54 ym. (a,d) FROG
traces obtained from the measurement. (b,e) Intensity spectrum, reconstructed from the FROG
trace (black) and measured via optical spectrum analyzer (red). The spectral phase (green)
is discernibly flat in both cases providing (c) a bandwidth-limited dispersive wave and (f) a
bandwidth-limited soliton. The almost identical pulse shape and duration of both pulses facilitate
an efficient DFG process.

spectrum as well as its discernibly flat spectral phase is plotted in Fig. 3.10(b). The
soliton is not affected in shape by the first prism and keeps its Fourier limit of 33 fs. Its
pulse profile is shown in Fig. 3.10(f). Fig. 3.10(e) depicts its spectrum and spectral phase,
which is almost perfectly flat. The corresponding FROG traces of the dispersive wave and
soliton are shown in Fig. 3.10(a) and (d), respectively. The reconstructed FROG traces
are not shown as each of them perfectly overlap with the measured ones except for a small
reconstruction error in each case of 0.4 %. Both pulses, which are of almost the same pulse
shape as well as pulse duration, allow for efficient difference frequency generation in an
appropriate phase-matched nonlinear crystal.
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Figure 3.11.: Spectral intensity of the passively phase stabilized pulses obtained by difference
frequency generation (DFG) in periodically poled MgO:LiNbOs. On the left and right side, the
tailored spectra of the dispersive wave and soliton driving the process are shown (see arrows).
The DFG spectrum is centered at 1540 nm with a bandwidth of 150 nm, covering the entire gain
bandwidth of erbium. Subsequent preamplification in Er:fiber yields the spectrum shown in red.
At a wavelength of A = 1.9 ym, some unresolved Hy0 absorbtion lines are observable originating
from the molecular excitation of rotation-vibration modes in the 5130 ym~!-vibration-band.

3.4.3. Difference-frequency generation within lithium niobate

Difference frequency generation (DFG) within a nonlinear crystal is a completely passive
all-optical approach to set the CEO frequency to zero. Here, periodically poled congruent
lithium niobate (LiNbOs3) is used for efficient DFG among the soliton and the dispersive
wave derived from the HNF [Krallb]. DFG is a nonlinear Xp-process and as such it
benefits from the large nonlinearity of lithium niobate. As it is ferroelectric at room
temperature, its largest nonlinear tensor coefficient (dsz3 = 27 pm/V for congruent lithium
niobate) may be accessed via quasi-phase matching, which is achieved by periodic poling of
the ferroelectric (nonlinear) polarization [Arm62]. That is why periodically poled lithium
niobate (PPLN) is a widely used nonlinear crystal for frequency-conversion processes.
Lithium niobate may be subject to photorefractive damage, i.e., optically induced but
locally trapped charge carriers which cause an inhomogeneous change in refractive index
[Che69]. To mitigate this effect, the crystals’ photoconductivity can be increased by
inserting defects into the lattice stucture. Also, higher crystal temperatures lead to an
increase of its electrical conductivity and thus to a faster relaxation of trapped carriers.
For those reasons, the PPLN used is doped with 5-mol% MgO and held at temperature of
343 K£0.1 K by a heating resistor coupled to an electronic feedback loop.
The experimental setup is shown in Fig. 3.9. The dispersive wave (0.85 um, 375pJ) and
the soliton (1.9 um, 750 pJ) are superimposed after the prism sequence and focused into a
2-mm-long PPLN by a spherical mirror of silver with a focal length of 20 mm. Input pulse
characteristics of each are depicted in Fig. 3.10. Both pulses are of almost the same pulse
length as well as pulse shape bolstering an efficient conversion process. A crystal length of
2mm was chosen as a trade-off between conversion bandwidth and conversion efficiency.
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The crystal exhibits a fan-out design with a poling period ranging between 21-35 um that
bring about a fine-tuning of the quasi-phase matching, so the output spectrum, by crystal
translation. The fine-tuned DFG output, shown in Fig. 3.11, is a broadband spectrum
centered at 1540 nm wavelength with a spectral bandwidth of 150 nm completely covering
the gain spectrum of erbium. The average power of the DFG signal amounts to 1-2mW,
which is sufficient for seeding a subsequent EDFA.

The DFG output beam is collimated by an antireflex-coated lens and sent through two
wedges from SiO, before entering an Er:fiber amplifier. The CEP of the passively phase
stabilized DFG pulses can be changed linearly by altering the optical path length through
any dispersive material like, for example, the shown SiOy wedge. Remarkably, it also freely
sets the CEP of the final single cycle pulses without deforming their pulse envelope shape,
as described in Chapter 3.6. Residual non-phase-stable light at erbium wavelengths derived
from the HNF were suppressed inside the prism compressor by a factor of 20dB. Now,
the central wavelength of 1540 nm allow to proceed in the scope of the ultrabroadband
Er:fiber technology enabling the generation of a pulse train of single-cycle pulses that
exhibits a stable CEP.

3.5. Synthesis of light pulses with a single optical cycle

In the following, the setup for the generation of 1.0-cycle pulses is presented. The single
optical cycle has a carrier wavelength of A, = 1.25 um (v. = 240 THz) and lasts only 4.2 fs.

The synthesis is based on two essential steps: generation of an over-an-octave spanning
supercontinuum within a single HNF (section 3.5.1) followed by an accurate dispersion-
control scheme employing a split prism compressor (section 3.5.2). In addition, an easier
to handle prism compressor consisting of a single pair of prisms is presented that enables
the generation of 1.4-cycle pulses, with a duration of 6.3 fs and a center wavelength of
1.32 um. The CEP of the single-cycle pulses is stabilized by seeding this setup with CEP
stable pulses produced by DFG (see previous section 3.4.3).

3.5.1. Generation of an ultrabroad spectrum

The CEP stable 1.5-um pulses generated by DFG are seeded into two consecutive EDFA
stages, and pass a subsequent pulse compressor to provide 6.5-nJ pulses with a duration of

110fs. These parameters enable the generation of a supercontinuum, spanning 1.2 octaves
in FWHM, within a tailored HNF assembly.

Two-stage erbium-doped fiber amplifier and pulse compression

The overall setup for amplification and pulse recompression of the 1.5-pm pulses is identical
to the previous one (see section 3.4.1). In contrast, here the amplification occurs in two
steps: the pulses are seeded into a preamplifier followed by a main amplifier (see Fig.
3.12). Although the final pulse energy can be obtained by using a single EDFA only, the
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Figure 3.12.: Setup for amplification and temporal compression of passively phase-locked 1.5-pm
pulses. The input pulses are preamplified in a seed-saturated erbium-doped fiber amplifier to an
average power of 28 mW and distributed to four outputs afterwards. The seed-saturated main
amplifier and subsequent pulse compression architecture is identical to previous setup (see Fig.
3.6). After the prism sequence, the pulse energies are 6.4nJ (512mW) and the pulse duration
is 110fs (see Fig. 3.14c). Precise CEP control of the final single-cycle pulses is performed by
inserting fused-silica wedges (FSW). Additional control can be obtained by modifying the pump

power of the preamplifier. Other acronyms: wavelength-devision multiplexer (WDM), pump
laser diode (LD) and fiber coupler (FC).

preamplifier stage offers two advantages. First, the preamplified pulses with a pulse energy
of 35pJ (28 mW) can be distributed in power to several, here four, optical fiber outputs
[Ad107¢]; this allows for an efficient seeding of EDFAs and placing prospective applications
that demand CEP stable pulses at a wavelength of 1.55 yum. And second, the pumping
power of the preamplifier may be adjusted to control the CEP of the output pulses (see
section 3.6).

The coupling ratios of the fiber optic couplers (see Fig. 3.12) result in output powers of
5.5mW (Port 1,2,3) and 4.4mW (Port 4). Another port is installed to monitor output
power and spectrum of the preamplified light. The pulses derived from one output (Port
1) are directly launched into the seed saturated main fiber amplifier, boosting the pulse
energy further to 7nJ (555mW). The overall amplifier layout is identical to the one of the
first EDFA (see Fig. 3.6). Figure 3.13a depicts the final output spectrum with a center
wavelength of 1560 nm and broadened by SPM inside the EDFA to a spectral coverage of
65nm (FWHM).

The preamplifier and the main amplifier are designed to operate above their seed
saturation thresholds, meaning, the output power is only slightly increasing as a function
of input power. The saturation curves of the preamplifier and main amplifier are depicted
in Fig. 3.13b and c, respectively. The saturation comes in handy since it renders
small fluctuations in seed power ineffective. It also uncouples the output intensity from
mechanisms changing the input intensity. This may be helpful since a shift of the coupling
efficiency of light into the fiber amplifier, and so a shift in seed power, can occur from the
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Figure 3.13.: Characteristics of the preamplifier and the main amplifier. (a) Intensity output
spectra. (b) Output power of the preamplifier as a function of normalized input power of the
phase-stable pulses. (c) Output power of the main amplifier as a function of input power. Both
amplifiers clearly operate in a saturated regime.

beam offset caused by the insertion of a fused silica wedge, which is used for controlling
the CEP (see left of Fig. 3.12). The saturation guarantees that only the CEP of the
amplified output pulses is shifted without changing their intensity or spectrum.

The output pulses double-pass a sequence of silicon prisms to compensate for their
positive chirp, which is imposed on them during their propagation through the fiber
amplifiers. The prisms are placed right behind the main amplifier and sequenced with
a tip-to-tip distance of 21 cm. The shortest possible pulse obtained lasts 110fs (see Fig.
3.14c), with its main peak containing 80 % of the total pulse energy. Figure 3.14c depicts
the temporal intensity and phase of the pulse, which is extracted from second harmonic
FROG measurement. After leaving the prism sequence, the average power of the pulse
train is 512mW, resulting in a pulse energy of 6.5nJ.

Supercontinuum generation

The amplified pulses are sufficiently short and intense to generate a supercontinuum in a
fiber assembly consisting of a short piece of highly nonlinear germanosilicate fiber fusion
spliced to a pre-compression fiber (see section 3.4.2). Based on a simulation [Sel09, Bril4],
the fiber assembly is designed to generate the broadest possible output spectrum. Except
for a different type of HNF and other fiber lengths, there is no difference to the previous
setup described in section 3.4.2. The pre-compression fiber is a 8.3-cm long standard PM-
fiber (Corning Panda PM 1550) inside which the pulse experiences a solitonic compression
until it reaches its shortest pulse width of 16 fs (simulated outcome) at the further end
of the pre-compression fiber, right before entering the HNF. For the supercontinuum
generation, a 4.3-mm long HNF is used exhibiting a MFA of 12.5 um? and a nonlinear
parameter of 8.8 km W', whereas its GVD and third-order dispersion is 8.2 ps?/km and
80.8 fs® /mm, respectively.

The spectral energy of the generated supercontinuum is shown in Fig. 3.15, recorded
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Figure 3.14.: Characteristics of the recompressed pulses derived from the main amplifier used
as input for the supercontinuum generation in a HNF. (a) Recorded FROG trace. (b) Intensity
spectrum (black) and phase (green) reconstructed from the FROG trace. The recorded OSA
spectrum is plotted in blue. The FWHM amounts to 65 nm. (c) Intensity and temporal phase
of the output pulses. Uncompensated third- and fourth-order dispersion restrict the pulse width
to 110fs, whereas the bandwidth-limited pulse (dashed) duration amounts to 80 fs.

by an optical spectrum analyzer placed behind a following two-prism compressor (see
Fig. 3.17 with omitting prism C). Dispersive wave (short-wavelength part) and soliton
(long-wavelength part) are isolated by using a razor blade, which cuts off wavelength
components with distorted spectral phase between 1500-1600 nm in the Fourier plane of
the prism compressor. The supercontinuum is tunable by adjusting the chirp imposed on
the seed pulse and lined up for various chirp settings (rainbow-color coded): Starting from
the configuration for minimum pulse width, the chirp is fine tuned by setting the position
of the second Si prism of the prism compressor (see Fig. 3.12). The shortest input pulse
causes the overall broadest spectrum (solid black line). Here, the entire spectrum spans
1.2 octaves, namely from 160-345 THz or 870-1900 nm, when determining the wavelength
components at 3-dB below the peak intensity (FWHM). The bandwidth at 15-dB threshold
(3%) corresponds to 1.6 octaves, namely, from 140-360 THz or 830-2150 nm. As shown
in the next section, the bandwidth-limited pulse duration of 4.2 fs can be achieved. This
pulse duration is slightly lower in contrast to a previous result of 4.3-fs pulses [Kral0],
because here wavelength components between 1400-1500 nm are not blocked.

Note that the same bandwidth may be realized easier by combining the output of two
separate HNFs: by finding independently the configuration for the broadest solitonic
spectrum generated in one HNF and, in the other, for the broadest dispersive wave. While
the high coherence of the shared seed oscillator allows the superposition of both pulse
trains [Kral0] with an extremely low timing jitter of 50 as [Adl07c], the synthesis within a
single branch offers an inherently better phase stability. In addition, the system is more
compact since only one main amplifier is needed. The higher compactness reduces external
influence, for example on the amplification process, which in turn contributes also to a
reduction of slow CEP noise compared to a system with two branches.

52









	List of Acronyms
	Introduction
	Einleitung

	Strong-field electron emission from metal surfaces
	Light-induced electron emission from metal surfaces
	Linear photoelectric effect
	Multiphoton photoemission
	The Keldysh theory and strong-field driven tunneling

	Electron emission in strong static electric fields
	Optical near-field enhancement at plasmonic nanostructures
	Optical near-field enhancement in a bowtie nanoantenna


	Passively phase-locked single-cycle light pulses in the near infrared
	Few-cycle light pulses
	Ultrabroadband Er:fiber laser technology
	Femtosecond Er:fiber oscillator
	Passive carrier-envelope phase stabilization
	Ultrafast femtosecond Er:fiber amplifier
	Frequency conversion in a highly nonlinear fiber
	Difference-frequency generation within lithium niobate

	Synthesis of light pulses with a single optical cycle
	Generation of an ultrabroad spectrum
	Dispersion control by means of a prism sequence

	Detection and control of the carrier-envelope phase

	Fabrication and characterization of electrically contacted nanoantennas
	Fabrication of electrically contacted bow-tie shaped nanoantennas
	Layout
	Nanofabrication by electron-beam lithography
	Electrical interconnecting circuit

	Stationary current-voltage characteristics
	Setup and measurement scheme
	Stationary electrical properties of a contacted optical antenna

	Conclusion

	Attosecond control of electron transport in an electrically contacted nanoantenna
	General principle
	Experimental setup
	Single-electron transport controlled with the carrier-envelope phase
	Modelling of the attosecond electron transport
	Assessment of the time-dependent tunneling current
	Field-driven ballistic propagation in the nanoantenna gap
	Conclusion


	Conclusion and outlook
	Zusammenfassung und Auslick

	Appendix
	Full temporal characterization of ultrashort pulses
	Frequency-resolved optical gating
	Two-Dimensional spectral shearing interferometry

	Calculation of the optical electric field strength
	Optical pulse synthesis by coherent superposition
	Dependence of the single-cycle synthesis on the relative carrier phases
	Tailored waveforms in the near infrared
	Pulse parameters of the ultrabroad Er:fiber laser setup

	Bibliography
	Publications and conference talks
	Acknowledgements

