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Zusammenfassung
In dieser Arbeit wird ein neuartiger Prozess untersucht, bei dem mit Hilfe eines
wenige Femtosekunden (1 fs = 10−15 Sekunden) andauernden Laserpulses
kurze Ströme in einem Festkörpermaterial gesteuert werden, deren Dauer
wiederum im Bereich einer Femtosekunde liegt. Die so erzeugten Stromimpulse sind um mehrere Größenordnungen kürzer als die Ströme in Bauteilen,
mit denen heutzutage elektronische Geräte gebaut werden.
Um solch einen Stromimpuls zu erzeugen, wird ein Laserpuls mit einer Dauer
von etwa vier Femtosekunden und einer Wellenlänge, die im nahen Infrarot
liegt, auf ein Bauteil fokussiert, welches aus einem mikroskopischen MetallIsolator-Metall-Übergang besteht. Das elektrische Feld des Laserpulses entwickelt dabei Feldstärken von bis zu 2,5 V/Å und führt zu einer ultraschnellen
Ladungsträgeranregung im Isolator. Ein Anstieg der elektrischen Leitfähigkeit
und der Polarisierbarkeit des Materials sind die Folge. Als Resultat wird ein
Strom zwischen den beiden Metallelektroden meßbar, der durch Veränderung
der Träger-Einhüllenden-Phase des Laserpulses kontrolliert werden kann. Diese
Phase ist ein Maß für den Versatz zwischen der Einhüllenden und dem schnell
oszillierenden elektrischen Feld des Laserpulses, sie beschreibt also die zeitliche
Entwicklung des elektrischen Laserfeldes.
Des Weiteren wird gezeigt, dass die injizierten Stromimpulse in einem Gerät
zur Messung der Träger-Einhüllenden-Phase angewandt werden können. Dies
stellt eine interessante Entwicklung für Anwendungen in der Ultrakurzzeitphysik dar, da die Messung dieser Phase bisher nur mit Hilfe von komplexen
und sperrigen Vakuumaufbauten möglich war. Mit der vorgestellten Methode
ist eine Messung der Phase prinzipiell auf kleinstem Raum und ohne Vakuumbauteile möglich.
In den gezeigten Experimenten wird ein elektrischer Stromfluss direkt mit dem
schnell oszillierenden elektrischen Feld des Lichts in einem Festkörper injiziert
und gesteuert. Dieses Konzept bildet die Grundlage für weitere Experimente
und Anwendungen, die einerseits zur Erforschung ultraschneller elektronischer
Prozesse in Festkörpern dienen können, und andererseits ein hohes Verwendungspotential in der ultraschnellen elektronischen Datenverarbeitung sowie
Telekommunikation haben.
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Abstract
Ultrashort electric currents were induced and controlled in micro- and nanoscaled solid-state devices at an unprecedented femtosecond timescale by exploiting strong few-cycle, near-infrared/visible laser pulses. Femtosecond light
fields with a duration of 3.8 fs centered at 760 nm were focused on a metaldielectric-metal interface with a separation of about 50 nm between the metal
electrodes. The fast-oscillating instantaneous electric field of the laser pulse
reached a field strength of up to 2.5 V/Å, leading to a strong increase of the
conductivity of the dielectric and of the electric polarization of the material.
The resulting electronic signal was detected using an external measurement
circuit connected to the metal electrodes. The signal could be controlled directly with the electric field of the laser pulse by changing the absolute phase
between the carrier oscillation and the envelope of the pulse. The induced
currents were investigated in detail in different materials and geometries of
the solid-state device. Furthermore, an application for a straightforward detection of the absolute carrier-envelope phase of the utilized laser pulses was
realized.
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Introduction
Telecommunication is an important, ever-growing part in today’s society, be
it in working situations as well as in everyday life. Modern telecommunication
technology is based on information exchange via electrical signals controlled
with solid-state devices, for example transistors. The amount of data that
can be processed within a given timeframe is in principle determined by the
achievable rate at which electronic signals can be controlled. Therefore, an
increase in the manageable data rate is directly related to the minimum time
window that is required to turn an electronic signal on and off.
The operating principle of a transistor was first described by J.E. Lilienfeld in
1930 [1], where a mechanism was considered to control electric current flowing between a pair of electrodes connected to a semiconductor by applying
an electric voltage on a third electrode. This method was first demonstrated
by J. Bardeen, W.H. Brattain and W. Shockley in 1948 [2, 3], which was
acknowledged with the Nobel Prize in physics in 1956. Since then, extensive
research activities have led to significant technological achievements that make
our modern, technology-based lifestyle possible.
In these devices, an electric voltage applied at the gate electrode controls the
conductivity of the device, and thus the time it takes to turn the signal on and
off. The timescale on which an electric signal can be controlled depends on
the spatial dimensions of the device and on the mobility of charge carriers that
drift in the considered material. In 2013, the fastest silicon-based MOSFETs
(metal-oxide-semiconductor field-effect transistors) have cutoff frequencies on
the order of several hundreds of gigahertz (1 GHz = 109 Hz), i.e. an electric
signal can be controlled several hundred billion times per second, cf. Ref. [4].
The characteristic gate length of such electronic device is on the order of several tens of nanometers, cf. Ref. [5].
An alternative strategy is to control electric currents in solids with light. After
the demonstration of the laser in 1960 [6], advanced development and research
have led to a myriad of different types of lasers and their applications. Especially the realization of ultrashort laser pulses in the late 1960’s and subsequent
achievements enable an ever-growing number of possible uses, including the
control of currents inside solid-state materials.
An approach to inject and control currents inside solids on an ultrafast timescale is the photoconductive switch, cf. Ref. [7–13]. Here, the conductivity of a
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semiconductor is altered by resonant absorption of ultrashort light pulses, i.e.
the bandgap of the material is comparable to the photon energy of the applied
light field. The absorption of charge carriers follows the intensity envelope of
the pulse, while the duration of the current is in principle determined by the
carrier trapping and recombination timescale. The achieved minimal duration
of the optically induced currents using the photoconductive switch is on the
order of several hundreds of femtoseconds.
Alternatively, electric currents with a duration of several tens of femtoseconds
can be injected in solids via coherent control, cf. Ref. [14–22]. It is based on
resonant and non-resonant (i.e. the bandgap is larger than the photon energy)
absorption of different spectral components from multiple light pulses. The
phase between the carrier oscillation and envelope of the pulses, the so-called
carrier-envelope phase, can create an imbalanced charge carrier population of
the conduction band in the k-space. This forms a detectable current inside the
material that depends on the phase relation between the different light fields.
In this work, another mechanism is investigated that allows for manipulating
electric signals in a solid-state material with the instantaneous electric field of
an ultrashort pulse of near-infrared/visible (NIR/VIS) light in a strongly nonresonant regime. The electric field of such pulses oscillates with a frequency
of about 0.5 petahertz (1 PHz = 1015 Hz), i.e. the reported currents can be
controlled on a femtosecond timescale.
Since the currently available electronic measurement techniques do not allow
for detecting such currents in real-time, the induced currents were measured
as a function of the carrier-envelope phase of the light pulses. To carry out
the experiments, a femtosecond laser system was utilized and modified. Furthermore, solid-state photoactive circuits were developed and manufactured
and a setup was specially designed for the measurements.
The experiments presented in this work were performed at the Max Planck Institute of Quantum Optics. The utilized solid-state devices were developed and
manufactured in collaboration with The Molecular Foundry of the Lawrence
Berkeley National Laboratory and the Walter Schottky Institute of the Technische Universität München. The thesis is structured as follows: In the first
part, a basic mathematical description of the applied laser pulses is presented,
as well as a description of the utilized laser system, followed by an overview
of the current generation process. The second part focuses on the fabrication
process of the solid-state devices that were developed and used in the experiments. The third part presents the performed measurements in detail along
with the obtained results and their interpretation.
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Part I.

Basics
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1. Fundamentals of Ultrashort Optical
Fields
The experiments described in this work study the interaction of strong, femtosecond laser pulses with solid-state devices consisting of either a metal and a
dielectric, or a metal and a semiconductor. In this chapter, the mathematical
basics of short laser pulses are introduced. Thereby, the magnetic field of the
electromagnetic field of the laser is neglected. This is justified by the fact that
the strength of the considered optical fields would not lead to an acceleration
of electrons to relativistic energies. Furthermore, the presented mechanisms
rely on the generation of electric currents in solids which is dominated by the
electric field of the laser pulse.

1.1. Mathematical Description of Few-Cycle Laser
Pulses
For clarity, the temporal dependence of the electric field of a laser pulse is
considered, and its spatial and polarization dependence are neglected here,
i.e. FL (x, y, z, t) = FL (t), cf. Ref. [23]. The (real) electric field of a laser
pulse propagating in vacuum can then be mathematically expressed in the
temporal domain by
FL (t) = F̃L (t) + F̃L+ (t) ,

(1.1)

with the complex electric field F̃L (t) and its complex conjugate F̃L (t)+ , cf.
Ref. [24]. In frequency domain, the pulse can be described by the complex
spectrum F̃L (ω) which is the Fourier-transform of FL (t):
Z ∞
1
dt FL (t) e−iωt = |F˜L (ω)| eiΦ(ω) .
(1.2)
F̃L (ω) = √
2 π −∞
Here, |F˜L (ω)| denotes the spectral amplitude and Φ(ω) the spectral phase. If
the spectral amplitude has only relevant values in a window ∆ω that is small
compared its frequency components, the central frequency ωL of the laser pulse
can be defined as the center of ∆ω, cf. Ref. [23]. In temporal domain, F̃L (t)
can then be written as
1
F̃L (t) = F0 f (t) e−iωL t eiϕ(t) eiϕCE ,
(1.3)
2
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Figure 1.1.: The electric field of a few-cycle laser pulse. The temporal evolution
of the instantaneous electric field FL (t) (red) and the envelope F0 f (t) (blue) of a
few-cycle laser pulse with a duration of τL = 3.8 fs are shown schematically. The
pulse in (a) has a CEP of 0, resulting in a cosine pulse, where the maxima of FL (t)
and F0 f (t) coincide (green circle). In (b), ϕCE = π/2, corresponding to a sine pulse.

with the peak amplitude F0 , the normalized real field envelope f (t) and the
time-dependent phase ϕ(t). The carrier-envelope phase (CEP), ϕCE , describes
the offset between the carrier wave oscillating with the frequency ωL and the
maximum of the real field envelope F0 f (t), cf. Fig. 1.1.
The intensity of the laser pulse is defined as square of the field envelope, i.e.
I(t) = (ε0 c/2) |F0 f (t)|2 , with the vacuum speed of light c and the vacuum
permittivity ε0 . The full-width at half maximum (FWHM) of I(t), τL , is a
measure for the duration of the pulse.
The instantaneous frequency of the laser pulse can be derived from the central
wavelength and the first time-derivative of the phase [23]:
ω(t) = ωL +

d
ϕ(t) .
dt

(1.4)

A laser pulse with an increasing (decreasing) instantaneous frequency, i.e.
d2 ϕ/dt2 > (<) 0, is called up- (down-) chirped, and if ω(t) = const., the pulse
is called unchirped. Such a pulse is bandwidth limited since it has the shortest
pulse duration that can be achieved with a given spectral bandwidth.
The chirp of a laser pulse can be influenced when it propagates through dispersive media, i.e. (transparent) material that has a frequency-dependent index
of refraction n(ω). A change of the progatation length ∆l results in a change
of the CEP [25], according to
 
dn
∆ϕCE (∆l) ∝ 2π
∆l .
(1.5)
dλ λ0
The laser pulses that are used for the experiments in this work have a duration
of τL ≈ 3.8 fs (1 femtosecond = 10−15 s) and a central wavelength of λL =
c/ωL ≈ 760 nm (1 nanometer = 10−9 m), which corresponds to a photon
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energy of EL ≈ 1.6 eV (electronvolt) and an oscillation period of TL = 2π/ωL ≈
2.5 fs. Thus, their oscillation lasts only about 1.5 cycles, i.e. τL becomes
comparable to the oscillation period of the laser field TL , and the pulses can
be classified as few-cycle laser pulses, cf. Ref. [26].

1.2. The Carrier-Envelope Phase
In Fig. 1.1, the time-dependent electric field FL (t) of a few-cycle laser pulse is
illustrated (red) along with its envelope (blue). In (a), ϕCE = 0, corresponding to a zero-offset between the maxima of FL (t) and F0 f (t) and resulting
in a so-called cosine pulse due to the temporal evolution of FL (t) under the
envelope. In (b), ϕCE = π/2, corresponding to a sine pulse.
When studying the interaction of long laser pulses (i.e. τL  TL ) with matter,
their CEP can be neglected. In contrast, it becomes extremely important for
few-cycle laser pulses as the maximum strength of the instantaneous electric
field becomes sensitive to ϕCE . In this case, ϕCE affects phenomena that are
driven by FL (t), for example high-harmonic generation [27, 28], the ionization
of atoms and molecules [29–31], the interaction with plasmas [32], or the photoemission from metals [33, 34] and nanoparticles [35]. To study or to apply
such effects, a full characterization and control of FL (t), and thus ϕCE , is
necessary.
Different techniques have been developed to determine the CEP of short laser
pulses. Relative changes of ϕCE between consecutive laser pulses can be detected by using relatively simple and inexpensive setups based on spectral characterization of mixed light fields [25, 36–38]. For example, these techniques
are applied in the laser source that was used for the experiments presented in
this work to stabilize the CEP of the generated laser pulses, cf. chapter 2.1.
The absolute value of ϕCE of identical laser pulses in a repetitive pulse train
can be measured via attosecond streaking, cf. Ref. [39, 40]. This technique
requires complex vacuum setups and the generation of attosecond light pulses
in the extreme ultraviolett range (XUV). Furthermore, attosecond streaking
relies on relatively long acquisition times due to the necessity of averaging over
a large number of single measurements.
A stereographic above-threshold ionization phase-meter (stereo-ATI) allows
for determination of the absolute CEP of single laser pulses, cf. Ref. [41–43].
This technique is explained in detail in section 2.2. However, it also requires
a vacuum setup.
The focus of this work is the investigation of electric currents inside a solidstate device that depend on the CEP of a few-cycle laser pulse incident on the
device, without the requirement of vacuum components.
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2. Source of Phase-Stable Few-Cycle
Near-Infrared Laser Pulses
In this chapter, the laser source that is used for the experiments presented
in part III of this work is described. It is a modified commercially available
system (Femtolasers Femtopower) and located at the Max Planck Institute
of Quantum Optics. It delivers few-cycle laser pulses with stabilized CEP
at a repetition rate of 3 kHz with about 400 µJ pulse energy (1 microjoule
= 10−6 J) centered at a wavelength of λL = 760 nm. A detailed description
of the system can be found in Ref. [44]. The three main components of the
system are explained below and a schematic overview of the laser system is
presented in Fig. 2.1.

Broadband Near-Infrared Laser Oscillator
The first element of the laser source is a titanium sapphire (Ti:sapph) oscillator (Femtosource Compact Pro, Femtolasers GmbH). Here, a titaniumdoped Al2 O3 -crystal (sapphire) is pumped by the cw1 -beam of a solid-state,
diode-pumped, frequency-doubled Nd:Vanadate-laser (Nd:YVO4 ) (Coherent
VERDI) at a wavelength of 532 nm, as demonstrated in Ref. [45]. Modelocking is achieved by a combination of dispersion controlled mirrors, cf. Ref.
[46, 47], and the so called Kerr-lens effect [48, 49]. The result is a train of
repetitive laser pulses with a pulse duration of approximately 6 fs and 10 nJ
pulse energy, centered at ∼ 800 nm at a repetition rate of about 70 MHz (1
megahertz = 106 Hz).

Chirped-Pulse Amplification
To amplify the laser pulses of relatively low energy originating from the laser
oscillator, a chirped-pulse amplifier is used. The concept of chirped-pulse amplification (CPA) of optical light was first introduced in Ref. [50]. It is based
on an increase of the pulse duration by introducing dispersion, i.e. chirp, to
the laser pulses and a reduction of the repetition rate to prevent damage of
the Ti:sapph crystal in the following amplification stage by too high energy
density.
1

cw = continuous wave

7

2. Source of Phase-Stable Few-Cycle NIR Laser Pulses
Ti:sapph
Oscillator

Pulse
Stretcher

τP = 6 fs
frep = 70 MHz
λL = 800 nm
EL = 6 nJ

AOM

τP = 10 ps

Chirped Pulse
Amplifier
Pockels
Cell

Synchronization
Fast Loop

Nd:YVO4
Pump Laser

Ti:sapph beam

P = 4.5 W
λ = 532 nm (cw)

Electr. Sync. Signal

Pump beam
Feedback Signal

frep = 3 kHz
EL = 1.2 mJ

Prism
Compressor

Hollow
Core Fiber

τP = 22 fs

Nd:YLF
Pump Laser

Chirped Mirror
Compressor
τP = 3.8 fs
EL = 400 µJ

λ = 532 nm
P = 19 W

Slow Loop

Chopper
f = 1.5 kHz

Wedge
Pair

To Experiment

Figure 2.1.: Schematic overview of the laser system. Femtosecond laser pulses
are generated using a Ti:sapph oscillator (upper left). They are stretched and amplified in a chirped pulse amplification laser system. After recompression using a prism
compressor their spectral bandwidth is enhanced via supercontinuum generation in
a neon-filled hollow core fiber. As final step, a chirped-mirror compressor is used to
generate strong few-cycle pulses centered at λL = 760 nm. The CEP of the pulses
coming from the oscillator is stabilized using a fast-feedback-loop that modulates the
pump power of the Nd:YVO4 oscillator pump laser with an acusto optical modulator (AOM). CEP-stabilization of the pulses emerging from the hollow core fiber is
achieved with a slow-feedback-loop that controls the dispersion and thus the CEP of
the pulses inside one prism of the prism compressor. The electronic synchronization
triggers the Pockels cell, the Nd:YLF CPA pump laser and the chopper in front of the
slow-feedback-loop with respect to the oscillator output. It enables a laser operation
with the CEP-modulation actived or deactivated. See section 2.1 for further details.

The pulses are temporally stretched by propagating through a slab of flint
glass with normal dispersion, resulting in an increased pulse duration of a
few picoseconds by dispersive pulse broadening. The propagation of the short
pulses through the flint glass also introduces third-order dispersion which is
compensated by multiple reflections on specially designed third order dispersion mirrors.
The stretched pulses enter a multipass amplifier where they are transmitted
nine times through a Ti:sapph crystal. This crystal is pumped with laser
pulses originating from a Nd:YLF pump laser (DM30, Photonics Industries)
with a wavelength of 532 nm, pulse duration of 150 ns, pulse energy of 6.5 mJ
and a 3 kHz repetition rate. After the 4th pass of the laser beam centered at
800 nm, a Pockels cell and a polarizer reduce its repetition rate to ∼ 3 kHz.
Both, the CPA pump laser and the Pockels cell are synchronized to the pulse
train of the oscillator, i.e. every 23 336th pulse originating from the oscillator
is amplified. In chapter 2.1 this synchronization and different modes of oper-
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Figure 2.2.: Spectrum, cycle-averaged intensity and electric field of the utilized
laser system. The spectrum of the laser source, reaching from 500 − 1050 nm, is
shown in (a) in blue. This broad bandwidth is achieved by supercontinuum generation
in a hollow-core fiber. The cycle-averaged intensity IL (t) of the generated laser pulses
is shown in (b) in green, along with the measured instantaneous electric optical field
FL (t) in red, which was measured in a previous attosecond streaking experiment, cf.
Ref. [39].

ation are explained in detail.
After the amplification the pulses have an energy of about 1.2 mJ. They are
temporally compressed using a prism-compressor. Here, they pass four prisms
in a configuration that introduces negative dispersion, resulting in a pulse
duration of about 35 fs. The pulses are not fully compressed when propagating through the last prism, i.e. they still have a small chirp when leaving
the prism-compressor. Thus, gain narrowing by self-phase modulation of the
pulses in the material is reduced, as described in Ref. [44]. Instead, a pair of
chirped mirrors is used to further compress the pulses to a duration of about
22 fs. The initial pulse duration of only about 6 fs can not be reached due to
gain-narrowing and introduction of higher-order chirp in the amplifier crystal.

Spectral Broadening and Broadband Compression
By increasing the spectral bandwidth and optimizing the dispersion of the
pulses their duration can be further decreased. Spectral broadening is achieved
by focusing the intense pulses into a gas-filled hollow-core fiber, creating a
supercontinuum of visible and NIR light via self-phase modulation, cf. Ref.
[51]. The fiber is made of fused silica and has a length of 1 m, an inner diameter
of 250 µm and is filled with Neon at a pressure of about 1.8 bar. An energy
throughput of ∼ 50 % is usually achieved. The resulting spectral bandwidth
reaches from 500 − 1050 nm with a central maximum at λL ≈ 760 nm, c.f.
Fig. 2.2a.
The spectrally broadened pulses are then temporally compressed using a chirped-mirror compressor that was specially designed for high reflectivity and
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well-defined dispersion, similar to the system presented in Ref. [52]. A finetuning of the dispersion is achieved by adjusting the propagation length of
the pulses through a pair of fused silica wedges which is set up between the
hollow-core fiber and the chirped mirror compressor.
The resulting laser pulses have a duration of about 3.8 fs, an energy of ∼ 400 µJ
and a central wavelength of λL ≈ 760 nm. In Fig. 2.2b, the measured electric
field FL (t) of an exemplary few-cycle pulse is shown along with the cycleaveraged intensity IL (t). The field was recorded via attosecond streaking in a
previous experiment, cf. Ref. [39].

2.1. Stabilization and Modulation of the
Carrier-Envelope Phase
The evolution of the CEP (cf. Fig. 1.1) inside the particular parts of the laser
depends strongly on the dispersion of the pulses in the respective components.
Furthermore, the CEP is affected by fluctuations of the pulse energy of the
pump laser of the oscillator. If no additional effort is made, the CEP of the
laser pulses at the output of the laser fluctuates randomly between consecutive pulses. Therefore, two feedback loops are installed to enable a reliable
stabilization and control of the CEP of the generated laser pulses, cf. Fig. 2.1.
The fast loop detects and compensates changes of the CEP that occur between consecutive pulses of the laser oscillator. The dispersion of the cavity
can be tuned by changing the propagation length of the pulses through a pair
of fused silica wedges such that consecutive pulses have a relative CEP of
about ∆ϕCE ≈ π/2, i.e. every fourth pulse emerging from the oscillator has
roughly the same CEP. With a f-to-0f interferometer the beating frequency
generated by heterodyne mixing of the fundamental spectrum of the laser oscillator with its sub-harmonic is monitored. The sub-harmonic is generated
via difference-frequency generation (DFG) using a periodically poled lithium
niobate (PPLN) crystal. The beating signal is stabilized by modulating the
pump power of the oscillator pump laser with an acusto-optical-modulator
(AOM), i.e. small drifts of the beating frequency induced by changes of the
CEP are compensated. This procedure allows for stabilizing the relative CEP
of consecutive laser pulses in the laser oscillator such that every fourth pulse
has identical CEP.
The slow loop compensates fluctuations of the CEP at the output of the hollowcore fiber that can emerge during the amplification, compression and spectralbroadening of the pulses. A small fraction of the output of the hollow-core
fiber is sent into a f-to-2f using the reflection from one of the fused silica
wedges. Here, the spectral modulation of the fundamental pulse overlapped
with its second harmonic which is created in a thin BBO crystal is observed.
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Figure 2.3.: Periodic modulation of the carrier-envelope phase. When the fast
loop is activated (cf. Fig. 2.1), consecutive laser originating from the laser oscillator
have a phase-difference of ∆ϕCE = π/2, i.e. every fourth pulse has the same CEP.
For normal operation of the laser system, i.e. amplification of laser pulses with
identical CEP (blue boxes), the Pockels cell and CPA pump laser are synchronized
to the oscillator output in way that only pulses with the same CEP are amplified,
i.e. every nth pulse is selected, with n = 23 336. The CEP flip operation mode is
enabled by synchronizing the CPA to the (nth +2) pulse of the oscillator output (green
boxes), leading to a CEP-difference of ϕCE = π between adjacent pulses and thus a
modulation of the CEP of the amplified pulses with a frequency of frep /2.

Variations of the CEP result in changes of the spectral modulation and can
be compensated by tuning the propagation length of the laser pulses inside
one of the dispersive prisms in the prism compressor. Subsequently, the CEP
of the consective pulses at the output of the system is stable within ±0.2 rad
around the adjusted value.
Synchronization between the oscillator pulses (70 Mhz repetition rate) and
CPA output pulses (3 kHz repetition rate) is achieved using a photodiode
irradiated with a leak signal of the oscillator. The photodiode signal is filtered
with a preamplifier (BME P03) and sent to the electronic synchronization
(BME SG05p, both from Bergmann Meßgeräte Entwicklung KG) that controls
the CPA pump laser. It also triggers the Pockels cell at the same repetition
rate of 3 kHz to pick out the corresponding laser pulses from the oscillator
pulse train. Two operation modes are possible, cf. Fig. 2.3:
• Normal operation mode: Here, the repetition rate of the CPA is synchronized to the pulse train of the oscillator in a way that the amplified
pulses have identical CEP, i.e. every nth pulse (with n = 23 336) is selected. This operation is used for experiments that require consecutive
pulses with identical CEP, for example attosecond streaking.
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• CEP flip operation mode: In this case, every (nth + 2) pulse of the
oscillator is amplified. Thus, consecutive amplified pulses have a relative
CEP-difference of π due to the characteristics of the oscillator pulses. In
other words, the CEP of the train of pulses emerging from the CPA is
modulated with the half-repetition rate of the CPA, frep /2. Since the
operation of the slow loop is reliant on pulses with only very small CEP
difference, a chopper blocks every second pulse in front of the slow loop.
The periodic modulation of the CEP, i.e. the CEP flip mode, is beneficial for
the detection of CEP-dependent signals that are superimposed by a large CEPindependent background signal, for example the optically induced currents in
solids presented in this work. The laser system was successfully modified to
implement this CEP flip operation mode specifically for the experiments that
will be described in part III.

2.2. Absolute Light-Phase-Detection using a
Stereographic Above-Threshold Ionization
Phase-Meter
One technique to detect the absolute CEP of few-cycle laser pulses is the
stereographic above-threshold ionization phase-meter (stereo-ATI). A detailed
description of this method can be found in Ref. [43]. It is based on measuring
the time-of-flight of photoelectrons emitted from gas atoms and requires a
vacuum setup. Hence, a vacuum chamber housing a stereo-ATI is placed after
the chirped mirror compressor of the laser source. A sketch of the device can
be found in Fig. 2.4a.
Here, the laser pulses are focused with a spherical mirror into a gas cell filled
with xenon (Xe) at a pressure of about 3.5×10−3 mbar. The laser pulses reach
an intensity of about 1 × 1014 W/cm2 , leading to above-threshold-ionization
of the Xe atoms. The released electrons are subsequently accelerated by the
laser field FL (t) in opposite directions along the laser polarization, i.e. in
x -direction. During the acceleration process, a CEP-dependent signature is
imprinted in a plateau-like region of their energy distributions, cf. Ref. [53–
55] and Fig. 2.4b and c. The energy distributions are recorded by measuring
the time-of-flight of the electrons through a 155 mm long drift tube (pressure
∼ 2 × 10−6 mbar) on both sides of the gas cell, i.e. in positive and negative
x -direction, using a micro-channel-plate (MCP) at the end of each tube. A
photodiode behind the gas cell is used to detect the time of the laser pulse
incidence.
In Fig. 2.4b and c, four recoreded time-of-flight spectra of photoelectrons
created by above-threshold-ionization of Xe atoms are presented. The pair
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of spectra in (b) was achieved using a laser pulse with a CEP-difference of
∆ϕCE ≈ π/2 with respect to the spectra in (c). As a result, the shape of
the spectra in the region between ∼ 25 ns and ∼ 50 ns is different. The
absolute CEP of the incident laser pulses can be reconstructed by calculating
two asymmetry parameters in both areas, for example in 27 − 31 ns and 31 −
45 ns. A comparison with results of a simulation using well-defined laser
fields enables a association of the experimental asymmetry parameters with
the results of the simulation. Further details on this procedure can be found
in section 9.1, where a stereo-ATI was used to enable a phase-calibration of
the observed currents.
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Figure 2.4.: Schematic of the stereographic above-threshold ionization phasemeter. In (a) the stereo-ATI apparatus is shown schematically. The pulses from the
laser source (red laser beam) are focused into a neon-filled gas cell (gray) using a
spherical mirror. They reach an intensity of about 1 × 1014 W/cm2 leading to abovethreshold ionization of the gas atoms and subsequent acceleration of the emitted
photoelectrons (green) in the strong laser field. Their time-of-flight distributions in
negative and positive x-direction are recorded with two MCPs and a photodiode for
zero-time reference. In (b) and (c), the measured spectra from the left (i.e. positive
x-direction, blue) and right (i.e. negative x-direction, red) MCP are visualized for
laser pulses with a relative CEP of ∆ϕCE = π/2. In the region of ∼ 25 − 50 ns they
exhibit a strong dependence on the CEP of the applied pulse.
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3. Generating Ultrafast Currents in
Solid-State Devices with Ultrashort
Strong Optical Fields
The motivation for the presented experiments is to control electric currents inside solids on an unprecedented timescale using the rapidly oscillating electric
field of VIS/NIR light. The underlying physical mechanisms for the generation and control of the induced currents are summarized in this chapter.
The presented experiments were carried out to prove the principle of inducing
and controlling currents in solids directly with the instantaneous electric field
of short laser pulses. The theoretical descriptions of the investigated process
which are presented here make no claims of being complete. However, they
represent different possible theoretical interpretations of the experiments and
the observed phenomena and are a first step towards understanding strongfield driven phenomena inside solids.

3.1. Laser-Induced Excitation and Ionization of Atoms
and Solids
The photoelectric effect, discovered by Hertz in 1887 [56], and its interpretation
by Einstein in 1905 [57], can be regarded as one of the first studies of lightmatter-interaction on a microscopic quantum level. It describes the emission
of an electron from an illuminated material (e.g. a metal) by absorption of a
single photon if the photon energy exceeds the work function of the material.
Absorption processes can be studied for a variety of materials, including atoms,
molecules, metals, semiconductors and dielectrics. Resonant absorption can
occur in a bandgap material, i.e. a semiconductor or an insulator, when the
energy of one single photon is sufficient to overcome the bandgap and thus
excite the material. Also in the non-resonant case where the bandgap is larger
than the photon energy, excitation of the material is possible if the strength
of the applied light field is large, as shown in Ref. [58].
A theoretical model to describe ionization of matter in a strong laser field was
introduced in 1965 by Keldysh, cf. Ref. [59]. It can be applied for single atoms
interacting with the laser field, as well as for metals or other solid materials.
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Figure 3.1.: Ionization and excitation mechanisms of atoms and solids in a laser
field. (a) Multiphoton ionization: An atom can absorb multiple photons of an intense
optical pulse to emit an electron into its vicinity. (b) Tunneling ionization: If the strong
field FL of a laser pulse can compete with the strength of the electrostatic potential
of an atomic nucleus, an electron can tunnel from a bound atomic state through the
resulting superimposed field barrier with a non-zero probability. (c) Similar processes
can lead to the excitation of charge carriers from the valence band (VB) into the
conduction band (CB) of a solid: Multiphoton interband transitions (i) and interband
tunneling (ii).

The proposed Keldysh parameter,
√
ωL 2 me Φ
γ=
,
(3.1)
e F0
with the electron mass me and charge e, identifies two distinct ionization
mechansims that are dependent on the laser frequency ωL , the laser field
strength F0 and the ionization potential Φ of the irradiated atom, cf. Ref.
[60].
If γ  1 (i.e. small field F0 ), the ionization is dominated by absorption of one
or more photons of the laser field: One electron is released from the atom into
its vicinity by gathering the energy n(h̄ωL ) of n photons, with the reduced
Planck constant h̄. This scheme is called multiphoton regime, cf. Fig. 3.1a.
For γ  1, the field strength F0 is comparable to the strength of the electrostatic field of the atomic nucleus. Their superposition forms an effective
potential barrier, cf. Fig. 3.1b. This allows for quantum tunneling of electrons
from initially bound states through the potential barrier. This case is labeled
tunneling regime and electrons are predominantly released by quantum tunneling.
If laser-induced ionization of a solid, e.g. a metal surface, is considered, the
ionization potential Φ in Eq. 3.1 is replaced by the work function of the irradiated material. Additionally, the reduced mass of an electron and a hole
has to be used instead of the electron mass me . As a result, the introduced
criteria for both ionization regimes remain unchanged.
The Keldysh formalism can also describe the excitation of charge carriers inside a bandgap material, for example a semiconductor or dielectric. In this
case, the electron is not released from the material, instead it is promoted to
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an excited state of the material. Here, the ionization potential in Eq. 3.1 is
replaced with the bandgap Eg of the material, that is defined by the energy
distance between its valence band (VB) and conduction band (CB), cf. Fig.
3.1c. Furthermore, the reduced mass of an electron and a hole in the solid,
mef f , has to be used instead of the electron mass me .
Once the charge carriers are excited to the conduction band, they can react
quasi-free to an externally applied electric field since the valence band states
are delocalized, i.e. electric currents can be in principle controlled. With the
availability of ultrashort laser pulses, their use to control electric currents in
solids has become a broad field of research.
A technique to control electric currents in solids with short laser pulses is the
photoconductive switch, cf. Ref. [7–13]. It represents a resonant case where
the photon energy is on the order of the bandgap of the (semiconducting)
material. In this case, the optically induced charge carriers are controlled with
an externally applied bias voltage. The injection of charge carriers follows the
intensity envelope of the pulse and the duration of the current is determined
by the carrier trapping and recombination timescale. The achieved minimum
duration of the currents peaks using the photoconductive switch is on the
order of several hundreds of femtoseconds.
Another method to control electric currents in solid materials with pulsed laser
fields is the so-called coherent control, cf. Ref. [14]. It is based on quantum
interference between different resonant and non-resonant absorption channels
and will be described in detail in section 3.3.
In the non-resonant case, the excitation of electrons from the VB to the CB
of a bandgap material under the influence of an electric field can be described
using a formalism that was developed by Zener, Ref. [61]. Here, the tunneling
rate Γ(t) is given by


1/2
3/2
π mef f Eg
 .
Γ(t) ∝ FL (t) exp −
(3.2)
2 e h̄ |FL (t)|
The experiments presented in this work were carried out using dielectric materials with a bandgap of about 9 eV, the applied electric field strengths were
1 − 2.5 V/Å. Further experiments were performed with wide-bandgap semiconductors having a bandgap of about 3.2 eV. Here, the applied electric field
strengths were 0.05 − 1 V/Å. Accordingly, the Keldysh parameter was in an
intermediate regime of about 0.1 < γ < 5, and the photon energy was about
1.6 eV, i.e. the scenarios are non-resonant.
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3.2. Semiclassical Picture of Ultrafast Optically Induced
Currents
The method to control the motion of charge carriers in a solid introduced in
this work represents a solid-state-analogon of attosecond streaking, cf. Ref.
[39, 62–64]. In that case, electrons are first released into vacuum by ionizing
an atom (or solid, respectively) with an extreme ultraviolet (XUV) pulse of
attosecond duration, and subsequently, their motion is controlled by the electric field of a synchronized, ultrashort NIR field. The change in the electron
motion can be measured by recording the energy spectrum of the emitted
electrons. Since the mean free path of electrons in the utilized high vacuum
setups is on the order of several tens of meters, the distance from the ionized
sample to the eletron detector usually amounts to several centimeters.
In a similar picture, the generation of optical-field-induced currents inside a
solid can be understood as a two-step process, cf. Fig. 3.2a: First, the strong
instantaneous electric field FL (t) of an ultrashort few-cycle laser pulse excites
charge carriers into the conduction band of the irradiated solid. Since FL (t)
oscillates with a frequency of about 0.5 PHz, this charge carrier injection takes
place on a femtosecond timescale. Second, the injected charge carriers can be
steered and displaced by applying an electric field. This creates an anisotropic
momentum distribution, and therefore an electric current that can be detected
in a measurement circuit which is connected to the material. The mean free
path of the charge carriers in the solid is usually on the order of just a few tens
of nanometers, cf. Ref. [65]. Thus, the distance between the electrodes should
be of similar size (or smaller) to enable a detection of the induced currents.
A sketch of such a device is presented in Fig. 3.2a and d. The external
measurement circuit consists of two metal electrodes that are separated by a
trench of the solid-state material. This junction is irradiated with the laser
beam, resulting in the injection and control of charge carriers.
If only one single laser beam is considered (Fig. 3.2a), its field FL (t) is responsible for both, the injection and drive of the charge carriers. Alternatively, two
orthogonally polarized laser beams can be used, cf. Fig. Fig. 3.2d. In this
(i)
case, the injection field FL of a relatively strong pulse is polarized parallel to
the gap between the electrodes. Thus, it injects charge carriers in the material,
but it does not create a detectable signal in the external circuit. Instead, the
(d)
injected charge carriers are displaced by a synchronized, weak drive field FL
that is polarized perpendicularly to the dielectric gap. This displacement of
the charges induces a detectable signal in the electrodes that depends on the
temporal delay ∆t between the two laser pulses.
In both cases, a current is injected and controlled using solely the instantaneous electric field of light, thus the process is an all-optically controlled
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process.
If the increased dielectric polarizability of the solid-state material is turned
off on a similar timescale, the resulting current peaks are expected to have a
duration that is on the same order of magnitude, i.e. one femtosecond. The
ultrafast switching-off of the polarizability was demonstrated in a reflectivity
measurement and is also predicted by theoretical simulations, cf. Ref. [66].
Thus, it supports the concept of ultrafast current control in solids with the
instantaneous electric field of light, that was introduced above.
A simplistic analytical single-electron approach to calculate the injected current is presented here. It neglects screening of the field and damping of the
current via electron-electron and electron-phonon interactions.
For the first injection step, Zener-like tunneling of electrons from the valence
band into the conduction band of silicon dioxide (SiO2 ) is considered. In this
case, the tunneling rate Γ can be calculated using equation 3.2.
The displacement of the injected charge carriers is then treated like a classical
motion of a charge carrier in the electric field FL (t). Thus, the induced current
density j(t) that flows inside the material in the direction of the electric field
can be calculated using the vector potential A(t),
Z t
A(t0 )
j(t) = −e2
dt0 Γ(t0 )
.
(3.3)
mef f
−∞
Due to the fast oscillation of FL (t), this current density possesses a femtosecond characteric, i.e. it shows a dependence on the CEP of the laser pulse.
This can be understood by the fact that the field FL (t) at the instant of the
injection determines the motion of a charge carrier. Furthermore, it has the
consequence that the highest currents will be injected with the shortest pulses:
For a single-cycle electrical field, only one major part of injection and drive
of the charge carriers will contribute to the current, resulting in a net current
showing in either positive or negative direction of FL (t). For longer pulses
with several oscillations of FL (t), equal contributions of the injected currents
will show in opposite directions.
The injected currents could in principle be detected using an external measurement circuit with a pair of electrodes connected to the solid at the axis of
the polarization of FL (t). Yet, conventional state-of-the-art electronic detectors have a time response that is not fast enough to measure such femtosecond
currents. Thus, the external circuit reveals the time-integrated current density, i.e. the total induced charge per pulse, if only one single laser pulse is
considered,
Z
∞

Q=

dt j(t) .

(3.4)

−∞

In the experiment, the CEP of the utilized few-cycle pulses is varied by changing their propagation length ∆l inside a dispersive material, cf. equation 1.5.
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Figure 3.2.: Concept of optical-field-injected currents and results of semiclassical calculations. (a) By focusing one single, few-cycle laser beam on a dielectric,
charge carriers can be injected into the conduction band. There, the quasi-free charge
carriers can be displaced by the same electric field FL (t). The charge carrier movement results in a current that can by detected in an external measurement circuit by
applying metal electrodes to the solid. (b) Time-dependence of the tunnel rate Γ(t)
and current density j(t), calculated by equations 3.2 and 3.3, assuming a dielectric
with a bandgap of Eg = 9 eV and an electric field strength of F0 = 1 V/Å. The measured electric field of the laser, presented in Fig. 2.2b, was used for the calculation.
(c) Using equation 3.4, the induced charge per laser pulse is calculated along with the
pulse duration τP of the laser pulse as a function of the propagation length ∆l of the
pulses inside fused silica. (d) In an alternative current control scheme, two synchronized, orthogonally polarized laser beams are applied to the solid-state device. Here,
(i)
the injection field FL is polarized parallel to the gap between the electrodes, leading
to excited charge carriers, but no detectable current between the electrodes. The
(d)
quasi-free charge carriers are then displaced by the relatively weak drive field FL , to
detect a current that depends on the temporal delay ∆t between both pulses.

This also results in dispersive broadening, i.e. an increase of the pulse duration. In Fig. 3.2b, a calculated curve of Q(∆l) is presented. It was obtained
using the measured electric field of the laser, cf. Fig. 2.2, and assuming a field
strength of F0 = 1 V/Å at ∆l = 0, where the pulse has its shortest duration.
The dispersion of the pulse was calculated using the Sellmeier equation, cf.
Ref. [67], and the resulting charge Q was obtained using equations 3.2, 3.3
and 3.4.
As expected, Q(∆l) oscillates with the varied CEP at a period of about 50 µm
and its amplitude decreases for |∆l| > 0. Although this is a very simplistic
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approach to calculate currents in a solid that are induced and controlled by
the instantaneous field of a few-cycle laser pulse, it can illustrate and simplify
the understanding of optical field induced currents in a solid.
A thorough quantum mechanical treatment is required for a full characterization of the underlying processes. A detailed study of optically induced currents
in wide-band dielectric was published in Ref. [68], where a phenomenological model is employed that treats the injection of charge carriers in terms
of quantum mechanics, and their subsequent motion classically. Furthermore,
two purely quantum mechanical approaches are presented that were developed
to reproduce the experimental results.

3.3. Interference of Multiphoton Excitation Channels
If moderate laser intensities are considered, i.e. γ ≥ 1, perturbation theory is
applicable and the generation of optically induced currents in a solid can be
interpreted in terms of quantum interference between different multiphoton
ionization pathways. As mentioned above, this mechanism is dubbed coherent
control [14]. It is illustrated in Fig. 3.3. Here, the continuous valence band
states and conduction band states of a simplified system are illustrated in kspace.
If a two-color light field with frequencies ω1 and 2ω1 is present, transitions
between the valence and conduction band at k1 may occur either via absorption of one photon with frequency 2ω1 , or via absorption of two photons with
frequency ω1 . Since both individual multiphoton contributions, i.e. one- and
two-photon absorption, have the same initial and final states, the corresponding quantum pathways can interfere with each other. Therefore, the carrier
population excited to the conduction band at k1 , i.e. n(k1 ) depends on the
phase parameter ∆ϕ, cf. Ref. [20],
∆ϕ = 2ϕω1 − ϕ2ω1 ,

(3.5)

where ϕω1 and ϕ2ω1 are the carrier-envelope phases of the fields at the frequencies ω1 and 2ω1 , respectively.
Due to the symmetry of the system, the same absorption types and quantum
interference can take place through the channel at −k1 . Since the transition
amplitude of the two-photon absorptions depends on k, a constructive interference of the one- and two-photon transitions at k1 can come along with destructive intereference at −k1 . This leads to an asymmetric population of the
conduction band in the momentum space at k1 and −k1 , i.e. n(k1 ) 6= n(−k1 ).
In return, this results in a net current density J inside the material which
depends on the phase parameter ∆ϕ between the odd- and even-numbered
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Figure 3.3.: Current injection via interference of multiphoton excitation channels. Charge carriers can be injected from the valence band (VB) into the conduction
band (CB) of the illustrated simplified system via different multiphoton excitation
pathways if the spectral bandwidth of the applied laser light is large enough. Here,
one-photon absorption at 2ω1 and two-photon absorption at ω1 can appear through
the excitation pathways at k1 and −k1 , as well as three-photon absorption at ω2 and
four-photon absorption at ω3 via the pathways at k2 and −k2 . Quantum interference
between the odd- and even-numbered contributions in each pathway defines the population in its final state, whereas the ratio between the individual populations, n(k), is
given by the phase relation of the contributing multiphoton excitations. If this results
in an imbalanced population of the conduction band, a net current density is formed
inside the material.

photonic contributions, cf. Ref. [20],
dJ(∆ϕ)
∝ sin(∆ϕ) .
(3.6)
dt
Therefore, the net current that is induced inside the material can be controlled
by varying the phase parameter ∆ϕ of the applied laser fields. This scheme
to inject currents through interfering photoexcitation pathways has been proposed and observed experimentally in semiconductors [15–21], dielectrics [22],
molecular wires [69], carbon nanotubes [70] and graphene [71]. Theoretical
studies were presented in Ref. [72], and their interpretation in terms of carrierenvelope phase effects have been reported in Ref. [73–75].
However, the duration of the currents depends strongly on the turn-on and
-off behavior of the induced electric current in the material and thus on the
duration of the applied field. The shortest pulses that were utilized in the coherent control experiments were on the order of several tens of femtoseconds,
resulting in current peaks on the same order of magnitude.
In contrast, the currents presented here (cf. part III) are turned on a femtosecond timescale. A theoretical approach to reproduce the experimental results
that is based on the interference of multiphoton excitation channels at differ-
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ent transition pathways was published in Ref. [76]. Its interpretation of the
observed phenomena is summarized here briefly.
Several different multiphoton excitation pathways are possible if the bandwidth of the applied laser light supports the individual absorption types. Furthermore, the states of the valence and conduction bands of the considered
materials are usually distributed continuously over a relatively large energy
spread which enhances the number of possible transitions. For example, in
Fig. 3.3, three-photon absorption at ω2 , and four-photon absorption at ω3
through the excitation pathways at k2 and −k2 are illustrated additionally to
the excitation pathways at k1 and −k1 .
In general, a CEP-change of ∆ϕCE results in a change of the probability amplitude of a n-photon transition that is proportional to exp(i n ∆ϕCE ). As
explained above, the interference between transitions with odd and even n
can also lead to an imbalanced population in the conduction band. To determine the net current density in such a case, the contributions of all possible
multiphoton excitation pathways and their interference have to be taken into
account.
The simulation presented in Ref. [76], calculates the laser-induced current
density and electric polarization of the material by evaluating the internal
electric field self-consistently via solving the density-matrix equations for a
one-dimensional pseudopotential. The results of these simulations agree very
well with the experimental findings presented in this work, as will be shown
in chapter 9.

3.4. Wannier-Stark Localization
In Ref. [77], another approach to interpret the experimentally observed electric
currents theoretically was presented. It treats the electron dynamics in a picture of interband tunneling between strongly localized Wannier-Stark states,
cf. Ref. [78]. Only a brief description of the mechanism is presented here.
First, Wannier-Bloch states bq (x, k) are introduced, as in Ref. [79]. They are
eigenstates of the Schrödinger equation
 2


p̂
∂
+ V (x) + F x + i
bq (x, k) = Eq (k) bq (x, k),
(3.7)
2
∂k
where Eq are the energy eigenvalues of the Wannier-Bloch state bq , cf. Ref.
[80] and its Supplementary Information. It describes a single particle in a
periodic potential V (x) and a constant electric field F , p̂ is the momentum
operator. In a single-band approximation that neglects interband transitions,
approximate solutions of the Schrödinger equation can be found for the eigenstates bq (x, k).
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The Wannier-Stark states wl (x) are in principle obtained by a Fourier-transform
of the Wannier-Bloch states, i.e.
a
wl (x) =
2π

Z

π
a

−π
a

dk bq (x, k)eilak ,

(3.8)

with the lattice constant a. This is practical to analyze the frequency spectrum, i.e. the eigenvalues of the Schrödinger equation. They represent the
so-called Wannier-Stark ladder and have the form
Z π
a
a
Eql =
dk Eq (k) − ealF0 .
(3.9)
2π − π
a

If a system with two bands, i.e. valence and conduction band (VB and CB,
respectively) is considered, the energy levels would be degenerate if
Ec − El
= |lc − lv | .
|eF0 | a

(3.10)

Such crossing of states is forbidden in a quantum mechanical system. Thus,
so-called anticrossing appear in the energy spectrum of wl (x). In Fig. 3.4 a
simplified scheme of this mechanism is presented. The energy spectra of SiO2
as a function of the laser field strength F0 are shown in blue. At F0 ≈ 1.1 V/Å
and F0 ≈ 2.5 V/Å, anticrossings of the energy levels of the individual bands
appear (yellow circle).
If the system passes such an anticrossing during a variation of the external
electric field F0 , it is possible that initially empty states of the conduction band
become populated and initially filled states of the valence band are emptied.
The probability rate of such a transition between the individual bands of the
quantum system is described by the Landau-Zener formula, cf. Ref. [61],
!
me aEg2
|eF0 |a
Γ = h̄
exp − 2
.
(3.11)
2π
4h̄ |eF0 |
Such a transition, indicated by a red arrow in Fig. 3.4, leads to a population
of charge carriers in states of the conduction band and an electric polarization
of the material. As a result, the creation of a current density can be explained
by this mechanism. The calculated currents in Ref. [80] were obtained by
solving the time-dependent Schrödinger equation (TDSE) in a tight-binding
approximation (i.e. nearest-neighbor approximation in a periodic system).
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3.4. Wannier-Stark Localization
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Figure 3.4.: Interband transitions at anticrossings between neighboring energy
levels. The energy levels of the valence and conduction bands (VB and CB, respectively) of SiO2 are shown in blue as a function of the applied external laser field
strength F0 . At F0 ≈ 1.1 V/Å and F0 ≈ 2.5 V/Å anticrossings of the energy levels
appear (indicated with yellow circle). Zener-type tunneling transitions from states of
the VB into states of the CB (red arrow) can lead to a transient population of the
CB and an induced polarization of the material.
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4. Dielectric Tetrahedral Tips with
Metal Electrodes
In the previous chapter it was shown that ultrafast electric currents can theoretically be created in dielectric or semiconductor devices if such materials
are exposed to the strong electric field of a few-cycle laser pulse. Several different geometries and combinations of solid-state system were developed and
manufactured to study the underlying processes of optical-field-induced currents in the respective materials. In this part, the tools and techniques that
were applied for developing and producing the required solid-state devices are
summarized.
All the utilized devices consist of a substrate material of either a dielectric or
a semiconductor on which a pair of conductive metal electrodes is deposited
in order to detect the optical-field-induced electronic currents. The mean free
path of charge carriers inside the solid is on the order of a few nanometers.
Thus it is beneficial for the detection of the induced currents if the distance
between the collecting electrodes is of similar size. However, signals can also
be detected using devices with much larger distance between the electrodes,
cf. section 10.
For the first set of experiments a simple approach for generating a metaldielectric-metal nanojunction was developed. The device is similar to the
metal-dielectric tetrahedral tips which are used in scanning near-field optical
microscopy (SNOM), cf. Ref. [81]. In Fig. 4.1 the production process of
such a structure is shown schematically. A thin plate of pure amorphous SiO2
(Crystec GmbH) with a thickness of ∼ 500 µm is cleaved twice, resulting in
a macroscopic triangle-like structure with an microscopically sharp edge, cf.
Fig. 4.1a.
After cleaving the atomically-sharp tip from the SiO2 -substrate, thin metal
films were deposited on both surfaces next to the cleaved edge. This was done
by coating both dielectric surfaces with ∼ 50 nm of gold (Au) via electron
beam physical vapor deposition (EBPVD) at grazing incidence, cf. Fig. 4.1b.
This procedure of coating both surfaces independently under grazing incidence
resulted in two conductive electrodes electrically separated from each other by
an isolating nanogap that has a width of several tens of nanometers. This is
visualized in the inset in Fig. 4.1c.
A scanning electron microscope (SEM) image of such a cleaved and coated
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(a)

Cleaving of a Triangular
Wedge from a Glass
Substrate
SiO2

~ 500 µm
(b)

Two-Sided Electrode
Deposition via EBPVD

Au

(c)
Au

SiO2

~ 50 nm
(d)

Au
~ 50 nm

SEM Image

Au

SiO2
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Figure 4.1.: Production of tetrahedral T-tips for detecting optical-field-induced
currents in SiO2 . (a) Substrates of amorphous or monocrystalline SiO2 with a
thickness of about 500 µm are cleaved twice, resulting in a macroscopic triangle-like
structure with a microscopically sharp cleaved edge. (b) The surfaces adjacent to the
edge are coated independently with ∼ 50 nm of gold via EBPVD at grazing incidence.
(c) The obtained metal electrodes are electronically isolated by a dielectric nanotrench
with a width of about 50 nm. (d) A scanning electron microscope (SEM) image of
such a device visualizes the obtained dielectric nanogap of ∼ 50 nm (SiO2 , in the
center of the image) seperating the gold electrodes (Au, on the left and right sides
of the image).
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amorphous SiO2 -tip is presented in Fig. 4.1d. Here, both gold electrodes are
clearly visible on the left and right side, separated by the small dielectric nanotrench in the center of the image.
Whereas the dielectric nanogap separating both metal electrodes is of nanoscopic size, it is straightforward to connect the macroscopic electrodes to an external measurement circuit. The simplicity of this approach allows for a large
number of experiments.
Identical deviced were made using substrates composed of monocrystalline
SiO2 (0001) (Crystec GmbH) of similar thickness. It was found that the amorphous material allows for more precise and reproducible cleaving compared to
its monocrystalline counterpart. Thus, a large number of experiments was performed and analyzed with solid-state devices composed of amorphous SiO2 .
However, it will be shown in chapter 7.3 that the underlying physical processes
of optical-field-induced electronic signals in dielectric SiO2 in principle do not
depend on the grade of crystallinity. Although amorphous SiO2 does not
possess a long-range order, it exhibits a short-range order with microscopic
structure and chemistry similar to crystalline SiO2 . Furthermore numerical
calculations yield similar densities of states for both systems, cf. Ref. [82].
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5. Lithographic Fabrication of Flat
Electrodes with High Spatial
Resolution
The first measurements in this project were performed with the solid-state devices presented in the previous chapter. Those proof-of-principle experiments
showed that the considered approach of generating ultrafast electronic signals
by exploiting the instantaneous electric field of few-cycle laser pulses can be
applied to the utilized dielectric tetrahedral tips with metal electrodes.
Although the production of such solid-state devices is straightforward and the
experiments yielded interesting results, the manufacturing process does not
leave much room for varying parameters for optimization. For example, control on the gap-width is poor. Thus, another pathway for building customized
metal-dielectric interfaces adapted for the use in ultrafast optics was necessary. For this, the powerful tools of micro- and nanofabrication of solid-state
devices were combined and applied to create systems of various materials in
different geometries. In this chapter, the properties of the utilized substrate
materials as well as details of the fabrication processes are summarized.

5.1. Substrate Properties
The devices presented in this chapter were produced in a flat geometry using
lithographic techniques. Metal electrodes were deposited in a specific geometry on the surface of different substrate materials. The circuits consisted of
a pair of metal electrodes separated by an isolating trench of the substrate
material. Although the mean free path of charge carriers in a solid is on the
order of several nanometers, experiments with larger gaps also yielded optically induced currents that were on the same order of magnitude than the
currents generated with devices of nanometer size, cf. part III. Thus, the
systems described in this chapter were produced with various width of the insulating trench, reaching from several nanometers to a few microns. Dielectric
and semiconducting materials were taken into account. The utilized materials
and their parameters are listed below.
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5.2. Micro- and Nanolithographic Processes
• Silicon dioxide: Dielectric substrates of pure amorphous quartz and
monocrystalline SiO2 (Crystec GmbH) with a thickness of about 500 µm
and a size of 1×1 cm2 were used. The surface roughness of the substrates
was < 1 nm (RMS). The bandgap of SiO2 is about 9 eV.
• Gallium nitride: Thin films of GaN with a thickness of about 300 nm
were grown on a sapphire (Al2 O3 ) substrate by the group of Prof. F.
Scholz at Ulm University. To match the lattice constant of the Al2 O3
and GaN crystals, an AlN nucleation layer of 100 nm thickness and a
Al0.15 Ga0.85 N of 2 µm thickness were deposited in between. The surface
roughness of the produced substrates was on the order of 0.6 nm (RMS).
GaN has a bandgap of 3.5 eV, i.e. it is a wide-bandgap semiconductor.

5.2. Micro- and Nanolithographic Processes
The lithographic process presented here to deposit nanometer-scaled gold electrodes on a GaN surface was developed at The Molecular Foundry of the
Lawrence Berkeley National Laboratory in Berkeley, California. Here, mainly
electron-beam lithography was applied.
The developed recipes were then adapted and further developed in collaboration with the Walter-Schottky-Institut of the Technische Universität München
to deposit metal electrodes with a structural size of a few microns on different
materials with the use of optical lithography. Both lithographic methods rely
on similar techniques. They are described below. The individual steps of the
fabrication are also illustrated in Fig. 5.1.
(a) Cleaning: At first the substrate was cleaned with isopropyl alcohol
(C3 H8 O, IPA) and put into an UV/ozone-cleaner, cf. Ref. [83], for ten
minutes to remove residual particles from the production and transport
of the substrate.
(b) Spin coating: A few droplets of a solution consisting of 2 % polymethyl
methacrylate (PMMA) and 98 % chlorobenzene (C6 H5 Cl) were put on
the surface and the substrate was spun for 45 seconds with 2000 RPM
(rounds per minute) to cover the surface with a thin homogeneous film
of the solution, cf. Ref. [84]. Afterwards the substrate was baked for
one minute on a hot plate at 100◦ C and then for 30 minutes in an
oven at 180◦ C to resolve the chlorobenzene and solidify the PMMA. If
the substrate was prepared for electron-beam lithography, an additional
layer of conductive polymer (AquaSave) was applied in another spincoating step at 1000 RPM for 45 seconds and subsequent baking on a
hotplate at 100◦ C for one minute.
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Figure 5.1.: Lithographic procedure for creating samples of flat geometry.
(a) Dielectric and semiconductor substrates with high surface quality were used as
the photoactive material separating the metal electrodes. Substrates of amorphous
or monocrystalline SiO2 , as well as GaN were cleaned with IPA and an UV/ozonecleaner before the actual lithographic procedure was applied. (b) The first step in
the lithographic process was spin-coating to apply a solution of 2% PMMA and
98% chlorobenzene on the substrate surface, followed by a baking step to evaporate
the chlorobenzene and thus solidify the PMMA. (c) After baking, the pattern of
the planned final device was exposed to the PMMA photoresist using the respective
irradiation, that is UV light in the case of optical lithography, or electrons in the
case of electron beam lithography. (d) In the developing step, the substrate with the
photoresist is plunged into a solution of 25% methyl isobutyl ketone (MIBK) and 75%
IPA for 45 seconds. This caused the exposed photoresist, i.e. the planned electrode
pattern to dissolve, leaving only the unexposed material behind. Afterwards the
substrate is rinsed off with IPA and blown dry with nitrogen. (e) The substrate with
the exposed photoresist is then coated with a thin metal film of ∼ 50 nm gold (Au)
via electron beam physical vapor deposition (EBPVD). (f) In the final wet stripping
step, the substrate is plunged into dichloromethane for about 45 minutes to remove
all remaining photoresist including the metal on top of it. Thus, only the planned
pattern of the metal electrodes remains on top of the surface of the substrate.
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(c) Lithographic Exposure: The thin film of PMMA acted as (positive) photoresist in the following exposure. In this step, the planned electrode
pattern was exposed on the substrate (and thus the PMMA) by irradiating it with either UV light (in the case of optical lithography) or an
electron-beam (in the case of e-beam lithography). The irradiation leads
to chain-scission of the PMMA in the exposed areas which makes the
PMMA soluble.
(d) Development: After the exposure the substrate was developed in a solution of 25 % methyl isobutyl ketone (MIBK) and 75 % IPA for 45
seconds, to selectively dissolve the exposed PMMA. As a consequence
the planned electrode pattern is removed, i.e. the soluble parts of the
PMMA are removed, leaving the unexposed PMMA behind. The substrate was then rinsed with IPA and blown dry with nitrogen.
(e) Metal deposition: Now the metal electrodes were deposited by coating
the substrate with about 50 nm of gold (Au). To enhance the adhesion
of the Au layer on the substrate, 3 − 5 nm of titanium (Ti) were used
as adhesive layer between the substrate and the Au. Both metals were
applied either via electron beam physical vapor deposition (EBPVD) or
by using thermal evaporation of the metals.
(f ) Wet stripping: For the wet stripping step the coated substrate was
plunged into dichloromethane (CH2 Cl2 ) for about 45 minutes. The solvent lead to a removal of the PMMA that remained on the substrate
after the development step. Thus, also the Au on top of this PMMA
was removed and only the Au at the planned pattern of the electrodes
remained on the substrate.
With the presented fabrication procedure electrode patterns with variable gapwidth from ∼ 25 nm to several tens of microns between the electrodes could
be deposited on top of the substrates surfaces. It is beneficial to combine
several metal-dielectric/semiconductor-metal heterojunctions in the same exposed pattern and contact each junction independently.
A sketch of an exemplary pattern is illustrated in Fig. 5.2a, and a SEM image
of such a device is shown in Fig. 5.2b. Here, pairs of Au electrodes with different spacing between the electrodes were patterned on a GaN surface. One
electrode of each pair can be contacted independently whereas the second electrodes of the pairs are connected to one joined electrode. Thus, it is possible
to create several photoactive circuits with varied electrode spacing on a single
substrate without the necessity to contact every single electrode.
After the deposition of the metal pattern on the substrate with the procedure
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described above, the substrate was glued on a macroscopic mount and the electrodes were contacted by wire-bonding. In Fig. 5.2b the attached aluminum
wires are visible. To perform the experiments on ultrafast optically induced
currents in the substrate material, the laser pulses originating from the source
described in chapter 2 were focused on one pair of the metal electrodes. A
detailed descriction of the measurement setup and the performed experiments
can be found in part III of this work.

(a)

(b)

Different
Electrode
Spacing

FL

Au Electrodes

Al Wires
GaN Substrate

Figure 5.2.: Example of a solid-state device in a flat geometry. Using the
lithographic procedure shown in Fig. 5.1, almost any planned electrode pattern down
to a resolution of about 25 nm can be deposited on a dielectric or semiconductor
surface. In (a), a schematic of such a pattern is shown. It consist of several pairs of
gold electrodes, whereas the distance between both electrodes in each pair is varied
from 25 nm to 10 µm. To avoid an electronic short-circuit between all electrodes,
one electrode of each pair can be contacted independently, whereas all the second
electrodes of the pairs are contacted using one single contact. In the current-control
experiment the laser irradiates the device at normal incidence with respect to the
dielectric surface. A SEM image of such device of gold electrodes on top of a GaN
surface is shown in (b). The aluminum wires that were applied using wire-bonding to
contact the device are also visible in this image.
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6. Dielectric Sandwich-like
Heterostructures
Another approach to produce a metal-dielectric-metal interface with a variable size of the dielectric trench is presented in this chapter. In contrast to
the tetrahedral tips and lithographically produced devices, the geometry of
the devices introduced in this chapter enables a laser irradiation of the dielectric trench without irradiating the metal electrodes. This was achieved with
a sandwich-like geometry. As it will be presented in chapter 11, using such
geometry reduces the CEP-independent background signal by orders of magnitude, enabling a direct electronic readout of optical-field-induced currents in
real-time.
In Fig. 6.1, the procedure to produce a sandwich-like device is shown schematically. Similar to the previously described devices, amorphous or crystalline
SiO2 was used as a substrate material in the present case. Alternatively, barium fluoride (BaF2 (111)) with a thickness of 250 µm was used. BaF2 has a
cubic crystal structure and a bandgap of 9.1 eV, which is similar to SiO2 .
At first a substrate with a size of 1 cm by 1 cm and a thickness between 50 µm
and 250 µm was coated on both sides with a silver film of 200 nm thickness via
EBPVD, see Fig. 6.1a, resulting in a sandwich-like Ag-SiO2 -Ag heterostructure, cf. Fig. 6.1b.
The evaporation process could possibly lead to electronic short circuits between the upper and lower silver layer, caused by non-normal incidence of the
silver vapor on the dielectric surface, resulting in a coated edge of the SiO2
substrate. This is schematically shown as inset in Fig. 6.1b.
To achieve two metal electrodes that are electrically isolated, a macroscopic
piece from the center of the 1 × 1 cm2 -large sandwich-like structure was separated by cleaving the device several times, cf. Fig. 6.1c. Finally, this sandwichlike Ag-SiO2 -Ag device was electrically connected and the current-control experiment was performed with the laser beam incident on the lateral surface of
the dielectric substrate. Since the focus of the laser beam has a diameter on
the order of 50 µm, the electrodes were not irradiated and it was possible to
perform background-reduced measurements of optical-field-induced currents
in the dielectric material. The results that were obtained with these samples
are presented in chapter 11.
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Figure 6.1.: Production of sandwich-like samples. (a) A dielectric substrate, e.g.
SiO2 or BaF2 with a thickness of 50 − 250 µm and a size of 1 cm by 1 cm is coated
with ∼ 200 nm of silver (Ag) on both sides via EBPVD. This procedure could lead to
short circuits between both metal electrodes at the edge of the dielectric substrate,
cf. inset in (b). (c) To achieve a pair of electrically isolated metal electrodes with a
dielectric layer in between, a small isolated piece was cleaved from the center of the
sandwich-like structure from (b). (d) Both silver electrodes were then connected to
the external measurement circuit and the current-control experiment was performed
with the laser incident at the lateral edge of the dielectric substrate without irradiating
the metal electrodes.
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7. Optical-Field-Induced Currents in
Silicon Dioxide
To create and observe ultrafast optical-field-induced currents in solid-state
materials, the devices described in the previous chapter were irradiated with
few-cycle laser pulses originating from the laser introduced in section 2. In a
first set of experiments, presented here, one single laser beam was applied on
metal-dielectric-metal junctions, leading to injection and subsequent control
of charge carriers motion, i.e. drive in the dielectric by the electric field of the
laser pulse. The laser pulses were linearly polarized and both, parallel and
perpendicular polarization with respect to the dielectric trench between the
metal electrodes were considered.
The experiments are performed below the damage threshold of the irradiated
material, therefore the lifetime of the utilized devices is quasi-unlimited. In
several cases the same device was used for multiple measurement sessions (in a
time span that could reach several successive days), with continuous operation
periods of several hours per day.

7.1. Lock-In Detection of Light-Phase-Dependent
Currents
The laser pulses are focused with an off-axis parabolic mirror on gold-coated
tetrahedral SiO2 -tips (cf. chapter 4). A sketch of the experimental setup is
presented in Fig. 7.1. The dielectric gap of the metal-dielectric-metal interface is on the order of 50 nm whereas the focal spot of the laser pulses has
a diameter of several tens of micrometers. Thus, only a small fraction of the
laser energy is incident on the dielectric.
The strong electric field of the laser pulses leads to an injection and subsequent
motion of charge carriers inside the dielectric, as explained in chapter 3. Since
current control by the instantaneous electric field of the laser pulse FL (t) is
considered, the experiments here address the dependence on the CEP of the
applied laser pulse. If the polarization of the laser electric field is perpendicular to the nanogap between the metal electrodes of the solid-state device,
an optical-field-induced electronic signal can be in principle detected with the
external measurement circuit.
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Figure 7.1.: Measurement of optical-field-induced currents in a solid-state device. The CEP of few-cycle laser pulses can be continuously changed by varying their
propagation length ∆l inside a pair of dispersive fused silica wedges. The pulses are
focused with an off-axis parabolic mirror (OAP) on a metal-dielectric-metal interface
mounted on a three-dimensional translation stage. The strong electric field FL (t) of
the laser pulses leads to a detectable electronic signal in the external measurement
circuit. A lock-in detection scheme is applied for extracting the small CEP-dependent
fraction QP of the total induced charge per pulse. For this, the CEP of the laser
pulses is swept by π for consecutive pulses and a lock-in amplifier is connected to the
metal- dielectric-metal interface. An I/V-converter pre-amplifies the relatively small
electronic signal of the metal-dielectric-metal device. The applied laser field strength
F0 on the solid-state interface is varied by changing the transmitted pulse energy
through a variable iris. Here, only the perpendicular polarization of the laser electric
field with repect to the electrodes is considered.

In addition, most of the laser energy irradiates the metal surfaces of the tetrahedral tip, resulting in laser-induced photoionization of the material by multiphoton and tunneling absorption, cf. Ref. [33, 85, 86]. This can lead to a
detectable electric signal in the external measurement circuit which does not
depend on the CEP, for example due to an imbalanced laser incidence on the
metal electrodes.
The induced current is usually on the order of a few picoampere, which corresponds to several femtocoulombs (fC) per laser pulse. It is amplified and
transformed into a voltage signal using a high-bandwidth I/V-converter with
variable gain (FEMTO DLPCA-200).
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7.2. Injection and Control of Charge Carriers by an Optical Field
To filter out only the CEP-dependent fraction, QP , of the total induced charge
per pulse in the external measurement circuit, a lock-in detection is applied.
For this, the CEP of subsequent laser pulses is changed by π (cf. chapter 2.1).
This periodic modulation of the CEP of the laser pulse train with a frequency
of frep /2 (i.e. 1.5 kHz) is transferred to the CEP-dependent part of the signal
when the pulses are focused on the metal-dielectric-metal interface. With a
lock-in amplifier (Stanford Research Systems SR830) referenced to frep /2, the
CEP-dependent part is extracted from the total charge per pulse.
The CEP of the laser pulses is continuously varied by changing their propagation length ∆l inside a pair of dispersive fused silica wedges (Femtooptics
OA124), cf. equation 1.5. A CEP-change of ∆ϕ = π is achieved by a change
in the propagation length of ∆l2π(Sellmeier) ≈ 51 µm, according to the Sellmeier equation, cf. Ref. [67]. A change of ∆l also results in a change of the
dispersion of the laser pulses and thus in a change of their temporal duration
as an effect of dispersive pulse broadening. In the presented experiments, the
value of ∆l = 0 µm corresponds to a minimized chirp and thus the minimal
laser pulse duration of about 3.8 fs.
At every given setting of ∆l, a lock-in measurement of QP is performed. The
time-constant of the lock-in amplifier is 100 ms and the integration time is
set at 500 ms, i.e. QP of 1500 subsequent laser shots is detected, allowing for
averaging and good signal-to-noise ratio.

7.2. Injection and Control of Charge Carriers by an
Optical Field
In Fig. 7.2, QP is shown as a function of ∆l. The data of this measurement
were originally published in Ref. [80]. A single laser pulse with an electric
field strength of F0 ≈ 1.7 V/Å is applied to a Au-SiO2 -Au junction with a
trench of about 50 nm of amorphous SiO2 , cf. chapter 4.
If the electric field FL (t) of the laser pulse is polarized perpendicularly with
respect to the nanogap between the metal electrodes, QP (∆l) exhibits a clear
oscillatory behavior with a minimum at ∆ = 0 and a period of ∆l2π ≈ 46 µm
(red squares in Fig. 7.2a). Since ∆l2π(Sellmeier) ≈ 51 µm, it deduces that the
oscillation of QP (∆l) is a direct consequence of the CEP-oscillation with varying ∆l. The small discrepancy can be attributed to a non-optimal alignment
of the dispersive wedge with respect to the beam propagation direction.
In the case of a parallel polarization between FL (t) and the nanogap, the signal
amplitude is decreased by an order of magnitude (blue circles in Fig. 7.2)
because the external circuit detects only currents that propagate towards the
electrodes. The residual signal is a consequence of microscopic imperfections
of the Au-SiO2 interface that result in a non-zero perpendicular component
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Figure 7.2.: Carrier-envelope phase control of optical-field-induced electric
current in SiO2 . In (a), QP detected from a Au-SiO2 -Au interface with a SiO2 trench
of about 50 nm width is shown as a function of ∆l for perpendicular (red squares)
and parallel (blue circles) polarization between the applied laser field FL (t) and the
nanogap. A laser field strength of F0 ≈ 1.7 V/Å is applied in this measurement.
The green trace indicates the corresponding duration of the laser pulse, τP , for the
respective position of ∆l. (b) The amplitude of the signal in (a) at ∆l = 0 is shown
for various applied field strength F0 . A near-exponential scaling is revealed. In both
panels, a very good agreement is found between the experimental findings and the
results of the tight-binding model from Ref. [77, 80].

between FL (t) and the nanogap.
These findings establish a link between the instantaneous electric field of the
laser FL (t) and the induced charge per pulse QP which is detected in the
external circuit. The decrease of the magnitude of QP (∆l) with increasing
|∆l| can be attributed to a decrease in the applied laser field strength by
dispersive pulse broadening. The change of the transmitted laser pulse energy
with varying ∆l can be neglected.
The dependence of QP (l) on the applied laser field strength is studied in Fig.
7.2b. Here, the absolute number of QP at ∆l = 0 is shown as a function of the
applied laser field strength. The field strength is determined by measuring the
laser power and the size of the laser focus. An exponential scaling is observed.
The signal reaches a maximum of about 104 electrons before the threshold for
optical breakdown is reached at about 2.7 V/Å.
The results in Fig. 7.2a and b are compared with the findings from the tightbinding simulation that is presented in Ref. [77, 80]. In both cases, a very
good agreement between experiment and simulation is found.

40

7.3. Effect of SiO2 -Crystallinity, Gap Size and Metal Electrodes

7.3. Effect of SiO2 -Crystallinity, Gap Size and Metal
Electrodes
The results presented above were achieved with a Au-SiO2 -Au system with
a dielectric gap of about 50 nm. The influence of the crystallinity of SiO2
and size of the dielectric gap between the metal electrodes is studied in Fig.
7.3. The signal QP (∆l) from a Au-SiO2 -Au tetrahedral tip-junction with
monocrystalline SiO2 and a width of the gap on the order of 50 nm (b) is
compared with the signal from a flat device, consisting of Au electrodes with
a spacing of about 500 nm on a surface of monocrystalline SiO2 (c).
The device in (b) is obtained by cleaving the (0001)-surface of monocrystalline
SiO2 (Crystec GmbH) along its c-axis and coating the surfaces adjacent to
the cleaved edge with about 50 nm of gold evaporated at grazing incidence,
forming a 50 nm-wide gap between the electrodes, cf. Fig. 4.1.
For the device in (c), the same (0001)-surface of quartz is patterned with two
Au electrodes at a distance of about 500 nm via electron beam lithography
and gold deposition, cf. Fig. 5.1. Both junctions depicted in Fig. 7.3a and
b are coated with a sputtered silica nanofilm to embed the collecting metal
electrodes in a homogeneous silica matrix during the experiment.
The measurements of QP (∆l) presented in Fig. 7.3a are performed by applying a single laser beam with a field strength of F0 ≈ 2 V/Å on the respective
device. In both cases the polarization of the laser field FL (t) is perpendicular
to the nanogap of the solid-state interface, i.e. the measurement scheme is
identical to the measurements shown in Fig. 7.2a. Both signals QP (∆l) in
Fig. 7.3a (red squares correspond to the device of panel (b), blue triangles to
the device in (c), respectively) show an almost identical behavior compared
to the signal from an amorphous SiO2 -device (red squares in Fig. 7.2a). The
oscillations of the ϕCE -dependent signal have a similar trend and the amplitude is on the same order of magnitude in all measurements using the devices
of different geometry, SiO2 -crystallinity and size of the gap.
Two conclusions can be drawn from these results: First, it is demonstrated
that the observed, optically-induced electric signal does not depend on the
SiO2 -crystallinity of the device. This possibly stems from the fact that amorphous fused silica does not possess a long-range order, but a short-range order
with a microscopic structure and chemistry similar to crystalline SiO2 . Numerical calculations that yield similar densities of states in both systems support
this claim, cf. Ref. [82]. In our experiments, optical fields on the order of
F0 ≈ 2 V/Å are used, resulting in strong Wannier-Stark localization of an
electronic state within one lattice period of the dielectric, cf. section 3. The
absence of the long-range crystallographic order in the utilized amorphous
fused silica devices is irrelevant for such strongly localized phenomena.
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Figure 7.3.: Effect of the SiO2 -crystallinity and of the gap size on the opticalfield-induced electric current. The ϕCE -dependent charge per pulse QP (∆l) from
a Au-SiO2 -Au T-tip with monocrystalline SiO2 and a gap size of about 50 nm (red) is
compared in (a) with the signal from a flat Au-SiO2 junction with a gap size of about
500 nm (blue). In both measurements, a single laser field FL (t) with a field strength
of F0 ≈ 2 V/Å is applied on the respective device with its polarization oriented
perpendicularly to the nanogap between the electrodes. The signals from both devices
with different geometry, SiO2 -crystallinity and gap size show a similar behavior when
compared with the signal from an amorphous SiO2 -device, cf. Fig. 7.2a. In (b) the
schematic of a tetrahdral tip of a (0001)-surface of monocrystalline SiO2 , cleaved
along its c-axis and coated with about 50 nm of gold at grazing incidence from both
sides, resulting in a dielectric nanogap of about 50 nm between the two evaporated
electrodes, is shown. (c) To produce a flat Au-SiO2 -Au interface, gold electrodes of
about 50 nm thickness are deposited with a distance of about 500 nm via electron
beam lithography and gold evaporation on the (0001)-surface of monocrystalline SiO2 .

Second, a dependency of the observed currents on the size of the gap between
the two metal electrodes can be ruled out as well as an influence of plasmonic
effects. Whereas the gap in Fig. 7.3c of 500 nm is on the order of the laser
carrier wavelength, λL ≈ 760 nm, the gap-size in Fig. 7.3b and 7.2 is one order
of magnitude smaller (50 nm). Nevertheless, the observed signal shows a very
similar dependency regarding the oscillation period and the amplitude with
respect to the CEP and laser field strength. If the generation of the induced
current would be influenced by possible plasmonic effects that take place in
the Au-SiO2 -Au junction, the electrode distance would have a strong influence
on the observed signal and the signals in 7.3a would show a different behavior.
In another experiment the influence of the metal electrodes and the ambient
conditions on the optical-field-induced electric currents is studied. Here, two
isolated gold electrodes with a separation of about 1 µm are irradiated by
a laser pulse with a polarization perpendicular to the gap between the elec-
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trodes. No solid insulator is connected to the electrodes but the junction is
exposed to a flux of helium gas during the experiment instead.
In Fig. 7.4 it is shown that this experimental geometry did not lead to a detectable, ϕCE -dependent electronic signal in the external measurement circuit,
even when a laser field strength of up to F0 ≈ 2.9 V/Å is applied on the metal
electrodes.
This result supports that the irradiation of the metal electrodes is not responsible for the observed optical-field-induced, ϕCE -dependent currents. The currents emerge as a result of the optical excitation of the connected dielectric
solid (SiO2 ) only.
These results support the proof-of-principle experiment of optical-field-induced,
CEP-dependent currents in a dielectric material irradiated by a few-cycle optical laser pulse. The strong electric field FL (t) of the pulse leads to an ultrafast
strong increase of the electric polarizability of the dielectric material and to
a detectable CEP-dependent current signal between the attached metal electrodes. In the following chapters these CEP-dependent currents are studied in
detail as well as in different materials to gain further insight into the process
of their creation. Furthermore, a first experiment for a possible application in
a solid-state-based CEP-detector is performed.
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Figure 7.4.: Irradiation of micron-separated gold electrodes under a He flux.
Two isolated gold electrodes with a distance of about 1 µm are exposed to a constant
flux of helium gas and irradiated with a laser field of F0 ≈ 2.9 V/Å and a polarization
perpendicular to the gap between the electrodes. For this experimental configuration,
no signal is observed above the noise level in the external measurement circuit (blue
circles). The signal from an Au-SiO2 -Au junction that was already presented in Fig.
7.2a is shown for comparison (red).
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8. Independent Injection and Control
of Optically Induced Currents
In the previous experiment a single laser beam was used for both the injection mechanism and the subsequent driving process of charge carriers inside a
dielectric material. These two processes can be decoupled by using two independent laser fields, where one field acts as injection field Fi (t), and the second
driving field, Fd (T ), controls the charge carriers’ movement after the injection.
If the temporal delay ∆t between the two fields is varied, the timing of the
carrier injection with respect to the driving field and thus the momentum that
Fd (t) transfers to the charge carriers is changed. This experiment is comparable to attosecond streaking, cf. Ref. [63]. In such pump-probe measurements,
electrons are released into vacuum (from an electron, molecule or solid-state
surface) using either an UV or XUV pulse, and subsequently controlled by a
synchronized few-cycle optical field.
Here, the process takes place entirely within a material, i.e. quasi-free charge
carriers are generated inside the solid without the requirement of vacuum
equipment. By detecting the induced charge displacement per pulse with the
external measurement circuit as a function of the temporal delay ∆t between
injection and drive, it is possible to gain insight on the injection and control
process themselves.
In order to decouple the injection and control, it is required that the driving
field Fd (t) injects no charge carriers in the dielectric and that the injection
field Fi (t) injects charge carriers without inducing a detectable charge displacement. This is achieved by an orthogonal polarization between Fi (t) and
Fd (t) and by tuning their respective strengths.
This concept is explained in Fig 8.1: The injection field Fi (t) is relatively
strong and polarized parallel to the nanogap of the metal-dielectric-metal interface. It injects charge carriers, but does not lead to a detectable signal in
the external measurement circuit. If there is any displacement of the charge
carriers triggered by Fi (t), it is directed parallel to the nanogap due to the
polarization of Fi (t), i.e. it will not create a detectable signal between the
electrodes.
In contrast, the driving field Fd (t) has a perpendicular polarization with respect to the nanogap of the device. Furthermore its strength is relatively
low, preventing it from injecting any charge carriers in the dielectric via field-
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FL(i)

Δt

FL(d)
Figure 8.1.: Concept of decoupled injection and drive mechanism. By applying
two orthogonally polarized laser fields with variable relative temporal delay, ∆t, CEPs
and strength on the metal-dielectric-metal junction, the injection of charge carriers in
the dielectric can be decoupled from their driving control. The strong injection field
Fi (t) is polarized parallel to the nanogap between the metal electrodes, mediating
an increase of the dielectrics’ electric polarizability without generating a detectable
signal in the external measurement circuit. The perpendicular polarization of the
relatively weak driving field Fd (t) leads to a momentum change of the injected charge
carriers at the instant of the polarization increase. Variations of the temporal delay
∆t between Fi (t) and Fd (t) lead to a signal QP (∆t) in the external measurement
circuit that carries the same characteristics as the driving field Fd (t), cf. Fig. 8.3.

injection. Nevertheless, Fd (t) will affect the displacement of charge carriers in
the material, if these are injected by a preceding strong field.
In the next two chapters, the experimental setup developed for decoupled
injection and drive of charge carriers with two synchronized laser pulses is
described. Furthermore, the results of the measurements are summarized and
discussed.

8.1. Customized Michelson-like Dual-Beam Setup
Experiments with a decoupled injection and control of charge carriers inside
a metal-dielectric-metal interface are performed with the setup presented in
Fig. 8.2. This setup is similar to a Michelson-interferometer, except the polarization of the laser pulses propagating through one of the two arms is rotated
by 90 degrees.
After the pulses from the laser system (cf. chapter 2) are split by a broadband
beamsplitter with a transmission/reflection-ratio of 50/50 and |GVD| < 20 fs2
(Layertec 107801), the polarization of the laser pulses passing through Arm
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Figure 8.2.: Customized Michelson-like dual-beam setup. The linearly polarized
pulses from the laser source are split by a beamsplitter (BS1) with a ratio of 50/50.
Using a periscope (P1) in Arm 1 of this customized Michelson-like interferometer,
the polarization of the pulses transmitting this arm is rotated by 90 degree. In Arm
2 the change in height of the laser propagation is achieved with a periscope (P2)
that transmits the laser beam in forward direction, leaving the polarization of the
laser pulses unchanged. The two end mirrors in Arm 2 are mounted on a piezodriven linear translation stage, allowing for precise variations of the length of Arm
2, ∆z, and thus the temporal delay ∆t between the pulses from both arms. Each
arm is equipped with a pair of movable dispersive fused silica wedges (W1 and W2)
for dispersion (and CEP) control, as well as with an iris (I1 and I2) for tuning the
transmitted laser energy. The pulses are recombined with another beamsplitter (BS2)
and focused with an off-axis parabolic mirror (OAP) on the metal-dielectric-metal
interface. The induced charge per pulse QP can be detected as a function of the
temporal delay ∆t between the two pulses with the external measurement circuit
from Fig. 7.1.

1 is rotated using a periscope P 1. This periscope does not only change the
height of the laser beam in the experiment, it also guides the laser pulses with
an angle of 90 degrees, cf. Fig. 8.2. Thus, the polarization of the outgoing
laser pulses is rotated by 90 degrees with respect to the polarization of the
incoming laser pulses.
In Arm 2 of the Michelson-like setup, the change in the height of the laser
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beam propagation is achieved by using a ’normal’ periscope P 2 that transmits
the laser pulses in forward direction. The two end-mirrors in this arm are
located on a piezo-driven linear stage. This allows for continuous adjustment
of the temporal delay between the two laser pulses from both arms of the
Michelson-like setup by changing the length ∆z of Arm 2.
Each arm is equipped with an iris (I1 and I2 ) to control the transmitted laser
pulse energy. Additionally, the propagation length of the laser pulses through
a pair of fused silica wedges (W1 and W2, Femtooptics OA124) can be varied
in each arm to allow for independent control of the dispersion (and thus CEP)
of both laser pulses, similar to the experiments in chapter 7.3. The laser pulses
from Arm 1 and Arm 2 are recombined with a second beamsplitter (BS2 ) and
focused on the solid-state device using an off-axis parabolic mirror (OAP ).
The external measurement circuit is the same as in chapter 7.1, i.e. it consists
of a high bandwidth I/V-converter and a lock-in amplifier referenced to frep /2.
The induced charge per laser pulse QP is detected as a function of the temporal delay ∆t between Fi (t) and Fc (t) by varying ∆z. Furthermore, the field
strengths and CEP of the laser pulses can be changed between consecutive
measurements of QP (∆t) using the irises and wedges in both arms.

8.2. Near-Petahertz Electric Field Characterization
In Fig. 8.3, QP is shown as a function of the temporal delay ∆t between the
injection field Fi (t) and the driving field Fd (t + ∆t). The data of this figure
(i)
were published in Ref. [80]. The applied laser field strengths are F0 ≈ 2 V/Å
(d)
(i)
(d)
and F0 ≈ 0.2 V/Å. The CEPs ϕCE and ϕCE correspond to the zero-crossings
close to ∆l = 0 of the QP versus ∆l curve of the individual laser fields (cf.
Fig. 7.2) as visualized in the inset. They were chosen to avoid a residual
(background) signal originating from any of the two fields independently.
In Fig. 8.3a, QP oscillates as a function of ∆t with two major oscillating cycles
at a period of ∼ 2.5 fs (the red line represents the smoothed experimental
data). This corresponds to the oscillation of the few-cycle optical field Fd (t).
The oscillation decays rapidly for values of |∆t| > 2 fs, i.e. outside of the
overlapping region of Fd (t) and Fi (t).
In Fig. 8.3b, the same measurement is performed with an ’inverted’ driving
(d)
field, i.e. ∆ϕCE = π (blue line). This is done by changing ∆l of Fd (t) to the
next zero-crossing in the QP (∆l) trace, as visualized in the inset. All other
parameters remain unchanged between both measurements. The inversion of
Fd (t) results in an inversion of QP (∆t), as indicated by the dashed vertical
lines between Fig. 8.3a and b. The detected QP (∆l) changes from a cosine-like
to a negative cosine-like oscillation, i.e. the observed time-dependent current
reveals similar characteristic as the driving field Fd (t).
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Figure 8.3.: Time-dependent decoupled injection and control of electric currents in SiO2 . The experiment of decoupled injection and drive of charge carriers
using orthogonally polarized optical fields described in Fig. 8.2 is performed with the
same Au-SiO2 -Au heterojunction as in Fig. 7.2. In (a), the induced charge per laser
pulse QP is shown as a function of the temporal delay ∆t between both laser fields
(i)
(d)
Fi (t) and Fd (t) with strengths of F0 ≈ 2 V/Å and F0 ≈ 0.2 V/Å. For ∆t < 0,
Fd (t) precedes Fi (t). The CEPs of both pulses are fixed at values that minimized
the residual contribution to QP if any of both pulses is applied independently, cf.
inset. In the case of a temporal overlap of the laser field, i.e. for |∆t| ≤ 4 fs, QP
oscillates with a period of ∼ 2.5 fs, corresponding to the laser field period. Outside
of this region the oscillation disappears. For the measurement shown in (b) the CEP
of Fd (t), i.e. ϕCE is changed by ∼ π, see the inset, i.e. Fd (t) is ’inverted’. All
other parameters remain unchanged. As indicated by the dashed lines between the
panels, this reversal of the driving laser field results in a corresponding reversal of the
observed signal QP . In (c) the electric field of the laser pulse obtained by attosecond
streaking experiments under identical laser conditions is shown, see Ref. [39], along
with the calculated current density jx of the tight-binding simulation [80]. A very
good agreement with the experimentally observed QP in (b) is found, as indicated by
the dashed vertical lines between the individual panels.
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In Fig. 8.3c, the time-dependent electric field of the laser is presented (solid
yellow line) and the calculated current density jx (green dots) to enable a direct
comparison with the measurements above. The electric field was recorded
under identical laser conditions via attosecond streaking, cf. Ref. [39] and
Fig. 2.2b. The magnitude of this field is normalized to the field strength of the
(d)
driving laser pulse, F0 that was applied in the photocurrent measurements
shown above. The current density was calculated using the measured field and
the tight-binding model introduced in section 3.4.
The dashed vertical lines between the individual panels of the figure serve
as guide to the eye for comparing the temporal evolution of the measured
currents in (a) and (b) and the streaked electric field in (c). A very good
agreement between the oscillation periods and zero-crossing of the individual
measurements is found. These findings suggest that the injected currents in
the solid-state device in (a) and (b) scan the optical field Fd (t) with a high
fidelity. By means of the Nyquist-Shannon sampling theorem, such sampling
of oscillations at a period of about 2.5 fs requires a sampling time-window
of ∼ 1.25 fs, i.e. a confinement to a half-period. Thus, our experiments
indicate a ’turning on’ of the optically induced electric currents on a timescale
corresponding to one femtosecond.
The effect of the CEP of the injection field on the optical-field-induced currents
in the case of the two-pulse experiment is shown in Fig. 8.4. As before, QP is
presented as a function of the temporal delay ∆t between the injection field
(i)
Fi (t) and the driving field Fd (t + ∆t) for various CEPs ϕCE of the injection
(i)
(d)
field Fi (t). The respective field strengths are set at F0 ≈ 2 V/Å and F0 ≈
(d)
0.2 V/Å. In this case, the CEP of the driving field ϕCE is set at a maximum
of the QP versus ∆l trace if Fd (t) is applied independently. The CEP of
(i)
the injection field, ϕCE , is changed by ∼ π/2 between (a) - (d), all other
parameters remain unchanged.
In all four cases, QP exhibits an oscillatory behavior in the range of a temporal
overlap between Fi (t) and Fd (t), that is when |∆t| ≤ 4 fs. Similar to the
measurements in Fig. 8.3, the oscillation period is about 2.5 fs. Nevertheless,
(i)
the effect of the injection-CEP ϕCE on the induced charge per laser pulse is
different: If the injection field Fi (t) is ’inversed’, QP (∆t) recovers to an almost
identical waveform. When comparing the traces in Fig. 8.4a and (c) (or (b)
and (d), respectively) with each other, QP shows almost an identical temporal
evolution, as indicated by the dashed lines between the panels and the colored
arrows at the respective peaks of QP . In (a) and (c), QP has two prominent
peaks in opposite directions, whereas in (b) and (d) only one peak appears in
the signal of QP .
As a result of these measurements it is found that the optical-field-induced
charge per pulse depends strongly on the CEPs of the injection and drive fields,
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Figure 8.4.: Effect of the injection CEP on the induced current in the twopulse experiment. The same Au-SiO2 -Au photoactive circuit than in Fig. 7.2 is
exposed to the orthogonally polarized few-cycle fields with variable temporal delay,
Fi (t) and Fd (t + ∆t), using the experimental apparatus presented in Fig. 8.2. The
(i)
(d)
field strengths are F0 ≈ 2 V/Å and F0 ≈ 0.2 V/Å and the CEP-dependent
induced charge per pulse QP is shown as a function of ∆t for four different values
(i)
of the injection CEP, ϕCE , as indicated in the inset. If the injection field Fi (t)
is ’inverted’ between (a) and (c) (or (b) and (d), respectively), corresponding to
(i)
(i)
∆ϕCE = π, QP (∆t) shows a similar temporal evolution. A change of ∆ϕCE = π/2,
e.g. between (a) and (b) ((c) and (d), respectively) results in a varied form of QP ,
changing from a sine-like behavior with two strong peaks in opposite direction in
(a) and (c) to a cosine-like oscillation with only one prominent peak in (b) and (d),
indicated by the colored arrows. Circles represent the experimental data taken in a
large number of subsequently recorded QP for a given ∆t with the standard deviation
shown as error bars. The smoothed data is shown with a dotted colored line as a
guide for the eye.
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even if the exact behavior in both cases is different. The findings reported in
Fig. 8.4 support the assumption that the carrier injection is directly induced
by the instantaneous field of the injection pulse Fi (t), rather than on its cycleaveraged intensity. Furthermore the results presented in Fig. 8.3 suggest that
the application of orthogonally polarized few-cycle laser pulses to generate
optical-field-induced currents in a solid-state device lends itself to a highfidelity sampling of the electric field of the driving field Fd (t) due to the fact
that the currents are induced on a timescale of only one femtosecond.
Fig. 8.5 shows data of another experiment where a Au-SiO2 -Au interface with
different photoactive material and a different geometry are considered. Here,
the Au-SiO2 -Au junction consists of a monocrystalline SiO2 (0001) trench of
∼ 500 nm width in a flat geometry, cf. Fig. 7.3c.
As before, the CEP-dependent induced charge per pulse QP is shown as a function of the temporal delay ∆t between the injection field Fi (t) and the drive
(i)
(d)
field Fd (t + ∆t) with field strengths of F0 ≈ 2 V/Å and F0 ≈ 0.4 V/Å. Also
in the case of a flat device geometry and the much larger SiO2 -trench between
the metal electrodes, QP (∆t) oscillates if both pulses overlap in time, i.e. for
|∆t| ≤ 4 fs. Two main current reversal cycles with a period of about 2.5 fs
that correspond to the period of the laser field can be observed, similar to the
signal observed in cleaved amorphous SiO2 with the much smaller nanogap of
only ∼ 50 nm. The signal in the case of the flat geometry with monocrystalline
SiO2 (see right vertical axis in Fig. 8.5) is about twice as large as the signal
from amorphous SiO2 in the t-tip geometry (left vertical axis), most likely
(d)
due to the different field strength F0 that is by a factor of two larger in the
former case.
Similar to section 7.3, the crystallinity, geometry and gap-size of the utilized
metal-dielectric-metal device have only a minor influence on the injection and
control of optical-field-induced in the solid-state device also in the decoupled
two-beam experiment. As mentioned above this rules out any major influence
of local plasmonic effects at the nanoscaled metal-dielectric-metal junction and
can be explained by the short-range crystallic order of amorphous SiO2 that
results in similar electronic behavior compared to monocrystalline material.
The reported findings in this chapter reveal insight into new processes of
ultrafast optical control of electronic signals. The observation of ultrafast,
light-phase-dependent currents induced inside nanoscaled Au-SiO2 -Au junctions using few-cycle optical fields presents new results at the frontier of stateof-the-art fundamental research. This motivates further investigations of the
underlying processes, suitable materials and possible applications. The following chapters are devoted to further additional studies unraveling details of
the current control mechanism.
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Figure 8.5.: Comparison of decoupled injection and control of currents in devices with different geometry, SiO2 -crystallinity and gap-size. The two-pulse
measurement described in Fig. 8.2 is performed on the same Au-SiO2 -Au interface
that is presented in Fig. 7.3c. The induced CEP-dependent charge per pulse QP is
shown as a function of the temporal delay ∆t between the injection field Fi (t) and
(i)
(d)
the drive field Fd (t + ∆t) for field strength of F0 ≈ 2 V/Å and F0 ≈ 0.4 V/Å.
The detected signal is compared with the result obtained from a device consisting of
amorphous SiO2 in the t-tip geometry and a gap-width of ∼ 50 nm, cf. Fig. 8.3a. In
both cases QP (∆t) oscillates with a period of about 2.5 fs if both laser pulses overlap
temporally, i.e. if |∆t| ≤ 4 fs. The signal from the flat, monocrystalline device is
about twice as large (see right vertical axis), probably owing to the field strength of
(d)
the drive pulse F0 that is by a factor of two stronger in this measurement.
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9. Light-Phase Detection via
Optical-Field-Induced Currents
In this chapter, an application of the observed optical-field-induced currents
is presented. It enables a detection of the CEP of few-cycle laser pulses in a
simple measurement.
With the setup introduced in chapter 7.1, electronic signals that possess an
imprint of the CEP of the applied laser field FL (t) can be detected in a solidstate device. However, this measurement does not reveal the absolute value
of ϕCE . Only if the QP (∆l)-trace is calibrated with respect to the absolute
CEP and its behaviour at different laser pulse parameters is known, it is
possible to establish a direct connection between the measured current signal
and the absolute CEP of the applied laser pulse. This is a requirement for an
application of the investigated currents as a detector of ϕCE . The techniques
and results presented in this chapter were published in Ref. [87].

9.1. Phase-Calibration of Optically-Induced Currents
Here, we utilize the detection of the absolute CEP of few-cycle laser pulses
via stereo-ATI (cf. section 2.2) to calibrate QP with respect to ϕCE . Both,
stereo-ATI and optical-field-induced current measurement are performed in
parallel and under identical laser conditions, cf. Fig. 9.1. Since a stereoATI apparatus requires a vacuum setup, the connected metal-dielectric-metal
junction to detect QP (∆l) is located inside the same vacuum chamber. Placing
the setup in vacuum does not affect the generation process of optical-fieldinduced currents since the phenomenom takes place inside the dielectric.
Fig. 9.2b shows QP (∆l) measured with this setup. A field strength of F0 ≈
1.24 V/Å is applied to the solid-state device. The values of QP exceed by more
than an order of magnitude those acquired in previous measurements (cf. Fig.
7.2) due to improved sample quality. This was achieved by optimizing their
manufacturing process.
After this measurement of QP (∆l), a mirror is flipped into the beampath to
direct the laser pulses into the stereo-ATI device. Here, the absolute CEP of
the incident laser pulses is detected as explained in chapter 2.2. At 17 different
values of ∆l, ranging from -21.5 µm to 27.5 µm, 500 single-shot stereo-ATI
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Figure 9.1.: Setup for light-phase calibration of optical field-induced-currents.
(a) In a first experiment, QP (∆l) is measured by focusing the pulses from the laser
system with an off-axis parabolic mirror (OAP ) on a metal-dielectric-metal interface.
Their strong field FL (t) leads to an increase of the dielectrics’ polarizability and
a detectable, ϕCE -dependent signal in the external measurement circuit. (b) In a
second step a mirror M 1 is inserted into the beampath that deflects the laser pulses
into a stereo-ATI device. Here, the laser pulses are focused with a spherical mirror
(SM ) into a xenon-filled gas cell (blue). The strong laser pulse leads to emission
of electrons from the gas atoms and subsequent acceleration in the laser field. The
time-of-flight spectra nL,R (∆l) of the released photoelectrons (green) are recorded
at different position of ∆l, using a pair of opposing MCPs and a photodiode (P D)
for time-zero reference.

measurements are performed. Since consecutive laser pulses have a CEP-shift
of ∆ϕ = π which is required for the detection of QP (∆l) (cf. chapter 7.1),
only spectra from odd-numbered laser pulses are taken into account for the
stereo-ATI detection.
It was shown in Ref. [43] that the absolute CEP, ϕCE , of the incident laser
pulses can be reconstructed with two asymmetry parameters (X, Y ) by integrating the averaged time-of-flight spectra nL,R (tT OF ) in two different regions. A parametric plot of (X, Y ) from the experiment is presented in red in
Fig. 9.2a. It was obtained by calculating, for each value of ∆l,

 

(X)
(X)
(X)
(X)
X =
PL − PR
/ PL + PR
, and
(9.1)

 

(Y )
(Y )
(Y )
(Y )
Y =
PL − PR
/ PL + PR
, with
(9.2)
(X,Y )
PL,R

Z
=

(X,Y )

t2

(X,Y )

nL,R (tT OF ) dtT OF .

(9.3)

t1

54

9.1. Phase-Calibration of Optically-Induced Currents
Y

(a)

-12.3 µm

π/2

stereo-ATI experiment
TDSE simulation

0 µm

π

-21.5 µm

θ
-0.2

-1 π

(b)

0π

1π

2π

3π

Pseudopotential
Tight-Binding
Experiment

10

Qp [fC]

0.2

ϕCE [rad]

0
∆l [µm]

-10

ϕCE [rad]

(c)

-75

-50

-25

0

25

50

75

1.3
1.0
0.7

solid state detection
stereo-ATI detection

0.4
-10

-5

0

5

10

∆l [µm]
Figure 9.2.: Phase-calibration of optical-field-induced currents. (a) Parametric
plot of the asymmetry parameters (X, Y ) achieved in the stereo-ATI measurement
from Fig. 9.1b (red) and (XT DSE , YT DSE ) simulated by solving the three-dimensional
TDSE with a well-known ϕCE (blue). The radial angle θ is used to associate the
experimental parameters (X, Y ) with the simulated (XT DSE , YT DSE ) and thus to link
between (X, Y ) and the corresponding ϕCE . (b) QP (∆l) measured with the setup
presented in Fig. 9.1b (lower horizontal axis). A laser field strength of F0 ' 1.24 V/Å
is applied in this measurement. The experimental pair (X, Y ) from (a) at ∆l = 0 is
used to calibrate QP with respect to the corresponding absolute CEP, ϕCE , see upper
horizontal axis. The experimental calibration of QP (ϕCE ) is compared with the results
from both simulations and a very good agreement is found. (c) By comparing ϕCE
achieved with both techniques at various ∆l, a self-consistency check of the presented
ϕCE -detection method based on optical-field-induced currents can be performed. A
very good agreement is found between both methods.
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9.2. CEP-Detection of Temporally Broadened Laser Pulses
The values for the integration of the time-of-flight spectra, tX
1 = 27 ns,
X
Y
Y
t2 = t1 = 31 ns and t2 = 45 ns, are chosen and optimized for highest
asymmetry of (X, Y ).
The blue trace in Fig. 9.2a represents a parametric plot of (XT DSE , XT DSE )
that are obtained by solving the time-dependent Schrödinger equation (TDSE)
numerically in three dimensions for valence electrons in isolated Xe atoms exposed to a strong few-cycle optical electric field with a known absolute CEP.
The TDSE-calculation was performed by Nicholas Karpowicz, details on the
procedure can be found in Ref. [88–90].
Each pair of (X, Y ) from the stereo-ATI experiment is connected to a pair
(XT DSE , YT DSE ) obtained from the TDSE-calculation via the radial angle
θ = arctan(Y /X), cf. Fig. 9.2a. Since the absolute CEP is known for every
theoretical pair (XT DSE , YT DSE ), a well-defined ϕCE is associated to every
experimental pair of (X, Y ).
A calibration of QP with respect to the absolute CEP, ϕCE , can be performed
with the experimental pair (X, Y ) at ∆l = 0, i.e. at the maximum value of
QP (∆l) which also corresponds to the shortest laser pulse duration. The upper horizontal scale in Fig. 9.2b depicts this calibration. QP (ϕCE ) oscillates
with a period of 2π and has a maximum at ϕmax
CE = (0.98 ± 0.02)π.
The calibration of QP with respect to the ϕCE of the applied laser pulses
is compared with the results of two quantum-mechanical simulations. The
first model was presented in section 3.4 and Ref. [77, 80], it uses a nearestneighbour tight-binding approximation. The second model is based on pseudopotentials, cf. section 3.3 and Ref. [76]. A very good agreement is found
between the experimental data and the results of both models.
After the calibration of QP (ϕCE ), a self-consistency check is performed at various values of ∆l by comparing ϕCE retrieved from the stereo-ATI with the
calibrated solid-state measurement, cf. Fig. 9.2c. The results of the solid-state
measurement is shown in red and the phase retrieved with the stereo-ATI is
shown in blue. Both methods exhibit a very good agreement and the error
bars that represent the standard deviation of several measurements are on the
same order.

9.2. CEP-Detection of Temporally Broadened Laser
Pulses
For reliable detection of ϕCE via optical-field-induced currents, the behavior
of the current signal under various laser parameters must be known. A study
of the reported currents at different central wavelengths of the applied laser
pulses is not possible, all experiments were performed with pulses centered at
λL ≈ 760 nm, originating from the same laser source (cf. chapter 2).
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However, the pulse duration τP , defined as the FWHM of the cycle averaged
intensity, is varied by changing the dispersion of the laser pulse. As mentioned
before, this is done by changing the propagation length of the pulses through
a pair of fused silica glass wedges, cf. also Fig. 7.2a. In comparison, the
measurement of QP (∆l) presented in Fig. 9.3a shows a wider range of ∆l. It
is performed with the same sample than in Fig. 9.2b with a laser field strength
of F0 ≈ 1.24 V/Å at ∆l = 0. As before, QP (∆l) oscillates with the CEP and
it decays with the increase of the laser pulse duration, τP , due to dispersive
pulse broadening. This increase of τP leads to a decrease of the laser intensity,
thus the signal amplitude decays when |∆l| > 0. However, the oscillation is
still visible above the noise level of about 0.013 fC for values of |∆l| > 400 µm.
This corresponds to a pulse duration of more than 8 fs as indicated in Fig.
9.3b where the τP is calculated using the measured electric field of the laser
pulse (cf. Fig. 2.2b) and the Sellmeier dispersion, cf. Ref. [67].
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Figure 9.3.: CEP-dependent charge collected in the solid-state device with
temporally broadened pulses. (a) At ∆l = 0 a field strength of F0 ' 1.24 V/Å was
achieved with a Fourier-limited pulse. The oscillation of the QP (∆l) is still detectable
above the noise level of 0.013 fC for values of |∆l| > 400 µm, corresponding to
τp > 8 fs. (b) Pulse duration τP (FWHM of the cycle-averaged intensity) as a
function of ∆l, calculated by evaluating the Sellmeier dispersion of the measured
electric field of the applied pulse.
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9.3. Field-Strength-Dependent Phase Shift
The robustness of the absolute CEP-detection via optical-field-induced currents is addressed in this section with respect to the applied laser field strength
F0 , repectively the laser intensity I0 . When subsequent measurements of
QP (∆l) are performed at different applied laser field strength F0 , the amplitude of QP changes with an near-exponential dependency with respect to
F0 , cf. Fig. 7.2b. A careful analysis of the zero-crossings of QP (∆l) revealed
that also the phase of the QP versus ∆l trace varies with different applied laser
field strength. This manifests in a horizontal displacement of the QP (ϕCE )
measurement, e.g. in Fig. 9.2b. The shift affects the CEP-calibration of QP
that is performed at a field strength of F0 ' 1.24 V/Å (upper horizontal axis
in Fig. 9.2b).
The change of this calibration with respect to the applied laser field strength
F0 is displayed in Fig. 9.4. The corresponding cycle-averaged laser intensity
I0 is shown in the upper horizontal axis. For an applied field strength of
F0 < 1 V/Å, a strong shift of the CEP-calibration is observed in the experiment. This shift is also reproduced qualitatively by both quantum mechanical
models. It can be explained by the fact that the charge carriers experience
2
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Figure 9.4.: Field-strength-dependent phase shift of optical-field-induced currents. Subsequent measurements of QP (ϕCE ) are performed at various laser field
strength F0 resulting in the displayed shift of the CEP-calibration of QP (red) with
respect to the measurement performed at F0 ' 1.24 V/Å. The horizontal error bars
represent the error of the determination of F0 , the vertical error bars are the standard deviation of several subsequent measurements of QP . At field strengths below
1 V/Å, a strong shift is observed, whereas for stronger field strengths, the calibration
stays relatively constant within an accuracy of ±310 mrad. The corresponsing cycleaveraged peak intensity I0 is shown in the upper horizontal axis. The experimental
data is compared with the results of both quantum-mechanical models and a very
good agreement in the range above 1 V/Å is found.
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different strengths of the driving field after their injection. Thus, they are
driven close to, or beyond the first Brillouin zone of SiO2 , which can result
in Bragg-like reflections of the electron wave and a significant impact on the
control mechanism.
If the field strength exceeds 1 V/Å, the CEP-calibration of QP stays constant
up to field strength of more than 2.3 V/Å. This corresponds to an intensity
range of about 1 × 1013 W/cm2 up to more than 7 × 1013 W/cm2 or, in other
words to ±75% around 4 × 1013 W/cm2 . Within this range, the calibration
of QP with respect to ϕCE stays constant with an accuracy on the order of
±310 mrad.
These findings can be compared to the sensitivity of conventional techniques
for the detection and control of the CEP of short laser pulses. In Ref. [91],
the coupling of the laser pulse energy to the detected CEP from a f-to-2finterferometer was studied. A shift of only 1% of the laser pulse energy originating from a phase-stabilized laser system caused a variation of 160 mrad of
the detected CEP.
In this context, the results from Fig. 9.4 are somewhat remarkable and the
presented technique seems to lend itself to CEP detection. However, such
detection is not straightforward as the following section will show.

9.4. Solid-State Light-Phase Detector
A device consisting of a single metal-dielectric-metal interface as describes
above allows for detection of the absolute CEP of a single laser pulse only with
a remaining ambiguity, cf. Fig. 9.2b: Within the interval of ϕCE ∈ [0 − 2π],
two different values of ϕCE can return the same value of QP (ϕCE ), for example
QP (0.7π) = QP (1.2π).

(9.4)

If CEP-stabilized laser pulses are utilized, this can be resolved by subsequent
measurements of QP (ϕCE ) with slightly changed CEP around its nominal
value, cf. Fig. 9.5b. Thus, by knowing the slope and position of the QP -trace,
the absolute CEP of the applied laser pulses can be retrieved.
If the laser source is not CEP-stabilized or the CEP of the applied laser pulses
has to be determined within one laser shot, the ambiguity of the CEP has to
be removed. This can be achieved by exposing two identical metal-dielectricmetal junction simultaneously to pulses of equal field strength originating from
the same laser source, whose CEPs differ by π/2, cf. Fig. 9.5c. In this case,
for example
(1)

(1)

(9.5)

(2)

(2)

(9.6)

QP (0.7π) = QP (1.2π), but
QP (0.7π) 6= QP (1.2π)
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in Fig. 9.5a. The absolute CEP can then be reconstructed via


(1)
(2)
ϕCE = ϕmax
CE + arg QP + iQP
(1)

(9.7)

(2)

since the pair of electronic signals QP (ϕCE ) and QP (ϕCE ) is connected unambiguously to the absolute CEP, i.e. ϕCE , of the incident laser field.
This reconstruction of the incident CEP of a few-cycle laser pulse by analyzing a phase-shifted signal is similar to the detection of CEP in the case of the
stereo-ATI. The advantage over the stereo-ATI is that no vacuum system is
required using the solid-state device.
However, for the measurements of QP (∆l) presented in the previous chapters,
a lock-in amplifier is required to separate the CEP-dependent fraction QP
from the total induced charge per laser pulse. The lock-in technique relies on
periodic changes in the investigated signal, i.e. it requires the signal to be
integrated over at least two laser pulses. Thus, the presented measurement
scheme cannot be used for a well-functioning single shot CEP-detector.
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Figure 9.5.: Determination of the absolute CEP via directly measurable photocurrents. (a) QP as a function of ϕCE in the interval [0, 2π] rad. The calibration
explained in Fig. 9.2a and b is used for this plot. (b) The absolute CEP, ϕCE
(1)
of identical laser pulses can be detected with the signal QP from a single metaldielectric-metal junction by subsequent measurements with slightly varied CEP around
its nominal value, e.g. ϕCE = 0.75 rad. This reveals the position and slope at the
QP (ϕCE )-trace. (c) For a CEP-detection of single laser pulses, a device consisting
of two identical metal-dielectric-metal junctions can be used. For unambiguous CEPdetermination, the pulse irradiating the second junction has a CEP-shift of π/2 after
transmission through a dispersive beamsplitter, resulting in an identical shift of the
(2)
current QP from this junction (the corresponding simulation result is shown in blue
(1)
(2)
in (a)). The combination of QP and QP enables an unambiguous conclusion upon
the absolute CEP of the incident laser pulse.
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10. Universality of the Current
Control Process
In the two previous chapters the first results of ultrafast electronic currents
were presented that were induced in a dielectric material (SiO2 ) by the instantaneous electric field of few-cycle laser pulses. The measurements were performed either with a single laser beam responsible for both, injection and drive
of charge carriers, or in a two-beam experiment with orthogonally polarized
fields for decoupled injection and drive. It was shown that this injection and
drive of charge carriers can be performed using nanoscaled Au-SiO2 -Au heterojunctions with a dielectric nanotrench made of amorphous or monocrystalline
SiO2 , in different geometries and with a gap size of ∼ 50 nm or ∼ 500 nm.
For all different devices, very similar results were achieved in these first experiment, suggesting more investigations with different materials and geometries
to study the universality of the underlying physical mechanisms.

10.1. Light-Phase Dependent Currents from Different
Substrate Materials and Geometries
In this chapter, measurements of optical-field-induced currents obtained with
photoactive circuits composed of several materials in different geometries and
with various electrode widths are presented. The results presented in the previous sections are obtained with a system that is far from resonance. Here,
also materials with a smaller bandgap-to-photon-energy ratio are considered,
which are closer to a multiphoton regime according to Keldysh, cf. section
3.1. Although the tetrahedral tips from section 4 yielded excellent results,
their manufacturing process is accompanied with a high number of unusable
samples. The first step of cleaving the glass substrates holds only a small
reproducibility regarding the size of the tetrahedral tip for example, as well as
the angle between the two surfaces that act as electrodes in the final device.
Furthermore, the method of two-sided metal evaporation at grazing incidence
on both surfaces adjacent to the cleaved edge can lead to electrical short-circuit
between the deposited metal electrodes, rendering the device useless for the
current-control experiment. Thus, more controllable and reproducible methods to produce suitable solid-state photoactive circuits are preferred. Those
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10.1. Currents from Different Materials and Geometries
are the lithographically manufactured devices presented in section 5 and the
sandwich-like structures shown in section 6.
All experiments reported herein are performed with the laser source presented
in chapter 2 and the same experimental setup shown in Fig. 7.1. As before,
the CEP (and pulse duration) of laser pulses centered at λL ≈ 760 nm with a
sub-4 fs duration is varied by changing their propagation length ∆l in a pair
of dispersive fused silica wedges. Subsequently, the pulses are focused on the
solid-state photoactive circuit using an off-axis parabolic mirror with a focal
length of 150 mm, yielding an electric laser field strength of up to 3 V/Å, corresponding to a cycle-averaged intensity of up to 1×1014 W/cm2 . The CEP of
the laser pulses is modulated, i.e. it is alternated by π for consecutive pulses,
enabling the extraction of the CEP-dependent part QP of the total induced
charge per laser pulse in the photoactive device with a lock-in amplifier set at
the modulation frequency frep /2. In Fig. 10.1, QP is shown as a function of
∆l for three different cases:
• The photoactive circuit used for the measurement shown in (a) is prepared with the procedure described in section 6. A 450 µm thick aluminum nitride (AlN) substrate is coated with ∼ 200 nm of silver and
cleaved to isolate a sandwich-like structure. A field laser field strength
of about 2.7 V/Å is applied.
• The data presented in (b) are obtained with a sample that is fabricated
with the lithographic process introduced in section 5. Patterned gold
electrodes with a distance of about 10 µm are coated on a semiconducting gallium nitride surface to obtain a metal-semiconductor-metal
heterojunction in a flat geometry. For the current measurement a laser
field strength of approximately 0.9 V/Å is used.
• Another metal-dielectric-metal device in a sandwich-like geometry is exploited for the retrieved data in (c). Here, a BaF2 (111) substrate of
250 µm thickness is covered on both sides with ∼ 200 nm of silver and
cleaved. The applied laser field strength is 3.0 V/Å.
In all three cases, QP oscillates periodically with the CEP of the applied laser
pulses at a period of about 50 µm, exhibiting a maximum at ∆l ≈ 0 and a
decay of the oscillation for |∆l| > 0. Although solid-state devices composed
of several materials (i.e. different electrode metals and semiconducting or
dielectric material in the trench between the electrodes) and in different geometry with various widths of the trench are irradiated with varying laser field
strengths, all measurements yield CEP-dependent currents. The amplitude of
the signals varies between different materials and applied laser field strengths,
but in general the observed signal is reproduced in all different cases. These
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Figure 10.1.: Optical-field-induced currents in different materials and device
geometries. With the same experimental apparatus that is shown in Fig. 7.1 strong
laser pulses centered at 760 nm with a duration of less than 4 fs are focused on different solid-state materials. For the measurement in (a), a device made of silver and
aluminum nitride in a sandwich-like geometry with an electrode distance of 450 µm
was used. The photoactice circuit used in (b) consists of a gallium nitride substrate
with lithographically deposited gold electrodes with a distance of 10 µm. The experiment presented in (c) is performed with a device consisting of a BaF2 (111) substrate
and silver electrodes with a distance of 250 µm in a sandwich-like geometry. In all
measurements the CEP-dependent fraction QP of the total charge per laser pulse
induced in the solid-state device is detected with a lock-in amplifier as a function of
the propagation length ∆l of the applied laser pulses in a pair of dispersive fused silica
wedges.

findings suggest that the underlying physical mechanism of inducing and controlling currents in solid-state materials with the instantaneous field of light
can be successfully applied to a large number of materials in different geometries, motivating a detailed study and analysis.
In a collaborative work, similar results as in chapter 7 and 8 achieved us-
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ing solid-state devices of SiO2 are compared to measurements performed with
metal-dielectric-metal devices made of sapphire, cf. Ref. [92]. These results
also suggest an universality of the current control mechanism.
However, a detailed investigation of the process with all the presented materials and geometries would go beyond the scope of this work. Thus, a focus is
set on the experiment with semiconducting gallium nitride to enable a comparison of the detailed results from dielectric SiO2 presented in the previous
chapters with the measurement performed with a semiconductor.

10.2. Ultrafast Optically Induced Currents in Gallium
Nitride
In this chapter the injection and control of optically-induced currents in a semiconductor material, namely gallium nitride (GaN) is studied. The bandgap of
GaN (3.5 eV) enables a two-photon absorption of the laser fundamental, which
corresponds to a more resonant regime than the experiments with dielectric
material. The GaN substrates consist of a monocrystalline undoped GaN-layer
in a wurtzite crystal structure that is grown on top of a few-micron thick sapphire (Al2 O3 ) substrate via metalorganic vapour phase epitaxy (MOVPE) by
the group of Prof. Ferdinand Scholz at Ulm University. They are coated with
gold electrodes of about 50 nm thickness by applying the lithographic method
from section 5 to obtain photoactive circuits in a flat geometry. The distance
between the electrodes is varied from a few tens of nanometers up to ten microns. For the current control experiment the laser source from chapter 2 is
used. Only the experiment using one single laser beam is considered here since
the contrast of the induced current signals from both schemes, perpendicular
and parallel polarization between the applied laser field and the electrodes of
the device, is only about 4:1.
With the setup from Fig. 7.1, the induced charge per laser pulse QP is detected as a function of the propagation length ∆l of the laser pulses inside
a pair of dispersive glass wedges. The experiments are performed at several
laser field strengths in a range of 0.1 − 0.9 V/Å, an exemplary measurement
of QP (∆l) was shown in Fig. 10.1b.
Here, the evolution of the amplitude of QP at ∆l = 0 at different field strengths
is analyzed, cf. Fig. 10.2a. Three individual devices are considered: One device with an electrode distance of 10 µm, and two devices with an electrode
distance of 100 nm, labeled (A) and (B), respectively. Thus, the irradiated
area between the electrodes is different. As a consequence, the collected charge
QP obtained from the device with the 10 µm distance is by a factor of 2.5 larger
than QP obtained from the devices with the 100 nm distance. To allow for
comparing the signals, the data achieved from every single sample is normal-
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ized to its maximum value at the highest applied field strength.
In all three cases, |QP (∆l = 0)| shows similar behavior with varying field
strengths F0 . Similar to the results obtained using a solid-state device of SiO2
(cf. Fig. 7.2b), |QP (∆l = 0)| scales nonlinearly with F0 . In the case of SiO2 ,
|QP (∆l = 0)| scales nearly exponentially for field strength values above 1 V/Å
and almost no signal is detected for smaller field strength. In the case of GaN,
a significant signal is already obtained at much weaker field strength below
1 V/Å, owing to the different bandgap of GaN which is smaller by a factor of
about 3.
In Fig. 10.2b, the zero-crossings of the QP versus ∆l trace that are obtained
using the same GaN devices as in (a) at various field strength F0 , is presented,
(cf. Fig. 9.4). A strong shift of the phase of almost π is revealed over the
analyzed range of F0 .
The findings presented in Fig. 10.2a and b are in good agreement with the
quantum mechanical model described in section 3.3 that is based on the interference of different multiphoton excitation channels in the GaN material. This
simulation was performed by Stanislav Kruchinin. The close-to-resonant character of the experiment with GaN supports the interpretation of the current
in terms of multiphoton excitation interference.
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Figure 10.2.: Field-strength-dependence of optically induced currents in gallium nitride substrates. Measurements of QP (∆l) are performed with three different
Au-GaN-Au devices of different electrodes distance (100 nm (A and B) and 10 µm)
and at different laser field strengths F0 . In (a), the normalized maximum amplitude
of QP at ∆l = 0 for every single device is shown. The zero-crossings of the QP
versus ∆l traces are shown in (b). In (a) and (b), the experimental results are nicely
reproduced by the quantum mechanical model of multiphoton excitation interference.
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11. Single-Shot Detection of Optically
Induced Currents
The possibility to turn such currents on at a femtosecond timescale which
corresponds to a switching rate of a Petahertz, as shown in the previous chapters, holds promise for applications in ultrafast electronics. Furthermore, the
dependency of the currents on the absolute CEP of the applied laser pulses
offers potential for a simple CEP-detection scheme as shown in chapter 9.
However, all the measurements of QP that are presented in the previous chapters are obtained using the lock-in detection from section 7.1. This method
is based on integrating over a large number of laser pulses. It is required to
extract the ϕCE -dependent fraction of the total charge induced per laser pulse
in the external measurement circuit. Without this procedure it would be impossible to seperate QP from the ϕCE -independent background signal, that is
up to two orders of magnitude larger than QP and caused by laser irradiation
on the metal electrodes.
In this chapter, a different approach is presented where photoactive circuits of
different geometry are used and lead to a significant reduction of the background signal. This allowed for the direct real-time observation of ϕCE dependent optical-field-induced currents.

11.1. Background Reduction using Sandwich-like
Geometry
As shown in chapter 10, CEP-dependent currents can in principle be detected
in various dielectric and semiconductor materials by applying metal electrodes
to the material. In the geometries that are used in the previous chapters, the
laser pulse is incident not only on the material responsible for the generation
of CEP-dependent currents, it is also applied to the metal electrodes. Thus,
a strong, CEP-independent background signal is generated in the external
measurement circuit.
If a device with a sandwich-like geometry is used, the laser only irradiates
the dielectric (or semiconductor), but not the electrodes. In Fig. 11.1 the
schematic of such a geometry is shown. The manufacturing process for those
samples is described in chapter 6.
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100 - 250 µm

Figure 11.1.: Sandwich-Geometry of the solid-state device for backgroundreduced measurements. A relatively thick dielectric (100 − 200 µm) substrate is
coated with silver electrodes on its top and bottom surfaces (cf. chapter 6 for details
on the production). The laser beam is focused at the edge of the dielectric substrate
with a diameter of about 50 µm. Thus, the metal electrodes are not irradiated with
the strong laser pulse preventing a CEP-independent background signal in the external
measurement circuit.

The experimental results presented in this chapter are achieved with a device that consists of a thick substrate of dielectric material (SiO2 ) with silver
electrodes on the upper and lower surface. The laser beam is incident on the
lateral surface, focused to a beam diameter of about 50 µm at the edge of
the substrate layer. To avoid laser incidence on the silver electrodes, and thus
preventing the generation of a background signal in the external measurement
circuit, the thickness of the dielectric is larger than the diameter of the focused
laser beam, i.e. >> 50 µm.
Thus, the electrodes are several tens of microns away from the region were the
charge carriers are injected and controlled by the strong laser field. Furthermore, their distance is several orders of magnitude larger than the mean free
path of charge carriers in SiO2 .
For a first set of experiments, the same high-bandwidth I/V-converter and a
lock-in amplifier are connected to the silver electrodes as before, cf. Fig. 7.1.
In Fig. 11.2 the signal of the lock-in amplifier is shown as a function of ∆l for
three different cases:
• As before (e.g. Fig. 7.2a), the CEP-modulation of the laser pulses with
a frequency of frep /2 is activated and the lock-in amplifier is set at the
same frequency frep/2 in panel (a), extracting only the CEP-dependent
fraction of the total charge. The signal oscillates periodically with the
CEP around the zero value and changes its amplitude according to the
pulse dispersion. The maximum amplitude of the signal is about 1.5 fC.
• For the measurement shown in (b), the CEP-modulation at frep /2 is
still activated but the lock-in frequency is set at the laser repetition
rate frep , detecting the CEP-independent charge induced per pulse, i.e.
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the background signal. As expected it does not exhibit any oscillatory
behavior, but it has its maximum at around ∆l = 0, corresponding to the
shortest laser pulse duration (c.f. Fig. 9.3), and decays for |∆l| > 0 µm.
The maximum value of the signal is about 0.7 fC, i.e. it is two times
smaller than the CEP-dependent fraction of the total charge in (a).
• The measurement presented in (c) is performed with the lock-in set again
at the laser repetition rate frep , but the modulation of the CEP is turned
off, i.e. all laser pulses have identical CEP. Thus the lock-in amplifier
returns the total induced charge per laser pulse, containing the CEPdependent fraction as well as the CEP-independent background signal.
As a result the signal oscillates with the change of the CEP, corresponding to (a), but with a dispersion-dependent offset that corresponds to
the background signal from (b).
These measurements show that the sandwich-like geometry reduces the CEPindependent fraction of the displaced charge per pulse in Fig. 11.2b by about
two orders of magnitude, resulting in a background signal that is on the same
order of magnitude (or less) than the CEP-dependent fraction in Fig. 11.2a.
Although the distance of the electrodes is several orders of magnitude larger
than the mean free path of charge carriers in the solid, an electronic signal is
detected. This could be explained by the induced polarization of the material.
To generate a measurable signal in the electrodes, it is sufficient to induce a
charged polarization dipole in that material which then induces a signal in
the circuit. Further experiments are required to gain more insight into the
generation mechanism of this dipole and the induced polarization.

11.2. Direct Current Detection
In this section, a different external measurement circuit is used to observe
and record the background-reduced, optical-field-induced currents in real-time
directly using a digital oscilloscope that supports a bandwidth of one gigahertz
(LeCroy Waverunner).
The measurement scheme is presented in Fig. 11.3. The sandwich-like solidstate device is connected to the same I/V-converter at a gain of 108 as in
the previous experiments. Instead of the lock-in amplifier, a low-noise voltage
preamplifier (Stanford Research Systems SR 560) with a gain of 103 and a
high-pass of 6 dB at 1 kHz and a low-pass of 6 dB at 3 kHz and the digital
oscilloscope are attached to the I/V-converter. The gain of the I/V-converter,
as well as the gain and settings of the high- and low-pass of the preamp were
chosen for achieving the best results of the optical-field-induced currents on
the oscilloscope.
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Figure 11.2.: Background-reduced measurements with devices in a sandwichlike geometry. A metal-dielectric-metal solid-state device with the sandwich-like
geometry shown in Fig. 11.1 with a 250 µm thick SiO2 substrate with 200 nm of
Ag as electrodes on both surfaces is exposed to few-cycle laser pulses with a field
strength of F0 ≈ 7.2 V/Å. In (a), the lock-in frequency is set at frep /2 and the CEP
of the laser pulses is modulated with the same frequency. Thus, the lock-in amplifier
extracts only CEP-dependent contributions of the total induced charge per pulse. The
lock-in signal is shown as a function of the propagation length ∆l of the pulses inside
a pair of dispersive fused silica wedges. It oscillates with the CEP around its zero
value. For the measurement shown in (b), the lock-in is set at frep and the CEPmodulation of the laser pulses is still activated. Thus, the lock-in signal represents the
CEP-independent contributions of the total charge per pulse. As expected, it does
not oscillate, but its amplitude varies with the change of the laser pulse dispersion,
exhibiting a maximum at ∆l = 0. In (c), the lock-in frequency is again set at frep ,
but the CEP-modulation of the laser pulses is turned off. As a consequence the lockin signal returns the total induced charge per laser pulse. It oscillates with the CEP
and has a dispersion-dependent offset, i.e. it is the combination of the measurements
in (a) and (b).
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Figure 11.3.: Detection scheme for direct real-time observation of optically
induced currents. The signal from the metal-dielectric-metal interface is converted
with a high-bandwidth I/V-converter at a gain of 108 and further treated using a
preamp with an amplifying gain of 103 , a high-pass of 6 dB at 1 kHz and a lowpass of 6 dB at 3 kHz. It is monitored in real-time and also recorded with a digital
oscilloscope that supports a Gigahertz bandwidth.

The result of such a measurement is presented in Fig. 11.4. A metal-dielectricmetal heterojunction made of 250 µm thick amorphous SiO2 and 200 nm thin
silver electrodes is exposed to laser pulses with the modulation of the CEP
activated, i.e. consecutive laser pulses have an alternating CEP. It should be
noted that this signal, in contrast to most of the previously presented data,
is recorded in real-time with an oscilloscope. No lock-in amplifier is used for
this measurement.
The signal shows distinct peaks every ∼ 333 µs with alternating sign around
the zero-value. This corresponds to the characterictics of the laser pulse train
that consists of few-cycle pulses with alternating CEP at 3 kHz. Hence, this
measurement can be regarded as a direct visualization and electronic readout
of the alternation of the CEP of the applied laser pulses in real-time.
However, this directly observed CEP-dependent signal vanishes if pulses of
identical CEP are applied. In Fig. 11.4, the CEP modulation is turned off
at t ≈ 9.5 ms, resulting in a complete disappearance of the observed current
peaks in the signal. As a matter of fact, one would expect current peaks as
above, showing in the same direction (i.e. either positive of negative), resulting from the identical CEP of the applied laser pulses.
In contrast, the signal of current peaks disappears completely when the CEP
modulation is deactivated. Repeated measurements that are performed with
several different solid-state circuits support this result. It is not possible to
retrieve current peaks by slight changes of the (identical) CEP after its modulation is turned off.
This fact is surprising since the solid-state system does not react instantly and
reversibly on the applied laser field, as previously assumed. Instead, it seems
that the CEP-dependent current signal can only be observed if the CEP of
consecutive laser pulses is modulated. Pulses of identical CEP do not induce
an observable signal in the solid-state material.
However, these are preliminary results that motivate further experimental and
theoretical studies of the observed physical phenomena. It is obvious that the
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underlying processes are quite complex and that more information of their
behavior is required for a complete characterization and understanding.
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Figure 11.4.: Direct detection of the CEP modulation on a digital oscilloscope.
With the sample geometry and the measurement circuit presented in Fig. 11.1 and
Fig. 11.3 the optical-field-induced currents in the metal-dielectric-metal heterostructure are observed and recorded directly on the digital high-bandwidth oscilloscope
when the CEP-modulation of the laser pulses, i.e. the variation of the CEP of π for
consecutive pulses, is activated. The oscilloscope signal is shown in red, visualizing
the alternating CEP at the laser repetition rate frep . At t ≈ 9.5 ms, the CEP modulation is deactivated, i.e. for t > 9.5 ms, consecutive laser pulses have the same CEP.
As a result, the alternating current peaks in the observed signal disappear.
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In this work a new technique for all-optical generation of electronic currents
inside solid-state materials was developed and studied. It has been successfully
shown that it is possible to induce such currents in solids using the instantaneous electric field of few-cycle laser pulses on a femtosecond timescale with
the introduced methods and performed experiments. The observation of these
signals represents an important step towards the realization of ultrafast, solidstate based lightwave electronics that support switching rates on the order
of one petahertz. Such devices hold promise for revolutionizing information
technology and data commucations by speeding up the pace at which signals
can be processed and transferred. The presented techniques and experiments
were a proof of concept of the investigated methods and underlying physical
processes.
Before the actual experiments could be performed a modification of the utilized few-cycle pulse laser source was necessary to enable the operation with a
modulated carrier-envelope phase of the generated laser pulses. Furthermore,
lithographic procedures had to be developed to produce micro- and nanoscaled
metal-dielectric/semiconductor-metal devices that were exploited as photoactive circuits and suitable for the presented experiments.
The capability of ultrafast photonics and its powerful state-of-the-art control
tools combined with modern techniques of micro- and nanoscience and their
great reliability enabled a successful realization of the planned experiments.
Thus it was not only possible to prove the concept of optical-field-induced
currents experimentally, moreover a detailed study revealed deeper insight
in the underlying processes, as well as high potential of the methods in an
application:
• First of all, it has been shown that ultrashort electronic currents can
be induced in a dielectric solid-state system on a femtosecond timescale
by exploiting the instantaneous electric field of a single few-cycle laser
pulse in a non-resonant absorption regime. The strong light field and the
ultrafast response of the material lead to an increase of the conductivity
of the intrinsically insulating material by several orders of magnitude.
Due to the ultrashort duration of the applied laser field of this process
it is reversible, i.e. it does not lead to a destruction of the dielectric
material.
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• In a second experiment this increase of the conductivity of the dielectric
was exploited to sense the electric field of a second synchronized fewcycle laser pulse. This scanning of an electric field using a solid-state
device at an unprecedented temporal resolution which is on the order of
one femtosecond represent the first step towards a sampling of electronic
signals with a petahertz sampling rate.
• By exploiting a conventional method to measure the absolute phase of
few-cycle laser pulses, the observed currents that were optically induced
in the solid-state photoactive circuits could be calibrated. Thus, the
reported currents generated inside the dielectric can be used in turn to
detect the absolute phase of the applied laser pulse. This implention of a
solid-state CEP-detector represents a first application of the investigated
currents and has high potential for pratical use in the field of ultrafast
laser science and attosecond physics.
• Due to the powerful techniques of optical and electron beam lithography it was possible to produce solid-state devices of different materials
and geometries to allow for observing the optically induced currents.
In contrast to the aforementioned experiments, the measurements using
gallium nitride as photoactive material were performed in a close-toresonant regime. These findings support a generalization of the underlying current control processes, suggesting a universality of the mechanism.
• A real-time observation of the induced currents without the requirement
of time-integrating measurement equipment was realized in a first basic
experiment with an improved sample geometry and detection circuit.
Although the exact generation mechanism of the achieved signals in this
case is currently not clear, these findings underline the high relevance
and potential of the presented processes.
These results motivate further investigations of ultrafast optically-induced currents in solid-state devices. The use of few-cycle laser pulses in combination
with controlled lithographic techniques provide high potential to contribute to
advances in attosecond science and ultrafast electronic technology.
Nevertheless, a full understanding of the underlying physical processes is necessary, and therefore a complete characterization and precise interpretation of
the mechanisms are required. This gives rise to additional experiments, which
include for example:
• Analyzing signals from various materials in different geometries: By performing the one- and two-beam measurement using solid-state devices of
different optical active materials and different geometries, more information about the current injection and its universality in different materials
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can be gathered. In particular, a careful analysis of the behavior at different laser field strengths in the one-pulse measurement (cf. Fig. 7.2b)
can shed light on the charge carrier injection process.
• Optimizing the geometry of the optical setup: Focusing laser light to a
focus with a circular shape is not the only possibility to generate strong
light fields. In principle, different geometries of the focus are feasible,
like for example an elliptical focus or, as an extreme case, a linear focus.
Such an approach in combination with an adapted geometry of the solidstate device could possibly enable an improvement of the signal quality
since the irradiated volume of the optical active material that separates
the metal electrodes would be increased if a linear focus is used.
• Using laser pulses at different central wavelengths: With few-cycle optical fields centered at individual wavelengths, the injection and drive
mechanism (cf. chapter 8) can be spectrally decoupled. For example,
a synthesized, single-cycle NIR pulse could confine the injection to an
ultrashort time window, and a synchronized pulse with a longer wavelength, e.g. mid-infrared light (MIR), could be utilized to drive the
injected charge carriers. Thus, a high enough rate could be realized to
sample the electric field of the MIR field. Furthermore, a carefully chosen material and geometry of the solid-state device in combination with
a matching wavelength of the applied light field could increase the dephasing length of the pulse propagating inside the material significantly.
This could in turn result in an increase of the induced results due to the
fact that in this case, the injection and control of charge carriers can
take place inside a large volume of the irradiated material.
• Further investigations in terms of the direct observation of the induced
currents (cf. chapter 11) have high potential to enable a retrieval of
the applied pulse CEP in real-time. This paves the way for single-shot
detection of the CEP as well as for online CEP-control which are required
in ultrafast research.
• Although the theroretical simulations (cf. Ref. [77, 80]) and results of an
additional time-resolved reflectivity measurement (cf. Ref. [66]) point
towards an ultrafast switching-off of the optically induced currents, this
behavior of the process should be confirmed in an experiment which
relies on a direct current detection.
Some of these advanced experiments are currently being carried out. Their
outcome will most probably generate important results for a deeper insight of
the underlying physical phenomena. Nevertheless, the findings of the studies
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summarized in this work already present a big step towards the feasibility and
understanding of optically induced currents in solid-state devices. The proof
of the introduced principles that was performed within the framework of these
studies and the achieved results have shown that such currents can have a high
impact on applications in investigations of ultrafast processes, i.e. attosecond
science.
Furthermore, the ultrafast characteristic and the reversibility of the investigated mechanism render it in principle usable for applications in ultrafast
communication technology. Although an extrapolation of the results herein
towards ultrafast optically-controlled information technology is not possible at
the moment, the investigated process may revolutionize information technology and digital logic operations. For that purpose, the next step is to achieve
ultrafast logic with the presented systems.
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