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Abstract

Electric fields can be sensed with semiconductor quantum dots as these change their
optical properties due to the quantum-confined Stark effect (QCSE). This work describes
new techniques to detect and image electric fields of infrared radiation by harnessing
the QCSE in colloidal CdSe-CdS core-shell quantum dots. In particular, we detect the
near-field of single-cycle terahertz (THz) pulses in gold microstructures using photons
from the visible luminescence of the nanocrystals.

First, we give an introduction to the terahertz spectral regime and the employed amplifier
laser system. We generate high-field terahertz pulses in a LiNbO3 crystal with the tilted
pulse front technique. Here, we provide parameters for an efficient generation setup. The
single-cycle terahertz pulses centered at 1 THz offer peak fields of 400 kV/cm and are
characterized by calibrated electro-optical sampling (EOS). Additionally, we describe and
employ further techniques for the spatio-temporal characterization.

The second part treats the study and finite-element simulation of field enhancing structures
fabricated by photolithography, that increase the terahertz field strengths to several
MV/cm. We also give an introduction to low-dimensional semiconductor structures.
Subsequently, the QCSE as the main effect in this work is presented, as well as a 1d
simulation strategy employing the time-independent Schrodinger equation. We describe
sensitive measurement techniques based on differential/lock-in detection. In particular,
we present THz-pump/optical-probe setups for the detection of (ultrafast) changes in the
absorption and emission of the quantum dots, enabling spectral and spatial resolution of
the QCSE. Ultrafast temporal resolution is enabled by tunable, femtosecond laser pulses
from an optical parametric amplifier (OPA).

Third, we experimentally introduce the QCSE by applying static fields in plate capacitor
structures. The measurements show the main aspects of the QCSE in quantum dots: a
reduced bandgap that scales quadratically with the electric field and an altered overlap
of the electron and hole wavefunctions that changes the transition dipole moment. The
shape and scaling of the spectral changes are supported qualitatively by the 1d simulation.
The THz pulses enable ultrafast modulations in the quantum dot absorption that we
readout in transient absorption and emission measurements. Additionally, we spectrally
map THz-induced changes in the quantum dot absorption with spectrally tuned OPA
pulses close to the bandgap. We show first results of a THz-modulated emission in a time
window of 10 picoseconds after a quantum dot excitation with high fluence.
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The absorption of the quantum dots changes due to their symmetry with the quadratic,
rectified field. However, by using a static bias field, we establish an observable that scales
linearly in the terahertz electric field. The bias field introduces a preferred direction that
allows to induce changes in the quadratic scaling that enable linear field detection. We
implement this scheme as an electro-absorptive THz antenna based on the differential
readout of the quantum dot absorption. The antenna performance is examined in detail,
and the measured terahertz waveforms are verified with EOS. Therefore, we enable the
application of quantum dots for THz time-domain spectroscopy, as we also show in first
results.

Finally, we introduce the newly developed microscopy technique called Quantum-Probe
Field Microscopy (QFIM) that images terahertz electric near-fields with sub-cycle spatial
and sub-diffraction limited resolution. Therefore, we locally detect the terahertz-induced
changes in the emission due to the QCSE with fluorescence microscopy. We present
QFIM by imaging the near-field evolutions in a single bowtie antenna and verify our
findings with finite-element simulations. Here, fields up to several MV/cm are mapped,
and we achieve an optical resolution far beyond the diffraction limit. Additionally, the
technique allows us to map terahertz waveguide propagations in a sub-wavelength slit in
the time-domain.



Zusammenfassung

Elektrische Felder konnen mit Halbleiter-Quantenpunkten erfasst werden, da diese ihre
optischen Eigenschaften aufgrund des quantum-confined Stark-Effekts (dt. ,,Quanten-
beschréankter Stark-Effekt“, QCSE) dndern. Diese Arbeit beschreibt neuartige Techniken
zur Detektion und Abbildung von elektrischen Feldern ferninfraroter Strahlung auf Basis
des QCSE in kolloidalen CdSe-CdS Kern-Schale Quantenpunkten. Insbesondere vermessen
wir das Nahfeld von einzyklischen Terahertz (THz) Pulsen in Mikrostrukturen aus Gold
mittels sichtbarer Photonen der Nanokristall-Lumineszenz.

Zunéchst beschreiben wir den Terahertz-Spektralbereich und das verwendete Laser Ver-
starkersystem. Wir erzeugen die Hochfeld-Terahertz-Pulse in einem LiNbOs-Kristall mittels
einer gekippten Pulsfront (engl. ,tilted pulse front“) des Erzeugerpulses. Hierzu geben wir
Parameter fiir den Aufbau einer effizienten THz-Quelle an. Die einzyklischen Terahertz-
Pulse weisen eine elektrische Spitzenfeldstiarke von 400 kV/cm bei einer Zentralfrequenz
von 1 THz auf. Die zeitaufgeloste Messung des elektrischen Feldes wird mittels kalibrierter
elektrooptischer Abtastung (engl. ,electro-optical sampling“, EOS) durchgefiihrt. Zusétz-
lich beschreiben und nutzen wir weitere Techniken zur raum-zeitlichen Charakterisierung
der ferninfraroten Strahlung.

Der zweite Abschnitt der Arbeit behandelt die Feldverstarkung der Terahertz-Felder in Mi-
krostrukturen aus Gold, welche mittels optischer Photolithographie hergestellt werden und
die Feldstirken bis zu mehreren MV/cm verstarken. Hierzu nutzen wir Finite-Elemente
Simulationen. Anschliel3end geben wir eine Einfiihrung in niedrig-dimensionale Halblei-
terstrukturen und stellen den zentralen Effekt dieser Arbeit vor: den quantum-confined
Stark-Effekt. Ebenfalls beschrieben wir die Simulation dieses Effekts in einer Dimension
mittels der zeitunabhingigen Schrodinger-Gleichung. Experimentell erhalten wir Zugang
zum QCSE mittels empfindlicher differentieller oder Lock-in Detektion, die es ermdglicht
Anderungen in der Emission und Absorption der Quantenpunkte mit hoher zeitlicher
Auflosung zu vermessen. Hierzu verwenden wir spektral verstimmbare Femtosekunden-
Pulse eines optisch parametrischen Verstérkers (engl., ,,optical parametric amplifier”, OPA).
Die verwendeten Anrege-/Abfrage-Schemata ermdglichen die spektrale und rdumliche
Aufloésung des QCSE.
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Experimentell untersuchen wir den QCSE zunéchst mittels statischer, elektrischer Felder
in Strukturen dhnlich einem Plattenkondensator. Diese Messungen weisen die zentralen
Punkte des QCSE auf: eine reduzierte Bandliicke, welche quadratisch mit dem Feld ska-
liert und ein modifiziertes Ubergangsdipolemoment, da der Uberlapp der Elektron- und
Loch-Wellenfunktionen verindert wird. Die Form und Skalierung der spektralen Anderun-
gen in der Quantenpunkt-Emission wird qualitativ von der 1D-Simulation reproduziert.
Ultraschnelle Modulationen aufgrund des QCSE werden anschlieend mittels der Felder
der Terahertz-Strahlung erzeugt, welche wir in Emission und Absorption der Nanokristalle
nachweisen. SchlieBlich studieren wir Anderungen im Absorptionsspektrum nahe der
Bandkante der Quantenpunkte mithilfe von OPA-Pulsen. Wir beschlie3en diesen Abschnitt
mit ersten Ergebnissen, welche die Modulation der Quantenpunkt-Emission direkt durch
die Terahertz-Felder zeigen. Diese tritt in einem Zeitfenster von 10 Pikosekunden nach
einer Anregung mit hoher Fluenz auf.

Die Absorption in den Quantenpunkten dndert sich aufgrund ihrer Symmetrie quadra-
tisch mit dem gleichgerichteten elektrischen Feld. Jedoch zeigen wir, dass mittels eines
zusatzlichen statischen, elektrischen Feldes eine Messgrof3e erzeugt werden kann, wel-
che die lineare Terahertz-Feldstarke misst. Dies gelingt uns durch das statische Feld,
welche eine Vorzugsrichtung erzeugt und Anderungen in der quadratischen Skalierung
bewirkt, welche schlussendlich eine lineare Felddetektion ermoglichen. Wir implemen-
tieren diese Methode mittels einer elektroabsorptiven THz-Antenne, basierend auf der
differentiellen Messung der erzeugten Anderungen in der Absorption der Quantenpunkte.
Die Antenne wird im Detail analysiert und die vermessenen Terahertz-Wellenformen mit
EOS-Messungen iiberpriift. Somit haben wir die Nutzung von Quantenpunkten fiir die
Terahertz-Zeitbereichs-Spektroskopie ermoglicht, wie wir auch anhand erster Ergebnisse
zeigen.

Abschlieend beschreiben wir die neu entwickelte Mikroskopie-Methode Quantum-Probe
Field Microscopy (QFIM), welche Schwingungen von Terahertz-Nahfeldern mit einer
Auflosung weit unter dem Beugungslimit abbilden kann. Dafiir detektieren wir THz-
induzierte, lokale Anderungen in der Emission der Quantenpunkte aufgrund des QCSE
mit konventioneller Fluoreszenzmikroskopie. Wir demonstrieren QFIM durch Abbildung
der zeitaufgelosten Nahfelder in einer einzelnen THz-Antenne und bestédtigen unsere
Ergebnisse mittels Finite-Elemente Simulationen. Elektrische Felder mit Starken von bis
zu einigen MV/cm werden mit einer Auflosung deutlich jenseits der Beugungsgrenze
abgebildet. Ebenso erlaubt uns die Methode, die Propagation von Terahertz-Pulsen in
einer Wellenleiterstruktur zu verfolgen, welche aus Schlitzen mit einer Grof3e weit unter
der Terahertz-Wellenldnge besteht.
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Introduction and outline

Following the theoretical work by J. C. Maxwell [1] in the middle of the 19th century, that
proposed electromagnetic fields that propagate as waves with the speed of light, H. Hertz
conducted experiments to prove the wave character of the electromagnetic radiation. He
generated radiation with a frequency of approximately 30 MHz, which he detected after
propagation through air in the dielectric breakdown of a loop antenna [2]. This resulted
in a small spark, converting the radio frequency radiation to visible luminescence, that
Hertz detected with his eyes. By moving the receiver antenna along the propagation
direction of a standing wave, he could follow the amplitude of the electromagnetic wave
and, thus, prove its existence.

In this work, we resolve the oscillations of the electric field of picosecond pulses in the
terahertz (THz) spectral region, also using visible luminescence. In particular, we employ
field-sensitive modulation of the absorption spectrum of semiconductors. Control of the
optical properties with an external electric field was shown first in bulk semiconductors
by W. Franz and L. Keldysh in the late 1950s [3, 4]. However, much higher sensitivity and
robustness to high fields is provided by low-dimensional semiconductor structures [5],
where the electronic motion is spatially confined. There, the field-modulated absorption
is governed by the quantum confinement and is therefore called the quantum-confined
Stark-effect (QCSE). In this work, we employ semiconductor nanocrystals that are highly
confined in all spatial dimensions to only a few nanometers: colloidal quantum dots.

In 2023, the Nobel Prize for Chemistry was awarded to A. I. Ekimov, L. E. Brus, and M. G.
Bawendi for the discovery and synthesis of quantum dots. Ekimov and Brus studied the
dependency of the crystal size on its color and drew the conclusion that the energy from
the emitted photons scales with the inverse squared size due to the quantum confinement
[6, 7]. This enabled to freely tune the luminescence of the quantum dots by their size. For
industrial purposes or in general ensemble applications of the crystals, as employed in this
work, a procedure to fabricate large batches of quantum dots with nearly monodisperse
size was needed. Such a method was provided first by Bawendi and coworkers in 1993
with their hot-injection technique [8].

The QCSE was first shown in quantum wells by D. A. B. Miller in 1984 [5] and in single
quantum dots by Empedocles and Bawendi in 1997 [9]. The first application of the QCSE
to the emerging field of THz photonics is described by Turchinovich and coworkers in 2010,
showing that the optical properties can be modulated on an ultrafast timescale [10].
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Due to their small size and overall flexibility, the quantum dots are predestined to act
as local probes to sense electric fields on a microscopic, sub-wavelength scale, as they
play a role in nanodevices, polaritonics, and plasmonics [11-13]. In the THz regime,
spatial-temporal distributions of such fields are accessible with, e.g., electro-optic sampling
techniques and Auston switches [14, 15], both typically used for detection of THz radiation
in the time-domain. Also, typical high-resolution approaches, such as scanning near-field
microscopy, scanning-tunnel microscopy, and electron microscopy have been successfully
applied to the THz range, delivering spatial resolutions down to nanometers [16-18]. As
a main result of this thesis, we present a novel THz near-field technique based on QCSE
in quantum dots, that enables ultrafast field imaging via far-field fluorescence, especially
for high electric field strengths, which e.g., exclude the use of tip-based methods.

All the presented experiments have been completely designed and set up during this
dissertation. In chapter 2, we introduce the far-infrared THz radiation and the employed
high-power pulsed laser system. Special attention is paid to the design of an experimental
setup to efficiently generate phase-stable, single-cycle THz pulses from the near-infrared
laser pulses. This is followed by the description of the employed spatial and temporal
detection techniques for THz radiation. Chapter 3 introduces the key elements underlying
strong-field experiments, namely THz field enhancement in gold microstructures, the
quantum-confined Stark-effect and optical pump/probe readout strategies employing
visible radiation. An experimental characterization of the QCSE is given in chapter 4.
There, we present measurements with static and ultrafast THz bias fields and discuss them
with respect to QCSE simulations based on a 1d model. Owing to the symmetry of the
quantum dots, the QCSE is insensitive to the field polarization, and therefore, we present
two signal-theoretical approaches to recover the polarity. We conclude this chapter with
first results on direct THz modulated emission in quantum dots, an effect we observe at
excitation with high fluence. In chapter 5, we address the problem of polar field detection
in quantum dots from a different perspective by introducing a novel electro-absorptive
terahertz antenna. Here, the field polarity is detected by employing a known static field
on top of the THz field, allowing us to break the quantum dot symmetry and measure
the waveform of the electric field directly. This enables the use of quantum dots as a
spectroscopic tool, as we show in first applications. In chapter 6, we describe Quantum-
Probe Field Microscopy (QFIM), a new technique to image THz near-fields with sub-cycle
and sub-diffraction-limited resolution using quantum dots. In particular, we detect the
field-induced local absorption changes in the quantum dot emission far-field in the vicinity
of THz antennas employing conventional fluorescence microscopy. We investigate a single
bowtie antenna, study propagations of THz waves in micro-slit waveguides, and compare
our findings to simulations. The concluding chapter 7 summarizes the work and provides
possible directions for future studies.

Chapter 1 Introduction and outline
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Generation and characterization
of intense single-cycle terahertz
pulses

Introduction to terahertz radiation

Throughout this thesis, terahertz radiation is used as an electric field bias. In particular,
ultrafast THz waveforms, featuring only few electric field cycles in the picosecond temporal
regime, are used for this purpose, providing fields at much higher frequencies than
accessible with conventional electronics. Following its name, the spectrum spans from
roughly 0.1 THz to 10 THz, thus, lies in the far-infrared region, in between electronically
generable radiation and conventional photonics [19], as depicted in fig. 2.1. Until
recently, this spectral region was often referred to as the "terahertz gap" due to the lack of
generation mechanisms, especially for table-top or turn-key devices. As date of this thesis,
multiple ways to generate THz radiation have been established. The most prominent ones
are presented in section 2.3.

The low-frequency character of THz radiation, e.g., provides interesting applications in
non-destructive material testing, sensing, and spectroscopy as the photon energy is in
the range of only a few to ten meV [20]. Radiation centered at 1 THz corresponding
to photon energy of 4meV is employed in all experiments, thus, featuring energies
far below the thermal energy of 25 meV at 300K temperature. In this spectral region,
a lot of fundamental excitations take place, e.g., rotation vibrations (gas), phonons
(solids), and hydrogen bond vibrations (liquids), that can be accessed and studied with
THz fields [21].

Electronics Terahertz » Photonics
Frequency (THz) 0.001 0.01 0.1 1 1000 10000 100000
Wavelength (um) 300000 30000 3000 300 30 3 0.3 0.03 0.003
Energy (meV) 0.004 0.04 0.4 4.1 41 413 4136 43157 413568

Fig. 2.1: Terahertz radiation in the electromagnetic spectrum. Illustration of the terahertz
spectral region in between electronics and photonics, along with the corresponding
frequency, wavelength and energy.
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In particular, phase-stable THz radiation, with its rather long periods of electric field
oscillations, allows for sampling of its electric field with femtosecond laser pulses. Thus,
phase-resolved detection of the THz field enables the direct acquisition of complex material
parameters, e.g., complex refractive indices. In contrast to conventional frequency-domain
spectroscopy, this method is called THz time-domain spectroscopy (TDS) [22].

1 md ytterbium amplifier laser system and optical
parametric amplifier

Yb:KGW amplifier system

The generation of strong terahertz pulses requires short and high-energy laser pulses in
the visible to infrared spectral region, as the energy conversion efficiency is typically below
1% for the employed tilted pulse front technique in lithium niobate [23]. Therefore, we
use a regenerative amplifier laser system (Pharos SP, Light Conversion) at a repetition rate
of 10 kHz with a pulse energy of 1 mJ, corresponding to an optical power of 10 W. The
output pulse length is specified to ~180 fs and the spectrum is centered around 1030 nm.
In detail, the regenerative amplifier is seeded by pulses from a ytterbium oscillator with a
repetition rate of 76 MHz based on Kerr-lens mode-locking. Ytterbium-doped potassium
gadolinium tungstate (Yb:KGW) is used as an active medium in the amplifier and is
pumped by continuous-wave diodes. The seed pulses are injected by a Pockels cell,
amplified via chirped-pulse amplification, and ejected by the same Pockels cell. In short,
this method consists of stretching the seed pulses to low peak powers that can be safely
amplified in the Yb:KGW crystal and finally compressing the pulses again to achieve
ultrashort high-energy pulses.

Optical parametric amplifier

In the experiments, we use femtosecond laser pulses with widely tunable wavelengths
to pump or probe samples. For this purpose, we utilize a collinear, optical parametric
amplifier (OPA) which is pumped by a small fraction (25uJ) of the power from the
amplifier system. The employed commercial OPA (Orpheus-HP, Light conversion) offers
pulses from 310 nm up to 16 000 nm wavelength. In general, the OPA is based on the
second-order nonlinear process optical parametric amplification, which involves three

Chapter 2 Generation and characterization of intense single-cycle terahertz
pulses



photons with frequencies w, (pump), ws (signal) and w; (idler), whereas ws < wp. The
nonlinear polarization pP® (wj) reads as [24]:

PO (w; = wp — ws) = eox P (wp, —ws) E(wp) E* (ws) 2.1)

A weak signal beam is amplified by depletion of the pump beam and the additional
creation of idler radiation, as illustrated in fig. 2.2(a) [24]. Experimentally, most of the
input light from the Pharos is frequency-doubled by second harmonic generation (SHG) to
provide the pump beam. Whitelight continuum is generated in a white light (WL) crystal
by a part of the input beam and acts as seed for the parametric amplification. The used
OPA is based on a two-stage amplification design, as sketched in fig. 2.2(b). The desired
output wavelength is chosen from the white light seed by tuning the phase-matching
angle of the OPA crystal and frequency filters at the output. A set of different output
wavelengths of the signal beam is presented in fig. 2.2(c).

(a) virtual level (b)
...... R BS SHG
I

A
sigLnal ”MW’“

|
W, N AN | WLG

OPA 1 OPA 2
pump idler

~ground state 1st stage  2nd stage
(c) L L L L L L L L

—
1
T

Intensity (norm.)

o
L
I

650 700 750 800 850 900 950 1000
Wavelength (nm)

Fig. 2.2: Optical parametric amplification. (a) A photon from the pump beam is annihilated,
leading to the creation of an idler and an additional signal photon via virtual levels
(dashed). Adapted from [25]. (b) Schematic sketch of the employed two-stage paramet-
ric amplifier. The input beam from the amplifier system (red) is split up with a beam
splitter to generate white light (seed) and SHG (blue, pump). A small part of the SHG
is used to pump the first stage, amplifying a narrow part of the continuum (gain 10° to
105). The power of the signal (green) pulse is further amplified in the second stage (gain
10! to 10%) [25]. The idler beam is not shown. Adapted from [25]. (c¢) OPA spectra of
the signal beam in steps of 20 nm measured with the internal OPA spectrometer.

2.2 1 mJd ytterbium amplifier laser system and optical parametric amplifier
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The available wavelength range of the OPA is further extended by SHG of the signal
(600nm to 1100nm) and idler (1000 nm to 2600 nm) beams — building up a wide,
continuous range of frequencies that was used throughout the thesis. Additionally,
difference-frequency generation enables access to infrared radiation up to 16 um.

Terahertz generation processes

Overview of generation processes

In an ongoing effort to close the terahertz gap, many different ways of generating (strong)
terahertz radiation have been developed — broad reviews are presented in refs. [23, 26]
on the basis of which we now provide an overview. In general, a distinction can be made
between low-field applications such as THz time-domain spectroscopy, typically driven by
oscillator systems at MHz repetition rates, and high-field applications, for instance, THz
high-harmonic generation, powered by amplified laser systems or large-scale facilities
typically at repetition rates from 1 to 100 kHz [22, 27, 28].

So-called photoconductive antennas (PCA) provide a broadly used platform for time-
domain spectroscopy [29]. In short, the radiation is generated in semiconductors that
are externally biased in an antenna structure. Free charge carriers are generated by a
short laser pulse and accelerated, yielding the emission of pulsed THz radiation. The
resulting THz spectrum is governed by the carrier relaxation time. Inversely, the THz
radiation can be detected with a PCA by measuring the current of free charge carriers
accelerated by the electric field of the THz pulse. Another technique relies on plasma
generation, e.g., in air [30], where a short laser pulse and its second harmonic are focused
in ambient air, resulting in a plasma. The THz generation process can be described in a
simple picture as a frequency mixing in the plasma. The THz bandwidth can be tuned
by the pump pulse duration, allowing for extremely broad THz spectra. Vice versa, the
principle can also be used to detect THz radiation and is known as air-biased coherent
detection or air-breakdown coherent detection (ABCD) [31, 32]. To date, most high-field
THz experiments rely on the x(?-processes optical rectification (OR) and/or difference-
frequency generation (DFG) in semiconductors, organic and inorganic crystals [23]. This
mechanism is employed in the experiments in the present thesis and is described in detail
in the section below. More recently, THz generation and detection based on spintronic
emitters have emerged, offering high bandwidths and peak fields comparable to OR-based
techniques [33-35]. The aforementioned techniques are mostly implemented in table-top
experiments. However, there also exist large-scale facilities such as TELBE (High-Field
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High-Repetition-Rate Terahertz facility @ ELBE) based on electron accelerators that
provide high fields and frequency-tunable THz pulses at high repetition rates [36].

Optical rectification

In this work, the THz radiation is generated via OR / DFG of near-infrared pulses in
a nonlinear crystal. In particular, DFG can be described as a x(®-process and, thus,
two strong, interacting electric fields £(w;) and FE(w2) at frequencies w; and wy lead
to a polarization P(?) with the difference frequency ws = w; — wy , similar to the OPA
process [24]:

PP (w3) = eox@ (w1, —ws) E(w1 ) E* (ws) (2.2)

OR can be understood as DFG in the case wy — w1, leading to a quasi-static polarization
in the medium [24]:

P? (wg = 0) = 50)((2) (w1, —w2)E(w1)E* (we — w) 2.3)

Experimentally, the frequency conversion is driven by broadband femtosecond laser pulses.
Therefore, with wy = w; = w and w3 = wry, the polarization P2 (ws) can be rewritten
as [26]: -

PO (wpy) = cox® (w, —w) /0 Bw + wrrz) B (w)dw 2.4)

That means every photon pair in the bandwidth of the optical pulse with a frequency
difference of wry, contributes to a photon at wry,. This leads to a continuous THz
spectrum, which offers a bandwidth that is theoretically limited by the bandwidth of the
optical pulse, as illustrated exemplarily in fig. 2.3.

Moreover, comparable to other nonlinear processes such as second-harmonic generation,
OR has to fulfill a phase matching condition to efficiently generate THz radiation in a
macroscopic medium. In general, the following condition for the involved wave vectors k
has to be met [26]:

—

Ak(wrhz) = k(wrhz) + k(W) — k(w + wrhg) = 0 (2.5)

The THz frequency is much smaller than the optical, therefore k(w) — k(w -+ wryz) can be
simplified to Ok /Ow - wrhg, resulting in a velocity matching condition involving the THz
phase velocity vry, and the group velocity of the optical beam v [26]:

UTHz = Vg (2.6)

2.3 Terahertz generation processes
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Fig. 2.3: Terahertz generation via OR and DFG. Starting from a femtosecond laser pulse (red)
with a broad spectrum, we follow the generation of THz radiation for three exemplary
frequencies w;. Besides the DC contributions for degenerated frequencies, three dif-
ference pairs can be allocated in the THz spectrum (black). Correspondingly, in the
time-domain (¢), a femtosecond optical pulse with few cycles of the electric field is
converted into a single-cycle pulse at THz frequencies. Adapted from [24].

Tab. 2.1: Overview of THz crystals using OR. Nonlinear coefficient deg (pmel), refractive and
group refractive index n, ng at 1030 nm, refractive index in the THz regime nruz, THz
absorption coefficient ary, (cm™!) and figure of merit FOM (pm? cm? V~?) for various
crystals used in the THz generation via OR. Table adapted from [37]. Values for 1030
nm were added as indicated, all THz values at 1 THz except DAST (0.8 THz).

Material degf n Ng nTH, OTH, FOM
CdTe 72.2 [38] 2.83[39] 3.27[39] 3.24 4.8 8.03
GaAs 53.0 [38] 3.49[40] 3.99[40] 3.59 0.5 2.57
GaP 22.7 [41] 3.11[42] 3.33[42] 3.34 0.2 0.64
ZnTe 60.3 [38] 2.78[39] 298 [39] 3.17 1.3 5.94
SsLN 162 [38] 2.14[43] 2.21[43] 4.96 17 16.0
sLN, 100K 4.8 46.2
DAST 383 [44] 2.22[44] 2.60[44] 2.58 50 18.4

Various materials have been used to generate intense THz radiation via OR, including
organic crystals (e.g., DAST), inorganic crystals such as LiNbOs, and semiconductors
(GaP, ZnTe, ...). The energy conversion efficiency can be described with a figure of merit
(FOM) taking into account the nonlinear coefficient dg , refractive index n at 1030 nm,
refractive index in the THz regime nty,, THz absorption coefficient aty, and the length
of the nonlinear crystal L [37]:

d 2L2
FOMy4 = —oF 2.7)
N“NTHZ
Ad o5
FOMy = —5— (2.8)
N"NTHzXTHz
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For highly absorptive generation media with a THz absorption coefficient cry, > 5cm™!

FOMy is used. In the opposite case, FOMy 4 determines the efficiency, and L = 2 mm
is used [37]. The relevant parameters and the FOM for various crystals are shown in
table 2.1. Besides organic crystals such as DAST, LiNbOgs provides the highest nonlinear
coefficient deg resulting in a high figure of merit, which can be further improved by
cooling the crystal. However, the mismatch of the group index at 1030 nm and the
phase index at 1 THz is large, ruling out direct collinear pumping. The latter results in
a Cherenkov-like cone emission of terahertz radiation, which is experimentally difficult
to collect [45]. A non-collinear generation scheme was presented by Hebling et al. in
ref. [46], that uses a tilted pulse front to achieve phase velocity matching in LiNbOs.
Therefore, the near-infrared pump beam must undergo a tilting of the intensity front of
the pulse. Experimentally, this is achieved by a prism or diffraction grating that induces

an angular dispersion g—f\ resulting in an angle between the pulse front and the phase front

of the beam. The relation between pulse front tilt v and angular dispersion g—; can be

described as follows [47]: i
n €
t =——Xo— 2.
any ng 0 dx (2.9)
Here, )¢ denotes the mean wavelength, n and ng the refractive and group index, respec-
tively, of the medium in which the pulse front tilt is investigated — the angles and the

pulse front tilt are illustrated in fig. 2.4.

input pulse

phase front

Fig. 2.4: Pulse front tilt due to a prism. The pulse front, described by locations of maximum
intensity, encloses a tilt angle ~ with the phase front. Adapted from [47].

A pump beam with a pulse front tilt v leads to a new phase matching condition [46]:

VTHz = cos(7Y)Vg (2.10)
NTHz = cos(y)ng (2.1D

The necessary pulse front tilt for a 1030 nm pump wavelength and 1 THz frequency
can now be calculated from nrty, = 4.96 and n, = 2.21 [43, 48]. For pump pulses with
1030 nm wavelength, a pulse front tilt of 63.5° is optimal for phase matching at 1 THz. A
schematic setup for THz generation with a tilted pulse front is displayed in fig. 2.5. Since
in this configuration, the THz radiation propagates non-collinear to the pump beam, the

2.3 Terahertz generation processes



2.4

10

LiNbOs crystal is cut at an angle of ~ so that the beam leaves the material perpendicular
to the surface. Furthermore, the pump beam is vertically polarized, parallel to the z-axis
of the crystal, providing the highest efficiency. In order to avoid damage due to the
photorefractive effect, we use stoichiometric LiNbO3 doped with 1% MgO [49]. The
experimental realization of the optimal pulse front tilt, along with the full experimental
setup, is described in detail in the upcoming section 2.4.

pump beam UTHy
. lens
grating
I/g

THz

S

Fig. 2.5: Schematic setup for THz generation in LiNbO3; with the tilted pulse front method.
The near-infrared pump beam is disperged by a grating, and the resulting pulse front
tilt v is imaged in a cut LiNbO3 crystal. This leads to an efficient generation of THz
radiation that exits the crystal perpendicular to its surface. Additionally, the phase
velocity matching condition is illustrated. Adapted from [50].

Design of an efficient terahertz generation setup based
on the tilted pulse front method

The tilted pulse front method in LiNbOj3 is widely used for high-field THz pulses but
does not allow for a simple collinear scheme. Typically, gratings are used in this THz
generation technique to induce the tilted pulse front. However, there also exist more
exotic configurations, including echelons and phase masks [51]. In all cases, the pump
pulse on the grating is imaged inside a (cut) LiNbO3 crystal. In the grating case, this
can be achieved by either a single-lens or a two-lens telescope. According to ref. [50],
a two-lens telescope consisting of achromatic lenses offers far less imaging distortions
compared to the use of a single lens or singlet lenses, thus resulting in a higher THz
generation efficiency.

Optimal parameters for the tilted pulse front setup are derived in ref. [50, 52] and will
now be discussed. A schematic sketch with all relevant parameters is shown in fig. 2.6.

Chapter 2 Generation and characterization of intense single-cycle terahertz
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Fig. 2.6: Tilted pulse front scheme with a two-lens telescope. The pump beam on the grating
is imaged inside a cut nonlinear crystal LiNbO3. Adapted from [52].

& s1=/1

Optimal phase matching and imaging conditions for a grating with grating period p are

found:

sin(64) = n:\z(g)pa

sin(f;) = )\Z? <1 - nang>
s1= /1
s9 = foa—s/n

fi/fa=Va
nQngp\l A2 4 n?
2N n2p? tan*y  n?  2tan?+y

Furthermore, the parameter « is linked to the required magnification M of the 4f-

M = \/z (2.12)

In order to reach optimal efficiency and separable incident and diffracted beams, blazed

configuration:

gratings with incident angle 6; near the Littrow angle 6;, are used:

sin(6y) = ;;
The results for the required incident angle as a function of the grating period p are
displayed in fig. 2.7(a). Furthermore, the choice of p implies a certain magnification,
following eq. (2.12), as shown in fig. 2.7(b). To withstand high pump fluences, gratings
manufactured for chirped pulse amplification are ideal for THz generation. From the avail-
able components, we decided for a gold-coated grating with a period of 1200 lines/mm

(Horiba), which offers an efficiency over 93 % for TM-polarization at 1060 nm incident

2.4 Design of an efficient terahertz generation setup based on the tilted 11
pulse front method
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Fig. 2.7: Requirements to the tilted pulse front setup. (a) Required incident angle and resulting
diffracted angle as a function of the grating period. For highest efficiency, 6; close to the
Littrow angle are favorable. The dashed lines indicate a deviation of +10° from 6. (b)
Choosing a grating requires a specific magnification for the imaging unit.

at the required angle 6;=22.3°. Hence, the telescope consists of two 50.4 mm-achromats
(Thorlabs) with f;=150mm and f>=80mm, providing a magnification Mex,=0.53 close
to the optimal M =0.55.

Electro-optical sampling of terahertz pulses with
absolute electric field strength calibration

In this work, terahertz waveforms are routinely characterized by the electro-optical
sampling (EOS) technique [53], which allows to directly sample the electric field evolution
in the time-domain, thus, detects amplitude and phase of the electric field. Recently, this
technique has also been applied successfully to near-infrared waveforms [54].

Pockels effect

The linear electro-optic effect or Pockels effect describes the relation between a linear
change in refractive index as a function of a static electric field and is the base for EOS of

ultrafast THz pulses.

Chapter 2 Generation and characterization of intense single-cycle terahertz
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The change in refractive index as a function of an electric field F = (F,, Fy, F.) can be
written with the electro-optic tensor r;; as [55]:

1 3
A <n2> = ri;F; (2.13)
1 j:1

Thereby, the coefficients (#) _arise from the index ellipsoid in general form:

1 1 1 1 1 1
<) 2+ () y? + () 2242 <) yz+2 () rz+2 <> zy =1 (2.14)
n2 1 n2 2 n2 3 n2 4 n2 5 n2 6

The electro-optic tensor r;; is material specific, and typically, a lot of tensor entries vanish
due to symmetry considerations. In this work, gallium phosphide crystals are used as
electro-optic material, and for such zincblende structure crystals (43m class) ri; reduces
to [56]:

(0 0 0]
0 0 0
=] 00 (2.15)
rgg O 0
0 rgn O
| 0 0 741

Hence, the index ellipsoid for a zincblende crystal is deformed by an external electric field
F following eq. (2.13):

1 1 1
(2> 22+ <2) y2 + (2) 22+ 2rp Fpyz + F2ra Fyxz + 2rp Foay =1 (2.16)
n=/1 n=/2 n-/s

Linear electric field detection

The changes in the refractive index from eq. (2.16) and, thus, the electric field are experi-
mentally accessible by the measurement of changes in the polarization of a radiation that
passes through the electro-optic crystal. We follow the description presented in ref. [57],
where the full derivation is given for all upcoming formulas. A more general description
of electro-optic detection can be found in refs. [58, 59].

We employ an optical probe beam polarized at 45° with respect to the s-polarized THz
beam, that reads out An through measurement of its polarization state, see fig. 2.8.
with F = (0,0, Fger), the index ellipsoid can be rewritten in the laboratory frame
(', y, 2):

1 1 1
' (2 + r41Fdet> +y” (2 + 7‘41Fdet> +2"2 ( 2) =1 (2.17)
n n n

1/n?c/ 1/nz/ 1/ni/

2.5 Electro-optical sampling of terahertz pulses with absolute electric field
strength calibration
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Fig. 2.8: Schematic electro-optical sampling setup. The s-polarized THz beam and the sampling
beam with 45° tilted polarization hit the <110> cut zincblende crystal. Notably, the crys-
tal frame (x,y,z) differs from the laboratory frame (x’,y’,2’). The refractive index changes,
and thus, the electric field induced by the Pockels effect is imprinted in the polarization
of the sampling beam, which is read out with a pair of balanced photodetector (BD). In
particular, the crystal induces elliptical polarization of the sampling beam in the presence
of an electric field. The ellipticity is converted in a linear polarization of 45° tilted by
Ap/2 in the quarter wave plate and is measured after splitting up the signal in the y’-
and z’-component with a Wollaston prism.

The optical probe beam only has components in 3’ and 2’ and thus, the change in refractive
index for the two components reads as:

3
An =ny —ny = %mleet (2.18)

Taking also into account the amplitude reflection at the surface of the crystal, the phase
change Ay between 2’ and 3’ components for an electro-optic crystal with thickness d is

given by:
I 1 2 n3r41
L+ntH,  Aopt

Agp Flier d (2.19)

S

The first part of the equation, s, can be understood as the DC-sensitivity. Experimentally,
Ay is measured by the difference of the 3’ and 2’ intensity component of the probe
beam after passing the crystal. Therefore, a quarter-wave plate parallel to the incident
probe beam polarization and a Wollaston prism (WP) are used. The differential signal
AI = I, — I, between the resulting two orthogonal parts of the probe beam is measured
with a pair of balanced photodiodes (BD). In particular, AT is detected as a voltage signal
Ur which corresponds to the sine of the phase rotation Ay multiplied with a calibration
constant k :

Ur = ksin (Ap) (2.20)

Chapter 2 Generation and characterization of intense single-cycle terahertz
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For small A, the sine can be linearized, leading to a signal linear in the electric field. The
calibration constant k can be determined by rotating the quarter-wave plate by an angle
A®, 4 in absence of the external electric field. Here, A©, 4 denotes the angle between
the fast axis of the quarter wave-plate and the z-direction. Finally, the balanced diodes
detect a signal S(ABO, 4):

1
S(A8y4) = ksin (4A@A/4) (2.21)

Deviations from a pure sinusoidal form typically arise from a misaligned setup, e.g., wrong
incident optical polarization or tilted wave-plates. The influence of absorption, phase
mismatch and finite sampling pulse length on Ay is discussed in detail in ref. [57]. Finally,
the detection of absolute electric field strengths is feasible with egs. (2.19) to (2.21) using
a zincblende crystal with defined thickness in the described scheme.

Notably, a two times higher sensitivity can be achieved by aligning optical probe beam
and THz pulse polarization parallel to each other and rotating the [001]-axis of the crystal
perpendicular to the THz polarization [58].

Electro-optic crystal

The Pockels effect is, such as OR and DFG, a X(Q)—process, and therefore, the involved
beams need to fulfill a phase matching condition: the phase velocity of the THz pulse must
be equal to the group velocity of the sampling pulse. In reality, only near-perfect phase
matching is possible due to the available crystals. Consequently, the detection bandwidth
is also limited by the crystal thickness. Additionally, transversal-optical phonon resonances
(TO-PR) in the THz spectrum limit the accessible frequency regime. For example, ZnTe
shows a TO-PR at 5.3 THz, GaP at 12.0 THz and GaAs at 8.1 THz [41]. Moreover, the
overall signal strength is given on one hand by the crystal thickness, phase matching
and THz absorption and on the other hand by the nonlinear coefficient r4;, compare
eq. (2.19). ZnTe (r41 = 4.04pm/V) offers here a four times higher value than GaP
(r41 = 0.97 pm/V) [41]. Parameters for the different crystals are displayed in tab. 2.2. For
a sampling wavelength of 1030 nm GaP, for 800 nm ZnTe and for 1550 nm GaAs offer the
best phase matching. The detailed frequency resolved detector response is calculated in
ref. [41]. In the experiment, we employ a 100 um thick GaP crystal along with a sampling
wavelength of 1030 nm, that offers, according to ref. [60], a flat frequency response from
0 THz to 6 THz. For extremely high electric fields or thick sampling crystals, over-rotation
can occur, limiting the maximum measurable field strength [61].

2.5 Electro-optical sampling of terahertz pulses with absolute electric field
strength calibration
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Tab. 2.2: Overview of different sampling crystals. Group refractive index ng for three different
sampling wavelengths along with the THz refractive index n and THz absorption «. All
values taken from [41], beside the values for 1030 nm (GaAs [40], GaP [42], ZnTe [39]).

Crystal | ng n/a (cm™!)
800/1030/1550 nm | 0.5 THz 1.0 THz 2.0 THz 4.0 THz
GaAs 4.18/3.99/3.54 3.61/0.03 3.61/0.13 3.62/0.58 3.70/3.54
GaP 3.57/3.33/3.14 | 3.34/0.82 3.34/0.04 3.35/0.16 3.39/0.78
ZnTe 3.24/2.98/2.81 3.17/0.08 3.18/0.32 3.23/1.60 3.66/22.11

Effect of finite sampling pulse duration

The sampling process can be understood as the convolution of the THz electric field with
the sampling pulse intensity in the case of sampling pulses with much larger central
frequency wg than spectral bandwidth Aw. Ignoring phase-mismatch, dispersion, and
absorption processes, the transfer function G(wrhz) can be written as the auto-correlation
of the sampling field envelope Aqp; in the frequency domain [62]:
“+oo
G(wTHZ) = Azpt(w — wo)Aopt(w — Wy — wTHZ)dwTHZ (2.22)
— 00

This can be rewritten using the convolution theorem and the intensity of the sampling
pulse in the time-domain 7(¢):

Glwrhz) = 7 (1(1)) (2.23)

Here, .# denotes the Fourier transform. |G(wrpz)| is shown in fig. 2.9 as a function of the
sampling pulse length.
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Fig. 2.9: Transfer function |G| for different 1/¢? sampling pulse durations. The white line
indicates the 1/e?-bandwidth of the detection, assuming a Gaussian-shaped intensity.
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2.6 Experimental realization of generation and detection of
strong THz pulses

After deriving optimal parameters for the tilted pulse front scheme and presenting a

platform for calibrated field measurements, the full experimental setup for THz generation

and detection is given in fig. 2.10. Detailed information is given in the caption.

BS
Yb-amplifier o 95%

1030 nm 506 LT
10 kHz, 1mJ | |
A\ o 200 mm -100 mm <—delay stage —»
/2 B~ 45 v
THz 450 balanced
© s-polarized 150 mm 80 mm detector
| p-polarized
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4
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OPA i—%? S S«
° B # 5
8

‘/\/‘ L A-?Cr’\/' boxcar
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Fig. 2.10: Experimental setup for generation and detection of strong terahertz pulses. The

pump pulses from the amplifier system are guided to a mechanical delay stage with
a silver-coated retro-reflector, enabling variable temporal delay between the pump
pulses and the OPA pulses. The pump beam is enlarged by a Galilean telescope to
a 1/e%-width of 1cm to reduce the peak intensity on the grating and in the crystal.
Before hitting the gold-coated grating, the polarization is rotated to ensure maximum
diffraction efficiency. The spot on the grating is then imaged inside the MgO:LiNbO3
crystal (63° wedge angle) by a telescope, consisting of two 2 —inch achromats. The
polarization is aligned to the z-axis of the crystal with a half-wave plate. The terahertz
radiation exits the crystal perpendicular to its surface and is guided to a 90-degree,
1-inch off-axis parabolic mirror, focusing the beam in the sampling crystal. The OPA is
operated at the pump wavelength 1030 nm and is focused in the GaP crystal through a
hole in the parabolic mirror. The balanced detector (PDB 210A/M, Thorlabs) delivers
short voltage pulses, that hinder direct detection with e.g. a lock-in-amplifier due to
the relatively low repetition rate of the laser system. Therefore, we employ a boxcar
averager (SR250, Stanford Instruments), that is synchronized to the laser repetition
rate. The device averages only over a (variable) short portion of the input signal,
improving the signal-to-noise ratio for low duty-cycle applications. The averaged signal
is afterwards measured via an analog-digital converter (ADC) and recorded with a
custom LabView program.

2.6 Experimental realization of generation and detection of strong THz
pulses
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Spatio-temporal characterization of single-cycle
terahertz pulses

Calibrated electro-optical sampling

In section 2.5, the calibrated detection of electric field strengths has been derived. The cali-
bration constant k is acquired by the rotation of the quarter-wave plate, following eq. 2.21,
yielding a sinusoidal curve as shown in fig. 2.11 using a 100 um thick <110> GaP crystal.

3 1 1 : 1 1 1 1 1 1
: o exp. data|
fit

-3 T T : T _ T T T T T
0 20 40 60 80 100 120 140 160 180
ABy/4(°)

Fig. 2.11: Exemplary calibration of the EOS setup. The rotation of the quarter wave-plate leads
to a strict sinusoidal behavior for AI(A©) /). The calibration factor is determined
by fitting eq. 2.21 to k = 4.67 V. A rotation of 180° is not necessary but can show a
misaligned setup. For EOS measurement, the quarter-wave plate is set to, e.g., 45°
(gray dashed line) to balance the two diodes.

The DC-sensitivity for GaP at a sampling wavelength of 1030 nm can be calculated to
s = 0.21k7v0m using r41 = 0.88 pm/V, nty, = 3.33 and n = 3.11 [42, 63, 64]. However,
also slig}ff'rclly higher values for r4; can be found in literature, e.g. 41 = 0.97 pm/V [65],
leading to lower absolute fields. Finally, the electric field Fy.; can be measured from the
detected voltage U using egs. (2.19) and (2.20):

. Up
arcsm( A ) 2.24)
In the experiment, temporal sampling is achieved by delaying the THz pulse with respect
to the optical sampling pulse with a mechanical delay stage. The calibrated sampling trace
in fig. 2.12(a), with a temporal stepsize of 27 fs, shows a maximum electric field strength
exceeding 400kV cm™!. The amplitude spectrum in fig. 2.12(b), calculated via Fourier

transform, is centered around 1.2 THz and shows frequencies spanning from 0 THz to
nearly 4 THz.
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Fig. 2.12: Terahertz waveform and spectrum with calibrated field strength. (a) The THz

electric field evolution is measured via EOS using a <110> GaP crystal with a thickness
of 100 um. Applying the aforementioned calibration scheme, an electric field of over
400kVcm™! can be assigned to the peak of the pulse. (b) The corresponding amplitude
spectrum centered around 1.2 THz.

Attenuation of terahertz beams by phase matching tuning

The attenuation of THz beams is typically implemented via a pair of wire-grid polarizers

or a set of high-resistivity silicon (HR-Si) wafers [66]. In this work, we also control the

THz field strength with the polarization of the pump beam. Therefore, we rotate the
half-wave plate in front of the LiNbO3 crystal by an angle A©), ,, reducing the intensity

polarized parallel to the <001>-axis, leading to the set of sampling traces in fig. 2.13(a).
We extract the maximum and minimum field strengths, as displayed in fig. 2.13(b).
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Fig. 2.13: THz attenuation via pump pulse rotation. (a) Electo-optical sampling traces for

different half-wave plate angles and, thus, different polarization of the pump beam. The
temporal position of the peaks was aligned to match each other because the waveforms
are slightly different for different pump beam polarizations. Notably, also the waveforms
changes slightly, especially for angles far away from optimum. (b) The extracted peak
maxima (red) and minima (blue) are varied continuously with the half-wave plate.

2.7 Spatio-temporal characterization of single-cycle terahertz pulses
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Imaging and detection of terahertz beams

Detection of terahertz radiation is not feasible with, e.g., conventional silicon-based
devices, as the photon energy is much smaller than the semiconductor bandgap. Hence,
different devices and tools were employed throughout the thesis to facilitate the handling
of the THz beam.

For qualitative detection of the radiation, we employed detectors based on the pyro-electric
effect (QE8SP-B-MT, Gentec and L11 series, Laser Components). The absolute THz pulse
energy can only be estimated to values around 1 uJ or below, as the exact calibration of
the detection was not given by the manufacturer. That corresponds roughly to an energy
efficiency of the THz generation in the order of 1 X 1072 or below. For the visualization
of the THz beam, we used detector cards built for mid-infrared radiation (e.g. VRC6H,
Thorlabs) that change the color depending on the deposited heat of the THz beam using a
layer of thermo-chrome liquid crystals. This works especially well for strongly focused
THz beams, as the minimum detectable power density is specified to 0.05mW/mm?. A
photograph of the focused THz beam on the liquid crystal card aligned with an optical
beam is displayed in fig. 2.14.

We also determine the THz beam profile with a cost-
efficient micro-bolometer camera (Thermal Pro,
SEEK), that is typically used for thermal imaging.
In ref. [67] this particular camera is compared to

LIS
s® Yo

a dedicated THz camera, showing comparable re-
sults in THz beam profiling. We removed the lens
in front of the camera and directly exposed the
(3.84 x 2.88)mm? sized chip. The THz beam at
the output of the crystal, optimized for the high-
est energy output, shows an irregular shape, see

fig. 2.15(a), hindering optimal focusing. After slight

adjustments of the LINBOs3 position perpendicular Fig. 2.14: Terahertz detector card.

to the pump beam direction, a nearly-perfect Gaus- The deposited heat of the fo-
cused THz beam changes the

L color of the thermochromic
lower output energy, as shown in fig. 2.15(b). liquid crystal.

sian beam shape has been established at slightly

The beam size in the focal plane of the parabolic

mirror is essential for the experiments in this work, as it defines, along with the THz
pulse energy, the electric field strength. An optimized THz focus is displayed in fig. 2.16,
revealing a 1/e2-beam diameter of 350 um to 400 um. The theoretical waist diameter can
only be estimated as the beam properties on the parabolic mirror are unknown. However,
by propagating a Gaussian beam from the exit of the generation crystal to the focus of
the parabolic mirror, the beam diameter can be estimated to we, = 320 um, details see
fig. 2.16(b).

Chapter 2 Generation and characterization of intense single-cycle terahertz
pulses
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Fig. 2.15: Terahertz beam profiles close to the surface of the LiNbOs crystal. (a) For the
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highest energy output, the THz beam profile shows a strong asymmetric beam profile,
as apparent from the cut lines through maximum intensity (red). (b) The optimized
THz output beam shape, along with cut lines (red) through the peak intensity, evidence
a Gaussian beam shape. The fitted 1d-Gaussians (white, dashed) show slightly different
1/e2-diameters w in x- and y-direction.

thin lens
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Fig. 2.16: Focused terahertz pulse. (a) The THz beam profile at the focus of the parabolic mirror

shows a close-to Gaussian shape. Two slightly different beam sizes are determined
from cuts (red) through the peak intensity via 1d-Gaussians (white, dashed). (b) A
Gaussian beam with a frequency of 1.2 THz and a diameter of w = 1.2 mm propagates
120 mm and is then focused by a thin lens (black, dotted) with a focal length of 25 mm
to a focus of approximately wygeo = 320 um. Notably, the strongly divergent beam hits
the lens under an angle. This also has implications on the focus position, which is
approximately 32 mm away from the focusing element, thus, shifted about 7 mm than
expected from the focal length (red, dotted) — this effect also has been observed in the
experiment. For the calculations, we use the formulas given in ref. [68].

2.7 Spatio-temporal characterization of single-cycle terahertz pulses
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Gouy-phase of focused terahertz beams

A focused Gaussian beam undergoes a carrier-envelope phase (CEP) shift of 7 throughout
the focus. This so-called Gouy-phase shift ¢ can be calculated for a focused monochro-
matic Gaussian beam with Rayleigh length zr propagating in z-direction [69]:

pa = — arctan <Z> (2.25)

ZR
Here, z = 0 indicates the position of the focus. The Gouy-phase shift is hidden to intensity-
based techniques, as the envelope of the electric field is not affected by the CEP. Therefore,
we detect the electric fields with EOS at different positions z across the focus, as displayed
in fig. 2.17. This allows us to estimate the Rayleigh range zp by fitting the formula
from above, yielding zr = (0.9 = 0.1) mm - the procedure is described in the caption of
fig. 2.17. Starting from the beam-diameter at the focus position w and the wavelength \,

we can calculate the theoretical Rayleigh range [69]:

m (w/2)?
Zp= ——"— (2.26)
A
Using the center-of-mass of the spectrum at z = 0, A = 300 um, and a measured 1/e? beam
diameter of w ~ 530 um, we calculate zr/ ~ 0.7 mm, slightly below the derived value.
Deviations could arise from the non-monochromatic THz radiation as the Gouy-phase is
treated for a monochromatic light source and for broadband radiation deviations from
the arctan-law have been shown [70, 71]. Additionally, we observed that the spectrum
also changes far away from the focus position. Based on the CEP shift, we will derive in
section 4.5 a method to detect polarities from rectified waveforms.

Estimation of terahertz pulse energy

We can estimate the photon efficiency of the THz conversion process by studying the
depletion of the pump beam and the resulting change in the spectrum of the Pharos
S(\) at the output and after the LiNbOs crystal, as described in ref. [72]. Therefore, we
calculate the first momenta \ of the spectra before (\g) and after the THz generation

process (\rqy):
JAS(\)dA

The two spectra are shown in fig. 2.18, yielding a difference A\ = 4.1nm.

Chapter 2 Generation and characterization of intense single-cycle terahertz
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Fig. 2.17: Gouy-phase shift in EOS traces. (a) Electro-optical sampling traces for different
positions across the THz focus. Here, negative z-values are closer to the parabolic
mirror. The Gouy-phase shift is visible in the temporal shift of minima and maxima due
to a shift in the CEP. In other words, the electric field flips completely through the focus.
(b) We derived the CEP by Fourier-transforming the curves from (a) and weighting
their phase with the pulse spectrum. The extracted data points (red) are fitted (blue)
with eq. 2.25, yielding zg = (0.9 + 0.1) mm.
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Fig. 2.18: Pump laser spectrum before and after THz generation. The Pharos spectrum is
shifted and shaped by depletion in the THz generation process by about 4 nm from the
black to the red curve.

For a photon efficiency of 100 %, the theoretical wavelength shift A\ye, can be calculated
using the first moment of the THz frequency spectrum shown in fig. 2.12 vry, = 1.34 THz
as frequency shift Av and the optical pump frequency v = 291 THz:

Adeg = %Au — 4.8nm (2.28)

Hence, the photon conversion efficiency can be estimated to n = 85%. Finally, the
terahertz pulse energy EP'S® can be calculated:

pulse

ERN® = humig P = 3.2 (2.29)

Here, we used an estimated optical pump pulse energy of Eﬁ‘ﬁl{s © = 800wJ at the crystal
position, taking into account losses at the grating and the silver mirrors.

2.7 Spatio-temporal characterization of single-cycle terahertz pulses
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However, EPX5 estimates the pulse energy inside the THz crystal, whereas due to the high
refractive index (nkiNP©* = 4.96) only ~ 55 % of the THz energy can leave the crystal.
Additionally, the crystal shows a high THz absorption coefficient of & ~ 17 cm~!, leading
to further attenuation depending on the unknown propagation length inside the crystal.
In ref. [72], a propagation length of 1 mm has been assumed without further explanation,
leading to an absorption loss of roughly 80 %. Finally, taking into account absorption and
reflection losses inside the crystal, the pulse energy outside the crystal can be estimated
to:

B9 = 0.35u) (2.30)

This corresponds to an energy efficiency of the whole setup of approximately 0.035 %.
Ref. [72] reports an efficiency of 0.025 % for 400 wJ pump pulses at 1035 nm employing
a tilted pulse front setup with a single lens and a LiNbOs3 crystal at room temperature.
Another way to estimate the THz pulse energy EP-E® is given by the following formula for
a Gaussian-shaped pulse with duration 7, area Ary, and peak field strength F' [73]:

1 F2€QCTATH
Erg, =——% (2.31)

Using typical values of the setup (7 = 1 ps, I’ = 400kVem™!, A = 0.13mm?) a pulse
energy of 0.3 uJ can be calculated. The optical power is then 0.3 uJ x 10 kHz = 3 mW.

Temporal overlap of terahertz and optical pulses

The temporal overlap of the THz pulses and the OPA signal pulses can be found by
scanning the mechanical delay stage, as the EOS technique provides a large signal at
1030 nm. Later on in this thesis, we also employ probe wavelengths below 650 nm from
another OPA interaction where we cannot apply EOS. Therefore, we implement another
approach: pump/probe transient absorption of THz radiation in an optically pumped
semiconductor such as silicon. In particular, we optically pump a semiconductor substrate,
e.g. a HR-Si wafer, above its bandgap and detect changes in the THz transmission to
ensure the temporal overlap. The bandgap F of silicon is 1.1 eV [74] at 300 K and upon
interaction with intense optical pulses free charge carriers are generated, that reduce the
THz transmission [75]. We use OPA pulses at 480 nm wavelength with a power of about
2 mW that are loosely focused on the semiconductor samples. The transmitted THz power
is detected as a function of the temporal delay between optical and THz pulses using a
pyroelectric detector, a mechanical delay stage and a lock-in amplifier. Therefore, the
optical pump beam is modulated using a mechanical chopper wheel.

The resulting change in the transmitted energy is presented in fig. 2.19 for a HR-Si and an
undoped GaAs (Fy = 1.4 eV at 300 K [74]) wafer, showing a decrease of the transmittance,

Chapter 2 Generation and characterization of intense single-cycle terahertz
pulses



when the optical beam arrives before the THz beam (delay > 0). The change in transmit-
tance for negative delays is attributed to reflections of the THz beam in the semiconductor
wafer. Due to the long charge carrier lifetime in HR-Si up to milliseconds [76], a recovery
in the transmittance is not observable in the time window of the measurement. In contrast,
the GaAs sample shows a recovery, enabling the measurement of charge carrier lifetimes,
see, e.g., ref. [77].
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Fig. 2.19: Optical-pump THz-probe measurement in semiconductors (a) The transmission
ATry, of the THz beam through an optically-pumped silicon wafer is reduced by several
percent, offering a way to determine the temporal overlap of THz and optical beam. (b)
The recombination of photo-excited carriers in GaAs can be observed in the recovery of
the THz transmission.
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3.1

Theory and detection of the
guantum-confined Stark-effect in
strong electric fields

Electric field enhancement in gold microstructures

The employed tilted pulse front technique generates terahertz pulses with high field
strengths up to 400 kV/cm, that we use in this work to change the optical properties
of quantum dots. In particular, the change in absorption of the nanocrystals depends
approximately quadratically on the electric field, as we demonstrate in our experiments.
Therefore, we employ gold microstructures fabricated with photolithography to increase
the THz electric fields by up to an order of magnitude and thus amplify the effect. In detail,
the near-field of THz radiation impinging metallic microstructures is locally enhanced and
also spectrally shaped by e.g. structural resonances. Here, we provide a short overview of
the fabrication, enhancement factors, and time-transient simulations of the near-fields in
gold microstructures in the THz regime.

Dielectric function of gold in the THz spectral region

Fundamentally, the reaction of a metal to an electric field is given by its relative dielectric
function e, [78], which consists of a real part ¢’ and a complex part £”. In particular, it is
linked to the complex refractive index n [79]:

er=c +ie =n?= (n’ + iﬁ)Q (3.1)

In contrast to ¢, of gold in the visible spectral region, where interband transitions play
a role, the permittivity in the THz range is sufficiently well described by a Drude model.
Therefore, ¢, as a function of the angular frequency w is determined by a plasma frequency
wp and a relaxation time 7 [79]:

w? 1 w2
=11 —"P - 7P 2
e ( w2+ 772 t wT w2 4 772 (3-2)

5/ E”

27



28

The dielectric function of gold is studied in various works, see e.g. ref. [80], but only
few data exist in the far-infrared spectral region. In particular, ¢, in the THz regime is
measured and evaluated in refs. [81, 82]. From their results, the plasma frequency is
determined to hw, ~ 9 €V and the relaxation time to 7 ~ 24 fs. The resulting ¢’ and ¢”
are displayed in fig. 3.1 along with the data from ref. [82]. For the Drude model, the
intersection point of ¢’ and &” can be found from 51— ~ 6.4 THz, above which —¢’ is larger
than &”. This leads to fundamental differences in the interaction of gold with far-infrared
radiation compared to optical frequencies. For example, there exist no bound solutions
for surface plasmon polaritons below 6.4 THz due to £’ > —&’ [78]. This region is also
referred to as the conduction region in contrast to the plasmonic region where ¢” < —¢’

[83].

Furthermore, the complex conductivity ¢ = ¢’ + ¢” can also be computed from the Drude
parameters w, and 7 [79]:

2 2
o(w) = (Wo) i (W) (3.3)

14 w?r? 14 w272

o’ is significantly larger than ¢” in the region around 1 THz and ¢’ approaches the DC
conductivity of gold opc ~ 4 x 107 Q' m~! for small frequencies [74], as evident in
fig. 3.1(b). This low-frequency part of the conductivity (w7 < 1) is also called the Hagen-
Rubens regime. There, the skin-depth ¢, describing the metal film thickness where the
electric field drops to 1/e, can be estimated using the DC conductivity [79]:

2¢2¢eq

do = 3.4

WopC

The resulting skin depth as a function of the frequency is shown in fig. 3.1(c,d) along
with the transmitted electric field ratio for different frequencies and thicknesses. In the
experiments, gold thicknesses between 100 and 150 nm have been employed, resulting in
a transmission between 30 % and 15 % at 1 THz.

Fabrication of gold microstructures via photolithography

The investigated gold microstructures are manufactured using photolithography, and the
fabrication has been carried out by Tobias Lauster, Nelson Pech-May, and Stefan Rettinger
(Physical Chemistry I, University of Bayreuth). In short, a soda-lime glass slide is coated
with a lift-off photoresist that is subsequently baked. In the next step, a positive photoresist
is applied using spin-coating and also baked. Then, the structure of interest is written in
the resist by scanning the sample in a focused ultraviolet (UV) beam using a direct-write
lithography system (ML3 Baby Plus, Durham Magneto Optics).

Chapter 3 Theory and detection of the quantum-confined Stark-effect in strong
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Fig. 3.1: Dielectric function, conductivity and skin depth for gold from 0.1 to 10 THz. (a)
The calculated permittivity ¢’ and &” for gold using the Drude-Sommerfeld-theory for
hw, =~ 9eV and 7 ~ 24fs along with derived data points from ref. [82]. The plasma
frequency lies in the ultraviolet spectral range at much higher energies. (b) The com-
ponents of the complex conductivity as a function of the frequency. The real part ¢’ is
nearly constant for low frequencies and approaches opc. (¢) The calculated skin-depth
dg using the DC conductivity increases for lower frequencies. At 1 THz, the skin depth
has a value of §p ~ 80 nm. (d) Transmission of the electric field through a gold film for
different heights and frequencies. The green lines indicate the parameters for a fixed
transmission.

The minimum feature size is specified to 1 um. The resist is developed and removed from
the areas where it has been exposed to UV light. Afterwards, the surface of the sample is
covered with ~2 nm of chromium as an adhesive layer and 100-150 nm of gold by physical
vapor deposition. Finally, the residual photoresist is removed and, thus, also the metal
layer on top of it is removed, yielding the intended gold microstructure. The procedure is
illustrated briefly in fig. 3.2.

3.1 Electric field enhancement in gold microstructures
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Fig. 3.2: Double-layer lift-off photolithography. (a,b) A lift-off (cyan) and a positive photoresist
(magenta) are spin coated and baked on a glass slide (blue). (c) Focused, blue radiation
writes the structure in the resists by moving the substrate with a mechanical stage. (d)
The UV-exposed areas are removed in the development step. (e) Chromium (not shown)
and gold are deposited on the sample. (f) The undeveloped resist with the metal layers
is removed and the desired gold structure remains.

Static electric fields in a plate capacitor

The most common way to generate an electric field is realized by metallic plate capacitors
filled with a dielectric. In our experiments, we use planar gold capacitors fabricated
by optical lithography. Therefore, we will, in short, discuss the strength and the spatial
distribution of the electric fields inside such a device. The electric field F between two
parallel plates separated by a distance d with a constant potential difference U is given
by [84]: -

F = ) 3.5)
The above equation also holds true independently of a homogeneous dielectric when the
potential difference is kept constant. In fig. 3.3, we present the electrostatic field inside
two plate capacitors with different dimensions calculated with a finite-element solver
(COMSOL Multiphysics v. 5.6). For a small metal thickness compared to the gap size, the
electric field is inhomogeneously distributed in the gap, leading to much higher peak fields
than in the opposite case, where a more homogeneous behavior is observable. However,
the mean electric field is the same in both cases, according to eq. 3.5.

Experimentally, the maximum electric field that can be generated with this technique is
limited by the dielectric strength of the dielectric and strongly affected by the electrode
geometry. For air, values between 4kVem™! and 30kVem™! can be found [85]. In the
experiment, however, the gap is not filled with air only but also with semiconductor quan-
tum dots. Ref. [86] reports a maximum electric field of 400 kVcm ™! for gap dimensions
comparable to our geometry.

Chapter 3 Theory and detection of the quantum-confined Stark-effect in strong
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Fig. 3.3: Electric field in plate capacitors with different heights. (a) The x-component of the
electric field in a plate capacitor with a gold height of 200 nm, comparable to the value
used in the photolithography process, shows a much higher electric field close to the
gold edges than expected from eq. 3.5, yielding F=100kV cm™!. (b) This is also visible
in the cut line through the center of the capacitor, showing an u-shape. Still, the mean
electric field value is exact 100kVem™?!. (¢) A plate capacitor with the same gap size
but a much higher gold thickness shows a nearly constant electric field inside, besides
effects at the edges of the structure. (d) Therefore, the cut line through the center shows
a quasi-constant electric field inside.

Field-enhancement in a periodic slit array

A periodic array of gold bars, like sketched in fig. 3.4, with a periodicity p, a height A, and
a gap size of g, offers a non-resonant enhancement of electric fields with a wavelength of
A for p, h < A\. We define the enhancement factor F'E as the ratio of near-field F,; and
incident field F,.:

F
FE = an (3.6)
nc

In the case of a free-standing gold structure, the quasi-static enhancement factor F'E; for
an incident field polarized perpendicular to the gaps is derived in ref. [87] treating the

gold as a perfect electric conductor to:

FE, =P (3.7)
g
Therefore, the gap structure can be understood as a funnel for the energy of the incident

field. The dependency of the enhancement with respect to the wavelength ) is governed
mostly by the grating period. For a single slit, corresponding to p = oo, the enhancement is

3.1 Electric field enhancement in gold microstructures
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Fig. 3.4: Geometry of a periodic slit array. The enhancement structure is defined by its peri-
odicity p, height of the gold h and the gap size g. For perpendicular polarization of the
incident electric field to the gaps, the field enhancement is maximized.

proportional to the wavelength, F'E' < A, because the gap appears relatively "smaller" for
longer wavelengths. For increasingly smaller periods, the enhancement for the longer
wavelengths follows increasingly the quasi-static factor [87].

Considering the substrate with a refractive index ng,;,, the field enhancement is lowered
as the effective refractive index in the typically sub-wavelength gap is increased, see e.g.
ref. [88].

Time-dependent simulation of electric field distributions

We use a finite-element solver (COMSOL Multiphysics v. 5.6) to investigate the 2d/3d
electric near-fields of gold antennas in the time-domain. In particular, the software solves
the following wave equation for the magnetic vector potential A [89]:

0A 0

0A -1 —
MOUE + /1050& <€r8t> +V x (:U‘r V x A) =0 3.8)

Here, 1o denotes the vacuum magnetic permeability, o the electric conductivity, ¢y the
permittivity, u, the relative magnetic permeability and ¢, the relative permittivity. The
simulated volume is enclosed by planes with different boundary conditions. In the
experiment, the antennas are positioned in the focus of the THz beam. Since the curvature
of the wavefront at the focal point is zero, the THz beam is approximated in the simulation
by a plane wave. The polarized radiation is coupled in and out of the geometry via a
scattering boundary condition (SBC). In particular, either a measured THz waveform or a
pre-defined electric field pulse Fry,(t) is used. An incident electric field reads as:

Fry,(t) = Fy cos (wot + ¢s) exp (—4 In(2) (t — to)* /AtQ) 3.9

Chapter 3 Theory and detection of the quantum-confined Stark-effect in strong
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Here, F; denotes the amplitude, wy is the central frequency of the pulse, and ¢, a shift
in the carrier-envelope phase. The Gaussian envelope is defined by the temporal shift ¢
and the full-width at half-maximum (FWHM) pulse duration At¢. The polarization and
the propagation direction are defined in the software. According to the THz polarization,
the boundary conditions parallel to the propagation direction are chosen in the 3d-case
as perfect electric conductor (PEC) and perfect magnetic conductor (PMC), respectively,
see fig. 3.5. The surfaces of the gold microstructures are approximated as perfect electric
conductors and in the 3d-case additionally as thin layers.

(a) (b)
SBC

_F
i
z
SBC /1_’y

X

PEC
PEC

Fig. 3.5: Boundary conditions for simulations in 2d and 3d (a) A plane wave with wavevector
k is coupled in by the top SBC and propagates in the x-direction with a linear polarization
in y-direction. Therefore, the boundaries perpendicular to the propagation direction are
perfect electric conductors. In the case of a periodic structure, they can be replaced by
periodic boundary conditions. The wave is coupled out of the simulation region with
another SBC. (b) In 3d, perfect magnetic boundary conditions (blue) are used in addition
to the PEC (blue).

The simulation software discretizes the space in a mesh consisting of small elements
(2d: triangles, 3d: tetrahedrons) adapted to the structure of interest. The maximal mesh
element size spax Needs to be defined appropriately for the structure, e.g., thin layers. For
propagation in free space, a good start point is given by the highest frequency fi.x that
needs to be resolved and a factor N =~ 5 — 10 [90]:

C
Smax =
SmaxV

(3.10)

Here, ¢ denotes the speed of light. In the case of N = 10, the largest mesh element will be
ten times smaller than the smallest wavelength. Besides the choice of the mesh size, also
the time step At in which the solution is calculated needs to be specified. The relation
between spatial and temporal discretization is given by the so-called Courant-Friedrichs-
Lewy number C'F'L, which is the proportion of a mesh element of size spyax that is passed
by a wave with speed c in the timestep At [90]:

_ CFL _ CFL N Smax
fmaxN c

At (3.11)

3.1 Electric field enhancement in gold microstructures
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In particular, a CF'L < 0.2 ensures comparable discretization errors in space and time for
the employed general-alpha solver. In order to reduce computing time, a C'F'L-number
between 0.1 and 0.2 is used [91].

Given the simulation scheme, we calculate the enhancement factors for periodic slit arrays
with periodicity 100 wm, 50 um and 10 um, a gap of 2 um and a gold height of 100 nm.
As an additional parameter, we model the enhancement structures free-standing and
on a soda lime glass substrate with refractive index n = 2.6 [92]. We use a generic
terahertz pulse as an incident electric field, and the shape of the enhancement in the slit
at 50 nm height is shown in fig. 3.6(a), showing the u-shape. The frequency-dependent
enhancement factors in fig. 3.6(b) are obtained from the ratio of the Fourier-transformed
enhanced and incident fields averaged in the slit at 50 nm height. Regarding the free-
standing structures, the enhancement factors follow at low frequencies the quasi-static
value from eq. (3.7) and show a subsequent roll-off at higher frequencies. This behavior
is more pronounced for larger periodicities. Consideration of the substrate leads to an
overall lower enhancement and shift to lower frequencies.
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Fig. 3.6: Enhancement in a periodic slit array (a) The profile of the enhancement in the slit is
normalized to the mean enhancement factor. We show the results for 100 um periodicity
on glass (dark blue) and without substrate (light blue), that provide nearly the same
u-shape with higher fields at the edges. (b) The field enhancement as a function of
the frequency for 100 um, 50 um, and 10 um periodicity and a 2 um gap. The dark
colors provide the results with a glass substrate, the light versions without substrate. The
dashed lines indicate the quasi-static enhancement factors.

Dielectric attenuation

In the calculations of the (enhanced) electric field strength F'1y,, we have not yet included
the investigated sample: an ensemble of colloidal quantum dots. Principally, the electric
field strength in the quantum dots strongly depends on the dielectric constant of the
nanocrystals and also on the dielectric environment. However, in literature, there are

Chapter 3 Theory and detection of the quantum-confined Stark-effect in strong
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different approaches to deal with this local field problem. In ref. [93], the dielectric
constant for CdSe-CdS core-shell quantum dots, which are similar in size to the ones
we use, is determined to 'gp ~ 10 using the Maxwell-Garnett effective medium theory.
Therefore, the enhanced THz field in a single quantum dot is Fop = F'taz/¢'op, thus,
lowered by a factor of 10. Additionally, the quantum dots do not form a homogeneous
layer, and in particular, in a thin film of quantum dots, the dielectric constant is fur-
ther dependent on the nanoscopic structure and surrounding, e.g., voids in the film or
ligands on the surface, that are crucial to modify the quantum dot properties such as
the solubility [94]. In ref. [95], the electric field in the quantum dot film is calculated
via Fop = m}wﬁlm using the permittivity of the ligand ¢; and a fill-factor f
resembling the quantum dot volume ratio. This leads to a lower electric field in the
quantum dots compared to the film in the case of the application of a DC electric field
with constant potential difference applied to the electrodes. They relate the electric field

strength in the film Fj;,, and the quantum dots Fgp to the ratio of the permittivities
Fap _ €'QD
Fop — €'film
quantum dot layer. Additionally, one also has to take into account the Fresnel reflection of

. Therefore, the electric field depends strongly on the microstructure of the

the THz beam at the surface of the quantum dot film [96]. Corrections to the local field in
the quantum dot with respect to the macroscopic external field Fex can also be dealt with
in the Onsager-Bottcher model, see, e.g., [97, 98]. Taking into account the permittivity of

!
3ey

the surrounding dielectric €/, the internal field is Fi, = MFW.

Given the associated uncertainties in the determination of the local field, we will use
the incident field strength in all our discussions and graphs, and provide the simulated
enhancement factors in absence of the quantum dots.

Quantum-confined Stark-effect in low-dimensional
semiconductors

Strong electric fields provide the possibility to alter the optical properties of, e.g., dyes,
gases, and semiconductors [99]. Historically, the effect of an external electric field on the
optical properties was first described by J. Stark in 1913, who observed the splitting of
electronic levels in hydrogen [100]. In this chapter, we describe in particular the quantum-
confined Stark-effect in low-dimensional semiconductors, which typically manifests in a
quadratic scaling of the bandgap energy shift with the external field. The following de-
scription of the QCSE theory, equations and its computational realization are oriented to a
large extent on the book "Quantum Wells, Wires and Dots: Theoretical and Computational
Physics of Semiconductor Nanostructures" by P. Harrison and A. Valavanis [101].

3.2 Quantum-confined Stark-effect in low-dimensional semiconductors
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Theoretical description of low-dimensional semiconductors

The effect of quasi-static electric fields on the electronic structure of low-dimensional
semiconductors is modeled via the time-independent Schrodinger equation. Starting from
a bulk semiconductor, the Schrodinger equation in effective mass approximation can be

written as:
h2
2m*

ViU = BV (3.12)

Here, m* denotes the effective mass, which approximately accounts for the effect of the
periodic crystal potential, ¥ the wavefunction, and E the energy eigenvalue. In particular,
the formulation only treats the envelope function ¥, and is therefore called the envelope
function approximation. The Bloch-function part u, which oscillates on the level of the
crystal lattice is neglected from the treatment. On a microscopic level, the ansatz for the
wavefunction ¥,,, reads as:

U,=V-u (3.13)

In detail, two energy bands can be distinguished: the conduction and the valence band,
containing electrons and holes, when electrons from the valence band are excited to the
conduction band. In a semiconductor, the two bands are separated by a bandgap energy
E,. The motion of electrons can be confined by reducing one or more dimensions of
the bulk semiconductor, see fig. 3.7. Typically, heterostructures are created by joining
two or more different semiconductor materials side by side. A potential term V' (r) as a
function of a spatial coordinate r is introduced to describe the energy potential of the
heterostructure:

h?
(— V24 V(r)> U =Ev (3.14)

2m*

Depending on the size and the materials, different alignments of the bands occur, as
depicted in fig. 3.8. In this work, quantum dots consisting of CdSe cores and CdS
shells are employed, and the respective effective masses and bandgaps are provided in
table 3.1. The band offset between core and shell, defining the alignment type, is not
directly predictable from the material composition, as it depends, e.g., on the fabrication
process [102]. Typical values suggest a conduction band offset of +0.3 eV resulting in a
valence band offset of 0.4 — 1.0 €V, according to the bandgaps [102]. Consequently, all
three presented alignments are possible. Notably, the classification of electron-hole pairs,
excitons, in the aforementioned types does not solely depend on the band alignment but
also on the size of core and shell [103, 104].
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Fig. 3.7: Types of quantum confined structures. In a bulk semiconductor, the electron movement
is not confined, providing 3 degrees of freedom. When one or more dimensions are
decreased below the material-specific exciton radius (CdSe: dex.. ~ 6 nm), quantum-size
effects play a role [105]. Depending on the confinement, quantum wells, wires, or dots
are created. This further confinement leads to an increasing discretization of the energy
in specific states, as evident from the density of states (DOS) that is continuous for the
bulk and discrete in the case of a quantum dot. Adapted from ref. [106].
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Fig. 3.8: Band alignments in heterostructures. Depending on the design of a semiconductor
heterostructure, different band alignments for valence and conduction band are feasible.
Typical for heterojunctions, the potential V'(z), which describes the material-dependent
confinement, is discontinuous at the interface. For a type I band alignment, the lowest
wavefunctions for electron and hole are confined to the core. Quasi-type II alignment
describes the case of a vanishing band offset between core and shell, where the electronic
wavefunction is spread out over the whole heterostructure. In contrast to type I quantum
dots, the probability densities |¥. ,|* of electron and hole in type II quantum dots are
spatially separated due to a characteristic band offset for the core and shell potential.
Adapted from ref. [107].
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Tab. 3.1: Values for the effective mass for electron m} and hole m; and the bandgap E, for CdSe
and CdS, from [104]. m denotes the electron mass.

Material m} mj, E, (eV)
CdSe 0.13mg 0.45m¢ 1.75
Cds 0.21mg 0.80mg 2.49

One-dimensional particle in a box and Stark-effect

An introductory example for wavefunctions in confined structures is given by the one-
dimensional particle in a box, resembling a quantum well. The potential V' inside the box
with length L is 0 and oo outside. Therefore, ¢ # 0 only inside the box, because of the
finite potential. Using the ansatz ¥(z) = Asin(kz) + B cos(kz), following solution for the
energy levels E,, and the wavefunctions ¥,, are found, where n is an integer:

B, — h2n2n?
2mL?

U,(z) = \/gsin (WZZ)

Hence, the energy E,, is proportional to % and can be tuned by the size of the box. In

(3.15)

case of a finite potential outside of the box, the wavefunctions will penetrate the walls.
The application of a constant external electric field F' to the semiconductor structure
leads to an additional contribution to the potential, namely —eF 'z for an electron with the
elementary charge e:

2
(— g2 +V(2) - er> U = EV (3.16)
2m*

The field-induced change in potential reads eF'z for the holes, thus, a reversed tilting
of the potential compared to the electrons. Since the wavefunctions move to the lower
potential side in the quantum well, the electron and hole energies of the first levels are
effectively lowered, leading to a lower transition energy Er = Ey + AE. The scaling
of this effect with the electric field can be estimated via perturbation theory. First-order
changes of AF with the field F' are described by:

AEW = (0| — eFz|0;) (3.17)

Since VU, is even and z is uneven, AE()) = 0, thus, F does not induce changes in the
ground state energy. In a second-order perturbation ansatz, AFE(? reads as:

O (U, — eFz|0;)]?
AE® — (¥ (3.18)
mz::2 Em — Er
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Since F' is constant and the sum over m takes into account each of the excited states,
one can find contributions (¥,,|z|¥;) # 0. This leads to a quadratic dependence of
the lowering of the ground state energy from the electric field, typical for the quantum-
confined Stark-effect:

AE o —F? (3.19)

The energy shift for a quantum well with infinite barriers reads as [108]:

AR < m*e2F2L% 1 < 15>

—- 3.20
24K% w2 (3.20)

o2
Due to the quadratic scaling of AFE with the electric field also, the term "second-order
Stark-effect” is used. The effect is driven by a change in the polarizability A«. In contrast,
also a linear dependency is observed in systems with a permanent dipole moment, which
depends on the change in the permanent dipole moment Ay. From this point of view, AE
is typically written in vector notation as [99]:

AEx —Af-F—>F-Ad@-F (3.21)

N

Matrix-formulation of the Schrédinger equation

In order to study the quantum-confined Stark-effect, we solve eq. (3.16) in a finite-
difference approach. This means that the derivatives of a function f(z) are rewritten as
differences of f at points separated by ¢z. If the interval ¢z is sufficiently small, the first
derivation can be approximated by:

of ~Af  flz+62) = f(2 —d2)
92 AT 257 (3.22)

In the same manner, also the second derivative is approximated by a difference:

0%f _ f(z+02) —2f(2) + f(z — 62)

022~ (02)2 (3:23)

In case of a discontinuity of the effective masses, e.g., in a core-shell quantum dot, the so-
called BenDaniel and Duke boundary conditions need to be obeyed. Therefore, ¥(z) and

also the term -1 %\D(z) must be continuous. The effective mass in such a heterostructure

is a function of the spatial coordinate and, therefore, the Schrodinger equation with
external electric field is written as:

B0 0y v eoee oo
2 9z \m*(z) 0z ;/e_z/: N '
V/
H
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This equation can be transformed into a finite-difference form that satisfies the BenDaniel
and Duke boundary conditions:
R | Ui LTS T

2 * * * *
202)° [Mjsae - Micip Mo Mo

+V'(2)¥(2) = E¥(z) (3.25)

The indices denote the z-position, whereas j + 1/2 is the average between the respective
values at z(j) and z(j + 1). The aforementioned equation can be numerically solved, e.g.,
by the shooting method or a matrix diagonalization approach. In this work, we have
chosen the matrix method due to its superior performance. Hence, we rewrite eq. (3.25)
as a matrix equation HV = EV with the N x N tri-diagonal matrix H, with N the total
number of spatial points:

b1 0 0
a9 bQ Cc2 0
H= 0o . - 0 (3.26)

an—1 bn-1 cnN-1

0 0 anN bN

The entries, a;, b;, ¢; are derived from the finite-difference formulation of the Schrédinger

equation:
hQ
473 =C = —"—"—"—""">5
H 2m? . (62)*
, ’ (3.27)
h 1 1
(62) i+l i—1

The resulting NV energy eigenvalues and eigenvectors, which represent the wavefunctions,
are computed using LAPACK routines, that are implemented in the numpy package for
python [109]. In a final step, the wavefunctions are normalized.

Stark shift in a quantum well

We numerically study the QCSE by solving for the wavefunctions in the 1d-case and
calculate the change in the ground state energy AE for a 5nm CdSe quantum well as
a function of the external electric field F'. The resulting first electron wavefunctions for
F = 0kVem™! and F = 400kVem™! are shown in fig. 3.9(a). The resulting shift in
the ground state energy is displayed as a function of the electric field along with the
theoretical values in fig. 3.9(b), showing the lowering of the energy proportional to the
square of the electric field.
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Fig. 3.9: Simulated Stark shift in a quantum well. (a) Potentials of a 5nm CdSe quantum
well with infinite barriers and first electronic wavefunction for 0 (black, dashed) and
400kVem™! (red) external electric field. The tilted potential shifts the wavefunction
to its lower side. For the calculations, a discretization of 6z = 0.01 nm has been used.
(b) The simulated energy eigenwert (black) of the first electronic state is lowered with
increasing external electric field and agrees with the analytic solution (gray, dashed)
from egs. 3.15 and 3.20.

Field-induced changes in emission and absorption

A static electric field tilts the potential of quantum structures, resulting in modified
wavefunctions and eigenenergies. Therefore, the absorption and emission process differs
in the presence and absence of an external electric field. Here, we follow the approach
described in ref. [110] to calculate the wavefunctions and transition strengths in 1d. This
method has already been applied in ref. [96] to simulate different band alignment types
and their influence on ultrafast quantum dot absorption spectra that are altered by strong
THz pulses.

Generally, absorption occurs in a semiconductor upon resonant interaction with an optical
field at photon energy hw larger than the bandgap. This creates an exciton consisting of
an electron in the conduction band and a hole in the valence band, which are coupled
with lowered energy by the exciton binding energy. This is typically treated by solving the
Schrodinger and Poisson equation in a self-consistent way. Here, we are only interested
in qualitative aspects of the QCSE, and therefore, we neglect the Coulomb attraction
given by the two charges. The exciton can recombine either by emission of a photon
or via a non-radiative decay path, and the oscillator strength f for a specific transition

reads as [110]:
2

_ EP
f=5 (3.28)

/\Ife(z)\lfh(z) dz
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Here, E, is the Kane energy (£, = 17.5¢eV for CdSe [111], E, = 19.6 eV for CdS [112])
that arises from the Bloch wavefunctions and E’ the exciton transition energy, which we
calculate from the eigenenergies E. and E}, of electron and hole:

E' = |E| + |Ey| (3.29)

Hence, the absorption strength is proportional to the squared overlap of the electron and
hole wavefunctions. Therefore, only transitions for An = 0 are allowed without external
electric field, since the wavefunctions are orthogonal. Owing the fact that we experi-
mentally investigate large ensembles of quantum dots with a distribution of diameters
and, thus, a distribution of emission wavelengths, we assume that the linewidth of the
absorption and emission process is governed by the size distribution of the nanocrystals.
The energy of the first exciton Eex. can be estimated via the bandgap of the bulk and the
energy of the first electron and hole state (compare eq. (3.15)):

R IR

Eexe. = E
exc. = By 2mi: L2 * 2m} L2

(3.30)

If the well size L now is changed by a small +AL, the exciton energy changes by

AFE' [96]:
AL

T
The latter expression is then used to determine the inhomogeneously broadened absorp-

AE' = 52 (Eexe. — E, (3.31)

tion and emission lines, using a Gaussian lineshape [96]:
o E—E'\?

The change in absorbance AA(FE, F') as a function of the energy F and the electric field
F is then calculated from the difference in the oscillator strengths with (fr) and without
field (fp) multiplied with the respective lineshapes:

AA(E,F)  [fr - AE} — fo - AE}] (3.33)

For multiple transitions, the individual A A are summed up. Notably, the absorbance A is
related to the experimentally accessible transmission 7

A= lOglo (1/T) (3.34)
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Band structure in CdSe nanocrystals

In a more accurate description, the band structure for wurtzite semiconductors, such
as CdSe, is especially for the valence band more complex than described before and
comprises more than one band. In particular, the conduction band is created by 5s
orbitals of cadmium and the valence band by 4p orbitals of selenium, which are sixfold
degenerated. Three subbands arise, namely the light- and heavy-hole-band (lh, hh) and
the split-off band (so), as depicted in fig. 3.10(a). th and hh are slightly separated by
A induced by the crystal field (A = 25 meV, bulk CdSe) - the so is split-off by the
spin-orbit-coupling (A, = 0.42 €V, CdSe) [105].

In quantum dots, the valence bands described above mix due to the confinement, and
regarding the relative large Ag,, we will only study the mixing of (h- and hh-band. To this
purpose, we have to reconsider the Bloch-functions and especially the associated angular
momentum .J, since the crystal lattice plays an important role. The [h- and hh-band are
related to J = 3/2, the so-band to J = 1/2. The total angular momentum F' = L+ J is the

relevant quantum number using the orbital momentum L of the envelope wavefunction.

Due to the so-called S-D mixing, states with L and L + 2 are involved in the mixing. The
resulting states are labeled as n Ly using the smallest involved L. L is then typically given
as S, P, D, Ffor L =0,1,2,3. The lowest resulting states for a CdSe quantum dot are
shown in an energy diagram in fig. 3.10(b) for conduction and valence bands along with
the allowed transitions. Notably, the transition rule An = 0 is relaxed due to the band
mixing, and therefore, e.g., the transition from 2S5 /2 (h) to 1S(e) is allowed [105].

(a) (b)
E(k) X 2 4 1P(e)
cb 18(e) +——
k
At \
Ih . s ;:3/2% 1P; 5 (h)
o) = 3/ 3/2\L) 1P1/2(h)
hh )
1S )
/\] =1/2 v —2P3/5(h)
SO

Fig. 3.10: Band structure in CdSe and resulting quantum dot states. (a) The band structure
for bulk wurtzite semiconductors close to the wavevector k¥ = 0 can be described in
the conduction band (cb) with a single band and in the valence band with lh-, hh- and
so-subbands. Adapted from [105]. (b) Energy diagram for a CdSe quantum dot with
the allowed transitions (blue arrows). Adapted from [105].
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Experimental detection of the QCSE in absorption and
emission

The aforementioned absorption changes in quantum dots due to electric fields can be
detected directly by measuring changes in the transmission or via changes in the emission
rate. Here, we present the employed techniques to detect the QCSE, where we typically
modulate the applied electric field and detect differential changes. The modulation, as
well as the chopper reference or function generator signal, have a rectangular shape.

Generation of static electric fields

Complementary to ultrashort electric fields using THz pulses, we also employ static electric
fields to alter the optical properties of the quantum dots. To this end, we typically utilize
gold microstructures forming opposing electrodes comparable to a plate capacitor. The
two parts of the microstructure are connected to a voltage and a grounded connection.
We attach copper wires with silver lacquer to the gold structure. Modulated fields with
rectangular shape are provided by combining an arbitrary function generator (DG1022Z,
Rigol), a DC voltage source (PPS-16005, Voltcraft; TPS-4000, Topward electric instruments)
and a voltage amplifier, providing voltages between 0 V and 60 V at frequencies up to
1 kHz.

Differential transmission detection

The field-modulated absorption is measured by detection of the differential transmission
using balanced detection, boxcar averaging, and subsequent demodulation of the signal
with a lock-in amplifier at a modulation frequency of f,,04 , as sketched in fig. 3.11. For the
balanced detection, a part of the beam is split off and directed to one arm of the detector
without trespassing the sample. The circuit inside the balanced detector (PDB 210A/M,
Thorlabs) takes the difference of both arms, suppressing fast and slow fluctuations of
the laser power (“common mode noise“). The difference signal is not well matched to
a lock-in amplifier, as the output pulse duration is much shorter than the time between
two subsequent laser pulses, as the output provides a 3dB output bandwidth of up to
1 MHz. Therefore, a boxcar averager (SR250, Stanford Research Systems) generates an
integrated, low-pass filtered signal proportional to the difference signal by integrating over
one detector pulse. Subsequently, this is demodulated by the lock-in amplifier (SR850,
Stanford Research Systems) at fyoq4.- The absolute signal modulation can be obtained
by balancing the detector arms and measuring the output of the boxcar averager while

Chapter 3 Theory and detection of the quantum-confined Stark-effect in strong
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blocking one beam path, providing the voltage for 100 % modulation. The scaling of
the lock-in output is provided by the sensitivity setting, and additionally, a correction for
rectangular modulation has to be considered. Such a modulation is given when using
a mechanical chopper, and consequently, the signal needs to be scaled by 1/0.45 as the
lock-in amplifier detects only the sinusoidal parts at f,,q. [113]. Femtosecond temporal
delay between THz and optical pulses is enabled in all experiments by a mechanical delay
stage in the pump beam path.

frnod.

THz Voltage Function
Generation Fmod. Amplifier o Generator

chopper
wheel cample
from BS \
OPA :
variable
ND filter
lfrnod. lfrep. P 1/fmod. -

Lock-in Boxcar ] ]
Amplifier Averager ® B ®

Fig. 3.11: Measurement of field-induced transmission changes. The QCSE is induced either by
a THz pulse or a DC electric field in the quantum dots. We modulate the THz beam by
fmod. Using a mechanical chopper in the pump beam path. In particular, the chopper
blade is covered with aluminum foil to avoid ablation. Also the DC fields are modulated
with fmeq using a function generator. Pulses from the OPA are focused with a lens
(f = 75 mm) on the sample, and we detect changes in the transmission using a pair
of balanced diodes (BD). For optimal noise suppressing, the BD output is balanced to
zero using a variable neutral density filter in one arm. The resulting output voltage is
converted in a low-pass filtered signal by a boxcar averager suited for demodulation
with a lock-in amplifier. Subsequently, the signal output voltage from the latter is
detected using an analog-digital converter connected to a computer. Finally, the signal
is recorded using a LabView program.

3.3 Experimental detection of the QCSE in absorption and emission
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Differential emission detection

The quantum dots emit luminescence, which we collect using an objective (BD Plan 20x
NA = 0.4, BD Plan 40x NA = 0.5, Nikon) or a lens with a short focal length (AC254-
030-AB-ML f=30 mm, Thorlabs). In the OPA beam, we use a 550 nm shortpass fil-
ter (FESHO550, Thorlabs) to remove residual laser light from the OPA. The excitation
beam and residual stray light from the THz generation, mostly fundamental and second-
harmonic radiation around 1030 nm and 515 nm respectively, are filtered out using a
shortpass and a longpass filter (FELHO550, FESHO750, Thorlabs), providing a detection
window between 550 nm and 750 nm appropriate for CdSe quantum dot emission. The
collected photoluminescence signal is focused onto the light-sensitive photocathode area
of a fast photo-multiplier tube (PMT, H10721-20, Hamamatsu). The PMT is able to
temporally resolve the radiative decay (~10 ns) of the fluorescence after pulsed excitation,
given a fast rise time of 0.6 ns. Therefore, the output pulse duration of the PMT is also too
short to be detected efficiently by a lock-in amplifier due to the low-duty cycle. In order
to increase the ratio of spectral components at f;,,q., an RC circuit is used between PMT
and the lock-in amplifier. According to ref. [114], the maximum signal for a randomly
distributed arrival time of the photons within half of a modulation period 7'/2 = 1/(2 fmoq.)
can be achieved by using an RC circuit with a time constant 7 = 7'/6. The requirements
for signal statistics are approximately given in our experiments, as the photons arrive
within the radiative lifetime at the laser repetition rate of 10 kHz on the PMT, where
we typically use pump modulation frequencies around f,,q. =150 Hz. Accordingly, we
employ an RC circuit with a time constant of 7 = RC' = 1IM{Q) x 1 nF = 1 ms, optimizing
the signal at 167 Hz modulation frequency.

Differential spectral and spatial detection

Spectral and spatial mapping can alternatively be achieved using a monochromator (Spec-
traPro HRS-300, Teledyne Princeton Instruments) with a spectrometer camera (PIXIS: 100B,
Teledyne Princeton Instruments) or an imaging camera (Orca ER, Hamamatsu; Zyla 4.2,
Oxford Instruments). Instead of focused quantum dot excitation, we employ a widefield
illumination, and the collected light is imaged on the camera chip with a lens (LA1725-
A-ML f = 400 mm, 2-inch diameter, Thorlabs) or focused on the entrance slit of the
monochromator. In order to implement low-noise differential detection, we acquire
multiple frames alternating with and without an external electric field. We subtract the
averaged images using software based on triggered readout of the camera, phase-locked
to 2 fmod. to separate frames with and without the THz pump. This is ensured by a cus-
tomized trigger logic employing a microcontroller (Arduino Mega 2560) and a LabView
program, see fig. 3.12(a). Specifically, a measurement is divided into several steps, e.g.,
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different temporal delays between THz and optical pulse. A gate voltage set to LOW
indicates a BUSY state of the measurement, e.g., when the delay stage moves. Switching
to the HIGH-state initiates the acquisition of triggered images at 2 f,,4. by sending trigger
pulses at the rising and falling edge of the rectangular chopper signal. Additionally, the
microcontroller ensures that only a rising edge in the chopper modulation starts the
trigger sequence, keeping the measurement locked to the same chopper phase over the
whole measurement. When the desired amount of frames for the measurement step is
acquired, the gate voltage is set to LOW. This procedure is sketched for one pair of frames
in fig. 3.12(b).

(@) (b) 1/ fmod
Umod.
— U
Arduino »| Camera mod.
U
T gate ¥ Ugate
LabVi Camera
abview »| software
4 Utrig.

Delay stage
Camera . Ira

Fig. 3.12: Control and trigger scheme for differential spectral /spatial acquisition. (a) The
procedure is controlled by a LabView program that starts the measurement by setting
the gate voltage to HIGH. Then, the Arduino delivers the trigger pulses to the camera.
Software control connections are shown as dashed lines. (b) The edges of the chopper
reference voltage Up,oq, are converted to trigger pulses Uyig. When Ugage is set to HIGH.
In particular, the imaging sequence starts only at rising edges. The frames fr; are
acquired and subtracted via software post-processing.

The exact readout scheme depends on the particular camera. In the case of the spectrome-
ter camera, the employed LightField software (Teledyne Princeton Instruments) acquires
triggered frames that are subtracted from each other ("paired frames"). Additionally,
a predefined number of pairs is averaged and the result is recorded using a LabView
program. The readout of the Orca-CCD is not directly incorporated into a LabView routine.
In particular, every frame is saved with a proprietary software (HPD-TA 8, Hamamatsu)
and processed in a Matlab program to yield the differential images. The Zyla-CMOS
camera readout and image processing are fully controlled with a LabView program. Each
frame is buffered to the RAM of the measurement PC and processed to a differential video.
In general, the sum of camera integration and readout time must be smaller than 1/2 f;;,04.,
whereas f,0q. is typically a few Hertz, to ensure a phase-locked measurement.

3.3 Experimental detection of the QCSE in absorption and emission
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4.1

4.2

Modulation of quantum dot
absorption and emission with
ultrafast and static electric fields

Colloidal CdSe-CdS core-shell quantum dots

In this chapter, we investigate the QCSE in quantum dots using static and ultrafast electric
fields. In particular, we employ colloidal CdSe-CdS core-shell quantum dots fabricated
by Nicholas Kirkwood from the group of Prof. Paul Mulvaney (University of Melbourne).
Details on the fabrication are provided in the supplemental information of ref. [115].
The ensemble absorption and emission spectra are presented in fig. 4.1(a), showing
emission centered at a wavelength of A = 645 nm with a FWHM of A\ = 28 nm. From
the shape of the absorption spectrum, the involved electron and hole states near the
lowest transition can be assigned using the schematic state diagram in fig. 3.10(b). The
radiative quantum yield of the nanocrystals is approximately 60% as measured relative to
Rhodamine 101. The size as well as the size distribution of the quantum dots is studied
using a transmission electron micrograph, displayed in fig. 4.1(b). From the data, an
average diameter of 11 nm with a standard deviation of 1.2 nm is derived, as evident in
the histogram of the size distribution in fig. 4.1(c). In particular, the CdSe core has a
diameter of 4.3 nm covered by a CdS shell with a radius of 3.4nm. Typically, the shell
size is given in monolayers (ML) of the material, and for CdS, one ML has a thickness of
0.34 nm resulting in a shell of 10 ML thickness [116]. In all experiments, the quantum
dots are solved in toluene and deposited via drop casting on the structure of interest with
a typical concentration of ~ 1 mg/ml.

1d simulation of the quantum-confined Stark-effect

Given the simulation scheme of the QCSE in a quantum well in section 3.2, we qualita-
tively discuss the QCSE in quantum dots, in particular the field-modulated emission and
absorption spectra as well as the generic scaling behavior of the QCSE process with the
electric field.
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Fig. 4.1: Characterization of CdSe-CdS core-shell quantum dots. (a) Absorption and emission
spectra of the employed nanocrystals. Additionally, the transitions are assigned to the
peaks in the absorption spectrum. (b) Transmission electron microscope image of the
quantum dots. (c) The histogram of the quantum dot diameters, derived from (b), is
centered around 11 nm (blue line). All data has been captured by Nicholas Kirkwood.

First, we concentrate on the lowest transition involving the s-state wavefunctions of
electron and hole, which is qualitatively relevant for the emission process. Since the
exact band alignment is unknown, we use valence band offsets of 0 meV and +30 meV,
corresponding to quasi-type II, type I and type II band alignment, respectively. For the
spectral broadening of the lines, we employ the size dispersion. We use for the exciton
energy Fexe. = 1.92¢€V derived from the emission peak. Taking into account the size
dispersion, we obtain AE = 36meV from eq. (3.31) in agreement with the emission
spectrum. The calculated probability densities and the resulting (differential) spectra are
provided in fig. 4.2, using the aforementioned dimensions of the quantum dot core and
shell. Due to the separation of the wavefunctions with increasing field, the absorption is
reduced. Additionally, the characteristic lowering of the transition energy with the square
of the electric field leads to a redshift in the spectra. In particular, the strongest redshift
and relative reduction of the absorption can be observed for the type-II alignment, where
the wavefunctions are already highly separated at low fields compared to the other cases.

Chapter 4 Modulation of quantum dot absorption and emission with ultrafast and
static electric fields



~
o
—

Type I alignment  (b) Quasi-type II

200

F (kV/cm)

400

200

F (kV/cm)

400

0 F (kV/cm) 400
 ——

0.5

A (norm.)

AA

-0.5

@ (@

-1
625 675 725 750 800 850 900 650 700 750
Wavelength (nm)

Fig. 4.2: Simulation of the QCSE for different band alignments. (a) For type I alignment, the

wavefunctions for electron and hole, ¥, and ¥, are solely confined to the core. They
separate upon interaction with an external electrical field, leading to an increasingly
redshifted, reduced absorption A. This is also evident from the differential absorption
AA = A(F) — A(0). (b) In the case of a type-II band alignment, the wavefunctions
separate rapidly, leading to a greatly weakened absorption when applying an electrical
field. (c¢) The intermediate case, the quasi-type II alignment, offers a moderate separation
of the wavefunctions between type I and type II. Thus, the redshift and also the reduction

of the overlap, observable in the decrease of peak absorption, lies in between the two
other band alignments.
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The changes in absorption scale initially quadratic with the electrical field, as evident in fig.
4.3, where we show the differential absorption A A at 680 nm as a function of the applied
field exemplary for the quasi-type-II band alignment. This behavior saturates at high
fields, as the separation of the wavefunctions is limited by the potential. Experimentally,
this saturation of the QCSE has been shown in ref. [10] by applying high-field THz pulses
to InGaAs-GaAs quantum dots. In general, the strength of the field-induced modulation
depends on the band alignment [96] and the accessed states [117], however, always
scales quadratically in quantum dots — at least in the case of low to moderate fields before
saturation [118, 119].
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Fig. 4.3: Quadratic scaling of A A with the electric field. The simulated differential absorption
AA at 680 nm (red) for the quasi-type II band alignment shows a quadratic scaling
(dashed line) with the field, which saturates at high fields.

Additionally, we illustrate that initially forbidden transitions, here for An # 0, are
increasingly allowed by tilting the confinement potential with an electric field. Therefore,
we use the lowest electron and second lowest hole wavefunction. The results are provided
in fig. 4.4, showing a dark state turned bright by an external electric field.

@ o (b) 1
5 g

E 200 g 0.5
[, <
<

400 < 0

625 675 725
Wavelength (nm)

Fig. 4.4: Softening of selection rules by the QCSE. (a) The probability densities for electron
and hole in a quasi-type II band alignment using the lowest electron and second-lowest
hole state. (b) The initially forbidden transition is allowed as the orthogonality of the
wavefunctions is canceled by the electric field, leading to an increased absorption for
higher fields.
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4.3 Emission and absorption modulation with static fields

First, we introduce the QCSE experimentally by applying static electric fields to the
quantum dots. Static measurements are well established and studied in various low-
dimensional structures [86, 120]. Here, we apply voltages U up to 35V to a gap of
approximately 3um of a gold microstructure, resulting in maximum electric fields of
F ~ 120kVem™!. In particular, we excite the quantum dots in the gap well above the
bandgap with focused OPA pulses at 480 nm wavelength and detect the (differential)
emission spectrum. Two acquisition modes have been employed: (a) the acquisition of
spectra as a function of the applied electric field and (b) the acquisition of differential
spectra by modulation of the voltage with a frequency of a few Hertz and automatic
triggered subtraction of subsequent spectra. Typically, a few hundred spectra are collected
for each voltage.

The spectra for varying electric field strengths are presented in fig. 4.5(a). Most apparently,
the emission intensity at the peak is lowered by up to 7 %. We extract a Stark shift of up
to 2.2 meV using the center-of-mass of the emission spectra, showing the characteristic
reduction of the emission energy, see fig. 4.5(c). Based on a fit with AF = a x F*, the shift
scales with x = 2.1 close to the quadratic dependence typical for the QCSE. Additionally,
the overall shape of the emission changes slightly and is broadened for increasing fields,
as evident in fig. 4.5(d), yielding an increased FWHM of about 3 meV. In literature, this
effect is typically attributed to an increased exciton-phonon interaction, see refs. [9, 121].

The differential emission spectra in fig. 4.6(a) show the overall decrease of emitted
photons, whereas the bandgap shift manifests itself in reduced emission at the initial peak
wavelength and the emergence of red-shifted emission. In particular, the spectral changes
qualitatively agree with the simulated changes in absorption from fig. 4.2. However, a
direct comparison is rather difficult, e.g., due to the unknown band alignment. From
the data, we examine the scaling of the changes in the emission with the electric field in
fig. 4.6(b) in two regions: (i) around the initial emission peak at 645 nm and (ii) in the
red-shifted region. Both ranges show an essentially quadratic scaling with the electric
field with different strengths.

Additionally, we investigate field-induced changes in the absorption of the nanocrystals
using pulses at a wavelength of 480 nm. The resulting differential transmission AT as a
function of the applied electric field is shown in fig. 4.7, and the analysis yields that the
differential absorption also scales essentially quadratic with the electric field.
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Fig. 4.5: QCSE of quantum dots in static electric fields. (a) Spectra for electric fields between
0 and ~ 120kVcm™! show most apparently a decrease in the peak emission intensity,
arising from a detuned overlap of the electron and hole wavefunction. (b) The enlarged
view from (a) shows the decrease of the peak emission by 7 % for the highest applied
field. (c) The characteristic red-shift of the peak emission (gray), corresponding to
an effectively lowered bandgap, is evaluated and a fit (orange) yields the essentially
quadratic dependency of the applied voltage. (d) The full-width at half-maximum of the

emission spectra increases by up to 3 meV.
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Fig. 4.6: Differential biased emission spectra. (a)
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The differential emission spectra between

15 kV/cm and 120 kV/cm (from black to red) show the overall reduced emission yield
and the red-shifted luminescence. (b) The averaged changes in intensity from the blue
and green colored areas from (a) show both close to quadratic scaling (fit in black).
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Fig. 4.7: Differential biased absorption at 480 nm. Analogously to the emission, the absorption
is also modulated by a static electric field and also shows an essentially quadratic scaling

with the applied electric field. Notably, the absorption at 480 nm is reduced for increased
voltages, indicating a lower wavefunction overlap upon biasing.

Ultrafast modulation of quantum dot absorption

THz-induced absorption modulation in quantum dots

Terahertz pulses enable ultrafast, strong electric field evolutions that we will use in this
section to study the absorption modulation of the CdSe-CdS quantum dots near the
bandgap. Similar studies employing transient white-light absorption and tuned OPA
pulses are reported in refs. [93, 96]. Here, we detect changes in the absorption using
OPA pulses at different wavelengths to spectrally map the modulation of the absorption
bands by measuring differential changes in the transmission of the pulses. The incident
THz pulses are further enhanced in micro-slit arrays with a gap size of about 2 um and a
periodicity of 100 um.

The incident THz electric field is shown in fig. 2.12(a) and acts now as an ultrafast bias to
the quantum dots. We measure two exemplary differential transmission curves at 641 nm
and 662 nm, that show unipolar positive and negative changes, respectively, as presented
in fig. 4.8. In particular, the measured waveform at 641 nm is well reproduced by the
squared simulated electric field in the slit structure. From the simulation, we estimate the
mean peak field to about 2 MV/cm. This leads to the conclusion that the oscillations of the
THz electric near-field in the structure are imprinted onto the transmission. Additionally,
the sign of the absorption change depends on the involved states in the quantum dots.

4.4 Ultrafast modulation of quantum dot absorption
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Fig. 4.8: Ultrafast absorption modulation in quantum dots using THz pulses. Two exemplary
transient transmission curves at 662 nm (green) and 641 nm (red) show a decrease and
increase in transmission, respectively. The characteristic shape of the signal is linked
to the value of the electric field in the quantum dots. We calculate the signal shape by
taking the square of the simulated near-field inside the slit structure, yielding the black
line, showing good agreement with experimental data. We assume a quadratic scaling
of the transmission signal and include a CEP shift 0.27. Deviations arise, e.g., from the
finite sampling pulse duration, leading to a broadened signal and blurred minima.

Terahertz Stark-spectroscopy of quantum dots near the bandgap

Similarly, we study the strength of the transmission changes for different wavelengths
close to the bandgap from 580 nm to 700 nm and the resulting curves are presented in a
2d spectro-temporal representation in fig. 4.9. The evaluation of the absorption strength
at the peak field yields fig. 4.10, showing at wavelengths above 620 nm a qualitatively
similar behavior to the DC-induced emission modulation. Analogously, the electric field
reduces the overlap of the 1S(e) and 1S3,2(h) wavefunction, and the transition appears
shifted at lower energy, yielding a lowered transmission in the presence of the THz pulse
above 650nm. At higher energies, more transitions contribute, and, e.g., forbidden
transitions such as 1S(e)-1P3,2(h), expected between 1S(e)-2S3,2(h) and 1S(e)-1S3,2(h),
can appear [97].
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Fig. 4.9: Spectro-temporal transmission changes in the quantum dots. The THz-induced
ultrafast transmission changes in the quantum dots exhibit a strong dependence on
the absorbed wavelength. Besides the higher transmission close to 635 nm, also lower
transmission, indicating a higher absorption, is observable due to the Stark-induced
red-shift of the transitions. In between, also regions with no modulation appear.
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Fig. 4.10: Spectral dependence of the transient transmission changes. Here, we derived
the AT/T values (circles) at the maximal signal at O ps delay from the traces in
fig. 4.9. Additionally, the absorption spectrum is shown (dotted line). Comparable to
the changes in the emission induced by a DC field, the curve shows the red-shifted
absorption behavior at wavelengths above 620 nm. At lower wavelengths contributions
from e.g. 1S(e)-2S3,2(h) and also the formerly forbidden 1S(e)-1P3,,(h) transition play
a role.

4.4 Ultrafast modulation of quantum dot absorption
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Ultrafast absorption changes detected in the emission

Since the absorption process is modulated by an external field, also the total amount
of emitted photons is changed as more or less excitons are created that decay in visible
fluorescence. Therefore, we use a PMT to detect field-induced changes in the luminescence.
For the measurement in fig. 4.11, the THz pulses are not enhanced further by a structure,
and thus, the shape and strength of the field in the quantum dots are dictated only by
the incident field. The THz-induced changes in emission upon excitation at 480 nm are
provided in fig. 4.11(b), along with the square of the THz field, showing good agreement.
We also show the square of the incident field convoluted with a 240 fs sampling pulse,
illustrating the blurring of the minima and the overall broadening of the curve.
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Fig. 4.11: Ultrafast absorption modulation in quantum dots using THz pulses detected in the

emission. (a) The incident THz pulse, detected with EOS, provides a peak electric field

above 400kVem™!. (b) The normalized changes in the emission intensity (blue) follow

the square of the incident electric field Fi,. (black), as no field-enhancing structure is

used, which would shape the near-field. The deviations arise from the convolution of
the squared electric field with the finite sampling pulse duration, especially at the zero

2
crossing of the incident waveform, as shown by ‘ch‘ convoluted (red, dashed) with a

Gaussian pulse with 240 fs duration (1/e?).

Additionally, we investigate the modulation of the emission spectrum at a wavelength of
530 nm induced by THz pulses that are enhanced in a slit structure. The spectrum of the
quantum dots at the peak modulation, as well as the original spectrum, is presented in
fig. 4.12(a). In contrast to the DC-emission modulation, a change of the emission shape
is not observable, as evident by dividing the spectra, showing a constant enhancement
of about 12 % across the emission spectrum. This can be explained by considering the
radiative lifetime of the quantum dots in the order of tens of nanoseconds, provided
in fig. 4.12(b), rendering the modulation of the emission process by picosecond THz
pulses highly inefficient. The amount of THz modulated emission is negligible compared
to the unmodulated part, as we detect the integrated emission intensity and, thus, the
modulation arises only from changes in the absorption rate.
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Fig. 4.12: Spectral emission modulation with a THz pulse. (a) The quantum dots exhibit
an enhanced emission intensity (red) of 12% at the peak THz field upon excitation
at 530 nm compared to no field (black). Additionally, the relative modulation of the
spectra is shown (gray), showing no spectral changes, as only an overall increase in
emission yield is observed. In particular, the THz pulses are enhanced in gold slits with
a slit width of about 2 um and a periodicity of 100 um. Taking into account an incident
peak field of 400 kV/cm, the average field can be estimated to 2 MV/cm. (b) The
excitation of the quantum dots decays radiatively on a much longer timescale (~ 100 ns)
compared to the picosecond THz pulse. Therefore, only the absorption process in the
quantum dots is altered, leading to practically no influence of the THz pulse on the
long emission process. The lifetime data is captured using a photo-multiplier tube
(H10721-20, Hamamatsu) in analog mode and a fast oscilloscope (Waverunner 204MXI
2 GHz, LeCroy).

4.5 Polarity reconstruction strategies for rectified signals

The QCSE signal in quantum dots depends nonlinearly on the electric field and is inherently
insensitive to the field polarity due to the symmetry of the quantum dots. Consequently,
the measured data is not directly suited for spectroscopic applications. Therefore, we
developed two reconstruction strategies based on signal theoretical considerations to
recover the underlying electric fields. Here, we concentrate on THz pulses that are shaped
linearly by, e.g., a resonant antenna. Due to the QCSE in quantum dots, the field is
rectified and scaled in a nonlinear fashion, as illustrated in fig. 4.13. The nonlinearity can
be reverted rather easily, given the known scaling behavior of the QCSE. However, the
reconstruction of the (absolute) polarity appears non-trivial because the unipolar signal
allows for many different assignments of polarities, e.g., for an underlying antenna-shaped
field.

Gouy-phase assisted polarity recovery

The shift of the carrier-envelope phase of a focused Gaussian beam, the Gouy-phase, is
introduced in section 2.7. In short, the CEP changes by a value of 7 throughout the focus,
but the envelope of the electric field does not change, or in other words, the amplitude
spectrum remains constant. We can make use of this simple fact to recover the polarity of
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Fig. 4.13: Antenna-shaped THz-modulated absorption in quantum dots. An antenna shapes
the near-field of an incident THz pulse. This field is readout using quantum dots and a
probe pulse (green) and the pulse polarity information is lost due to the quantum dot

symmetry.

the rectified signal by measuring the QCSE signal at two distinct locations z; along the
THz focus, as illustrated in fig. 4.14. This leads to two traces Socsg with different CEP
shifts ¢;(z;) and, therefore, different shapes. However, the amplitude frequency spectra of
the underlying electric fields are the same, because only the carrier-envelope phase has
changed.

THz beam Gouy-phase shift ¢ -~ 6/2

ala

~6/2 =

/ \
Socse(91) ’ \SQCSE(QSQ)

Fig. 4.14: Measurement procedure of a QCSE signal in quantum dots using a bowtie antenna
at different z-positions. The measured signal Socsg is rectified and nonlinearly scaled
by the QCSE. The modulations are phase-shifted by the Gouy-phase.

In order to find the underlying electric field, the nonlinear scaling of the QCSE is inverted.
After identification of the potential half-cycles of one Sqcsg trace, multiple, ambiguous
polarity assignments are possible, as shown in fig. 4.15. Subsequently, one can recalculate
the QCSE signal by applying the phase-shift A¢ = ¢2 — ¢ and the nonlinear scaling.
Finally, the ,true“ underlying electric field is found by minimizing the error between
reconstructed and measured Sgcse(¢2). The incorrect, underlying waveforms offer a
different amplitude spectrum that can not reproduce the measurement.
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Fig. 4.15: Illustration of the Gouy polarity-reconstruction scheme. Starting from the Socse(¢1)
multiple potential electric fields F; can be constructed. The application of the CEP shift
A¢ and the nonlinearity X leads to reconstructed Socse(¢2) that can be compared to
the QCSE trace at ¢,. Whereas F; and F3 lead to a significant difference (red) between
these two traces, F; matches the measurement and therefore is the underlying electric
field.

Reconstruction based on the Hilbert transform

A linear, time-invariant system can be generally described by its transfer function Gr(w),
consisting of a real part R(w) and an imaginary part X (w). For an antenna, Gr(w) can be
calculated from the incident electric field Fj,. and the antenna shaped field Fypne [122]:

Fant (w)

Fine(w) @D

Gr(w) = R(w) +iX(w) =

Starting from the transfer function in the frequency domain, the impulse response of the
system h(t) is calculated via Fourier transform [122]:

h(t) = F(Gr(w)) (4.2)
Assuming causality, the system can only show a response during or after the excitation:
h(t)y=0 fort<0 4.3)

From this, a connection between the real and the imaginary part of the transfer function
can be derived via the Hilbert transform H [122]:

X(w) = H (R(w)) = - / AW 4 4.4)

TJ oo w—8
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Thus, the correct antenna response function has to obey this relation. We can obtain
the imaginary part of the transfer function X (w) in two ways: (a) directly from the
transfer function using only the experimental time-domain signals and (b) via the Hilbert
transform of the real part of the transfer function R(w). By comparing X (w) and H (R(w)),
we can decide which reconstructed waveform fits the incident waveform in the sense of a
causal, linear system. Furthermore, this equation builds the basis for the Kramers-Kronig
relations that link real and imaginary parts of frequency-dependent material parameters,
e.g., the complex permittivity ¢ = &’ + ic”.

We illustrate this reconstruction strategy for an artificial THz pulse that is shaped by
an antenna with a single resonance. Subsequently, we use the correct waveform and
a waveform with a flipped half-cycle, representing a wrong polarity assignment, see
fig. 4.16. There, we compare the phases ¢ = arctan (é((z)))) ¢y = arctan (H(ﬁi(;))))),
which is equivalent to analyze X (w) and H (R(w)). Only the correct waveform generates
coinciding phases, whereas the incorrect pulse produces a huge mismatch in ¢z and ¢¢.
Despite the simplicity of the example, it shows that it is possible to determine the polarity
based on the incident waveform.
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Fig. 4.16: Polarity reconstruction via the Hilbert transform. (a) The incident electric field F.

and the correctly reconstructed antenna signal F'y,; lead to coinciding phases ¢ (gray,
dashed) and ¢y (black) arising from the transfer function G and the Hilbert transform
in (b). (c¢) In contrast, a wrongly assigned polarity (arrow) leads to mismatching
phases ¢ and ¢y in (d), indicating that the antenna field is not linked to the incident
waveform via a causal, linear transformation.
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Reconstruction with experimental data

Application of the reconstruction schemes to experimental data is practically challenging
due to noise and the convolution of the waveforms with sampling pulses of finite duration.
This renders the derivation of possible underlying electric fields difficult and error-prone at
this stage. In both techniques, a consistent temporal axis in both measurements is crucial.
For example, in the Hilbert approach, the incident waveform is measured with EOS at
1030 nm probe wavelength and the QCSE data at around 500 nm in a different OPA setting.
This could be circumvented by employing quantum dots that can be probed efficiently at
1030 nm. In general, the use of shorter sampling pulse durations in combination with
increased readout sensitivity could facilitate the application of the described schemes.

Outlook: Ultrafast modulation of quantum dot emission

In sec. 4.3 and 4.4, we presented the QCSE in quantum dots in static and ultrashort
electric fields. In principle, the THz pulses can be regarded as quasi-static electric fields
during the interaction with the quantum dots. However, taking into account the radiative
lifetime of the quantum dots, the emission process cannot be modulated efficiently by
picosecond THz pulses. Hence, only the absorption process is modulated — in contrast
to the application of static fields, as described in fig. 4.17(a), which enables modulation
of the absorption and emission process. In other words, we only detect a QCSE signal
when optical and THz pulses overlap temporally. If a fast decay channel on the order of
picoseconds exists that can be affected by strong electric fields, also the emission process
can be efficiently modulated, as illustrated in fig. 4.17(b).

In quantum dots, fast decay channels open up at high pump fluences or energies due
to the creation of multiexcitons generated by hot carriers. In particular, the relaxation
of hot charge carriers typically occurs on a femtosecond to picosecond timescale [123].
An overview of the timescales involved in a strongly excited quantum dot is given in
fig. 4.18(a). Multiple excitons are generated efficiently for excitation energies of at least
twice the bandgap energy of the quantum dot [124]. It can also occur below this limit but
requires higher pump fluences to yield multiphoton absorption [125].

The generated excitons decay mostly via non-radiative Auger-recombination on a pico- to
nanosecond timescale. There, the energy of the recombination of an electron and hole is
transferred to another charger carrier, which is promoted to a higher state [124]. This
typically manifests in contributions with short lifetimes in the radiative lifetime curve,
as evident in fig. 4.18(b), where we compare the radiative decay for different excitation
peak fluences excited with OPA pulses at 480 nm wavelength. The time resolution in this

4.6 Outlook: Ultrafast modulation of quantum dot emission

63



64

(a) (b)

fast decay,

ps
channel

THz pulse

absorption no emission :
modulation modulation _ lunn ____________
DC field
emission
modulation

absorption and emission
modulation

Fig. 4.17: Quantum dot emission and absorption modulation. (a) The absorption process can
be modulated with a strong THz pulse with respect to no field (dashed) when optical
excitation and THz pulse are temporally overlapping. This leads also to an indirect
modulation of the emission process, as shown in the experiments before. Due to the
long radiative lifetime (orange), there is effectively no emission modulation. In the
case of a static electric field, the absorption and emission processes are both modulated.
(b) In the presence of a significant (non-)radiative decay channel (red) with a lifetime
comparable to the THz pulse duration, which can be modulated by strong electric fields,
direct modulation of the emission can be observed.

measurement is limited to ~2 ns, determined by the instrument response function. Thus,

potentially faster decays of picoseconds are not resolved.

Introducing a first demonstration of ultrafast THz-modulated emission, we present THz-
induced changes in the quantum dot emission for low, medium, and high excitation
fluences in fig. 4.18(c). For the lowest excitation fluence, the expected decrease in the
emission is observed when the THz pulse is present, attributed to the QCSE. For medium to
high peak fluences, however, the emission is increased during and also after the excitation
pulse, when the THz pulse interacts with the excited quantum dots. In particular, the
waveforms show a complex shape that could arise from the overlap of the QCSE and the
increased emission. These two processes occur on different timescales, as the QCSE is
quasi-instantaneous and follows the THz electric field, whereas the enhanced emission
decays on a timescale of 20 ps, as evident in fig. 4.18(d).

In the literature, intense electric fields have been used to increase luminescence by
removing an excess charge from a charged quantum dot [127], which is described as an
accumulative effect of the interaction with many THz pulses. In our measurements, the
THz pulse also induces an increased luminescence but only in a time window of 20 ps
after the strong excitation. Hypothetically, the THz pulse removes a charge before the non-
radiative Auger recombination or the relaxation of a hot charge carrier occurs, enabling
increased radiative recombination. Auger recombination times down to picoseconds

Chapter 4 Modulation of quantum dot absorption and emission with ultrafast and
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Fig. 4.18: THz enhanced luminescence. (a) A photon with an energy hiw > 2FE; excites hot
carriers in a quantum dot, that can relax in femtoseconds to picoseconds in multiple or
single excitons. The multiexcitons recombine mostly via non-radiative Auger recombi-
nation in pico- to nanoseconds to single excitons, which decay radiatively on a nano- to
microsecond timescale. Adapted from ref. [126]. Timescales taken from ref. [123].
(b) The radiative decay for increasing pump fluences shows an increasing number
of short-lived states. Employed peak pump fluences: 0.01 mJ/cm?, 0.13 mJ/cm?,
0.21 mJ/cm?, 0.42 mJ/cm?, 0.67 mJ/cm?, 1.34 mJ/cm?, 4.23 mJ/cm?. The curves are
scaled to overlap at times larger than 40 ns. (c) Differential emission time-traces for
different peak excitation pump fluences. The THz fields are enhanced with a bowtie
structure. (d) The increased emission for the highest pump fluence shows a sharp
peak at O ps delay, which we attribute to the THz QCSE signal, and a decay with a
1/e-lifetime of about 5 ps (dashed line).

have been observed for pairs of multiple electrons and holes in CdSe quantum dots
[128]. Comparability to our quantum dots is not fully given, as the exact rates strongly
depend on the size of the nanocrystals. In general, the Auger time constant is lower
when more electrons and holes are involved [128]. In the experiments, we employed
pump energies E, = 2.6 €V only slightly higher than the 1s-exciton absorption at 2.0 eV.
In future experiments, higher pump energies are favorable to investigate the influence
on the THz-induced emission modulation. However, for a deeper understanding of the
involved states, a spectro-temporal mapping of the emission, i.e., with a streak camera
with picosecond temporal resolution or transient whitelight absorption in combination
with ultrafast THz pulses and strong excitation, could provide complementary insights.

4.6 Outlook: Ultrafast modulation of quantum dot emission
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5.1

Electro-absorptive detection of
terahertz fields by field biasing

The QCSE in quantum dots leads to a change in absorption independent of the external
electric field direction. Thus, a direct polarity sensitive readout is not possible, hamper-
ing spectroscopic applications. As to date, there exist various field sensitive sampling
techniques that resolve the electric field, such as EOS, ABCD and PCA, as detailed in
section 2.3. The polar field sampling in low-dimensional structures has been shown so far
in (asymmetric) quantum well structures [129, 130]. In this chapter, a new technique
based on the QCSE in quantum dots is presented which exploits the breaking of symmetry
in the nanocrystals by an additional external electric field with known polarity. Parts of
this chapter are published in:

Heindl, M. B., Zhu, H., Bawendi, M. G. & Herink, G. Electro-absorptive Quantum Dot
Antenna Resolves Terahertz Lightwaves via Biased Stark Effect. ACS Photonics
11, 13-17 (2024)

Figures are adapted with permission. Copyright 2024 American Chemical Society.

Concept of biased QCSE

Derivation of linear field detection

The idea of detecting polarity with the unpolar QCSE in quantum dots relies on applying
an additional external field with known direction to the THz electric field. In fact, a
particular feature of the QCSE is employed: the quadratic scaling of the differential
absorption signal Sgcsg with the electric field. Socsg is obtained from the difference
between absorption with (Sty,) and without (Sp) THz field. In order to establish a
measure that detects signals linear in the electric field, the nonlinear scaling is derived by
differential detection upon modulation of the THz field Fry, with an external bias Fj;,s.
Therefore, the new observable S, is obtained for a bias modulation between 0 and Fi;,s:

Sa x Socsk (Frhz + Fbias) — Socsk (Friz)
o (Pruz + Fojas)” — (Fruz)”
X 2FTHZFbias + FbQias (51)
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Since Fj;,s has a constant value, the second part of the last equation will appear as a con-
stant offset that we subtract in all data, finally providing a signal that is proportional to the
THz electric field and consequently also detects the field polarity. Furthermore, the ratio
of 2Fry, Fhias and the offset Fb2ias can be used to determine the THz electric field strength,
if the bias field in the quantum dots is known. The signal can be increased by a factor of
two via modulation between — Fy;,s and + Fi;s, finally leading to Sa o< 4 Fryz Fhias. The
derivation of a polar signal from a unipolar mechanism is also described in fig. 5.1, high-
lighting the fact, that the differential bias effectively gives the derivative of the underlying
QCSE scaling.

(@) Socses (b)  Sas

SA <0lSA >0

— — Fry,

|

Fig. 5.1: Principle of polarity sensitive detection with quantum dots. (a) The QCSE in quantum
dots shows a nonlinear scaling with the absolute value of the electric field. A positive
bias leads to a higher/lower signal for positive/negative THz fields, thus, the differential
signal Sa for bias on and off is polarity sensitive. (b) The derived signal Sa provides a
polarity sensitive signal proportional to the electric field in case of Socsg o< F?, because
the differential detection with and without bias practically leads to a derivative of the
underlying scaling. Here, the offset arising from the bias field itself has been removed.

Experimental realization of the electro-absorptive antenna

The electric field bias is implemented by applying a voltage across a gap in a gold structure,
or in other words to a small capacitor. The implementation as well as the development of
the THz waveform from the unipolar signal is illustrated in fig. 5.2(a,b). The employed
CdSe-CdS core-shell quantum dots consist of a CdSe-core of 3.7 nm diameter and a CdS
shell of 2.2 nm radius and are fabricated by Hua Zhu in the group of Prof. Moungi G.
Bawendi (Massachusetts Institute of Technology). The absorption and emission spectra
are shown in fig. 5.2(c). The nanocrystals are deposited via drop-casting on top of the gold
structure, which consists of interdigitated electrodes with gold strips of 10 um separated
by 10 um on top of a quartz glass substrate. The electrodes are contacted with conductive
silver lacquer to copper wires. A photograph of the whole structure is shown in fig. 5.2(d).
We modulate the bias field using a function generator (square wave, typical frequency
fmod. = 220 Hz) and a voltage supply with up to Uy, = 60V that drive a voltage switch,
delivering a modulated voltage between 0V and Uy,s at finod-
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In contrast to measurements of Socsg, here, the THz beam is not modulated. We measure
absorption changes for bias on and off with a pair of balanced photodiodes, a boxcar
averager and a lockin-amplifier set to the modulation frequency f;,04, as described earlier
in section 3.3. The sampling pulse with a wavelength of 480 nm is focused in between
two gold electrodes and delayed with respect to the THz pulse to sample its waveform.
The employed THz pulses are polarized perpendicular to the electrode gap and exhibit an
incident peak field of about 400kV cm™!, which can be varied by a wire-grid polarizer.
Typically, two wire-grid polarizers are employed to preserve the polarization of the
attenuated beam, but, here, the electrode structure acts as a second wire-grid polarizer.

(a)

Terahertz pulse

Probe pulse
Bias voltage

Quantum dots
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Fig. 5.2: Quantum dot THz antenna based on electro-absorptive detection. (a) A strong
THz pulse impinges a gold structure with quantum dots in between the electrodes.
The electric field in the gap generated by the applied voltage creates the bias electric
field F,;,s parallel to the THz field. In order to derive the polar THz waveform, the
differential absorption in the quantum dots with and without bias field S is detected
with an ultrafast probe pulse as a function of the temporal delay between THz pump
and optical probe pulse. (b) The bias field enhances (red area) or reduces (blue area)
the THz-induced unipolar QCSE signal, depending on its polarity with respect to the
bias field direction. In case of a quadratic dependence of Socsg from the electric field,
the difference signal Sa delivers, apart from a constant offset, the polar THz waveform.
(c) Absorption (blue) and emission (red) spectra of the employed quantum dots along
with the excitation wavelength of 480 nm. This data has been acquired by Hua Zhu. (d)
Photograph of the quantum dot antenna. The electrodes are contacted to copper wires
using silver lacquer and a copper patch. The inset shows the gold microstructure, with
metallic bars separated by 10 wm.

5.1 Concept of biased QCSE
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Electro-absorptive THz sampling using quantum dots

Field enhancement in the antenna

Given the dimensions of the electrode structure, we simulate the THz electric field in the
gaps using the approach described in section 3.1. The average field enhancement inside
the gaps, without substrate, is given by P/w = 20um/10um = 2. The simulated electric
field enhancement, using a refractive index for the quartz substrate of n = 2 [131] and
gold height of 150 nm, is provided in fig. 5.3(a) with a mean intra-gap enhancement of
1.3. This factor leads to a mean peak field strength of 520kVcm™! in the experiment.
From the simulated incident and enhanced electric field waveform, we calculate the
frequency-dependent enhancement, provided in fig. 5.3(b), that shows a nearly constant
enhancement for frequencies between 0 and 4 THz, relevant for the typical incident THz

pulse employed in this work.
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Fig. 5.3: THz field enhancement factor in the electrode structure. (a) The simulated field
enhancement factor has a mean value of 1.3. (b) The spectral enhancement factor is
nearly constant in the relevant frequency range between 0 and 4 THz.

Sampling pulse duration limited detection bandwidth

The frequency bandwidth for temporal sampling techniques depends on the temporal
duration of the sampling pulse and its corresponding frequency bandwidth, as described in
section 2.5. Therefore, we determine the pulse lengths at the two wavelengths relevant for
EOS and QCSE, 1030 nm and 480 nm, using a home-built collinear, interferometric auto-
correlator. In particular, we employ two-photon absorption in photodiodes with bandgaps
larger than the respective energy of the pulses (1030 nm: G5645, Hamamatsu; 480 nm:
JEAO.1S, Laser Components) to enable nonlinear detection of the pulse pairs, necessary
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for the determination of pulse durations. The temporal delay between the two arms of
the interferometer is generated using a mirror attached to a shaking audio speaker driven
at a few Hz in one arm. We detect the nonlinear autocorrelations using a oscilloscope
triggered to the speaker frequency. Finally, the central frequency of the incident pulses
are used to calculate the temporal separation of the fringes in the autocorrelation and,
thus, the temporal axis. The resulting interferometric autocorrelations (IAC) are provided
in fig. 5.4(a,b). Typically, one expects ideally a peak-to-background ratio of 8 : 1, that is
experimentally higher in the case of 1030 nm, which we attribute to a small amount of
three-photon-absorption, which would lead to a ratio of 32 : 1 [132]. We Fourier filter the
spectral parts around frequency zero to obtain the intensity autocorrelation. The intensity
pulse duration is then determined by its 1/e2-width divided by a factor of v/2, assuming
a Gaussian pulse shape [132]. The analysis yields pulse durations of (150 + 10) fs for
1030 nm and (240 = 10) fs for 480 nm, hence a higher accessible bandwidth for the
1030 nm pulse, as evident in the calculated spectral transfer function G for the two
pulses in fig. 5.4(c) following eq. (2.23). In particular, the 1/e? frequency bandwidth is
approximately 5 THz for 480 nm and 8 THz for 1030 nm.
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Fig. 5.4: Sampling pulse duration and resulting bandwidth. (a) Interferometric, nonlinear

autocorrelation (IAC) (black) for the pulses at 480 nm, along with the extracted intensity
autocorrelation (red) yielding a 1/e2-pulse duration of approx. 240 fs. (b) IAC for the

pulses 1030 nm in the same format as (a) showing a pulse duration of approx. 150 fs.

(c) The spectral transfer function in the sampling process for the two pulse durations.

5.2 Electro-absorptive THz sampling using quantum dots

71



72

Comparison to conventional electro-optical sampling

First, we benchmark our newly developed technique against conventional EOS. The THz
waveforms measured with the two techniques provide comparable results as well as the
amplitude spectra, see fig. 5.5. In the time trace, the THz pulse measured with EOS
appears slightly shorter, which is also evident in the broader spectrum compared to the
quantum dot measurement. We attribute the deviations mostly to the different sampling
pulse durations, which provide therefore different accessible bandwidths. To underline
this, we study the ratio of the Fourier amplitudes in fig. 5.5(b), which shows a roll-off
at higher frequencies, attributed to the longer pulse duration involved in the quantum
dot measurement. Additionally, the underlying unbiased signal in fig. 5.5(c), where we
modulated the THz beam, shows the unipolar trace that originates from the nonlinear
scaling of the QCSE.
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Fig. 5.5: Electro-absorptive sampling of a THz pulse in comparison to electro-optical sam-
pling. (a) The Sa-trace (blue) shows high agreement with the THz waveform, detected
via EOS (red). Notably, we added a CEP-shift of 0.17 to the EOS data due to the uncer-
tainty in the exact focus position and removed a constant offset in the S -curve, arising
from the bias electric field. (b) The corresponding amplitude spectra show for the EOS
data a slightly broader bandwidth of the pulse compared to the quantum-dot antenna.
(c) The unbiased QCSE-trace shows only the unipolar signal and suppresses, due to the
quadratic scaling, the smaller features. (d) The ratio of the amplitude spectra of Sa
and EOS (blue circles) illustrate the higher bandwidth for the EOS measurement. We
attribute this mostly to the different sampling pulse durations, as the ratio of the spectral
amplitude transfer functions (dotted) for the two pulse durations shows a comparable
behavior.
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Scaling behavior of the quantum dot antenna

Now, we study the involved signals as a function of the bias and THz field. The underlying
signal Sqcsg for varying F'i,s and F'ryg is shown in fig. 5.6(a,b) in a double-logarithmic
representation and a linear fit provides essentially the required quadratic scaling with
the field strength. Hence, we expect a linear scaling of the differential QCSE signal Sa
with the bias field, following eq. (5.1). Therefore, we vary Fy,;,s at the THz peak field
and detect Sp, see fig. 5.6(c), yielding a linear dependency. Finally, we study S for
different THz peak field strengths for two cases: F';,s and Fty, pointing in the same and
in the opposite direction, see fig. 5.6(d). Both measurements provide a signal that scales
linearly with the THz field, as we require for the linear field sampling. In the first case,
the fields add up and result in an effective higher field, that leads to a saturation in the
signal. This effect is mitigated in the opposite case due to the lower field. We attribute
this behavior to the saturation of the QCSE, that we already describe in our quantitative
1d model in section 4.2.
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Fig. 5.6: Field scaling behavior of Sx and Sqcse (a,b) The absorption modulation due to the
QCSE is shown as a function of bias and THz field in a double-logarithmic representation.
Evident from a linear fit (black line), both curves scale with the respective field strength.
The exact results are provided in the upper corners of the figures and the error is given by
the 95% confidence interval of the linear fit. (c) Sa at the THz peak field scales linearly
with the bias field. (d) Our key observable Sa for varying THz field strengths regarding
two cases: the bias field increases/decreases the total field (red/blue). Both curves show
initially a linear scaling, but a saturation in the high field case above 200kVcm™! is
observed, attributed to saturation in the QCSE.
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Due to the derivative character of Sx, the saturation of Socsg is translated in a pronounced
saturation and subsequent roll-off of the linear field signal with increasing field, as we
showcase in the generic simulated scaling curves in fig. 5.7(a). We use the lowest
transition to study the QCSE signal, using the size of core and shell and a quasi-type II
band alignment. In particular, we reproduce the saturation by calculating the Sp curve
from the simulation using the two different bias field directions, yielding the linear
curve, that saturates earlier fields for the adding-up fields. In detail, we use a bias field
Fhias = £40kVem™! = £0.05 P23 Similarly, the linearity of the Sa signal as a function
of the bias field is also affected by the saturation, as the threshold is given by the total
electric field, see fig. 5.7(b).
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Fig. 5.7: Simulation of the QCSE saturation influence. (a) Sqcse scales initially quadratic and
saturates at high fields. From this, we calculate the S scaling for the two bias directions,
yielding the blue and red curve, showcasing the earlier onset of saturation in the case of
same field direction of THz and bias field (red). The dashed lines indicate linear (gray)
and quadratic scaling (yellow) with the THz field. (b) Sa for varying bias fields in the
linear (green, F'ty, = 0.075) and saturation (Fry, = 0.2) regime shows linear scaling
(dashed) and only small influence of the saturation. The red and blue curve represent
the two bias field directions.

We further examine the influence of the direction of the bias field in fig. 5.8(a), comparing
the THz waveforms for both bias directions. The waveforms are mirrored on the x-axis but
show similar form, despite a lower peak signal in the case of parallel THz and bias field,
due to the aforementioned saturation in the QCSE. Exemplary, we correct this nonlinear
response at the highest field by applying the inverted scaling curve, see fig. 5.8(b),
reverting the saturation.
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Fig. 5.8: THz waveforms for the different bias field directions (a) The measured Sa-curves for
the two bias field polarities show mirrored but similar behavior. The color coding follows
fig. 5.6(d). In particular, we corrected the saturation observed in the case of adding-up
fields (dashed line) using the scaling curve from fig. 5.6(d). (b) The inverted scaling
curve is fitted using a 4th-order polynomial (red) to provide a continuous function for
the linearization. The dashed line illustrates a linear scaling.

First spectroscopic application of the quantum dot
antenna

We now show proof-of-principle spectroscopic application of the quantum dot antenna by
measuring the THz transmission through two straightforward samples: water vapor at
ambient conditions and a HR-Si wafer.

Terahertz absorption in water vapor

Rotational transitions in water vapor lead to a large number of absorption lines in the
THz transmission spectrum [133], and result in characteristic, oscillatory decays after the
THz pulse in the time-domain signals. We reduce the humidity in the THz beam path
using a box purged with dry air. The sampled THz waveforms after trespassing 15 cm
of air in fig. 5.9(a) show reduced oscillations after the pulse for 8% humidity compared
to 45%. The corresponding Fourier spectra in fig. 5.9(b) show sharp absorption lines for
ambient conditions that are attenuated for the purged measurement. In particular, the
comparison with reference data from the HITRAN database verifies the spectral positions
of the absorption lines [134]. The spectral resolution of the antenna measurement is
0.1 THz, given by the inverse of the temporal delay range. We can assign the absorption
lines to the reference data beyond 3 THz. From the spectrum above 5 THz, we can

estimate the signal-to-noise ratio to ~ 100.

6.3 First spectroscopic application of the quantum dot antenna
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Fig. 5.9: Spectroscopy of water vapor using the biased QCSE. (a) The THz waveform after
passing through air at 45% humidity shows oscillations after the pulse originating from
rotational and transitions in water vapor molecules. By reducing the humidity, the
oscillations are reduced. (b) The spectra for the humid air show characteristic absorption
lines compared to the purged measurement. The observed lines are in agreement with
the HITRAN reference dataset, which is shown in a linear fashion at the bottom.

Silicon transmission

The sampling traces with and without a HR-Si wafer are shown in fig. 5.10(a). Beside
the temporally shifted pulse for the sample trace, also the peak field is reduced to about
70 %, which is also evident in the spectral amplitudes in fig. 5.10(b), where we also show
the spectral amplitude ratio. Generally, the amplitude transmission coefficient through

a thick sample is given by 7" = (n‘iﬁgjp , using the refractive index of the sample n, and
the surrounding medium n; [135]. Using the refractive indices of HR-Si no = 3.4 [131]
and air n; = 1, 70 % transmission is calculated, as observed in the experiment. Using the
temporal delay A7g; = 1.9 ps and the thickness of the wafer of d = 240 um, measured

with a caliper, we can exemplary calculate the (frequency-averaged) refractive index to
ATgi-c
Si
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Fig. 5.10: THz waveform transmitted through a silicon wafer measured with the quantum dot
antenna. (a) The THz waveform (blue) is lowered by 30% after transmission through a
HR-Si wafer (red). The peak of the transmitted pulse appears delayed by Ars; = 1.9 ps
as well as an echo delayed by A7ge = 5.5 ps originating from reflections in the wafer.
(b) The corresponding spectra show a frequency independent attenuation of the pulse,
as evident from the ratio of the amplitudes (black) showing 70 % transmission.
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5.4 Summary & outlook

In conclusion, our new detection technique based on the quadratic scaling of the QCSE is
able to detect polar THz waveforms by introducing an external bias field as a reference
direction. Experimentally, the signal readout is straightforward, compared to e.g. the
rather delicate conventional EOS. Also, one can easily adapt the employed quantum
dots to the sampling wavelength by tuning their size. We expect further improvements
on the antenna performance by optimizing the readout wavelength and pulse duration,
leading to a higher sensitivity and bandwidth. Limits in the bandwidth of the QCSE have
not yet been fully explored and recent studies suggest that this effect can also occur in
the mid-infrared region [136]. Additionally, the maximal bias voltage in this study is
technically limited by the employed voltage source. Additionally, an increased signal
strength by of a factor of two is given by a modulation between — F;,s and F'y,;,. In case
of saturation in the QCSE, an optimal bias field strength that maximizes the signal can
be found, see ref. [137]. In particular, absolute THz field strength calibration is feasible
upon knowledge of the exact field attenuation in the quantum dot layer. Here, we only
detect the THz field components parallel to the bias field — using a quadrant electrode
structure also polarimetry [21] is within sight.
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Quantum-Probe Field
Microscopy

Quantum dots offer high photostability, flexibility, and quantum yield that make them
ideal for imaging applications [138]. Moreover, the nanocrystals have been successfully
applied to super-resolution techniques with resolutions beyond the diffraction limit [139].
Recently, field-induced quantum dot luminescence has been used to image pulsed THz
radiation [140, 141]. However, their scheme does not allow for temporal sampling of
the THz waveform in contrast to the QCSE. As a logical step, we combined the imaging
capabilities of the quantum dots with the field sensitivity of the QCSE. Based on this, we
developed a new technique for imaging of THz near-fields based on the QCSE in quantum
dots that offers sub-cycle temporal and sub-diffraction limited spatial resolution. As the
nanocrystals act as field-sensitive quantum probes, we called our method Quantum-Probe
Field Microscopy (QFIM).

Regarding the diameter of the employed quantum dots of about 10 nm, they are ideal to
act as local THz near-field sensors. Specifically, the (reactive) near-field of a short antenna
is defined as the region with radius ’\g—gt using the antenna wavelength A\ [142]. Thus,
the near-field around an antenna resonant at 1 THz can be observed within a distance
of 50 um. Therefore, the quantum dots are sufficiently small to spatially resolve the
near-field with the QCSE.

Parts of this chapter are published in:

Heindl, M. B., Kirkwood, N., Lauster, T., Lang, J. A., Retsch, M., Mulvaney, P., Herink, G.

Ultrafast Imaging of Terahertz Electric Waveforms Using Quantum Dots. Light:
Science & Applications 11, 5 (2022)

Figures are adapted with permission from the journal.
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Experimental realization of an ultrafast field
microscope based on quantum dots

The experimental setup is based on the ultrafast field-induced changes in the absorption of
quantum dots. Here, we focus specifically on the imaging of these changes in the emission.
This is realized by expanding the earlier described setup with conventional fluorescence
imaging, employing a cooled CCD-camera and a microscope objective, see fig. 6.1. This
enables imaging of terahertz near-fields by detection of far-field luminescence of the
quantum dots. A widefield illumination in the focus of the THz beam is ensured with an
additional widefield lens in the OPA beam path. The OPA was tuned to either 480 nm or
530 nm to excite the emission of the CdSe-CdS core-shell quantum dots at 645 nm. Details
on the quantum dots are presented in section 4.1. The fluorescence of the quantum
dots is collected with the objective, and light at the excitation wavelength is filtered.
In particular, we image differential emission using a mechanical chopper in the THz
pump beam path. Femtosecond temporal resolution is implemented with a mechanical
delay stage in the pump beam path in order to sample the phase-stable terahertz fields.
For further experimental details concerning the readout and employed components, see

section 3.3.

Exc. pulse

Microscope

Fig. 6.1: Scheme of Quantum-Probe Field Microscopy. Changes in the emission of quantum dots
due to strong, enhanced THz fields are imaged by collecting the modulated fluorescence
with a microscope objective and a camera. Sub-cycle temporal resolution is provided by
a short femtosecond probe pulse that excites the quantum dot luminescence.
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6.2 Imaging of ultrafast terahertz field evolutions in a
bowtie antenna

First, we apply QFIM to a single bowtie antenna — a structure broadly used for, e.g.,
detection and broadband enhancement of terahertz radiation. The antenna design and
the resulting gold structure, fabricated with optical lithography, are shown in fig. 6.2.
Additionally, a fluorescence image of the area close to the bowtie gap is provided. The
polarization of the THz beam is aligned perpendicular to the gap of the bowtie to ensure a
high field enhancement. We capture multiple snapshots of changes in the emission with a
temporal separation A7 = 30fs. For each timestep, a total of 50 pairs with THz radiation
on and off are acquired, that we use to generate differential images using software. From
the whole series, 15 representative QFIM images are displayed in fig. 6.3, revealing three
rectified half-cycles of the underlying electric field.

(a) Design (b) Fabricated (¢) Fluorescence

Fig. 6.2: Terahertz bowtie antenna. (a,b) Design template and optical photograph of the
fabricated bowtie gold antenna with a 5um gap. (c¢) Fluorescence microscope image of
the dotted area in (b).

The characteristic field enhancement pattern of the bowtie antenna is imprinted in the
QFIM images, as evident in fig. 6.4(a,b), where we compare the QFIM image at the peak
signal with a finite-element simulation of the structure, demonstrating the capability of
our method to image electric near-fields. Here, 1000 image pairs are used to generate
the differential image. The peak field in the gap is estimated from the time-transient
simulation to about 7MVcm™! using the incident peak field strength of 400kVcm™1.
The changes in the emission intensity arise from modulated absorption in the quantum
dot, as described earlier in this thesis. We underline this by measuring the differential
transmission ATrans. of the optical excitation pulse at the peak THz near-field, showing
an inverted, complementary pattern to the QFIM data, see fig. 6.4(c). Thus, besides the
imaging of intensity, changes in the absorption can also be utilized to study the near-field.
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240 fs 320 fs 400 fs 560 fs 670 fs

Fig. 6.3: QFIM of the ultrafast electric near-field in the bowtie. 15 exemplary QFIM snapshots
with the temporal delay between optical and THz pulse set to O fs at the highest signal.
Three peaks at A7 =—350fs, 0fs and 400 fs are apparent, showing all the same spatial
pattern.

The spatial resolution of our technique profits from the detection of visible fluorescence,
which offers a much lower wavelength than the investigated THz radiation and thus pro-
vides a substantially better achievable optical resolution. At a frequency of fry, =1 THz,
corresponding to a wavelength of Ay, =300um, the Abbe diffraction limit is approxi-
mately % = 150 um, using a numerical aperture equal to 1 [143]. The spatial resolution
of QFIM in this measurement is discussed in fig. 6.4(d), showing a resolution of 2 um,
thus offering a far sub-diffraction limited resolution with regard to the THz regime.

In particular, we also investigate the field enhancement pattern in the bowtie for THz
polarization approximately parallel to the bowtie gap. For this purpose, we took a QFIM
image at the peak field, see fig. 6.5(a). The highest signal is observed at the outer edges
of the bars, and a slight tilt angle of the bowtie with respect to the THz polarization
translates into an asymmetric pattern. We compare this to a finite element simulation in
fig. 6.5(b), verifying the experimental finding also with regard to the slight asymmetry in
the enhancement.
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Fig. 6.4: QFIM image detected in emission and absorption compared to simulation.

(a) High-resolution QFIM image in the bowtie at the peak signal. (b) The absolute value
of the simulated in-plane electric field in the antenna shows a similar pattern to the
QFIM data, highlighting the field sensitivity in the presented scheme. Here, we used the
time-transient technique described in section 3.1. (¢) The transient transmission image
directly maps differences in the absorption of the quantum dots and, thus, provides an
inverted but matching dataset to (a), which detects changes in the emission. (d) The
resolution of the dataset is estimated using the cut-line in (a) (white, dashed) yielding
the profile (black). From a Gaussian fit (red), we determine the FWHM to 2 um, far
beyond the diffraction limit of the THz radiation.

Besides studying the spatial field distribution, we also investigate the temporal evolution
of the electric field in the gap. Therefore, we average the signal from the QFIM video
inside the bowtie gap, leading to fig. 6.6(a), showing the three half-cycles of the electric
field. The direct extraction of the underlying electric field is non-trivial, as the signal is

rectified, nonlinearly scaled, and convoluted with the non-finite sampling pulse duration.

Firstly, the scaling of the QFIM signal is studied by variation of the incident field strength
and the detection of the fluorescence with a PMT. Here, we detune the THz generation
process leading to lower field strengths and obtain the traces in fig. 6.7. In particular, the
expected quadratic scaling of the QFIM signal with the electric field is also observed in
this dataset, showing a close to quadratic scaling.

6.2 Imaging of ultrafast terahertz field evolutions in a bowtie antenna
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Fig. 6.5: QFIM image for the rotated bowtie antenna. (a) The QFIM image for THz polarization
parallel to the gap provides practically no signal in the gap but at the edges of the bars.
A small offset in the antenna rotation of about 6° leads to an asymmetric field pattern.

(b) The simulated electric field distribution in the tilted bowtie provides a similar
asymmetric pattern. This simulation has been done by Julia A. Lang using a finite-

element solver (COMSOL multiphysics) in the frequency domain.
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Fig. 6.6: Waveform analysis in the bowtie gap. (a) The QFIM trace, evaluated in the bowtie gap,

shows good agreement with the simulated trace. We applied a CEP shift of 0.1 7 to the
simulated waveform to account for uncertainty in the focus position. (b) For the time-
transient simulation, we used the measured incident THz field (blue) as the driving field
and calculated the THz near-field inside the bowtie gap (red). (c) The corresponding
amplitude spectra for the waveforms from (b) show a broadband resonance of the
antenna around 0.9 THz. (d) The frequency-dependent field enhancement close to the
gold bars in the bowtie gap shows a peak field enhancement of 25 at 0.9 THz.
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Fig. 6.7: Scaling of the QCSE in the bowtie antenna. (a) QFIM-traces for varying incident

electric fields (100, 150, 240, 300, 400kV cm™!) measured with a PMT and a lockin-

amplifier. We detune the efficiency of the generation process to lower the peak field
strength, leading also to a slightly different waveform. (b) Sorm scales quadratically
with the incident electric field, as determined with a linear fit (dashed line). For the data
points, we average the time traces around the peak signal at O delay from (a). The error
bars are estimated from the detuning process.

Based on the quadratic scaling, we model the QFIM dataset from the electric near-field

simulated in the time-domain found on the incident THz waveform measured via EOS.

The incoming electric field, along with the antenna-shaped field in the antenna gap, is
provided in fig. 6.6(b). In particular, we evaluated the electric field close to the capacitive
gold bars, providing the highest field enhancement. The corresponding Fourier spectra in
fig. 6.6(c) show a broadband enhancement of the incident spectrum. From the spectral
amplitudes, the frequency-dependent peak field enhancement factor close to the bars is
determined to a value of 25 at 0.9 THz.

6.2 Imaging of ultrafast terahertz field evolutions in a bowtie antenna
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Mapping of field patterns in a split-ring resonator

Conventional THz-TDS is often used to study meta-materials
such as filters by analysis of the transmitted THz radiation,
but therefore only measures signals averaged over the whole
THz spot on the sample, typically in the far-field. Here, we
demonstrate the imaging of the transient response of a single
gold electric split-ring resonator (eSRR, fig. 6.8) to a THz pulse
[144] with polarization perpendicular to the capacitive gap. Six

QFIM snapshots in fig. 6.9(a) reveal a spatially inhomogeneous

pattern in the near-field of the antenna. Therefore, we evaluate _
. o . . Fig. 6.8: THz eSRR.

the QFIM signal at two distinct regions: in the antenna gap and

the edges of the capacitive bars, as indicated in the aforementioned figure. The resulting

curves in fig. 6.9(b) showcase the capability of QFIM to investigate the near-field.

1350 fs
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Fig. 6.9: QFIM snapshots of an electric split-ring resonator. (a) Six QFIM images at different
temporal delays show the transient response of an eSSR. (b) The QFIM signal is evaluated
in the gap (green) and at the bars of the capacitor (red), as also indicated in the first
image of (a). The circles correspond to the data points, the lines to guides-to-the-eye.
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6.4 Tracking of propagating terahertz waves in a
sub-wavelength slit

The QFIM method also provides the possibility to detect spatio-temporal coupled effects
— typically hidden to far-field detection methods. Therefore, we study gold slits in a
periodic arrangement with sub-wavelength gaps of 2 um coated with quantum dots that
we irradiate with strong THz pulses at the edge, as illustrated in fig. 6.10(b). Besides
the non-resonant enhancement of the electric field in the gaps, the structure provides a
slotline waveguide from another point-of-view, see fig. 6.10(a). THz waveguiding has been
intensively studied in various structures, and a good overview is provided in ref. [145].

From theory, the wavelength of the propagation Apyp. in a slotline can be estimated
in the quasi-static regime by using the relative permittivities from the substrate &/,

and air e, = 1 [146]:
Ao

Aprop. = ——
Pprop. \/@
2

Using for soda lime glass ¢/, = 6.78 at 1 THz [92], the propagation wavelength is

(6.1)

approximately )\y/2. This means that the wave propagates in an effective refractive
index of about two, and therefore, its speed is expected to be about half the speed of light
in vacuum.

(a)
air
€a
. 50 um
/';
2 um gap
soda lime glass
€s

Z

Fig. 6.10: Schematic of the launching of a THz slot propagation in a gold slit arrangement.
(a) Geometry of the slot waveguide, as seen from the side. The gold bars have a
height of roughly 150 nm, separated by 2 um with a 50 um periodicity. The dielectric
environment is given by the soda lime glass substrate and air. (b) Top view of the
slotlines. The gold slits (optical microscope image) are impinged by a THz pulse (white)
with polarization perpendicular to the gaps. At the edges of the slits, waves (blue) are
launched that propagate inside the structure.
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We present the QFIM images in a 2d spatio-temporal representation (distance to the
edge x, temporal delay A7) in fig. 6.11(a) by averaging the signal perpendicular to the
gap. This allows us to identify first the direct enhancement of the THz radiation inside the
gap followed by a propagating wave that is launched at the edges of the slits and travels
in the inside of the array. Here, we observe a propagation speed cprop. below the vacuum
speed of light ¢y. At first sight, only the propagation of the second half-cycle is visible.
However, due to the rather short propagation length that we observe, the propagation
of the first half-cycle is only visible in a lowered QFIM signal around (z, A7) = (75 um,
0.3 ps) in fig. 6.11(a). We simulate the electric field evolution of the THz pulse in the
slotline in the time-domain and also identify the two regimes of direct enhancement
and propagation of a wave inside the slit. The corresponding 2d representation of the
simulated fields in fig. 6.11(c) shows, due to the full illumination of the slits, two gap
excitations launched at the two edges of the structure. From the propagating waves,
we estimate a mean propagation speed of cprop. & co/2, in good agreement with the
experimental finding. In the experiment, the THz focus is too small to hit both edges and,
therefore, we move the sample, and the measured QFIM data reproduces the traveling
wave at the opposite side of the slit array, as shown in fig. 6.11(b). We repeat the
experiments for different slit lengths of 75um, 100 um and 150 wm, smaller than the THz
spot size of approximately 400 um. The results in the spatio-temporal 2d representation
are shown in fig. 6.12. Generally, all slit lengths provide the incoupling at both edges,
traveling inside the structure. In particular, the propagations superimpose each other in
the center and, in the case of the two smaller samples, travel across each other. Especially
from the dataset for 75 um, one can clearly see that the interaction of both waves leads to
an increased signal.

The extraction of the propagation length of the slot excitation from the experimental
data is not straightforward since the propagation is superimposed by the strong direct
enhancement in the slits. Therefore, we subtract the signal in the region without propaga-
tion (beyond 140 um in fig. 6.11(a)) and an exponential fit reveals a 1/e-propagation
length of Iprop. = (75 * 15) um and is shown in fig. 6.13. Since the QCSE is proportional
to the squared electric field, this value corresponds to the intensity propagation length.
The related attenuation coefficient is av = 1/lprop. = (133 = 30) cm~!. The losses in the
measured slotline are rather high compared, e.g., to a parallel-plate copper waveguide
in air in ref. [147], where THz propagation is observed over 20 mm with an amplitude

attenuation factor a, < 0.2cm™!.

In general, losses in slotlines can be divided into
dielectric, conductor (metallic), and radiative losses [146].

First, concerning the dielectric losses, the permittivity of soda lime glass at a frequency of
1 THz is e = 6.78 4+ 40.79 [92], THz radiation suffers from significant loss in the glass as
the (intensity) absorption coefficient o = 4/(“—0“ = 64 cm™!, using the imaginary part of the

refractive index of the glass x and the wavelength of the THz radiation in vacuum \g
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Fig. 6.11: Observation of direct enhancement and a THz slot propagation with QFIM. (a)
The THz radiation hitting the left edge (z = 0 um) of the slit array leads to a direct
enhancement in the slits and a propagation that starts at the edge and propagates
inside the gold structure. The propagation speed cpop. = co/2 is taken from the field
simulation in (c). For the 2d-representation, we average and normalize the QFIM signal
in the slit and show the resulting data as a function of the distance to the edge and
the temporal delay. (b) The analog experiment to (a) from the other side of the slit
leads to a mirrored dataset, as the wave now travels in the opposite direction starting
from the edge of the structure. (¢) From a Comsol time-transient simulation, we show
the resulting electric fields perpendicular to the gaps in the same 2d-representation as
(a,b). The two regimes can be identified again, and a propagation speed of about ¢ /2
is found.

at 1 THz [79]. Second, the gold film provides a finite conductivity that leads to losses,
depending on the exact slot width in the order of a few cm™! [148]. Last and typically
the strongest loss channel is given by radiative losses into the substrate due to the large
difference of the dielectric constants of air and the substrate and will depend strongly on
the employed substrate and the overall dimensions of the slot [148, 149]. This kind of
loss can be minimized by reducing the permittivity mismatch [148].

In the time-transient simulation, the metal film is approximated by a thin, perfect electric
conductor. Therefore, metallic losses are neglected. Also, the substrate is assumed

6.4 Tracking of propagating terahertz waves in a sub-wavelength slit
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Fig. 6.12: THz slot propagation detected with QFIM for different slot lengths. (a) For a slot
length of 150 pm, the two slot propagations launched at the edge add up in the center
of the structure. (b) A shorter slot length of 100 um provides propagations that travel
across each other. (¢) The shortest slot length, 75 pm, shows propagations like in (b)
that can be observed until the opposite side of the incoupling, even though they can not
be separated from the direct enhancement as clearly as in the case of the longer slits.
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Fig. 6.13: Estimation of the propagation distance. The QFIM signal (circles) from fig. 6.11(a),
after removing the direct enhancement, is fitted in the shaded area with an exponential
decay (black). Due to the normalization process in the data treatment, not the whole
curve can be fitted from the edge of the structure (vertical dashed line). The results
from simulations incorporating radiative decay only (purple dashed) and all decay
channels (yellow dashed) show a smaller and similar attenuation, respectively.

to be loss-free. Thus, the simulation does not take into account dielectric losses, only
radiative losses. From the simulated electric fields in the time domain, we can roughly
estimate o ~ 60cm~!. Using the open-source software ,Characterization of Printed
Transmission Lines at High Frequencies“, written in MATLAB [150], we can calculate
the absorption coefficient at 1 THz incorporating also the finite conductivity of the gold
and dielectric losses in the substrate to o ~ 120cm™!. This leads to a 1/e-intensity
propagation length of about 85 um, close to the estimation from the experimental QFIM
data. The respective exponential decays from the simulations are also added in fig. 6.13.
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6.5 Summary & outlook

Summarizing, we demonstrate the imaging of THz near-fields employing visible fluo-
rescence of colloidal quantum dots. The electric fields are imprinted in changes in the
absorption and, therefore, allow for the detection in the far-field using conventional
fluorescence microscopy. This enables, along with ultrafast probe pulses, a sub-cycle
and sub-diffraction limited detection, as we showcase exemplary for a single bowtie
antenna. The spatial super-resolution is enabled by the huge difference between the pump
and probe wavelength at 300 um (1 THz) and 0.645 um, respectively. Especially, the
all-optical readout permits the implementation of super-resolution techniques such as
stimulated emission depletion (STED) microscopy, in order to reach a resolution better
than 100 nm [139]. The near-field approach allows us to detect more complex mode
patterns, as we show for a single eSRR. In particular, we investigate propagating THz
waves in slit arrays with different dimensions. In future studies, the attenuation of the
traveling wave can be reduced by using a substrate with less absorption and potentially a
(more) homogeneous dielectric surrounding of the slotline.
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Conclusion and outlook

In this work, we developed novel ultrafast terahertz (THz) near-field microscopy and
spectroscopy techniques using colloidal CdSe-CdS core-shell quantum dots. Therefore, we
used the quantum-confined Stark-effect (QCSE), that alters the optical properties of the
nanocrystals. In detail, the two most apparent signatures of the QCSE are changes of the
transition dipole moment upon an external electric field due to modified wavefunctions
and a red-shift of the emission/absorption spectrum that scales quadratically with the
electric field. We detect this effect via visible photons from the quantum dot luminescence.
In combination with sampling of phase-stable far-infrared THz pulses in the time-domain,
we achieve sub-cycle resolution of the oscillations of the electric waveforms.

First, we generated the THz pulses from an amplifier laser system in a nonlinear process
using the tilted pulse front technique. Therefore, we designed and optimized a setup for
the high-field source. We implemented the electro-optical sampling (EOS) method to
characterize the THz waveform in the time-domain with absolute field strength calibration.
The phase-stable single-cycle pulses with field strengths up to 400 kV/cm centered
at a frequency of 1 THz built the foundation for our ultrafast QCSE experiments. In
order to increase, shape, and localize the THz fields, we have developed different gold
microstructures that enhance the THz fields up to several MV/cm. The development of
the structures was guided by finite-element simulations to determine spatial and spectral
field enhancement factors.

Second, a setup for terahertz-pump/optical-probe spectroscopy was implemented to inves-
tigate changes in the optical properties of quantum dots in strong fields with femtosecond
temporal resolution. Here, sensitive techniques for detecting changes in the emission
and absorption of the nanocrystals were employed based on lock-in or differential de-
tection. In the experiments, we studied spectro-temporal modulations of the emission
and absorption process in static and ultrashort electric fields. In addition to the quadratic
scaling of the transition energy, we measured and confirmed via simulations that also
the total change in the absorption scales quadratic before saturation occurs. In general,
the momentary THz fields modulate optical transitions in the nanocrystals comparable
to static fields, and the oscillations of the electric field are directly imprinted in the
absorption of the quantum dots. In contrast, the emission process itself is not efficiently
altered by the picosecond THz pulses due to the nanosecond radiative lifetime. Still, we
observed a significant effect of the THz pulses in a time window of 10 picoseconds after a
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quantum dot excitation with high fluence. First observations indicate that the THz pulses
influence the picosecond dynamics of multiexcitons.

The QCSE in symmetric quantum dots is insensitive to the direction of the electric field.
This complicates time-domain spectroscopy because only the rectified electric field is
accessible. Therefore, we provided two techniques based on the Gouy-phase and the
Hilbert transform to reconstruct the polarity. However, we achieved to experimentally
resolve the polarity directly by introducing a static bias field in addition to the THz field
that breaks the symmetry in the polarity. This is enabled by the quadratic scaling of the
changes in the absorption of the quantum dots with the electric field. The differential
changes induced by the bias practically yield the derivative of the quadratic scaling and
result in an observable that represents the linear electric field. We implemented this
method in an electro-absorptive THz antenna and characterized it in detail with respect to
conventional EOS. Moreover, we demonstrated the first application of the device to THz
time-domain spectroscopy.

As a main result of this thesis, we developed a novel ultrafast THz near-field microscopy
technique called Quantum-Probe Field Microscopy (QFIM). Therefore, we imaged the THz-
induced changes in the quantum dot emission with conventional fluorescence microscopy.
This allows us to benefit from the optical resolution at 645 nm and the sub-cycle temporal
resolution in the sampling process, leading to spatio-temporal mapping of strong THz
near-fields with sub-cycle and sub-diffraction limited resolution. We introduced QFIM by
recording ultrafast videos of MV/cm electric near-fields in a single THz bowtie antenna.
From the measurement, we derived a spatial resolution of 2 um, far beyond the diffraction
limit of the THz radiation. QFIM is inherently able to resolve spatially inhomogeneous field
evolutions in the time-domain, as we showed for propagations in a THz sub-wavelength
slotline waveguide. Our findings are supported by finite-element simulations of the
near-field evolutions in the microstructures.

In summary, we introduced two new techniques based on the quantum-confined Stark-
effect: Quantum-Probe Field Microscopy and the electro-absorptive quantum dot antenna.
The efficient generation of phase-stable far-infrared pulses as an ultrafast field bias is
described in detail, as well as the characterization of the picosecond THz pulses. As a
basis, we experimentally investigated the QCSE in quantum dots in static and terahertz
electric fields. Based on measurements, we explicitly worked out the similarities and
differences between static and ultrafast fields in the QCSE. Especially the emission of the
quantum dots after excitation can not be substantially modified. Here, we show a potential
perspective to modulate the emission by creating fast decay channels via excitation with
high fluence. The electro-absorptive quantum dot antenna enables the detection of
ultrafast, polar electric fields using the unpolar QCSE. Therefore, we bypass the inability
of quantum dots to sense the field direction by applying a differential, static bias field
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that enables the linear detection. Finally, QFIM combines robust, far-field fluorescence
microscopy with the QCSE and allows for super-resolution imaging of ultrafast terahertz
waveforms in the time-domain enabling the access to confined MV/cm fields.

At this stage, the intrinsic physical limitations of QFIM and, in general, the QCSE have
not been reached. Future developments may explore the temporal limits of the QCSE
with phase-stable multi-THz pulses and suitable femtosecond sampling pulses. The
combination of QFIM with optical super-resolution techniques such as STED microscopy
may increase the spatial resolution far beyond 1 ym [139]. Higher THz fields lead to
stronger modulations in the absorption, yet saturation will occur at some point. As an
ultimate limit, the high fields alone may lead to THz-driven luminescence due to potential
interdot charge transfer [140]. Besides the presented static biasing of the quantum dots,
oriented asymmetric structures should provide for linear field sensing and imaging [86].
Moreover, in the case of a high fluence excitation, the regime of a single exciton in the
quantum dots is surpassed, and multiexcitonic states are relevant in the interaction with
THz fields, as first results on a THz enhanced emission indicate. This kind of transient
modulation of luminescence by a THz pulse has not yet been described in the literature,
and the finding could enable a new way to study multiexcitonic states with THz pulses.
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Acronyms

ABCD air-breakdown coherent detection

ADC analog-digital converter

BD balanced photodetector

BS beam splitter

CEP carrier-envelope phase

DFG difference-frequency generation
DOS density of states

EOS electro-optical sampling
eSRR electric split-ring resonator
FOM figure of merit

FWHM full-width at half-maximum
HR-Si high-resistivity silicon

IAC interferometric autocorrelation
ML monolayer

ND neutral density

OPA optical parametric amplifier
OR optical rectification

PCA photoconductive antenna
PEC perfect electric conductor
PMC perfect magnetic conductor
PMT photo-multiplier tube

QCSE quantum-confined Stark-effect
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QFIM Quantum-Probe Field Microscopy
SBC scattering boundary condition

SHG second harmonic generation

STED stimulated emission depletion

TDS time-domain spectroscopy

THz terahertz

TO-PR transversal-optical phonon resonance
UV ultraviolet

WL white light

WP Wollaston prism
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