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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 (1 fs = 10−15 s) down to attoseconds
(1 as = 10−18 s). 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, Ghi14, Gué16]. 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 [Gra10]. 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, Pau95, 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, Pau01, 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 [Kra10, Jun10, Wir11]
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, Kra11b].
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, Jun10,
Ghi14, Wol15]. Only recently has it been possible to detect the generation of high
harmonics in dielectrics and high-band-gap semiconductors [Ghi14, Luu15]. In [Sch13a],
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 [Gra10, Ben16]. 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 [Hom06,
Bor10, Her12, Krü12a]. In addition to the prospect of enabling electron microscopes with
a femtosecond resolution [Fei17], 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
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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, Pig13]. 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 [Bri14] 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 µm [Kra10], and it offers the
flexibility to passively stabilize the CEP [Kra11b]. 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/cm2 , an order of magnitude that
is hardly achievable in dielectric systems without damage [Len98, Ghi14]. 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 µm, 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 µm to 2.2 µm is generated in a highly nonlinear bulk
silica fiber. Subsequently, the difference frequency at a corresponding central wavelength
of 1.5 µm 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 µm to 2.2 µm. An accurate control over the spectral phase
is achieved by an advanced prism compressor [Sel11, Rie16], 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.
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Einleitung
Elementare Vorgänge in der Natur finden auf unterschiedlichsten Zeitskalen statt. Die
schnellsten Vorgänge in Atomen, Molekülen und kondensierter Materie sind mit der
Bewegung von Elektronen verknüpft und spielen auf der extrem kurzen Zeitskala von
Femtosekunden (1 fs = 10−15 s) bis hin zu Attosekunden (1 as = 10−18 s) 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, Ghi14, Gué16]. Langfristiges Ziel ist es
dabei, Elektronendynamiken mit dieser zuvor unerreichten Präzision in nanostrukturierten
Materialien zu kontrollieren, um innovative Konzepte für neue mikro- und nanoelektronische
Bauelemente zu entwickeln. Eine besondere Schlüsselrolle nimmt dabei die Plasmonik ein.
Sie liefert Möglichkeiten, das elektrische Feld von Licht auf Dimensionen weit unterhalb der
Wellenlänge bis hin zu wenigen Nanometern - und damit auf der Skala moderner integrierter
Schaltkreise - zu kontrollieren [Gra10]. 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 Feldstärken so hoch sind, dass sie die
Bindungskräfte, die Valenzelektronen in einem Atom erfahren, bei weitem übersteigen.
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 lässt sich nicht mehr im
Rahmen einer Störungstheorie beschreiben [Blo82].
Stattdessen modifizieren intensive Lichtimpulse beziehungsweise nichtperturbative Wechselwirkungen effektiv die Potentiallandschaft, auf der sich die Elektronendynamik abspielt
[Sus06]. Dies führt zu einer fundamental unterschiedlichen Dynamik: Semiklassisch betrachtet 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 verlässt. Nach diesem stark nichtlinearen Prozess, der schon kurz nach der
Erfindung gepulster Lasersysteme in der Arbeit von Keldysh theoretisch beschrieben wurde
[Kel65], erfährt das Elektron eine starke Beschleunigung im elektrischen Wechselfeld. Diese

5

1. Introduction
ultraschnelle Elektronendynamik führt dabei zu einer Reihe von Phänomenen, welche in
schwachen Lichtfeldern nicht auftreten [Cor93, Pau95, Eic09]. Wird das Elektron beispielsweise wieder auf das ionisierte Atom zurückbeschleunigt und von ihm absorbiert, kehrt
das Ion unter Erzeugung von kohärenten hohen Harmonischen der treibenden Trägerwelle
in seinen atomaren Ursprungszustand zurück [McP87, Lew94]. Dieses Phänomen hat beträchtliche Aufmerksamkeit auf sich gezogen, da es Zugang zu extremen Photonenenergien
und die Erzeugung von Attosekunden-Lichtimpulsen ermöglicht [Ant96, Pau01, Ago04].
Dabei hängt die Bewegung des quasi-freien Elektrons maßgebend vom zeitlichen Feldverlauf
der treibenden Welle und dem Zeitpunkt ab, in der das Elektron das Atom verlässt. Diese
Elektronendynamik zu kontrollieren erfordert deshalb Impulse mit exakt kontrollier- und
reproduzierbaren zeitlichen Profil des elektrischen Feldes.
Seit der Jahrtausendwende stehen mit höchstentwickelten Lasersystemen Lichtimpulse
mit nur noch wenigen Schwingungen [Bal97, Sut99, Rau08, Bri08] oder sogar lediglich
einer einzelnen Schwingung des elektromagnetischen Feldes [Kra10, Jun10, Wir11] zur
Verfügung. Durch die geringe Anzahl an Lichtzyklen lassen sich schnelle Elektronendynamiken gezielt über die absolute Phasenlage des elektrischen Feldes unter der Einhüllenden
kontrollieren [Jon00, Bal02, Gou08]. Man spricht von der Träger-Einhüllenden-Phase (TEPhase). Sie legt den elektrischen Feldverlauf und damit einhergehend auch die Amplitude
und Richtung der stärksten optischen Halbschwingung präzise fest. Aufgrund der unterschiedlichen Phasen- und Gruppengeschwindigkeiten im optischen Resonator variiert
die Phasenlage von Lichtimpulsen jedoch im Allgemeinen von Impuls zu Impuls mit der
Träger-Einhüllenden-Schlupffrequenz. Techniken, diese Frequenz und damit die TE-Phase
zu kontrollieren, sind deshalb essentiell [Jon00]. Insbesondere kann unter Ausnutzung
der optischen Nichtlinearität eines Kristalls die TE-Phase vollständig passiv auf Null
stabilisiert werden. So lassen identische Impulse mit einer insbesondere sehr hohen Kurzund Langzeitphasenstabilität zu erzeugen [Bal02, Man04, Kra11b].
Femtosekunden-Impulse mit wenigen Lichtzyklen im infraroten Spektralbereich ermöglichen es, auf ultrakurzen Zeitskalen höchste elektrische Felder nicht-resonant an
Festkörpersysteme anzulegen, ohne eine Schädigung hervorzurufen [Len98, Jun10, Ghi14,
Wol15]. Erst kürzlich konnte die Erzeugung hoher Harmonischer in Dielektrika und
Halbleitern hoher Bandlücke nachgewiesen werden [Ghi14, Luu15]. In [Sch13a] wurde
berichtet, dass in Quarzglas starkfeldinduzierte Ströme aufgrund einer transienten Besetzung des Leitungsbands auftreten. Die Studien zeigen, dass elektronische Eigenschaften in
kondensierter Materie auf einer Subzyklen-Zeitskala kontrolliert werden können. Die Propagation von Licht in einem Dielektrikum unterliegt jedoch der Abbeschen Beugungsgrenze
und kann nicht auf Bereiche unterhalb etwa der halben Wellenlänge konzentriert werden.
Dagegen besitzen metallische Nanostrukturen die Eigenschaft, elektrische Feldüberhöhungen im Bereich von wenigen Nanometern zu erzeugen. Sie lassen sich wirkungsvoll dafür
einsetzen, ultraschnelle Elektronendynamiken auf kleinsten Längenskalen zu kontrollieren.
Gegenstand vieler bisheriger Untersuchungen ist die Elektronenemission aus scharfen Metallspitzen [Hom06, Bor10, Her12, Krü12b]. Neben der Aussicht, Elektronenmikroskope mit
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einer Zeitauflösung im Femtosekunden-Bereich auszustatten [Fei17], zielen die Experimente
darauf ab, anhand der Energieverteilung herausgelöster Elektronen die Elektronendynamik
an Metalloberflächen zu untersuchen. Analog zur Situation isolierter Atome, können
Elektronen direkt aus der Metalloberfläche tunneln, sofern die elektrischen Feldstärken
hoch genug und die Frequenz der Trägerwelle niedrig genug ist [Bun65, Her12]. Letzteres
liegt daran, dass die Tunnelwahrscheinlichkeit mit der Periodendauer der Trägerwelle zunimmt. So konnte das Tunnel-Regime mit dem jeweiligen Einzug starker Strahlungsquellen
im Mikrowellen-Bereich [Cha63, Tan94b], im THz-Bereich [Wim14] und im mittleren
Infrarot [Her12] erreicht werden. Im nahinfraroten Spektralbereich überwiegt typischerweise die Wahrscheinlichkeit, dass ein Elektron durch die Absorption mehrerer Photonen
aus einer Metalloberfläche austritt. Um auch in diesem Spektralbereich das nichtperturbative Regime zu erreichen, lässt sich der Effekt einer plasmonischen Feldüberhöhung
ausnutzen [Sch12a, Pig13]. Die Verwendung von nahinfraroten Lichtimpulsen zur Erzeugung einer Tunnelemission ist deshalb reizvoll, da ihr schnell oszillierendes Feld kohärente
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 können, um einen vollständig phasenkohärenten
Tunnelstrom zwischen zwei Kontakten einer einzelnen plasmonischen Nanostruktur zu
erzeugen.
Die hoch flexible Erbium-Faserlasertechnologie [Bri14] bietet einen idealen Ausgangspunkt
für die Ausführung des Experiments. Neben der Synthese einer einzelnen Lichtschwingung
mit einer Zentralwellenlänge von 1.3 µm [Kra10] bietet die Technologie die Flexibilität, die
TE-Phase zusätzlich passiv zu stabilisieren [Kra11b]. Absolut exakt gleiche Feldverläufe
eines Impulszugs sind notwendige Voraussetzung dafür, auch über viele Lichtimpulse
hinweg einen messbaren Netto-Strom durch einen Tunnelkontakt zu generieren. Zudem
versprechen die relativ langwelligen Trägerwellen eine erhöhte Tunnelwahrscheinlichkeit
im Vergleich zur weit verbreiteten Titan:Saphir-Laserwellenlänge bei 800 nm.
Mit der Ultrakurzpulsquelle, die im Rahmen dieser Arbeit aufgebaut wurde, steht diese
Kombination erstmals zur Verfügung. Das System liefert Lichtimpulse mit einer Dauer einer
einzelnen Lichtschwingung mit einer Dauer von 4.2 fs und einer passiv stabilisierten TEPhase. Um zusätzlich ein hohes Signal-zu-Rauschverhältnis im Experiment zu ermöglichen,
stellt das System die Impulse mit einer hohen Repetitionsrate von 80 MHz bereit. Selbst
kleinste mittlere Tunnelströme von nicht einmal einem pro Lichtimpuls transportierten
Elektron können so detektiert werden. Innovativ am System ist darüber hinaus, dass
sich die TE-Phase frei einstellen lässt ohne dabei den zeitlichen Intensitätsverlauf 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 Feldstärken zu
erreichen, besitzen sie die Form einer optischen Antenne. Insbesondere eine Bowtie-

7

1. Introduction
Antennengeometrie1 , die in dieser Arbeit verwendet wird, führt bei einer resonantplasmonischen Anregung zu einer sehr hohen Steigerung der elektrischen Feldstärke im
Nanospalt. Femtosekunden-Impulse mit Energien im Pikojoule-Bereich erzielen so extrem
hohe Feldspitzen von 100 V/nm. Dies entspricht lokalen Intensitäten von 1015 W/cm2 ,
eine Größenordnung die in dielektrischen Systemen ohne eine Schädigung kaum erreichbar ist [Len98, Ghi14]. Dabei übersteht 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 über einen Zeitraum von wenigen
Femtosekunden anliegen. Das zeitliche Profil des elektrischen Feldes bleibt dabei durch
die sehr kurzen Dephasierungszeiten der maßgeschneiderten Nanoantennen, trotz der
Feldüberhöhung, nahezu unverändert.
Im Experiment werden die Lichtimpulse auf eine einzelne Bowtie-Nanoantenne fokussiert
und regen einen kohärenten Ladungstransport an. Der Spalt der Bowtie-Nanoantenne beträgt wenige Nanometer und wirkt effektiv als Tunnelbarriere mit einer stark nichtlinearen
und antisymmetrischen Strom-Spannungs-Charakteristik. Elektronen tunneln aus einem
Kontakt in den Lücke. Die Bewegung über den Freiraum erfolgt ballistisch und dauert
aufgrund der extremem Beschleunigung weniger als eine Femtosekunde. In Verbindung
mit der starken Nichtlinearität des Tunnelprozesses führt der Einsatz von Impulsen mit
lediglich einer einzelnen Feldschwingung zu einem dominanten Tunnelstrom in Richtung
der stärksten Halbschwingung und somit zu einem zeitlich über viele Impulse gemittelten
Netto-Transport der Elektronen. Wie sich herausstellt, kann ein Transportregime erreicht
werden, in dem der gesamte optisch angeregte Strom vollständig kohärent zum elektrischen
Feld ist und somit diesem Transportmechanismus unterliegt. Der Elektronentransport
lässt sich somit vollständig über die TE-Phase kontrollieren.
Die Dissertation ist wie folgt gegliedert. Kapitel 2 vermittelt das Hintergrundwissen über die fundamentalen Mechanismen der Licht-Materie-Wechselwirkung, die zur
Elektronenemission aus Metalloberflächen führen. Fokus wird dabei auf ultraschnelle
Mechanismen gelegt, welche auf die Dauer des Lichtimpulses beschränkt sind. Die Grenzfälle der perturbativ beschreibbaren Multiphotonen-Photoemission in moderaten und
schnell oszillierenden sowie der nicht-perturbativen Tunnelemission in starken und niederfrequenteren elektrischen Feldern werden innerhalb der von Keldysh aufgestellten Theorie
erfasst und können anhand des von ihm eingeführten Keldysh-Parameters klassifiziert
werden. Als ein weiterer wichtiger Aspekt wird in diesem Kapitel die Kopplung von Licht
an metallische Nanostrukturen behandelt. Nach einer kurzen Einführung in die Plasmonik
folgt eine Berechnung der Feldüberhöhung und der Dephasierungszeit einer plasmonischen
Bowtie-Nanoantenne.
Kapitel 3 widmet sich eingehend dem faserbasierten Femtosekunden-Lasersystem. Nach
einem kurzen Überblick über die Erbium-Faserlasertechnologie im ersten Kapitel, wird
1
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bow-tie engl. für: Fliege; impliziert eine Strukturform von zwei einander zugewandten, nicht berührenden
spitzförmigen Dreiecke.

der Faseroszillator vorgestellt. Er stellt Femtosekunden-Impulse mit höchststabiler Impulsform bei einer Zentralwellenlänge von 1.5 µm 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 Wellenlängenbereich von 0.8 µm bis 2.2 µm durchstimmbare Spektrum ermöglicht
es dabei, die Zentralwellenlänge von 1.5 µm beizubehalten. So lassen sich die daraufhin
phasenstarren Impulse in einem effizienten Er:Faserverstärker zu verstärken [Sel09, Kra10].
Das der einzelnen Lichtschwingung zugrundeliegende Superkontinuum entsteht in einer
weiteren maßgeschneiderten hoch nichtlinearen Glasfaserkombination. Das Spektrum
überspannt dabei die volle spektrale Breite von 0.8 µm bis 2.2 µm. Für die Impulskompression kommt ein weiterentwickelter Prismenkompressor zum Einsatz [Sel11, Rie16], der
es ermöglicht, die Impulse auf die Dauer von 4.2 fs zu komprimieren. Die Messung der
TE-Phase und ihrer zeitlichen Stabilität erfolgt über einen f-2f-Interferometer, und wird
im letzten Abschnitt präsentiert.
Die Herstellung und Charakterisierung der elektrisch kontaktierten Bowtie-Nanoantennen
wird in Kapitel 4 erläutert. Nach der Vorstellung des entworfenen Schaltungslayouts folgt
die Beschreibung der Nanofabrikation. Sie erfolgt mithilfe der Elektronenstrahllithografie
und ist auf die Minimierung der Spaltbreiten optimiert. Maßnahmen werden vorgestellt,
die aufgrund des geringen Abstandes und den spitz zulaufenden Nanoelektroden zum
Schutz gegen elektrostatische Entladungen getroffen werden müssen. Ein Nachweis der
erwarteten nichtlinearen und antisymmetrischen Strom-Spannungs-Charakteristik erfolgt
unter moderaten statischen elektrischen Vorspannungen. Dabei wird zusätzlich das elektronische 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. Anschließend folgen die in Abhängigkeit der Impulsenergie und der TE-Phase
gemessenen Ströme. Auf den experimentellen Ergebnissen basierend wird ein numerisches
Verfahren vorgestellt, das eine robuste Abschätzung des zeitlichen Verlaufs des SubzyklenTunnelstroms liefert. Die Trajektorien der durch den Tunnelprozess befreiten und im
starken Nahfeld beschleunigten Elektronen werden klassisch berechnet, und die SubzyklenTransportdauer zwischen beiden Nanoelektroden sowie die finalen kinetischen Energien
der Elektronen abgeschätzt. Das Kapitel schließt mit einer Diskussion der elementaren
Elektronendynamiken im Nanospalt und im Detektionsprozess.
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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 ν
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is composed of energy quanta given by hν, 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
Ekin = hν − Φ,
(2.1)
provided that the energy of the photon is larger than the work function Φ, that is, the
binding energy of the weakest-bound electron at the surface of the metal. In the case
of metals (typically Φ = 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 νT = Φ/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 ~ω < Φ. 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 Φ. 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
Ekin = nhν − Φ

(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 Φ 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 electromagnetic field
with the metal appears as an perturbation term Û (t) to the Hamiltonian Ĥ0 , where Ĥ0
describes the unperturbed system of conduction electrons. The Hamiltonian of a single
electron in the potential V (r) of the metal and interacting with the external field is then
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given by1
Ĥ(t) = Ĥ0 + Û (t) =

eAp̂ e2 A2
p̂
+ V (r) +
+
|2m {z
} | m {z 2m }
Ĥ0

(2.3)

Û (t)

where A = A(t) is the time-dependent vector potential related to the electric field E(t) by
E(t) = −∂t A(t) [Del12], and p̂, 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 (r) 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
Ûc = eAp̂/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 Ûp = e2 A2 /(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 Ûp 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 twophoton photoemission, for instance, may occur from either Ûc in second order perturbation
theory or, with a weaker contribution, from the Ûp in first order [Log69]. The n-photon
photoemission current density Jn (t) is scaling as the nth power of the intensity I(t):
Jn (t) = σn I n (t)

(2.4)

where σn is the probability of a n-photon photoemission process, which in turn is proportional 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 Jn , with n the minimum number of photons needed to overcome the work
function. For example, the three-photon photoelectric effect in gold (Φ = 5.2 eV) was
observed for the first time by using long nanosecond pulses from a Ruby laser (hν =
1.8 eV). The photoemission current was clearly governed by J = σ3 I 3 as long as intensities
lower than 106 W/cm2 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 photoemission [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 109 W/cm2 employing picosecond pulses (hν = 1.17 eV) strongly
diminishing heating-up of the sample [Ani77].
As shown in the last paragraph, an electron preponderantly absorbs the minimum amount
1

To achieve Û (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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Figure 2.1.: (a) Simplified potential diagram for a multiphoton photoemission process from a
metal with the work function Φ. Five photons are absorbed to eject a single electron from the
Fermi level EF 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 nmin 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 > nmin ) 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 (ATI) 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, Up = 4.3 eV at a peak intensity of
1013 W/cm2 and a driving wavelength of 1.5 µm. This marks the onset of the strong-field
regime, where a clear departure from the perturbation theory can be observed1 .
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.
1

wavelengths [Del12]. Û (t) is the so-called velocity gauge.
A discussion of multiphoton processes, including ATI, is contained in the book of Delone and Krainov
[Del12] and in [Bec02, Mil06].
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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 strength2 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 E0 , the involved
(angular) light frequencies ω and the work function Φ, or respectively the ionization energy
in the atomic case. Keldysh summarized these defining quantities in a characteristic
parameter γ. For electron emission from atoms, the Keldysh parameter is obtained by
merely replacing the work function with the ionization energy. It is defined as
√
2mΦω
γ =
=
eE0

v
u
u
t

Φ
,
2Up

(2.5)

where Up 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 (γ  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 (γ  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

Eatom = e/4π0 a20 = 500 V/nm, where a0 = 0.5 Å is the Bohr radius and 0 the vacuum permittivity.
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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 aif (t) from an initial state i to a final
state f in the continuum. The S-matrix element is given by
aif (t) = −i

Z tD
0

E

Ψi |Û (r, t)|Ψf dt0 ,

(2.6)

where Ψi (r, t) is the wave function of the initial state i. The wave function is considered
to be equal to an unperturbed wave function Ψi (r, t) = exp(−iEi t) at energy Ei = −Φ of
a Fermi gas in equilibrium. The success of Keldysh’s approach is due to the adopted wave
function of the final state Ψf (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 Û (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 Up of
this oscillating motion in response to a monochromatic laser field of amplitude E0 and
angular frequency ω is
e2 E02
mhv 2 it
=
(2.7)
Up =
2
4mω 2
It arises naturally in strong-field theories and is called the ponderomotive energy. The
Keldysh parameter γ can be expressed in terms of Up (see equation 2.5). Using the
expression of Up , the Volkov state can be written as
"

#!

i Up
epE0
Ψf (t) = exp
sin 2ωt +
sin ωt
~ 2ω
mω 2

.

(2.8)

Here, p is the electron momentum in the final state. A fundamental approximation
of Keldysh’s approach is that the photon energy ~ω is much smaller compared to the
work function Φ. 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 Ψf (t) and Ψi (t) into equation (2.6) and calculating the integral over one optical
cycle, one obtains a simple expression for the emission rate P = a2if (t)/t [Bun65, Del12]:
2Φ
P (γ) ∝ exp −
~ω

"

1
1 + 2 sinh−1 γ −
2γ
!

#!
√
1 + γ2
2γ

(2.9)

This generalized Keldysh rate, which describes the electron emission from a metal surface
with work function Φ for a monochromatic electric field of frequency ω. The defining
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quantities are the ratio Φ/~ω and the Keldysh parameter γ. 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 Û (t) = p̂E(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 (γ  1), the emission
rate is well approximated by
sinh

−1

γ ≈ ln 2γ =⇒ P (γ) ∝

1
2γ

!2Φ/~ω

2Φ/~ω

∝ E0

(2.10)

The rate depends on the intensity I ∝ E02 as some power of n = Φ/~ω. 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 [Del12].
On the other hand, if the field becomes sufficiently strong and/or has a long oscillation
period (γ  1), the rate becomes
√
!
!
2Φ 2γ
8π 2m Φ3/2
γ3
−1
sinh γ ≈ γ +
=⇒ P (E0 ) ∝ exp −
·
∝ exp −
·
(2.11)
6
~ω 3
3he
E0
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 γ  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 2π/ω. In the deep tunneling regime, where γ  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 E0 → 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, ~ω = 2.5 eV, λ = 500 nm) and in the near infrared
(labeled 1, ~ω = 0.93 eV, λ = 1325 nm). Two different Keldysh-parameter scales are added to
the upper part of the figure: the scale labeled with γ1 is related to the emission rates induced by
the near-infrared driving field, and the scale labeled with γ2 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 t and averaged over the full pulse duration
[Yud01]. The time it takes for the electron to tunnel through the barrier is found to scale
to the Keldysh time τK , defined as τK = γT0 /(4π) [Zhe16], with T0 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 γ ∝ ω/E. 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 γ, which is called the transition regime between the
multiphoton-induced and the tunneling regime [Tót91]. Contributions from both effects
are present in this crossover, there is no clear demarcation between the pure regimes.
Usually, γ ≈ 1 is considered as the center for the intermediate regime. However, in
[Yud01] it is theoretically shown that for γ ≈ 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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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 (Φ =5.2 eV
[Han78]) induced by two different light fields. One is in the visible (λ = 500 nm3 , ~ω =
2.5 eV) 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 1 V/nm, an
electron can only be ejected by absorbing 2 visible photons and 5.6 near-infrared photons.
The point of γ = 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 (1 V/nm at 20 THz) [Her14]. These are still high field
strengths but can be supported by modern high-field THz sources [Lei14, 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, Bor10].
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 EF (smoothed by kT ). Fowler
and Nordheim solved the one dimensional Schrödinger equation for an electron moving
3

This case is chosen for illustrative purposes although it is questionable as the condition Φ  ~ω which is
necessary to permit the use of equation (2.9) is not strictly fulfilled.
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freely in the metal and approaching a triangular tunneling barrier. In the presence of
an electric field of strength EDC , the potential barrier is lowered by −eEDC x 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 Φ and found the resulting tunneling current J to be [Fow28, Ste29, For08]:
E2
Φ3/2
J = F · aFN · DC exp −bFN ·
Φ
|EDC |
pA eV
e3
1
aFN =
· 2
= 1.54 · 106
8πh t (w)
V2
√
8π 2m
V
bFN =
· v(w) = 6.8
eV−3/2
3he
nm

!

(2.12)
(2.13)
(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 EDC , the Schottky effect
q
causes the barrier to shrink by an amount of ∆WS = eEDC /(4π0 ). This effect gives a
smoother shape to the surface barrier (see solid black line in Fig. 2.1). For this barrier the
Schrödinger 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 EDC and the work function Φ. In the case of a gold surface with Φ = 5 eV,
the term bFN · Φ3/2 in the exponent amounts to 75 V/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 dT approaches the de Broglie wavelength of an electron
at Fermi level. For gold, this Fermi wavelength is around 5 Å and so the field strength
that is necessary to bend a triangular barrier to the width of one Fermi wavelength is
E = Φ/dT = 10 V/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 35 V/nm [Tso90].
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 Φ. 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 EF through the barrier of width dT ,
assuming a purely triangular barrier (dotted line) or a triangular barrier smoothed and reduced
in height by ∆WS 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 10 V. 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 g < R/2 = 5 nm, 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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lightning rod effect. When the detector plane is very close to the sphere (g  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 EDC at the surface of each sphere
can be approximated if one substitutes V → V /2 and g → g/2 in the plane-sphere formula.
This leads to EDC = V /g + V /(2R). A more sophisticated analysis was performed by
Lekner [Lek10]. It provides more precise values for the electric field4 for small distances
relative to the radii g ≤ 4R. The simple model presented here overestimates the field by
only 10 %.
To give an example, at a bias of 10 V 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 EDC by 0.9:
EDC

V
V
= 0.9 ·
+
g
2R

!

(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 magnitude 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
4

The electric field in the gap follows the expression ELEK = V /g · π 2 /(6 ln[2/
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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 g = 8 nm, h = w = 250 nm and t = 25 nm. 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 [Gra10], even down
to on a scale of less than 1 nm3 [Ben16].
The strongly localized field enhancement can be used for many applications and it has
opened the field of nanoplasmonics [Sto11a, Kau12, 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 [Zha13].
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, Par12, Pig13]. 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 (2 eV 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 δ = c/(ω Im[(ω)]) depends on the light’s frequency ω
and the imaginary part of the relative permittivity (ω) 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 25 nm 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 [Pel13].
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, Müh05]. 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, Tho13]. The former are geometric
in nature and lead to a field concentration around the apices [Tho13]. 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 [Tho15]. 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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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 [Kni12] and
T. Hanke [Han11]. 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 g = 8 nm, h = w = 250 nm and a gold
thickness t = 25 nm (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 [Pra12, Ker15]. 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 −4 nm ≤ x ≤ 4 nm and −10 nm ≤ y ≤ 10 nm. 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 [Rac17].
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, Ari11, Hau14]. Quantum effects must be taking into account
only at very small gap sizes of a few angstroms [Cir12, Sav12, Hau14]. In fact, the induced
surface charge is then smeared out over the Thomas-Fermi screening length (5 Å for gold)
which limits the degree to which light can be concentrated [Cir12, Luo13]. 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 · 10−21 m3 ), 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 π and in time by a delay of −3.2 fs 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 [Kni12]. The shape and size of the antenna places the plasmonic
resonance into the near infrared at a center frequency of νr = 210 THz (λr = 1.43 µm). 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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[Zul11]. The full-width at half-maximum of the spectrum is ∆νr = 55 THz. Such a broad
resonance leads to a ultrashort dephasing time Tdeph 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 maximum5 . The dephasing time is directly related
to the homogeneous spectral width ∆νr of the resonance profile via Tdeph = 1/(π∆νr )
[Han12]. With ∆νr = 55 THz, in this case the dephasing time is Tdeph = 5.8 fs. 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 Epl (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 E(t) [Lam99, Han11, Zul11]. 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 profile6 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 Epl (t) is proportional to [Lam99, Han11]
Epl (t) ∝

Z t
−∞

0

E(t0 )e−γ̄(t−t ) sin ω 0 (t − t0 )dt0

(2.16)

q

where γ̄ = 1/Tdeph and ω 0 = ω02 − γ̄ 2 . ω 0 and ω0 are the resonance frequencies of the
damped plasmon and the free oscillating plasmon, respectively. Figure 2.5c depicts the
temporal evolution of an incident laser field E(t) and the near-field Epl (t). Both fields are
normalized to 1 for illustrative purposes. The excitation field is a Gaussian laser pulse
with a center frequency of νc = 225 THz (λc = 1325 nm) and a pulse duration is 6.2 fs,
corresponding to 1.4 optical carrier wave cycles. Note that the excitation transient closely
5

It is also common to refer to the damping time Tdamp , 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 Tdamp = Tdeph /2 since the oscillation energy is proportional to the amplitude squared.
6
2
2 2
2 2
The intensity
profile of the

 Lorentz oscillator is given by 1/[(ωr − ω ) + 4γ̄ ω ] and the phase by
2
2
φ = atan 2ωγ̄/(ωr − ω ) , with γ̄ = 1/Tdeph .
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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 7.7 fs, corresponding to 1.7 cycles. Moreover, the resonance delays the plasmon field by
τ = 3.2 fs and shifts the phase by a constant value of π 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 phase1
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 · 1013 W/cm2 . 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 1 nJ (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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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, Kru11, Her12] and, only recently demonstrated, the generation of
high-harmonics as well [Ghi11, Hoh15, Luu15]. 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 [Hua11] or with the
implementation of a subsequent hollow-core fiber [Mat07, Wir11, Pau15, Gué16]. 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 [Kra10] and the passive phase-stabilization via
difference frequency generation (DFG) [Kra11b]. 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 phaselocked 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
(DFG); 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) = E0 e(t) cos (ωc t + φ(t) + φCEP )
(3.1)
where E0 is the peak electric field, ωc is (circular) frequency of the carrier wave and φ(t)
is the relative time-dependent phase. The absolute electric field phase within the envelope
is given by φCEO , called the CEP. The term ’absolute’ states the correct understanding of

30

3.1. Few-cycle light pulses
(a )

(b )

S in g le - c y c le p u ls e

E le c tr ic fie ld ( n o r m .)

1 .0

T w o - c y c le p u ls e

1 .0

0 .5

0 .5
1

0 .0

0 .0
0 .7 2

-0 .5

-0 .5

-1 .0

-1 .0
-1 5

-1 0

-5

0

5

T im e ( f s )

1 0

1 5

-1 5

-1 0

-5

0
T im e ( f s )

5

1 0

1 5

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 φCEO = 0 (black line) and φCEO = π/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 τ is referred to the FWHM of the intensity
envelope. The number of cycles per pulse N is then defined as N = τ /Tc , where Tc 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 ∆ν the shortest
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possible pulse width τ is achieved only when the spectral phase is linear with frequency. In
this case, the Fourier theorem prescribes a time-bandwidth product (TBP) of τ ∆ν ≈ π −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 sech2 -shaped intensity
pulse of same duration demands less bandwidth, namely τ ∆ν = 0.31.
To get few cycles of light per pulse not the bandwidth ∆ν but the relative bandwidth
∆ν/νc has to be large. To generate a single-cycle pulse, according to its definition τ = Tc ,
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 [Hän90, 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 ∆ν = 105 THz for a near-infrared single-cycle pulse with a carrier
frequency of νc = 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 (0.2 dB/km at a wavelength of 1550 nm) in
the near infrared [Kao10]. In particular, silica optical fibers doped with laser-active
erbium ions (Er3+ ) 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, Ell01, 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 [Adl07c].
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 [Kra11b] 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 [Kra10]. 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 [Bri14].
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 [Ker16, Anc08] and precision
metrology [Feh15]. It also gained the high ground in the area of medical imaging techniques
like optical coherence tomography [Adl07a, Lar16].

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 oscillators [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
[Ma10]. Oscillators based on NALM and SAM can be built completely out of polarizationmaintaining (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].

33

3. Passively phase-locked single-cycle light pulses in the near infrared
(a)

(b )
1 .0

Circulator

LD

7% Monitor

EDF
β2>0
WDM

Iso.

C

SMF
β2<0

Output Isolator
coupler

93% Output Poutput =
3.1 mW

In te n s ity ( n o r m .)

SAM

O S A
s e c h
2

- fit

λC = 1 5 5 8 . 5 n m

0 .8
0 .6

1 1 .3 n m

0 .4
0 .2
0 .0
1 5 2 0

1 5 4 0

1 5 6 0
1 5 8 0
W a v e le n g th ( n m )

1 6 0 0

Figure 3.3.: (a) Illustration of the Er:fiber oscillator providing solitonic pulses with a FWHM
duration of 225 fs 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 sech2 ((λ − λC )/∆λ0 ) with a bandwidth ∆λ0 = 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 µJ/cm2 . It 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 steadystate propagation is governed dominantly by the interplay between the group velocity
dispersion (GVD) and the nonlinear effect of self-phase modulation (SPM) [Agr13]. 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)
[Agr13] 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 Ep and the bandwidth-limited pulse width T0 is fixed by the fiber-averaged
second order dispersion β2 (GVD) and nonlinear parameter γ
Ep · τ0 = N 2

2|β2 |
γ

(3.2)

The nonlinear parameter γ = ωn2 (ω)/cAef f depends on the material through the nonlinear
refractive index n2 and on the fiber design through the effective mode-field area Aef f .
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 [Kär98]. Fundamental solitons are
defined due to equation (3.2) with soliton order N = 1. They exhibit a sech2 (t/τ0 )-shape
of their intensity envelope with the time τ0 at which the intensity drops to 42 % of its
maximum. The FWHM duration equates to 1.763 times τ0 . The peak power, P0 = Ep /2τ0 ,
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 µm mode-field diameter or equivalent) with a GVD of 49.7 ps2 /km and
−19.65 ps2 /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, Bri14]. The cavity length of L = 2.57 m is chosen
to set a pulse repetition frequency L/vg of 80.4 MHz, with vg the group velocity. This
sets a low negative group delay dispersion (GDD) of −0.0218 ps2 , 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 sech2 -shape is apparent. Kelly sidebands of lowest order are
present, but only with a peak intensity of 25 dB 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 1.1-3.5 mW, with a corresponding range of the spectral width of 5.8-12 nm,
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 [Kär98]. The shortest pulse can be expected before breakup
into multiple pulses, occurring at an intracavity fluence of 3 times the saturation fluence
[Kär98]. Indeed, at an intracavity fluence of 130 µJ/cm2 (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
[Kra11b]. 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 differencefrequency 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 frep and a slippage of the
carrier-envelope phase of π/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 fCEO = 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 frep given by the inverse round-trip time of the pulse in the laser
cavity, with frep = vg /L, where vg 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/dλ
inside the cavity, the carrier wave propagates at a phase velocity vp , which is different to
vg . Therefore, the pulses are not identical since the CEP shifts by a constant slippage
∆φCEP from pulse to pulse [Eck78, Rei99] corresponding to
∆φCEP

dn
= −2π∆d
dλ

λc

1
1
= ωc ∆d
−
vg vp

!

(3.3)

In BK7, a common borosilicate crown glass, dn/dλ = −0.0125 µm−1 at λc = 1550 nm
and therefore when the pulse is traveling a distance of ∆d = 80 µm, the CEP is shifted by
2π. As a consequence of pulse-to-pulse slipping, the frequency comb is offset from zero
by the so-called carrier-envelope offset (CEO) frequency fCEO = frep (∆φCEP mod 2π)/2π,
which defines the rate of change of φCEP . A frequency comb line with integer mode number
n is given then by
fn = n · frep + fCEO .
(3.4)
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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 fCEO 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 frep and fCEO . Therefore,
characterization and control of fCEO was a breakthrough not only spurring the field of
precision-frequency metrology [Rei99, Hol00, Hän06, 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 2fn 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 f2n cause a heterodyning
beat that is detectable with a photodiode:
2fn − f2n = 2fCEO + 2nfrep − (fCEO + 2nfrep ) = fCEO

(3.5)

It therefore provides direct information about the temporal evolution of φCEP in the pulse
train. Furthermore, the spectrally resolved beat pattern allows to determine values of fCEO
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 φCEP . 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 fCEO to the mth fraction of
the repetition rate results in every mth 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 fn = n · frep being an integer number n of the repetition rate frep .

amplification systems with repetition rates in the kHz-range, fCEO is typically set actively
equal to the amplifier repetition rate. Though being challenging, also actively locking
fCEO = 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 fn − fm between the
spectral modes fn and fm of the fundamental comb, given by
fn − fm = fCEO + nfrep − fCEO − mf rep = (n − m)frep ,

(3.6)

is independent of fCEO . 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 [Kra11b]. 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 40 pJ, amplified
spontaneous emission from the pumped gain fiber is sufficiently suppressed and a singlepass gain of 22.7 dB is achieved resulting in an output energy of 7.5 nJ. The spectrally
broadened and temporally stretched output pulses are recompressed in a prism sequence
to a FWHM duration of 109 fs. 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 µm) with a negative GVD of β2SMF = −19.65 fs2 /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 µm).
The standard fiber length is lSMF = 6.2 m, 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 1 ps. Owing to the positive GVD of β2EDF = +49.7 fs2 /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 lSMF β2SMF /β2EDF =
2.45 m 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 lSMF = 10.2 m. 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
SMF (β2 < 0)
EDF (β2 > 0)
Free-space
optical path

LD 976 nm

LD 974 nm

Poutput =

560 mW
Amplifier
Power
Combiner
EDF
β>0

Input

WDM

Isolator
WDM

Silicon prisms

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 60 nm 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 ps2 , without
the positive nonlinear phase shift taking into account. Therefore, a silicon prism sequence

41

3. Passively phase-locked single-cycle light pulses in the near infrared
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, ∝ 1/∆ω, where ∆ω 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 7 nJ.

3.4.2. Frequency conversion in a highly nonlinear fiber
The gain bandwidth of Er:doped fused silica is narrow (1.53-1.56 µm) compared to the one
of solid-state media doped with transition metal ions, especially Ti:sapphire (0.65-1.1 µm)
[Rau08], because of the laser-active 4f -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, Bri14]. One of them is assembled to provide appropriate 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, Bri14] 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 χ3 , optical fibers from fused silica are excellent nonlinear
media due to their small effective mode field areas Aef f . As an optical pulse propagates
through an optical fiber, χ3 -processes such as SPM, cross-phase modulation (XPM), fourwave 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 γ = ωn2 (ω)/cAef f , which depends on the material through
the nonlinear refractive index n2 ∝ Re(χ3 ) and on both the core size and the doping levels
through Aef f . Dispersion strongly affects nonlinear pulse propagation and may diminish
extensive spectral broadening. Ultrabroad spectra can be generated in dispersion-managed
HNFs 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 µm above the ZDW
of the HNF [Agr13]. Also shifting the ZDW into the Ti:sapphire regime (0.8 µm) is
possible by increasing the waveguide dispersion contribution as it is done by means of
microstructured photonic crystal fibers (PCFs) [Ran00, Pau15] 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 (Aef f =1-2 µm2 ), promoting nonlinear effects. In contrast,
Ge-doping of HNFs 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 µm2 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 fs2 /mm, a low third-order dispersion of 59.6 fs3 /mm and a nonlinear
parameter of 1.3 W−1 km−1 . 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 P0 = 32 kW and T0 = 62 fs. 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 = π2 LD = 30.5 cm, which is the length at which the shape of unperturbed
solitons recur periodically. Here, LD = T02 /|β2 | 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 ∼ LS /4 =
7.5 cm. 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 (Ispec ) 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 µm and 1.9 µm,
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 (∼20 THz), 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 815 nm (370 THz) to 2200 nm (135 THz) are possible with this approach (to within
10 dB). Here, the applied nonlinear fiber is 1-cm long. It is directly fusion spliced to
the pre-compression fiber with a low loss of 0.2 dB. Although the core has a cylindrical
symmetry, the polarization is maintained due to the short fiber length. Its effective MFA
of 12 µm2 results in a large nonlinear parameter of 9 km−1 W−1 . Solitonic propagation
is provided by the anomalous dispersion at laser wavelengths longer than the ZDW of
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1.33 µm of the nonlinear optical fiber. This value results from the GVD of −10.3 ps2 /km
and third-order dispersion of 59.6 fs3 /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 µm (another ZDW occurs at 2.8 µm 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-µm 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-µm-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 5 mm 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 SiO2 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 µm 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 25 cm). 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 µm. (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:LiNbO3 . 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 λ = 1.9 µm, some unresolved H2 0 absorbtion lines are observable originating
from the molecular excitation of rotation-vibration modes in the 5130 µm−1 -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 (LiNbO3 ) is used for efficient DFG among the soliton and the dispersive
wave derived from the HNF [Kra11b]. DFG is a nonlinear χ2 -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 (d33 = 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 µm, 375 pJ) and
the soliton (1.9 µm, 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
2 mm 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 µm 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 1-2 mW,
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 SiO2 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 SiO2 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 20 dB. 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 λc = 1.25 µm (νc = 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 dispersioncontrol 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 µm. 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-µm 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
110 fs. 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-µm 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-µm
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 6.4 nJ (512 mW) and the pulse duration
is 110 fs (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 35 pJ (28 mW) can be distributed in power to several, here four, optical fiber outputs
[Adl07c]; this allows for an efficient seeding of EDFAs and placing prospective applications
that demand CEP stable pulses at a wavelength of 1.55 µm. 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
5.5 mW (Port 1,2,3) and 4.4 mW (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 7 nJ (555 mW). 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
65 nm (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 110 fs (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 512 mW, resulting in a pulse energy of 6.5 nJ.
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, Bri14],
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 PMfiber (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 µm2 and a nonlinear
parameter of 8.8 km−1 W−1 , whereas its GVD and third-order dispersion is 8.2 ps2 /km and
80.8 fs3 /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 110 fs, 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 [Kra10],
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 [Kra10] 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.
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Figure 3.15.: Spectral intensity of the supercontinuum generated inside an HNF, color-

coded and incrementally offset (by unmeaning 1 pJ/nm) as a linear function of the input
pulse’s chirp, i.e., from approx. −6 · 10−3 fs3 to 6 · 10−3 fs3 . The spectrum with the largest
bandwidth (highlighted by the bold black line) is generated by the shortest input pulse, i.e.,
a minimal absolute prechirp. If measured at 10-dB level below peak value, its bandwidth
is 210 THz (145-355 THz) or 1200 nm (845-2050 nm).

3.5.2. Dispersion control by means of a prism sequence
The generation of extremely short field transients requires careful dispersion control over
their ultrabroad spectral bandwidths. To handle the spectral phase of the supercontinuum
(see Fig. 3.15), it is convenient to utilize once more a sequence of SF10 prisms. Two setups
are presented here:
First, a setup consisting of a single pair of prisms that is able to produce a 1.4-cycle
pulse, coherently made up of soliton and dispersive wave, with a duration of 6.3 fs at a
center wavelength of 1325 nm.
Second, a setup of three prisms, also called split prism compressor. Adding a third prism
enables to compensate for the second-order dispersion around two different wavelength
components and control the phase of the entire dispersive wave [Fli06, Sel11, Rie16]. As a
result, the isolated dispersive wave can be compressed down to 5.9 fs, comprising 1.6 optical
cycles of its carrier wave at 1250 nm. The soliton’s chirp is compensated by inserting
positive-dispersive material with a optimized thickness to its optical beam path. The
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Figure 3.16.: Characterization of the phase-locked field transients derived from the two-prism
compressor. The spectral phase is achieved from a 2DSI measurement. (a) Three of overall
ten measured 2DSI traces. (b) Reconstructed energy density and phase as a function of time.
The Fourier limit is 6.0 fs. (c) Spectrum achieved from the 2DSI and optical spectrum analyzer.
The short-wavelength wing of the spectrum is blocked (dashed line) since it exhibits a strong
positive chirp that cannot be compensated. (d) Electric field transient of the pulse with a CEP of
φCEO = 0. The pulse duration of 6.3 fs corresponds to 1.4 carrier cycles with a carrier wavelength
of 1325 nm.

coherent superposition of all component pulses with properly controlled relative phases —
soliton and both parts of the split dispersive wave — leads to a final pulse that lasts only
4.2 fs, corresponding to a single cycle of its carrier wave at 1250 nm.
Prism pair compressor for the generation of 6.3-fs pulses
A conventional pulse compression setup with two SF10 Brewster-prisms [For84] is used
to provide dispersion control on the dispersive wave, just as is done for handling the
output of the first HNF (see section 3.4.2). Pulses as short as 6.3 fs are formed by the
the coherent superposition of dispersive wave and soliton. The setup is identical the one
shown in Fig. 3.17, only that prism C and the thin slice of silicon is omitted. The broad
spectrum is refracted by prism A and dispersed over both prism B and a mirror that
picks off the solitonic part of the spectrum. The smooth spectrum of the dispersive wave
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and soliton is well separated by the pick-off mirror. By cutting off spectral parts with a
razor blade that is placed close to the Fourier plane of the prism compressor, both spectra
are isolated from the fundamental wave. Its wavelength components are located between
1500-1600 nm and have too distorted phases. The adjustment of the material passage
through prism B allows to control the second-order dispersion imposed on the dispersive
wave. By using a home-built broadband 2DSI setup (see Chapter A.1.2), it is possible
to ascertain the spectral group delay in real-time and find the prism-B position for the
flattest phase. The shortest dispersive wave with a FWHM duration of 10 fs is found to be
associated with a prism-A-tip-to-prism-B-tip distance of 18 cm. The short pulse consists
of phase-compensated long-wavelength spectral components between 1000-1400 nm. As
indicated by the dashed extending lines in the pulse spectrum shown in Fig. 3.16c, the
phase strongly rises with shorter wavelengths resulting in a broad shoulder trailing the
main pulse (not shown), yet do not increase the pulse duration. These spectral components
are blocked by an additional razor blade. Without its short-wavelength edge, the generated
supercontinuum providing the shortest pulse is different from the broadest supercontinuum
available overall and turns out to be more homogeneous in amplitude and phase at the
effective long-wavelength components of the dispersive wave. The spectrum is shown in
Fig. 3.15 placed at an offset of unmeaning 7 pJ/nm.
The final pulse synthesized by superimposing dispersive wave and soliton is characterized
with the 2DSI setup. Figure 3.16a depicts three of overall ten measured 2DSI traces. The
frequency shear was set to a moderate value of 5 THz. The up-conversion wavelength
is 1090 nm. While a flat GDD of the dispersive wave is discernible in the trace, the
higher-order soliton exhibits a negative chirp gained in the supercontinuum generation
process. SF10 provides a zero-crossing of the GVD around the soliton’s central wavelength.
That is why it is hardly affected in pulse duration by the prism. Piezo-mounted end
mirrors control the precise optical path length and the final spatial overlap of the two
branched-off pulses. The final pulse shown in Fig. 3.16b has a FWHM duration of 6.3 fs,
reaching almost its Fourier limit of 6.0 fs. Actually, the leading pulse shoulder at +18 fs
comes from the TOD which the prisms impose on the dispersive wave. This is reflected in
the residual spectral phase varying with the third power of the wavelength offset to its
central wavelength at 1200 nm.
Within the pulse duration of 6.3 fs, the carrier wave oscillates only 1.4 times (λc =
1325 nm; νc = 225 THz). Figure 3.16d depicts the electric field of the pulse with the CEP
set to zero. Note that the soliton provided by this setup has a duration of 5 optical
cycles. Therefore, it is not necessary to care about the absolute phase of neither soliton
nor dispersive wave in order to achieve the minimum pulse duration. The relative phase
between both can be locked by adjusting their time delay (see appendix A.3).
Split prism compressor for the generation of 4-fs single-cycle pulses
The broadest supercontinuum from the HNF enables the generation of optical pulses as
short as 4 fs. This limit is achieved by employing two prism pairs [Fli06, Sel11, Rie16] and
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Figure 3.17.: Optical setup for synthesizing phase-locked 1.0-cycle pulses. The optical phase
of the supercontinuum generated within a HNF (left) is controlled by means of a split prism
compressor (center). A phase-locked field transient may be synthesized by superimposing all
three component pulses — soliton, and both parts of the dispersive wave split by prism B —
and controlling their relative spectral amplitudes and phases. Their delay path is fine-tuned by
controlling the position of the end mirrors (dH and dL ). Acronyms: Fiber-coupled focuser (F),
precompression fiber (PF), highly nonlinear bulk silica fiber, razor blade (RB) and neutral-density
filter (ND).

a thin slice of material with normal dispersion added to the branched-off beam path of the
soliton. The set-up is depicted in the center of Fig. 3.17. It consists of a prism pair A–B and
a prism pair A–C and a mirror picking off the soliton. By controlling the material passage
through prism B and prism C it is possible to control the second-order dispersion at two
different wavelengths of the dispersive wave. Both of them are adjusted separately to find
the minimal pulse duration by using a broadband second-harmonic FROG measurement.
The obtained spectral amplitudes agree well with linear measurements taken by an optical
spectrum analyzer (see Fig. 3.18d), thanks to the broad spectral acceptance, provided by
the 10-µm thin BBO-crystal, of the FROG set-up (see appendix A.1.1). The spectrum of
the dispersive wave is split at 1030 nm by the tip of prism B, at a spectral patch suggested
to be where the phase sets in to diverge (see Fig. 3.16c). With a tip-A-to-tip-B distance of
12 cm the isolated long-wavelength sub-pulse (1030-1450 nm) is compressed to its Fourier
limit of 11 fs (blue pulse in Fig. 3.18e). The positive chirp of the short-wavelength part
(850-1030 nm) is compensated by placing prism C at a distance of 20 cm to prism A,
resulting in a pulse duration of about 19 fs (black pulse Fig. 3.18e). The material passage
through prism A and C is kept as short as possible to keep the contribution of TOD to a
minimum. Nonetheless, a little phase contribution of third order remains and prohibits to
reach its bandwidth limit of 15 fs.
In order to compensate for the negative chirp of the soliton, a slice of silicon (normaldispersive) is placed under Brewster angle to its beam path inside the prism compressor.
Its minimum pulse duration is measured by using FROG as well. Its spectral amplitude
and phase is presented in Fig. 3.18d. With a tailored thickness of the Si slice of 330 µm,
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Figure 3.18.: Pulse characteristics of each individual pulse — soliton, low-frequency and highfrequency part of the dispersive wave — temporally compressed by means of a split prism setup
and characterized by two independent techniques, frequency-resolved optical gating (FROG)
and two-dimensional spectral shearing interferometry (2DSI). (a1,b1,c1) Recorded FROG
traces. (a2,b2,c2) Reconstructed FROG traces. (d) Spectral intensity (solid lines) and phase
profiles (solid green lines) reconstructed from the FROG traces. In addition, the intensity profiles
(dot-dashed) acquired by an optical spectrum analyzer (OSA) and the spectral phases (dashed
green) obtained from a 2DSI measurement are shown. (e) Temporal intensity (solid) and phase
profile (solid green), as obtained by a Fourier transform of the complex frequency spectra obtained
from the FROG measurement. In addition, the temporal intensity (dotted) and phase profile
(dashed) obtained by the 2DSI measurement are shown.
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the soliton experiences a proper dispersion resulting in a clear flattening in spectral phase,
compared to the phase of the previously uncompressed soliton (see Fig. 3.16c). Its pulse
duration is decreased from initially 50 fs to a duration of 29 fs (red pulse in Fig. 3.18e).
Its bandwidth limit amounts to 26 fs.
Now, all three branches are opened up for superimposing all three components, each
well compressed in time, collinearly. Since all pulses are CEP-locked, their superposition
can be thought of as classical interference between three carrier waves, each oscillating at
a different frequency beneath its envelope. Not only the relative temporal overlap and
amplitude of their envelopes determine the shape of final waveform but also the phase
difference between their carrier waves. The shortest possible pulse is synthesized if the
peaks of all intensity envelopes are at exactly the same temporal position and if all carrier
fields are equally phased to their envelope. This results from the fact that the strongest
field crests of all carrier fields coincide in time and interfere constructively, whereas the
rest of all field transients superimpose destructively. In practice, however, the control
of the CEP of a component is not necessary if it has a duration of more than about 2
optical cycles. Because then, its waveform is only weakly dependent on the CEP. A shift
in CEP simply causes a temporal shift. In that case, the relative carrier phases can be
fully controlled by the relative temporal overlap. A detailed discussion on how a pulse
synthesis in general depends on the relative carrier phase and relative time delay between
two components is given in the appendix A.3.
The long-wavelength dispersive wave contains 2.7 optical cycles (λc = 1200 nm), the
short-wavelength wave even 6 (λc = 940 nm) and the soliton has a duration of 5 optical
cycles (λc = 1750 nm). Thus, it is suitable in practice to set the CEP of each component
to any value, and to adjust the relative phases by controlling the time delays. Even in
the case if there is a shift of π/2 between the long-wavelength dispersive wave and the
other two pulses, being equally phased, still the single-cycle pulse can be synthesized with
almost no change in its intensity envelope. A detailed analysis of the dependence of its
pulse shape on the relative phase is given in appendix A.4.
The temporal overlap between all pulses is fine-adjusted by controlling the positions of
the piezo-mounted end mirrors (dH and dL ) in the two branches of the dispersive wave
(see Fig. 3.17). The delay is set and stabilized with a precision of 1 nm, which is three
order of magnitudes smaller than the wavelength of the carrier waves, corresponding to a
timing precision of a few attoseconds. The optimum temporal overlap can be found by
detecting and maximizing a nonlinear autocorrelation signal in a non-collinear setup, for
example, the mutual nonlinear two-photon signal generated in the BBO of the FROG
setup. Detecting the nonlinear photocurrent from a GaAs photodiode or an interferometric
autocorrelation signal is not useful since the spectral bandwidth of the pulse exceeds one
octave and leads to a simultaneous detection of the linear and nonlinear signal at the
spectral overlap of 900 nm. To adjust the temporal overlap of all pulses, only the temporal
overlap between two pulses is optimized at first by maximizing the nonlinear two-photon
signal. In a second step, the third component is added and delayed in time until the
nonlinear sum-frequency signal is again at its maximum.
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Figure 3.19.: Full characterization of the phase-locked single-cycle pulse by two-dimensional
spectral shearing interferometry (2DSI). (a) Three of eight recorded 2DSI traces with numerically
identified spectral group delay (white line). (b) Intensity spectrum acquired by the 2DSI
spectrometer (black) and optical spectrum analyzer (OSA, blue). (c) Temporal intensity (solid
black) and phase profile (solid green) of the pulse, as obtained by Fourier transform of the complex
2DSI frequency spectrum. In addition, the temporal intensity (solid red) and phase (dashed
green) of a simulated superposition of all component pulses, determined by a FROG measurement,
is shown; CEP and time delay of each component pulse is set to zero. (d) Extracted electric-field
transient for a cosine-like (φCEO = 0) phase of the pulse, as obtained from the amplitude and
phase of the 2DSI data. The corresponding waveform obtained from the superimposed FROG
transients is depicted as well. The field transient perfectly matches a clean single-cycle wave of
a Gaussian-shaped pulse (blue) at same carrier frequency, which is laid beneath the extracted
pulse underpinning its single-cycle character. Inset: Electric field transient plotted in a shorter
time window and overlaid with an sinusoidal electric field oscillating at the carrier frequency of
240 THz.
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To fully reconstruct amplitude and phase of the total over-an-octave spanning pulse,
the broadband 2DSI technique is employed (see appendix A.1.2). Figure 3.19a shows the
acquired 2DSI trace. The shear was set to a moderate value of 5 THz, the upconversion
wavelength is 980 nm. The spectral intensity envelope and spectral phase of the final pulse,
extracted from the 2DSI data, is shown in Fig. 3.19b. The intensity envelope agrees well
with a linear measurement taken by two mutually calibrated optical spectrum analyzers
(blue line in Fig. 3.19b). By performing a Fourier transform of the complex spectrum,
the intensity envelope and temporal phase of the total pulse is obtained. Figure 3.19c
presents both the intensity envelope (solid black) and the temporal phase (solid green). A
FWHM pulse duration of 4.2 fs is achieved. This value is exactly the oscillation period
of the carrier wave, which has a wavelength of 1250 nm. The corresponding frequency
of 240 THz is the center of the pulse’s frequency spectrum. The main part of the pulse
contains 65 % of the pulse energy. The three weak excursions before and after the main
pulse originate from the spectral intensity, in particular, mainly due to the lack of spectral
components around 1030 nm and 1550 nm.
The electric field profile of the single-cycle pulse, with a CEP numerically set to zero,
is depicted in 3.19d. The prominent part of the wave is equivalent to a single optical
cycle at the carrier frequency of 240 THz. The ultrashort intensity envelope confines the
carrier wave to a single oscillation cycle. Not only but it also introduces an optical field
asymmetry if the carrier is not sine phased within the envelope. In the extreme case
of CEP equals zero, the pulse features a prominent main half-cycle with the adjacent
half-cycles at opposed polarity being 0.72 times lower. The main cycle perfectly matches
a clean single-cycle wave of a Gaussian-shaped pulse at equal carrier frequency, which is
laid beneath the experimental single-cycle in Fig. 3.19d (light blue lined), underpinning
its single-cycle character.
To test the 2DSI result more rigorously, two additional analysis are performed. First,
each of the components is isolated in the spectral domain, transformed into the time
domain via a fast Fourier transform, and added to Fig. 3.18 for direct comparison with
the FROG measurement. As can be seen, the reconstruction of all phases and amplitudes
agree very well. Second, the complex amplitudes obtained from the FROG measurements
are extracted and numerically superimposed upon each other. Formula A.12 in appendix
A.3 is applied for the superposition, whereas the relative amplitude en (t) and the spectral
phase φn (t) is taken from the measurement. The CEP φn of each pulse and the time shift
t̄n of each envelope is set numerically to zero. The intensity envelope (red) and temporal
phase (green) is shown in Fig. 3.19c. The main pulse is in perfect agreement with the
main pulse obtained independently by the 2DSI measurement. Only subtle changes in the
lower wings before and after it occur. This implies that the single-cycle wave obtained
from the 2DSI measurement is constituted of component pulses having the same carrier
phase values, at least with small deviations between them, and properly synchronized time
delays. The final electric field profile is shown in Fig. 3.19d (red line).
The average power of the single-cycle pulse train is 153 mW, with contributions of:
116 mW (Soliton), 17 mW (long-wavelength dispersive wave) and 20 mW (short-wavelength
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dispersive wave). This value corresponds to a pulse energy of 1.9 nJ. This is twice as high
as the pulse energy provided by the previous 40-MHz system [Kra10] and results in a peak
intensity of 300 kW (main peak contains 65 % of the energy). Worth to note here is that
because the beam is diffraction limited, the single-cycle pulses can be focused onto a small
area. This leads to an enormously high intensity. At a pulse energy of 1.9 nJ, the resulting
peak intensity is 4.3 · 1013 W/cm2 . From the Poynting’s vector it follows that the peak
electric field in the spot is 1.8 V/Å (see Chapter A.2), higher than the internal electric
field responsible for the binding of conduction electrons at metal surfaces.
Moreover, this conventional prism-based setup is capable to generate a manifold of optical
waveforms by adjusting the relative amplitude and phase of the spectral components. For
example, appendix A.5 presents that by controlling the relative spectral amplitudes, the
generation of a pulse with stronger subcycle field asymmetry is possible. Worth to note,
the full dispersive wave has a pulse duration of 5.9 fs, corresponding to 1.6 optical cycles
of its carrier wave at 1250 nm.

3.6. Detection and control of the carrier-envelope phase
Controlling light-field sensitive phenomena with ultrashort pulses necessitates the detection
and control of the field waveform of the driving pulse. In theory, the CEP provides the
simplest way to precisely control the waveform without changing the average intensity (see
section 3.1). Within this system such a condition is perfectly established. To monitor a
CEP shift, the self-referencing f -to-2f technique is applied. To this end, no additional
nonlinear broadening mechanism needs to be implemented to provide the required octavespanning spectrum. This bandwidth is already provided by the single-cycle pulse itself. To
operate the f -to-2f interferometer, only 1 % of the fully available optical power (154 mW)
is required. Interferograms are recorded to analyze the CEP stability which is expected to
be excellent due to the passive stabilization mechanism [Lie17].
Before introducing the control and detection scheme, it is emphasized that the performed
experiments in chapter 5 demonstrate a robust class of nanoelectronic CEP sensors that
can be operated by optical transients of minute energy content. Furthermore, controlling
the pump power of the preamplifier provides another access to control the CEP. This
option is not used in this work but may be utilized for a fast CEP control scheme in the
future. And yet another method to adjust the CEP is by inducing a Gouy phase shift
[Fen01, Yos16].
The simplest way to control the CEP is to change the optical path length in a dispersive
medium [Xu96]. For that, a common method is to use a pair of fused silica wedges.
Usually, the few-cycle pulses pulses are sent through these wedges. Due to the ultrabroad
spectrum of the few-cycle pulses, however, a change in insertion does also change the pulse
envelope. In contrast to this scheme, here a situation is established in which the CEP
control is obtained without changing the pulse envelope, because the pair of wedges is
positioned in front of the preamplifier (see Fig. 3.12), where the pulse duration is as large
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as 110 fs. Although passing the amplifier and the supercontinuum generation process, the
CEP coherence is perfectly retained and transfered to the final single-cycle pulse. Thus,
the CEP of the single-cycle pulse can be perfectly controlled without distorting its pulse
envelope.
As the pulse propagates through a dispersive medium, its CEP shifts due to the mismatch
between group and phase velocity. The magnitude of the shift is given by equation (3.3)
in section 3.4. Correspondingly, by changing the path length by ∆d, shifts the CEP by
∆φCEP given by the same relation. For fused silica the dispersion is dn/dλ = −0.0119µm−1
at the given central wavelength λc = 1540 nm before the preamplifier. Thus, the CEP is
shifted by 2π as the optical path length is varied by ∆d = 84 µm. Note that no no changes
could be found in the spectral phase of the single-cycle pulses except for the constant
phase shift. Neither a change in the pulse’s amplitude nor in its relative spectral phase
could be noticed over the entire insertion range, that is, over 7π.
In the following, the CEP control is analyzed via the self-referencing f -to-2f method
[Jon00, Apo00, Kak01], which was briefly introduced in chapter 3.4. Here, the 1.2-octave
spanning bandwidth of the supercontinuum meets the requirement for the f -to-2f method
without any need for additional spectral broadening mechanisms. Moreover, in this way
the CEP monitoring can be performed in parallel to the main optical branch. Therefore, a
thin fused silica beam splitter is installed which deflects less than 1 mW of average power.
Its dispersion, which slightly affects the single-cycle pulse, is compensated by readjusting
the prism compressor.
A CEP shift is extracted from the interference pattern between the second-harmonic
of the solitonic wave (at a wavelength around 1800 nm) and the spectrally overlapping
dispersive part of the input pulse (at 900 nm). The corresponding setup consists a 1-mm
thick, phase-matched beta barium borate (BBO) crystal placed into the focal plane of a
concave lens. As the second-harmonic signal is perpendicular polarized, a beam-splitter
cube is implemented that projects the polarization of both signals onto a common axis. The
output spectrum is collected by a silicon CCD spectrometer. To increase the modulation
depth of the interference pattern, the intensities of the second-harmonic and the dispersive
wave are leveled to each other by fine-adjusting the polarization angle of the cube.
A detailed description of the setup can be found in [Kra11a]. The interference pattern is
described by [Kak01, Kra11a]
q

I(ω) = ISH (ω) + IF (ω) + 2 ISH (ω)IF (ω) cos(ωτ + φCEO +

π
)
2

(3.7)

where ISH (ω) and IF (ω) are the individual spectral intensities of the frequency-doubled
soliton and the dispersive wave, respectively, and τ is their relative time delay. The
additional term of π/2 is due to a frequency independent retardation of the second
harmonic to the fundamental wave.
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Figure 3.20.: f -to-2f interferometric measurement of the passively CEP stabilized single-cycle
pulses. (a) Interference patterns between the second-harmonic of the soliton and the dispersive
wave for an arbitrary CEP value of φCEP (black line) and φCEP + π (black dashed line). The time
delay between soliton and dispersive wave is set to τ = 300 fs (upper panel) and τ = 0 fs (bottom
panel). (b) f -to-2f interferogram as a function of position of the fused-silica wedges, whereas
∆d = 84 µm corresponds to a shift of ∆φCEP by 2π. (c) Field transients of the single-cycle pulse
with CEP values of φCEP = 0 (black line) and φCEP = π/2 (red line).

Recorded interference patterns are shown in Fig. 3.20a (black lines) for two time delays,
τ = 300 fs and τ = 0 fs. The delay time can be accurately controlled through the position
of the piezo-mounted end mirrors in the prism compressor. In the case of τ = 300 fs
(top panel), the pattern shows equidistant fringes in perfect accordance to equation (3.7)
due to the well-leveled intensities. The period is given by ∆λ = λ2 /(cτ ), whereas c is
the speed of light. Now, by controlling the insertion of the pair of wedges, one can fully
control the position of the fringes: shifting the CEP by π, completely shifts the fringes
by half the modulation period (dashed lines in the top panel). For τ = 0 fs (bottom
panel), the interference can almost completely be switched on and off by controlling the
CEP. The modulation depth corresponds to 98.5 %. This indicates an excellent degree of
CEP stability on on time scales shorter than the integration time, which amounts to 5 ms,
corresponding to an average over 400000 pulses.
Figure 3.20b shows an f -to-2f spectrogram as a function of position of the fused-silica
wedge. In the beginning, the wedge was left unmoved while recording the spectrum every
300 µs. This interval demonstrates a root-mean-square (RMS) stability of ∆φCEO better
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than 0.02 rad over ten seconds. Subsequently, the insertion was changed up to a value of
300 µm, resulting in a continuous change in the CEP up to 7.14 π, with a speed of 15 µm/s.
Changing the optical path length by δd = 84 µm, the CEP is shifted by ∆φCEO = 2π.
Here, the term insertion is synonymously used to a change in optical beam path. Both
fused-silica wedges have an acute angle of α = 2.9°. Thus, a change in the optical path
length by ∆d = 84 µm corresponds to a change in the wedge position by ∆l = ∆d tan α =
1.68 mm. In Fig. 3.20c, both extreme limits of cosine-like (φCEO = 0, black line) and
sine-like (φCEO = π/2, red line) single-cycle field transients are depicted.
It is worth to mention that the CEP can be controlled by varying the pumping power of
the preamplifier. The underlying mechanism can be explained by the optical Kerr-effect
[Xu96, Was05]. However, changing the pumping power affects the spectral shape and
phase of the ultrashort pulses seeding the subsequent HNF. This in turn affects the
supercontinuum generation process and therefore the synthesis of the single-cycle pulse.
Nonetheless, the shape of the single-cycle pulse is hardly affected in a range of ∆ΦCEP = π.
Here, the seed saturation of the main amplifier helps to keep its output power nearly
constant. The pulse energy of the single-cycle pulse is altered by only 4 % at most when
shifting the CEP by π. A shift of 2π results in a change of 10 %.
It’s interesting to note that the direction of the CEP shift depends on whether the EDF
is pumped in forward or backward direction. Increasing the pumping power of the forward
pumping diode shifts the fringes to higher wavelengths. Instead, increasing the pumping
power of the backward pumping diode shifts the fringes to lower wavelengths. In the
future, the amplifier design may be optimized to reduce the influence upon the output
spectrum. Then, it can be utilized for a fast modulation of the CEP.
All important laser pulse parameters of the setup are listed in table A.1 in the appendix.
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CHAPTER

4

Fabrication and characterization of
electrically contacted nanoantennas
Electrically contacted nanoantennas are manufactured by means of electron-beam lithography (EBL), which is presented in section 4.1. This technique enables the fabrication of
nanoantennas from pure, polycrystalline gold with well-defined structure sizes down to a
few nanometers and gap sizes below 10 nm. The nanoantennas are designed to be bowtie
shaped, which features a broadband plasmonic resonance and a well-defined nanogap with
a strong field enhancement (see section 2.3). In this work, the nanoantennas have a gold
thickness of 25 nm in order to provide large field enhancements (small antenna volumina)
and good results at the lift-off step, but still allowing for a fast plasmon dephasing (large
volumina). In addition, a 2-nm thick chromium layer is used to improve adhesion onto the
fused silica substrate.
Stationary current-voltage characteristics of the nanostructured antennas are presented
in section 4.2. The data indicates stable field emission currents across the nanogap that
are strongly nonlinear and highly antisymmetric with respect to an applied static bias.
While the curves are recorded by applying a moderate voltage bias, the electronic transport
mechanism over the nanogap is further investigated by applying high static bias voltages
above the junction-specific threshold level at which irreversible modifications occur. It
is shown that sufficiently high voltages initiate some surface structure modifications at
the atomic level in the nanogap, leading to an increase in both conductivity and current
stability. This essentially indicates the potential to fabricate plasmonic nanojunctions with
gap sizes down to the molecular level by applying controlled electromigration techniques.

4.1. Fabrication of electrically contacted bow-tie shaped
nanoantennas
This section is divided in three parts. An overview of the nanostructured sample is given
in section 4.1.1. Nanofabrication by EBL is subject of section 4.1.2, and the architecture
of the electric interconnecting circuit is presented in section 4.1.3.
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4.1.1. Layout
A scanning electron micrograph of a typical bowtie shaped nanoantenna fabricated by
EBL is shown in 4.1a. It consist of two isosceles triangles facing each other with a clear
gap lying in-between. One lead is attached to either side [Pra12]. While wide leads act as
a better heat sink, too wide leads disturb the antenna resonance. As a trade-off between
both issues, they were designed to be 60 nm broad and 3 µm short. They are getting
wider further outside to increase the conductance and mechanical stability. Even further
away, on the millimeter-scale, the leads are 10 µm broad to allow interfacing by stable
wire bonding.
An overview of the entire lead architecture is shown in Fig. 4.1b, with a zoom-out image
of the very same antenna. The sample counts 16 antennas placed in the central part,
whereas the leads fan out to the surrounding. Both leads of a single antenna direct to the
same side, either up right or down left in the figure. The path forms a single turn inductor.
To minimize stray inductance as much as possible, the area within the turn is designed to
be as small as possible (yellow colored trace). All antennas and leads are fabricated by
electron-beam lithography in the very same lift-off step. This is critical for the following
issue. High-voltage electrostatic discharges through the antenna gap can occur while
handling the unconnected circuit or during wire bonding, for instance. To initially protect
all antennas, a direct connection with a low resistance is set between all antenna arms. A
short-circuit switch on the external circuit board assumes this function after the wire bond
connection is established. Thanks to the fan-out design, the EBL-written short circuit is
set at the macroscopic part of the circuit and may be scratched off afterwards with the
help of a diamond tip (red dashed circle in Fig. 4.1b). The fan-out layout serves also the
purpose to minimize the area in which all antennas are packed together as the focus of
electron beam, which critically affects the writing resolution at the nanoscale, needs to
be adjusted only once for all antennas, provided that within the area the sample is plane
enough.
A photograph of the assembled circuit board, to which the EBL-processed glass substrate
is glued to from below, is depicted in Fig. 4.1c. Moreover, the board is designed to fit
below the laser focusing objective of the optical setup. Also the macroscopic trace routing
avoids large enclosed areas within a turn. The electrical circuit is described in section
4.1.3.

4.1.2. Nanofabrication by electron-beam lithography
The fabrication is carried out by EBL on a fused silica substrate. EBL serves as one of
the main tools in nanotechnology dedicated for the fabrication of materials patterned
with minimum feature sizes down to the sub-10 nm range [Hu04]. The fabrication recipe
developed for single unconnected nanoantennas in the work of Hanke [Han11] is refined to
achieve minimum gap sizes. An overview of the manufacturing process is given in Fig. 4.2.
Each step is described in detail in the following.
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(a)

(b)

SiO2
Au
1 μm

300 nm

(c)

500 μm

Figure 4.1.: (a) Scanning electron micrograph of a typical gold bowtie nanoantenna with
electric leads. The leads run from the nanoantenna continuously and stepwise growing in width
to (b) macroscopic wire bonding contacts. The inset shows a zoom of the leads’ back end
attached with an antenna, in this case, the very same antenna as depicted in (a). Both leads
attached to the same antenna are routed such that their enclosed area is as small as possible
(yellow highlighted), minimizing stray inductance. A direct path connects both antenna arms
to protect the nanoantenna from destructive high-voltage electrostatic discharges. These are
scratched off the substrate (red dashed circle) once the function of the short circuit is taken over
by the external circuit board (after wire bonding). Wire bonds are visible up-right and down-left.
These connect the nanodevice to (c) the external circuit board.

Cleaning procedure: A polished fused silica substrate (Corning 7980) with a thickness
of 150 µm and a diameter of 1 inch is cleaned by mechanical wiping using a fuzz-free
tissue along with acetone to remove remains of polishing. The surface is checked with a
microscope for residues, and then finished in two ultrasonic baths. First in isopropanol
and then in acetone for 10 minutes at 50 ◦C each. Afterwards the substrate is dried by
exposing it to a gas jet of nitrogen.
Resist coating: Spin coating is used to homogeneously distribute 100 ml of a single
layer of a high resolution positive photoresist on the substrate. Polymethyl methacrylate
(950PMMA A2, MicroChem) suits well for the demand on resolution. In a first step, the
resist is uniformly spread by accelerating the substrate at a high rate of 400 r/s2 to 450
rounds per minute (rpm), spinning after that for 4.5 s. In a second step, the speed is
ramped up to 3000 rpm at a high acceleration rate of 6000 r/s2 , holding there for a total
of 50 s. Heating the substrate at 140 ◦C before deposition for at least 3 minutes evaporate
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residual water on the surface and improves resist adhesion and homogeneity. From the
heat plate, the sample is transferred to an annealing furnace to soft bake the photoresist
layer at 160 ◦C for 3 h. The heat slowly evaporates the solvent anisole. The resultant film
has a good homogeneity. The film thickness is about 35 nm, determined by profilometry.
Electron beam writing: The resist is patterned laterally by the beam of a scanning
electron microscope (SEM) (CrossBeam 1540XB, Zeiss). Arbitrary patterns may be
designed with a software (ELPHY Plus V4, Raith) and sent to the beam column by
means of an external lithography pattern generator (V6, Raith). Before the exposure, the
photoresist is covered with an 8-nm thick aluminum layer by thermal evaporation. This is
electrically grounded in order to eliminate charging effects. Then the electron beam focus
is adjusted. First, the beam is focused on the aluminum surface. The accelerating voltage
is set to 10 kV, and the working distance to 5 mm. The spatial resolution of the microscope,
and hence the spatial resolution for writing, depends on the electron spot size. Owing
to the small de Broglie wavelength of electrons (0.1 Å at 10 kV), the system provides a
minimal spot diameter of 2 nm at 10 kV, which is limited by electromagnetic stray fields
of the electron-optic system. Electrons scattering in the resist and the subsequent resist
development are the resolution-limiting factors in the lithographic process. They set the
limit to feature sizes of 5-10 nm [Lee09, Hu04]. Nonetheless, the spot size should still be
set minimal.
The sharpness of the scanning electron image of the aluminums grain structure, which
provides a high contrast, is a good indicator for the spot size of the focused beam at
the sample surface. Shape and size of the beam at the surface can be estimated by the
shape and size of a carbon pillar, which is built up by the electron beam focused to the
surface. This procedure is called electron beam carbon deposition and originates from
the electron beam interacting with carbon-bearing gas molecules present in the chamber
[Har70, Ran06]. To this end, the beam is focused onto a single spot for several seconds.
Repeating that at different spots for several times in a row allows to adjust the beam
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aluminum
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Figure 4.2.: Overview of the manufacturing process encompassing the fabrication of a mask
by electron-beam lithography (1 → 6), a gold evaporation step using the developed mask as a
template (6 → 7) and lifting off all but the patterned nanostructures on the substrate (7 → 8).
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parameters until the beam has a minimal spot size, characterized by a carbon structure
that is round with a minimal diameter of around 10 nm.
The actual writing process is divided in two steps: nanoantennas with leads are written
in a 100 µm x 100 µm field and the macroscopic leads in a 1000 µm x 1000 µm field. The
small field size provide the highest resolution of the setup, i.e., a beam deflection step size of
3.2 nm. In addition, a small aperture size of 10 µm and low currents of 28 pA make for the
smallest possible spot size. The optimized dose for high-resolution exposure is 400 µC/cm2 .
Writing a single antenna field takes less than 10 s. The patterning of the macroscopic leads
does not need a high resolution and therefore can be performed even faster in a large field.
The dose is set to 300 µC/cm2 . Scan speeds of 30 mm/s, corresponding to a step size of
75 nm, are practicable in combination with an aperture size of 120 µm and high current of
6.8 nA. The entire writing process is performed at a pressure of 10−7 mbar.
Development: In the next step, the sample was treated with 0.5 mol NaOH for approximately 20 s to dissolve the aluminum layer. Just as the layer turns invisible, the lye is
rinsed by immersing the sample in deionized water for a minute. Methyl isobutyl ketone
(MIBK), methyl ethyl ketone (MEK) and pure isopropanol at a ratio of 100:6:300 were
applied for the development over 22 s. The process is supported by a slight swaying motion.
The temperature is kept at 6-8 ◦C to provide cold development and thus a better resolution
[Hu04]. The sample is immersed in isopropanol for 5 minutes immediately afterwards
stopping the development process. The surface is dried by exposing the sample to a gas
jet of nitrogen.
Evaporation: A 2-nm thick chromium adhesion layer and 25 nm of Au are deposited
in a thermal evaporator. Fast rates of 0.5 nm/s and 1 nm/s were used, respectively, to
minimize the grain size of the polycrystalline Au layer. Evaporation occurs at a pressure
of 10−7 mbar.
Lift-off process: Finally, the remaining parts are lifted off in an acetone bath over
several hours. Accounting for the low aspect ratio, the solvent is heated to 60 ◦C. In
addition, the sample is moved by a swaying motion. Ultrasonic cleaning is applied if necessary. For the finish, the sample is purged in isopropanol and dried within a nitrogen gas jet.
An electron scanning micrograph of the antenna used in the optical experiments (see
chapter 5) is shown in Fig. 4.3a, recorded with the out-lens SE2 detector and at impact
electron kinetic energies of 3 keV. By recording a detailed view of its feedgap region,
depicted in Fig. 4.3b, the gap size is determined to be 8 nm. The gap size is defined as
the minimum in-plane distance of the vertices. Moreover, it reveals a clean, well defined,
interstice with a high centrosymmetry. This is important since asymmetric gaps can lead
to rectified currents in the experiment presented in chapter 5.3.
It is important to note that only these two micrographs were taken before the measurements. This assures minimum influence on the antenna by the electron beam. An air
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Figure 4.3.: (a) Scanning electron micrograph of the antenna used in the experiment and (b)
a detailed view of its feedgap region. The gap size of 8 nm corresponds to the length of a chain
of 20 gold atoms. (c) SEM image of a nanoantenna, which was not electrically protected by a
short circuit. (i) Antenna after fabrication and (ii) after wire-bonding. An electrical breakdown
event degraded the gold nearest the antenna gap, owing to the large current densities at both
tips. (iii) AFM image revealing that even the fused silica substrate is affected by the discharge
causing a 13-nm deep hole at the position of the nanogap and a short Lichtenberg-like shaped
crack running obliquely from there to either side. Line scans across each lead are performed,
revealing a gold thickness of 27 nm (versus a nominal value of 25 nm).

pressures below 10−7 mbar, short exposure times and low electron beam energies of 3 keV
are applied to provide that a minimum of carbon is deposited. Moreover, low current
densities (corresponding to beam currents below ∼ 200 pA) charge up the insulating
substrate negligible. With clean and accurate processing, the recipe allowed to fabricate
nanostructures with gap sizes below 10 nm with high reproducibility. Also note that both
antenna arms need to be short-circuited when recording a micrograph. Otherwise one side
of the antenna junction may be electrically charged by the electron beam in excess of the
other. This creates a transient bias which may be so strong that it disrupts the antenna
by electromigration.
Figure 4.3c depicts an antenna which was not protected by an EBL-produced short-circuit.
Panel (i) shows the antenna fresh after fabrication. The gap size is 40 nm, producing a
high electrical resistance, which allows each side of the antenna to accumulate charge. For
this reason, one side may be charged in excess, for example due to improper grounding.
Therefore, high potential differences can be reached easily for a short time causing a
transient electric field concentration at the electrodes’ tips. This may lead to a sudden
field emission current (see section 4.2). The sharp tip geometry enhances the electric field
locally at the tip end and leads to high current densities which cause local melting and
destructive electromigration of the gold [HV17]. If no conduction sets in, strong Coulomb
forces still may repel both tips and snatch them off. An SEM and AFM image of the
antenna recorded after wire bonding (with improper grounding) is shown in panel (ii)
and (iii), respectively. The AFM image reveals that the discharge even forms a 13-nm
deep, Lichtenberg-like crack inflicted to the silica substrate. Note that this implies this
fabrication technique produces well electrically isolating nanogaps.
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Figure 4.4.: (a) Circuit board layout including wire-bonded nanodevice. Mechanical switches
A and S allow to safely connect, store and disconnect individual antennas to peripheral measurement device. (b) To determine the stationary current-voltage (I-V) characteristics of a single
nanoantenna, a sensitive SMU is used. The SMU sweeps voltage V and measures current I. Data
points are acquired each time step ∆t by applying a triangular temporal profile centered at 0 V
and increasing the amplitude by ∆V after each sweep. This scheme allows to view changes that
happed to the antenna.

4.1.3. Electrical interconnecting circuit
The nanodevice is wire bonded to a conventional printed circuit board which serves
the purpose of interfacing with peripheral measuring instruments. It also protects the
nanodevice from high voltages during storage and while (dis-)connecting.
Wire bonding is processed with the Wedge-Bonder HB10 (from tpt). The wire is made
from aluminum and has a diameter of 25 µm. A wire bond connection is set up for each
antenna lead separately1 , as sketched in the circuit board’s layout in Fig. 4.4. Before
removing the lithographed short circuit, each bond is checked by measuring its electrical
resistance. After the short circuit on the circuit board is established, the EBL-processed
short circuits can be removed. Each antenna is allocated to a switch (A1-A16 and the
black ones shown in Fig. 4.1c). While storing the sample, all antennas are short connected
(S2, S3 and all A-switches are closed). To connect an external device to a single antenna,
first both poles from the device are brought to the same potential (S1 is closed), then a
single antenna is connected to the device (S4 and S5 are closed and all A-switches are
opened but one of A). For the measurement, the short connections are opened (S1, S2
and S3 are opened). After the measurement, closing of S2 allows the 100-MΩ resistor to
slowly discharge possible potential differences between both antenna arms.

1

Substrate and circuit board are heated to 110 ◦C during bonding. The ultrasonic generator level is set to
580 and 520 for the first and second bond, respectively. For both bonds, a bonding time of 140 ms and a
bonding force of 0.25 N is used. The initial bond is made to the substrate, the second to the board.
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4.2. Stationary current-voltage characteristics
In this section, stationary current-voltage (I-V) curves of a contacted bowtie nanoantenna
are presented. These are compared with the characteristic behavior of Fowler-Nordheim
field emission. Several I-V curves are recorded for one junction, because the voltage bias
is increased up to a junction-specific threshold level at which irreversible modifications
occur. In the end of this section, an estimate of the stationary current density is given.

4.2.1. Setup and measurement scheme
Setup
Field emission currents across the nanogap are expected to range from picoamperes to
nanoamperes at a static bias of a few volts [Pra12]. The measurement is thus carried out
by using a sensitive source meter unit (6430, Keithley) that is capable of voltage and
current sourcing and measurement. In principle, the unit enables current measurements in
the sub-fA regime. However, the overall performance is limited to a detection level of 5 pA
by noise and parasitic capacitance in circuit and cables. The measurement is performed
at room temperature (295 K), and under high vacuum (10−4 mbar) in order to prevent
charged particles to get attracted by the strong electric field within the nanogap [Bez97].
Using an SEM additionally gives the ability to check for modifications of the nanostructure
subsequent to the electrical stress. The source meter is located outside the chamber and is
connected as close to the electrical feed-through of the SEM as possible. Short coaxial
cables are used and a grounded metal foil surrounds cables and the meter to shield against
electric fields.
For referencing, the I-V curve of the overall circuit is acquired by applying increasing and
decreasing voltage ramps to an open-circuited nanostructure, for example, a nanoantenna
with a large gap size of several hundred nanometers. Figure 4.5e depicts the I-V curves
of such a structure on the circuit that is used in the following measurements for the
calibration, which corresponds to a resistance of 400 GΩ. Linear regressions for the two
voltage ramps (labeled by arrows in the figure) are subtracted in the post-processing from
all data curves shown in Fig. 4.5b and c.
Measurement scheme
The I-V curve is taken in detail as follows. First, a single antenna is safely connected to
the source meter by following the steps in chapter 4.1.3. Then, data points are acquired by
applying a triangular temporal profile centered at 0 V and increasing the amplitude after
each cycle by ∆V = 0.1 V (Fig. 4.4b). This provides a large set of individual I-Vs with
different amplitudes VA , giving information about reproducibility and ensuring that no
permanent change happened to the antenna while ramping up the voltage. The integration
time is set to 100 ms. As sketched in Fig. 4.4b, the resulting data set is divided in four
groups, containing measurements of rising (solid lines) and falling slopes (dotted lines) at
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positive (black) and negative voltages (red). Each group is separately processed by taking
the arithmetic mean of all measurement readings at each particular bias step.

4.2.2. Stationary electrical properties of a contacted optical antenna
In the following, a typical behavior of a fresh nanoantenna under static bias is analyzed.
Each time a point of current instability is reached, a subsequent I-V curve is measured. An
electron micrograph of the nanoantenna is recorded after the third measurement (see Fig.
4.5a). The electron beam impact changes the electrical properties of the nanojunction, as
revealed from another I-V curve taken subsequently. The gap size of the nanoantenna is
8 nm and the gold thickness amounts to 25 nm.
First I-V curve
The averaged I-V curves of the untreated antenna are presented in Fig. 4.5b. Because the
ohmic resistance of one nanoantenna lead is only 800 Ω — determined separately from
the nanowire shown in Fig. 4.5d — the voltage drops exclusively over the nanoscale gap.
At low voltages, the current is inhibited by the high resistance of the gap and no current
could be detected until a bias voltage of 2.5 V was applied. Upon applying higher voltages,
the current was highly nonlinear and antisymmetric with respect to positive and negative
bias, as expected from a tunneling junction and the symmetric geometry of the device.
The averaged I-V curve, labeled (i), is also depicted on a logarithmic scale in the Fig.
4.5c. As can be seen, it fits the field-emission rate of the Fowler-Nordheim model very
well (black dashed line). Thus, it is expected that the transport is attributed to electrons
that tunnel through the field-deformed surface potential at the hot spots of the electric
field, that is, at the sharp tips of the nanoantenna (see chapter 2.2). Typical parameters of
the electronic system under such conditions are sketched in Fig. 4.5f. The corresponding
Fowler-Nordheim fitting parameters are shown at the end of this section.
The nanoantenna safely withstands static voltages up to 5 V, resulting in stable currents
of up to 150 pA. The recording was stopped immediately after the current abruptly soared
up to 17 nA at a bias of 5.3 V (not visible in the data because of averaging).
Subsequent I-V curves
Two additional I-V curves, (ii) and (iii) in Fig. 4.5c, of the very same nanoantenna were
recorded immediately after the first one. Apparent from the strong increase of the current,
now detectable already at a bias of 0.5 V, some irreversible changes to the device occurred.
During recording (ii), stable currents were detected up to a bias of 2.5 V. Upon this point,
the current remained unstable until the measurement was stopped at 3.5 V, where again a
sudden increase up to 15 nA appeared. Throughout the third measurement (iii), however,
only stable currents were detected until the recording was stopped intendedly at 2 nA and
2.7 V. No sudden and steep current jumps occurred. Despite of some expected structural
modifications of both nanotips, the field-emission current still was antisymmetric and
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Figure 4.5.: (a) SEM image of the nanoantenna under study. (b) Initial stationary currentvoltage (I-V) characteristics of the freshly fabricated nanoantenna. The data is the average over
all readings at each particular bias step (red curve) and over all readings from only falling (green
curve) and rising voltage ramps (blue curve). (c) Logarithmic plot of three consecutive averaged
I-V curves. Measurement (i) and (ii) were stopped after an abrupt increase in current to several
nanoamperes. Fowler-Nordheim fittings are shown as dashed lines. Measurement (iv) was taken
after taken the SEM image. (d) SEM image of a nanowire, a test structure to measure the
resistance of the antenna leads. (e) I-Vs of the overall circuit with linear fits for falling (green
curve/line) and rising (blue curve/line) voltage ramps. (f) Spatial band structure at the gap
under stationary bias.

nonlinear, and fitted a Fowler-Nordheim tunneling behavior very well (dashed lines in Fig.
4.5c), at least until reaching the aforesaid point of instability.
The stability of the junction increased from recording (i) through to (iii). This is apparent
from the length of each error bar in Fig. 4.5c, which is double the standard deviation of
all current data points at the given bias. The relative standard deviation (RSD), which is
the ratio of standard deviation to mean value, remained at a constant value of 60 %, 45 %
and 20 % during the measurement (i), (ii) and (iii), respectively. The recording of each
I-V curve took about 5 minutes. Thus, the RSD also indicates a long-term stability of the
nanojunction.
The measurements demonstrate that high field-emission currents at the nA-level, drawn
from the surface the first times, generally produce a permanent effect upon the surface, a
sort of rearrangement effect that facilitates to pull out electrons thereafter with even higher
current stability. The drop in resistance can be attributed to some structural surface
modifications at the atomic level. In particular, two mechanism are likely to happen.
First, as gold is not a hard metal it can undergo surface self-diffusion [O’N07]. Particularly
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under electrical stress, the topmost surface atoms migrate towards zones of high fields and
highest current densities [Bow04, Itt09]. As these spots are located at the tip apex, the
sharpening result in even higher field concentrations. A similar effect for nanometer-sized
gaps was reported in [Won99]. The regularly recurrent drop in resistance suggests that
continuing to drive high currents through the nanoantenna probably would further increase
the conductance as the tip becomes sharper and the gap smaller. A decreasing gap size
was reported in [Itt09, Kay08].
Secondly, the increase in conductance (stability) may be caused by a structural change of
surface contaminants. The effect of static-field-assisted desorption of initial contamination
layers on the metal surfaces is known from scanning tunneling measurements [Sto11b].
Also the adsorption of hydrocarbons due to the impact of the field emitted electrons is
possible. The latter effect is known from electron-beams aggregating carbonic material on
the surface, as shown in the following.
The SEM image shown in Fig. 4.5a was taken after measurement (iii). Compared to 15
identically produced antennas on the sample, it does not reveal a change in gap size or
changes of other structural features, as far as can be determined within the resolution limits
of the SEM. Certainly, atomic electromigration affecting the surface structure cannot be
resolved. The impact of the electron beam, however, induced a change in the conductance.
I-V characteristic of a nanoantenna covered with a carbonic layer
The electron beam irradiation that is present during recording an SEM image caused
a change in the electronic transport across the nanogap, which is apparent from the
subsequently taken characteristic (iv) in Fig. 4.5c. It is expected that the electron beam
deposits carbon complexes onto the surface [Ran06]. Residual hydrocarbons that are
still present in the SEM chamber can undergo a chemical reaction in the focus of the
high-energetic electron beam (3 keV). The carbonic layer causes a strong decrease in
resistance, which can be attributed to the lowering of the work function by the adsorbed
carbonic layer [Fer01, Sha16]. The result are currents reaching the nanoampere range
already at a bias of 1 V. Other antennas (with equal gap size) has shown equal or even
stronger decreases in resistance after an electron beam exposure. This is emphasized here
as not only the current still was antisymmetric and highly nonlinear with respect to a
bias but it became even more stable over the entire bias range. Here, stable currents of
up to 100 nA could be obtained at a maximum bias of 2 V, before the current amplifier
saturated. The relative standard deviation constantly remained at 5 %.
Still no structural changes of the antenna device could be detected in another SEM image
taken afterwards, except for a vague topological imprint of the carbonic layer. Moreover,
it is also noted that no SEM image was recorded prior to measurement (iv), which would
have affected the initial characteristics. Because of this reason, SEM images do not provide
a means for a pre-post comparison. AFM images, instead, may do without affecting the
nanostructure.
It is interesting to note that no current could be detected at a bias below 18 V when

75

4. Fabrication and Characterization of contacted nanoantennas
the antenna was covered in a 100-nm thick layer of SiO2 . This corroborates the fact that
electrons are field emitted into air rather than moving through the silica substrate.
Fitting parameters of the Fowler-Nordheim tunneling function
As shown, the field-emission current I follows on the local electric field EDC according to
the Fowler-Nordheim equation. The equation reads as
2
I = Astat EDC
exp(−Bstat /EDC )

(4.1)

Astat and Bstat are parameters characterizing the static transport properties of the tunneling
junction. These might vary according to the different modifications of the tip’s surface
structure. The parameters belonging to the fitting curves of the I-V curves (i), (ii) and
(iii) are:
(i)
Astat [pAnm2 /V2 ]
Bstat [V/nm]

(ii)

(iii)

600 5000 20000
1.1 0.25 0.23

The electric near-field is calculated by applying formula (2.15), which yields the relationship
EDC = 0.16 · V , with EDC in units of V/nm and V in units of V. The radius of curvature
of each tip (R = 10 nm) is inferred from a scanning electron micrograph of the feedgap
region (not shown here). Nonetheless, the static near-field can be described, in good
approximation, by the electric field of a plate capacitor, following EDC = V /g, with the
gap size g = 8 nm.
Estimation of the current density at static bias
The current density can be estimated from the effective electron emission area. A rough
estimate can be inferred from a detailed view on the gap region of the nanoantenna
in Fig. 4.5a. Corresponding to its tip radius of 10 nm and an opening angle of the
nanoantenna tips of 26◦ , the emission area is approximately ∼80 nm2 . Consequently, at a
maximum average current of few nanoamperes, the current density amounts to 1 kA/cm2 .

4.3. Conclusion
To summarize this chapter, electron beam lithography at 10 keV electron-beam energy is
used to fabricate plasmonic nanostructures in the near infrared with structure sizes and
separations of a few nanometers. Electrically contacted bowtie nanoantennas that exhibit
sharp apices of 10 nm (radius of curvature) and gap sizes down to 7 nm could be obtained.
The size of the nanoantenna can be precisely tailored to match the an ultrabroad excitation
spectrum in the near-infrared. The small gap sizes and the well-defined antenna topography
at the nanoscale provides strong electric field enhancements in the near infrared.
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Stationary I-V curves of nanoantenna reveal that a static bias of several volts (corresponding to electric fields up to 1 V/nm) induces stable field emission currents across the
nanogap. The I-V curves are highly nonlinear and antisymmetric. These are prerequisites
for the optical experiments presented in the next chapter. There, the static bias is substituted by the strong electric field of single-cycle near-infrared light pulses, which enables
ultrafast field emission current spikes across the nanogap occurring on time scales of less
than a femtosecond.
The characteristics further reveal two possible means to control the electrical property
of the nanostructured antenna. First, adding a thin layer of (carbonic) adsorbates on top
of the nanojunction results in higher and more stable field-emission currents. Secondly,
while the nanoantenna supports stable field-emission currents at moderate static bias
voltages, it was shown that high static voltages applied to the nanojunction initiate
some structural surface modifications at the nanoscale. This indicates the potential to
fabricate plasmonic nanoantennas with even smaller gap sizes by applying electromigration
techniques. For example, a controlled electromigration of nanoantennas with a nanometergap [Itt09, Kay08] or zero-gap nanoantennas [Par99, Lam03, Man09] should enable the
fabrication of plasmonic nanoantennas with gap sizes down to the molecular level.
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CHAPTER

5

Attosecond control of electron transport in an
electrically contacted nanoantenna
This chapter presents the first measurements of the CEP dependence of electric current
between two nanostructured electrodes separated by a distance of a few nanometers. The
current is purely induced by the phase-stable single-cycle transients in the near infrared.
Here, the gap between the two nanoelectrodes is 8 nm wide. As presented in chapter 4,
these are formed as plasmonic bowtie nanoantenna to provide a strong field enhancement
locally in the nanogap. It enables to access the strong-field regime of tunneling emission
without damaging the structure and with pulse energies at the pJ-level range. In order
to identify the underlying electron transport process, the dependence of the tunneling
current on the CEP and the pulse energy of the transients is analyzed. The experiment is
conducted in non-optimized ambient conditions.
After introducing the basic principle and its experimental requirements in section 5.1,
the setup of the experiment is presented in section 5.2. CEP and intensity dependent
current measurements are subject of section 5.3. Based on a model of the microscopic
transport process, a numerical approach that reconstructs the experimental data and
resolves current dynamics on subcycle optical time scales is presented in section 5.4.

5.1. General principle
Figure 5.1 illustrates the basic idea of the experiment. A single-cycle electric field transient
is tightly focused on to a nanometer-sized junction of an electronic circuit. The junction
consists of a pair of nano-electrodes separated by a distance of just a few nanometers
(see Fig. 5.1a). Since the optical energy is confined in a single optical cycle, the electric
fields obtained in combination with a tight focusing can be very strong. According to the
theory of Keldysh (see section 2.1.3), sufficiently strong electric fields bend the electronic
potential landscape such that a penetrable tunneling barrier is created at the surface of the
electrode through which electrons may escape from the metal. The probability of tunneling
is a highly nonlinear function of the optical electric field. Consequently, such an emission
process is prompt on time scales shorter than half a light oscillation period as electrons
most likely tunnel in a time interval around the strongest oscillation peaks of the laser field,
where the tunneling barrier is at its thinnest (see Fig. 5.1b,c). Consequently, a net current
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Figure 5.1.: Scheme of controlling electron tunneling currents in a nanometer-sized gap of
an electrically contacted nanoantenna. (a) Single-cycle optical transients with constant but
adjustable CEP, φCEP , are focused to a nanoantenna, triggering electron tunneling from one
antenna side to the other. (b,c) Simplified band structure of the dielectric gap at two instants of a
cosine phased single-cycle pulse (φCEP = 0). An electron undergoes tunneling through the thinner
potential barrier during the strongest electric field half-cycle rather than during the adjacent
half-cycles of opposed polarity, as illustrated by the thicker (higher tunneling probability) and
thinner black arrow, respectively. (d) Schematic nonlinear and antisymmetric current-voltage
(I-V) characteristic of the tunnel junction. Colors of transients and dots in the I-V curve denote
extremal biasing conditions and time integrated current (red, cosine-phased pulses; blue, sine
phased pulses). Acronyms: Fermi energy (EF ) and work function (Φ).

is generated in the direction of the peak electric field, which in turn can be controlled by
the CEP of the single-cycle pulse (see section 3.1). Repeating such a subcycle tunneling
event by using a train of identical single-cycles pulses at a high repetition rate produces a
total current of detectable magnitude. This CEP-controlled current is measured in the
experiment. In the following, the experimental idea and its requirements are described in
greater detail.
In general, there is no possibility to directly detect tunneling currents driven at optical
(petahertz) frequencies with state-of-the-art electronics. High-frequency devices operate in
the microwave range at most [Sch07, Wal16]. However, it is possible to generate a direct
current originating from subcycle optical current spikes. Therefore, two conditions need to
be fulfilled. First, the current response has to be highly nonlinear to the optical electric
field, what is to be expected from tunneling, and second, a net transport of electrons only
arises when the symmetry is broken. The latter can be achieved by either changing the
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junction itself [Hig15] or by breaking the electric field symmetry of the optical transient.
Tunneling junctions with a current response that is asymmetric to a field inversion
exhibit a diode-type operation with a fixed direction of the net current [Mis12, Sto14]. For
instance, an asymmetry in the tunneling barrier of a metal-vacuum-metal junction arising
from the difference in metal workfunctions [Sha15], in local field enhancements or from a
DC bias [Möl91, War10, Coc13] gives rise to different tunneling rates at optical frequencies.
A simple example with a fully broken geometrical symmetry is a single metal-vacuum
interface [Pig13].
In contrast to such unidirectional junctions, here, the transport occurs in a single
nanojunction that is designed to be symmetric in shape. Thus, tunneling can be triggered
by every field half-cycle of sufficient strength and therefore do arise in both directions.
A net transport of electrons originating from the subcycle tunneling events then can be
induced by breaking the symmetry of the optical field. To put this another way, the optical
transient has to have the highest field peaks only for one polarity. This feature is provided
by few-cycle pulses1 , in particular, by single-cycle pulses (see section 3.1). A single-cycle
pulse can have one distinct field peak occuring in exactly one half oscillation cycle; only
weaker fields are present in all other half-cycles of opposed polarity. In particular, the
largest field peaks are achieved if the electric field is cosine phased with the envelope, that
is, the CEP is φCEP = 0 or φCEP = π. Because the asymmetry then is at its maximum,
also the net current is the largest (red transient and red dot in the I-V characteristic of
Fig. 5.1). Vice versa, when the electric field is sine phased with the envelope, no net
current is expected to be detected (blue transient and blue dot in the I-V scheme). This
is because each half-cycle of positive polarity now has a counterpart of negative polarity,
which contributes precisely the same amount of current but into the opposite direction.
Note that this is true only if the junction is symmetric in shape. Then, electrons are able
to tunnel in both directions with the same likelihood presented by antisymmetric current
response of the junction (see Fig. 5.1d).
The optical field asymmetry, and so the net current, is induced by varying the CEP
of the single-cycle pulses. On this understanding, it is obvious that the average current
is zero if a pulse train with unstable CEP is used, because the succeeding injection of
electrons in the gap would not occur in the same way for each pulse. Using a pulse with
many optical cycles would also be ineffective, because the field symmetry is hardly broken
and the series of transported electrons in the two opposite directions occurring during
one or more pulse transients would average to zero in the electronic readout. Moreover, a
high pulse repetition rate is mandatory to detect small currents of a kind, wherein merely
a single electron per pulse is transported once in a while. For example, a laser system
with a kHz repetition rate generates very small net currents of femtoamperes for a single
electron transported per pulse whereas for a MHz-system, the net current is in the range
of picoamperes.
1

A prominent alternative is a two-color field, composed of fundamental light and its second harmonic.
Such fields are long in duration but easy to generate. For this reason, they have been used for coherent
control experiments for quite some time [Sch94, Ehl01, Cos07]. See also attachment A.5.
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The process of optical field emission typically necessitates field strengths of several
10 V/nm (see section 2.1.3), corresponding to peak intensities of 1013 W/cm2 . With the
near-infrared single-cycle pulses provided by the presented laser system, pulse energies
at the nanojoule scale are sufficient to reach this level. However, metals typically do
not withstand these peak intensities. To even further increase the field strength at the
nanojunction even along with a decreasing pulse energy, the nanostructured gold contacts
form a bowtie shape plasmonic nanoantenna with a plasmonic resonance at the center of
the spectrum of the single-cycle pulses. Driving the nanoantenna resonantly builds up a
coherent electric field inside the sharply confined nanogap that is one order of magnitude
stronger than the free-space field. Furthermore, the bowtie shape provides an ultrafast
plasmon response with dephasing times on the femtosecond time scale (see section 2.3).
Also the chromium adhesion layer might contribute to a broad resonance [Mad17]. This
ensures that the plasmonic field quasi-instantaneously follows the field of the impinging
optical pulses, and therefore meets the necessary condition in this experiment to preserve
a few-cycle character of the optical field.
Owing to the nanoscale confinement of the region biased by a strongly enhanced field
transient, electron tunneling may be purely coherent to the optical electric field [Coc13]. In
the case of rough metallic surfaces [Irv04, Apo04, Rác11] or large arrays of nanostructures
[Put16], only a small fraction of emitted electrons can be controlled by the CEP, even
if single-cycle pulses are used. This is because the broad spatial distribution of diverse
emission spots extending over the Gaussian-shaped field profile is expected to blur the
CEP dependency. In addition, for such broadband pulses, also the Gouy phase may vary
over the focal profile [Por09, Hof17]. By using a single nanometer-sized tip, these issues
can be circumvented: Tunneling electrons most likely originate from the very end of the
tip, where the field enhancement is the highest [Kru11, Par12, Pig13]. A single bowtie
shaped nanoantenna provides even higher field enhancement factors in the gap compared to
isolated nanotips. As the typical radii of both antenna tips are around 10 nm, the emission
spot is much smaller than the beam spot size. Moreover, as the emission probability
depends strongly nonlinear on the optical near-field amplitude and the local work function,
this implies that the electron emission is highly located and the flux is tightly collimated
along the direction of polarization [Yal11, Par12]. In contrast to field-driven dynamics of
electrons set free from isolated metallic nanotips [Pig13, Ech16], not only the emission
but the entire transport takes place within the volume that is confined in the direction of
propagation to only a few nanometers. In this work, in particular, the gap size is designed
as such that time is sufficient for electrons to transit the gap before field reversal; the
transport takes place on subcycle time scales. This implies not only that the current is
fully coherent to the optical electric field but also that it features a full dependence on the
CEP of the single-cycle pulses.
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5.2. Experimental setup
The experimental setup mainly comprises two parts: an optical setup to focus the CEPcontrolled single-cycle pulses on a single nanoantenna junction, and a lock-in detection
scheme that is capable to measure small light-induced tunneling currents in the range
of femtoamperes, which amounts to one electron every hundred pulses. Both parts are
described in the following.
Optical setup
Figure 5.2 gives an overview of the experimental setup. The fiber-laser system (depicted
up left) delivers a pulse train of single-cycle pulses at a repetition rate of 80 MHz and with
passively locked CEP (see chapter 3). The experiment was conducted by using 1.4-cycle
pulses, here also referred to as single-cycle pulses, which are derived from a two-prism
pulse compressor (see section 3.5.2). Although the setup now is capable of providing
1.0-cycle pulses by means of a split prism compressor (see Fig. 3.17), at the time of the
experimental investigation only the two-prism setup was available. The center frequency
is νc = 225 THz (λc = 1325 nm) and the FWHM duration amounts to 6.3 fs. In principle,
an energy of 1.6 nJ per pulse is available, which is equivalent to 134 mW of average optical
power.
After synthesizing the single-cycle pulses at the final compression stage of the laser setup,
they are guided to the sample by utilizing almost only reflective optics. Two fused-silica
plates are put to the beam path though: a variable, 2-mm thick neutral density (ND) filter
to provide adjustable attenuation and a thin beam splitter deflecting less than 1 mW of
optical power, which is sufficient for the operation of an all-optical f-to-2f interferometer
(see section 3.6). Tracking the f-to-2f spectral beats allows to monitor a shift of the CEP
of the single-cycle pulses during the measurement. The CEP itself is precisely controlled
by setting the optical path length through a pair of fused silica wedges. The pair is placed
at a location before the pulse duration is reduced from 110 fs to 6 fs. Therefore, the laser
system provides a completely free control on the CEP without distorting the envelope of
the pulse (see section 3.6). Before starting the experiment, the waveform of the electric
field transient can be accurately determined by means of a 2DSI interferometer (see section
3.5.2). The dispersion of the beam splitter and the ND filter, which slightly affects the
shape of the single-cycle pulse, is compensated by adjusting the pulse chirp at the final
compression stage.
After widening the beam diameter by passing a Galilean telescope (GT, see bottom
right of Fig. 5.2), the pulses are strongly focused to a single contacted nanoantenna by
means of a Cassegrain objective (NA = 0.65, f = 3.55 mm). The objective is all-reflective,
avoiding any dispersion and minimizing achromatism. The spatial intensity distribution in
the focal plane has a clean Gaussian shape with a FWHM diameter of about 0.75 µm. The
diffraction-limited focusing leads to a high peak intensity of up to 2.1 · 1013 W/cm2 when
using the full available optical power of 134 mW (see appendix A.2). This corresponds
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Figure 5.2.: Overview of the experimental setup to control tunneling currents in a single
electrically contacted nanoantenna (see zoom) by varying the carrier-envelope phase (CEP) of
single-cycle pulses. The CEP φCEP of the transients is controlled by varying the insertion ∆l of
one of the fused silica wedges (red wedge position, cosine-like pulse; blue wedge position, sine-like
pulse). The pulse energy can be tuned by the insertion of a variable neutral-density (ND) filter.
A shift in the CEP is monitored by using an f-to-2f interferometer. The spectral phase of the
single-cycle pulse is obtained by two-dimensional spectral shearing interferometry (2DSI) or
second harmonic frequency-resolved optical gating (FROG). Acronyms: beam splitter (BS),
removable mirror (RM), Galilean telescope (GT) and all-reflective Cassegrain objective (CO).

to an electric peak field strength of 13 V/nm, not including field enhancement. For the
experiment, the optical power is strongly reduced to avoid damage of the nanoantenna,
for example, due to potentially near-field enhanced ablation at the nanotips [Shi17]. The
electric field of the normally incident pulse is linearly polarized along the axis of the
nanoantenna to efficiently excite a plasmonic near-field polarized along the junction.
Nanoantennas are electrically connected to a circuit board in the same way as described
in section 4.1, and the board is positioned on a stable x-y stage with nanometer lateral
resolution and high mechanical stability.
Current detection technique
An expected transport of effectively one electron per pulse corresponds to a net current of
12.8 pA, integrated over the pulse train at the given repetition rate of 80 MHz. To detect
such small currents with a proper signal-to-noise ratio a signal detection with a resolution
of at least hundreds of femtoampere is required. Even when the small signal is obscured
by noise sources many times larger, an accurate measurement can be made by using a
combination of a high-gain amplifier and lock-in detection technique. This technique is
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used for this experiment.
In the following, a brief summary of types of intrinsic electronic noise sources is provided.
Then, the lock-in technique is briefly described before eventually addressing the calibration
of the output signal required to obtain the proper number of electrons transported per
optical pulse.
Any current of electrons passing through a resistor and a potential barrier has small
random fluctuations called thermal noise and shot noise. Thermal noise, also called Johnson
noise, is generated by current fluctuations through the thermal motion of the charge carriers
in any resistor [Joh28]. At a temperature T , the power spectral density of thermal noise
generated by a resistance R is given by Sth = 4kT /R, where k is the Boltzmann constant.
This type of noise is white, i.e., the power spectral density is independent of frequency.
Another source of noise is so-called shot noise, which is a statistical fluctuation on the
current resulting from the fact that current is a flow of indivisible electric charges [Sch18].
It is generated if electrons pass through a potential barrier. If they pass it independently
of each other, as it is the case for a tunneling junction, the number of transported electrons
follows a Poisson distribution. This type of noise would disappear if the current consists of
arbitrarily small charge quanta. Shot noise is white, too, and the power spectral density is
proportional to the average current hIsig i and is given by Sshot = 2e hIsig i, where e is the
elementary charge. Correlations between electrons would cause deviations in the spectral
density [Bla00, Ubb12]. Thermal and shot noise are incoherent phenomena. For white
and incoherent noise sources, the RMS value of the fluctuating
√ current amplitude, taken
over a measurement bandwidth ∆f , is simply given by the S∆f .
To minimize thermal and shot noise, one can use small temperatures and small bandwidths. The latter can be achieved, for example, by temporally integrating the signal over
a long period. However, real devices have various sources of excess noise depending on
many factors related to the design of the particular device. Such noise generally exhibits a
power spectrum approximately decaying as 1/f [Hor80, Bal13]. A well-designed detection
circuit architecture is required in to diminish 1/f noise. The means to avoid it, however, is
provided by the lock-in technique, as described in the following.
The current signal embedded in a noisy background is fed through a short length of
shielded line from the circuit board (see Fig. 4.4) to a low-noise transimpedance amplifier
of which the voltage output is sent to the lock-in detector (Stanford Research Systems,
SR830). Lock-in detection consists of two steps. First, a parameter of the source signal is
modulated; in this setup, a chopper wheel modulates the pulse train intensity at a fixed
frequency fm . Second, the modulated signal Vsig (t) is multiplied by a periodic reference
signal VR (t) of frequency fR and constant amplitude in a phase detector. The modulation
shifts the source signal spectrum up to the modulating frequency above the noise 1/f
low-frequency backgrounds. The mixing step creates an output signal which is a sinusoid
oscillating in time at the difference frequency ∆f = fm − fR . This output is fed through
a lowpass filter with a time constant τ . It will pass through the lowpass filter relatively
unscathed if ∆f < 1/τ and will be strongly attenuated if ∆f > 1/τ . For sufficiently
large time constants, the lowpass-filtered signal is zero unless the modulation frequency
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and the reference frequency are exactly the same. Hence, the output of the lowpass filter
is a dc signal, which is proportional to the amplitude of the signal whose frequency is
exactly locked to the reference frequency. Noise signals at a frequency fm + ∆fn will be
attenuated. Summing up, the lock-in detection effectively acts as a narrow bandpass filter
at the modulation frequency fm .
The output from the lowpass filter is not only proportional to the signal amplitude but
also is cosinusoidal in the relative phase between the reference signal and the modulation
signal, hIout i ∝ cos(θR − θm ). During a measurement, this relative phase is kept constant
at an arbitrary value. Once a signal is detected, it is adjusted to zero. If the relative
phase, however, is π/2, no signal can be detected. In order to find a remedy for such a
case, the lock-in device has two phase detectors. The second phase detector multiplies the
signal with the reference signal shifted in its phase by π/2 with respect to the first phase
detector. The outputs of two detectors, called the in-phase and quadrature component of
the signal, are recorded. From these components the amplitude of the signal and phase
can be accurately determined in post-processing.
The output signal has to be calibrated to the current flowing through the nanoantenna.
Therefore, the magnitude of the output signal has to be corrected for the response of the
lock-in detector. Because the detector multiplies the signal by a pure sine wave at the
reference frequency, the dc output is proportional to the amplitude of the single Fourier
component at the reference frequency. The signal is, however, modulated by chopping the
pulse train with the chopper wheel with a duty cycle of 50 %. Mathematically speaking,
the modulation function is a square-wave with an amplitude of 1 and an average value of
0.5. The square-wave modulation causes response at the fundamental Fourier component
with an amplitude of 12 · π4 . Moreover, the transimpedance amplifier acts as a lowpass
filter of first order (simple RC type filter) with a −3 dB cut-off frequency of 700 Hz and
with a slope of 6 dB/oct beyond the cutoff frequency. The signal is modulated at a fixed
chopping frequency of 632 Hz. As a result, its amplitude is attenuated to a value of 74 %.
Finally, the output of the lock-in detector
√ is readout as RMS value. The RMS value of a
sine wave with an amplitude of 1 is 1/ 2. For a given RMS value of the averaged output
signal hIout i of the lock-in detector, the averaged signal amplitude is then given by
π
1 √
·
· 2 · hIout i = 3 · hIout i .
(5.1)
4 0.74
As a result, in order to determine the magnitude of the average tunneling current the
output signal of the lock-in detector needs to be multiplied by 3.
hIsig i = 2 ·

5.3. Single-electron transport controlled with the
carrier-envelope phase
In the following experiment, a single electrically contacted bowtie nanoantenna is exposed
to phase-locked pulses with a duration of 6.3 fs (1.4 carrier cycles) and a carrier wavelength
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Figure 5.3.: (a) Electron micrograph of the electrically contacted bowtie antenna from gold,
which is used in this experiment. (b) Detailed view of the nanogap region. (c) Spatial distribution
of the field enhancement calculated in the interstice between the antenna tips (black sections).
White areas correspond to regions where the classical simulation yield unrealistic results due to
neglecting the evanescent character of the surface electronic wavefunctions [Zul09].

of λc = 1.3 µm. The electric current, averaged over millions of pulses, is recorded as a
function of the CEP and pulse energy, which is decreased to a pJ-level, of the incident
transients. As the CEP control is completely decoupled from the pulse intensity envelope,
it enables the analysis of the dependence of the current exclusively on the carrier phase.
An electron micrograph of the nanoantenna under study is depicted in Fig. 5.3a. The gap
size is 8 nm, the gold thickness amounts to 25 nm and the width and height of each triangle
is 250 nm. At the beginning of the experiment, the energy per pulse is reduced to zero
and ramped up in small steps of 6 pJ corresponding to 0.5 mW in average optical power.
For each step, a successive series of eight individual CEP scans, i.e., a measurement of the
current as a function of the CEP, is performed. No static bias is applied to the junction
and all measurements were conducted at room temperature (295 K) and in standard
atmosphere.
At a CEP set to zero so that the electric field is cosine-phased with the envelope the
transients are expected to trigger current-carrying tunneling spikes at the repetition rate
of the laser. Indeed, biasing with only 80 pJ of pulse energy (average power 6.5 mW),
for example, resulted in a total current of 0.6 pA. Under those conditions, the peak
intensity in free space is 1 · 1012 W/cm2 (see appendix A.2). This corresponds to a peak
electric field of E0 = 2.9 V/nm, not including field enhancement. Owing to the plasmonic
field enhancement inside the antenna gap, such a minute pulse energy is high enough to
field-emit electrons from the gold surface and promote them from one side of the tunnel
junction to the other. The total current of 0.6 pA corresponds to a transport where on
average only 0.04 electrons are transported per pulse.
The experiment reveals that the current can be completely reversed in its direction:
Figure 5.4 shows that net current reverses sign when the CEP, φCEP , changes from zero
to ±π. This is consistent with a fully coherent transport process. The figure presents
the total current measured as a function of the CEP, controlled by the wedge insertion
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Figure 5.4.: Carrier-envelope phase control of tunneling current in the nanoantenna. The
total current flowing through the nanoantenna is depicted versus the fused-silica insertion ∆d,
which controls the CEP of the excitation pulse. The pulse energy is held constant at 80 pJ
(optical power of 6.5 mW). Black symbols indicate the fundamental symmetry of the phase-locked
transients. The red line is the mean over eight subsequent measurements (thin gray lines).

(see section 3.6), for the same excitation pulse energy of 80 pJ. The red line represents
an average over the eight successive CEP scans. Independent acquisitions are depicted in
gray in the background, underlining the nearly perfect reproducibility of the sinusoidal
dependence of the total current on the CEP. Note that the periodicity perfectly matches
the fringe pattern of the f-to-2f interference recorded in parallel. No background current
is measured when the control field is sine-phased with the envelope (see black symbol
in Fig. 5.4). This is also consistent with a current-injection process that is faster than
the temporal duration of half a cycle of the optical field. Moreover, it implies that the
nanostructured antenna has a high surface quality at the nanometer scale with a highly
symmetric shape of the gap.
The measurement demonstrates that the amplitude and direction of the current can
be controlled through only the phase parameter; the nanoscopic current depends entirely
on the CEP. Such a strong CEP dependence of an optically driven electronic current is
demonstrated here for the first time [Ryb16].
For a measurement of the current as a function of the CEP, a good trade-off between
signal-to-noise ratio and short acquisition time was found with the following parameters.
The optical path through the silica wedges was linearly changed by 50 µm/s (see section
3.6). Thus, the carrier-envelope offset frequency is set to fCEO = φ̇CEP /(2π) = 0.6 Hz,
meaning that the current was modulated at a frequency of 0.6 Hz. Adjusting the lock-in
lowpass filter to a slope of 12 dB/oct (second order) and a cutoff frequency of 1/(2πτ ) =
1.6 Hz, corresponding to a time constant of τ = 100 ms, let the modulated current signal
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pass with only an attenuation of 1 %.
As a result, the current detection averages over 50 million pulses during a time constant.
A single scan shown in Fig. 5.4, recorded over the range of 7π, takes about 6 s. All scans
together take about 2 min including readout times from the lock-in detection, showing an
excellent stability of the tunneling current over this time scale, although the experiment
is performed at non-optimized ambient conditions. This result is enabled by the precise
spatiotemporal control of the electric field, which is provided by the high stability of the
system. While the ultrabroadband Er:fiber laser system inherently provides an excellent
pulse-to-pulse energy and spectral stability, the ultrafast passive phase-locking at the
full repetition rate perfectly sets the carrier-envelope offset frequency to zero [Kra11b].
Long-term fluctuations of the CEP recorded over 2 min correspond to an RMS value of
about 50 mrad (see section 3.6). This translates into an integrated timing jitter of 35 as
at the carrier frequency of 225 THz, which is much less than an optical half-cycle. It is
also worth to emphasize here that due to the decoupling of the CEP control mechanism
from an other pulse property, the sinusoidal dependence perfectly repeats over the full
insertion range of the silica wedge.
Figure 5.5 presents how the peak current varies with the optical excitation power. Each
data point in the figure is the mean over all data points in the set of CEP scans where the
electric field is positively cosine-phased, i.e., for φCEP = {−2π, 0, +2π}. The measurement
reveals that the peak current scales strongly nonlinear with the excitation power. This
implies that the current is a steep function of the instantaneous electric field of light, as
excepted from an electron transport that is based on a tunneling process. The full reversal
of the direction of the current is observed for all optical excitation levels in this experiment.
Moreover, in contrast to more complex transport mechanisms in solid-state devices [PC14],
the CEP dependence of the average current is insensitive to fluctuations in the pulse
energy; no phase shift occurs as a function of the pulse energy. At an excitation level in
excess of 6.5 mW, however, instabilities and a strong increase in the current suddenly occur.
This might be due to the high electric field strengths and high current densities present at
the gap, causing structural modifications at the atomic scale at the surface of the antenna
tips due to, for example, nascent ablation processes [Shi17]. Another possible reason,
also attributable to the high current densities, might be a decomposition of adsorbed
hydrocarbons under impact of the fast electrons, in complete analogy with the carbon
contamination effect taking place under irradiation of electron beams (see discussion in
section 4.2).
The pure field-dependence and the strong nonlinear character of the current has direct
consequences for the time structure of the transported electrons: the electron tunneling
window is expected to be mainly open during the transit time of the strongest optical
half-cycle which amounts to 2 fs. In fact, the extremely short time the electric field acts in
one direction explains the overall small electron transport probability of only one electron
emitted over many pulses. The high pulse repetition rate applied in this experiment,
however, mitigates the small probability, corresponding to the duty cycle of about 2 fs
within 12.4 ns, so 1.6 · 10−7 .
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Figure 5.5.: Mean current (red dots) for a cosine-like transient versus optical pulse energy. The
length of each error bar is double the standard deviation of eight independent measurements.
The data set is presented on a linear (left) and on a logarithmic scale (right) together with a
power characteristic curve obtained from the time-integrated instantaneous current, if assuming
the instantaneous current to be a Fowler-Nordheim tunneling (green solid line) or 7th-order
polynomial function (green short dashed line) of the optical electric field. Free function parameters
are adjusted to find this best-fitting power curve to the experimental data set.

The Keldysh theory provides a basis for understanding the transport process
√ (see section
2.1.3). To evaluate the transport mechanism, the Keldysh parameter γ = 2mΦω/(ef E0 )
is calculated (see equation (2.5) in section 2.1.3). It classifies the electron emission into
different regimes, where the tunneling regime corresponds to Keldysh parameters γ  1.
Here, f is the field enhancement and E0 is the free-space peak field. The angular carrier
frequency is ω = 1.41 · 1015 rad/s (carrier wavelength 1325 nm) and the work function of
polycrystalline gold is assumed to be Φ = 5.2 eV [Han78, SM09]. Not the bare free-space
electric field but the near-field affected by the interaction with the nanostructure forces the
metal to eject electrons. This can be utilized by designing proper nanostructures. Here,
the bowtie nanoantenna fulfils the function of very locally enhancing the strength of the
electric field, yet hardly affecting its temporal evolution. A significant field enhancement
is confirmed by a simulation based on a classical boundary element method. The results
of this simulation, applied specifically to the present experimental situation, are presented
in detail in section 2.3.1. Here, only the main results are given. The plasmonic antenna
resonance is designed to be centered in the excitation spectrum at a wavelength of 1430 nm.
Thus, driving the nanoantenna at the carrier wavelength of 1325 nm causes a 50-fold
enhancement on average in the nanogap (see red dots in Fig. 5.6a). A conservative
approach is to take the field enhancement spectrally averaged over the red data points in
Fig. 5.6a and weighted by the excitation spectrum. This results in a field enhancement of
f = 35 and extreme conditions with a peak field strength of 100 V/nm, corresponding to
an optical peak intensity of 1.4 · 1015 W/cm2 . Such field strengths clearly corroborate the
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intuitive picture of a tunneling emission mechanism, corresponding to a Keldysh parameter
of γ = 0.1. Even by considering an underestimated enhancement of 15-fold, the Keldysh
parameter still is γ = 0.25 at a pulse energy of 80 pJ and γ = 0.5 at 20 pJ. This validates
quasistatic tunneling emission, i.e., to consider tunneling through the momentary tunneling
barrier created by the optical electric field. Note that these field strengths act highly
localized inside the gap region (see Fig. 5.3c) and that such a strong bias is non-disruptive,
because it is applied only for an extremely short duration of less than 2 fs.
Under the extreme perturbation the nanoantenna tips are subject to, the effective
tunneling barrier shrinks to a width that might ultimately approach the typical extension
of the evanescent part of the surface electronic wavefunctions of the metal extending into
free space [Sav12, Est15]. Electrons from the entire Fermi sea may be involved, with the
ones in states near the Fermi energy having the highest probability of being emitted. In a
semiclassical picture, carriers tunnel into the gap, and the total probability of traversing the
entire space all the way to the opposite contact might then be dominated by a field-driven
ballistic propagation.
The following section aims to give a quantitative insight into the ultrafast electron
propagation across the nanoantenna gap.

5.4. Modelling of the attosecond electron transport
In this section, the time-dependent transport mechanism in the nanoantenna junction is
assessed within a semiclassical two-step picture: instantaneous field emission of an electron
and its subsequent classical motion in the plasmonic near-field across the 8 nm gap. Due
to the extreme field enhancement resulting in a Keldysh parameter of less than 0.1, it is
expected that this semiclassical picture indeed does well describe the transport process
[Yal11]. The semiclassical concept was evolved in a similar notion for the mechanism of
strong-field ionization of gas atoms [Cor93, Lew94, Küp14] and has shown to lend itself
to explain many elementary aspects of strong-field-driven processes on attosecond time
scales [Nii02, Cor07, Cav07], including examples of high-harmonic generation [Kra09] and
electron dynamics in front of metallic nanotips [Yal11, Kru11, Par12].
A conservative assessment of the instantaneous tunneling currents based on the experimental findings is presented in section 5.4.1. In section 5.4.2, classical trajectories of
electrons tunnel-released into and field-driven in the gap are calculated. In addition, the
time to transit the gap and the final kinetic energy at the instant of collision with the
opposite gold contact are calculated.

5.4.1. Assessment of the time-dependent tunneling current
In this section, the time dependence of the instantaneous field emission current is assessed.
No DC bias is applied in this experiment and electron tunneling is entirely induced by the
plasmon-enhanced optical near-field. As the assessment necessitates the knowledge of the
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Figure 5.6.: (a) Spectral intensity profile (black solid line) of the 1.4-cycle excitation pulses
and the calculated resonance profile (black dashed line) and field enhancement factors (red dots)
of the bowtie shaped nanoantenna depicted in Fig. 5.3a. (b) Spectral intensity profile (black
solid line) and phase (green line) of the 1.4-cycle excitation pulses compared to the calculated
resonance profile (black dashed line) and phase (green dashed line) of the plasmonic nanoantenna.
(c) Electric-field transient in free-space (black line) driving the plasmonic oscillation inside the
nanoantenna together with the optical electric field (red line) shaped by the plasmonic resonance
at the nanoantenna gap. (d) The same transients as depicted in (c), but here the constant
phase of π and a constant time delay of −3.4 fs is subtracted from the plasmon field profile. The
plasmonic near-field duration corresponds to 1.7 optical cycle periods of the carrier wave.

near-field, its derivation is subject of the first part of this section. In the second part, the
assessment is presented. It is based upon the fact that the instantaneous field emission
currents flowing on subcycle optical time scales have to result in an average current that
reproduces the experimental curve in Fig. 5.5.
Time-dependence of the electric field in the nanoantenna gap
The measured free-space field transient with φCEP = 0 is shown in Fig. 5.6c in the background as black line (see also Fig. 3.16d). The plasmonic oscillation affecting the temporal

92

5.4. Modelling of the attosecond electron transport
shape of the local electric field, including a retardation effect to the excitation electric field,
is taken into account by treating the plasmonic nanoantenna as damped harmonic oscillator
driven by the laser field (see section 2.3.1). The strong radiation damping provided by
the bowtie antenna design results in a broadband resonance, corresponding to a FWHM
of ∆νr = 55 THz, that is linked to an ultrafast plasmon dephasing time of Tdeph = 5.8 fs.
In addition, the antenna resonance is designed to be centered at the intensity gap (at
1430 nm) between the soliton and the dispersive wave of the excitation spectrum (see
Fig. 5.6a). As shown in the following, these aspects preserve the few-cycle character of the
enhanced near-field. To deduce the temporal evolution of the plasmon field, the function
E(t) describing the free-space transient is substituted into equation (2.16) in section 2.3.1.
The resulting plasmon field is shown in Fig. 5.6c as red line. For a clearer comparison to
the free-space field, the plasmon field is shifted in time to t = 0 and in its CEP to φCEP = 0
(see Fig. 5.6d). Due to the above-mentioned reasons, the temporal shape of the plasmonic
field well resembles that of the driving field, apart from the constant time delay and phase
offset. Its duration corresponds to 1.7 optical cycles.
The near-field profile can be also achieved by performing a Fourier transformation of the
complex amplitude spectrum of the free-space field multiplied by the complex antenna
response, constituted by the amplitudes and phases depicted in Fig. 5.6b. Note that
whether applying a purely constant spectral phase, as it was done in [Ryb16], or the
relatively flat phase of the Lorentz oscillator, which is depicted in Fig. 5.6b as green
dashed line, the resulting field transient is the same with only minor changes in its weak
field oscillation cycles.
Assessment of the instantaneous tunneling current
In the case of static electric fields, the field-emission rate is described by the characteristic
Fowler-Nordheim function (see section 2.2). This function is adopted here to locally
approximate the nonlinear and antisymmetric response of the instantaneous tunneling
current to the optical near-field. It is given by
Iinst (E) = sign(E) · Aopt E 2 exp (−Bopt /|E|) ,

(5.2)

where the multiplied signum function contributes the antisymmetry of the current response.
The usage of this model is corroborated by the fact that it comes naturally out of the
Keldysh theory for Keldysh parameters γ  1 (see section 2.1.3). Furthermore, it very well
describes the static I-V characteristics of a nanoantenna (see section 4.2). Aopt and Bopt
are parameters characterizing the dynamic transport properties of a tunneling junction.
The aim is to reproduce the optical I-V characteristic curve in Fig. 5.5. This is achieved
through finding proper values of Aopt and Bopt as follows. The total transfered charge is
calculated by integrating the instantaneous current function numerically over time. In
particular, to obtain the net charge transfered per pulse QP , the integration is evaluated
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Figure 5.7.: Top: the electric-field transient in free-space (black line) with φCEP = 0 for maximal
current injection. The red line represents the optical field enhanced and shaped by the plasmonic
resonance at the nanoantenna gap. Bottom: instantaneous tunneling currents (green lines) and
accumulated electronic charge per pulse (black lines), resulting from a Fowler-Nordheim fieldemission (solid lines) or 7th-order polynomial function describing the emission rate instantaneously
responding to the optical field.
−1
over the inverse repetition rate T = frep
:

QP =

T /2
Z

Iinst (Epl (t)) dt ,

(5.3)

−T /2

Then, the free parameters are adjusted to fit the experimental data depicted in Fig.
5.5, resulting in a quantitative calibration of this estimate. To this end, QP is calculated
iteratively as a function of the pulse energy when the driving pulse is assumed to be
cosine-like (Fig. 5.6d, red line). Note furthermore that the evaluation of the tunneling
currents is independent of the specific assumption of the field enhancement factor f . It
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does only change the fitting parameters according to
Aopt (f ) =

Aopt
,
f2

Bopt (f ) = Bopt · f

(5.4)

The parameters that fit the optical I-V curve (green solid line in Fig. 5.5) amount to:
Aopt (1) = 1.2 · 109 pAnm2 /V2 and Bopt (1) = 14.1 V/nm. Figure 5.7 shows the time dynamics of the instantaneous tunneling current (green solid line in the lower part) which results
under φCEP = 0 and at a pulse energy of 80 pJ (red line in the upper part), and is described
by the function Iinst (t). The net charge transferred per pulse (black solid line) is obtained
by integrating the subcycle current over time, clearly revealing the centered half-cycle to
yield the dominant contribution. The measurement of 0.043 electrons accumulated per
pulse (Fig. 5.5) fixes the limit achieved at late times after the transient in Fig. 5.7.
Interestingly, more than 0.15 electrons are found to tunnel during the most prominent
half-cycle on average, as evidenced by the largest gap in the graph in the lower part
of Fig. 5.7. In fact, the tunneling events are confined to time intervals of less than
a femtosecond, namely, to 570 as for the central part and 530 as for the adjacent ones
(FWHM of the tunneling current). This corresponds to a quarter cycle period and to a
bandwidth of over 1.5 PHz. The single-cycle transient thus drives tunneling currents of up
to 45 µA over this ultrashort time scale (see section 4.2), occuring preferably at hot-spots
of highest fields and lowest work functions localized near the nanoantenna tips (see Fig.
5.3c). Assuming an effective cross-section of 80 nm2 , subcycle current densities exceeding
50 MA/cm2 are obtained. This level is 104 times higher than the critical current density
of bulk metal wires [Kar09]. Even higher current densities can be achieved in graphene
[Mur09] and carbon nanotubes [Sub13].
It is also interesting to note that driving tunneling currents with 50 % longer pulses,
comprising 2 optical cycles (9 fs duration, 80 pJ pulse energy), would lead to a 10-times
smaller average current of only 0.05 pA or 0.004 electrons per pulse. Vice versa, a clear
route to increase the cumulated tunneling probability is to apply 1.0-cycle pulses (see
section 3.5.2) to minimize the contribution of the cycles adjacent to the global maximum of
the optical field. Performing the analysis with the free-space transient shown in Fig. 3.19d
including its increased field strength of 3.7 V/nm at 80 pJ and the plasmonic shaping
results in net currents of a single electron per pulse.
Various other exponential and polynomial current response functions were tested to
whether they reproduce the experimental data as well. Interestingly, the previous assessment is robust with respect to the exact choice of the response function, yet requires it to be
highly nonlinear. For example, only minor effects on the microscopic peak current is found
n
when a polynomial function Iinst (t) = C · Epl
(t) is assumed (see dashed line in Fig. 5.7),
5
with n = 7 and C = 2.5 · 10 pA fitting the experimental data (see green dashed lines
in Fig. 5.5). Low-order polynomials, instead, fail in reproducing the experimental data,
underlining the necessity of a strongly superlinear response. Also the Fowler-Nordheim
function in equation (5.2) is dominated by the exponential factor rather than by the
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pre-exponential factor, which is a second-order polynomial of the electric field. Omitting
this low-order polynomial factor and finding new fitting parameters Aopt and Bopt does
not change the resulting current profile at all.
Figure 5.7 presents the subcycle time-dependence of the instantaneous field-emission,
which is step one in the transport process. To be more detailed, a gap size of a few
nanometers is far too large for direct tunneling from one side of the junction to the
other. Instead, electrons are launched onto classical trajectories by tunneling. Therefore,
propagation effects after this emission step might dominate the outcome of the process.
For instance, the generation of high-harmonics in gas atoms is due to an electron driven
back when the optical field reverses sign and colliding with its ionized parent atom from
which it was released before [Cor93, Kra09]. In contrast, here, the nanoantenna gap size is
designed as such that time is sufficient for electrons to transit the gap before field reversal.
The underlying ballistic transport is subject of the next section.

5.4.2. Field-driven ballistic propagation in the nanoantenna gap
In the second step of the transport model, an electron generated by optically induced
tunneling is regarded as point-particle accelerating in the temporally varying electric
field on classical trajectories: the electron enters into a ballistic transport regime in the
nanoantenna gap. In the last section of this thesis, the spatiotemporal electron dynamics
in the nanogap are investigated. The analysis gives an estimation of the time electrons
need to traverse the 8-nm large gap. Transit times of less than a femtosecond are found,
corresponding to kinetic energies of hundreds of electronvolts.
Each instant of tunneling in Fig. 5.7 is linked to a moment of absorption in the
opposite contact by a trajectory. Due to its high nonlinearity, tunneling takes place at the
tips of the nanoantenna inside the nanogap where the field enhancement is the largest.
Even more, at these field strengths the direction of emission is strongly confined in the
direction perpendicular to the metal surface [Yal11]. Consequently, trajectories are in
first approximation one-dimensional. Moreover, the enhanced field is considered to be
homogeneous, which is a good approximation for such small gap sizes (see Fig. 5.3c). Only
single-electron trajectories are evaluated because only one electron is emitted on average
over many optical pulses. Classical electron trajectories are evaluated by solving Newton’s
equation of motion, given by
mẍ = −eEpl (t) ,
(5.5)
where Epl (t) is the optical electric field in the gap, shown in Fig. 5.8a for a shorter time
window, and m and e are the electron mass and charge, respectively. Integration yields
the position x(t) of an electron as a function of time t and with respect to the moment of
birth tB and the point of exit xB :
x(t, tB , xB ) = xB −
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The integration is carried out numerically. Nonetheless, for subcycle trajectories of electrons
released during the central half-cycle, a good approximation can be found analytically. For
these fast electrons, it is sufficient to neglect the pulse envelope and assume a continuous
wave: Epl (t) = f E0 cos(ωc t + φCEP ), where f is the field enhancement factor, E0 is the
peak field strength in free-space and ωc = 1.41 · 1015 rad/s is the angular carrier frequency.
Moreover, no delay between tunneling and free-space acceleration is assumed [Cam16].
The initial velocity becomes less important in strong-fields and is considered to be zero
[Yal11]. subcycle trajectories are then accurately2 described by
x(t, tB , xB ) = xB −

f eE0 h
cos(ωc t + φCEP ) − cos(ωc tB + φCEP )
mωc2

(5.7)

i

− (t − tB ) · sin(ωc tB + φCEP ) .
In the following, the electron dynamics are discussed for the highest biasing conditions
outlined by Fig. 5.5 and the assumption of an enhancement factor of f = 35. Figure 5.8
illustrates the dynamics. Step one, tunneling is initiated by the strong field cycles (Fig.
5.8a). Step two, each tunneling event in Fig. 5.8b launches an electron onto deterministic
trajectories. Some of these are depicted in Fig. 5.8c: the blue trajectories belong to
electrons freed during the central half-cycle of the transient at one side of the junction
(xB = 0), while the red paths are traveled by electrons originating from the other contact
(xB = +8 nm). Electrons emitted after the field extrema, more than 250 as after the global
field maximum and more than 200 as after the peaks of opposed polarity, do not gain
enough momentum before field reversal to reach the opposite contact. They are retarded,
before getting mid-way to the opposite electrode, and subsequently accelerated back by
the subsequent half-cycle (black dashed lines).
Transit times and final kinetic energies
Figure 5.8d depicts the transit time (black lines) together with the kinetic energy of an
electron at the instant of collision (green lines) as a function of the moment of birth. The
evaluations of the direct electron paths between both contacts and paths of back-driven
electrons can be distinguished from each other by the steps in the functions. Interestingly,
all electrons transit the 8-nm gap in less than a half cycle, which amounts to Tc /2 = 2.2 fs.
The fastest electrons are liberated ∼350 as before the field reaches its extrema. For
electrons released during the main half-cycle, in particular, the overall shortest transit
time is found to be about 960 as. Such electrons collide with the opposite gold surface
quarter a cycle later with a very high kinetic energy of 700 eV. Thus, the extremely
large acceleration of up to 100 GeV/m boosts electrons to a final velocity of more than
2

For extended trajectories longer than a half cycle or electrons released during the adjacent half-cycles,
more precise results can be obtained by multiplying the sine and cosine functions in equation (5.7) by
the pulse envelope function e(t) evaluated at the same time-argument, for example, cos(ωc tB + φCEP ) →
e(tB ) · cos(ωc tB + φCEP ).
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Figure 5.8.: Semiclassical electron dynamics in the nanoantenna gap at maximum biasing
conditions in the experiment. (a) Cosine-phased transient with a peak field strength of 100 V/nm.
(b) This strong optical bias applied to the nanoantenna junction instantaneously induces tunneling
currents. (c) Each tunneling event launches an electron onto (c) classical trajectories, which are
shown here only for some emission phases. The blue and red trajectories belong to electrons freed
during the central and adjacent half-cycles of the optical bias from the bottom and upper gold
contact (golden colored areas), respectively. Black dashed trajectories correspond to electrons
that are driven back to the original contact. (d) Travel time and final kinetic energy at the
moment of colliding with the gold surface as a function of instant of tunneling. The green dashed
line marks the ponderomotive energy Up . The vertical lines mark intervals of optical phases after
the field extrema that do not produce subcycle currents between both contacts.

98

5.4. Modelling of the attosecond electron transport
1.5 · 107 m/s. They are more than ten times faster than conduction electrons at the Fermi
level of gold and have a velocity of 5 % of the speed of light. Electrons released at a
slightly earlier phase are slower but even more energetic at the instant of collision with a
final energy of ∼100 V/nm · 8 nm = 800 eV as they accumulate acceleration for a complete
half-cycle. However, the field strength at these optical phases is too low for providing a
probable tunneling event. Electrons liberated at the field maximum (tB = 0) are slower
and less energetic (∼400 eV) as they accumulate less acceleration. The slowest electrons,
which are released shortly after the field maximum and retarded by the following half-cycle
to an almost zero landing energy, transit the gap within about 1.5 fs. Electrons that are
accelerated back within the main half-cycle towards the emitter surface, instantaneously
scattered back, and accelerated again in the subsequent half-cycle of opposite polarity
acquire energies of up to 900 eV at the final impact.
It is noted that the calculated values of the transit times are to be understood as
estimates as they depend on the exact magnitude of the enhanced electric field an electron
experiences on this track across the nanogap. Moreover, in a quantum mechanical point of
view, electrons that originate from the spatial extent of the surface electronic wavefunctions
inside the gap may be transferred faster.
Dynamics for an electron emitted at the field peak
An electron is most likely liberated when the field reaches its peak. The trajectory of such
an electron is governed by simple analytical formulas, which are derived in the following.
Equation (5.7) can be utilized to give an accurate analytical expression for its subcycle
transit time ttrans . By solving the equation x(ttrans , tB = 0, xB = 0) = g with φCEP = 0 and
where g is the gap size, one obtains the transit time:
ttrans

gmωc2
1
= acos 1 −
ωc
f eE0

!

,

(5.8)

The final velocity vf and kinetic energy Ekin at the instant of collision, so at the time ttrans
after liberation, is given by
f eE0
sin(ωc ttrans )
mωc
f 2 e2 E02
=
sin2 (ωc ttrans ) = 2Up sin2 (ωc ttrans ) ,
mωc2

vf = =
Ekin

(5.9)
(5.10)

where Up is the ponderomotive energy, defined in equation (2.7). An electron liberated at
the field maximum reaches twice the ponderomotive energy (2Up = 440 eV) at the zero
crossing of the electric field, here after the dureation of a quarter cycle (Tc /4 = 1.1 fs).
For the given peak field strength of 100 V/nm, the field reverses its sign exactly at the
moment of collision with the other contact in 8-nm distance (see Fig. 5.8d). Considering a
single metal surface an electron emitted at the instant of the field maximum can ultimately
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travel as far as
xm = 2 ·

f eE0
mωc2

(5.11)

away from the contact before it is stopped and driven back half a cycle later. Only electrons
emitted before the field maximum travel further away as they possess rest momentum
gained from the initial acceleration. However, their tunneling events are less probable
than a tunneling event at the field maximum. In the present experimental situation, xm =
18 nm for f E0 = 100 V/nm. This implies that even electrons liberated shortly after the
field crest traverse the 8-nm large gap within less than a half cycle and therefore are able
to contribute to a subcycle current. Moreover, note that the maximum travel range within
a half-cycle increases as λ2c with increasing carrier wavelength. As a result of the long
driving wavelength used in this experiment, subcycle ballistic currents are produced also
for the lowest biasing conditions in this experiment (see Fig. 5.5). For example, at a low
pulse energy of 30 pJ (peak field strength of 60 V/nm), the travel range within one half
cycle is xm = 10 nm. However, electrons emitted more than 100 as after the field maximum
are driven back by the subsequent half-cycle. Thus, the range of emission phases over
which subcycle currents are produced is reduced at smaller field strengths.
Optical pulses with a too short carrier wavelength are not able to generate subcycle
currents, even not in a junction with a gap of only 8 nm. For example, electrons liberated at
the maximum of a 100-V/nm field transient with a wavelength of 800 nm (corresponding to
an oscillation period of 2.6 fs) travel only as far as xm = 6.5 nm within a half cycle. Because
of the shorter acceleration periods, also the corresponding kinetic energies decrease to a few
tens of electronvolts [Krü12c, Dom13, Rac17]. Generally, electrons can bridge large gap
distances if they are emitted at an instant just before the optical field reaches its maximum.
If they travel for more than a half-cycle duration they experience a quivering motion on
their path as a result of the oscillating field direction [Irv04, Irv06, Her12, Dom13].
Electron scattering in the nanoantenna gap
In the previous discussion, it was assumed that electrons traverse the gap without scattering.
Indeed, scattering at air molecules inside the gap is unlikely because at 300 K and a pressure
of 1 bar only 25 molecules are present in a volume of 10 nm3 in average, and both the
elastic and inelastic scattering cross section for electrons with energies of up to several
hundred electronvolts are on the order of σel ≈ σinel ≈ 10−16 cm2 [Fra09]; the inelastic cross
section has a maximum at σinel ≈100 eV, because the corresponding de Broglie wavelength
of λdB = 1 Å fits the atomic dimensions. This results in a mean free path λs = 1/(nσ)
of a few micrometers in ambient air, where n is the molecule density. Thus, only 1 % of
electrons are scattered within the gap. This is why the vacuum requirements are relaxed
and the experiment can be conducted under air-ambient conditions.
Space-charge effects or Coulomb interactions between electrons in free-space do not play
a role in this experiment, because only one electron is emitted per 21 pulses on average.
Yet, it is noted that in principle one can find trajectories of electrons emitted during
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different optical half-cycles which overlap with each other. For example, electrons emitted
at tB = −1.9 fs relative to the field maximum under strongest biasing conditions (see Fig.
5.8c) are driven back towards the surface at which they arrive at the same time and the
same velocity as some electrons emitted during the subsequent main half-cycle.
Discussion of the electron detection
During the ballistic motion in the gap, as shown previously, an electron is strongly driven
by the optical field up to hundreds of electronvolts before it collides with the other metal
contact high above its Fermi level (Fig. 5.8d). This is a fundamentally different range as
compared to the quasi-static electron currents corresponding to the conditions sketched
in Fig. 4.5f. There, electrons acquire kinetic energies of 5 eV at most. An interesting
question regarding the generation of the current in the nanoantenna concerns the nature
of the absorption of electrons by the gold contact, that is, which electrons released by
tunneling contribute to the net current. Clearly, only those electrons that hit the opposite
contact of the junction and get absorbed by it contribute a single elementary charge to the
current. While in the quasi-static case every electron is absorbed3 , the situation changes
when energetic electrons interact with a solid. Three microscopic effects might be able to
change the net current in the highly dynamic situation of this experiment: First, incident
electrons are scattered backwards at the opposite contact and get absorbed by the contact
from which they were released. Secondly, electrons released sufficiently late after the field
maxima do not reach the opposite contact at all, but rather return to and get absorbed
by, or scatter at [Wac12, Sch12a], the emitter contact as well (black-dashed trajectories in
Fig. 5.8c). And thirdly, the impact of an electron with sufficient kinetic energy can result
in the emission of secondary electrons4 .
Electrons entering the bulk experience no further significant interaction with the singlecycle electric field transient but rather undergo elementary scattering processes. Elastic
(back-)scattering events are caused by the Coulomb interaction between the electron and the
positively charged nuclei of atoms. Consequently, some electrons might be backscattered
into free-space. Inelastic relaxation of incident electrons with a kinetic energy in the range
of Ekin =10-1000 eV above vacuum level is almost exclusively attributed to the scattering
with conduction band electrons, giving rise to the cascading generation of a secondary
electrons [Pet26, Shi97, Din01] as well as plasmonic modes. Electrons in this energy range
exhibit an elastic mean free path (EMFP) of λEMFP ≈ 0.2 nm and an inelastic mean free
path (IMFP) of λIMPF ≈ 1 nm in polycrystalline gold [Sea79, Tan11, Zou16]. As a result,
the electron-solid interaction volume is very small, and decreases with decreasing kinetic
3

Electrons with energies of only a few electronvolts injected into a metal above the vacuum level behave
like excited (hot) electrons which propagate ballistically through a surface layer and then thermalize due
to electron-electron and electron-phonon interactions [Cro62, Bau15].
4
Secondary electron emission is a well-established effect that is exploited in photomultipliers and scanning
electron microscopes. For example, the electron micrographs in Fig. 5.3 are produced by scanning
the sample with a 3-keV electron beam focused to a spot size of 2 nm, whereas almost only secondary
electrons are collected to produce the image.
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energy. For example, only about 1 % of the electrons driven in the nanoantenna gap to a
final kinetic energy of 700 eV (see Fig. 5.8c) reach more than 5 nm deep into the metal
[Fit04]. Electrons most likely stop at a distance to the surface of only a few nanometers.
Secondary electrons are electrons excited from the Fermi sea into unoccupied states above
the Fermi level. The majority of them remain in the metal and rapidly fall in energy to the
Fermi level by electron-electron and electron-phonon scattering. Some of the secondary
electrons are able to escape into free-space with a typical kinetic energy in the range of
2-10 eV above the vacuum level [Zou16]. They are emitted from a mean depth of less
than 1 nm [Zou16], because electrons excited in greater depth are efficiently stopped by
inelastic interactions with other Fermi-sea electrons. Due to the efficient screening of the
Coulomb interaction in metals, radiative recombination of an excited electron with its
positively charged hole is unlikely. Instead, after strongly slowing down by electron-electron
interactions the energy is given to the lattice by electron-phonon scattering.
Values for the backscattering [Fit04, Wac12, NT13] and secondary electron yield [Fit04,
Wac12, NT13] are typically obtained in stationary conditions by means of a collimated
electron beam incident upon a flat surface (or seldom for a tip-shaped topography [Dzh15]).
The effective absorption rate can be deduced from these values. Although nanostructures
like the bowtie shaped nanoantenna requires Monte Carlo simulations to evaluate these
values, the electrical contacts attached to the nanoantenna yet should enable a quantitative
in situ calibration of the electron absorption rate5 . In the experiment, however, the strong
single-cycle transient governs the dynamics of freed electrons. Clearly, for a thorough
understanding of the contributing scattering processes and light-matter interactions, a
time-dependent microscopic model including the scattering properties of the surface is
required. Nonetheless, here it is noted that due to the short mean free path, the typical
time scale for a secondary or backscattered electron traveling in the metal is very short,
on the order of 1 fs or less for gold [Mar13]. This can be understood from the point that
in order to be able to escape from the surface, the kinetic energy of an electron must be at
least EF + Φ ≈ 11 eV, where EF ≈ 5.5 eV is the Fermi energy of gold. Therefore, electrons
reappearing in the gap travel at a high velocity of at least v = 2 nm/fs within the solid.
This subcycle traveling time in the solid is consistent with the fact that all physical steps
that establish the ultrafast current are in phase with each optical half cycle of the light
pulse (see Fig. 5.4).

5

It should be possible to determine the electron absorption rate by tightly focusing a low-current electron
beam (under an angle) on one of the nanoantenna tips and thereby recording the current flowing through
the corresponding antenna lead as a function of the incoming electron beam energy. Then, the ratio
between the current through the antenna lead and the incoming beam current gives an estimate of the
energy-dependent electron absorption probability. To this end, an electron microscope is a good means
providing well-defined electron beam properties and spot diameters below 2 nm.
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5.4.3. Conclusion
In this experiment, the Keldysh parameter is much less than 1. Thus, the few-femtosecond
phase-locked driving pulse is expected to trigger tunneling emission of electrons on subcycle
time scales. On the basis of the experimental data, a robust estimation of the instantaneous
tunneling currents is obtained. During the main half cycle of the 100 V/nm-strong field
transient, more than 0.1 electrons are found to tunnel in a time interval of less than 600 as
on average. This corresponds to peak values up to 45 µA. Combined with an effective
cross-section of 80 nm2 , the analysis yields subcycle current densities exceeding 50 M/cm2
are achieved. Once released by tunneling, electrons are strongly accelerated to hundreds of
electronvolts and bridge the 8 nm gap in a fraction of an optical half cycle, which amounts
to 2.1 fs.
Quantum-mechanical simulations have shown that the semiclassical model, which is
appealing due to its simplicity, covers the main aspects of ballistic electron dynamics
in the regime of low Keldysh parameters [Yal11, Wac12, Krü12c]. Nonetheless, the
transport is intrinsically of quantum mechanical nature. Any microscopic description of
the fundamental steps leading to the subcycle currents calls for a future theory of quantum
transport over the free-space nanogap under these extreme optical bias. It would be very
interesting to get insight into electron-electron correlations, scattering dynamics, screening
effects, secondary electrons and other interesting many-body effects at the attosecond time
scale. For this purpose, a time-dependent density functional theory (TDDFT) might be
the most appropriate way to describe electron dynamics in a fully quantum mechanical way
in the strong-field regime, including many-body effects [Bor04, Wac12]. For example, in
[Wac12] TDDFT was applied to describe field-driven electron motion in front of a metallic
surface. Because of the strong localized field-enhancement and the very short mean free
path of electrons in the metal, an one-dimensional model should be sufficient to describe
the transport over the free-space nanogap. Due to the small size of the system, even a
three-dimensional approach might be feasible.
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Conclusion and outlook
This thesis presents an experimental demonstration of controlling electron currents between
two nanoscale electrodes on an attosecond time scale. The ability to control currents on
such an ultrashort time scale is enabled by the use of near-infrared light pulses comprising
only a single optical cycle. In the experiment, their electric field acts as a strong, ultrashort
bias between the contacts, leading to a field emission current of single electrons. The
emission process takes place for a period of only a few hundred attoseconds, and also the
time it takes for an electron to reach the other contact is less than a femtosecond. The
direction of the field-driven transport can be set via the carrier-envelope phase (CEP),
which precisely determines the direction of the strongest electric field half cycle [Ryb16].
Crucial to the success of the experiment was to construct a new laser source, which
generates light pulses with a duration of only a few optical cycles, and one that operates
at a high repetition rate as well as is capable of controlling the CEP. The sophisticated
Er:fiber laser technology brings the flexibility to meet these requirements. The laser system
introduced in this work is based on this technology. Passively phase-locked pulses with
a duration down to 4.2 fs and at a high repetition rate of 80 MHz are available with this
for the first time. With its central wavelength of 1.25 µm, a light pulse comprises exactly
one single cycle of light. The supercontinuum spectrum of a pulse is generated in a highly
nonlinear germanosilicate fiber. It covers more than an octave in the near infrared, with
wavelength components from 0.8 µm to 2.2 µm. The subsequent compression of pulses
is realized by an advanced prism compressor. Another important novelty of the system
is the ability to freely adjust the CEP of the single-cycle pulses over many multiplies
of 2π without affecting their temporal envelope. The CEP is detected using an f -to-2f
interferometer. Long-term RMS fluctuations of the CEP of few tens of millirads recorded
over a minute demonstrate a very high phase stability of the system. The maximum
optical average power amounts to 154 mW, resulting in a pulse energy of the single-cycle
pulses of 2 nJ. The peak power reaches a value of 300 kW, which is a threefold increase
compared to the previous 40-MHz system [Kra11a]. This value, along with the excellent
beam quality, leads to a peak electric field up to 18 V/nm in the focal plane.
This works further describes the reproducible manufacturing of the nanoscale electrode
pairs. They are manufactured by electron beam lithography with the contacts facing each
other at a distance of down to 7 nm. In order to achieve even higher field strengths in the
experiment than the aforementioned ones, yet at significantly lower pulse energies, the
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electrode pair is designed as a bowtie nanoantenna. This structure supports a strong field
enhancement between the contacts, enabling access to the optical field emission regime.
The electrically contacted bowtie nanoantennas are made from polycrystalline gold and
possess well-defined structure sizes in the range of a few nanometers. An important point
is that during manufacture, handling and storage, the nanostructures need to be protected
against electrostatic discharges. To this end, the circuit is designed to prevent any charging
of the nanostructures.
Stationary current-voltage characteristics are recorded to examine the electronic properties of the nanoantennas. As demonstrated, stable field emission currents across the
nanogap can be produced at static voltages up to several volts (corresponding to electric
fields up to 1 V/nm). These highly nonlinear and antisymmetric with respect to the bias
and fit a Fowler-Nordheim tunneling behavior very well. Higher static voltages initiate
some irreversible atomic modifications at the nanoscale tips.
In the experiment, phase-stable 1.4-cycle light pulses with a duration of 6.3 fs are focused
on a single bowtie nanoantenna, which has a gap size of 8 nm. Owing to the strong field
enhancement, a local peak intensity on the order of 1015 W/cm2 can be obtained with a
minute pulse energy of 80 pJ. This corresponds to an electric field strength of 100 V/nm,
and a Keldysh parameter of γ = 0.1. Consequently, the light-matter interaction proceeds
in the nonperturbative regime where the force exerted by the light field on an electron in
the metal is much larger than the energy binding it. The strongest field peaks bend the
electronic potential landscape as such that a penetrable tunneling barrier is created at the
surface of the contacts through which electrons may escape the metal. In a semi-classical
picture, electrons tunnel into the gap and move ballistically in the optical near-field all
the way to the opposed nanoelectrode. The emission events thereby occur on time scales
shorter than half a light oscillation period as tunneling most likely occurs in a time interval
around the strongest oscillation peaks, where the tunneling barrier is at its thinnest.
The combination of the strong nonlinearity and a low number of optical cycles results
in a net current between the contacts. The CEP completely controls the current in the
experiment: maximum optical bias is obtained at a CEP set to zero, where the electric
field is cosine-phased with the envelope; a total current of 0.6 pA is detected at 80 pJ of
pulse energy. This corresponds to 0.04 electrons transported per pulse on average. Now,
the net current reverses sign when the CEP is changed from zero to ±π, which is due to
the reversing field direction.
The current measured as a function of the pulse energy enables a robust estimation of the
time-resolved subcycle tunneling currents. The evaluation shows that almost exclusively
the strongest optical half cycle is relevant for tunneling. An average of 0.16 electrons
tunnel during the central half cycle at a pulse energy of 80 pJ, and the emission takes
place in a time interval with a full width at half maximum of 600 as. This corresponds
to current peaks of 45 µA. The bowtie geometry limits the charge transport spatially
to a few nanometers. Combined with an effective emission cross-section of 80 nm2 , the
analysis yields subcycle current densities exceeding 50 cm2 , driven at room temperature and
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ambient conditions, without damaging the device. Once released by tunneling, electrons
are strongly accelerated to hundreds of electronvolts. As a consequence, electrons transit
the 8 nm gap in less than a femtosecond. This demonstrates the subcycle nature of the
generated current.
The presented device does also represent a nanoscale sensing detector for the carrierenvelope phase. Furthermore, the device may be used to detect the Gouy-phase with a
spatial resolution provided by the nanoscale confinement and high nonlinearity of the
transport process.
Under the experimental conditions presented in this work, less than one electron tunnels
on average during the strongest optical half cycle. A clear route to increase this probability
is to decrease the pulse duration further since then the tunneling contributions of the
opposite field cycles adjacent to the central half cycle are reduced. Experiments in progress
show that the many-electron regime can be reached by using the phase-stable 1.0-cycle
pulses.
Future work will include a deeper investigation of the fundamental physics involved in the
electron transport. For example, the electron signal can be used to produce interferometric
autocorrelations, where the tunneling current is detected as a function of the time delay
between two identical driving pulses. The autocorrelations allow to gain further information
of the transport dynamics. In order to obtain information about the transport statistics,
current measurements at the full repetition rate are in prospect.
In the future, the concept of the subcycle tunneling using near-infrared pulses can be
transferred to a scanning electron microscope. This offers the very promising prospect of
spatially and temporally resolving non-equilibrium electron dynamics in single molecules
using pump-probe experiments. Additionally a very interesting system to study is a metal
or semiconductor nanostructure placed into the antenna gap. Subcycle electronic transport
through such a nanostructure might lead to new exciting electron-electron correlation
effects such as a dynamical Coulomb blockade.
In sum, this work presents an experiment in which near-infrared few-cycle light pulses
can be used to generate a purely phase-coherent electron transport between two nanoscale
contacts on subcycle time scales. This experiment lays the foundation for future studies
that will provide access to ultrafast electronic conductivity phenomena in an unprecedented
parameter range in terms of time scales, electric field strengths and temperatures. Finally,
these findings contribute to the advancement of a new class of nanoelectronic devices that
operate with extremely high switching frequencies in the petahertz range.
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Zusammenfassung und Ausblick
Gegenstand der vorliegenden Arbeit ist die Untersuchung des optisch angeregten Subzyklen-Elektronentransports zwischen zwei lithografisch hergestellten Nanoelektroden,
deren Abstand wenige Nanometer beträgt. Für die optische Anregung im nahinfraroten
Spektralbereich liefert ein Er:Faserlasersystem phasenstabile Lichtimpulse im Limit einer
einzelnen Lichtschwingung. Der elektrische Feldtransient der Lichtimpulse wirkt hierbei
als ultrakurze elektrische Vorspannung der Nanostruktur. Daraus resultiert ein vollständig
phasenkohärenter Tunnelemissionsstrom einzelner Elektronen mit einer Dauer von wenigen
hundert Attosekunden, dessen Richtung über die Träger-Einhüllenden-Phase (TE-Phase)
der Lichtimpulse kontrolliert werden kann [Ryb16].
Möglich wurde dieser Erfolg durch die neue Ultrakurzpulsquelle, die im Rahmen dieser
Arbeit aufgebaut wurde und auf der hochentwickelten Er:Faserlasertechnologie beruht.
Mit dem System stehen weltweit erstmals nahinfrarote Lichtimpulse mit einer Dauer von
nur einer einzelnen Lichtschwingung [Kra10] und einer passiv stabilisierten TE-Phase
[Kra11b] bei einer hohen Repetitionsrate von 80 MHz zur Verfügung. Das den Impulsen
zugrundeliegende Superkontinuum wird in einer hoch nichtlinearen Germanosilikatfaser
erzeugt und umfasst mit spektralen Anteilen von 0.8 µm bis 2.2 µm deutlich mehr als
eine Oktave. Für die zeitliche Kompression der Impulse kommt ein zu diesem Zweck
weiterentwickelter Prismenkompressor zum Einsatz. Die resultierende Impulsdauer beträgt
4.2 fs und die Zentralwellenlänge liegt bei 1.25 µm. Somit durchläuft die Trägerwelle
während der Impulsdauer exakt einen Oszillationszyklus. Innovativ am System ist zudem,
dass die TE-Phase frei eingestellt werden kann ohne den zeitlichen Intensitätsverlauf zu
beeinflussen. Zur Messung der TE-Phase dient ein f-2f-Interferometer. RMS-Schwankungen
der TE-Phase im zweistelligen Millirad-Bereich auf Zeitskalen von einer Minute zeigen
dabei die herausragende Phasenstabilität auf, die das System unterstützt. Mit einer
verfügbaren Impulsenergie von 2 nJ erreicht die Spitzenleistung der Impulse einen Wert
von 300 kW und konnte damit in Bezug auf das vorherige 40-MHz-System [Kra11a] um
das Dreifache gesteigert werden. Durch die ausgezeichnete Strahlqualität lassen sich so
elektrische Spitzenfeldstärken von bis zu 18 V/nm in der Fokalebene erzielen.
Noch höhere Feldstärken lassen sich im Experiment sogar bei deutlich niedrigeren
Impulsenergien erreichen, indem das Nanoelektrodenpaar zu einer optischen Antenne mit
Bowtie-Geometrie geformt wird. Über eine resonant-plasmonische Anregung entsteht eine
hohe elektrische Feldüberhöhung im Spalt der Nanoantenne. Dies ermöglicht den Zugang
zum nichtperturbativen Regime der Licht-Materie-Wechselwirkung. Die reproduzierbare
Fabrikation von elektrisch kontaktierten Bowtie-Nanoantennen gelingt im Rahmen dieser
Arbeit mithilfe der Elektronenstrahllithografie. Die Antennen bestehen aus polykristallinem
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Gold und werden auf Quarzglas gefertigt. Dabei wird eine durchgängig hohe Qualität mit
Spaltmaßen von unter 10 nm erreicht. Der Layoutentwurf beinhaltet dabei einen Schutz
gegenüber elektrostatischer Entladungen in den empfindlichen Nanostrukturen. Zudem
wurden die elektronischen Eigenschaften der Nanoantennen bei statischen elektrischen
Vorspannungen untersucht. Im einstelligen Volt-Bereich (entsprechend elektrischer Feldstärken von bis zu 1 V/nm) kommt es zu stabilen Feldemissionströmen mit einer stark
nichtlinearen und antisymmetrischen Strom-Spannungs-Charakteristik. Höhere Spannungen bewirken eine irreversible atomare Modifikation der Antennenspitzen.
Für die Untersuchung der rein optisch angeregten Ströme wurden 1.4-Zyklen-Impulse
mit einer Impulsdauer von 6.3 fs auf eine einzelne Bowtie-Nanoantenne fokussiert, deren
Spaltmaß 8 nm beträgt. Durch die hohe plasmonische Feldüberhöhung im Spalt werden
dabei bei einer Impulsenergie von 80 pJ lokale Spitzenintensitäten von 1015 W/cm2 erzielt.
Dies entspricht elektrischen Feldstärken von 100 V/nm und einem sehr niedrigen KeldyshParameter von γ = 0.1. So erfolgt die optische Anregung im nichtperturbativen Regime und
es kommt während der enormen elektrischen Feldspitzen zu einer starken Deformation der
elektronischen Potentialbarriere. Durch diese tunneln Elektronen direkt in den Nanospalt
und bewegen sich anschließend ballistisch zur gegenüberliegenden Elektrode. In Verbindung
mit der starken Nichtlinearität des Tunnelstroms in Abhägigkeit der Feldstärke und
durch die geringe Anzahl an Oszillationszyklen bewirkt die stärkste Halbschwingung des
elektrischen Feldes einen dominierenden Strombeitrag und somit einen Netto-Transport
im zeitlichen Mittel eines Lichtimpulses. Mit der passiven Phasenstabilisierung gelingt
im Experiment die Messung des Stroms im Mittel über viele Impulse. Die TE-Phase legt
dabei die Stärke und Richtung des gesamten Elektronentransports fest: Eine maximale
optische Vorspannung in eine Richtung liegt bei kosinus-förmigen Feldtransienten vor. Bei
einer Impulsenergie von 80 pJ ergibt sich eine Stromstärke von 0.6 pA, was 0.04 Elektronen
entspricht, die durchschnittlich pro Impuls transportiert werden. Die Stromrichtung lässt
sich im Experiment vollständig über eine Änderung der TE-Phase um π umkehren, da
sich dann die gesamte Feldrichtung invertiert.
Der in Abhängigkeit der Impulsenergie gemessene Strombetrag erlaubt eine robuste
Abschätzung des zeitlichen Tunnelstromverlaufs auf Subzyklen-Zeitskalen. Wie gezeigt
wird, ist durch die hohe Nichtlinearität fast ausschließlich der stärkste optische Halbzyklus
für den Tunneltransport relevant. Bei einer Impulsenergie von 80 pJ tunneln während
diesem im Durchschnitt 0.16 Elektronen. Die Emission erfolgt dabei in einem begrenzten
Zeitintervall, das mit einer Halbwertsbreite von 600 as deutlich kürzer als eine halbe Periodendauer der Trägerfrequenz ist. Dies entspricht Stromspitzen von 45 µA. Durch die auf
der Nanometer-Skala spitzzulaufende Form der Elektroden, wird der Ladungstransport
räumlich auf wenige Nanometer eingeschränkt. So werden in Verbindung mit einem
effektiven Emissionsquerschnitt von 80 nm2 extreme Spitzenstromdichten von mehr als
50 MA/cm2 bei Raumtemperatur erreicht, ohne die Nanoantenne zu beschädigen. Anhand eines klassischen Modells zur Beschreibung der ballistischen Elektronendynamiken
werden die erreichten kinetischen Energien der Elektronen auf mehrere hundert Elektro-
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6. Conclusion and outlook
nenvolt abgeschätzt. Die Laufzeit über den Spalt liegt unterhalb einer Femtosekunde und
demonstriert den Subzyklen-Charakter des erzeugten Stroms.
Das Ergebnis dieser Arbeit liefert zugleich die Demonstration eines kompakten und
sensitiven TE-Phasedetektors, der unter Umgebungsbedingungen betrieben werden kann.
Die durch die stark lokalisierte und nichtlineare Tunnelemission erreichte hohe räumliche
Auflösung von unterhalb einer Wellenlänge ermöglicht es zudem die Gouy-Phase räumlich
zu vermessen.
Unter den experimentellen Bedingungen, die in dieser Arbeit vorliegen, tunnelt durchschnittlich weniger als ein Elektron während des stärksten optischen Halbzyklus eines
Impulses. Diese Wahrscheinlichkeit lässt sich durch eine Verringerung der Impulsdauer
erhöhen, da sich so der Tunnelstrom während der entgegengesetzten Feldzyklen, die an
den zentralen Halbzyklus angrenzen, reduziert. Erste weiterführende Experimente zeigen
bereits, dass mit dem Einsatz der phasenstabilen 1.0-Zyklen-Impulsen das Regime von
mehreren Elektronen pro Halbzyklus erreicht wird.
Zum vertieften Verständnis der Transportdynamik werden derzeit weiterführende systematische Untersuchungen angestellt. Beispielsweise lassen sich zeitliche Aussagen mithilfe
von Korrelationsexperimenten treffen, in denen der Tunnelstrom über zwei zueinander
verzögerte Impulse angeregt und als Funktion ihres zeitlichen Abstandes gemessen wird.
Um Informationen über die Transportstatistik zu gewinnen, stehen außerdem Strommessungen bei der vollen Repetitionsrate in Aussicht.
Darüber hinaus ergibt sich der Ausblick auf die Möglichkeit, den elektronischen Transport in einer Vielzahl von Systemen auf fundamentalen Zeitskalen zu kontrollieren, von
denen hier zwei erwähnt werden sollen. So lässt sich das in dieser Arbeit demonstrierte
Konzept des Subzyklen-Tunnelstroms im nahinfraroten Spektralbereich auf ein Rastertunnelmikroskop übertragen. Hier bietet sich die vielversprechende Aussicht, elektronische
Nichtgleichgewichts-Elektronendynamiken in einzelnen Molekülen über Anrege-AbfrageExperimente räumlich und zeitlich aufgelöst zu beobachten. Zudem ergibt sich die Perspektive, den ultraschnellen Ladungstransport über eine räumlich stark eingeschränkte
Festkörperstruktur zu untersuchen, indem diese in den Antennenspalt platziert wird. Durch
die geringe Kapazität könnten so neue interessante Ein-Elektronen-Effekte, beispielsweise
eine dynamische Coulomb-Blockade, auftreten, die auf der langreichweitigen CoulombWechselwirkung einzelner Elektronen beruhen.
Zusammenfassend stellt diese Arbeit ein Experiment vor, in dem die optische Anregung
einer elektrisch kontaktierten Bowtie-Nanoantenne zu einem vollständig phasenkohärenten
Subzyklen-Ladungsträgertransport über den Spalt der Antenne führt. Damit wird der
Grundstein für zukünftige Studien gelegt, die den Zugang zu ultraschnellen Phänomenen
der elektronischen Leitfähigkeit in einem völlig neuen Parameterbereich in Bezug auf
Zeitskalen, elektrische Feldstärken und Temperaturen gewähren. Schließlich tragen diese
Erkenntnisse zum Fortschritt einer neuen Klasse von nanoelektronischen Bauelementen
bei, die extrem hohe Schaltfrequenzen im Petahertz-Bereich erlauben.
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APPENDIX

Appendix
A.1. Full temporal characterization of ultrashort pulses
The generation of ultrashort pulses relies heavily on their characterization. Two different
techniques were used in this work to allow a full temporal characterization of the femtosecond near-infrared pulses: second-harmonic frequency-resolved optical gating (FROG)
and two-dimensional spectral shearing interferometry (2DSI). In this section, the specific
setups constructed in this work are described. Both techniques provide information on the
time dependence of the pulse’s
normalized intensity I(t) and the respective optical phase
q
φ(t). From both e(t) ∝ I(t) and φ(t) the electric field E(t) of the optical pulse can be
reconstructed (see formula (3.1) in section 3.1). The peak electric field strength E0 and
the CEP φCEO remain ambiguous.
For an expressive elaboration of the shortest pulses achieved in this work, i.e., the 6-fs
and 4-fs near-infrared pulses (see Fig. 3.16 and 3.19), the 2DSI technique is used. In
contrast to the FROG technique, it allows to characterize the spectral amplitude and phase
of pulses with bandwidths in excess of one octave, because phase-matching is necessary but
not critical. Conventional, spectrally unresolved interferometric autocorrelation setups are
not used because they cannot determine the spectral phase without ambiguity [Chu01].

A.1.1. Frequency-resolved optical gating
Pulse characterization by means of the FROG technique is based on the idea to exploit
the instantaneous response of a optical nonlinear medium (χ2 or χ3 ) with an ultrashort
pulse to gate the ultrashort pulse to be characterized. There are many variations of FROG
setups and typically the gating pulse is a replica of the pulse under study itself [Tre97].
Here, the second-harmonic generation FROG is used. Thereby, the pulse and its delayed
1:1-replica are sent through a phase-matched nonlinear crystal with χ2 -nonlinearity [Tre93].
A series of second-harmonic spectra is recorded as the time delay τ is varied from negative
to positive values, resulting in a so-called FROG trace that is described by [DeL94]
S(τ, ω) ∝

Z ∞
−∞

2

E(t)E(t − τ )eiωt dt ,

(A.1)
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a)

b)
Spec

BS

d
BBO

Spec

ZnSe
SF57

BS
r

Ω

BBO

Figure A.1.: a) Layout for a second-harmonic generation frequency-resolved optical gating
(FROG) setup and b) a two-dimensional spectral shearing interferometer (2DSI). Abbreviations:
beam splitter (BS), β-barium borate crystal (BBO), Si-CCD-spectrometer (SPEC), d: delay
between the chirped pulses, r: delay between pair of chirped pulses and the ultrashort pulse to
be characterized.

whereas ω is the angular frequency. Except for a trivial ambiguous time reversal, i.e.,
if E(t) is a solution, then E ∗ (−t) is an additional one, it is possible to disentangle full
information on amplitude and phase by means of a reconstruction algorithm [Fie86, Tre97].
For example, Fig. 3.18 depicts the FROG traces reconstructed from the corresponding
phases and amplitudes achieved after the final iteration step of the algorithm (Fig.3.18
a2,b2,c2), all of which are closely resembling the measurement traces (a1,b1,c1).
The FROG consists of a Mach-Zehnder interferometer that produces two identical pulse
replicas in two equivalent optical paths in terms of spectral dispersion (see Fig. A.1a), and
thus providing meaningful results when few-optical-cycle pulses need to be characterized
[Spi97]. To achieve this, both beam splitters are fabricated by cutting a single substrate
piece of 150-µm thick fused silica in half, and thermally evaporating 7 nm of gold in the
very same evaporation process. Both pulses propagate under a mutual angle through the
nonlinear crystal which allows to block their second-harmonic signals. For the measurement
of octave-spanning-spectra it allows for the required blocking of the fundamental wave.
Pulses with arbitrary short durations may be resolved as long as phase-matching condition
is fulfilled. All measurements shown in this work were acquired by using a 10-µm thick
β-barium borate crystal facilitating broadband phase-matching. A parabolic gold mirror
with a focal length of 25 mm is used as a focusing element placed in front of the crystal.
No dispersive optical elements are implemented, except for the mentioned 150-µm thick
beam splitter each leaving the pulse shape almost unchanged. Usually a lens is place
in front of the Si-CCD spectrometer [Kra11a]. Here a spherical mirror is used to avoid
chromatic aberration. Ultrabroad spectra can be thus measured more accurately.
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A.1.2. Two-Dimensional spectral shearing interferometry
Two-Dimensional spectral shearing interferometry (2DSI) is employed to accurately reconstruct the spectral phase of the single-cycle pulse (see chapter 3.5.2). In contrast to FROG,
2DSI is particularly suited to super-octave-spanning spectra and since no dispersion is
imposed on the pulse [Bir06]. The basic principle and the experimental setup is briefly
described in the following. For details, refer to the original publications [Bir06, Bir10].
In short, the basic idea behind 2DSI is to measure the interference between a pair
of upconverted spectra of the ultrashort pulse, which differ from each other by only a
constant, small frequency shift, or frequency shear, of Ω [Iac99]. Tuning the zeroth-order
phase of one of these spectra yields a two-dimensional interference pattern from which the
information about the relative phase φ(ω) can be extracted by a simple integral operation
resolved with frequency resolution of Ω. The procedure is explained in the following.
Two delayed replicas of the ultrashort pulse are produced in a Michelson interferometer
and highly chirped (quasi-monochromatic) by propagating through strong dispersive
material (see Fig. A.1b). These are superimposed with the original pulse in a BBO
crystal; a crystal with a thickness of 30-µm was employed facilitating broadband type-II
phase-matching. The sum-frequency is detected by means of a Si-CCD-spectrometer
and the fundamental wave and second-harmonic signals are blocked behind the crystal.
Sum-frequency generation results in two upconverted spectra, at ω +ωa and ω +ωb , sheared
in frequency by Ω = ωb − ωa > 0. Here, ωa and ωb are the instantaneous frequencies of the
chirped pulses at temporal overlap with the ultrashort pulse, which comprises all spectral
frequencies ω. The frequency shift Ω allows two frequency components, ω1 + ωb and ω2 + ωa ,
in the upconverted pulses to interfere on the integrating CCD-detector of a spectrometer.
Constructive interference implies that the phase difference (φ1 + φb ) − (φ2 + φa ) between
these two components is zero, resulting in that φ2 − φ1 = φb − φa = ∆φcw . The phase
difference ∆φcw between the quasi-monochromatic waves is scanned by adjusting their
relative beam path lengths. The interference spectrum between the upconverted spectra
is recorded as a function of the phase difference ∆φcw between the quasi-monochromatic
waves, yielding the two-dimensional intensity function [Bir06]:
I(ω, ∆φcw ) = |A(ω)|2 + |A(ω + Ω)|2 + 2|A(ω)A(ω + Ω)| cos(∆φcw − [φ(ω + Ω) − φ(ω)])
|

{z

=τg (ω)Ω+O(Ω2 )

}

(A.2)
where A(ω) and A(ω + Ω) are the solitary spectral intensities of the upconverted spectra
and φ(ω) is the spectral phase. Depending on how ∆φcw and φ(ω + Ω) − φ(ω) relate to
each other, the pattern changes between constructive and destructive interference. A great
benefit of 2DSI is that a qualitative statement on the group delay τg (ω) can be drawn
directly from the raw measurement trace as the phase difference Γ(ω) = φ(ω + Ω) − φ(ω)
is proportional to τg (ω)Ω. This is greatly valuable for laser optimization. The single-cycle
pulse’s interferogram is depicted in Fig. 3.19a, plotted as a function of the position d of
the mirror stage that shifts chirped pulse ’b’. Scanning the position results in a scan of the
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phase delay ∆φcw according to ∆φcw = 2π · 2d/λb , where λb is upconversion wavelength.
Direct inversion of the interferogram yields the quantitative electric field of the input
pulse without ambiguity. Therefore, first the phase difference Γ(ω) is extracted via a simple
one-dimensional fast Fourier transform along the ∆τg axis at each wavelength and taking
the phase of the strongest spectral component. Accurate results are provided by recording
a trace over a delay of about 5 wavelengths, so ∆φcw = 20π. Then the relative phase φ(ω)
can be reconstructed from Γ(ω) either by means of the midpoint rule of integration or by
the so-called concatenation method [Dor02, Sch13b].
The upconversion frequencies that determine the shear are the only quantities in 2DSI
that need to be calibrated for, which is done by determining the cross-correlation between
the fundamental spectrum and a sum-frequency spectrum. The upconversion frequencies
can be tuned by shifting the stage position r (see Fig. A.1b). It needs to be tuned such
that during the ultrashort pulse duration the auxiliary pulses are stretched enough to
be seen as quasi-monochromatic. Therefore, materials used in the setup are: 5 mm of
BK7, a 5-mm thick highly dispersive zinc selenide window under Brewster angle, and
10 mm of SF57. This setup ensures that the dispersion at wavelengths below 1050 nm is
sufficient to present quasi-monochromaticity for ultrashort pulses with durations below
25 fs. The shear Ω is the sampling frequency and it was set in each measurement to a
moderate value of 5 THz [Bir09]. It is calibrated by measuring the center frequency of the
two upconverted spectra in dependence of the stage position.

A.2. Calculation of the optical electric field strength
This chapter presents the calculation of the peak electric field strength of an ultrashort
pulse. Focused to a diffraction limited spot in free-space, the peak field strengths of the
1.4-cycle pulse and 1.0-cycle pulse are found to be 1.1 V/nm and 1.43 V/nm, respectively,
at an average optical power of 1 mW.
The temporal evolution of the electric field given by the normalized amplitude e(t) and
phase φ(t) is determined by means of FROG and 2DSI (see chapter A.1). From both e(t)
and φ(t) the electric field E(t) is characterized regarding to E(t) = E0 e(t)ei(ω0 t+φ(t)+φ0 ) =
E0 e(t)eiψ(t) , with ω0 the center of mass of the angular frequency spectrum. The peak
electric field strength E0 remain ambiguous but may be estimated by calculating the spatial
and temporal integration of the intensity, as described in the following. Perpendicular to
the beam axis the intensity profile of the laser’s output corresponds in good approximation
to a Gaussian beam profile:
−4 ln 2

I(x, y, t) = I(t) · e



x2 +y 2
d2



(A.3)

The intensity drops to half its maximum at the distance d/2 from the beam axis. The
pulse energy Ep is obtained as an integral over time on the interval between two subsequent
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−1
pulses frep
and over space:

Ep =

Z r
Z∞ Z∞ 1/f
−∞ −∞

=
=

πd2
4 ln 2

(A.4)

0

Z r
Z∞ Z∞ 1/f
−∞ −∞

I(x, y, z, t) dx dy dt

I(t)e

−4 ln 2



x2 +y 2
d2



dx dy dt

(A.5)

0
1/f
Z r

I(t) dt

(A.6)

0

Intensity is the average rate of electromagnetic energy transfered per unit area, where
the area is measured on the plane perpendicular to the propagation direction. It is
the directional energy flux density of an electromagnetic field, or the magnitude of the
Poynting vector S(t) = E(t) × H(t) [Zin09], where E and H is the complex electric and
magnetic field, respectively. Using that the magnitude of the magnetic flux |B| = µ0 |H|
and the magnitude of the electric field |E| = c|B|, with c the speed of light, µ0 the vacuum
permeability and 0 the vacuum permittivity, the intensity is given by
1
1
I(t) = c0 |E(t)|2 = c0 E02 · |e(t)|2
2
2

(A.7)

The factor of 1/2 comes from the time average h| cos(ψ(t))|2 it of the fast oscillating carrier
wave. The amplitude e(t) is normalized to 1. Using (A.7) in (A.6) results in
1/f
Z r
πd2 1
2
Ep =
· c0 E0
|e(t)|2 dt
4 ln 2 2

(A.8)

0

The integral is calculated numerically. Introducing
ξ :=

Z 1/fr
0

|e(t)|2 dt

(A.9)

lead to the following expression of the peak electric field E0 in free-space:
s

E0 =

Ep 8 ln 2
d2 π0 cξ

(A.10)

2
So, strong focusing of a light pulse
√ with duration τ to an area ∝ d lead to high peak
electric fields scaling as E0 ∝ 1/ τ d2 .
Using (A.10), the peak electric field is calculated for both the 1.4-cycle pulse (see Fig.
3.16) and the single-cycle pulse (see Fig. 3.19). Yet the beam diameter d is undetermined
and needs to be considered at the waist of the beam focused by the Cassegrain objective
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(Ealing x52, NA = 0.65, f = 3.55 mm). It is found to be about d = 1 µm from a beam
profile identified by recording the transmitted power while shifting a razor blade into the
focal spot. Although tight focusing is present, by assuming a focused Gaussian beamqthe
2λ
· ln22 .
waist diameter can be calculated in first-order approximation according to d ≈ NA
π
At the central wavelengths of 1.32 µm (1.4-cycle pulse) and 1.25 µm (single-cycle pulse),
it’s found to be similar with values of 0.75 µm and 0.72 µm, respectively. Using these
values of d and the calculated ξ-values listed in the following table, the peak electric fields
at the bare focus in free-space for average power of 1 mW (Ep = 12.4 pJ) is given by

1.4-cycle pulse
1.0-cycle pulse

ξ [fs]
12.8
7.8

E0 [V/nm]
at 1 mW
1.1
1.45

I0 [W/cm2 ]
at 1 mW
1.6 · 1011
2.8 · 1011

where the envelope e(t) in equation (A.9) is taken from the 2DSI characterization results
(see Fig. 3.16 and Fig. 3.19). Conversion from peak intensity I0 to peak electric field is
given by
q
(A.11)
E0 [V /m] = 2745 I0 [W/cm2 ] .
At the full available pulse energy of the 1.0-cycle pulse of Ep = 1.9 nJ (154 mW of average
power), the peak intensity and the peak electric field is 4.3 · 1013 W/cm2 and 18 V/nm,
respectively.
Losses in the objective and at the reflecting surfaces of silver mirrors were neglected.
The light-gathering is reduced by 17 % due to the obscuration in the Cassegrain objective.
Additional losses at primary and secondary gold-coated mirrors of the objective, with a
minimum reflectivity of 97 %, and eight additional gold mirrors taken into account placed
before the objective sum up to an overall transmission of 60 %. Thus, the field strength is
reduced to 78 % in the focus.

A.3. Optical pulse synthesis by coherent superposition
This section presents a quantitative description of optical pulse synthesis by coherent
superposition of pulses at different carrier wavelengths. Here, an example is given by the
coherent superposition of two Gaussian pulses. The dependence of the combined pulse on
the relative phase and time delay between the two pulses is discussed.
In general, a route taken to gain control on the spectral phase over an ultrabroad
spectrum is to separate it into several parts. Each spectral part n corresponds to an optical
pulse n. Here, such a pulse is called subpulse to be not confused with the final combined
pulse. To achieve a minimum pulse width of the combined pulse, one needs to take care
about (i) the spectral phase φ̃n (ω) of each individual part, (ii) the relative time delay
t̄n − t̄m and in the case of few-cycle subpulses (iii) the carrier phase difference φn − φm
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between each pulse pair. Here, it is taken to be fulfilled that each subpulse has a minimum
pulse duration dictated by the truncated bandwidth, so dφ̃n (ω)/dω ≈ 0. Therefore, only
(ii) and (iii) are considered in the following.
To consider how both (ii) and (iii) contribute to the final electric field waveform E(t),
the superposition of all subpulses is calculated in the time-domain according to
E(t) =

X
n

n En (t − t̄n )
|

{z

(A.12)

}

electric field of n-th subpulse

where the electric field of the isolated subpulse En (t) = en (t) exp [i(φn (t) + ωn t + φn )], ωn
is the (circular) carrier frequency, en (t) the real envelope function normalized to one, n
the amplitude and φn (t) the time-dependent phase. The condition φn (0) = 0 is deemed to
be fulfilled so that φn corresponds to the CEP of the n-th pulse. The spectral amplitude
Ẽ(ω) is related to (A.12) by a Fourier transformation. Because of the linearity of the
Fourier transform operator, the spectral amplitude Ẽ(ω) can be decomposed to a sum
over the Fourier transformation of each constituent wave,
Ẽ(ω) =

X
n

n Ẽn (ω) =

X

n ẽn (ω)eiψ̃n (ω)

(A.13)

n

ψ̃n (ω) = φ̃n (ω) + φn − ω t̄n

(A.14)

+∞
where Ẽn (ω) = −∞
En (t − t̄n )e−iωt dt. With no loss of generality, 1 = φ1 = t̄1 = 0. Every
value
For 3 constituent pulses, for example, there are 6 degrees of freedom to the synthesis of
the final waveform E(t): CEP φ2 and CEP φ3 , the time delays t̄2 and t̄3 , and the relative
intensities 2 and 3 .
The effect of time delay and different carrier phases upon a synthesized pulse is illustrated
by the examples in Fig. A.2, following [Man15]. Two Gaussian shaped and unchirped
1.5-cycle pulses at two different carrier frequencies are involved, with ν1 = 170 THz (black
drawn pulse 1) and ν2 = 265 THz (blue drawn pulse 2). The low-frequency pulse, or pulse
1, has a cosine shaped waveform which is retained unchanged for each of the following
cases: In A.2a, the synthesis of the shortest possible pulse is visualized; it occurs when the
high-frequency pulse, or pulse 2, is in perfect temporal overlap with pulse 1 and also has a
cosine shaped waveform. The well-overlapped subpulses with different carrier frequencies
but same CEP confines the constructive interaction to shorter time intervals, thus resulting
in a light transient that is shorter than each individual pulse alone.
Shifting the CEP of pulse 2 from 0 to π, being now negatively cosine shaped, results in
destructive interference between both electric fields at t = 0. The final waveform is clearly
distorted as shown in Fig. A.2b. The relative phase offset between both pulses is depicted
in the lower part of the figure. In Fig. A.2c, pulse 2 is cosine-shaped again but leads by
half a period of its carrier wave (t̄2 = π/ω2 = T2 /2). This is equivalent to a linear spectral
phase of pulse 2 with a phase value at its carrier frequency shifted by π (see bottom part
of Fig. A.2b). As a result, there is a polar crest of its electric field at instant t = 0, which
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Figure A.2.: Influence of relative time delay and carrier phase upon a synthesized pulse.
Two Gaussian shaped and unchirped 1.5-optical cycle pulses at different carrier frequencies,
ω1 = 170 THz and ω2 = 265 THz, are superimposed. Whereas the waveform of the low-frequency
pulse, pulse 1, remains the same for all following cases, pulse 2 varies in time delay t̄2 and CEP
φ2 . (a) φ2 = 0, t̄2 = 0. (b) φ2 = π and t̄2 = 0. (c) φ2 = 0 and t̄2 = π/ω2 = T2 /2, where T2 is the
oscillation period. (d) φ2 = π and t̄2 = T2 /2.

almost but not quite compensate the main field crest of pulse 1. The final pulse is likewise
distorted and far off of being short.
Now, in Fig A.2d, shifting the CEP by π as well as keeping the same lead of pulse 2 as in
Fig. A.2c, the polar crest at t = 0 turns into a local crest. It constructively superimposes
with the main crest of pulse 1. In other words, the carrier phase difference of π between
both pulses is compensated by the time delay: φ2 − ω2 t̄2 = 0. The corresponding spectral
phase is drawn in the bottom part of Fig. A.2d. The combined waveform closely resembles
the one in Fig. A.2a, with differences that diminish further with increasing pulse duration
of the subpulses. There will be left only subtle changes within the pulse’s shoulder for
a final pulse that is composed of subpulses containing many optical cycles. The CEP of
each subpulse is then immaterial for the superposition as all relative phases may be locked
by controlling the relative time delays.

A.4. Dependence of the single-cycle synthesis on the
relative carrier phases
In section 3.5.2 it was stated that no matter what the carrier phase values between the
component pulses (soliton and two parts of the dispersive wave) are, by fine-tuning their
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temporal overlap it is possible to generate a single-cycle pulse. This statement is provided
in this section by numerically synthesizing the single-cycle pulse from component pulses
with arbitrary phase values of their carrier wave.
In appendix A.3, it was shown how the final waveform of a Gaussian pulse is affected
by the phase values and time delays between each the constituent waves. Here, the same
is evaluated for the experimental single-cycle pulse consisting of three pulses — soliton
and the two parts of the dispersive wave. Formula (A.12) is applied for the numerical
superposition of all field transients, with numerically taken control on the CEP1 φn
and time shift t̄n of each pulse. Moreover, en (t), ωn and φn (t) is taken from the 2DSI
measurement shown in Fig. 3.18e.
Figure A.3a shows the transient fields of the soliton (top), the long-wavelength part
(next to top) and short-wavelength part (next to last) of the dispersive wave. To test the
effect of the a relative phase shift between the fields, the carrier phase of the shortest
pulse, i.e. the long-wavelength part, is shifted by a large value of π with respect to the
other two pulses. Their CEP values are set to zero, i.e. φ1 = φ3 = 0. However, in order to
obtain a single-cycle pulse it is necessary to compensate for the effect of the carrier phase
shift. To this end, the phase-shifted pulse has to lead or trail by half the period of its
carrier wave, according to φ2 ± ω2 t̄2 = 0. Then, its crest comes at t = 0 and is in perfect
overlap with the main crests of the other two pulses. Not readjusting the temporal delay
would lead to a strong distortion of the final pulse shape, as depicted in Fig. A.2b.
The synthesized single-cycle is depicted at the bottom of Fig. A.3a (black line). The
relative amplitudes amount to: 1 = 1 (Soliton), 2 = 1.4 (long-wavelength dispersive wave)
and 3 = 0.8 (short-wavelength dispersive wave). These values are found by matching the
spectral intensity achieved by a Fourier transform of the synthesized pulse with the one
obtained by the linear measurement of the 2DSI spectrum analyzer (see Fig. 3.19b). The
synthesized pulse is almost identical to the single-cycle pulse consisting of three pulses
with same carrier phase (red line). The zero-phased long-wavelength dispersive part is
not shown in the figure for illustrative purposes. The synthesis with the π-shifted pulse is
equivalent to the case shown in Fig. A.2d.
As a result, regardless of the predetermined carrier wave phases, a single-cycle waveform
can definitely be achieved due to the long subpulses in play. In Fig. A.3b the corresponding
spectral phase is plotted. Because of the induced time delay of the pulse, its spectral phase
reveals a characteristic linear decline illustrated, similar to the case in Fig. A.3d, with
respect to the case of the pulse with unshifted phase and time delay (red phase). The
temporal intensity is given in Fig. A.3c for both cases. Whereas the pulse duration is
identical, in the case with the shifted dispersive wave, the pulse envelope is slightly more
asymmetric.
The subcycle field symmetry Emin /Emax is a measure of the number of cycles in the pulse.
Emin is defined as ratio between the peak field values at each polarity (see Fig. A.3a).
1

In the experiment, the CEP can be controlled by the positioning of one of the prisms. Altering the beam
path of one of the parts of the dispersive waves through the SF10 prism by roughly 50 µm, shifts their
CEP by π without introducing a chirp.
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Figure A.3.: Single-cycle pulse synthesis by coherent superposition of the pulses derived from
the split prism compressor with arbitrary values of their relative carrier phases. (a) One example
of superposition with field transients of the soliton (top), the phase-shifted long-wavelength
dispersive wave (next to top) and short-wavelength dispersive wave (next to bottom) along with
their numerically obtained superposition (bottom, black line). The long-wavelength dispersive
wave has a CEP φ2 = +π and its envelope peak is shifted in time to t̄2 = φ2 /ω2 = +T2 /2, whereas
T is the period of its carrier wave. For the other two pulses, φ1 = φ3 = 0 and t̄1 = t̄3 = 0. In
addition, the final single-cycle is synthesized from all pulses with φn = t̄n = 0 (red waveform). (b)
Corresponding intensity spectrum and spectral phase of the final pulses. The center frequencies
are marked with dashed vertical lines.(c) Temporal intensity of the final pulses (color-coded as in
figure a). (d) Emin of the final pulse, as defined in figure (a), as a function of the carrier phases
of the long-wavelength part of the dispersive wave (φ2 ) and the short-wavelength part (φ3 ). Both
waves are shifted in time according to t̄2 = −φ2 /ω2 and t̄3 = −φ3 /ω3 in order to compensate for
the relative phase shift.

Here, Emax = 1. In order to evaluate single-cycle synthesis for a set of carrier phase values,
this symmetry value is mapped as a function of both the CEP of the long-wavelength
dispersive part φ2 and the CEP of the short-wavelength dispersive part φ3 (see Fig. A.3d).
The CEP of the soliton φ1 = 0. To compensate for the carrier phase shift to the soliton,
both pulses are shifted in time according to φ3 + ω3 t̄3 = φ2 + ω2 t̄2 = 0. The synthesis
following the conditions φ3 − ω3 t̄3 = 0 and φ2 − ω2 t̄2 = 0 is not considered here. As
it can be see in Fig. A.3d, as the long-wavelength dispersive wave is shorter than the
short-wavelength dispersive wave, in terms of the numbers of cycles, the carrier phase
φ2 affects Emin to a greater extent as the carrier phase φ3 is doing. Nevertheless, only
symmetry values of 0.75 at the most can be found, for example at φ2 = −π and φ3 = π.
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Therefore, a single-cycle pulse can be generated by well-adjusting the temporal overlap of
all components, regardless of their relative carrier phases.

A.5. Tailored waveforms in the near infrared
Fine-tuning the spectral phase and amplitude of an over-an-octave spanning spectrum
with stable CEP enables to tailor optical waveforms with subcycle precision [Man15]. For
the final compression to a single optical cycle, the spectrum in this work is spectrally split
in three parts, which have equidistant carrier frequencies with quite accurate values of ν1 ,
3
ν and 2ν1 (see Fig. A.3b). In this section, it is numerically shown that by controlling
2 1
the amplitude of the spectrally centered pulse at 32 ν1 , it is possible to synthesize a pulse
with an optical field structure of slightly increased asymmetry compared to the single-cycle
pulse. More to the point, controlling the amplitude of the relative waves enables one to
create the optimal waveform for an experiment.
Spectrum, field transient and temporal intensity of the single-cycle pulse is shown in
Fig. A.4a,c and e, respectively (black lines). It is composed of three components with
carrier frequencies of ν1 = 170 THz (Soliton), ν2 = 250 THz ≈ 32 ν1 (long-wavelength part
of the dispersive wave) and ν3 = 320 THz ≈ 2ν1 (short-wavelength part of the dispersive
wave). Equivalently, one can also think of the pulse is composed of three harmonics, 2ν0 ,
3ν0 and 4ν0 , where ν0 = ν1 /2; however, the fundamental at ν0 is missing. All individual
components are depicted as well in Fig. A.4c.
Now, by numerically lowering the amplitude of the spectrally centered component at
ν2 (red waveform second from the top in Fig. A.4c), it is possible to curtail the single
optical cycle of the pulse even more in time. This is accompanied with an increasing
subcycle field asymmetry (see definition in appendix 3.1), however, only at the expense of
increasing field excursions before and after the main cycle. By adjusting the amplitude
of the centered component well, one can increase the subcycle field asymmetry but still
keep the field excursions relatively low. In Fig. A.4c, the amplitude is lowered to 40 %
of its initial value (all values of the single-cycle are given in appendix A.4). As a result,
the main optical field cycle is confined to 0.85-cycles, corresponding to a subcycle field
asymmetry value of 0.64, still keeping the trailing and leading wings of the pulse intensity
below half the peak intensity value.
Decreasing the amplitude of the ν2 -component gives more weight to the ν1 and 2ν1
components. In the extreme case of a superposition of only two sinusoidal waves with
frequencies ν1 and 2ν1 and equal phases, the peak field of one polarity is twice as big as
the peak field value at the other. This is because the field maxima of the fundamental
field is enhanced by the second harmonic for one polarity, while the extrema for the other
are reduced. The asymmetry value is 0.5, whereas the one of a single-cycle pulse is 0.72.
In the case of such so-called two-color fields, the symmetry break can be controlled by the
relative phase between the two waves. For this reason and because two-color fields can
be easily generated by using a second-order nonlinear crystal, they are used for coherent
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Figure A.4.: Effect of varying the amplitude of the long-wavelength part of the dispersive
wave upon the synthesized final pulse. (a) Spectrum, (c) instantaneous fields and (e) temporal
intensity for two cases: the single-cycle pulse obtained from the 2DSI measurement (black line)
and the same but with the amplitude of the long-wavelength dispersive wave decreased to 40 %
(red waveforms). The CEP of each pulse is set to zero. (b) Spectrum, (d) instantaneous fields
and (e) temporal intensity of two cases: superposition of three sinusoidal waves with frequencies
equal to the carrier frequencies of the the components in (c) (black waveforms) and superposition
of only the sinusoidal waves with frequencies of ν1 and 2ν1 .

control experiments for quite some time now [Sch94, Koh95, Cos07, Sch16].
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A.5. Tailored waveforms in the near infrared
The superposition of two sinusoidal waves at ν1 and ν2 is depicted in Fig. A.4d (red
waveform). To compare it with the synthesis of the single-cycle pulse, also a wave at
frequency 32 ν1 is added (black waveform). The superposition of all three sinusoidal waves
at ν1 , 32 ν1 and 2ν1 is drawn in black at the bottom of Fig. A.4d. Here, all waves have
the same amplitude. It resembles the shape of the single-cycle pulse, yet with an infinite
pulse repetition at a rate of ν1 /2 since the wave is not enveloped. It can be seen that by
increasing the amplitude of the 32 ν1 -component, the field pattern continuously transfers
from black-drawn pattern to the red-drawn pattern, with ever increasing field asymmetry,
similar to the case for the single-cycle pulse.
Pulses with weighted ν1 and 2ν1 -components are longer and more pulse energy is needed
to achieve the same peak field strength. For example, compared to the single-cycle 4.2-fs
pulse, containing 65 % of the pulse energy in the main lobe of the intensity envelope, it
only contains 35 % of the pulse energy in it. Therefore, the total pulse energy needs to
be 1.6 times higher than for the single-cycle pulse to reach the same peak electric field
strength.
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Table A.1.: The table lists all important optical pulse parameters at the different stages of the
laser setup providing the 1.0-cycle pulses. λmin and λmax correspond to the −10 dB values, i.e.,
the smallest and largest wavelength components in the intensity spectrum that are equal to 10 %
of the maximum of the intensity spectrum. λc is the central wavelength. Pcw is the measured
average optical intensity and E = Pcw /frep is the pulse energy. The optical peak intensity is
given by E = E/τ · r, where τ is the FWHM pulse duration and r the fraction of energy within
the main part of the pulse.
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