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Abstract

Although the THz spectral range experiences a tremendous grow of interest for at least
two decades, it is still one of the least explored but most exciting scientific fields to study
light-matter interaction. Due to the small photon energy of THz radiation, it can propagate
through non-conductive materials and resonantly interact with low-energy excitations such
as crystal lattice vibrations, molecular rotations or collective spin excitations, leading to a
plethora of applications. It can be utilized for biological tissue discrimination, pharmaceu-
tical quality control, astronomy or high-speed communication, as well as for fundamental
research to investigate carrier transport processes in solids, coherent control of quantum
states or molecular alignment, to name only a few. The THz pulse is thereby primarily used
as a linear probe while an optical pulse excites the material that is examined.

In contrast, intense strong-field THz transients would allow on-demand control of the prop-
erties of matter and engineer new dynamic states in a wider range of materials. Nonetheless,
current table-top THz sources remain rather weak, with the most promising being optical
rectification in nonlinear crystals and two-color plasma filaments pumped by near-infrared
sources. While the former is mainly restricted by multi-photon absorption of the short wave-
length driving pulse, causing crystal damage, the latter suffers from pump pulse scattering
in dense plasma and limited laser field-asymmetry. These limitations can be overcome with
intense long wavelength driving pulses. However, until recently, such high-power mid-
infrared sources were simply not available.

In this work, we exploit the recently developed mid-IR optical parametric chirped pulse
amplifier (OPCPA) system to drive efficient THz generation in the organic crystal DAST
(4-N,N-dimethylamino-4’-N’-methylstilbazolium tosylate) by optical rectification and in
two-color plasma filaments, wherein we boost the optical- to THz conversion efficiency
by almost an order of magnitude, compared to previous works with near-IR drivers. The
intense THz source is further applied to heterostructure quantum dots without any field en-
hancing structures to investigate the pure quantum confined Stark effect. The possibility to
manipulate optical properties of nano-scale semiconductors by direct THz radiation demon-
strates the feasibility for an all-optical electro-absorption modulator with data rates in the

range of Tbit/s.
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Acronyms

ASE amplified spontaneous emission

Be Berryllium

BBO Beta Barium Borate

BS beam splitter

CdS Cadmium sulfide

CdSe Cadmium selenide

CPA chirped pulse amplifier

CdTe Cadmium telluride

CEP carrier envelope phase

Cu copper

DAST 4-N,N-dimethylamino-4’-N’-methyl-stilbazolium tosylate
DFG difference-frequency generation

DL delay line

DSTMS 4-N,N-dimethylamino-4’-N’-methyl-stilbazolium 2,4,6-trimethylbenzenesulfonate
EA electro-absorption

EO electro-optic

EOC electro-optic crystal

EOS electro-optic sampling

FACET Facility for Advanced Acceleration Experimental Tests
FT Fourier transformation

FP flip mirror

FROG frequency resolved optical gating

FWHM full width at half maximum

FWM four-wave mixing
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Acronyms

GaAs Gallium arsenide

GaSe Gallium selenide

GaP Gallium phosphate

GT Glan-Taylor prism

GVD group velocity dispersion
HDPE high-density polyethylene
HWP half waveplate

IR infrared

KGW Potassium Gadolinium Tungstate
KTA Potassium Titanyle Arsenate
KTP Potassium titanyl phosphate
LCLS Linac Coherent Light Source
LN Lithium niobate

LPF long pass filter

MIR mid-infrared

MPA multi-photon absorption

NC nano-crystal

ND neutral density filter

Nd Neodymium

NEP noise equivalent power

NL nonlinear

NOPA non-collinearly pumped optical parametric amplifier

OPA optical parametric amplifier

OPCPA optical parametric chirped pulse amplifier

OR optical rectification
PC Pockels cell
PCA photoconductive antenna

PED pyro-electric detector
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PD photo diode

PL photoluminescence

QCSE quantum confined Stark effect
QD quantum dot

QWP quater waveplate

RA regenerative amplifier

SH second hamronic

SHG second harmonic generation
SLAC Stanford Linear Accelerator Center
SPM self-phase modulation

TEM transmission electron microscope
TDS time-domain-spectroscopy
THz terahertz

TPC transient photo-current

TO transverse optical

WL white-light

WP Wollaston prism

XPM cross-phase modulation

YAG yttrium aluminum garnet

Yb Ytterbium
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Chapter 1

Introduction

Terahertz (THz) radiation is all around us, it is emitted as part of black-body radiation from
anything with a temperature greater than a few Kelvin (0.1 THz ~ 4.8 K ), manifested as
thermal emission. The spectral content of THz radiation is sandwiched between microwaves
and infrared (IR) waves (0.1 THz-30 THz), the so called THz gap, wherein the technology
for artificial generation and detection is still not sufficiently developed. Despite great sci-
entific interest since at least the 1920s [1], the THz frequency range remains one of the
least exploited. At first, it was mainly utilized by astronomers due to the fact that about
half the energy generated in the Universe since the Big Bang is concentrated in the THz
spectral band [2]. Back then, the spectral range was referred to as sub-millimeter wave or
far-infrared radiation [3]. Although the term terahertz already occurred in 1974 [4], only in
the mid-1990s this research area experienced a tremendous boost due to the pioneer work
of Nuss and others in the field of THz time-domain-spectroscopy (TDS) [5, 6]. Today, the
THz spectrum covers many exciting areas, from fundamental science to 'real world’ appli-

cations.

Because THz photon energies (~4 meV at 1 THz) are far below typical electronic interband
resonances, i.e. they are smaller than the band gap energy of non-conductive materials, THz
radiation can propagate through matter. For example, many materials like plastics, wood,
paper, and clothing are transparent to THz radiation. In addition, unlike X-rays, THz radi-
ation is non-ionising and therefore doesn’t cause any harmful effects to the human tissue.
Moreover, many materials have unique resonant features (so called fingerprints) at THz fre-
quencies that may lead to the identification and quantification of materials. Accordingly,
there is a great potential in biomedical research, such as for blood cell detection, cancer cell
characterization, bacterial identification and biological tissue discrimination [7,8]. THz ra-
diation can be furthermore applied for industrial quality control, food inspection, homeland
security, identification of hazardous chemicals, surveillance and security imaging, high-

speed broadband communication and many more [9-15].

THz waves are also of great interest for purely scientific applications. They can resonantly

interact with low-energy excitations such as crystal lattice vibrations, molecular rotations
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or collective spin excitations [16, 17]. In contrast to optical photons, wherein the extra
energy causes an unwanted temperature increase due to uncontrolled phonon excitations
or hot electron distributions, THz radiation allows one to specifically target low energy
excitations of interest. Note that, historically, the low-frequency phonon modes are referred
to as the IR modes, whereas the actual frequency of the mode is often in the THz region [18].
Within the last few decades, terahertz spectroscopy [9, 19, 20] has become a versatile tool
in fundamental research to investigate structural dynamics as well as equilibrium properties

of the four states of matter [21,22]. Particular fields of interest range from carrier transport
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Figure 1.1: Electromagnetic spectrum with a magnified view on fundamental excitations in solids
and molecular systems in the THz range, adapted from ref. [18]. The flowchart below

illustrates a plethora of THz applications.
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processes in solids [23, 24], THz-driven nuclear dynamics in solids and molecules [25],
over coherent control of quantum states [26], to direct acoustic phonon excitation [27] or
molecular alignment [28], to name only a few. Figure 1.1 illustrates the spectral THz region
and a magnified range for possible excitations in condensed matter and molecular gasses,
taken from ref [18].

Despite the rapid development of THz science during the last two decades, the majority of
available THz sources remains rather weak and the THz research area is mainly stuck in
the realm of linear optics, where the THz pulse is primarily used as a linear probe while
an optical pulse excites the material that is examined. In contrast, strong-field intense THz
pulses would allow on-demand control of the properties of matter and can induce an ultra-
fast electric- or magnetic-field switching, operating on a sub-pico second time scale, which
is much faster than what can be achieved through conventional electronics [29]. Thus, in-
tense THz pulses with an electric field strength exceeding the intrinsic field of matter have
large potential to engineer new dynamic states in a wide range of materials and provide an
opportunity to control matter by coherent lattice excitation, or to trigger transient phase tran-
sitions [18]. Recently, tremendous progress has been achieved in THz source development
with optical rectification (OR) of femto second (fs) pulses in electro-optic crystals (EOCs)
and two-color plasma filaments, exceeding electric field strengths in the range of MV/cm (a
detailed overview on state-of-the-art THz sources is given in the following section). Conse-
quently, groundwork has been laid by polarization switching of ferroelectric materials [30],
THz induced superconductivity [31], ultrafast control of magnetic domains [32], or table-
top electron acceleration [33, 34]. Another new frontier of non-linear THz spectroscopy,
where the THz field drives a nonlinear (NL) response of matter, is electro-absorption (EA)
switching in semiconductor materials, providing an opportunity to boost optical communi-

cation systems to Tbit/s data rates.

In this work, we report on THz sources with extreme electric field strengths and record
optical- to THz conversion efficiencies, generated with (i) mid-infrared (MIR) two-color
laser filaments, as reported in ref [A1], and (ii) by OR of high-energy mid-IR pulses cen-
tered at 3.9 um and 1.95 um in the organic crystal DAST [A2]. In the case of two-color
plasma filaments, the resulting THz field strength exceeds 100 MV/cm, with THz pulse en-
ergies of 0.185 mJ and conversion efficiency of 2.36%, outpacing previous results, obtained
with conventional drivers operating in the visible and near-IR spectral range, by more than
an order of magnitude. For THz generation by OR in DAST, the long-wavelength driving
pulses almost double the optical- to THz conversion efficiency - approaching 6% - as com-
pared to conventional pump sources at the telecommunication wavelength of 1.5 um. The
observed high sensitivity of THz generation to the parameters of the mid-IR driving pulses

motivates an in-depth study of the underlying interplay of NL wavelength- and intensity-
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dependent effects. With the obtained strong fields, it is possible to demonstrate a direct all

optical encoding of a free-space, ultrafast THz signal onto an optical signal probing the ab-

sorption of CdSe/CdS core/shell quantum dots (QDs), based on the quantum confined Stark

effect (QCSE). Without any field-enhancing structures, an extinction contrast of more than

6 dB and transmission changes in the visible of more than 15 % are achieved, with the latter

setting a new record for solution-processed EA materials at room temperature. This method

proves the feasibility for high speed modulators with transition rates in the Tbit/s range and

paves the way for additional terahertz science featuring NL light-matter interactions and

applications.
This work:
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Figure 1.2: Overview on state-of-the-art THz sources with respect to the electric field strength,

optical- to THz conversion efficiency and generated THz energy, considering a spectral
range from 0.1 THz-30 THz. Elongated bars represent the entire spectral content, small
rectangles indicate the peak frequency. A color code is shown on top. Data points are
taken from the following references: two-color plasma filament [35-39], OR in Lithium
niobate (LN) [40—42], OR in organic crystals [43, 44], transition radiation [45] at the Na-
tional Accelerator Laboratory (SLAC) [46], THz undulator beamline at FLASH [47, 48]
and mid-IR pump sources for two-color plasma filaments [A1] and OR in DAST [A2]. The
latter two techniques are presented in this work, which exhibit superior THz electric field
strengths and conversion efficiencies.
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1.1 State of the Art THz Sources

Despite remarkable advances in THz technology within the last decade, there is still an
immediate need to develop intense THz sources and NL THz spectroscopy techniques, pro-
viding the possibility to reveal a new category of NL phenomena and explore NL effects
in various materials. Up until recently, intense THz radiation with MV/cm electric field
strengths could only be achieved in large scale facilities, utilizing synchrotron radiation and
free-electron lasers [48,49], or coherent transition radiation [45,46,50]. Nowadays, strong
electric fields become accessible with table-top THz sources such as OR in organic [44] as
well as inorganic crystals [51], and two-color plasma filaments [36]. In order to understand,
compare and further develop THz sources, we briefly introduce the main state of the art
techniques for generation of intense THz pulses. However, it is important to note that a
suitable THz source is not solely determined by the pulse energy or electric field strength,
but further depends crucially on the spectral range, pulse duration and repetition rate of the
radiated THz pulse. Thus, depending on the experiment and requirements of subsequent ap-
plications, the THz source has to be chosen accordingly. A summary of latest achievements
in THz source development is provided in Fig.1.2. Similar representations can be found in
ref [18,52].

1.1.1 THz Radiation from accelerated Electron Bunches

Synchrotron Radiation

Synchrotron radiation is defined as electro-magnetic waves emitted by relativistic charged
particles in an external magnetic field. The origin of such a synchrotron radiation lies in
classical electrodynamics, wherein an accelerated charged particle, driven by the Lorentz
force of the magnetic field, produces changing electric and magnetic fields. This interplay
between induced electric and magnetic fields leads to propagating electromagnetic waves.
Schematics of subsequent electric fields are shown in Fig.1.3. The Coulomb field is spheri-
cally symmetric in the instantaneous rest frame of the particle. If the charged particle propa-
gates in z-direction with velocity v, and Lorentz factor v = 1/1/1 — 82, 8 = v, /c with c as
the speed of light, the electric field gets contracted along the propagation axis, whereas the
transverse electric field is multiplied by v [18]. When the particle experiences a transverse
magnetic field B and gets deflected, the resulting electric field distortion causes emission
of synchrotron radiation. Fig.1.3(d) depicts the electric field lines of a moving electron in a

bending magnet and the generated waveform experienced as a quasi-half-cycle THz pulse
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by the observer. Temporal coherence is further achieved if the particle bunch length is much
smaller than the radiation wavelength, such that the whole bunch radiates like a single par-
ticle, which is attainable for THz frequencies [53,54]. For the electron source, three main
types are implemented in particle accelerators, namely field emission, thermionic emission
and photoemission, with the latter being the state-of-the-art source. By exploiting the pho-
toelectric effect, a short wavelength pump pulse is used to release electrons from a photo
cathode which are further accelerated to gain relativistic velocities. One of the most power-
ful THz sources based on synchrotron radiation was demonstrated by the Jefferson Labora-
tory (US) with an energy-recovered linear accelerator (LINAC), achieving almost 20 W of
average power at a repetition rate of up to 75 MHz (0.27 J pulse energy) [55]. They used
500-fs electron bunches in order to generate THz pulses with a central frequency at 0.6 THz
with a full width at half maximum (FWHM) of about 0.5 THz. Field strength measurements

were not available but an order-of-magnitude estimate is about 0.1 MV/cm [18].

(a) (b) (d)

observed waveform

Rest

Figure 1.3: Electric field distribution for (a) a charged particle at rest, (b) relativistic charged particle
moving with a Lorentz factor v, (c) deflected relativistic charged particle emitting syn-
chrotron radiation (SR) and (d) resulting electric field lines (blue) from an electron (red
dot) moving along a curved path (black) in a bending magnet. The generated waveform
shown next to the observer eye is a quasi-half-cycle. Taken from ref [18].

Coherent Undulator Radiation and Free-Electron Lasers

Coherent undulator radiation and free-electron lasers can be understood as an extended syn-
chrotron radiation, wherein an electron bunch is usually steered through a periodic magnetic
field which causes periodic deflection of the bunch trajectory and thus increases the pulse
energy, proportional to the number of oscillations performed by the bunch. Schematics of
the undulator and amplification process are shown in Fig.1.4, with the static magnetic field
By parallel to the y axis, and periodicity along z. When an electron propagates along z,

oscillations in x direction cause the electron to radiate at the resonant wavelength [56]

Au K2
A_W<1+2>, (1.1)
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with A, as the undulator period (typically in the order of a few centimetres) and K the

dimensionless undulator parameter (in the order of unity) given by

. GAUBO
~ 2mmec’

(1.2)

where e is the absolute value of the electron charge and m,. is the electron mass. Initially,
the resulting radiation is largely incoherent because the electrons are randomly distributed
within the bunch, and the electro-magnetic waves emitted by individual electrons have ran-
dom relative phases. This radiation is usually called spontaneous emission. However, as
the electrons continue to propagate along z, they can constructively interfere with the initial
spontaneous emission, such that the radiation is significantly amplified. Because photons
travel faster than the electrons, light emitted by the tail of the electron bunch propagates
through the bunch and interacts with the electrons ahead of the tail. Since electrons that
emit radiation loose some energy and move slower, while electrons that absorb radiation
move faster, the electron bunch becomes self organized into disk-shaped micro-bunches,
which are separated by the resonant undulator wavelength and behave like single electrons.

As in a conventional laser, the resultant radiation is largely coherent and the radiation power

Ay Undulator

Figure 1.4: Working principle of a free-electron laser, adapted from from [56]. The undulator consists
of an array of dipole magnets with alternating polarity, causing a spatially periodic mag-
netic field in y-direction. An electron bunch propagates along z, gets deflected repeat-
edly and hence oscillates in x-direction. Initially, the oscillating electrons radiate sponta-
neously with a random relative phase. Subsequently, the electrons are self-arranged into
sub-wavelength long micro bunches which radiate coherently.

grows exponentially during the interaction. Gain saturation occurs when the micro-bunches
are fully developed. Thus, in analogy to conventional lasers, where the gain medium is a
gas, liquid, crystal or semiconductor, for a free-electron laser, the gain medium is a beam
of free electrons travelling through an undulator which experience self-amplified sponta-
neous emission. Several user facilities based on THz free-electron lasers are operational
worldwide, such as FLARE at Radboud University, CLIO at University of Paris or TELBE
at Helmholtz-Zentrum Dresden Rossendorf (HZDR). The latter report on a coherent THz
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source with a pulse energy of 1.3 uJ at a center frequency of 1 THz and an electric field
strength of 100 kV/cm at a repetition rate of 1 MHz. Moreover, the center frequency is
tunable from 0.15 THz to 2.5 THz by carefully setting the strength of the magnetic field,
undulator period and by adjusting the current in the electro-magnetic undulator [57]. In
Hamburg, the THz undulator beamline FLASH utilizes a sequential design which allows
soft x-ray and THz radiation being produced from the same electron bunch. They achieve
pulse energies reaching 100 uJ and peak electric fields up to 1 MV/cm. The source is tun-
able from 1 THz to 30 THz with a spectral bandwidth (defined as AX/)) of 10% at a
repetition rate of 10 Hz [47,48, 58].

Hence, a big advantage of such scientific resources is the frequency tuneability of the gen-
erated THz emission via the electron bunch duration and undulator configuration, as well
as their potential high repetition rate, which is beneficial for TDS. However, the greatest
disadvantage is the large facility itself, with electron accelerators reaching over several km,
being cost-intensive and hard to maintain. Moreover, the narrow bandwidth and low THz

energies at high repetition rates are a limiting factor for the electric field strength.

Coherent Transition Radiation

Another THz source utilizing accelerated plasma in large scale facilities is coherent tran-
sition radiation. A time dependent change in the electric field and hence emission of an
electro-magnetic wave is based on radiation from charged particles passing through dis-
continuities. The simplest and widely used configuration for the production of transition
radiation is that of a relativistic charge crossing an interface between vacuum and a metal.
Once again, as we know from classic electrodynamics, a negatively charged particle in vac-
uum induces a positive image charge on the metal surface, as shown in Fig.1.5(a). The
configuration of the moving charge and its image can be thought of as an electric dipole
with a moment p = 2evtH(z — vt), where H is the Heaviside unit-step function [18]. When
the electron impinges on the surface, its field becomes screened and the dipole suddenly
disappears. This abrupt change results in a non-zero value of the second time derivative of
the dipole momentum, causing a spherical wave with E o< p. In other words, in the far field,
the electric field is a Coulomb field of a relativistic moving charge as shown in Fig.1.3(b). A
sudden change in the charge velocity requires the electric field lines to reorganize, resulting
in the emission of an electro-magnetic wave. The spectrum of the emitted field is dependent
on the particle velocity and electron bunch configuration [59]. For wavelengths longer than
the bunch length, the emitted fields of all the electrons in the bunch add coherently, and the
total radiated power scales with the square of the number of electrons [46]. The Stanford

Linear Accelerator Center (SLAC) has two electron accelerators, the Linac Coherent Light
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Source (LCLS) and Facility for Advanced Acceleration Experimental Tests (FACET), both
are perfectly suitable for generating intense broadband THz pulses via coherent transition
radiation. With an electric field strength of 44 MV/cm and corresponding magnetic field
around 14 T, LCLS sets the record for accelerator-based THz sources [46]. A simplified
schematic of the experimental setup is shown in Fig.1.5(b), wherein an electron bunch with
a duration of 70 fs impinges on a 10 um thick Berryllium (Be) foil at 45 © with a repetition
rate of 10 Hz. Electrons approaching the foil produce fields of a collapsing dipole, and an
expanding dipole as they leave, generating an impulse of dipole radiation on both sides [60].
Half of this THz field is radiated in the forward direction as the beam exits the foil. The
THz energy is measured with a pyro electric detector accounting for ~200 pJ, and the THz
spectrum is recorded with a Michelson interferometer spanning from 3-30 THz. Note that
the total THz energy on the optical table is significantly larger but is hard to collect due to

the angular distribution.

reflection
; axis
backward | target
\ light Eg foil
: ° i
£ T 45 ol?gﬁtrd THz focus ion
\ e'diagnostiCS/ diagnostics
)\ (d)
e bunch
Be foil THz
Vacuum (b) diagnostics

Figure 1.5: (a) Electric field lines of a uniformly moving (from left to right) charge and its image in the
metal, taken from [18]. (b) Schematic setup for THz generation and detection by coherent
transition radiation from relativistic electrons impinging on a thin metal foil. The inset
shows the emission pattern, adapted from [18]. (c) Schematics of THz emission from
the rear surface of a thin metal foil, irradiated with a high-intense laser pulse. The THz
dynamics depend on the hot electrons which are generated at the front surface during
the interaction of a laser pulse with the foil [61]. (d) Experimental setup as described in
ref [45] and (e) resulting angular dependent THz emission by coherent transition radiation
from the rear surface.

However, the highest THz energy ever reported is also based on coherent transition radi-
ation but utilizes an ultra-intense, picosecond (ps) laser pulse to irradiate a 100 um thick
copper (Cu) foil (see Fig.1.5(c)-(d)) [45]. The experiment was carried out at the Ruther-
ford Appleton Laboratory using the Vulcan laser, with a central wavelength of 1053 nm and
pulse duration ~1.5ps. In 2005, the Vulcan laser was the highest-intensity focused laser

in the world, operating at a repetition rate of 1 shot every 20 min [62—-64]. When the thin
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metal foil was irradiated with a laser energy of ~60 J, intense THz radiation was observed
at the rear face of the foil and measured to be ~2.3mJ at an angle of 75° with respect
to the rear target normal. With additional measurements on the angular distribution and
energy spectra of the freed electrons, it is possible to calculate the radiation spectrum and
angular distribution from the coherent transition radiation theory. Consequently, they eval-
uate the total THz pulse energy by extrapolating experimental measurements with model
calculations and determine a total energy of the THz pulse emitted from the target rear to
be ~50mJ (£20%) within the frequency range up to 3 THz. Nevertheless, given that the
THz radiation is emitted in a rather large divergence angle, it would be necessary to use
collection optics with large acceptance angles to deliver more available THz energy for
practical applications. Moreover, the applied extraordinary pump energy and low repetition

rate makes this source rather impractical.

1.1.2 Table-top THz Sources

The main principle of a laser-based generation of THz radiation is to produce an electron
current density Jry,, oscillating at the same frequency as the electro-magnetic wave to be
generated. The electric field is then proportional to the first time derivative of the current

density

(1.3)

Photoconductive Antennas

Although photoconductive antennas (PCAs) are not suitable for strong field THz applica-
tions, since the generated electric field doesn’t reach 500 kV /cm, it is worth mentioning
their technology since photoconductive emitters have become a very popular tool for mea-
surements where high THz fields are not essential. The layout of a PCA and the concept
of THz generation from a PCA is illustrated in Fig.1.6. The device consists of a DC biased
metal dipole, embedded on a semiconductor thin film. When a femtosecond pulse with
a pulse duration in the order of 1ps and photon energy higher than the bang gap of the
semiconductor material is incident on the antenna gap, it generates electron-hole pairs. The
generated photocarriers are accelerated in the DC bias field, producing a transient photocur-
rent, which drives the dipole antenna and ultimately re-emits as a THz frequency pulse [65].
The transient response of the PCA depends on the optical pulse and the recombination time
of electron-hole pairs. If the semiconductor has a long carrier lifetime, the generated pho-

tocarriers will continue to contribute to the photocurrent after the optical pulse is fully ab-
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sorbed, which temporally broadens the output pulse and reduces the overall THz frequency
bandwidth. In addition to the limited THz bandwidth, the optical- to THz conversion ef-
ficiency easily saturates for high pump intensities due to photon bleaching and other NL
effects. Nevertheless, Ropagnol et. al. [66,67] reported on THz fields of 331 kV /cm from
ZnSe based photoconductive large area emitters, with THz pulse energies of 8.3 uJ and
a peak intensity at 0.12 THz with a spectrum extending up to about 2 THz. The optical
pump is provided by frequency doubling the output of a Ti:Sapphire amplifier laser oper-
ating at a repetition rate of only 10 Hz. A THz field in the same order of magnitude of
>230kV /cm was achieved by Singh and co-workers [68] with a Gallium arsenide (GaAs)
large-area photoconductive emitter pumped with a Ti:Sapphire amplifier laser system at
800 nm wavelength and 1 kHz repetition rate. Although the THz pulse energy is signif-
icantly smaller (~70nJ), the high electric field is explained by the broad THz spectrum
extending up to 4 THz.

V+

optical pum J\V
| g THz radiation

Figure 1.6: lllustrative example of pulsed THz generation in a PCA. A short pump laser generates
photocarriers in a thin semiconductor, which are accelerated by the applied bias voltage.
The time dependent current density induces an electro-magnet field oscillating at THz
frequencies.

V-

Optical Rectification

Alongside of THz generation in two-color plasma filaments, one of the most promising
table-top sources of pulsed THz radiation is based on OR of ultrashort laser pulses in
electro-optic (EO) crystals. When an electro-magnetic wave propagates through a medium,
it causes the bound electrons to oscillate. Such induced Hertzian dipoles will emit electro-
magnetic radiation with the same frequency as the propagating wave, featuring typical
spherical phase fronts and dipolar directional characteristics in the far field. The time-
dependent current density, arising from the displacement of the charge density, can be writ-
ten as J = 0P /0t, with P as the induced dipole moment per unit volume. However, for
short laser pulses with high intensity, the oscillating electrons will not only follow the in-

cident electro-magnetic field linearly, but will additionally exhibit a NL response, resulting
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in radiation of additional frequency components with an electric field Ety, o O*Py, / ot2.
In the simplest case, this induced polarization scales with the square of the driving optical
field, wherein the optical response is restricted to materials and structures lacking inversion
symmetry [69]. Note that, the spherical waves emitted from all source locations of 9Jxr,/0t
have to superimpose constructively in a particular direction. This requirement describes the
necessity of the generated and optical pulse to co-propagate with the same or at least similar
propagation velocities, and is called phase matching condition. In the particular case of THz
generation by OR of an ultra short pulse in a second-order NL crystal, the NL response can
be understood as intrapulse difference-frequency generation (DFG) between all frequencies
within the bandwidth of a fs laser pulse, as schematically illustrated in Fig.1.7. Each pair
of optical frequency components generates a THz spectral component at their difference

frequency. The NL polarization induced by the pump pulse can be calculated as [52, 69]

Pyt () = &0 / h YPE(w+ Q) E* (w)dw, (1.4)
0
where ¢ is the vacuum permittivity, £(w) is the Fourier-component of the pump pulse at
optical angular frequency w, € is the difference frequency, and x(% is the effective NL sus-
ceptibility, depending on w and €2 [69]. The complex conjugate F*(w) in Eq.(1.4) makes
the resulting polarization independent of the carrier-envelope phase of the driving optical
field, resulting in a carrier-envelope phase stable THz pulse [70]. Further details and under-
lying physical mechanisms of OR, especially in organic NL crystals and long wavelength

driving pulses, are discussed in sections 4.1 and 4.2.
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Figure 1.7: Schematics of intrapulse DFG between the frequency components of an ultrashort pulse
incident on a second-order NL optical medium, describing pulsed THz generation by
OR. Because the spectral bandwidth and pulse duration are inversely proportional, the
Fourier-transform-limited bandwidth of the generated THz pulse is restricted by the pulse
duration of the driving laser. The electric field of the THz pulse is proportional to the
second time derivative of the induced NL polarization. Adapted from ref [52].

In standard inorganic crystals such as LN, OR allows one to generate high THz energies of
1.4mJ [41] with large optical- to THz conversion efficiencies (up to 3.7%) [40]. However,
due to the large mismatch of the optical group velocity and THz phase velocity, the spectral

bandwidth is mainly restricted to below 1 THz. Recently, considerable progress in broad-
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band THz generation has been achieved by OR in highly NL organic crystals, such as DAST
(4-N,N-dimethylamino-4’-N’-methylstilbazolium tosylate) and its derivative DSTMS (4-
N,N-dimethylamino-4’-N’-methyl-stilbazolium 2,4,6 trimethylbenzenesulfonate) driven by
near-IR pump sources [71-73], with an optical- to THz conversion efficiency reaching 3%
and THz energy of 0.9 mJ [43]. Due to favorable phase matching conditions and low linear
absorption for pump wavelengths of 1.25 um-1.5 um, it is possible to generate broadband
THz radiation of up to 8 THz and field strength of 83 MV /cm [44]. However, because
the absorption edge of DAST is situated at around 700 nm, the THz conversion efficiency
is deteriorated by multi-photon absorption in combination with subsequent free-carrier ab-
sorption of the THz radiation. Moreover, the applicable pump fluence is fundamentally
limited by the damage threshold of the crystal. Thus, the extraordinarily high THz energy
of 0.9 mJ, as reported in ref [43], could only be achieved with a large-size partitioned crys-
tal, wherein multiple parts of uncoated DSTMS crystals are fixed on a host substrate in a
mosaic-like structure, resulting in a crystal surface area of of 4 cm?. Consequently, in order
to overcome the need of large crystal surfaces to suppress NL absorption and to increase the

damage threshold, the crystal can be pumped with longer wavelength driving sources.

Two-Color Plasma Filaments

A schematic setup for THz generation in two-color plasma filaments is shown in Fig.1.8,
wherein a high-power fs laser and its second hamronic (SH) are focused to produce laser
induced gas plasma and a subsequent photocurrent. The SH is thereby needed to create a
symmetry-breaking field in order to generate a non-vanishing net current of the photoion-
ized electrons, exhibiting a quasi DC current [74]. The THz emission is then again propor-
tional to the time derivative of the current density. As it is the case for OR, a sizeable THz
field amplitude can only built up if the spherical waves emitted from local current densities
interfere constructively. Thus, the THz transient and optical pump pulse need to propagate
with the same velocity through the filament, which benefits long wavelength pump pulses
in air plasma. In contrast to OR in NL solids, material damage is absent for the case of THz
generation by laser induced plasma filaments. Because plasma is generated in a gaseous
medium, such a medium is self-healing when a high energy laser is focused into a small
volume. Moreover, the spectral bandwidth of the generated THz pulse is inversely propor-
tional to the time scale of the tunneling ionisation rate, rather than the pulse duration of the
pump source. It is therefore possible to generate broadband THz pulses with a bandwidth
exceeding 50 THz [35,76]. And hence, despite the small THz energies, ranging from a
few uJ to 30 uJ [37] up until recently, it is possible to generate large electric fields of more
than 20 MV /cm. Nonetheless, when driven by conventional 0.8 pm Ti:Saphire lasers, THz

generation from laser filaments is constrained to conversion efficiencies of ~ 0.01% [77].
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Figure 1.8: Schematic for THz generation by two-color plasma filaments, reproduced from [75] A
high power fs laser and its second harmonic are focused to produce laser induced gas
plasma. The photo-ionized electrons create a current surge, which radiates a directional
electro-magnetic field with an amplitude proportional to the time derivative of the current
density.

With longer wavelength drivers, the THz generation efficiency scales up and an efficiency of
0.1% can be achieved with 1.8 um pump pulses [39]. The advantageous outcome is mainly
attributed to a higher temporal asymmetry of the applied laser field, smaller mismatch be-
tween the group and phase velocities of the optical and generated THz pulses, respectively,
and stronger ponderomotive force. More details on the theoretical background for the THz
generation process will be provided in sections 6.1 and 6.2. Further experimental realization
of wavelength-scaling THz generation efficiency in laser filaments was so far hindered by a

lack of high-energy ultrashort mid-IR pulse sources.

In this work, we show that recently-developed mid-IR optical parametric chirped pulse
amplifier (OPCPA) technology helps to overcome major challenges in efficient generation
of broadband THz radiation, in the case of OR in the organic crystal DAST as well as
by two-color filamentation in air. The attained conversion efficiencies and electric field

strengths set new records for table-top THz sources.

1.2 Thesis Outline

Prior to the presentation of our THz generation processes, in Chapter 2 we describe ba-
sic detection techniques employed for the characterization of the generated THz radiation.
Here, the temporal profile of the THz pulse is measured with electro-optic sampling (EOS)
which provides information on the amplitude and phase of the THz transient. The THz en-
ergy is validated with a calibrated pyro-electric detector and a knife edge method is used to

examine the radius of the THz beam at the focal plane.
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In Chapter 3 the high-power mid-IR OPCPA system operating at the central wavelength of
3.9 um is introduced, as originally presented in ref [78] and further extended as described
in [79] and [C1]. The system generates pulses with energies of more than 30 mJ and pulse
duration in the order of 100 fs at the repetition rate of 20 Hz. We further provide details
on the visible probe pulse, generated with a home-built non-collinearly pumped optical

parametric amplifier (NOPA) and show typical EOS traces.

Chapter 4 is devoted to THz generation by OR of mid-IR pulses in the organic crys-
tal DAST. Before presenting the main results, as published in ref [A2] and presented at
[B1-B6], underlying physical principles of OR in general, and OR in organic crystals in
particular, are expound. We then present the experimental setup, followed by a rigorous
discussion on the experimental findings. We thereby elucidate the reason for the high THz

conversion efficiency of almost 6% and suggest a mechanism for the onset of saturation.

An application of the generated intense THz pulse is presented in Chapter S, wherein we
manipulate optical properties of colloidal CdSe/Cds core/shell QDs. A THz induced change
in transmission of 15% is observed at room temperature, without any field enhancing struc-
tures. In order to understand the extraordinary performance, we first review physical prop-
erties of confined-structures and basic principles of the QCSE, followed by material char-
acterization of the CdSe/CdS QDs and an introduction to the experimental setup. A subse-
quent presentation of experimental results is supported by an intuitive and simple theoretical
model, which admits further discussions on the energy band alignment of heterostructure
QDs for the optimization of next-generation EA modulators in optical communication sys-

tems. The main results are published in [A3] and presented at [B7-B9].

Efficient THz generation in two-color plasma filaments of mid-IR pulses is presented and
discussed in Chapter 6. We first revise the transient photo current model and focus on
the advantages of long-wavelength drivers. We then present the experimental setup and
findings, revealing a record conversion efficiency, which is more than an order of mag-
nitude higher than previously reported results, and extreme THz electric fields exceeding
100 MV /cm. The main results are published in [A1] and presented at [B6, B10-B12].

Chapter 7 is devoted to the demonstration of proof of principle experiments to confirm
the extreme THz field generated by two-color filaments and to illustrate the capability to
modulate the optical properties of bulk semiconductors. We report on cross-phase modula-
tion (XPM) of a visible probe and THz pump in ZnTe, and THz induced photoluminescence
(PL) in ZnSe and ZnTe, as published in [A4] and presented at [B13].

Finally, all results are summarized in Chapter 8.
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Chapter 2

THz Pulse Characterization

The properties of THz radiation can be measured with different techniques, depending on
the parameter of interest. In general, detection of electromagnetic radiation can be broadly

divided into two groups, namely coherent and incoherent detection systems.

Coherent detection systems allow one to detect not only the amplitude, but also the phase
of the THz field. The main principle of such a detection scheme is mixing of two signals,
the THz signal to be detected and a reference signal. As a consequence, the THz pulse
is sampled in time domain and the power spectrum can be obtained by Fourier transfor-
mation (FT). Prominent detection techniques employ photoconductive antenna (PCA) and
electro-optic sampling (EOS). While the former is impractical for intense THz sources due
to possible undesired NL interactions and limited time resolution caused by semiconductor
charge carrier lifetimes in the range of 100-300 fs [80], EOS is perfectly suited to measure
sub-ps THz transients with a broad spectral bandwidth. The detectable bandwidth depends
on the material parameters of the electro-optic crystal (EOC), like crystal thickness, disper-
sion and phonon resonances. The time resolution is limited by the duration of the probe

pulse, which is less than 45 fs in this work.

Although not coherent by definition because the phase information is missing, another pos-
sible procedure to measure the THz spectrum is based on a Michelson interferometer. An
autocorrelation signal is thereby created by combining two replicas of the THz pulse and
the resulting interference signal is measured with a pyro-electric detector (PED). Thus, this
technique is not restricted by any material properties and the entire THz spectrum can be
measured. Alongside with EOS, it is also implemented for this work and further described

below.

In general, incoherent detection elements consist of a direct detection sensor, which essen-
tially measures the energy released by the photon as the detector absorbs it. Such detectors
allow only signal amplitude detection but lack phase information. Nonetheless, the main
advantage of such a direct detection is the relative simplicity and large detection bandwidth.

Such detectors are often referred to as ‘thermal’, wherein a change in temperature is con-
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18 THz Pulse Characterization

verted into a measurable voltage drop, change in current or resistance. Prominent examples
are Golay cells, semiconductor bolometers or pyro-electric detectors. However, due to the
low THz photon energy of ~ 4meV, as compared to room temperature thermal energy
of 26 meV, the largest challenge lies within the suppression of background noise, which
can be described with the noise equivalent power (NEP). The NEP can be drastically im-
proved, of up to seven orders of magnitude, by cooling the detector [81]. Though, as a
side product, the detectors become more bulky because of non-practical low-temperature
equipment needed for operation. In this work, the detector of choice is an uncooled pyro-
electric detector with a low NEP and a large dynamic range, sufficient to detect high energy
THz pulses. A detailed description of the detector and its calibration is elucidated in the

following chapter.

Finally, to evaluate the THz electric field strength, it is necessary to measure the THz tran-
sient in time domain as described in section 2.1, the THz energy as outlined in 2.2 and beam
profile as demonstrated in 2.3. A conclusive explanation for the evaluation of the THz field

strength is provided in the last section of this chapter.

2.1 Time Domain Measurements of a THz Transient

2.1.1 Electro-optic Sampling (EOS)

Basic Principle

The main idea of EOS is illustrated in Fig.2.1. The common source can be a fs - laser system
with the output being split into two parts after passing a beam splitter. A small fractions is
used as a probe pulse, which gates the EOC used for detection. The main portion is used
to generate THz radiation, after being modulated by an optical chopper. Details on the THz
source are presented in chapter 4 and 6. To separate the pump pulse and THz radiation, a
low pass filter is placed into the beam path. Several parabolic mirrors are used to steer the
THz beam and focus it onto the EOC. The geometry of the focusing mirrors are chosen
such that a large beam area results at the final mirror M3 to ensure tight focusing at the
crystal position. Electro-optic detection of a THz transient is possible when the THz and
probe pulse coincide in a co-propagating geometry in the EOC, which can be achieved with
a hole in the center of the parabolic mirror M3. The underlying mechanism of EOS is
based on the Pockels effect, which introduces a change in refractive index with respect to

an applied electric field. As a consequence, the electric field of the THz transient induces
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Figure 2.1: Experimental schematic for EOS. The main part of THz generation and detection is cov-
ered by a box filled with nitrogen to avoid THz absorption by water molecules in ambient
air. M1, M2, M3 - parabolic THz beam steering mirrors; L1, L2 - lenses to focus and
collimate the probe pulse.

birefringence, resulting in an anisotropic crystal structure and phase delay between the two
orthogonal components of the linearly polarized probe pulse. Thus, the polarization of the
probe pulse becomes elliptical after propagation through the EOC when the THz and probe
pulse spatially and temporally overlap. The magnitude of the change in polarization is
thereby proportional to the amplitude and sign of the electric field of the THz pulse. The
entire time profile of the THz transient can be traced by changing the time delay between
the THz and the probe pulses with an optical delay stage. A Wollaston prism is used to split
the two orthogonal polarization components of the probe pulse, which are then steered to a
balanced detector consisting of two photo diodes. The difference between the signal of the

photo diodes S(t) is used as a measure for the phase delay and can be described as
S(t) X IoptETHz (t), (2.1)

with I, being the intensity of the laser pulse and Ery, () the electric field of the THz pulse
at time ¢, which corresponds to the time delay between the THz and probe pulse. Thus, be-
cause the time dependent amplitude of the elctric field Eryy,(t) is measured, in contrast to
other techniques which measure only the intensity |E(t)|?, the phase information is cap-
tured. Before the Wollaston prism, a quater waveplate (QWP) is installed to equalize the
probe intensity at the diodes when the THz pulse is blocked. The balanced detection scheme
is basically used to reduce noise originating from the background and intensity fluctuations
of the probe pulse. In order to further reduce the background noise, a Lock-In amplifier is

used which selectively amplifies a signal at a given reference frequency. The input signal
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20 THz Pulse Characterization

is thereby multiplied with a sine wave of that particular reference signal and sent through
a low-pass filter. In such a way, any signal which arrives at the photo diodes with a dif-
ferent frequency other than the reference frequency, will be cut away and only the signal
of interest is detected. The reference frequency is usually provided by the optical chopper.
Subsequently, the Lock-In signal is processed with a data acquisition software. In order to
reduce humidity and avoid THz absorption by water molecules in ambient air, the THz gen-
eration and detection setup can be purged with nitrogen. The outcome of the measurement

is crucially dependent on the used EOC, which will be further discussed below.

Pockels Effect in an electro-optic Crystal

As mentioned above, the underlying physics of EOS is the linear electro-optic effect (Pock-
els effect), which describes an electric field induced change in polarization of a probe pulse
in an EOC. Note that, the term polarization can be easily misunderstood. For photons,
or more general, transverse waves, it defines the direction of the oscillating electric field.
Whereas in the case of crystals and molecules, the phrase describes a charge distribution
which is expressed as the density of permanent or induced electric dipole moments. Thus, it
can be readily inferred that the Pockels effect can only occur in non-centrosymmetric mate-
rials which lack inversion symmetry. Otherwise, in the case of centrosymmetric crystals, on
average, the macroscopic dipole moments cancel each other and the net polarization is zero.
Another obvious requirement for an EOC is the necessity of being sufficiently transparent

at THz and optical frequencies.

The linear electro-optic effect originates from the same underlying principle as OR, which is
a second order NL effect. The relation between the electric field vector E and the resulting

polarisation density P is given as [82]

with y (E) as the electric susceptibility tensor. The NL optical properties of the material
are described by expanding X (E) in powers of the field E:
1 2 3
P= (X5 + X B + XU BB+ ) By 23)
where (! is the linear susceptibility, while x(?) and x®) are the NL susceptibilities of
the second and third order, respectively. The second term in Eq.(2.3) describes the i-th
component of the NL polarization related to the components j and k of the electric fields £

(2)
ik

and E}, by the susceptibility tensor coefficients e The coefficients are all dependent on
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2.1 Time Domain Measurements of a THz Transient 21

the frequency v (or the angular frequency w = 27v ) of the involved electric fields E. The
electro-optic effect is most often described as a field-induced change of the refractive index

n at w as [83]

1
A <n2> = TijkElm (24)

ij

with r;;, as the electro-optic tensor which is linked to the second-order susceptibility by

2x3,(—w; w, 0)

S
T w)nd(w)

(2.5)

where n;(w) are the frequency-dependent refractive indices along the direction of propaga-
tion with respect to the corresponding dielectric axis ¢. In addition to a large EO coefficient,
it is necessary to choose an appropriate crystal thickness and crystal orientation with respect

to the linear polarization of the THz radiation.

In this work, a 1 mm thick Zinc telluride (ZnTe) and 50 um thick Gallium phosphate (GaP)
crystals are used, both have a zinc blende crystal structure and are optically isotropic when
no external field is applied (n; = ng). Consequently, the electro-optic tensor is symmetric
(rij = 7ji) and the first two indices 7, j are conventionally replaced by a single index,
for example (2,3) — 4 and ro3; = 732k — r4k. The index k indicates the polarization
direction of the propagating electric wave. The electro-optic tensor # of ZnTe and GaP can
be therefore characterized by a single quantity 747 and the refractive index n;(E) for the

three principal axis of the crystal can be approximated to [84]:

SruE
ny = ng + n0r241 (2.6a)
3ri FE
ny = ng — LT; (2.6b)
nsg = ng. (2.60)

For the approximation, r4; F' < 1/ n% is assumed and the ideal angle o = 7/2 between the
THz electric field vector E with the crystal axis [-1,1,0] is considered, while the polarization
of the probe pulse is parallel to the THz field. This angle leads to the highest response in
Eq.(2.7) and can be found empirically during the experiment by simply rotating the EOC.
However, as demonstrated by Planken et al. [85] and shown in Fig.2.2, large EOS signals
can also be achieved if the THz electric field and probe polarization are perpendicular. The
relative phase shift I between the two orthogonal electric field components of the probe
pulse (also called retardation parameter), caused by the THz field induced birefringence,
can be written as
2m(ny —ng)d  2wnid

I' = = FE 2.7
" o ra B, 2.7
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22 THz Pulse Characterization

with \g as the wavelength of the probe pulse in vacuum and d the thickness of the crystal.
The most widely employed EOC for THz detection are ZnTe, GaP and GaSe due to their
high linear electro-optic coefficient [82] (see table 2.1).
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Figure 2.2: Measured dependence on the crystal's azimuthal angle « of the detected THz electric
field for three different fixed angles between the probe-beam polarization and the THz
polarization, reproduced from ref [85].

From Eq.(2.7) one could expect the highest EO signal for thick detection crystals. However,
the opposite might be the case. The detectable THz bandwidth of an EOC is determined by
the coherence lengths and optical phonon resonances which absorb THz radiation. Because
the refractive indices at the frequencies of the optical probe and THz pulse are generally not
identical, the two pulses travel with slightly different velocities through the crystal. Thus,
the temporal overlap and hence the detection efficiency decreases during propagation. The
distance over which a slight velocity mismatch of the THz phase velocity and optical group

velocity can be tolerated is called the coherence length and is defined as [86]

l, = e , 2.8)
WTHz|Ngr (Wo) — nra, (WTH,) |
with 5
Nopt
Ngr = No t()\O) - )\0 < b ) s (29)
g P aA N

where c is the speed of light in vacuum, wy = 27e/ )\ is the center frequency of the op-
tical probe pulse, nTp, and nept are the phase refractive indices at the THz and optical
frequencies, respectively, and ng, is the group refractive index of the probe pulse. As a

consequence, efficient THz detection (and generation) at a given frequency is only possible
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Material EO coefficient Lowest optical Phonon ~ GVM

(pm/V) Resonance (THz) (ps/mm)
ZnTe r41=3.9 54 1.1
GaP r41= 0.97 10.96 -
GaSe rq1=14.4 7.1 0.1

Table 2.1: Material properties for common EOC, taken from [82]. Optical phonon lines are respon-
sible for large THz absorption and abrupt velocity mismatch between the optical and THz
pulse. GVM refers to the group velocity mismatch between optical and THz frequencies,
away from phonon resonances.

for a crystal thickness which is equal to or less than the coherence length. For a larger
crystal thickness, the detection signal eventually even decreases due to a phase slippage.
Phenomenologically, this can be understood from the fact that the EOS process will be
most efficient when the intensity profile of the optical pulse travels through the crystal at
exactly the same speed as the electric field of the THz pulse. When these velocities differ,
the probe pulse will average over several oscillations of the electric field, which leads to a
strong reduction of the electro-optic signal [87]. In other words, if the timing of the probe
pulse is adjusted such that it coincides with the center of a positive half wave of the THz
pulse, it might travels to the center of a negative half wave during propagation through the
thick crystal, caused by group velocity mismatch. Thus, the positive phase retardation I'
accumulated in the first half of the crystal will be largely cancelled by the negative phase
retardation I" accumulated in the second half [84]. Nevertheless both, the detection strength
and the detectable THz bandwidth depend on the crystal thickness, they exhibit a reciprocal
relation. This relation can be understood as follows: usually, an EOC exhibits a certain
dispersion in the optical and THz spectral range. Assuming that the phase mismatch Ak is
small for a particular narrow THz frequency range, a thick crystal can be used due to the
correlation /. = 27 /|Ak| and thus a large detection signal can be accumulated. Hence, in
the case of a thick crystal, only a narrow spectral bandwidth will satisfy the phase-matching
condition (wherein the crystal thickness is less than the coherence length), leading to spec-
tral focusing but a strong EOS signal. Additional THz spectral components with a larger
phase mismatch can only be measured with a reduced crystal thickness. Otherwise, these
spectral components will be cancelled out. As a consequence, the detectable signal will be
smaller due to a shorter distance in which the THz and optical pulse propagate through the

crystal.
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Although ZnTe has a higher electro-optic coefficient and hence allows a very sensitive de-
tection of small signals, GaP is mainly used for broad bandwidth detection because of bene-
ficial phase matching conditions as well as the late appearance of phonon lines at large THz
frequencies. Despite the superior parameters of GaSe, the disadvantage lies in the softness
of the material that makes it fragile during operation. A detailed discussion on additional

EOC can be found in refs [82, 88], including newly developed organic crystals.

2.1.2 Michelson Interferometer

In contrast to EOS, a Michelson Interferometer is by definition not a coherent detection
technique, because the THz signal is combined with a copy of itself instead of being mixed
with a different reference signal, as shown in Fig.2.3. The THz radiation is thereby split with
a beam splitter into two approximately equal parts and each replica propagates to a plane
mirror. The transmitted half of the original beam is reflected back by the stationary mirror
Mo, while the reflected field travels to a movable plane mirror M;, where it is reflected back
to the beam splitter and to the detector. A challenge in the mid-IR and THz spectral range is
to find suitable optics. While gold mirrors are widely established to reflect THz radiation,
beam splitters and other sophisticated optical elements might be harder to produce and
cost intensive. In this work, we use a pellicle beam splitter (Thorlabs, BP245B3) which is
originally designed for the mid-IR but works surprisingly well in the THz range. After the
beam splitter, the collimated beam is focused at the THz detector (GenTec) with a parabolic

gold mirror.

THz Source
[
. motorized
Pe”lCIe delay Stage

<>
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Pyro-electric
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Figure 2.3: Schematics of a Michelson interferometer. M1,2 - plane gold mirrors, FFT - fast Fourier
transformation.
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2.2 Pyro-Electric Detector Calibration and Filter Transmission 25

An interferogram is generated by measuring the signal at many discrete positions of the
moving mirror M;. For a detector with a long response time (as compared to the pulse
length, which is usually the case) the superposition of the field amplitudes from the two

time delayed copies is recorded as

S(r) o /_ T BB+ / T B+ B+ ) dl

+ /oo E(t)"E(t+7)dt + /oo E({t)E(t+ 7)*dt, (2.10)
—00 —00

with 7 as the time delay between the two copies and E(¢)* the complex conjugate of E(t).
The first two terms are proportional to a constant energy, which is not of interest here.
The last two terms represent the first order autocorrelation of E(¢). Because the result-
ing detector signal accounts for the intensity, rather than the field amplitude, the phase
information is lost. However, the intensity I(7) as a function of the time delay 7 between
the recombined beam, is the Fourier transform of the spectral intensity of the light source
I(t) = FT{I(w)}. Because of this mutual correlation between such ’transform pairs’, a
Michelson interferometer is also called Fourier transform spectrometer. Nonetheless, the
autocorrelation yields the spectrum, but not the pulse duration. Such a measurement pro-
vides the lower limit of the attainable pulse duration, the Fourier-Transform limit, but gives
no inforamtion on the actual pulse shape and duration. The pulse can, however, be arbitrary
long (a light bulb yields a very broad spectrum and thus a very narrow interferogram, but
it does not emit short pulses) [89]. Albeit the phase information is missing, it is simply an
approach to measure the THz spectrum. Moreover, there are no limitations on the detectable

spectral bandwidth.

2.2 Pyro-Electric Detector Calibration and Filter
Transmission

The basic principle of a PED is the ability of certain materials to generate a temporary volt-
age drop/rise when they are heated or cooled. A change in temperature slightly modifies
the crystal structure, changes the polarization and gives rise to a voltage across the crystal.
The sensitivity of a PED is usually increased by adding an absorbing layer (black layer)
on top of the pyro-electric material and a heat sink on the opposite side, to boost the tem-
perature difference between the electrodes. However, the sensitivity is partially limited by
the response time and signal to noise ratio, which are in part inversely related. Moreover,
because the detector needs a certain time to cool down again, the response time restrains the

measurable repetition rate of the detected signal.
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The PED used in this work (GenTec, THz5I-BL-BNC) was calibrated by the company at
a repetition rate of 5 Hz when the detector is irradiated with a continuous wave source
at 633 nm and chopped with an optical chopper at the desired repetition rate. The result-
ing sensitivity reads 205kV /W for a peak-to-peak value measured with an oscilloscope.
In other words, a PED signal of 1V relates to an average irradiation power of 4.9 uW.
Nonetheless, because the mid-IR pump source and subsequent generated THz radiation op-
erates at a repetition rate of 20 Hz with sub -100 fs pulse durations, leading to a significantly
smaller duty cycle as compared to the calibration pulses applied by the company, the PED

needs to be calibrated for the measurement conditions.
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Figure 2.4: (a) Experimental arrangement for the detector calibration. Reflections from two glass
wedges are used to attenuate the mid-IR OPCPA output by more than three orders of
magnitude. (b) PED signal and corresponding linear regression with respect to the atten-
uated pulse energy for different repetition rates (see legend). In the dynamic range form
3.3 - 20 Hz, no significant difference can be observed.

A schematic setup to obtain only a fraction of the 3.9 um driving pulse used to calibrate
the PED is shown in Fig.2.4(a). The total pulse energy is measured at the OPCPA output
and attenuated with two glass wedges. The known refraction index and reflection angles
allow one to extract the reflection coefficients of the p-polarized driving pulse, resulting
in an attenuation factor of more than three orders of magnitude. The pump repetition rate
is controlled with an optical chopper and the PED signal is recorded for several laser pulse
energies. No significant difference in the detector response could be observed for 3.3, 10 and
20 Hz, respectively, as shown in Fig.2.4(b). A least square fit of the measured data allows
one to determine an average coefficient C;.(A = 3.9 um) = 0.1906 uJ/V which relates the
PED signal in volt to the energy of the incident pulse in puJ. Note that, according to the
product specifications, the detector signal should be kept below 10 V in order to prevent
saturation. The manufacturer provides a wavelength dependent response function, which
describes the sensitivity of the detector in the range from 0.63 to 395 um. Thus, the provided

correction factor is re-normalized at 3.9 um and multiplied with the measured coefficient



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2.2 Pyro-Electric Detector Calibration and Filter Transmission 27

C. The resulting detector response function Fp(f) in units of uJ/V with respect to the
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Figure 2.5: Detector response function Fp(f), spectral response Sy(f) and THz spectrum when
the crystal is pumped with 3.9um (a) and 1.95um (b) pulses. The total response R is
given by the integral (blue areas) of the spectral response. Note that, in both cases, R
is underestimated because the wavelength dependent detector sensitivity provided by
the manufacturer is only given for frequencies above 0.75 THz. Hence, real THz pulse
energies are slightly higher.

frequency is shown in Fig.2.5 (black lines).

To gain an absolute response factor R in units of uJ/V for a corresponding THz pulse,
the normalized power spectrum S,,(f) of the THz pulse needs to be multiplied with the

response function Fp(f) of the detector:

S(f) = Sa(f) - Fp(f). (2.11)

Two examples of recorded spectra are shown as red areas in Fig.2.5, measured with EOS,
when THz radiation is generated by OR in the organic crystal DAST, as described in section
4.3. The resulting spectral response S (f) is shown in blue and describes how much THz
pulse energy is contained at each specific frequency. The total detector response is given by

the integral over all these contributions:

R:/O Sr(f)df. 2.12)

Figure 2.5(a) displays the detector response function, the THz spectrum when the crystal is
pumped with 3.9 ym pulses and the resulting spectral response function. The upper limit
for the integral in Eq.(2.12) is determined by the highest frequency of 7.7 THz, which is de-
tectable above the noise level. Because the wavelength dependent sensitivity of the detector
is only provided for frequencies above 0.75 THz, the integral is performed with a lower
limit of 0.75 THz. Thus, the resulting total response of R=1.65uJ/V is slightly underesti-
mated and even higher THz energy values can be expected. The THz spectrum for a pump
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28 THz Pulse Characterization

pulse at 1.95um is shown in figure 2.5(b), together with the detector response function
Fp(f) and resulting spectral response S¢(f). Because the spectral bandwidth is narrower
as compared to the case of 3.9 um drivers and limited at 5.5 THz, the spectral response is

smaller and the total response accounts for R=1.05pJ/V.
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Figure 2.6: Transmittance of a wire grid filter, HDPE sheets, Tydex, high resistivity float zone Silicon
wafer, and a 0.5 mm thick low resistivity black Silicon wafer (left y-axis). Gray shaded ar-
eas show the initial power spectra of the fundamental w and second harmonic 2w pulses,
as well as the power spectrum of a THz pulse generated by optical rectification.

Note that, for the calibration measurement, no additional absorptive filters were used. How-
ever, in order to separate the generated THz radiation from the driving pump pulses, and to
prevent the PED from saturation, different sets of long pass filters (LPFs) are used. Namely,
in the case of THz generation by optical rectification in the organic crystal DAST, we use a
wire grid filter with a cutoff frequency of 9 THz (Swiss Terahertz LLC), 3 mm thick high-
density polyethylene (HDPE) sheets (Goodfeller), and a long pass filter from Tydex (LPF
21.4). For the work on THz generation by two-color plasma filaments, the set of long pass
filters comprise of a 5 mm HDPE sheet, a 2 mm thick high resistivity float zone Silicon
wafer, and a 0.5 mm thick low resistivity black Silicon wafer. The transmittance is depicted
in Fig.2.6 (left y-axis) together with a THz spectrum, generated by optical rectification, as
well as a pump spectrum at 3.9 pm (w =76.9 THz) and at 1.95 ym (2w=153.9 THz) (grey
areas). The transmittance for the optical range is several orders of magnitude lower com-

pared to the THz range. Specific values of the transmittance are summarized in table 2.2.
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2.3 THz Beam Profile 29

THz generation by optical rectification
LPF 2THz w 2w

wire grid 0.83 1.74x107% 1.29x 1073
3mmHDPE 0.7 3.52 x 1073 0.16
Tydex 0.68 1.1 x107° 425 x 1073

THz generation by plasma filaments
LPF 7.5 THz w 2w

5mmHDPE 036 3.38x107° 4.32x 1073
Black Si 0.17 542 x 107% 6.48 x 1074
Silicon 0.47 0.473 0.49

Table 2.2: Transmittance of several LPFs for the THz range, fundamental pulse w and its second
harmonics 2w. In the case of THz generation by optical rectification in DAST, the THz
spectral range of interest peaks around 2 THz, whereas for two-color plasma filaments the
THz pulse is centred at 7.5 THz.

2.3 THz Beam Profile

To measure the spatial distribution of the THz pulse, the well established knife edge method
is used. In order to optimize and estimate the THz electric field strength at the position of the
EOC as shown in Fig.2.1 and further sketched in Fig.2.7.(a), a sharp metal edge is moved
across the THz beam in the focal plane of the parabolic mirror M3. A short focal distance
of 5 cm is used to ensure tight focusing. The THz beam is then re-collimated and focused
on a detector with two additional parabolic gold mirrors. The THz signal is recorded with a
pyro-electric detector with respect to the position of the edge. Assuming a Gaussian beam

shape, the measured data can be fitted with the function [90]

P:P0+P‘;a" (1—erf (M)) (2.13)

w

where P is the background power, Ppax is the maximal power, g is the position of the
metal edge at half of the power, erf is the standard error function and w defines the beam
radius at 1/e? level. The example shown in Fig.2.7(b) represents a measured THz beam
profile generated by OR in DAST, as described in section 4.4. The fitting curve reveals a

beam radius of w = 107 pm.
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Figure 2.7: (a) Experimental sketch to measure the THz beam profile. (b) Recorded THz signal when
a knife edge is moved across the focal plane (dots) and corresponding fit curve (red line).

2.4 Retrieval of the THz electric Field Amplitude

The THz electric field is estimated following the routine as described in supplementary
information of ref [Al]. In general, the pulse energy € can be written as the spatial and

temporal integral of the pulse intensity

€= /// I(x,y,t)dzdydt. (2.14)

For a Gaussian beam propagating in z-direction, the intensity can be further expressed as
1 2
I(‘T’yzt) = 5”05060|E(m7y5t)’ ) (215)

where n is the refractive index at the pulse central frequency, € is the vacuum permittivity,
¢ is the speed of light in vacuum and E(x, y, t) is the spatio - temporal THz waveform on

the detection plane. The electric field can be further expressed as
E(z,y,t) = EnaxEr(t)Ea(z,y), (2.16)

where Fyayx is the maximum THz field amplitude, Fy(t) is the normalized THz waveform
as shown in Fig.3.6(a), and E 4(z,y)? is the normalized THz spatial profile on the detector
plane [38], with

o0
A= // Ea(z,y)?dzdy = mw? (2.17)
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as the beam spot area of the intensity profile at 1/e? level. The THz field strength is therefore

determined from all three measurements of energy, spot size and temporal transient by
[e.e]
_1 21, 2
€= 2€CoA E(t)*dtEs s (2.18)
—o0

assuming ng = 1 in air. Defining the integral of the squared normalized waveform as

[e.e]

G = / E,(t)%dt, (2.19)

—00

The maximum THz field amplitude can be calculated with

2e
Frmax = | ————, 2.20
EQCOGtA ( )

wherein e is measured with the PED, the beam spot A is determined with knife edge and G,

is resolved from the integrated temporal profile form EOS.

Note that, the evaluated field strength refers to the field at the focal position of the THz
beam with a beam waist w. Slight displacement of a sample of interest from the focal
plane causes a drastic reduction of the peak electric field. For instance, if the sample is
misaligned by the Rayleigh length 2z = 7w? /), the field strength is already diminished by
30%. A displacement of only 1.7 times the Rayleigh length results in half of the electric field
strength at the sample position. In the case of a THz pulse with a long central wavelength of
~ 300 um (1 THz) and beam waist in the order of 100 um, the Rayleigh length accounts for
only 105 um. Thus, the beam is highly divergent and the field strength reduces drastically
if the sample is misplaced from the focal plane. In addition, intensity fluctuations of the

3.9 um pump source cause a field strength error of approximately +5%.
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Chapter 3

Experimental Setup

Due to the lack of suitable broadband laser gain materials in the mid-IR spectral range,
a common approach to generate energetic pulses with ultrashort pulse durations is optical
parametric chirped pulse amplification. It combines the technology of optical parametric
amplifiers (OPAs) and chirped pulse amplifiers (CPAs) . Donna Strickland and Gérard
Mourou received the Nobel Prize in 2018 for the invention of chirped pulse amplifica-
tion [91], a technique to create ultrashort, high-intensity laser pulses. The main idea of
a CPA is simple: because a laser pulse with intensities in the order of GW /cm? can cause
serious damage to the gain medium through NL processes such as self-focusing, the peak
intensity needs to be diminished. Reduction of the peak intensity is realised by temporal
pulse broadening. Prior to amplification, the pulse is stretched in time by splitting spectral
components into different propagation path lengths, resulting in a chirped temporal pro-
file. The pulse is then amplified and subsequently compressed in time to regain high peak
powers. In the case of an optical parametric chirped pulse amplifier (OPCPA), instead of
material damage, another parameter is more important for sufficient pulse amplification by
frequency down conversion in a NL crystal: powerful pump lasers exhibit pulse durations
in the order of a few-tens to a few hundreds of picoseconds. Thus, stretching of the seed

allows efficient time overlap with the pump pulses.

This chapter is dedicated to a detailed description of our high-power mid-IR OPCPA with
a central wavelength of 3.9 um. The laser system was initially introduced in ref [78] and
further upgraded as described in ref [C1] and [79], resulting in a pulse energy of more than
30 mJ, pulse duration of less than 100 fs and peak power > 300 GW. In addition, we present
the wavelength tunable NOPA, which is utilized to generate the visible probe pulse for EOS
and used to sample THz induced changes in optical transmission in heterostructure QDs (see
chapter 5). We further present an overview layout of the entire mid-IR laser system, together
with NOPA and synchronization of the different pump pulses. Finally, experimental details
on EOS are elucidated.
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3.1 Mid-IR Optical Parametric Chirped Pulse Amplifier

The layout of the laser system is depicted in Fig.3.1 The front-end of the mid-IR OPCPA is
a conventional Yb:KGW Kerr lens mode-locked oscillator (Light Conversion) with a repe-
tition rate of 76 MHz, providing optical synchronization and the seed pulses for two pump
lasers, namely (i) a Yb : CaFs regenerative amplifier (RA) based on a CPA with a central
wavelength of 1030 nm and (ii) a Nd:YAG amplifier system with a central wavelength of
1064 nm. In order to separate those two seed beams, a low order half-wave plate and a
thin film polariser are placed at the output of the oscillator and before the stretcher of the
Yb : CaFy RA.

N2 TFP
Yb:KGW 20 Hz Nd:YAG Amplifier E D=
Oscillator 1064 nm, 70 ps, 300 mJ M4E:' N2 L
RA || 2-pass | pf 1-pass TFP L L VT
BS |V seed pulse | [ 24 mm 28mm | 4| 27 mm L L
VT VT ; NiTOR
Yb:CaF RA WL seeded OPA L LS 2N
500 Hz, 1030 nm, =p= KTP, pJ - level _.rH.._ 2stage OPCPA BB | FL @2
250 fs, 1 mJ As = 1460 nm KTA crystal ERS VT 2 >
Ai= 3.9 um 3 o
_— * ........... , 70 ps, 9 mJ L 3 X
LNOPA | s3] %%
-] (o)) 3
BD KTA VT TFP |38 8%
=ty B 3
L L
N4

3.9 um, <100 fs
>30 mJ, 20 Hz

Figure 3.1: Layout of the mid-IR OPCPA.TFP - thin film polariser, VT - vacuum tube, L - lens, STR
- stretcher, COMP - compressor, BS - beam splitter, \/4 - quarter waveplate, \/2 - half
waveplate

After the compressor, the pulse duration of the Yb : CaFg RA is in the order of 250 fs with
an output energy of 1 mJ, of which ~100 pJ will be later on used to drive the visible NOPA.
The major part of the output energy is used to drive three cascades of a white-light (WL)
seeded OPA at a repetition rate of 0.5 kHz. The WL is generated in a 6 mm long yttrium
aluminum garnet (YAG) crystal, providing spectral brightness in the vicinity of 1500 nm.
The WL seed is amplified in three subsequent OPA stages based on Potassium titanyl phos-
phate (KTP) crystals. The final signal output from the OPA is centred at 1460 nm with a
pulse energy in the order of ~ 50 uJ. It is then stretched in a negative dispersion stretcher

based on a grism pair (consisting of grating pairs and Brewster angled LAK16A prisms)
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3.1 Mid-IR Optical Parametric Chirped Pulse Amplifier 35

to ~ 70 ps and used as an input signal for the first two stages of the following three stage
mid-IR OPCPA.

The pump laser for the OPCPA is a 20 Hz flash-lamp pumped Nd:YAG system with two
separate units, wherein one is used to pump the first two stages of the OPCPA and the sec-
ond energetic entity pumps the final power amplification stage of the OPCPA. The first
unit is based on a RA with a 65 mm long laser rod (& 4 mm), a double path amplifier (&
8 mm x 85 mm rod) and a single path booster amplifier (& 7 mm X85 mm rod). In order to
limit NL pulse spectrum broadening in the Nd:YAG RA, a fused silica etalon is installed in
the RA cavity. A quarter-waveplate is placed in front of the single path amplifier to change
the polarization from linear to circular and hence reduce the peak intensity by a factor of
2 to minimize the risk of optical damage of the laser rod. The polarization of the 300 mJ
output pulse (1064 nm, 70 ps) is again restored to linear after the laser rod. With a variable
beam splitter (BS), consisting of a half-waveplate and a thin film polariser, approximately
50 mJ are picked up to seed the second Nd:YAG pump unit, while the rest is used to pump
the first two stages of the OPCPA. In order to maintain the pump beam quality, the output
surface of the laser rod is 4-f imaged (with certain de-magnification) onto the subsequent
laser rods and NL crystals. To prevent beam distortion from plasma, which is generated
when the beam would be focused in air, several evacuated Brewster windowed cells are
installed in the propagation path.

The second pump unit consists of two identical flash lamp pumped 85 mm long Nd:YAG
rods with a diameter of 12 mm. The peak intensity is again reduced by installing a quarter
waveplate before the first rod in order to get circularly polarized light, and restored to lin-
ear polarization after the second rod. Thermally induced depolarization in the first rod is
compensated by a quartz rotator in between the rods, which swaps the tangential and radial
polarization components such that depolarization accumulated in the first rod will be coun-
teracted when propagating through the second rod. Remaining depolarized light is filtered
by thin film polarisers at the output of the amplifier with a pulse energy of 650 mJ.

The three stage OPCPA is based on Potassium Titanyle Arsenate (KTA) crystals, which are
transparent at around 4 um, and are suitable for amplification of 1460 nm signal and 3.9 pm
idler pulses while being pumped at 1064 nm. The first crystal is 10 mm long with an input
surface of 5 mm x5 mm. After parametric amplification, the idler at 3.9 um and pump at
1064 nm are dumped while the signal pulse is steered to the second stage. As multi-layer
anti-reflection coatings are prone to optical damage, KTA crystals of the the second and
third stages feature uncoated Brewster cut faces that provide high transmission for the p-
polarized pump and idler, and attenuate the s-polarized signal by reflection losses of ~25%
at each surface. After the second OPCPA stage, the pump and signal pulses are discarded
and the 3.9 ym idler pulse (with an energy of 9mJ) is used to seed the final OPCPA stage
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Figure 3.2: Characterization of the OPCPA output. (b) Beam profile measured with Spiricon Pyrocam
IIl. (b) Measured frequency resolved optical gating (FROG) trace. (c) Retrieved spectrum
from (b) (blue line) and measured with a spectrometer based on acousto-optic interac-
tions (MOZZA - FASTLITE) (black line). (c) Retrieved pulse shape from (b).

consisting of a 5 mm thick, Brewster angle cut type-1I KTA crystal. Dichroic coatings in the
mid-IR are notorious for optical breakdown and often only available as specialised costume
design, which makes optical components cost intensive. Hence, in order to spatially separate
the pump and signal pulses from the amplified idler, in the third stage the 3.9 pm pulses
are amplified non-collinearly, resulting in a pulse energy of > 43mJ. In order to avoid
an appearance of angular chirp in the idler beam, in the second OPCPA stage parametric
amplification takes place in a strictly collinear geometry. In the third, non-collinear OPCPA
stage, which is seeded with angular chirp free 3.9 um pulses, the angular chirp appears in
the 1460 nm beam, generated during amplification. Since the signal and idler pulses are
phase conjugated, the compressor of the mid-IR pulses also consists of a grating pair, which
is arranged for negative dispersion. The transmission efficiency of the compressor is ~70%.
The generated mid-IR pulse is centred at 3.9 pm with a spectrum extending from 3.62 pm
to 4.19 um at 1/e? level, with a pulse duration of less than 100 fs and pulse energies of more
than 30 mJ. Output parameters of the mid-IR OPCPA are displayed in Fig. 3.2
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3.2 Non-collinearly pumped Optical Parametric Amplifier

A schematic setup of the visible non-collinearly pumped optical parametric amplifier (NOPA)
as well as a characterization of the resulting probe pulse measured with second harmonic
generation (SHG) FROG are shown in Fig. 3.3. A variable beam splitter consisting of a
half waveplate and thin film polariser is installed at the output of the Yb : CaFs RA op-
erating at 500 Hz. The s-polarised reflected fraction of ~100 pJ is frequency doubled in a
2.5 mm thick Beta Barium Borate (BBO) crystal and further used to drive the WL seeded
single stage NOPA based on another 2.5 mm thick type I BBO crystal. WL is generated
with the near-IR pulse centred at 1030 nm in a 2 mm thick YAG crystal. The synchroniza-
tion between the mid-IR OPCPA system and the visible NOPA is achieved by installing in
the optical path of the 1030 nm pulse, generating WL, an electro-optical chopper based on
a half waveplate, Pockels cell and thin film polariser, which reduce the repetition rate of
NOPA to 20 Hz. In order to broaden the spectral bandwidth and to achieve shorter probe
pulses, a non-collinear pump arrangement is used [92]. The NOPA generates broadband

pulses, tuneable from 610 nm to 800 nm, which can be compressed to < 50 fs with a pair of

SF10 prisms.
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Figure 3.3: NOPA schematics and SHG FROG characterization of the generated probe pulse. TFP
- thin film polariser, DC - dichroic mirror, PC - Pockels cell, BD - beam dump, DL - delay
line.
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3.3 Electro-Optic Sampling

In contrast to conventional THz generation and detection setups, wherein a Ti:Sapphire
laser (centred around 800 nm) is routinely utilized as a pump pulse for THz generation as
well as probe pulse for EOS, here, the mutual source is provided by the Yb : CaFy RA
(see Fig.3.4), which makes it necessary to introduce several meters of optical path length
to temporally overlap the two pulses. Synchronization between the components of the laser
system is achieved as follows: The oscillator triggers a digital delay generator which con-
trols the Pockels cell of the Yb : CaFy RA, operating at a repetition rate of 500 Hz. This
digital delay generator, providing a 500 Hz trigger signal, is further used as an input sig-
nal for additional delay generators to synchronise the flash lamps and Pockels cell of the
Nd: YAG pump system, as well as the Pockels cell of the NOPA, and to reduce the repetition
rate to 20 Hz.

. . 500 Hz
Trigger Signal = | timing w
electronics

VEKOW 20 Hz Nd:YAG | Trigger Signal
" Amplifier
Oscillator;  seed pulse 1064 nm, 70 ps, 1J | Pulse

. Generator

Y v

Yb:CaF RA | WL seeded OPA Sﬁﬁi@o
500 Hz, 1030 nm, + )\s = 1460 nm ﬂ. )\S=_3 9 mnm
200 fs, 1 mJ LB - level 00 fs, 4

, 100 fs, 43 mJ

probe pulse

—

BBO - SHG Prism compressor

Figure 3.4: Schematics of the pump laser system and probe pulse generation, including synchro-
nization between the driving pulses of the OPA operating at 500 Hz and OPCPA with a
repetition rate of 20 Hz. STR - stretcher, COMP -compressor, PC - Pockels Cell

Details of the EOS setup are illustrated in Fig. 3.5. The THz emitter, indicated by a green
rectangular, can be either THz generation by OR in DAST, as described in chapter 4, or
THz generation by two-color plasma filaments (see chapter 6). The mid-IR pump pulse and
generated THz radiation are separated with several LPFs (see Fig. 2.6 in section 2.2 for
more details on the filter transmission). A neutral density filter (ND) is used to attenuate
the probe pulse intensity in order to avoid unwanted NL effects. To combine the THz pulse
with the probe pulse onto the EOC, a f = 5 cm parabolic mirror with a hole in the center
is used. The THz induced birefringence in the EOC is measured with a balanced detector
(Thorlabs PDB210A) installed behind a Wollaston prism (WP) and QWP, which are used
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to separate the orthogonal polarization components of the probe pulse, and turn linear po-
larization into circular, respectively. As the pulsed output of the balanced detector is short
(in the order of 0.5 ps), but is monitored for a long time period (~100 ms) determined by
the frequency of the optical chopper (10 Hz), a boxcar module (SR250 Stanford Research
Systems) was installed between the balanced detector and the Lock-In amplifier (SR830 by
Stanford Research Systems), in order to reduce the background noise.

610 - 800 nm
sub 50 fs, 20 Hz

timing
electronics NOPA ND <>

3.9 um DL
100 fS, 20 Hz LPF
orcen - N
10 Hz purged L=
with N,
20 Hz trigger GaP/
Box ZnTe
Car
Ref |Signal ,
Data Acquisition Lock - In Balanced
Software Amplifier Detector

Figure 3.5: Experimental setup for EOS. ND - neutral density filter, LPF - low pass filter, DL - delay
line, WP - Wollaston prism, QWP - quarter waveplate.

For initial alignment of the system we use a 1 mm thick ZnTe crystal. As phase matching
in a broad spectral range is only possible in a thin EOC crystal, the measured THz spectrum
will be narrow. However, such a spectrally narrow THz pulse can co-propagate with the
probe pulse for a long time in the EOC, which leads to a larger EOS signal. In order to detect
the undistorted shape of the THz transient, a thin GaP crystal of 50 um is placed into the
focus of the parabolic mirror. As described in section 2.1.1, and further explained in detail
in refs [84, 93], the EOC response depends on the reflection losses at the crystal surface,
absorption inside the crystal, mismatch between the THz phase velocity and group velocity
of the optical gating pulse, and the NL electro-optic coefficient. Because of that, during
propagation through the crystal, the THz phase and amplitude will be distorted, which can
be corrected in hindsight if the frequency dependent crystal response function is known.
In particular, a probe wavelength around 800 nm is known to yield relatively undistorted
THz signals in thin GaP crystals, especially for the spectral range of <8 THz in the case
of a 50 um thick crystal [84] and >20THz for a crystal thickness of 13 um [93]. The
dip around ~ 8 THz of the detection bandwidth is mainly caused by transverse optical (TO)
phonon resonances. Nonetheless, higher frequencies are still measurable although the signal

will be largely reduced. In this work, probe pulses centred around 620 nm to 680 nm are
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mainly used for EOS. Even tough it is possible to tune the NOPA to a central wavelength of
800 nm, short probe wavelengths around 650 nm are needed for tracing electro-absorption
modulation, as discussed in chapter 5. However, it is determined that the detection error is
marginal for a probe wavelength of 650 nm in comparison to 800 nm for THz pulses with
spectral components of <8 THz [94] .
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Figure 3.6: (a) THz transient measured with EOS. The blue line represents the detected signal with
respect to the time delay between the THz and probe pulse. The small signal before the
main pulse depicts a ghost pulse, originating from the reflections at the crystal surface.
The tail contains residual oscillations caused by the absorption in water vapour. The
grey line indicates a Hyper-Gaussian filter function and the red curve shows the resulting
processed signal. (b) FFT of the measured signal (blue), exhibiting etalon effects, and of
the processed signal ( red).

An example of a sampled THz transient is shown in Fig.3.6, for a probe wavelength of
620 nm, when the detection setup is purged with nitrogen to decrease the humidity down to
1.5 %. The THz pulse was generated by OR in the organic crystal DAST, as discussed in
chapter 4. Because of the finite thickness of the detection crystal, multiple reflections of the
THz and probe pulse occur, which appear as ’ghost’ pulses before and after the main signal.
When the entire detection window is used in time domain and Fourier transformed to the
frequency domain, Fabry-Perot resonances are visible in the spectrum due to destructive
interference with the additional pulses, as indicated by the blue line in Fig.3.6(b). To avoid
such features caused by etalon effects, a time filter can be applied by multiplying the time
traces with a Hyper-Gaussian function (grey line), centred at the maximum of the THz-
signal [95], which corresponds to spectral filtering in frequency domain. The processed
signal in time domain is Fourier transformed, resulting in a smooth THz spectrum exceeding
6 THz (red line in Fig.3.6(b)). Such a pre-processing technique is also commonly used to
suppress the influence of water vapor absorption in ambient air, which usually manifests in

the time domain by an oscillating tail [96].
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Chapter 4

THz generation by OR of mid-IR
pulses in the organic crystal
DAST

Due to extraordinarily high nonlinearities, small dielectric constant and small dispersion
from low to optical frequencies, organic crystals are excellent materials for broadband THz
generation [83,97]. They provide high laser to THz conversion efficiencies at room temper-
ature, broad spectra and naturally collimated and aberration free THz beams [98]. Because
of beneficial phase matching conditions and high transparency in the near-IR, laser sources
operating at the telecommunication wavelength of 1550 nm are commonly used as drivers
for efficient THz generation in DAST [71, 72]. Nonetheless, Vicario and co-workers [99]
observed a drop in transmission by more than a factor of two (from more than 60% to
less than 30%) at a pump energy density of 10 mJ/cm? (corresponding to the intensity of
0.15 TW /cm?) when a 200 um thick DAST crystal was pumped with 65 fs pulses, centred
at 1.5 um. Because the absorption edge of DAST is situated at around 700 nm [100], the
crystal suffers from multi-photon absorption (MPA), which acts on the saturation of the
conversion efficiency, as well as on the crystal damage threshold [101, 102] and restricts the
applicable energy density of the driving pulses to about 20 m.J /cm?. Furthermore, MPA of
the driving pulse and subsequent free-carrier absorption of the THz radiation was identified
to be responsible for the reduction of the THz generation efficiency via OR [103].

In this work, we perform pioneering studies of THz generation in DAST, driven by intense
mid-IR pulses centred at 3.9 um and 1.95um in order to suppress MPA. The following
chapter is dedicated to elucidate the underlying principles of OR in general, and in particular
for the case of the organic crystal DAST. Subsequently, the experimental setup will be
presented, followed by a rigorous discussion on the experimental findings. We thereby
validate that MPA in DAST can be suppressed to a large extent as compared to 1.5 um
drivers, and crystal damage can be inhibited for significantly higher pump energy densities

(up to almost five times), pushing the generation efficiency to significantly higher limits.
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An unprecedented high optical-to-THz generation efficiency approaching 6% is observed

in the case of a 1.95 um pump pulse.

4.1 Optical Rectification

In 1961, SHG was first discovered by Franken et al. [104], followed by a ’gold rush’ period
in the mid 1960s for the finding of multiple nonlinear processes [105]. Amongst many

others, OR was found as a side product of SHG in non-centrosymmetric materials.

As described in section 2.1.1, the response of molecules and atoms to an applied electromag-
netic field can be expressed as the polarisation P of the medium, i.e. as charge displacement

or dipole moment per unit volume
P=\VE+yPE2 4O g3+ | 4.1)

where E is the applied electric field, X(l) is the linear, y(?) is the second order and X(g) is
the third order susceptibility. Note that the scalar notation for the relation of the polarisation
and electric field is used here because of convenience. In general, P and E are represented
by vector fields, whereas the susceptibility x(™) is depicted by a multidimensional tensor,
wherein (n) denotes the order of the susceptibility. As an example for the mathematical
description of the dipole moment per unit volume, we assume a simplified picture of an
incoming plane wave E(t) = Ej coswt with angular frequency w and field amplitude E.
We only take the first and second order susceptibility in Eq.(4.1) into account and rewrite

the expression for the polarization (with cos? 6 = (1 + cos ) /2) as

1
P =y Eycoswt + —x@E2(1 + cos 2wt) . (4.2)
\—/_/ 2

linear term

nonlinear term

Thus, the oscillating dipoles do not only experience a linear response and re-emit with
angular frequencies w and 2w, but further experience a DC charge separation with respect
to the intensity envelope Eg. As a consequence, a small voltage can be measured across a
nonlinear crystal when irradiated by a continuous laser beam and is therefore also referred
to as inverse process of the electro-optic effect [82]. In turn, in the limit of very short laser
pulses with a time dependent pulse envelope Fy(t), a short-lived polarization is produced,

acting as a source term according to Maxwell’s equations:

O°E *P
V2E — jl0€0 = = jio s - 43
Hofo s = M0 55 (4.3)
~ ——
*final” outcoming wave source term
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In other words, when an ultra-short laser pulse is incident on a non-centrosymmetric crystal,
it causes a shift of the ions’ average position and therefore induces a change in polarization,
a quasi DC-polarization. A change in polarization is nothing else than a current. This
current changes with respect to the pump pulse envelope. As a result, the pulse gets rectified
end emits an electro-magnetic wave in the far field. Thus, if the pulse duration of the applied
laser field is in the fs regime, a single cycle THz pulse can be generated, as indicated in
Fig.4.1.

(a) (b) (c)

fs - pump pulse

ap

4

OThHZz

t EOC

—_

THz transient

Figure 4.1: lllustration of OR of a fs - pump pulse in a second order NL crystal. The right side
indicates difference frequency mixing of all frequencies within the bandwidth Aw of a fs
laser pulse.

Another possibility to illustrate THz generation by OR is intra-pulse difference frequency
mixing between the frequency components of an ultra short pulse in a NL optical medium.
The spectral bandwidth associated with fs laser pulses is very large. Hence, one can consider
two optical fields oscillating at frequencies E1(t) = Egcoswit and Es(t) = Ej cos wat,

leading to a NL second order term of
NL Ej
PN = YD B (4)Ey(t) = X(2)70 [cos (w1 — wa) t + cos (w1 + wa) t] . (4.4)

The DC component consists of the term P, ~*? proportional to difference frequency gener-
ation, which describes the production of THz radiation by OR. The mechanism is illustrated
with a so called "photon picture’ in Fig.4.1(c), where the frequency-mixing process is con-
ventionally presented in a diagram with up-arrows indicating waves that are depleted, and
down-arrows that are enhanced or generated [105]. Note that, for w; — we, Eq.(4.4) results
in the NL term of Eq.(4.2). And, in the same way as SHG is not relevant for THz gener-
ation, neither is sum frequency generation originating from the term second term P;’ 1w
in Eq.(4.4). In fact, due to discrimination via phase matching, it is unlikely that all three

processes take place simultaneously equally efficient in a dispersive medium.

Because THz radiation originates from a time varying polarization current which further
arises from a change in polarization, the time profile of the radiated THz pulse from OR of

the fs laser pulse is proportional to the second time derivative of the difference frequency
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term of the polarisation, as expressed in Eq.(4.4), whose time dependency is determined by
the Gaussian time profile of the optical laser pulse [82]. Accordingly, for a 100 fs pulsed
excitation, the non- centrosymmetric medium may emits electromagnetic radiation with a
bandwidth of < 1/100 fs~*, that is, several THz.

In analogy to efficient THz detection, as described in section 2.1.1, in order to achieve ef-
ficient THz generation, the phase matching condition needs to be fulfilled. It is therefore
required that the generated THz radiation propagates with the same velocity through the
medium as the original femtosecond laser pulse to add up coherently over the length of
the crystal. This can be accomplished with birefringent crystals, such as ZnTe, Cadmium
telluride (CdTe), GaAs, Gallium selenide (GaSe), or LN to name only the most prominent
inorganic semiconductors. Depending on the crystal structure, the angle of incidence of
the fs pulse and its polarisation direction can be chosen such that sufficient phase matching
is attained. In the same manner as for THz detection based on the Pockels effect, perfect
phase matching is never accomplished in a dispersive medium and the distance over which
the slight velocity mismatch can be tolerated is defined as the coherence length as described
in Eq.(2.8). Consequently, efficient THz generation only occurs in crystals that are thinner
or equally thick as the coherence length. For a crystal thickness longer than the coherence
length, the amplitude of the generated spectral component decreases and eventually van-
ishes due to destructive interference with THz fields that are generated at different points
in time. Thus, the THz emission strength and THz emission bandwidth has a reciprocal
relationship with respect to the crystal length. For a thin crystal with a crystal thickness
smaller than the coherence length, the generated THz pulse can be broadband. In turn, in
a thick crystal, only THz pulses with a narrow spectral bandwidth will build up coherently,
but they can co-propagate with the pump pulse for a longer time through the NL medium

and thus can accumulate a stronger THz field.

In general, for efficient generation and detection of THz radiation, the NL medium needs to
be sufficiently transparent at the THz and optical frequency, to exhibit a high second-order
susceptibility, a carefully chosen crystal thickness and proper crystal orientation with re-
spect to the THz radiation. Furthermore, because the pulse duration and spectral bandwidth
experience a reciprocal dependence, the THz bandwidth is limited by the pump pulse du-
ration. The generated spectrum further depends on the phase matching condition and THz
absorption in the EO crystal. Whereas the THz energy and conversion efficiency is limited
by the damage threshold of the EO crystal and competing higher order NL processes, such
as self-phase modulation, Kerr lensing, NL absorption or cascaded effects [106—108].
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4.2 Nonlinear Optics in the organic Crystal DAST

4.2.1 Microscopic and macroscopic Response

DAST (4-N,N-dimethylamino-4’-N’-methyl-stilbazolium tosylate), which is the most well
known and widely investigated organic EOC, was already first reported in 1989 [109] and is
up to now recognized as one of the best state-of-the-art organic NL crystals [83]. In order to
gain a deeper understanding of the NL properties of organic crystals, it is necessary to intro-
duce the microscopic material properties, describing optical effects on the molecular level.
In analogy to the Taylor expansion of the susceptibility for the macroscopic polarization

given in Eq.(2.3), the molecular polarization p(¢) is given by [110]
(1) = enaV E. @ p nE 4.5
pi(t) = ooy Ej(t) + €05, B (0) Ek(t) + - -+, 4.5)

where a(!) is the linear polarizability tensor, and 3(?) the second-order polarizability or
first-order hyperpolarizability. The relation between macroscopic optical properties with
the microscopic polarization of the constituent molecules is commonly treated with the so
called oriented-gas model [111], in which intermolecular contributions to the nonlinearity
are neglected and only intramolecular interactions are taken into account. The assumption
can be justified by the fact that intramolecular forces, such as covalent bonds, are much
stronger than forces that are present between neighbouring molecules. However, a cor-
rection factor fi,ca1 accounts for the electric field at the position of the molecule which is
influenced by its neighbours and hence differs from the externally applied electric field.
For a NL optical process involving three different frequencies, the corresponding relation is
given by [83,110, 112]

X](jg)k(_w& w2, wl) = Nflocal<cos3 0kz>ﬁz2z(_w3a w2, Wl)a (4.6)

where NN is the number of molecules per unit volume, 6, is the angle between the main
charge transfer axis z of the molecule and the polar axis k of the crystal, as illustrated in
Fig.4.2(a), and (cos3 0r.) is the the orientational factor, the so-called acentric order pa-
rameter. For molecules with strong nonlinearity along a single charge-transfer axis, it is
reasonable to consider only one dominant tensor component 3., along this axis. There-
fore, to attain a large diagonal component of the macroscopic nonlinear susceptibility y (2,
densely packed molecules with a high nonlinear molecular activity (3, are required, which

are parallel arranged so that the orientational factor is close to unity [112].

Molecules with large m-conjugated systems and strong donor - acceptor end groups are

commonly used for organic crystals with high nonlinearities [110]. When an electric field
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(a) (b) Centrosymmetric Structure
Polar Axis

> LI
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(c) Non-centrosymmetric Structure (d) Non-centrosymmetric Structure
(e) Molecular units of DAST Positively charged
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+
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Figure 4.2: (a) Schematics of an induced dipole moment for a donor-acceptor structure with a «-
conjugated bridge, and representation of the molecular-ordering angle 6y, being the an-
gle between the charge-transfer axis z of the molecule and the polar axis & of the crystal.
(b)-(d) Examples of different molecular alignments in the case of (b) a centrosymmetric
crystal structure with 6. = 90° and non-centrosymmetric structures for (c) perfectly par-
allel chromophores with 6. = 0° and (d) for 0 < 6. < 90°, taken from ref [83]. (e)
Molecular units of DAST consisting of a positively charged stilbazolium cation to ensure
a large molecular hyperpolarizabilty 3, and a tysolate counter anion to promote non-
centrosymmetric crystallization [97].

is applied to such a molecular structure with de-localized electrons, the charge distribution
will move towards the acceptor, resulting in an asymmetric response upon an external 0s-
cillating field. The extent of the linear redistribution of the charge density is denoted by the
linear polarizability «, and the the asymmetric NL redistribution is expressed by the first-
order hyperpolarizability 3. The molecular second-order polarizability can be maximized
by the donor-acceptor strength, the planarity of the molecule and conjugation length. A
high second-order nonlinearity requires a high mobility of the w-conjugated electron sys-
tem, which can only be achieved if the molecule is neither twisted nor bent. Moreover, the
molecular hyperpolarizability scales as 3 o L2 with respect to the conjugation length of
the m-electron system between the donor and acceptor group, leading to a higher nonlinear-
ity for longer molecules [113]. However, molecules with a high second-order polarizability

exhibit also a large ground state dipole moment which is prone to result in an antiparallel
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alignment of the molecules and therefore lead to centrosymmetric packing with vanish-
ing macroscopic second order susceptibility x(2) = 0. Schematics of the induced dipole
moment and possible molecular alignments are shown in Fig.4.2, taken from ref [83]. To
overcome antiparallel alignment of the contributing highly NL molecules, it is possible to
use an ionic type of molecules, wherein the cation of the organic salt usually exhibits a
high second-order activity, while the anion is used to ensure non-centrosymmetric crystal
packing by strong Coulomb interaction. In addition, the anion acts as a spacer in order to
reduce the interaction between the NL active molecules [112]. The molecular units of the
organic salt DAST are shown in Fig.4.2(e), consisting of a positively charged chromophore
stilbazolium and its negatively charged counter-anion tysolate. Stilbazolium assures a large
hyperpolarizability 5 due to the extended m-conjugated system, whereas the counter ion
tosylate is used to promote a non-centrosymmetric crystallization. As a result, the chro-
mophores are packed with their main charge transfer axis oriented at about 6y, = 20° with
respect to the polar a-axis of the crystal, leading to a high diagonal order parameter of
cos® ) = (.83, which is close to optimum parallel alignment [97]. Thus, DAST crystals
have high second-order NL coefficients, being respectively ten times and twice as large as
those of the inorganic standard crystal LN [97] in the near-IR spectral range. Due to the
high diagonal acentric order parameter, DAST crystals are strongly anisotropic with a re-
fractive index difference nq — no > 0.5 for incident light polarized along the crystal’s a or
b axis, respectively [114]. The refractive index is the key element for efficient phase match-
ing between the optical pump and generated THz pulse. For Ti:Sapphire wavelengths, the
coherence length is larger for an emitter beam polarized parallel to the b-axis of the crystal,
compared to polarization parallel to the a-axis. Thus, although the nonlinearity is almost an
order of magnitude larger for a-axis emission, the b-axis must be used to generate a broad
THz bandwidth [115]. In contrast, excellent phase matching can be achieved for a pump
beam polarized along the a-axis with a central frequency in the vicinity of the spectral range

of the telecommunication wavelength at 1550 nm.

Aside from the higher NL coefficient, organic crystals provide superior phase matching
conditions as compared to their inorganic counter parts. The reason lies within the low ma-
terial dispersion for the entire spectral range from long to short wavelengths. In the case
of DAST, the optical refractive index along the polar axis a is about 2.1, and in the THz
range it is about 2.3. In comparison, for LN, the optical refractive index along the polar ¢
axis is about 2.2 and in the THz range it is about 5 [83]. The main difference between or-
ganic and inorganic materials considering the linear and NL polarizability response, as well
as the dielectric constant, originates from the different crystal structure. In the case of or-
ganic materials, the nonlinearity is mainly determined by the electronic polarizability of the
molecular units. As discussed above, intermolecular interactions are of minor importance,

which leads to a very small contribution of optical phonons. Since the dynamics of ions
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is much slower compared to electrons, lattice vibrations contribute to the polarizability re-
sponse only at small frequencies. Thus, because organic crystals lack such an addition from
lattice vibrations in the THz range, the electro-optic effect is almost dispersion free and of
electronic origin. In contrast, inorganic crystals are based on a strong bonding between the
lattice components (ions) and hence, lattice vibrations play a dominant role at low frequen-
cies, since the ions act as additional polarizable elements. In turn, at high frequencies, the
ions are too slow to follow, resulting in a drastic change of optical and NL paramters, which

leads to a large dispersion difference between the THz and optical spectral range.

4.2.2 Coherence Length and THz Generation Efficiency in the
mid-IR

In order to compare the optical- to THz conversion efficiency when THz generation is driven
by pulses centred at the telecommunication wavelength of 1.5 um and in the mid-IR spectral
range, the coherence length in DAST with respect to the driving wavelength and generated
THz frequency is calculated. Unfortunately, to the best of our knowledge, no reliable data
concerning the refractive index, dispersion or absorption coefficient of DAST around 3.9 ym
can be found in literature. Although Bosshard et al. [116] report on optical properties of
DAST in the far- and mid-IR spectral range, they could only resolve resonances above
1600 cm ™! (6.25 um) and even the C-H stretching modes around 3000 cm ™! (3.33 um)
were completely invisible by their infrared reflectometric measurements. Thus, we focus on
a comparative study of 1.5 um and 1.95 um driving pulses, wherein we rely on the Sellmeier
equation taken from ref [97, 114]. The refractive index of interest is thereby n; along the
crystal a-axis, since the 1.95 um pulses exhibit the same preferential crystal orientation for

efficient THz generation as 1.5 um pulses, which was experimentally verified in our lab.

The conversion efficiency is defines as

Fl
n = uenceTHy ’ (4‘7)
Fluencepump

where the pump fluence is given by [117]

ceone [ 9 [ T ceono w IoT
F, = Et,0)| dt =4/ — BT =4 =—— 4.8
1% 24 . | ( ) )| 24 2 oT 2 A 9 ( )
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with ¢ as the speed of light, n,, the optical refractive index, Ij the peak intensity at the input

of the crystal, and 7 the pulse duration. In the same way, the THz fluence is defined as

Prig, = <5 Bt D)Pdt = T /Oo B(Q,L)2dQ,  (4.9)
0 0
with nTy, being the refractive index at THz frequencies and L the crystal thickness. As the
same beam area A for the optical pump and generated THz pulse is assumed at the crystal,
it is neglected in the following calculations. The interchangeability of time and frequency
domain is supported by Parseval’s theorem. In the case of a plane-wave approximation,
wherein the propagation of the pump pulse is not affected by any nonlinear effects such
as multi-photon absorption (MPA), cascaded processes, pump depletion, and pump pulse
broadening, the absolute value of the rectified field at THz frequencies can be written as

[118,119]
oxPQIH(Q)

10(A) [n1H () + ng(A)]

Here, n, and n, are the refractive and group indices at the given pump wavelength, @) is

|E(QaL)| = Leff(Q7)‘aL)' (4.10)

the effective NL susceptibility that is relevant for OR, and Iy(€2) is the Fourier transform of
the intensity envelope of the pump pulses at THz angular frequency €2, which can be further
separated into Io(2) = Iy - S(£2) with I as the peak intensity and S(€2) as the normalized
power spectrum. Because we aim for a comparison on the effect of the driving wavelength,
we assume Gaussian pump pulses with the same FWHM pulse duration of 76 fs (measured
with FROG for the 1.95 pm driving pulse, see section 4.3). The dependence of the THz
field on the crystal length L is given by the effective generation length L.g described in
refs [96,118,119]

Leg(Q N\ L) =

exp (—2ap(A)L) 4+ exp (—ar(Q)L) — 2exp (— [Oéo()\) + aTQ(Q) LD cos (lcgrQL,)\))

(2o ao(A))Z + (zc@))g

@.11)

including the absorption coefficient a(A) of the optical pump, THz absorption coefficient
a7(€2) and coherence length [ as defined in Eq.(2.8) and further discussed in section 4.1.
Figure 4.3(a) depicts the absorption coefficient of DAST in the near-IR range (red) and THz
range (blue), taken from ref [120] and [115], respectively. For a crystal thickness of less
than 200 um, which is the case in this work, the transmission of both driving pulses centred
at 1.5um and 1.95um is more than 90% and hence plays a minor role in the conversion
efficiency. The THz phase refractive index [115] nty, (blue) and optical group refractive
index ng (red) are shown in Fig.4.3(b). The latter is calculated from the Sellmeier equa-
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Figure 4.3: (a) Optical absorption (red) and THz absorption (blue) taken from ref [115] and [120], re-
spectively. (b) THz phase refractive index [115] (blue) and optical group refractive index
(red) calculated from the Sellmaier euqation provided in ref [97]. (c) Coherence length
with respect to the pump wavelength and generated THz frequency. (d) Effective gener-
ation length for a 200 pm thick DAST crystal with respect to the generated THz spectrum
for driving pulses centred at 1.5 um (black - dashed) and 1.95 um (green).

tion provided in ref [97]. Due to the close proximity of the THz phase and optical group
refractive index, the organic crystal DAST is such an excellent candidate for efficient THz
generation by OR. Figure 4.3(c) depicts the coherence length with respect to the pump
wavelength and generated THz spectrum. The colorbar is only shown up to 500 um for
a better visualization. The best phase matching conditions for the generation of a broad
THz spectrum is supported by a pump wavelength of 1.5 um with a coherence length of
more than 500 um, as already reported in literature [71]. However, the coherence length
for 1.95 um is still larger than 300 um in the low THz frequency range and efficient THz
generation can be expected of up to 4 THz with a crystal thickness of 200 pm. The effective
generation length for a 200 pm thick DAST crystal is shown in Fig.4.3(d) for a driving pulse
centered at 1.5 um (black-dashed) and 1.95 um (green) with respect to the generated THz
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spectrum, taking the crystal absorption into account. We can summarize the THz fluence
to 5
CEQMTHZ MU 2
Fru, = %Sﬂo, (4.12)

where .S; is calculated from the integral in Eq.(4.9) for a spectral range from 0 to 6 THz and
pump wavelength \; = 1.5 um; 1.95 pm:

2
6THz (2)
S = / XT0S5(Q) Lot (€2, Ai, 200 pm)2dQ. (4.13)
0 no(A) [

nrHz(2) + ng(N)]

Finally, if we neglect pump wavelength independent constants and assume the same pump
pulse duration, which is the case for the given example, the conversion efficiency can be
written as

n o S; 1. 4.14)

We use x\2% = 480pm/V at A = 1.5um [72, 109] and 420 pm/V at A = 1.95um [110]
and find

n(A=1.5um) x4.37x 1072 Iy and 7n(A=1.95um) x 2.16 x 1072 Iy. (4.15)

Hence, with respect to the coherence and effective generation length, the conversion effi-

ciency at 1.5 um is expected to be two times larger as compared to 1.95 um driving pulses.

However, due to the suppression of MPA for longer wavelength driving pulses, as demon-
strated in ref [121] and described in detail in section 4.4, it is possible to pump the crystal
with peak intensities that are at least three times higher, before the conversion efficiency
starts to saturate (i.e., intensities of 0.4 TW /em? for 1.95 um and 0.95 TW /cm? for 3.9 um
driving pulses, corresponding to pump fluences of more than 30 m.J /cm? and 100 m.J /cm?,
respectively). Therefore, because the conversion efficiency scales linearly with the peak
intensity until the onset of MPA [107], the conversion efficiency is expected to be superior

by a factor of 1.5 in the case 1.95 um driving pulses.

Note that, for the given approximation, additional NL effects such as pump depletion, SHG,
cascaded OR or pulse broadening are neglected. Nonetheless, MPA does not only deterio-
rates THz generation due to a loss of pump energy, related crystal heating and subsequent
decreased crystal damage threshold. In addition, because of MPA, free carriers are created
in the crystal which strongly absorb THz radiation [117]. Therefore, the possibility to apply
a higher pump fluence with long wavelength driving pulses, in combination with a lack of
THz absorption by freed carriers can result in a superior conversion efficiency compared to

near-IR driving pulses.
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4.2.3 Cascaded Optical Rectification

As depicted in Fig.4.1, a red shifted pump photon is left behind due to the photon energy
conservation law when a THz photon is generated via OR caused by frequency mixing
of the spectral components from a fs pump pulse. Once the optical pulse becomes red-
shifted, it can still contribute to another cycle of THz generation, leading to multiple shifts
of the initial pump spectrum towards longer wavelengths. Hence, because a single optical
photon of the pump pulse can contribute to the generation of multiple THz photons, the

Manley-Row limit can be surpassed. The photon conversion efficiency, which is defined
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Figure 4.4: Group velocity dispersion of DAST in the optical range, calculated from the Sellmeier
equation provided in [122]. A smaller group velocity dispersion (GVD) is observed for
longer wavelength.

as the ratio between the number of THz and pump photons N (hvry,)/N (hiy) can thus
become substantially larger than 1. This process of cascaded optical down-conversion con-
tinues to transfer optical energy to lower frequencies as long as the phase mismatch Ak is
small [117]. Therefore, an efficient cascaded process and hence small phase mismatch can
be maintained if the group velocity dispersion (GVD) of the optical pulse is small. Other-
wise, the newly generated frequencies will travel with different group velocities, temporally
broaden the pulse, and terminate the time overlap with the generated THz pulse. Thus, on
the one hand, cascading effects can lead to optical-to-THz photon conversion levels of more
than 100 %. On the other hand, the spectral broadening of the optical pump associated
with cascading effects accentuates dispersive effects and strongly limits further increase in
conversion efficiency [106]. Figure 4.4 shows the GVD in the optical spectral range, calcu-
lated from the Sellmeier equation taken from supplementary information of [122]. A lower
GVD can be found at 1.95 pm (773 fs? /mm) as compared to 1.5 pum (1191 fs? /mm), which
hints towards advantageous conditions for cascaded OR in the case of longer wavelength

drivers.
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4.3 Experimental setup

The experimental arrangement for THz generation by OR in a ~ 170 um thick DAST crystal
(Swiss Terahertz LLC), as well as characterization of the driving pulses and THz transient
are shown in Fig.4.5. The pump source is a high power mid-IR OPCPA system, as presented
in section 3.1, operating at a repetition rate of 20 Hz with pulse energies of more than 30 mJ
and a pulse duration of 100 fs centred at 3.9 pum. The pulse duration as well as the chirp can

be adjusted by changing the distance between the gratings of the pulse compressor. Due
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Figure 4.5: Experimental setup and characterization of the driving pulses centred at (a) 3.9 um (b)
1.95um. (c) Diagnostic setup for the THz-pulse characterization: (i) the THz energy is
measured with a calibrated pyro-electric detector, (ii) the THz electric field is recorded
by EOS in a 50 um thick GaP crystal, and (iii) the spatial distribution of the THz pulse is
measured with the knife edge method; WP - Wollaston prism.

to the limited clear aperture size of ~6 mm of the DAST crystal, the beam size of the
3.9 um driving pulse needs to be reduced with a telescope consisting of a pair of spherical

mirrors, resulting in a diameter of 3.2 mm at FWHM level. The beam profile of the mid-IR
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driving pulse is measured with a pyro-electric camera (Ophir Photonics, Spiricon Pyrocam
IIT) and shown in Fig.4.6(a). Although optimization of the 3.9 um pump beam would be
desirable, the implementation of spatial filtering is not straight forward due to the large
peak intensity at the focal position, which would ionize air molecules and generate plasma.
To prevent beam disturbance originating from plasma scattering, it would be necessary to
install a vacuum tube around the focal position, which was not available in the lab at this
point. Nonetheless, although beam inhomogeneities are a known limiting factor acting on
the optical to THz conversion efficiency [71], the intensity distribution of the 3.9 um beam is
sufficiently smooth for efficient THz generation. In order to separate the THz radiation from
the mid-IR driving pulse and to prevent saturation of the pyro-electric detector (THZ5I-BL-
BNC, GenTec), several low pass filters (LPF) are used, as described in section 2.2. After
filtering, the THz pulse is steered to the diagnostic setup shown in Fig.4.5(c). As described
in chapter 2, the generated THz pulses are characterized by measuring the energy with a
calibrated pyro-electric detector, and by recording the THz electric field via EOS in a 50 ym
thick GaP crystal. The diameter of the THz beam is measured with a knife edge technique.
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Figure 4.6: (a) Beam profile of the 3.9 um driving pulse with a diameter of 3.2 mm at FWHM level, and
(b) 1.95 um pulse with a diameter of 1.34 mm, measured with Spiricon Pyrocam Il at the
crystal position.

Because our OPCPA is not wavelength tuneable, another infrared wavelength was accessed
by generating the SH at 1.95 um of the OPCPA output in a 100 um thick z-cut GaSe crystal
(Fig.4.5(b)). During the SHG process, the temporal pulse profile cleans up as pulses shorten
to 76 fs. After SHG, fundamental pulses at 3.9 um are blocked by a long pass filter (FEL
1300, Thorlabs). In order to improve the SH beam quality, which is deteriorated because
of the photo-induced inhomogeneities of the GaSe crystal [101], spatial filtering of the
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generated SH is performed. Two CaF; lenses with a focal distance of f=50 cm are utilized
in order to focus and re-collimate the beam. A pinhole is placed at the focal point of the
objective lens to pass only the central maximum of the beam pattern (i.e central part with a
low spatial frequency) and to remove spatial noise from the system (defined as higher spatial
frequencies). The SH beam size on the DAST crystal accounts for 1.4 mm? and is shown
in Fig.4.6(b). Subsequent to the pulse separation of THz and driving pulse, characterisation

of the THz transient is performed with the same diagnostic setup as described above.

4.4 Results and Discussion

4.4.1 THz Generation by 3900 nm driving Pulses

We first examine THz generation with 3.9 um driving pulses, where the transmission of
DAST drops to ~10% [99]. Fig.4.7(a) depicts the mid-IR to THz conversion efficiency
and generated THz pulse energy with respect to the applied pump fluence and pulse energy.

Surprisingly, despite strong linear absorption, high conversion efficiencies of 1.5% and THz
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Figure 4.7: (a) Optical to THz Conversion efficiency (red circles) and THz energy (black dots) in de-
pendency of the energy density and input energy, respectively, for 3.9 um driving pulses.
(b) Transmission of the 3.9um pump pulse with respect to the pump fluence.The in-
set shows a magnified detail from 10.5-15.5%. Because the transmission slightly in-
creases for higher pump energy densities (red dots), the experiment is repeated with
long stretched to more than 3 ps pulses (blue circles) to confirm features of NL photon
bleaching.

energies of up to 116 pJ can be achieved. When the THz pulse energies as well as the con-
version efficiencies are evaluated, we account for the transmission of the filters and 10 cm
of air, through which the generated THz pulses propagate before reaching the pyro-electric
detector. If to take the absorption of the crystal into account, the efficiency is commensurate

or even superior as compared to conventional drivers at the telecommunication wavelength.
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In addition to phase-matching of the driving and generated THz fields, a necessary condition
for high conversion efficiencies is a high second order NL susceptibility x(?) of the crystal.
In the case when the virtual energy levels of the parametric process are close to a real energy
level, the NL susceptibility is considered to be resonantly enhanced [83]. Thus, one of the
possible reasons for the high conversion efficiency is a resonant enhancement of the electro-
optical coefficient in the vicinity of 3.9 um. Though, given that the complex permittivity of
DAST at 3.9 um is actually unknown, we can only hypothesize about advantageous phase

matching conditions and enhanced electro-optical coefficient.

Nonetheless, the onset of saturation only appears at extraordinarily high pump fluences.
Furthermore, despite the high linear absorption, optical damage was not observed for pump
energy densities up to 110 mJ/cm?, which can be attributed to a suppression of MPA. In
order to verify this statement, we measure the transmission of DAST with respect to the
pump fluence. As it can be seen in Fig.4.7(b), when the crystal is pumped with compressed
100 fs pulses (red dots), the transmission, instead of decreasing, which is characteristic for
MPA, even slightly increases at higher energy densities. This can be a feature of NL photon-
bleaching, wherein the leading edge of the pulse depletes the ground state of DAST. When
the experiments are repeated with stretched to a few ps -pulses (blue dots), the transmission
appears to be slightly lower and virtually independent on the pump fluence. Thus, we
confirm that MPA of 3.9 um pulses does not occur at almost an order of magnitude higher

pump intensities as compared to the case of 1.5 um pump pulses [99].

Moreover, linear absorption could potentially lead to a substantial local heating inside the
crystal, which might affect THz generation and act on the optical damage threshold of the
crystal [123, 124]. In order to examine the effect of local heating, the experiments are
repeated at different repetition rates by reducing the repetition rate of the pump pulses with
a mechanical chopper while keeping the pump fluence constant. Since no changes in the
conversion efficiency, neither for the onset of saturation nor for the absolute values can
be detected when reducing the repetition rate from 20 Hz to 3.3 Hz, heating due to linear
absorption of DAST can be further ruled out as a possible limiting factor for THz generation

at 20 Hz repetition rate.

Figure 4.8.(a) shows the THz spectrum generated by 3.9 um pump pulses, measured with
EOS. The experimental setup is purged with Ny, resulting in a reduced humidity of <10%.
The measurement reveals a multiple octave-spanning spectrum with a maximum at 2.1 THz,
FWHM bandwidth of 4.2 THz and spectral content extending up to 7.8 THz. In combina-
tion with a measured beam radius of w =107 um at 1/e? level, the absolute electric field
strengths can be obtained at the focal position of a f= S5cm parabolic mirror and accounts

for 40 MV /cm. The measured central frequency is similar to that of 1.5 pm driving pulses
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Figure 4.8: (a) THz power spectrum measured with EOS in the case of 3.9 um driving pulses. The
inset shows the temporal THz transient. (b-d) Normalized spectra of the 3.9 um driving
pulse for different pump energy densities (see legend). (b) Reference pulse without a
crystal, (c) when the crystal is aligned for max THz generation, and (d) when the crystal
is rotated to inhibit THz generation. No spectral red shift can be observed

reported in [72], wherein a high optical- to- THz conversion efficiency of up to 2.2% is
achieved, but with only half the spectral bandwidth of 2 THz. The high conversion effi-
ciency in [72] is ascribed to cascaded OR, wherein the pump pulse experiences a significant
red shift, as described in section 4.2.3. Although this process can initially result in higher
optical- to THz conversion efficiencies, it can also terminate THz generation because the
phase mismatch between the THz and newly generated pump photons enhances [106]. In
the case of 3.9 um driving pulses, the photon conversion efficiency is evaluated to be 56%,
which reveals minor, if any contribution of cascaded effects for the THz generation pro-
cess. An absence of cascaded OR is further confirmed by the lack of noticeable spectral
broadening of the pump pulse. Spectra of the 3.9 ym driving pulses are measured with a
spectrometer based on accousto-optic interaction (MOZZA-FASTLITE) before and after
DAST. Figure 4.8 presents the recorded spectra for different pump intensities in the cases
when (b) DAST crystal is removed, referred to as reference, when (c) the crystal is aligned
for maximum THz generation and (d) when the crystal is rotated to inhibit THz generation.
The different spectral shape between (c) and (d) is attributed to the inhomogeneity of the
crystal and preceding different crystal position when it is rotated by 90 °. In all cases, the
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spectra do not show any energy density dependence, though signatures of linear absorption

can be observed.
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Figure 4.9: Spectra of the driving pulse after propagation through DAST measured in the spectral
range of 1100-2600 nm (corresponding to SHG of the pump pulse) for different pump
fluences when the crystal is aligned for maximum THz generation. When the crystal is
rotated such that THz generation is inhibited, the corresponding spectrum (blue area)
coincides with the spectrum that is measured at low pump fluences (top panel) when
THz generation is less pronounced.

Due to the the high second order nonlinearity of DAST, aside from THz generation by OR,
also SHG takes place. SH spectra in the spectral range of 1100-2600 nm at different pump
fluences are shown in Fig.4.9 when the crystal is aligned for maximum THz generation.
For higher pump energy densities, the spectrum of the generated SH continuously broadens
to the red side. Modification of the SH spectrum takes place only when efficient THz
generation is present. The spectrum shown by the blue area is measured when the crystal
axis is rotated (misaligned) to inhibit THz generation. It resembles the one which was
measured at low energy densities, when THz generation is rather inefficient. All of this
gives a strong indication that an efficient nonlinear interaction between the generated SH
and THz pulses takes place in DAST. However, the spectral content in the vicinity of 2 um
only accounts for ~1 % of the total pump energy. Hence, neither THz generation by SH, nor
pump depletion of the 3.9 um driving pulse due to SHG significantly influence the efficiency
of THz generation. Note that, even for pump energy densities of more than 100 mJ /cm?,

saturation of the conversion efficiency cannot be distinctively observed.
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4.4.2 THz Generation by 1950 nm driving Pulses

In order to investigate THz generation in DAST with long wavelength drivers but in a spec-
tral range with less linear absorption, experiments with 1.95 um pulses are performed. Fig-
ure 4.10(a) depicts the transmission spectrum (black line) measured with a UV-VIS-NIR
spectrophotometer (Cary 5G), revealing a comparable transmission of ~60 % at 1.5 um and
1.95um. Fresnel losses at the input and output surfaces of the crystal are not taken into
account. However, the measurement of the transmission at different pump energy den-
sities reveal that, despite a relatively small difference in wavelength, MPA is completely
suppressed in the case of 1.95um pulses when the crystal is pumped with energy den-
sities of up to 80mJ/cm?, corresponding to an intensity of ~1 TW /ecm?. Mind that in
the case of a 1.5 um driver, more than 50% decrease in transmission due to MPA was ob-
served at a ten times lower intensity (~0.1 TW/ cm?) [99]. Figure 4.10(b) illustrates the
THz conversion efficiency with respect to the pump fluence, when the crystal is pumped
with 1.95 um pulses. At the lowest pump fluence of 7mJ/cm?, an optical- to THz con-
version efficiency of ~2.4% is evaluated. This is in good agreement with previously
published values for shorter wavelength drivers. A conversion efficiency exceeding 2%
could be achieved when a DAST crystal was pumped by a Cr:forsterite laser with a central
wavelength of 1.25um and pump fluence around 10 mJ/cm? [71], while Hauri and co-
workers [72] demonstrated THz generation for 1.2 pm-1.5 pm driving pulses in DAST with
a wavelength independent efficiency of 2.2%. Similar results are reported for a deriva-
tive of DAST, namely DSTMS (4-N,N-dimethylamino-4’-N’-methyl-stilbazolium 2,4,6-
trimethylbenzenesulfonate), when the crystal is pumped with a 1.25 um driver, wherein
conversion efficiencies of more than 3% at a pump fluence of ~6.6 mJ/cm? are achieved,
followed by a reduction of the efficiency for higher pump energy densities [43]. Novelli
et al. [125] reported on wavelength independent THz generation conversion efficiencies for
1.5 um and 2 um when DSTMS is pumped at a fluence of 6.4 m.J /cm?. Thus, the THz con-
version efficiency in the case of our 1.95 um driving source is not surprising for low pump
fluences, because in addition to the commensurate transmission at 1.5 um and 1.95 pm,
DAST exhibits NL optical coefficients in the same order of magnitude for both wavelength
(d11(1542 nm) = 290, d11(1907 nm) = 210) [110]. Moreover, as shown in section
4.2.2, the effective generation length in a 200 um thick DAST crystal is comparable in the
case of 1.5 um and 1.95 um drivers. However, for a 1.95 pm pump source, the absence of
MPA allows one to apply substantially larger pump fluences of 30 mJ/cm? (compared to
10 mJ/cm? for near-IR drivers) before the onset of saturation. Thus, because the conver-
sion efficiency scales linearly with respect to the pump fluence, exceptionally high THz

conversion efficiencies of 5.7% and generated THz energies of 50 uJ are observed.
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Figure 4.10: (a) DAST transmission spectrum (black line) and dependence of the transmission on
the pump fluence at 1.95pum (red circles). (b) Optical- to THz conversion efficiency
(red circles) and THz pulse energy (black dots) with respect to the energy density for
1.95 umdriving pulses. (c) Pump spectra after propagation in DAST for different pump
fluences when DAST is optimized for maximum THz generation. The red filled area in
the top panel shows a reference pump spectrum without the crystal. The blue area in
the middle panel shows the output spectrum when the crystal axis is rotated to inhibit
THz generation. (d) THz power spectrum measured with EOS. The inset depicts the
temporal THz transient.

To further investigate the mechanism of this efficient THz generation, spectral transforma-
tions of pump pulses are monitored after propagation in DAST, when the crystal is aligned
for maximum THz generation. The spectrum at the top panel of Fig.4.10(c) represents the
reference without the DAST crystal in the beam path. When the crystal is inserted into
the beam, the spectrum slightly broadens at low pump fluences, which is a feature of self-
phase modulation (SPM). With further increase of the pumpe fluence, spectral broadening
dominated on the red side of the spectrum gets increasingly pronounced and stabilizes at
a pump fluence of about 30m.J/cm?, corresponding to the onset of saturation of the THz
generation efficiency, as indicated by the shaded grey area (Fig.4.10(b)). In contrast, when

THz generation is inhibited at an intermediate pump fluence (blue filled area in Fig.4.10(c)),
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which is realized by rotating the crystal axis with respect to the polarization of the pump
pulse, the spectrum exhibits a minor symmetrical spectral broadening, ascribed to SPM,
and emulates the spectrum at low pump fluences. The significant red shift of the spectrum,
related to efficient THz generation, strongly indicates cascaded OR. This observation is fur-
ther confirmed by the spectral content of the THz pulse, measured with EOS (Fig.4.10(d)).
The Fourier transformation reveals a maximum intensity at 1.7 THz with a spectral width
of 2.6 THz at FWHM, and spectral components extending up to 5 THz. Thus, the pho-
ton conversion efficiency, defined as the ratio of the number of THz to optical photons, is
evaluated to be more than 500%. Aside from the high pump fluence applied to the EO
crystal, a lower group velocity dispersion at 1.95 um can be an additional reason for the
advanced photon conversion efficiency compared to 235% [72] at the telecommunication
wavelength. Nonetheless, besides the positive contribution to the conversion efficiency,
cascaded OR results in a strong spectral broadening which enhances phase mismatch, and
can be identified as a possible limiting factor for further efficient THz generation at higher

pump fluences [106].

4.5 Conclusion

In conclusion, we demonstrated that suppression of MPA allows to shift the onset of satura-
tion of the optical-to THz conversion efficiency for DAST to higher pump fluences by nearly
an order of magnitude when the crystal is pumped at longer wavelength driving sources as

compared to the telecommunication wavelength around 1.5 um.

In the case of 3.9 um driving pulses a conversion efficiency of 1.5%, similar to the case
of conventional driving sources operating in the transparency region of DAST, was mea-
sured. If to take into account that more than 80% of the input energy is absorbed during
propagation through the crystal, the effective conversion efficiency is even higher. As one
of the possible reasons for the high efficiency and generated THz pulse energies we name
a resonantly enhanced electro-optical coefficient, in addition to the high pump fluence. No
indication of thermal effects, cascaded processes or parasitic SHG, influencing THz gen-
eration, is observed. Moreover, although exceptionally high pump fluences of more than
100 mJ/cm? are applied to the crystal, the conversion efficiency shows no signs of satura-

tion.

In the case of 1.95um driving pulses, record conversion efficiencies approaching 6% are
determined. This beneficial outcome can be mainly attributed to the capability of applying

higher pump intensities as compared to 1.5 um sources, and to efficient cascaded processes
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caused by the low GVD. Cascaded OR is identified as both, a mechanism through which
a high conversion efficiency is achieved, and a limiting factor for the THz generation effi-
ciency, when the newly generated spectral components promote phase mismatch between
the pump and THz pulses. Because of the ongoing development of intense long wavelength
laser sources, the gained insights on THz generation by OR of mid-IR drivers are of great
interest in general, and in particular in light of the recently developed Cr:ZnSe laser systems

generating multi-mJ femtosecond pulses in the spectral range of 2-2.5 um [126].
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Chapter 5

THz induced electro-absorption
switching in CdSe/CdS core/shell
QDs

Rapidly developing modern optical communication systems demand small-scale electro-
optic devices with large and fast changes in optical properties. Such nano-scale devices can
be used, for example, as optical interconnects for data-storage or on-chip data links [127].
Within the last few decades, EA modulators based on the QCSE in quantum-well structures
came to prominence for high-speed optical networks [128, 129]. The optical properties are
thereby changed by an external electric field applied along the axis of confinement. With
such an external field, it is possible to manipulate the optical absorption of the confined
material and hence alter the intensity profile of a transmitted signal pulse. The modulation
speed and signal contrast in such modulators is fundamentally limited by the time scale
necessary to change the electric field and the optimization of the RF electrodes, respectively
[130]. The performance of the modulators can be quantified by their bandwidth, data rate,
and extinction ratio. In contrast to optics, wherein bandwidth refers to a precisely defined
spectral content, in communication and computing the word bandwidth and data rate are
somehow interchangeable and describe not only the rate at which data is transferred but
also the rate at which it is processed. Data rate is thereby expressed in bits per second
and requires a short time period between the ON-OFF signal in order to be large. As a
consequence of Fourier transformation, such a short time period and hence fast data rate
results in a large frequency bandwidth. The extinction ratio describes the contrast between
the ON—OFF signal and is determined by the ratio between the energy (power) used to
transmit a logic level 1’ and energy used to transmit a logic level *0’. State of the art EA
modulators based on the QCSE mainly consist of epitaxially grown multiple quantum well
structures with a maximum bandwidth of 23 GHz [131], data rates of 40 Gb/s [132], and

extinction ratio of 10 dB.

While the modulation speed is restricted by the switching time of the electric field, the extent

to which an ac dielectric field can manipulate quantum states by increasing the electric field
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strength, is limited by the dielectric breakdown of the material. Consequently, THz wave-
forms can be utilised as a driving field in order to overcome these physical limits and to
implement systems with data rates in the order of Tbit/s [133] whilst avoiding dielectric

breakdown owing to the low duty cycle.

Moreover, because the QCSE acts on the discrete energy levels of the nano-device, largest
modulation of the absorption behaviour can be achieved for structures with a strong confine-
ment, resulting in large excition binding energies, which further leads to sharp absorption
features. Therefore, low-dimensional materials like QDs are promising candidates for EA

modulators.

Pioneering work was performed by Hoffmann and co-worker [134], wherein they report
on sub-ps optical absorption switching in an InGaAs/GaAs QD-based saturable absorber
mirror, induced by an incident THz waveform. A few years later, Pein et al. [135, 136]
demonstrated THz-field induced QCSE in colloidal CdSe/CdS QDs by depositing the nano
material on a micro-slit array consisting of parallel gold lines, in order to amplify the THz
field. The field enhancing structure was needed to apply an electric field strength in the
MV/cm range, necessary to alter the QD band gap and to change the optical transmission.
Consequently, the resulting THz field is inhomogeneous and additional processes, such as
electrode driven charge injection, can not be entirely decoupled from the QCSE, which

further requires a complex theory to describe the underlying physical mechanisms.

Because field strengths in the range of MV/cm are accessible in our lab, as described in
chapter 4, we report for the first time on a direct all optical encoding of a free space THz
signal onto an optical probe signal in CdSe/CdS core/shell QDs without any field enhancing
structures. In contrast to previous works, the colloidal QDs are deposited onto a glass sub-
strate by a simple drop-casting method. The possibility to manipulate optical properties of
nano-scale semiconductors by direct THz radiation significantly simplifies the experimen-
tal setup, device design, and theoretical description, and opens new perspectives in studying
the THz induced QCSE in a large variety of samples. A simple theoretical model is em-
ployed, which matches the experimental data remarkably well and rigorously discusses the

influence of the energy band structure of the QDs on the modulation efficiency.

The achieved absolute change in transmission of the probe pulse exceeds astonishing 15%
when THz radiation is incident on the QD sample, outperforming previously reported mod-
ulators based on solution processed materials with an applied ac field [137]. Furthermore,
we investigate the interplay between the spectral bandwidth and pulse duration of the probe
pulse with respect to the modulation contrast and demonstrate that the signal amplitude can

be controlled by the shape of the applied THz field, resulting in an extinction ratio of more
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than 6 dB, which is on a par with state-of-the-art epitaxial quantum well EA modulators.
The attained results prove the feasibility of high speed optical communication systems with
Thit /s data rates and propose a route to optimize EA modulation by band gap engineering
of colloidal QDs.

This chapter is organised as followed: we first introduce some physical principles of col-
loidal QDs, with a subsequent discussion on the QCSE in general, and in particular with a
view on the developed theoretical model for CdSe/CdS core/shell QDs. The synthesis of the
colloidal QDs is elucidated in the next subsection, followed by a material characterization
of the resulting QDs. Finally, we present the experimental setup and discuss the obtained

results in detail.

5.1 Excitons and Quantum Confinement in
Semiconductors

The most important parameters defining the optical properties of semiconductor materials
is the band gap, corresponding to the difference energy between valance and conduction
band, as well as the exciton binding energy, determining the transition energy of an electron
into an excited state. Although the band gap can slightly change for different temperatures,
it is basically determined by the chemical bond between the constituent atoms of the crystal
lattice. When an electron persisting in the valence band absorbs a photon, it is lifted into an
excited state and leaves behind a hole in the valence band. Initially, such excited electrons
can have larger energies than the band gap. Due to thermalization, they will loose energies
and end up near the bottom of the conduction band, leading to the formation of excitons. In
this sense, an optical excitation is a two-particle transition, in which the electron and hole
experience a Coulomb interaction describing the exciton binding energy. Note that an exci-
ton is a bound state of an electron and a hole, resulting in a transition energy which is less
than the band gap energy by the exciton binding energy, as indicated in Fig.5.1. This binding
energy depends on the dielectric constant ¢ of the material and accounts for the screening
effect caused by the surrounding electrons. In other words, in vacuum, a negatively charged
electron and positively charged hole would attract each other, resulting in a recombination.
In contrast, because a hole in the valence band is surrounded by other electrons, the excited
electron experiences a repulsive force (screening), leading to a stabilizing energy balance.
Thus, the strength of the coupling or binding energy determines the stability of the exci-
ton. With an effective mass approximation, wherein the movement of electron and holes
caused by the periodic crystal potential is accounted by the effective masses m; and m;,

the Coulomb interaction between electron and hole leads to a hydrogen-like problem with a
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Figure 5.1: Schematics of the exciton picture for a bulk semiconductor, overly simplified (a) and a
more detailed illustration (b) including energy levels of the exciton binding energy Rx. For
large principle quantum numbers ng the difference between the energy levels becomes
smaller, devolving into the continuum conduction band. E, denotes the energy gap of
the semiconductor bulk material, K = k. + k;, presents the exciton wave vector, and
Ex describes the exciton energy which can be released as a photon when the exciton
dissociates. In general, an exciton can be created in a direct gap semiconductor by
absorption of a photon hv = E; — Rx (or hv = E; — Rx £ hf for indirect semiconductors
including phonons). Higher photon energies hv > E, are not necessary, though possible
in order to generate an excition via band-to-band excitation and subsequent relaxation of
carriers into the exciton state.(c) Pair excitation in the scheme of valence and conduction
band for a wurtzite CdSe crystal structure around K = 0, indicating the splitting of the
valence band caused by spin-orbit-coupling of the crystal atoms. The three subbands are
referred to as heavy-hole (hh, J=3/2), light-hole (lh, J=3/2) and split-off-hole (so, J=1/2).
The small splitting between the heavy- and light-hole band of A = 25 meV in bulk CdSe
is often neglected in QD calculations [138].

Coulomb potential term —e? /(4mege|r, — rp|), with r and ry, as the spatial coordinates of
electron and hole, respectively. For simple parabolic bands and direct-gap semiconductor,

the dispersion relation of excitons can be written as [139]

1 h’K?
Eex (nB,K) :Eg—RX@—FW, (51)

with E, as the band gap energy, Rx the exciton Rydberg energy (the binding energy of the
electron and the hole) and np = 1,2,3... as the exciton principle quantum number. The
third term in Eq.(5.1) describes the kinetic energy of the exciton, with M = m +mj as the
translational mass and K = k. + k;, the wave vector of the exciton. A schematic of valence
and conduction band in the exciton picture is shown in Fig.5.1, reproduced from ref [139].
The exciton Rydberg energy Rx can be expressed with respect to the Rydberg energy of a
hydrogen atom R = 13.6eV as

1
Rx = R*-H = (5.2)
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with o = m;mj /(m%+mj ) as the reduced exciton mass and m the mass of a free electron.
In analogy, the Bohr radius ag, defined as the most probable distance of proton and electron

in a hydrogen atom in its ground state, can be used to describe the exciton Bohr radius
m
a = e—2all. (5.3)
I

Since the dielectric function and the Bohr radius of an exciton are sufficiently larger than
in a hydrogen atom, it follows from Eq.(5.3) and (5.2) that the exciton Rydberg energy is
much smaller. Using material parameters of typical semiconductors, one finds [139]

ImeV < Rx <200meV < E; and 50nm 2 af’ > 1nm > Gattice- (5.4)

Thus, the large dielectric constant results in a reduced Coulomb interaction and hence a
spatial distribution of the electron and hole which is larger than the lattice unit cell. Such
excitons experience the crystal as an effective medium, justify the effective mass approxi-

mation in a self-consistent way and are called Wannier-Mott excitons.
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Figure 5.2: (a) Schematics of the energy quantization from continuous parabolic bands in bulk semi-
conductors to discrete levels in QDs, reproduced from ref [140]. The transition energy
E.(R) of the first excited state is larger than the band gap energy of the bulk material
and depends on the radius R of the QD. (b) Electronic energy levels of CdSe QDs, re-
produced from [141], representing the three lowest-energy transitions, denoted as Xi,
Xz and Xs, corresponding to the transitions 1S3,5(h) — 1S(e), 2S3/2(h) — 1S(e) and
1P3/2(h) — 1P(e), respectively [142]. The electronic transitions are labelled by a princi-
pal quantum number n and angular momentum state [, originating from the confinement
energy and referring to the envelope function, as well as a total angular momentum term
J, indicating the splitting of the valence band caused by spin-orbit-coupling of the crystal
lattice atoms.

Another important consequence of the Bohr radius is the approximate dimension for the on-
set of confinement effects at which physical properties of a material are noticeable affected.

In particular, if the size of the semiconductor structure becomes comparable to or smaller
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than the natural length scale of the electron-hole pair, the carriers experience the so called
quantum size effect, which leads to an atomic-like optical behaviour in nano-crystals (NCs)
as the bulk bands become quantized [138]. As a first approximation, the energy levels in
such a regime can be described using the particle in a box model, wherein the carriers are
confined by the boundaries of the material. The simplest form of the particle in a box model

considers an infinite square potential. For confinement in all three dimensions, the discrete

ng \ > Ty 2 n.\?
=)+ () +(=) |, (5.5
() +(2)+(2)] >

with L, , . as the dimension of the NC. Thus, the kinetic energy term for bulk semiconduc-

energies are found by

h272

2m0

Enznynz -

tors in Eq.(5.1) becomes quantized and each parabolic energy band of valence and conduc-
tion band will be split into a ladder of hole and electron levels, respectively, as sketched in
Fig.5.2. Note that, the ground state is twofold degenerate due to spin, while the first excited
state is sixfold degenerate ((ny,ny,n.) = 1,1,2 and permutation), which resembles the
twofold degenerate S and sixfold degenerate P state of an atom. Solving the Schrodinger

equation of the spherical problem of a QD, the energy of the confined particle can be at-

tained [138, 143] ,
(X
Ey=— (22 | 5.6

' g ( R> (5.6)

with X,,; as the I*" zero of the n* spherical Bessel function and R the radius of the quantum
dot. Due to the discrete atomic-like energy levels (labelled as 1S, 1P, 1D, 28, ect.), QDs
are often referred to as artificial atoms. From Eq.(5.6) it can be seen that the confinement
energy scales as 1/R2, and is largest for small QDs, as is the distance between the discrete

energy levels.

However, the particle in Eq.(5.6) with free electron rest mass mg is confined to an empty
sphere, while the NCs consist of semiconductor atoms in a periodic crystal lattice. Nonethe-
less, the NC problem can be again reduced to the particle-in-a-sphere if to consider the
effective mass approximation, as mentioned above, wherein periodic Bloch functions are
used to describe the electronic wave functions of the bulk crystal structure. Graphically, the
effective mass accounts for the curvature of the conduction and valence bands at K = 0.
Physically, the effective mass attempts to incorporate the complicated periodic potential felt
by the carrier in the lattice [138]. Utilizing additional approximations, namely the envelope
Sfunction approximation [144], and assuming a weak k dependence of the Bloch functions,
the total single particle wavefunction can be written as linear combination of a periodic
function w,, and single particle envelope function ®(re,r}). Ultimately, the NC problem

is reduced to determining this envelope function which is addressed by the particle-in-a-
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sphere model, wherein the free particle mass mg in Eq.(5.6) is replaced be the effective or

reduced mass of the particle.

Yet, the Coulomb attraction between the electron and hole is not incorporated in the treat-
ment above. Though, how it is included depends on the confinement regime, defined
as [138]:

Strong confinement (R < ac,a) < af’): the NC radius R is much smaller than the Bohr
radius of the electron a., hole a; and exciton af‘ (defined as the probability density of
electron, hole and exciton, respectively).

Weak confinement (a.,an < R < af’): R is larger than the electron and hole Bohr radius,
but smaller than the exciton Bohr radius. Thus, only the center of mass motion is confined.
Intermediate confinement (ap, < R < ae,ay): the QD radius is in between aj, and ac.

Hence, one particle (e.g. electron) is strongly confined while the other (e.g. hole) is not.

The Bohr radius of electron a. and hole a;, are thereby defined as the width of their proba-
bility distribution (in bulk semiconductors), determined by their wave functions. Depending
on the size of the QDs, CdSe QDs can be in either the strong confinement or the intermediate

confinement regime, since ag* = 6 nm [138].

In general, the transition energy comprises of three terms, namely the band gap energy of

the semiconductor bulk material E,, confinement energy F,;, and a Coulomb term
Ey = E4+ E, + E.. 5.7

In the strong confinement regime, the quadratic confinement term (1/R2) dominates com-
pared to the Coulomb interaction (1/R), and thus, the electron and hole can be treated
independently, wherein each is described as a particle-in-a-sphere. The Coulomb term than

may be added as a first-order energy correction and the energies can be written as

W XR | X
B,y ne,be) = By + 5 | =5 + =0 | + e (58)
with E. = —1.786¢2/c R as the first-order Coulomb correction for the electron in the 15,

level. The lowest pair state can than be written as 15,15, with n, = n, = 1 and I}, =
le = 0, (n and [ refer to the principle and angular quantum number, respectively) and the

transition energy from ground to first excited state simplifies to

h2ﬂ'2 2

e
EFihW=F —— — 1.786—. 5.9
11 g+ e R (5.9)
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Such a solution for the energy of the first excited state in semiconductor QDs in the strong
confinement regime was first calculated by Brus in the early 1980s [145, 146] by means of a
variational method and effective mass approximation. The first semiempirical calculation,
using a tight-binding approach, was then published in 1989 by Lippens and Lannoo [147]
and further refinements of the theoretical description where achieved by other groups in the
90s, including the linear combination of atomic orbitals [148], the semiempirical pseudopo-
tential calculation [149] and kp method [150]. Despite their differences, all theories result
in the same statement: the transition energy of the quantum dot increases with decreasing
size of the QD. Moreover, albeit many effects such as crystal anisotropy, spin-orbit coupling
of crystal lattice atoms or mixture of hole states from the three valence subbands have to be
considered in a more sophisticated manner, as a first approximation, Eq.(5.9) reveals two
important insights, namely (i) the confinement energy is always a positive term and thus the
energy of the lowest possible state is always higher as compared to the bulk situation (ii)
the Coulomb interaction between an electron and hole pair lowers the energy (see Eq.(5.9)),
but because of the 1/R? dependence, the quantum confinement effect becomes the pre-
dominant energy term for very small quantum dot sizes. Hence, the size dependent energy
gap of QDs is an effective tool for material design with well-controlled optical properties.
Note that, due to the discrete energy levels, the absorption spectrum would exhibit delta
function features. However, because of inhomogeneous broadening of the energy lines, QD
size distribution, as well as thermal effects, the absorption spectrum can be best described
with multi-Gaussian components and a polynomial background describing the remaining

unresolved absorption continuum [141, 151].

Spectral broadening is also relevant for the emission spectrum of QDs. Usually a redshift
between the first excitonic absorption peak and the PL is observed, a so called Stokes shift.
Important processes for this red shift are charge transfer from smaller NC to larger ones
before re-emission of the photon in densely packed NC films, as well as ultra-fast relaxation
via shallow trap states before the photon emission takes place. Moreover, as the dimension
of the QD decreases, the non radiative Auger effect becomes more pronounced, wherein an
electron-hole pair recombines non-radiatively by transferring the recombination energy to
a third carrier. This third carrier can be an electron, for example, which is ejected from the
QD [152]. In addition, smaller QDs result in an increased surface to volume ratio, leading
to additional surface trap states and enhanced non radiative decay. In order to overcome
such a reduced photoluminescence quantum yield, as well as to increase the chemical and
photochemical stability, it is common practice to passivate the NC surface with an inorganic

shell and appropriate ligands.

Such a heterostructure semiconductor further allows to engineer the energy band alignment

of the core and shell material by changing the composition, introducing stress or strain via
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lattice mismatch or varying the layer thickness. The resulting step-like band structures,
caused by the offset between the band gap energy of core and shell material, are classified
as type-1, quasi type-1I and type-II band alignment [153, 154], as schematically shown in
Fig.5.3. In the case of a type-I energy band configurations, the electron and hole are con-
fined in the same region of the QD, yielding a large overlap integral of electron and hole
wavefunction. In turn, the band edges of the core and shell material are staggered in type-
II, wherein both the low-energy electron and hole states are in different semiconductors,
resulting in the segregation of electron and hole wavefunctions between the core and the
shell material. A quasi type-II structure exhibits an intermediate band alignment with a
finite offset for only one carrier, causing de-localization, and a zero offset for the opposite
one. In the case of CdSe/CdS QDs, quasi type-II strongly reduces the confinement of the
electron and allows it to penetrate the shell, while the hole is always localized in the CdSe
core with a positive band offset of 0.31eV-0.48 eV at the core-shell interface. In contrast,
the reported band offset of the electron varies from —0.25¢eV to 0.27 €V in dependence on
the morphology, crystal structure and dimension of the core and shell material [155]. Thus,
it has been shown that CdSe/CdS QDs can be tuned from type-I over quasi type-II to type-II
by varying the core radius and shell thickness [156, 157].
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Figure 5.3: Schematics of three different types of energy band alignments for heterostructure QDs,
and its corresponding probability density for holes |y, |* (red) in the valence band (VB)
and electrons |¥.|? (blue) in the conduction band (CB), respectively. The picture above
illustrates exciton—exciton interaction, depending on the energy band structure. Type-I
QDs cause attractive interaction with a resulting positive biexciton binding energy E}, > 0,
while type-ll leads to exciton—exciton repulsion.

Due to quantum confinement, resulting in atomic-like discrete energy levels, the ground

state 1S(h) can only be by occupied by two electrons. Thus, population inversion can be
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achieved if at least two electron-hole pairs are created simultaneously which further interact
with each other and generate a biexciton. Hence, the most probable mechanism for optical
gain is given by biexciton emission. When a biexciton is annihilated, it decomposes into
a photon and a single exciton Fxx — hw + FEx, wherein the energy of the photon hw =
FEx — Ejy, differs from the exciton energy E'x by the biexciton binding energy E},. Therefore,
after the onset of amplified spontaneous emission (ASE), a wavelength shift of the biexciton
emission with respect to the exciton emission can be observed in the PL spectrum, which can
be ascribed to the biexciton binding energy Fy, = 2FEx — Exx, with Fxx as the biexciton
energy [158]. The amount and sign of E}, allows one to infer the band alignment of the
core/shell structure. If the electrons and holes are both confined in one region (type-I), the
excitons experience an attractive interaction, as indicated in Fig.5.3, resulting in a positive
biexciton binding energy Ey, > 0. In turn, if the electrons are separated in the core and
shell material (type-II), the generated excitons exhibit a repulsive interaction and hence a
negative binding energy E}, < 0. In the case of a border-line quasi type-1I band structure,
where the electrons are de-localized within the entire QD while the hole states are confined
in the core material, neither exciton—exciton repulsion nor attraction is supported. The
binding energy will be close to zero and the biexciton emission appears close to the center

of exciton emission [156].

5.2 Quantum confined Stark effect

The QCSE was first reported by Miller ef al. in 1984 [159] and further discussed in 1985
[160], describing the electric-field dependence of optical absorption (electro-absorption)
near the optical band edge in quantum well structures. Similar to the Franz-Keldysh effect
in bulk material, an applied electric field tilts the energy bands. When an incident photon
with an energy just below the absorption edge raises an electron to higher energies, the elec-
tron can then tunnel to allowed empty states in the conduction band due to the tilt of the
band. Hence, photon absorption with energies smaller than the band edge is possible and
the absorption spectrum shifts to smaller energies (i.e longer wavelengths). However, such
an effect in a 3D bulk material is fundamentally limited by the classical (static) ionization
field E; = Ep/8ea, with Ep as the zero-field exciton binding energy and a as the Bohr
radius [161]. For fields of the order of a few times this ionization field, the exciton reso-
nance is severely broadened because field ionization drastically reduces the exciton lifetime
until the peak becomes unresolvable. In other words, EA is deteriorated by exciton field

ionization.
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In turn, the QCSE, describing a quantum-confined Franz-Keldysh effect including electron-
hole interaction [ 162], inhibits exciton field ionization and thus allows to apply much stronger
electric fields. Moreover, because the absorption spectrum of confined structures exhibit
distinct absorption features due to discrete energy levels, such steep changes in the absorp-
tion spectrum will result in a substantial modulation of the absorption properties, even for
small shifts of the absorption edge. The optical properties of such quantum structures are
thereby changed by an external electric field applied along the axis of confinement. The
field skews the potential well and tilts both the valence and conduction bands. As a con-
sequence, the electron and hole wavefunctions are pulled in opposite directions, occupying
lower energy states and typically leading to a modification of the absorption spectrum in
the vicinity of the band-edge. Simultaneously, because the electron and hole move to op-
posite sides of the quantum structure, while the well barriers prevent field ionization, the
overlap integral between the wavefunctions, as well as the oscillator strength of the con-
tributing transitions are reduced. Schematics of the QCSE in a quantum well structure
are shown in Fig.5.4, wherein E{, depicts the altered transition energy leading to a Stark
shift hig in the absorption spectrum, and the squared overlap integral of electron and hole
wavefunction|(Wy|W.)|? acting as the main driving force for a reduced absorption. Modu-
lation of the absorption spectrum induced by an external electric field can be further caused
by transition broadening originating from energy level splitting of originally degenerate
states, the appearance of optical transitions that have been initially forbidden due the sym-
metry of the wavefunctions or reduction of the transition lifetime due to exciton ionization.
Changes of the absorption spectrum are also accompanied by a change of the exciton bind-
ing energy due to a reduction of the Coulomb interaction as the electron and hole become
spatially separated [163]. However, the Stark shift is usually manifested in a net decrease
in transition energy and thus a red-shift of its optical absorption peak. The magnitude of
the QCSE energy shift of the electron and hole levels increase monotonically with the well
width in quantum well structures [164, 165]. Though, an upper limit on the scalability of
the QCSE is given by the exciton Bohr radius [160]. Increasing the size of nano-devices
diminishes the quantum confinement and reduces the exciton binding energy, such that the

exciton eventually field-ionizes and the bulk electric field response can be expected.

In order to understand the QCSE in heterostructure QDs, a simple theoretical model was
employed. The numerical simulations describe the energy states and wave functions for
CdSe/CdS core/shell QDs for different types of energy band structures, with the main focus
on a quasi-type II band alignment emerging from a CdSe core with a diameter of 4.1 nm
and CdS shell with a thickness of 2.4nm. The electron and hole wavefunctions are first
calculated for an unperturbed case and when an external field is present. Consequently,

the change in optical density can be determined with respect to an applied electric field,
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Figure 5.4: Schematics of the QCSE in a quantum-well structure. Due to an applied electric field
the energy bands are tilted, the transition energy is reduced and the overlap integral of
electron and whole wavefunction is diminished, leading to a red-shifted decreased optical
density spectrum.

wherein the key elements are provided by the change in transition dipole moment as well as
the Stark shift.

Recently, Nandan and Mehata [166] calculated the Eigen-energies and overlap integrals
within a mean field Hartree approach for a three-dimensional CdSe/CdS core/shell quantum
dot without an external field, and demonstrated the feasibility to tune the energy band struc-
ture from type-I to quasi type-II band alignment by increasing the shell thickness. Here,
the absorption spectrum is calculated in a simplified manner. Due to the periodic crystal
structure of CdSe and CdS, the full exciton wave-function is represented via the electron ue

and hole uy, Bloch wave-functions
\Ij(rey rh) = <I>(I‘e, rh)ue(re)uh(rh)a (5.10)

with ®(re,ry,) as the slowly varying exciton envelope wave function [167]. In order to
obtain the envelope wave function, an effective Hamiltonian for electrons and holes is used
[167,168]

[ﬂ2+ﬂg+\7wl+\7F] O (re,ry) = EP(re, 1), (5.11)

with the single particle Hamiltonian

h2 1
Veh—5——

0, = ——
eh 2 me  (ven)

Ven + Ven(Ten) (5.12)

consisting of a kinetic term with an effective mass m , (r. 1) for electrons and holes, re-

spectively, and confinement potential \A/'e,h(r&h). The attractive Coulomb interaction be-
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tween electron and hole is governed by Vol and the applied electric field is represented
by Vp = e F'z. This external electric field F gives a preferential spatial direction to the
otherwise isotropic QDs. The dominant resonance — often referred to as X; (as indicated
in Fig.5.2) — is caused by the s-wave like valence band state of the hole and the s-wave
like conduction band state of the electron, both are spherically symmetric. It is therefore
sufficient to use a one-dimensional model in order to discuss the underlying physics. The
full envelope wave-function is approximated by ® ~ ®,®,®, which is then solved individ-
ually with the energies £ = E,, + E, + E.. Due to strong screening of the semiconductor
materials, the Coulomb interaction between the electron and hole is sufficiently small, fur-
ther supporting this simplification. Thus, the theoretical description is focused on the wave

function in z-direction, others can be obtained equivalently.

In the strong-confinement limit, which is fulfilled in the present case, the envelope func-
tion
(I)z(ren I'h) ~ 906(1'6) Sph(rh) (5.13)

can be approximated by the product of the electron ¢, and the hole wave-function ¢y,
respectively [169]. Both, electron and hole, are confined by the external potential wells of
the heterostructure

V;(,jh Zeh < Ry

A~

Ven(zen) = q VS, Ri<zn < Ry (5.14)

+o0 Zeh > Ry

where Vech is the core potential given by the CdSe band-gap and Vesh is the potential of the
shell arising from the band-gap of CdS and the band alignment controlled by strain between
the different constituents [170]. The radius of the core is given by R; and the full quantum
dot radius is Ry. Due to the weak interaction, a mean field like ansatz is chosen wherein the
electron is moving in an effective field produced by the hole and vice versa. This effective

Hartree potential gbgh has to fulfil Poisson’s equation [171]

d d
5525 e (2) = Fe pen(2) (5.15)

with the electron/hole probability density pe 1, = |g0e7h|2 and the relative dielectricity x(z).
Eq.(5.15) is solved numerically with a finite element integrator. With the Hartree potential,
the Schrodinger equation separates into two coupled differential equations for the electron
and hole. In order to obtain the correct interaction, a self-consistent approach is chosen. In
the first step, the electron and hole states are calculated without interaction. In the next step,

the effective Hartree potentials are calculated with the obtained wave-functions used to get
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more precise states. This procedure is repeated until convergence is reached. The exciton

energy spectrum is then approximated by the individual Eigen-energies E ;, as
E=FE.—F,. (5.16)

Figure 5.5 shows the calculated energy levels and probability densities |<pe,h\2 for elec-
tron (blue) and hole (red) states for the unperturbed system and for an external field of
F=1.05 MV /cm inside the QDs, for three types of energy band alignment. The graphs
illustrate the change in transition energy as well as the reduced overlap integral, wherein
type-1II exhibits the largest Stark shift. Material constants are taken from ref [166] and are
summarized in table 5.1.
Material ‘ mi/mg milmg kleg EgleV
CdSe 0.13 0.45 9.3 1.75
CdS 0.21 0.8 8.9 2.49

Table 5.1: Material constants for bulk CdSe and CdS, respectively, taken from [166]. m. and mj,
are the effective electron and hole mass, given as ratio of the electron rest mass myo. « is
the relative dielectric constant with respect to the vacuum permittivity and E; is the bulk

energy gap.
Type - | Quasi Type - Il Type - |l
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Figure 5.5: Energy band alignments for type-I, quasi type-Il and type-ll CdSe/CdS core/shell QDs
without and with an applied electric field F'. The resulting discrete energy states are dis-
played in the otherwise continues conduction and valence band, as well as the probability
densities of electron (blue) and hole states (red).

Nonetheless, the full wave-function consists of the envelope function, as well as a Bloch-
wave contribution reflecting the unit cell properties of the crystal lattice. The Bloch wave-
function symmetry has a direct consequence for the possible optical transitions. The transi-
tion dipole moment, and thus its square value and the oscillator strength can be calculated
via .

Oep ¥) = e fuclpl) [ depulhpns) (5.17)
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with the Fermi-Sea state |0) = d(r. — r}). The overlap of the Bloch wave function can be

evaluated using the Kane momentum parameter [167,172]
[(ue| D lun)|* = mo Ep/4, (5.18)

where Egds = 19.6eV, Egdse = 17.5eV and my is the free electron mass [173]. These
Kane matrix elements are determined from bulk material. Though, Velizhanin [168] demon-
strated an overestimation by a factor of two compared to confined systems. However, in this
work, we are going to compare the difference in absorption spectra to a normalized mea-
surement result, as will be shown in section 5.6. Thus, this discrepancy may not play a
major role. The transition dipole moment is directly proportional to the overlap of the enve-
lope wave-function. Using Eq.(5.17), we find that the oscillator strength depends strongly
on the band alignment of the conduction band between core and shell wave-functions [174].

Finally, we can evaluate the unit-less oscillator strength by

2

E L
fro = D2 /0 dzge(2)on(2)| (5.19)

T 2E

with E as the exciton transition energy [171]. The transition dipole moment then reads

e2h?

|MVC|2 =

5.3 Quantum Dot Synthesis

The synthesis procedure of CdSe/CdS core/shell QDs the is based on the method established
by Chen et al. [175], with minor modifications. CdSe QDs with wurtzite (WZ) structure
are used as core material. CdO (180 mg, 1.404 mmol), octadecylphosphonic acid (ODPA)
(840 mg, 2.508 mmol), and trioctylphosphine oxide (TOPO) (9.0 g) are mixed in a 25 mL
three-neck flask, heated to 150 °C, degassed under vacuum for 1 hour and then heated to
320 °C under a constant nitrogen flow. Once a colorless clear solution is formed, 1.5 mL
of trioctylphosphine (TOP) is added. The reaction mixture is then heated to 360 °C and a
TOPSe/TOP solution (174 mg Se in 1.1 mL TOP) is swiftly injected into the flask. After 10
min of growth time, the reaction is terminated by fast cooling. The resulting CdSe QDs are
washed 3 times with acetone/hexane, re-dispersed in hexane and left in the fridge overnight.
Afterwards, the solution is filtered with a 0.2 um PTFE filter. The size and concentration
of QDs is estimated from the optical absorption spectra, using a method reported in ref
[176]. In order to grow the CdS shell, 300 nmol of WZ-CdSe in hexane are mixed with

3mL I-octadecene (ODE) and 3 mL oleylamine (OAm), degassed under vacuum at room
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78 THz induced electro-absorption switching in CdSe/CdS core/shell QDs

temperature for 60 min, and at 110 °C for 15 min. Finally the mixture is heated to 310 °C
under nitrogen flow and maintained for 2 hours. During the heating process, when the
temperature reaches 240 °C, the solutions of cadmium oleate in ODE and hexanethiol in
ODE are carefully injected drop-wise with a syringe pump with a rate of 3mL/hr. A total
amount of 1.92 mmol Cd(Oleate),, in 6.4 mL ODE and 335 ;L. hexanethiol in 6.1 mL ODE
are added during 2 hours. Afterwards, 3 mL oleic acid is injected and the solution is further
annealed at 310 °C for 1 hour. The resulting CdSe/CdS core/shell QDs are washed 3 times

with acetone/hexane, redissolved in hexane and filtered through a 0.2 um filter.
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Figure 5.6: (a) TEM image of CdSe/CdS core/shell QDs and (b) histogram of the corresponding size
distribution revealing an average size of 8.9 nm with a standard deviation of 0.8 nm (c)
Colloidal QDs on a glass substrate deposited with drop-casting.

The overall procedure results in an average CdSe core diameter of 4.1 nm and CdS shell
thickness of 2.4 nm. A transmission electron microscope (TEM) image of the resulting col-
loidal QDs and a corresponding histogram of the size distribution are shown in Fig.5.6(a)
and (b), respectively, revealing an average size of 8.9nm with a standard deviation of
0.8nm. A measurement of the PL quantum yield reveals 72%. The colloidal QDs are
deposited on a glass substrate by simple drop casting, forming a thin film of limited homo-

geneity, as shown in Fig.5.6(c).

5.4 Optical Material Characterization

The transmission spectrum of a thin film of colloidal CdSe/CdS QDs is measured with a UV-
VIS-NIR spectrophotometer (Cary 5G). In order to calculate the optical density, defined as

the negative logarithm of the sample transmittance

OD (\) = —log [T(\)], (5.21)
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the measured transmission is corrected for the reflection losses of the substrate by normaliz-
ing the transmission to one at long wavelengths, for which it is known that neither the glass
substrate nor the QD sample exhibits absorption. Thus, it is possible to approximately ac-
count for Fresnel losses at the interface between air/QD film and QD film/substrate. More-
over, the normalization factor accounts for 0.54 and can be interpreted as the total reflection
losses, which allows to estimate the dielectric constant of the QD film. We therefore assume
a refractive index of ng = 1.5 for the glass substrate, use R = |(n1 — na)/(n1 + nz)|? for
the reflection losses at the surface between different materials, and with the relation e = n?2
evaluate £, ~ 10 for the dielectric constant of the QD film. Note that, a dielectric constant
of a factor of 10 is in agreement with the literature [ 136], however, the exact value for the di-
electric constant of the entire composite differs depending on the applied model [177], with
the most prominent being the Maxwell-Garnett method [136, 178], Bruggeman effective-
medium theory [179] or equivalent circuit describing a series of capacitors [180]. Nonethe-
less, we find that, due to screening effects of the applied electric field, caused by the large
dielectric constant of QDs, and spacing between the QDs induced by the surrounding in-
organic ligands, in combination with Fresnel reflection losses, the electric field inside the

QDs can be an order of magnitude weaker than the incident THz peak electric field.

The optical density, obtained from the measured transmission spectrum is shown in Fig.5.7(a)
(blue dots), together with a fit (red line) consisting of two Gaussian components and a poly-
nomial cubic background term describing the absorption continuum (green dashed lines).
The two lowest-energy transitions at the red side of the absorption spectrum are denoted as
X1 and Xg, as described in Fig.5.2, wherein X is centred at 626 nm and associated with
the band edge.

In order to attain information on the energy band alignment of the heterostructure QDs, PL
spectra are recorded for different pump pulse energies when the sample film is excited with
250 fs pulses centred at 515 nm. At low excitation energies, the exciton emission is centred
at 640 nm, indicated by the dashed line labelled X in Fig.5.7(b). At higher pump energies, a
second peak appears at slightly higher photon energies, originating from ASE arising from
biexciton emission (XX) [156, 181-183]. The onset of ASE is further confirmed by the su-
perlinear dependence of the PL intensity on the pump energy [157] as shown in Fig.5.7(c).
The spectral shift of exciton and biexciton emission reveals the biexciton binding energy
which further indicates the type of exciton—exciton interaction and hence unveils the en-
ergy band alignment. The biexciton emission in Fig.5.7(b) at 637 nm displays a small blue
shift of —8.5 meV with respect to the exciton emission, illustrating weak exciton—exciton

interaction and thus a quasi type-II band structure [156].
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Figure 5.7: (a) Measured optical density of the QD film (blue dots) and fit function (red line). The

green dashed lines present the decomposed fit function including two discrete Gaussian
energy transitions (X; and Xs). (b) Photoluminescence spectrum when the QD film is
excited with 515 nm pulses of different energies. The labels X and XX refer to exciton
and biexciton emission, respectively. The difference in photon energy between X and XX
allows to infer the energy band alignment, indicating a quasi type Il band structure. (c)
Peak intensity of the PL measurement with respect to the applied pump pulse energy. A
typical kink confirms the presence ASE.

5.5 Experimental Setup

The experimental setup for an observation of THz induced changes in optical absorption

of a thin QD film is based on a balanced detection scheme, as shown in Fig.5.8. The THz

radiation is generated by optical rectification in DAST of a mid-IR pulse centred at 3.9 um,

as described in section 4.4 and ref [A2]. The probe pulse is generated with a white light

seeded NOPA, as outlined in section 3.2. The NOPA supports a tuneabel spectral range

of 610 nm - 800 nm with pulse durations of less than 50 fs. The intensity of the visible

output pulse is controlled with a variable ND after which it is divided into a probe and

reference arm. The probe pulse is focused on the QD sample and spatially overlapped with

the THz pulse using a parabolic mirror with a hole in the center and afterwards guided to a
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5.5 Experimental Setup 81

photo diode (PD B). The time delay between THz and probe pulse is controlled with a high
precision delay line (DL). The reference beam is steered to another photo diode (PD A),
in order to account for intensity fluctuations of the probe pulse and to reduce noise. In the
absence of a THz transient, the signal on the detector is balanced with a variable attenuator
made of a Glan-Taylor prism (GT) and a half waveplate (HWP), installed before the detector
PD A. The THz source is chopped at 10 Hz with an optical chopper which is synchronized
with the probe pulse and triggers the lock-in amplifier, which registers a difference between
the signals from PD A and PD B. A boxcar integrator is installed in-between the balanced
detector and the Lock-In [184] to further reduce noise and to amplify the detected signal.
To monitor the THz transient, the setup can be easily re-arranged with a flip mirror (FP) in
order to switch to an EOS configuration. The entire setup is purged with nitrogen, resulting

in ~ 3% relative humidity, to reduce THz absorption by water molecules in ambient air.

610 - 800 nm
sub 50 fs, 20 Hz

timing
electronics
20 Hz | DL |

20 Hz (i) @20 Hz

THz Source T ? QD
-------------------------------------------- L, PD B
E i | Ref Signal
i Quantum | | !|Oscilloscope +@ 4
i | Data Aquisition Dots i
i Software | PDA GT HWP
i Read g., |
o == 3| i [w
! Lock - In | Ref 3 i Read @ 10 Hz
| Amplifier ' Out Pockels
i - - FP v i 120 Hz Ref Cell
i Signal i Lock - In
i Signal [JPD B : Amplifier
! Box |
{ “Ref | Car H /\ ! Signal
e SYlinig 7| |Ref [Box
i Glan HWP i Car
i Taylor ! PDA GT HWP

Figure 5.8: Experimental setup to measure a change in optical properties of colloidal CdSe/CdS QDs
induced by a strong field THz transient (left). Panels on the right sketch two methods to
assign the acquired signal from the Lock-In amplifier to a change in the sample transmis-
sion. BS - beam splitter, DL - delay stage, GT - Glan Taylor prism, ND - neutral density
filter, HWP - half waveplate, PD - photo diode, FP - flip mirror, EOS - electro-optic sam-
pling configuration.

In order to assign the acquired signal from the Lock-In amplifier to a certain change in
the sample transmission, the following procedures are applied: (i) When the probe pulse

temporally overlaps with a strong THz field, the change in transmission can be large enough
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to measure it with an oscilloscope. Thus, the reference arm at PD A is simply blocked and
the pk-pk value on the oscilloscope is averaged when the THz pulse is blocked and then
unblocked. For this set of measurement, the trigger signal for the chopper and oscilloscope
is set to 20 Hz. (ii) For the second procedure, we install a Pockels cell (PC) in the reference
arm before the half wave-plate and Glan-Taylor prism with a known change in transmission
between the PC-ON and PC-OFF signal of 24%. The PC and Lock-In amplifier are both
triggered at 10 Hz and both arms (reference to photo diode PD A and probe to PD B) are
open while the THz signal is blocked. The measured difference signal on the Lock-In can
then be attributed to 24% change in transmission and the peak amplitude of the THz induced
change in transmission can be scaled accordingly. The two methods exhibit a discrepancy

and thus measurement error of ~ 5%.

5.6 Results and Discussion

5.6.1 Modulation of the Probe Signal controlled by the THz
Waveform

We first investigate a THz induced change in transmission of an optical probe pulse centred
at 622 nm. Because the photon energy is larger than the band gap of the QDs, an applied
electric field will result in reduced absorption and hence negative change in optical density.
A THz field transient, measured with EOS is shown in Fig.5.9(a). A replica of the main
pulse at around +1.2 ps originates from surface reflections of the THz and probe pulse at
the 50 pm thick GaP crystal, used for EOS, as described in section 3.3. The corresponding
THz spectrum, obtained by Fourier transformation of the main pulse, is shown in the in-
set. With the measured THz energy and beam radius of 110 pm at the focal position of the
parabolic mirror with a focal length of 5 cm, the THz field strength is evaluated to exceed
10 MV /cm. Note that, the electric field felt by the QDs is substantially smaller than the
applied electric field due to reflection losses and dielectric screening, as mentioned above.
If not stated otherwise, the declared field strengths in the following section refer to the in-
cident THz electric field at the focal position. The blue area in Fig.5.9(b) represents the
square of the THz field amplitude. The red line is the THz induced change in transmission
of the QDs sample, which evidently follows the THz electric field oscillation, demonstrat-
ing the feasibility of ultrafast spectral manipulation on a sub-ps time scale and consequently
the possibility of an all-optical EA modulator with data rates in the range of Tbit/s. When
the THz field changes its polarity and the THz intensity becomes zero, the QD signal does
not follow entirely. The maximum contrast between the ON—OFF signal is around 50%, as



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

5.6 Results and Discussion 83

—
L

20 § 10 b |=THz Intensity | ¢
. £ ) — Norm. AT
5 & 20 3
S 10+ P e T | ] S
s 5 = )
= l 2468 5 A 440 A
z f(THz) . 05 p
L o g S
u S my 60 5
= | g
N I A I R A § 80 E

-10 +

1 1 1 1 1 0.0 AL & A > AD 100
-1.0 0.0 1.0 -1.0 -05 0.0 0.5 1.0
time (ps) time (ps)
©) (@) ,
g 10 b | ==THz Intensity |

0 g ’ — Norm. AT
o =3 N
S 10} £ R [ [ SR 20
= 5 5
- 2 4 6 8 o E ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 4 40 8
< f(THz) 0.5 -
Lo 5 60 T
LIJ 7777777777777777 -
. 2 z
e 80 S

-10 !

; ' ' ' ' 0.0 100
-1.0 0.0 1.0 -1.0 -0.5 0.0 0.5 1.0
time (ps) time (ps)

Figure 5.9: (a) THz transient measured with EOS and corresponding spectrum (inset) obtained by
Fourier transformation of the measured time trace. (b) Normalized change in transmis-
sion of the QD sample at 622 nm (red line), and THz intensity (blue area) attained from
the square of the THz waveform shown in (a). The right y-axis indicates the modula-
tion depth. (c) THz waveform and spectrum (inset) when a long pass filter with a cut-off
frequency of 2 THz is used. (d) Corresponding THz intensity (grey area) and QD signal
(blue line).

indicated by the right y-axis. In analogy to optical transmitters used for digital communi-
cation, wherein the extinction ratio is defined as the ratio between the energy (power) used
to transmit a logic level ‘1’ and energy used to transmit a logic level ‘0’, a modulation con-
trast of 50% corresponds to an extinction ratio of 3 dB. The small contrast is fundamentally
limited by the duration and spectral width of the probe pulse. In principle, the modulation
contrast could be improved by utilizing shorter probe pulses. But, shorter pulses lead to
a broader spectrum containing spectral components above and below the QD band edge,
hereby probing EA modulations of opposite sign and, hence, leading to a low modulation
contrast. In turn, a narrow probe spectrum results in a longer pulse duration and therefore
smears the time resolution and contrast. Thus, the modulation speed, determined by the
period of the THz field oscillation, can only be increased at the expense of the modulation
contrast, and vice versa. Because the THz spectral width and pulse duration are inversely
proportional, one possibility to shape the THz field and elongate the pulse period is to nar-

row the THz spectrum by inserting a long pass filter into the THz path in order to suppress
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higher frequency components. Here, we use a wire grid filter (Swiss Terahertz LLC) with a
cut-off frequency at 2 THz. The resulting THz transient and intensity spectrum are shown
in Fig.5.9(c). Due to the significant loss of spectral components and hence prolonged pulse
duration, the maximum THz field drops down to ~5.5 MV /cm. The corresponding THz in-
duced change in transmission of the QD sample and normalized THz intensity are shown in
Fig.5.9(d). Although the signal-to-noise ratio of the measured QD signal slightly decreases,
the contrast between the THz periods can be substantially increased, leading to an extinc-
tion ratio of 6.8 dB, which is comparable with quantum well EA modulators operating in

the GHz range.

5.6.2 THz Field Dependence

Pein and co-workers [135] reported on THz driven QD luminescence via charge separation
between neighbouring QDs. The THz induced voltage drop between QDs is thereby large
enough such that electrons from the valence band can tunnel to the conduction band of the
neighbouring QD and recombine via radiative decay. Such above threshold THz-induced
luminescence indicate the existence of charged states which persist for longer than 1 ps
[136]. As a consequence, the absorption modulation could be temporally smeared by such
longer-lived QD states. To assure that the poor modulation contrast in the case of a high
frequency THz field originates from the short THz period, rather than the strong electric
field (which can potentially cause charged states), we repeat the experiment for different
THz field strengths in the case of the THz transient shown in Fig.5.9(a). A color map of
the normalized absorption modulations with respect to the incident electric field is shown
in Fig.5.10(a). Because the shape of the QD response does not change significantly with
the applied field strength, it is evident that additional field dependent dynamics are absent
and further confirms that the absorption spectrum modulation originates solely from THz
induced EA effects. Moreover, Fig.5.10(b) depicts the change in absorption, given by the
Lock In signal in mV, when the maximum of the THz field temporally overlaps with the
intensity envelope of the probe pule. The quadratic dependence on the incident THz field is
observed, as it is expected in the case of the QCSE, and indicates no noticeable influence of

field ionization mechanisms [185].

When we assign the acquired signal from the Lock-In amplifier to a specific change in the
sample transmission, as described in section 5.5, we find 8.6% change in transmission when
the THz and probe pulse temporally overlap with an applied THz field of 10.2 MV /cm. An-
other QD response measured with a THz field strength of 13.3 MV /cm reveals a change in
transmission of astonishing 15.8%, which follows the quadratic prediction fitted in Fig.5.10(b).
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To the best of our knowledge, this is the highest value ever reported for solution processed

EA materials at room temperature.
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Figure 5.10: (a) Contour plot of normalized changes in transmission with respect to the THz field
strength and time delay between THz and probe pulse. (b) Quadratic dependence of
the QD signal with respect to the incident THz field.

5.6.3 Stark Spectroscopy

Stark spectroscopy, also known as EA spectroscopy, studies the effect of an applied elec-
tric field on the absorption spectrum. The formalism of Stark spectroscopy was originally
applied to an ensemble of molecules, where field-induced alignment/orientation is possi-
ble. However, to date it is also successfully utilized on confined structures, such as layered
hybrid perovskites [137] or CdSe NCs [185], where orientational effects are unlikely since
the films are rigid. The principal requirement for the validity of the Stark formalism is
that the electronic states of the system are discrete [185], as they are in QD structures.
Thus, in order to understand the origin of the THz induced modulation of the absorption
spectrum, we qualitatively discuss the QCSE with respect to the probe spectrum when the
central frequency is tuned across the band edge of the QD film, as illustrated in Fig.5.11(a).
While tuning the central wavelength of the probe pulse by adjusting the non-linear crys-
tal and delay stage of the NOPA, the probe intensity is monitored with a photo diode and
corrected with a neutral density filter if necessary, in order to assure the same intensity for
each central wavelength. The QD response to the THz field is then sampled for each central
wavelength with respect to the time delay between THz-pump and visible-probe pulse. We
then integrate the time trace in an interval of [-0.4;0.4] ps and plot it with respect to the
central wavelength. Fig.5.11(b) and (c) depict two sets of measurements for an incident
THz field of approximately 10.5 MV /cm and 13 MV /cm. The change in optical density

is calculated as followed: first, the integrated QD response is re-normalized to the maxi-
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Figure 5.11: (a) Optical density (green line) and normalized probe spectra (filled areas) with a central
wavelength tuned across the band edge. (b) Resulting change in transmission for an
incident electric field strength of 13 MV /cm (red) and 10.5 MV /cm (blue). (c) Estimated
change in optical density.

mum change in transmission at around 622 nm, which is AT (10.5 MV /cm) ~ 8.6% and
AT (13 MV /cm) ~ 15% (see Fig.5.11(b)), as discussed in the previous section. Hence,
the measured QD response can be assigned to a certain change in transmittance for each
central wavelength of the probe pulse, denoted as AT()\). Second, the change in optical

density is defined as

- - e To(A)
AOD(A) = OD1(A) = ODy(A) = log (Tl(A)> (5.22)

= log (To()\) —|—£DI(‘?/)\) ' To@)) o <1+A1T()‘)) ’

with To(\) as the transmittance without an applied electric field and T;(\) when the THz
field is present. Consequently, the change in optical density can be calculated with the data
provided in Fig.5.11(b) and is illustrated in Fig.5.11(c).

In order to identify the origin of the THz induced modulation of the absorption spectrum,
simulations on the underlying modifications of the electronic states in the case of various
energy band structures are performed. In analogy to Stark spectroscopy, the optical density

can be described with respect to the optical frequency v as
OD() /v ~ |pve|* s(v) (5.23)

with the electric transition dipole moment iy =e (V| |¥.) from valence band state |¥,,)
to conduction band state |U,), fundamental electric charge e, position state operator I and
normalised line shape function s(v) [186-188]. The transition energy and dipole moment
is calculated by applying a simple one-dimensional approach, as described in section 5.2.

In order to estimate the broadening of the line shape function due to size dispersion, the
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total quantum dot diameter of 8.9 £0.8 nm is used. The ground-state energy of a quantum

dot [189] without interaction can be approximated by

m2h2

Fgr~ ——
eff 2uL2

(5.24)
with the reduced electron-hole mass = = 1/m} + 1/ my, and the effective diameter L.

The variation of the energy states thus reads
AL
0=AFEg = 2EeffT ~ 22.5 meV (5.25)

and is used in an approximated Gaussian line-shape function

E—hu)2

s(v) ~ e (%5 , (5.26)

with E being the transition energy, calculated with Eq.(5.16). The good match with the
experimentally obtained optical density (see Fig.5.7(a)) suggests that the FWHM of the
line-shape function is dominated by the dispersion of the nano-particle size. Nonetheless,
the calculations are very sensitive to the quantum dot parameters as well as the influence
of the ligands and dielectric environment in general [190-192]. Thus, the band-gap of the
calculation differs by a few percent from the experimental data. For a better comparison

between experiments and simulations, a small energy shift is introduced.
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Figure 5.12: Simulated normalized optical density (OD) spectra of the first transition without an elec-
tric field (left panels) for (a) type-I, (b) quasi type-Il and (c) type-1l energy alignments. An
applied electric field of F' = 0.65 MV/cm (right panel) results in a shift of the first tran-
sition to smaller energies with reduced amplitude and an appearance of an additional
absorption band on the blue side of the spectrum. Bottom panels: normalized changes
in optical density AOD defined as the difference between optical densities with and
without an external electric field, respectively (OD¥ — OD").
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In the presence of an external electric field F' the absorption spectrum can be expressed
as [186-188]
ODF () /v ~ || ¥ (v) . (5.27)

In the case when the line shape function does not change significantly under the influence
of the external field, it can be approximated by s%(v) ~ s(v — v ), with hug being the
Stark energy shift [186], accounting for the energy shift of the electronic levels when an
external electric field is applied. The change in absorption amplitude is mainly caused
by the altered transition dipole moment %, which is dominated by the overlap integral of
electron and hole wavefunctions (p.|en) [167, 172], as evident by Eq.(5.19) and (5.20).
When Liptay first theoretically formulated Stark spectroscopy [186], he used perturbation
theory to account for the change in transition dipole moment as well as for the energy
shift. However, when the applied electric fields are in the MV/cm range, the assumption
of small perturbations is not valid any more. For the case of strong electric fields, Pein
et al. [136] used an elaborate full-atomic, semi-empirical tight binding model in order to
describe the electron and hole states. Despite the simplified one dimensional concept used
in this work, the calculations reproduce the results of the Stark energy shifts reported by
Pein and co-workers surprisingly well, emulate Liptay’s model for small fields and provide
a qualitative insight into the physical behaviour of the QDs. In the simulation, focus is laid
on the first transition labelled as X; in Fig.5.7(a) and Fig. 5.2. The higher-energy transitions
are not included in the model based on their negligible contribution in the spectral range of
the probe pulses, as well as the inverse dependence of the transition dipole moment on
the energy gap. Figure 5.12 shows the calculated optical density (top panels) as well as
the change in optical density for three types of energy band alignments of CdSe/CdS QDs
when an electric field of 0.65 MV /cm is applied (bottom panels). In the case of a quasi
type-1II structure, the change in optical density reveals two local maxima at 1.9eV and
2.03eV. The first peak represents the Stark shifted optical density of the first transition
183/5(h) — 1S(e), exhibiting a decreased transition energy and hence a red-shift of the
absorption edge as compared to the unperturbed case. The second maxima can be attributed
to the transition 1P3/5(h) — 1S(e), which is originally forbidden when no external field
is applied due to the symmetry of the wavefunctions. The applied electric field breaks the
symmetry and increases the absorption for longer wavelengths. The negative optical density
changes around 2 eV are ascribed to a reduction of the normalized overlap integral at the
band gap with respect to the overlap integral of the unperturbed QD. An evolution of the
change in optical density with respect to the electric field strength is illustrated in Fig.5.13
for a quasi type-II energy band alignment. Red and blue boxes indicate the red shifted first
excitation energy 1S3/ (h) — 1S(e) and higher lying transition energy 1P3/5(h) — 1S(e),
respectively. In the case of small electric fields (Fig.5.13(a) and (b)), the initially forbidden
transition contributes to a positive change in optical density on the blue side of the energy

band gap. For stronger electric fields (> 0.8 MV /cm), both transitions are shifted further
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Figure 5.13: Evolution of the change in optical density with respect to the applied electric field
strength (see legends) for a quasi type-Il energy band alignment. Red shifted first tran-
sition energy 1S3,,(h) — 1S(e) are tagged by red rectangles, blue boxes indicate the
higher lying transition 1P3,,(h) — 1S(e). Both transitions move farther to the red side
of the spectrum with increasing electric field strength.

to the red side, such that the positive addition to the optical density at the blue side of the

spectrum vanishes.

Measured and simulated Stark spectra are depicted in Fig.5.14 for the two different THz
field strengths as shown in Fig.5.11(c). In order to compare the results of the measure-
ments and the calculations, the spectra are normalised. The two sets of experimental data
are fitted by varying the strength of the electric field experienced by the QDs. The best
match between experiment and theoretical model are found for an electric field strength
between 0.6 MV /cm (blue), and 0.7 MV /cm (red), experienced by the QDs. Because of
dielectric screening and reflection losses in combination with the uncertainty in placing the
sample at the exact focus of the parabolic mirror, the electric field felt by the exciton of a
QD can be more than an order of magnitude smaller than the incident THz electric field,
which is in good agreement with the experimental and simulated electric field strengths. Un-
fortunately, the positive change in optical density originating from the evolving transition
1P3/5(h) — 1S(e) at the blue spectral range, can not be experimentally verified due to the
limited tunability of the probe pulse (610 nm - 800 nm). A discrepancy between the calcu-
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Figure 5.14: Measured Stark spectra (dots) for two different field strengths experienced by the
excitons, and simulated changes in optical density (lines) for 0.7 MV/cm (red) and
0.6 MV /cm (blue).

lated and the measured data at lower photon energies is attributed to the broad spectrum and
finite pulse duration of the probe pulse, which drastically reduces the spectral sensitivity of
the central wavelength, as well as intensity fluctuations. Although a full three-dimensional
model would improve the accuracy of the calculated energy states, a sufficiently good over-
lap between the measured data and simulations validates the simple model and justifies

further discussions on the energy band structure.

Figure 5.15 shows the square of the overlap integral, its absolute and relative change, as
well as the Stark shift with respect to the applied electric field, simulated for three types of
band alignments, revealing the origin of the measured extreme changes in optical absorp-
tion. The vertical dashed lines indicate a field strength of 0.7 MV /cm, which is relevant
to the data presented in Fig.5.14. As it follows from the simulations shown in Fig.5.15(b),
the strongest absolute change in the case of a strong electric field around 0.7 MV /cm is ex-
pected for a quasi type-1I band structure, when the relatively loosely confined de-localised
electrons travel the furthest possible distance away from the holes, leading to a large spa-
tial separation of both charge carriers. Our findings are further supported by Bozyigit et
al. [180], who investigated PL. quenching induced by an applied external field in colloidal
CdSe/CdS QDs, with similar core and shell dimensions as in this work. In contrast to pre-
vious works [193, 194], and in line with our own observations, instead of field-induced
charging of the QDs, they attribute the observed luminescence quenching to the spatial sep-
aration of electron and hole wavefunctions (causing the optical transition matrix element
to decrease). Nonetheless, Fig.5.15(c) reveals that, although the relative changes are simi-
lar for type-II and quasi type-II in the case of strong electric fields exceeding 1 MV /cm, a
type-1I energy band alignment reaches significantly larger values for smaller electric fields.

In addition, as shown in Fig.5.15(d), largest changes in the transition energy for small ap-
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Figure 5.15: (a) Calculated square of the overlap integral of electron and hole wavefunctions, (b)
its absolute, and (c) relative change with respect to an applied electric field, for three
different energy band alignments (see legend). (d) Simulated Stark shift as a function of
the electric field strength. Dashed vertical lines indicate a field strength of 0.7 MV /cm,
which is relevant to the data presented in 5.14.

plied electric fields can be also achieved with a type-II QDs. Such a band structure can
be attained with a very thick shell, which allows the electrons to delocalize freely over the
entire QD volume, while the holes are confined in the core [156]. Thus, for an absorp-
tion spectrum with sharp and well pronounced features, a type-II structure can be beneficial
since small fields can lead to large energy shifts, in addition to a reduced overlap integral,
resulting in a substantial change in absorption. However, although it was predicted by sim-
ulations [164, 165] that the magnitude of the QCSE shifts of the electron and hole levels
increase monotonically with the well width in quantum well structures, an upper limit on
the scalability of the QCSE is given by the exciton Bohr radius [160]. Increasing the width
of nano-devices diminishes the quantum confinement and reduces the exciton binding en-
ergy, such that the exciton eventually field-ionizes and the bulk electric field response would

be expected.
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5.7 Conclusion

In summary, we report for the first time on a direct all-optical encoding of a free space THz
transient onto a visible probe signal in heterostructure QDs without any field enhancing
structures. This simple approach allows to investigate the pure QCSE without any physical
artefacts, such as electrode driven charge injection and demonstrates the capability of ultra-
fast optical interconnects with Tbit/s data rates. A beneficial energy band alignment of the
colloidal CdSe/CdS QDs under investigation lead to a change in transmission of outstanding
15%, which is to the best of our knowledge, the highest value ever reported for solution pro-
cessed materials. Moreover, we demonstrate the sensitivity of EA modulation to the shape
of the THz waveform and thereby achieve a modulation contrast of more than 6 dB, which
is in line with state-of-the art quantum-well EA modulators. The absence of field enhancing
structures further provides the possibility to employ a simple and intuitive theoretical model
which matches the experimental data remarkably well, and allows us to explain the experi-
mental findings. Based on the simulation results, we propose a route to further improve the
signal contrast and modulation depth, namely by utilizing QDs with thicker shells in order
to exploit a type-II band alignment for next generation ultrafast optical switches. The fact
that CdSe/CdS QDs can be tuned between the type-I and type-II regime by varying the core
radius and shell thickness [156, 157], makes it possible to precisely adjust the energy band
structure. The possibility to further tune the absorption spectrum of QDs from the visible
to the telecommunication wavelength by an appropriate choice of composition, size and
barrier width, along with their solution process-ability makes them excellent candidates for

applications in high-speed optical communication systems.
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Chapter 6

THz Generation by mid-IR
two-color Plasma Filaments

For THz generation by two color plasma filaments, usually a high power femtosecond laser
and its SH are focused to produce laser induced gas plasma. The photo-ionized electrons
create a current surge, which further radiates a directional EM field. It is thereby necessary
to break the symmetry between the positive and negative amplitudes of the oscillating op-
tical field in order to produce a non-vanishing net current. In contrast to THz generation
by optical rectification, wherein the generated spectral bandwidth is fundamentally limited
by the pump pulse duration, and the produced THz energy is constrained by the damage
threshold of the EOC as well as competing higher order NL processes, THz radiation by
two-color filaments allows one to deposit much higher pump intensities because gas plasma
is self healing. Moreover, because tunneling ionization is a highly NL process, the ioniza-
tion time scale can be much shorter than the pulse duration of the pump source. Hence,
the THz bandwidth can be much broader than the transform limited pump pulse bandwidth.
Thus, despite the small optical-to THz conversion efficiency of 0.01% [37] from a funda-
mental pump wavelength of 0.8 ym, it is possible to generate strong THz electric fields
exceeding 20 MV /cm. The limit for the THz yield is given by plasma defocusing, plasma
scattering and temporal walk-off between fundamental, SH and THz pulse [36], as well as
THz absorption in over-dense plasma channels [76, 195], when the frequency of the propa-

gating THz wave equals the plasma frequency.

Within the last decade, it has been shown that the conversion efficiency can be substan-
tially increased if to use longer wavelength driving pulses. The first breakthrough was
achieved by Clerici and co-workers [39], demonstrating an increase in efficiency by an or-
der of magnitude to ~ 0.1% for 1.8 ym driving pulses. Due to a lack of intense mid-IR
driving sources, the experimental investigation could not be pushed to longer wavelength
and further publications are mainly based on simulations. For example, a similar one or-
der of magnitude enhancement of the THz yield was theoretically predicted for laser pulses
with a central wavelength of 2 ym [196, 197]. Recently, a theoretical analysis on two-color

filamentation of mid-IR pulses centred at 3.9 ym was performed by Fedorov ef al. [198] by
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taking NL propagation processes into account. The study reveals extremely high achievable
THz conversion efficiencies, which are more than two orders of magnitude higher than for
0.8 pm driving pulses. The results got later numerically confirmed by Nguyen et al. [199].
The outstanding THz conversion efficiency in the case of mid-IR drivers is attributed to
strong photocurrents due to larger ponderomotive forces, longer and wider plasma chan-
nels, negligible walk-off between the fundamental and second harmonic, and additional

field symmetry breaking by generated high harmonics.

In this work, we provide for the first time the experimental evidence for such efficient THz
pulse generation with a fundamental driving pulse centred at 3.9 ym. The high power mid-
IR pump pulses are provided by a home-built OPCPA system, as described in section 3.1.
We report on ultrashort sub-cycle THz pulses with sub-millijoule energy and THz conver-
sion efficiency of 2.36 %, which exceeds by far any previously reported experimental values
for plasma-based THz sources, and results in THz field strength amplitudes of more than
100 MV /cm.

In the following chapter, we first discuss the transient photo-current model, which describes
the underlying interplay between electric field ionization of molecular gasses and THz gen-
eration. We thereby mainly refer to the pioneering achievements of Kim and co-workers,
found in refs [35, 74, 195,200]. Subsequently, we focus on theoretical predictions for long-
wavelength drivers. And finally, we introduce the experimental setup and present our find-

ings.

6.1 Transient Photo-Current Model

The main principle of THz pulse generation via two-color filaments relies on focusing a
high power femtosecond laser and its second harmonic to produce laser-induced gas plasma.
Such a THz generation scheme was first observed by Cook and Hochstrasser in 2000 [201]
and interpreted as four-wave mixing (FWM) process (w + w — 2w) in a gas medium. But
soon it was realized that the third order nonlinearity x®) of a gas medium is too small to
explain the measured THz field strength [195,202]. Moreover, the phase dependence of the
THz yield does not correlate with the FWM-model, which predicts the highest optical to
THz conversion efficiency for a relative phase of zero between the fundamental and second
harmonic pulse. Instead, it was experimentally observed that the highest THz yield occurs

for a relative phase of 7/2.
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Another explanation of the phenomenon, which is now widely accepted, was first proposed
by Kim et al. [195], and is based on the asymmetric transient photo current (also known as
plasma current model). Due to photoionisation of gas molecules, a time dependent current
surge occurs, which further radiates a directional electromagnetic field proportional to the
time derivative of the current density. In order to generate a non vanishing net current den-
sity integrated over the entire pulse duration, it is necessary to apply an asymmetric electric
field. Otherwise, half of the freed electrons would drift up and the other half would drift
down, resulting in a cancellation of the plasma current components. In other words, THz
fields which are generated at different times of the oscillating symmetric field amplitude of
a laser pulse are out of phase and experience destructive interference. In turn, THz radiation
generated at different times by photo-ionized electrons from an asymmetric laser field can
interfere constructively. Such an asymmetric laser field can be generated by combining the

fundamental and its SH, expressed as [35]
Ep (t) = Ey(t)cos (wt) + Eoy(t)cos (2wt + 0) , (6.1)

with E,,(t) and Fs,(t) as the amplitude envelope of the fundamental and SH pulse, respec-
tively, and € being the relative phase between those fields. Although E,,(t) and Fa,(t) are
in general time dependent and often assumed to be Gaussian, for the following steps we
define E, and Ey,, as time independent field amplitudes in order to simplify the illustration
of the transient photo current model, but keep in mind that the generated net current density
is considered for the entire time integral of the laser pulse duration.
This combined electric field creates electron plasma due to photoionization and further ac-
celerates the freed electrons. Newton’s equation of motion in combination with the Lorentz
force F'(t) for the electric field then leads to the time varying velocity [200]
e [t
F(t) =mea(t) = —eEr(t) — () = o ), Ep(t)de, (6.2)
with ¢’ as the time when the electrons are released from the parent atoms (or molecules).
The electron charge and mass are given by e and m., respectively, and a(t) denotes the
electron acceleration. In contrast to high harmonic generation (HHG), where the accelerated
electrons re-collide with the parent ions causing short - wavelength emission, the electrons
drifting away from the ions without experiencing re-scattering account for THz generation
[76]. Assuming parallel linear polarized light of w and 2w, the freed electrons not only

oscillate at the laser frequency, but also drift in the transverse direction at a velocity

e

va(t') = [E, sin (wt') 4 Ea,, sin (2wt’ 4 6) /2], (6.3)

MeWw

wherein zero initial velocity of the electrons at time v(t') = 0 is assumed. From Eq.(6.3)

we see that the drift velocity vg oc A is proportional to the wavelength of the driving pulse.
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Quantitatively, the radiated THz field can be derived from the electron current density, given
by [200]

J(t) = / t dJ(t') and dJ(t') = —edN.(t )va(t), (6.4)

—oco
with dN,(t') as the density of free elecrtons produced by the laser field in the interval
between ¢’ and ¢’ + dt’. Each ionization event causes an ultrafast current surge and emits
THz radiation in all directions. Because the maximum electron displacement during the
interaction is much smaller than the generated THz wavelength, such a current surge can be
considered as dipole radiation from a point source, with the far-field scaling as [74]

dJ(t) edNe(t)

o -
TH2 X gy at

vg(t), (6.5)

where the change of electron density can be approximated by
AN (t)/dt = w(t) [N, — Ne(t)] = Nyw(t), (6.6)

with NNV, as the neutral gas density and w(t) being the photoionization rate. When the
Keldysh parameter fulfils v = \/m < 1 [203], with U; as the ionization potential
of the gas constituent and U, as the laser ponderomotive potential energy, tunnel ionization
becomes dominant. The tunnel ionization rate for hydrogen-like atoms can be assumed,

given by
2 FE,

Eq

olt) = bt e (=) o7
where w, = 4.134 x 10'® s~ is the atomic frequency and F, = 5.14 x 10° V /cm is the
atomic field seen by the ground-state electron in the hydrogen-like atom [204]. Because
the THz pulse energy as well as the THz pulse intensity, both commonly denoted as THz
yield [76,205], are proportional to the square of the THz field, it follows form Eq.(6.5) and
(6.3) that the THz yield scales with A2. Thus, according to the photo current model, larger
THz energies can be expected for longer wavelength driving pulses.
Fig.6.1(a) and (b) show a period of the combined laser field, drift velocity, ionization rate
and resulting DC current for a phase difference between fundamental and SH pulse of § = 0
and 0 = 7 /2, respectively. In the case of zero phase difference, the drift velocity becomes
an odd function and the product with the even ionization rate results in an asymmetric func-
tion. Thus, the current summed over the laser cycle is zero. In the case of § = m/2, the
combination of fundamental and SH pulse results in an asymmetric electric field, leading to
a non-vanishing current density when integrated over the pulse period. Consequently, the
emerging sub-cycle current bursts add up over the entire pulse duration, forming a direc-

tional current surge.
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Figure 6.1: Fundamental (red solid line), SH (blue dashed line) and combined (black solid line) laser
field over one cycle of period. Blue solid lines in the middle panels depict the ionization
rate, grey dashed lines refer to the drift velocity. Bottom panels present the resulting
current density for a relative phase of (a) ¢ = 0 and (b) ¢ = /2, reproduced from ref [74].

Note that, the formation of such a directional current surge will not happen only once, but
several times during propagation when the plasma filament is formed. A filament is defined
as the propagation distance for which a high energy beam experiences intensity clamping.
Within this region, the beam undergoes an alternation of self-focusing and successive de-
focusing. Self-focusing is due to the Kerr lens effect and can only be observed if the peak
power of a pulse overcomes the so called critical power P.. In this limit, the natural
linear diffraction of the pulse is just balanced by self-focusing. If the peak power is only
very slightly higher than P, the GVD will lengthen the pulse after a short distance of
propagation, lowering the peak power to Ppeax < Ferit and the pulse will again diverge
slowly through diffraction. When both linear diffraction and GVD are overcome by self-
focusing, the beam will keep on focusing to a small spot until ionization occurs. Thus, in the
case of intense fs-pulses, the main de-focusing mechanism is caused by plasma diffraction,
which adds a negative contribution to the refractive index [206], as sketched in Fig.6.2.

The relative phase delay # and its optimized value of 7/2 refer to the phase difference
between fundamental and SH inside the filament. However, this relative phase changes

during propagation d inside the filament as
0 =w(ny, —na)d/c+ b, (6.8)

where n,, and nsg,, are the refractive indices of the air-plasma filament, c is the speed of
light and 6 is the initial relative phase at the starting point of the filament. Moreover, the

refractive index inside the filament changes with respect to the generated plasma density and
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Figure 6.2: Schematic of a plasma filament, illustrating a dynamic interplay between NL focusing
and plasma defocusing. The Kerr lens effect adds a positive refractive index scaling with
the NL index of refraction n2 and pulse intensity I(r,t), wherein ¢ corresponds to the
time slice of the propagating pulse. Self-focusing is counter balanced by the negative
additive of the refractive index originating from photoionized electrons, with Anpiasma =2

—4me? Ne(t)/(2mewd) referring to a change in the index of refraction of a pulse slice
propagating in a plasma [206]. Figure is adapted from [79].

optical Kerr effect [35]. Though, the Kerr effect is often neglected and only the contribution

of air and plasma dispersion is taken into account with [207,208]

/ 2

w

_ ~ b
Nfilament,w = Mair,w Tplasma,w and Nplasma,w ~ 1- w2’ (69)

where w, = \/ZW@)/WL@ is the plasma frequency [206]. When electrons from a
neutral plasma consisting of negatively charged electrons and positively charged ions are
displaced from their equilibrium position, the Coulomb force pulls the electrons back, act-
ing as a restoring force. As the electrons will overshoot with respect to their equilibrium
position, the electrons start to oscillate with w,,. Thus, because of this filament dispersion,
the relative phase 6 changes from 0 to 7 over a de-phasing length I; = (A/2)/(ny, — now),
with A\ as the optical wavelength of the fundamental pulse. Because the refractive index
inside the filament depends on the plasma density, the de-phasing length elongates for less
plasma content. As a consequence, because of this de-phasing, THz emission generated
at different points of the filament experience a phase shift and change in polarity, which
ultimately leads to the typical conical emission in the far field, wherein the lower THz fre-
quencies (longer wavelength) are found in the outer part. The conical emission pattern can
be intuitively understood (see Fig.6.3) by naturally occurring off-axis constructive interfer-
ence between locally generated THz waves. The de-phasing length for w and 2w pulses
(fundamental wavelength of A = 800nm) in a plasma string with typical average plasma
densities is in the order of 1020 mm [208]. Depending on the filament length (several
times the de-phasing length) and emitted THz spectrum, the far field profile result in con-
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Figure 6.3: Schematic of conical THz emission from a long two-color plasma filament, adapted from
[207]. The THz waves produced at points A and B interfere constructively if the path
difference Al = Ps — (P1 + P2) = (m + 1/2)T", where m = 0,1,2,... and I is the
THz wavelength. For m = 0, the angle for constructive interference is given by cos & ~
1-T/(2ly).

ical emission angles of < 10° [207,208]. In the limit where the plasma filament length
is significantly shorter than the de-phasing length, Kim et al. [207] observed THz waves
with the same polarity and constructive interference in the forward direction, resulting in
on-axis THz radiation, but with a very narrow THz spectral bandwidth and low THz yield.
They further observe a continuous enhancement of the THz output (in a conical emission
pattern) by simply increasing the filament length, until w and 2w pulses do not temporally
overlap. In the case of THz generation of an ultra broadband THz pulse, Gorodetsky and
co-workes [208] demonstrated an absence of on-axis components, even for a filament size
shorter than the de-phasing length. They further elucidate that the angle of the conical emis-
sion drops with decreasing plasma density or increasing filament length. As it is the case in
ref [207], the total THz yield increases almost linearly with the filament length, which indi-
cates the feasibility to effectively increase the THz output by extending the filament length

with a constant plasma density.

Another crucial parameter for efficient THz generation is the polarization of the fundamen-
tal and SH harmonic field, which does not only affect the THz yield, but further influences
the polarization state of the THz output. In general, it is widely accepted that most effi-
cient THz generation is achieved when the polarization of fundamental and SH fields are
parallel [74,209]. Although THz radiation can still be generated with cross polarized funda-
mental and SH pulses, the contribution is minor compared to the parallel case. Nonetheless,
as mentioned before, the THz yield from linear polarized pump pulses strongly depends on
the relative phase between fundamental and SH. In a microscopic (single-atom) model, THz
radiation would be solely polarized along the direction of the current vector of the photo-
ionized electrons. Nonetheless, in the case of long filaments, the polarisation state of the

radiated THz pulse evolves from linear to elliptical with respect to the filament length. This
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behaviour is attributed to (i) air-plasma dispersion, causing a relative phase shift between
the w and 2w pulses along the plasma filament, and (ii) cross-phase modulation (XPM) be-
tween the 2w and stronger w pulse, which adds polarization changes. In turn, the modulation
of the relative phase and polarization state change the direction of the local plasma current
and thus, THz polarization. In addition, the optical and THz pulses propagate with different
velocities in the plasma filament, causing the local THz waves emitted from different parts
of the plasma to arrive at different times in the far field. These combined effects generate a
THz pulse in the far field whose polarization direction rotates with time [210].

However, in the case of high plasma densities Meng et al. [211], and later Tailliez et
al. [212], experimentally demonstrated a 5 times higher efficiency of THz emission for
circularly polarized laser fields with same helicity compared to linearly (parallel) polarized
fields. This enhancement is explained based on the analysis of electron tunnelling ioniza-
tion and subsequent dynamics. It is well understood that atoms or molecules can be more
easily ionized in laser fields with linear polarisation than with circular polarisation [213].
Thus, in the case of low laser intensities (~ 1 x 10** W/cm? for a 800 nm fundamental
pulse [211]) much higher energy densities are created for linearly polarized light than for
circularly polarized light, resulting in larger THz energies. In turn, for high laser intensities
(~ 5 x 10" W /cm?), the gaseous atoms are fully ionized and the electron density saturates
for both polarizations with the same peak intensity. Nonetheless, for linearly polarized light,
complete ionization occurs at the leading edge of the pulse and the residual pulse does not
contribute to the plasma current but experiences plasma scattering instead. In turn, in the
case of circularly polarized pulses, the saturation ionization instance is closer to the peak
of the laser field. This delayed saturation of ionization leads to a higher vector potential at
the instance of newly born electrons and thus, higher drift velocity. Consequently, because
the plasma density for linearly and circularly polarized pulses are the same, but the electron
drift velocity is larger for the latter case, circular polarized light results in a higher plasma
current and THz energies.

In addition, they observed that the dependence of THz yield with respect to the relative
phase between fundamental and SH almost vanishes in the case of circular polarization.
Such an insensitivity can be attributed to the ionization probability, which is independent of
the relative phase for circularly polarized light, according to theoretical studies of Song et
al. [214].

In spite of that, the THz yield does not only depend on the polarisation, relative phase shift
and pulse energy of the fundamental and its SH pulse, but on the gas pressure and focus-
ing geometry, which further effects the length of the filament, plasma volume and therefore
THz generation efficiency. Most importantly, it has been demonstrated that the THz energy
strongly saturates with laser intensity and gas pressure [76,77]. In the case of a tight focus-

ing geometry, resulting in short intensity clamping, a dense plasma is formed and strongly
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defocuses the high-energy laser pulse. Thus, the laser intensity is not effectively coupled
into the plasma channel. Only the front part of the pulse is used for photoionization, while
the tailing edge does not contribute to plasma generation but gets scattered instead. As a
consequence, the THz emission becomes less and strongly saturates with increasing laser
input intensity. In turn, such ionization induced defocusing can be reduced with weaker
focusing conditions in order to elongate the filament and hence increase the plasma volume.
Though, this technique is limited by (i) a critical plasma density, i.e., with extremely weak
focusing the plasma density drops significantly, resulting in reduced THz energy, and (ii)
macroscopic phase-matching becomes crucial for efficient THz generation since the funda-

mental, SH and THz pulse do not exhibit the same propagation velocity.

Ultimately, optimization of the optical- to- THz conversion efficiency in the case of near-IR
driving pulses centred at around 800 nm is fundamentally limited by dispersion of the gas
medium, plasma volume and symmetry of the combined laser field. In order to overcome

these constrains, long wavelength pump sources are necessary.

6.2 Long-Wavelength Drivers

6.2.1 Larger Plasma Volume

THz generation from long wavelength driving pulses is supported by the physical mecha-
nism of laser filamentation. A commonly accepted definition of filamentation is a dynamic
interplay between self-focusing and diffraction, resulting in self-channelling that can persist
over many meters. Because the critical power for Kerr self-focusing scales as Pei; o< A2
and is hence higher for long wavelength driving pulses, it is possible to deliver more energy
to the filament. In particular, the critical power for self-focusing for 800 nm driving pulses
in ambient air, in dependence on the pulse duration, was evaluated to be in the order of
~ 5 — 10 GW [215], whereas in the case of 3.9 um pulses, the critical power was esti-
mated to ~ 125 — 250 GW [216,217]. Because the photoinoization rate is lower for long
wavelength pulses, the onset of saturation (wherein the gaseous atoms are fully ionized) is
at significantly higher intensities. Thus, the released electrons -with a birth time close to the
intensity peak- experience a larger drift velocity resulting in a positive effect on the gener-
ated photo current. Moreover, the filament volume increases with respect to to the central

wavelength of the driving pulse. An intense femtosecond pulse will start to self-focus at a



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

102 THz Generation by mid-IR two-color Plasma Filaments

distance zy from the beginning of propagation in the medium according to the Marburger

formula [218]
0.367ka?

zp = - ,
\/[ L —0.852] - 00219

where £ = 27 /) is the wave vector, ag is the radius of the beam profile at 1/e level of

(6.10)

the intensity and P the peak power of the pulse. In laboratory conditions, filamentation
is usually assisted by external focusing to force self-focusing within the limited length of
the medium. The new starting point z} of the filament appears before the position of the
geometrical focus and satisfies the lens transformation equation:1/zy +1/f = 1/ z} with
f as the geometrical focal length. For a long focal length, the filament occurs before the
geometrical focus and the filament length Ly = f — z} is roughly the distance between the

self-focusing position z} and geometrical focus [206]. Figure 6.4(a) shows the self focusing
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Figure 6.4: (a) Self focusing distance without external focusing of a collimated beam with radius
ao=5cm and peak power P = 1.5P.;. (b) Resulting filament length for a loose focusing
geometry of f =75 cm.

distance without external focusing (f — o0) with respect to the wavelength for a beam
radius of ap = 1.5 mm and peak power of P = 1.5F,,i;. The filament length for a focal
distance of f = 75 cm is shown in Fig.6.4(b). When the geometrical focal length becomes
shorter, the filament extends into the geometrical focus and the formula L; = f — z} no
longer holds. However, for the case of tight focusing with f < 2y, Geints et al. [219]
found that the filament length scales linearly with the wavelength, is proportional to the

ratio between the peak power and critical power and is inversely dependent on the beam

Ly o Aag*/ P/ Peit. (6.11)

An analytical expression for the filament diameter D can be deduced from equating diffrac-

radius

tion, as well as Kerr and ionization response of the medium, and can be described by [220]

s

~ x A, 6.12)

Dy~ ——=
V/2k?12 Linax /10
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with 75 as the maximal effective Kerr index, n¢ the linear refractive index and I, as
the clamped intensity which depends on the ionization rate. Equation (6.12) is related to
a collimated beam without external focusing elements. Theoretical studies [221] on THz
radiation by two-color filamentation with different wavelengths confirm a linear dependence
of the filament diameter with respect to the fundamental wavelength, when the laser pulses
are focused by a lens with focal distance f = 200 mm. In the simulations, the peak power of
the fundamental pulses with a central wavelength ranging from 0.6 —1.6 pm (100 fs FWHM
pulse duration) was set to P = 1.2F.,;;. Consequently, due to the elongated filament and
larger diameter, a higher plasma content can be generated with long wavelength driving

pulses.

Clerici et al. [39] have been one of the first who investigated, theoretically as well as ex-
perimentally, THz emission generated by two-color plasma filaments of long wavelength
driving pulses ranging from 0.8 pm to 2.02 um. While sweeping the central wavelength
of a commercial OPA from 1.225 um to 2.02 pm (the 800 nm pulse came directly from
the laser amplifier), all other pulse parameters such as energy (400 uJ of fundamental and
20 uJ of SH), pulse duration (60 % 5 fs), as well as focusing condition (off- axis parabolic
mirror with a focal length of 10 cm) were fixed during the experiments. They observe
an increase in THz energy which scales with the central wavelength as A\* from 0.8 ym
to 1.8 um. For longer wavelength, the THz energy suddenly dropped. The discrepancy
from the \2- scaling law, as predicted by the transient photo current model, is described as
follows: in the case of tunnel ionization, which is independent of the wavelength, the pho-
tocurrent depends linearly on the wavelength (see Eq.(6.3) and (6.4)), which in turn resluts
in a quadratic scaling of the radiated THz energy with the pump wavelength. This simple
model doesn’t take the wavelength dependent plasma volume into account, wherein both
the filament length as well as the radius scale with A. By including these parameters in the
numerical simulation, Clerici et al. demonstrate a remarkable fit with the experimental data.
Thus, the outcome can be interpreted as a combined result of both the fundamental A\?-law
resulting from the plasma currents and the effect of the wavelength dependent plasma vol-
ume. Moreover, by including the A2 dependence on the intensity (Ipeak = 2Ppeak/ (mw3),
where wy = Af/(mw;) is the beam waist after focusing the beam with radius w; by a
lens with focal distance f, and Ppeak is the peak power), they can successfully reproduce
the sudden drop of THz emission for > 1.8 pum driving pulses. Simply, at ~ 1.8 pm, the
threshold is reached for which the ionization probability drops below 100%. Thus, they
find that the wavelength-scaling of A\*® is not universal but is related to the photocurrent
amplitudes combined with the filament volume and linear focusing conditions used in their
work. Nonetheless, the THz field amplitude generated by a 1.85 ym pump pulse reached
4.4 MV /cm with a conversion efficiency from mid-IR pump to a single-cycle sub-10 THz
pulse of > 1073, which is more than one order of magnitude higher than in the case of
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THz generation with 800 nm pump pulses. The achieved THz field strength was the highest

value reported for a table-top source at this time.

Later, Nguyen et al. [205] repeated the experiment in a similar wavelength range with two
different laser sources and varying laser parameters. They experimentally observe a THz
energy scaling of A* with a large spread of the exponential factor of 5.6 < o < 14.3. As
it follows from their simulations, the distinct exponents can be attributed to the envelope
laser parameters such as the beam width, pulse duration, energy ratio SH/F between SH
and fundamental F pulse, and the relative phase between the two color fields when tuning
the carrier wavelength of the OPA. Moreover, they theoretically reproduced experimental
results of Clerici et al. [39], where the pulse duration and SH/F energy ratio was reported
to be constant during the experiment. A phase slippage was identified as one of the main
reasons for the deviation from the expected A\? scaling law. During the experiment, the
SH crystal is placed at a certain distance away from the focal plane in order to provide
an optimal relative phase of /2 between the fundamental and SH pulse. As the central
wavelength is changed, the SH crystal is rotated, leading to a strong phase shift at the focus,
which can ultimately cause a sudden drop in the THz signal for specific wavelengths.

Thus, in order to accurately describe the scaling of THz energy with respect to the central
wavelength of the driving pulse, several parameters have to be taken into account, such as
the elongated plasma volume, laser pulse dimensions and dispersion of the medium being
responsible for the change in relative phase between the fundamental and SH pulse. From
the practical point of view during the experiments, it is basically impossible to keep all of

these parameters constant at the same time.

6.2.2 Increased Asymmetry

Although wavelength scaling laws are not universal with respect to the laser parameters
[196], similar theoretical results were reported by Zhang et al. [222], wherein they con-
trol strong tunable THz emission with optimal incommensurate multi-color laser fields.
They use the interference (or local current) model proposed by Babushkin et al. [223]
to describe the mechanism of the THz frequency tunability. Here, the THz wave results
from a linear superposition of many individual ionization events, with ionization ampli-
tudes C, = —ednenvq(ty), with dne, and v4(ty) as the increment of electron density and
drift velocity for the n-th ionisation event, respectively. They find a wavelength scaling of
A262 for the THz yield of THz pulses with a power spectrum centred at 15 THz, when the
pulse duration and peak intensity of the driving pulses are kept constant. An even higher
scaling law of A\3!! is found for 30 THz pulses. An increase in THz yield with respect

to the central wavelength of the driving pulse can be understood as follows: although the
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total ionization events are reduced in the field of long wavelength drivers due to the reduced
number of oscillations for a constant pulse duration, the number of ionization events with
dominant contribution to the total THz radiation is maintained. The amplitude for each
ionization event is enlarged due to the enhanced increment of electron density én., and
velocity v,4(t,,) for consecutive ionization events. In other words, the difference in the field
amplitude of the two-color laser field is larger in between every optical cycle in the case
of longer wavelength drivers which leads to a higher field asymmetry and a steeper slope

of the current density with respect to infinitesimally small steps in time. A change in field
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Figure 6.5: Field amplitudes for 100-fs pulses with a central wavelength of 800 nm (red) and 3.9 um
(grey). The magnified view on top reveals a change in field amplitude of subsequent
global maxima of 0.002 in the case of the near-IR driving pulse, and 0.176 for the long
wavelength driver, indicating a higher field asymmetry for the latter case.

amplitude is illustrated inf Fig.6.5 for two pulses with a central wavelength of 800 nm and
3.9 um. In both cases, the pulse duration at FWHM is 100 fs, the maximum of the 3.9 ym
pulse envelope is chosen in order to account for the A? scaling of the critical power of self-
focusing. Close to the peak of the pulse, the change in field amplitude between subsequent
global maxima is 88 times larger in the case of the mid-IR pulse as compared to the 800 nm
driver. Even if the peak field amplitudes would be equal, the change in field amplitude
would be more than 22 times larger for the mid-IR pulse. Accordingly, due to the enhanced
asymmetry between consecutive ionization events, a more intense THz emission is gener-
ated.

The same argument of an increased laser field asymmetry being responsible for an enhanced
THz yield is found in the case of THz generation by a single-color filament of long wave-

length drivers containing only a few optical cycles. Wang et al. [224] theoretically predicted
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an enhancement of the THz amplitude by 35 times as the laser wavelength increases from
1 pm to 4 um. In addition, it was shown that the laser intensity threshold for THz emission
is lower for longer laser wavelengths, and it was demonstrated that a 5 MV /cm THz field
can be produced by a 4 ym laser with an intensity of 10> W /em?. This is because with an
increase in laser wavelength, the number of laser cycles needed to ionize the gas completely
is decreased, the electron number distribution versus the electron birth position tends to be
more highly asymmetric, and the average drift velocity becomes larger, resulting in strong

net current and subsequent powerful THz radiation.

Moreover, Mitrofanov et al. [225] reported on higher order harmonic generation in a single
channel filament of a linearly polarized intense mid-IR pulse centred at 3.9 ym. Harmonics
were detected up to the 9th order in ambient air. In the case of elliptically polarized light,
harmonic generation in ambient air could be measured effortless up to the 7th order [226].
Such higher order harmonics, propagating with the fundamental and SH pulse, are identified
theoretically [198] as additional field symmetry breaking factor which further boosts THz

generation.

6.2.3 Lower Dispersion

Dispersion of ambient air is significantly smaller in the mid-IR spectral range, as shown
in Fig.6.6, which leads to a smaller walk-off between the fundamental and SH. After one
meter of propagation in air of a fundamental pulse with central wavelengths of 800 nm, the
second harmonic will lag behind by 82fs. In comparison, the temporal walk-off between
3.9 pm and 1.95 pm only accounts for 2.2 fs [227]. Moreover, the small walk off between
the THz and fundamental pulse further explains the better directionality of THz radiation in
the case of mid-IR pulses. In combination with the elongated filament length, this results in
a reduced angle of THz emission cone of ~ 2° for 3.9 ym compared to ~ 7° for 800 nm,
according to the theoretical work. Thus, focusing of the THz beam will be easier and

ensures a smaller focal spot size.

Overall, Fedorov et al. [198] theoretically compared the performance of THz generation
and filament characteristics between 800 nm and 3.9 pm driving pulses with the same pulse
duration. The pulse energy was chosen in such a way that the power of the corresponding
single-color pulse is comparable in both cases and set to 1.2 F.,;. It was found that a ~ 3
times longer plasma channel, containing ~ 45 times more free electrons in the case of mid-
IR drivers is generated. In the simulations, they further included higher harmonics of up to
the 15th order, generated during propagation in air, which contributes to the field symmetry

breaking, and a smaller walk off between fundamental and SH. The combination of all
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Figure 6.6: (a) Phase refractive index and (b) group velocity of dry air (at 15 °C, 101.325 kPa). Coeffi-
cients for the Sellmeier equation in the visible and near-IR spectral range (0.23 —1.69 um)
are taken from ref [228]. Data for the mid-IR range is provided by ref [229]. The inset of
(a) shows a magnified view on the mid-IR spectral range.

these beneficial factors resulted in an astonishing predicted conversion efficiency of 6.7%

for 3.9 ym, compared to 0.06% for 800 nm pulses.

6.3 Experimental setup

As described in section 3.1, the OPCPA system generates more than 30 mJ of pulse energy
at a central wavelength of 3.9 ym. The pulse duration and temporal chirp can be controlled
with a grating compression and enables sub 100 fs pulses. The system operates at a repeti-
tion rate of 20 Hz. A simple in-line schematic of the experimental setup is shown in Fig.6.7.
The fundamental pulse is steered through a quarter wave plate (QWP), in order to control
the ellipticity of the field polarization. SHG is conducted in a 100 gm thick z-cut GaSe
crystal with a clear aperture of 7mm. The negative uniaxial SH crystal is tilted to obtain
type-1I phase matching conditions, wherein two of the three waves involved are polarized
extraordinarily (w(e) + w(o) — 2w(e)). The configuration is chosen to achieve a maximal
mutual projection of the polarizations of the fundamental and the second harmonic beam
on the same axis. Parallel polarizations of w and 2w fields are known to be the optimum
composition for efficient THz generation. The combined laser field is then focused with a
parabolic gold mirror with a focal distance of 150 mm in ambient air to produce a plasma
channel. Because the mid-IR (3.9 um = 76.87 THz and 1.95 um = 153.75 THz) and THz
pulse are spectrally close, separation of the generated THz radiation from the pump spec-
trum is not trivial. We therefore use a combination of spatial and frequency filters. A metal
disc (MD) is inserted before the collimating mirror to block the central part of the beam,

which mainly consists of the fundamental pulse, SH and generated supercontinuum. The



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

108 THz Generation by mid-IR two-color Plasma Filaments

W GaSe Ww

3.9 um
30mJ
<100 fs —
20 Hz QWP 2w
THz
<=
LPF
THz i) Mi
. . i) Michelson
(i) Calibrated (i) Electro - optic THz ( |21terferometer
pyro-electric detector sampling
THz Probe j\[ — dmlOtoritzed
f=100 mm lSO um Balanced elay stage
— ~\)W\]v GaP Detector AR
Pellicle
_ WP :
f=50 mm Pyro-electric
detector

Figure 6.7: Experimental setup for THz generation by two-color plasma filaments (top) and THz di-
agnostics (bottom), consisting of a Michelson interferometer, EOS and a calibrated pyro-
electric detector. QWP - quarter waveplate; MP - metal plate; LPF - long pass filter; WP
- Wollaston prism

conically emitted THz radiation passes around it. Residual driving pulses are blocked after
the collimating mirror with a 5 mm thick HDPE plate. The THz pulse is then steered to the
diagnostic setup, which mainly consists of EOS and a Michelson interferometer to measure
the THz transients and power spectrum, as described in section 2.1. The THz energy is mea-
sured with a calibrated pyroelectric detector (PED, SPI-A-62-THz Gentec-EO). To prevent
the detector from saturation, additional filters are used in order to attenuate the intense THz
radiation. The set of long pass filters comprise of another 5 mm HDPE plate, one 2 mm
thick high resistivity float zone Silicon wafer, and one 0.5 mm thick low resistivity black

Silicon wafer. Transmission spectral of the applied long pass filters are shown in Fig.2.6.

6.4 Results and Discussion

6.4.1 Polarization States

For conventional pump schematics with a Ti:Sapphire system centred around 800 nm it is

common practise to use a BBO crystal with type-I phase matching conditions to generate the
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SH. The resulting orthogonal polarization of fundamental and SH can be easily corrected
for parallel alignment with a \/2-waveplate for the fundamental pulse which may simulta-
neously act as A plate for the 2w pulse. Although the optical coating and plate thickness
needs to be carefully designed, such waveplates do exist in the near-IR and visible range. In
contrast, in the case of mid-IR pulses, such phase retarders are not (yet) available. Alterna-
tively, in order to maximize THz emission, the GaSe crystal is rotated and tilted (close to the
phase matching angle of 17.3 ©) for type-II interaction. The angle between the polarization
states of the fundamental and the SH pulse are then close to 45 ° (see Fig.6.8(a)), which
gives a maximal projection of the polarizations. In addition, a QWP is used to control the

ellipticity of the polarization states.

Figure 6.8: Polarization state of (a) the SH (red) and fundamental (blue) pulse with the main axes of
the polarization ellipse rotated by 356 ° and 43 °, respectively. (b) Resulting linearly polar-
ized THz pulse with a polarization plane rotated by 33 °. Experimental data is presented
by dots, while solid lines refer to a fit function to guide the eye.

Although the emerging ellipticity of the driving pulses might seem to be detrimental for
efficient THz generation on a first sight, it is indeed advantageous. As elucidated in section
6.1, a relative phase of 7/2 between the fundamental and SH is needed to gain the highest
asymmetry of the combined electric field. The relative phase is basically determined by the
difference in refractive index and the common propagation path of fundamental and SH,
as shown in Eq.(6.8), wherein the common path length can be controlled by changing the
distance between the SHG crystal and plasma source. In the case of a Ti:Sapphire system,
the relative phase between the fundamental and SH pulse can be shifted from 0 to 7/2 by
moving the crystal by only 2 cm [200]. However, as mentioned before, dispersion in the
mid-IR spectral range is very small. Thus, several meters of a common propagation path
distance would be necessary to produce the desired relative phase. Instead, it is possible

to use elliptically polarized light in order to overcome this obstacle. Elliptical polarized
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light is the superposition of two plane waves with mutually orthogonal polarization, shifted
in phase by 7/2. Hence, at any given time, there is an electric field component of the

fundamental pulse which is phase shifted by 7/2 with respect to the SH pulse.

Moreover, in the case of intense pump pulses, circularly polarized light can enhance the THz
conversion efficiency because ionization events will be only initiated by the central part of
the driving pulse, which can decrease plasma scattering of the trailing edge and increase the
coupling efficiency into the plasma channel [211,212]. Thus, the ellipticity of the mid-IR
driving pulse can be another indicator for the observed extraordinary conversion efficiency,

as presented in the following section.

Consequently, the experimental setup can be empirically optimized for a maximum mutual
projection of the field components and suitable relative phase shift, resulting in a linearly
polarized THz pulse with a polarization plane in between the major polarization axis of w
and 2w fields (Fig.6.8(b)). The polarization of the generated THz pulse is thereby charac-
terized by placing a rotating wire grid polarizer (Tydex) before the focusing mirror in front

of the pyro-electric detector.

6.4.2 THz Conversion Efficiency

To measure the THz energy and conversion efficiency, the filtered THz pulses are focused
onto the pyro-electric detector with a parabolic mirror with a focal distance of 100 mm. The
corrected THz energy and conversion efficiency with respect to the pump energy, consisting
of fundamental and SH pulses after the GaSe crystal, are shown in Fig.6.9. The THz energy
is thereby restored by taking the frequency-dependent transmission coefficients and detector
calibration (as described in section 2.2) into account. As the pump energy increases, an
extremely high THz pulse energy of 0.185 mJ and record conversion efficiency of 2.36%
can be reached, which is more than two orders of magnitude higher as compared to typical

values reported for 0.8 pm driving pulses.

In order to verify that the detected energies solely originate from THz radiation generated
in the plasma filament, several experiments are conducted. First of all, using only the metal
plate and a 5 mm HDPE sheet, the THz source is actually strong enough to be measured with
a standard mid-IR laser power meter. The measured THz energies attained from the power
meter and pyro-electric detector are thereby in the same order of magnitude. However, be-
cause the pyro-electric detector is calibrated for the THz spectrum, the acquired signal is
more reliable and used for the presented data. To exclude the possibility that the signal

on the power meter emerges from residual pump pulses which are transmitted through the
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filters, THz generation is suppressed by either detuning the compressor of the OPCPA or
by misaligning the SH crystal. In both cases, the signal on the power meter disappears.
Second, GaSe is known for efficient THz generation by optical rectification. To rule out
THz radiation arising from the NL crystal under the phase matching conditions used during
the experiments, a HDPE filter is placed immediately after the GaSe crystal allowing any
THz radiation produced by the crystal to pass, while the blocked laser beam does not prop-
agate further to create a filament. The resulting absence of any measurable signal on the

pyro-electric detector beyond the noise limit confirms that all the recorded THz radiation is

produced by the filament.
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Figure 6.9: THz energy (a) and conversion efficiency (b) in dependence of the pump energy, corre-
sponding to the pulse energy of the combined w — 2w laser field after GaSe.

Note that, despite the achieved THz conversion efficiency, we believe that we are not yet
fundamentally restricted to reach higher values. Particularly, we are limited by the clear
aperture of the SH crystal and surface reflection from the crystal, which are technical prob-
lems that can be overcome. Fig.6.10(a) depicts the transmission of the 100 pum thick GaSe
crystal with respect to the pump intensity and pump energy of the fundamental driving pulse
centred at 3.9 um. As the crystal is uncoated, Fresnel reflection losses from the crystal sur-
faces cause a reduced transmission. Moreover, for high pump energies, the GaSe crystal
exhibits noticeable multi-photon absorption or tunnel ionization. However, as long as the
transparency level is kept above 10% of its initial value (as visualized by the horizontal
line in Fig.6.10(a)), the reduced transparency is reversible [230]. Significantly larger pump
intensities lead to irreversible damage of the crystal wherein Selenide starts to evaporate
and a solidified Gallium structure appears on the crystal surface. Nevertheless, although we
are operating in a pump regime where the transmission has dropped to less than 58% of its
initial value, and dark spots become visible on the crystal surface, the energy ratio between
fundamental and SH pulse contentiously increases with respect to the pulse energy after the
GaSe crystal, as shown by the blue dots in Fig.6.10(b). For energies > 7 mJ the curve
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flattens, similar to the measured THz energy (grey circles), indicating a possible reason
for the onset of saturation of the THz conversion efficiency depicted in Fig.6.9(b). Thus,
for a GaSe crystal with a clear aperture of 7 mm, the maximum achievable energy of the
two-color laser pulses is limited to 8.8 mJ in the current experiment. However, nowadays,
GaSe crystals with a diameter of 2 cm are commercially available, which would lead to an

increased pump energy by 8 times before permanently damaging the crystal.
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Figure 6.10: (a) Measured transmission of a 100 um thick GaSe crystal with respect to the input
energy of the fundamental driving pulse at the crystal surface (top x-axis) and peak
intensity (bottom x-axis) for a pulse duration of 100 fs and 1.4 mm beam radius at FWHM
level. Both are shown in logarithmic scale. The horizontal line indicates a transmission
level of 10% of its initial value (b) Ratio of fundamental and SH pulse (blue dots) and THz
energy (grey circles) in dependence of the pump pulse energy measured after GaSe .

6.4.3 THz Transient

The spectral characterization of the generated THz pulse is performed with two different
methods, namely with EOS and with a field autocorrelation technique based on a Michelson
interferometer. Although the latter is an incoherent Fourier transform spectrometer which
lacks phase information of the THz transient, it allows to detect all spectral components,
as discussed in section 2.1.2. A schematic of the experimental setup is shown in Fig.6.7.
After the two replica of the THz pulse are recombined on the pellicle beam splitter, the
interfered THz radiation is focused on the pyro-electric detector by a parabolic mirror with
a focal distance of 100 mm. The same set of long pass filters, which were already used for
energy and polarization measurements, are applied to protect the detector from saturation.
Figure 6.11(a) shows the recorded THz interferometric signal (red line) averaged over 5

consecutive scans. The grey dashed line depicts a nonlinear curve fitting of the THz signal
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with the autocorrelation result (see Eq.(2.10)) from the temporal profile of a THz pulse

of [231]
t

2
Ei(t) = EO% exp (_t§> , (6.13)
where Ej is the amplitude normalizing Fi(t) to unity and tq is the fitting parameter, ac-
counting for 32.91 fs. The model THz electric field used to fit the autocorrelation signal is
shown in the inset of Figure 6.11(a). The corresponding THz spectrum, obtained by Fourier
transforming the recorded signal, is depicted in Fig.6.11(b). The noise level is indicated
by the dashed line. The autocorrelation measurement reveals a spectral bandwidth of more
than 15 THz, centred at around 7.5 THz. Note that, detection of higher frequencies is pre-
vented by the low resistivity black Silicon wafer installed in front of the detector (see the

transmission spectrum in Fig.2.6).
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Figure 6.11: (a) Autocorrelation signal measured with a Michelson interferometer (red solid line) and
fitted interferometric signal (grey dashed line), calculated from the temporal pulse profile
shown in the inset. (b) Related Fourier transformation. (c) EOS signal and (c) corre-
sponding THz spectrum.

In turn, EOS allows to measure the THz transient coherently, including phase information.
Nonetheless, in the case of a broadband THz pulse, detection of all spectral components
is not trivial due to strong THz absorption in the EO crystal and phase mismatch between
the THz and probe pulse, as reviewed in section 2.1.1. Here, the generated THz pulse
is focused on a 50 um thick GaP crystal by a parabolic mirror with the focal distance of
50 mm. The synchronised probe pulse (central wavelength of 680 nm and pulse duration of

40 fs), is spatially overlapped with the THz pulse by a focusing lens (f=150 mm) through a
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hole in the center of the parabolic mirror. To ensure linear response of the GaP crystal, the
intensity of the probe pulse is controlled with a neutral density filter and the THz intensity
is reduced by two 5 mm thick HDPE filters and a pair of wire-grid polarizers. To avoid
water absorption from ambient air, the EOS setup was purged with Nitrogen resulting in a
reduced humidity of 2.2%. The sampled THz transient is depicted in Fig.6.11(c), averaged
over 3 consecutive scans. The well pronounced post-pulse at > 1 ps is attributed to an echo
caused by a surface reflection of the THz pulse at the GaP crystal. The corresponding THz
spectrum is shown in Fig.6.11(c) (blue line), with a dashed line indicating the noise level
measured under the same experimental conditions with the THz beam blocked. Due to
the excitation of transverse-optical lattice vibration of the detection crystal, the detection
bandwidth is limited mainly to the lower part of the THz spectrum (<8 THz). However,
due to the small crystal thickness and the high dynamic range of the detection technique,
higher frequencies (up to 20 THz) are resolved, indicating the ultra-broadband nature of our

source.

In order to estimate the amplitude of the THz electric field, it is necessary to obtain data
on the spatial beam shape and temporal pulse profile, as well as on the THz energy, as
elucidated in section 2.4. The beam radius is measured with the knife edge method at the
focal plane of a 50 mm parabolic mirror and accounts for 59.3 ym at 1/e level. If the
THz waveform recorded by EOS is used, the electric field strength can be approximated
to ~100 MV /cm for a THz energy of 0.185 mJ. However, since the detection bandwidth
of this technique is limited, the retrieved THz pulse duration will be overestimated lead-
ing to the underestimation of the THz field amplitude. Alternatively, the temporal profile
Ei(t), retrieved from the Michelson interferometer, can be used for the time integral G in
Eq.(2.20), providing an upper limit of the THz field strength. Thus, for the two temporal
shapes, it can be concluded that the THz electric field amplitude lies in between 100 and
150 MV /cm with corresponding magnetic field strengths between 33 and 50 T, which are,

to the best of our knowledge, the highest values ever reported for a table-top THz source.

6.5 Conclusion

In summary, we have demonstrated for the first time, an extremely efficient generation
of high power THz pulses from mid-IR two-color laser filaments, confirming theoretical
predictions on the virtue of long wavelength driving sources. An extremely high THz con-
version efficiency of 2.36% could be achieved, which is more than two orders of magni-
tude higher compared to typical values obtained with two-color pulses from Ti:sapphire

lasers. The single cycle THz pulse promotes energies of up to 0.185mJ and an elec-
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tric field strength exceeding 100 MV /ecm. We attribute the beneficial outcome to stronger
photo-currents from larger ponderomotive forces, an increased electric field asymmetry of
the two-color field, additional symmetry breaking due to generated low order harmonics, a
larger plasma volume and smaller temporal walk-off between the fundamental, SH and THz

pulse.

Nevertheless, despite the remarkable performance of the current THz source, the limits are
not yet reached and further improvements can be expected. For example, technical issues
concern the use of spectral filters that absorb a part of the THz radiation, the control of the
polarization of the driving laser and its second harmonic, and the energy losses in the SH
NL crystal. Theoretical simulations [198] predict multi-mJ THz pulses with peak electric
and magnetic fields to the gigavolt per centimeter and kilotesla level if to merely increase
the input laser pump energies in the range of a few tens of millijoules. THz pulses generated
in this work, and envisioned future THz sources driven by mid-IR pulses, pave the way for

NL THz optics with extreme field strengths.
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Chapter 7

Cross-phase Modulation and THz
induced PL in Semiconductors

The extraordinary THz source presented in the previous chapter allows to enter the realm
of NL THz optics, wherein THz radiation is used as a driver to trigger transient phase

transitions or manipulate the four states of matter.

The following chapter represents proof of principle experiments confirming the extreme
THz fields sufficient to modulate the optical properties of bulk semiconductors. Namely,
we demonstrate modulation of a visible probe pulse through cross-phase modulation (XPM)
driven by strong THz fields in a 1 mm thick ZnTe crysta, and report on THz induced pho-
toluminescence (PL) in ZnTe as well as ZnSe. The main results can be found in ref [A4]
and [B13].

7.1 THz induced Cross-Phase Modulation

XPM refers to a change in optical phase of an electromagnetic wave due to the interaction
with another wave in a NL medium. This phenomena is typically observed in a NL Kerr
medium exhibiting a large x*) nonlinearity, in which the phase of a weak probe changes
proportionally to the intensity of a strong excitation pulse, usually containing many oscil-
lation cycles of optical fields. The intensity I(!) of beam 1 thereby alters the refractive
index for beam 2 by An2) = 2n9l (1), with no as the NL index. However, Shen and co-
workers [232,233] first demonstrated a second-order XPM of a visible probe induced by a
single cycle THz pulse in a 0.5 mm thick ZnTe crystal. They attribute the observed spec-
tral broadening and shifting of the probe pulse to the Pockels effect, which depends on the
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electric field strength rather than the intensity, and confirm their observation with a time-

dependent phase shift-model. The change in refractive index can be expressed as [69]

By - X B (0

n=mng+ Any + Ang, with Anj =
no 2ng

(7.1)
where ng is the linear refractive index of the EO crystal, An; and Angy are the change in
refractive index caused by the Pockels and Kerr effect, respectively. If temporal walk-off
between the THz and probe pulse is neglected, the change in refractive index affects the

phase of the probe as
o [T
Ap(t) = / An (t)dz, (7.2)
Ao Jo

with A as the central wavelength of the probe pulse, and L the crystal thickness. When
the probe pulse is short compared to the time variation of the THz waveform, the phase
retardation accumulated in the EO crystal can be decomposed in a Taylor expansion

dA¢

Ap(t) = Ad(to) + i

1d*A¢

- (t—to) +---, (7.3)

to

(t — to) +
to

where t — g is limited to the temporal extent of the probe pulse, relative to the electric
field at time ty. For an applied THz electric field of Fry, = 5 X 107 V/m Shen et al.
[232] calculated a ratio Any/An; ~ 0.2 for material parameters of ZnTe [234] and hence
neglected the contribution from the Kerr effect. As a consequence, for the Pockels effect
only, Eq.(7.3) in combination with Eq.(7.1) can be approximated to

dErH, 1 d*Ery,

t—to) + = t—to)? 4+
g | FT e m( 0) s

Agf)(t) x ETHZ(tQ) + (7.4)

to
where A¢(tg) represents the phase retardation proportional to Ery,(tp) measured with
conventional EOS. Because the instantaneous probe frequency is given by w(t) = wg —
dA¢(t)/dt, with wy as the carrier frequency, the second term in Eq.(7.3) describes a fre-
quency shift which is proportional to the first derivative of the THz field transient. The
third term corresponds to a linear chirp resulting in spectral broadening of the probe pulse.
Accordingly, the time-shift model predicts a spectral broadening caused by the quadratic
phase modulation occurring at the crest and troughs of the THz transient.

Vicario and co-workers [235] explored for the first time THz induced XPM in a 50 ym
thick GaP crystal with significantly stronger THz field strengths in the order of 25 MV /cm
(2.5 x 10? V/m). Due to the large THz field amplitude, in addition to the Pockels effect,
phase retardation of the probe pulse is strongly assisted by the NL Kerr effect, resulting in
spectral broadening of the probe pulse (centred at 800 nm) by more than a factor of 5 at

the maximum of the THz field. Despite the large THz field, the time-shift model developed



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

7.1 THz induced Cross-Phase Modulation 119

by Shen et al. [232] agrees surprisingly well with their experimental findings, wherein they
observe a clear correlation between the shift of the central wavelength and the first derivative
of the THz field, while the maxima of the spectral width follow the THz field.
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Figure 7.1: Experimental setup to observe THz induced XPM in a 1 mm thick ZnTe crystal. A small
fraction of the mid-IR pump, which accumulated low order harmonic generation during
propagation in air, is split with a thin YAG plate in order to use it as a visible probe.

In this work, in order to illustrate the strength of the THz field generated by the mid-IR
filament, we focus the THz pulse into a 1 mm thick ZnTe crystal together with a synchro-
nised probe pulse. The experimental setup is depicted in Fig.7.1. After shaping the mid-IR
beam profile with a set of spherical mirrors, a fraction of the pump is reflected with a thin
YAG plate, of which a spectral portion is used as a probe. The probe pulse is generated
in the vicinity of the fifth harmonic of the mid-IR pump during propagation in air, with a
central wavelength of 761 nm. In order to obtain the largest possible THz field strength at
the ZnTe crystal, we reduce the number of long pass filters and use only a single 5 mm thick
HDPE plate, resulting in an estimated peak amplitude of 57 MV /cm. The large elctric field
leads to a ratio between the refractive index change caused by the Pockels and Kerr effect
of Any/An; =~ 28.5, indicating a large contribution from a third order NL phase retarda-
tion. The time delay between THz and probe pulse is controlled with a high precision delay
stage. The probe pulse is collected with a 15 mm lens after the ZnTe crystal and send to a
spectrometer. Prior to the experiments on THz induced XPM, the THz transient is recorded
with EOS in the same 1 mm thick ZnTe crystal, but with an attenuated THz radiation and

probe pulse centred at 680 nm, as described in section 6.4.3.

Fig.7.2(a) shows the spectrum of the probe pulse with respect the relative time delay be-
tween the probe and the THz pulse, exhibiting obvious spectral modulations when the two
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Figure 7.2: (a) Probe spectra with respect to the time delay between THz and probe pulse. The
spectral shift of the central wavelength follows the first derivative of the THz field (red
line). (b) THz transient (blue line) measured with the same 1 mm thick ZnTe crystal and
spectral width (red dots) of the probe pulse as a function of the time delay between the
THz and probe pulses.

pulses overlap. As predicted by the time-shift model, the spectral shift clearly follows the
first derivative of the THz transient, shown as red overlay in Fig.7.2(a), wherein the cen-
tral frequency of the probe pulse initially undergoes a red shift which then gives way to a
blue shift, both about 12 nm. In agreement with observations reported in ref [235], spectral
broadening (as it follows from the FWHM of the spectrum) of the probe pulse occurs at
the crest and troughs of the THz transient, as shown in Fig.7.2(b). Despite the large THz
field applied to the crystal, the spectral width is broadened by less than a factor of 2 (as
compared to a factor of 5 reported in ref [235]). A possible reason for the reduced broaden-
ing and spectral shift can be attributed to a significant walk-off between the THz and probe
pulse in the thick NL crystal. With imperfect group-velocity matching, the probe pulse slips
across different portions of THz field such that phase modulation becomes degraded. For
ZnTe, the calculated walk-off parameter is 1.05 ps/mm [232] and the measured value is
0.4 ps/mm [236], in the case of a 790 nm probe and 1 THz pump pulse. Thus, for a 1 mm
thick crystal and single cycle THz pulse with a duration of less than 1 ps, the THz and probe
pulse will be almost entirely separated in time. Nonetheless, regardless of the detrimental
material parameters, the presented THz induced spectral modulation of the visible probe
pulse demonstrates the strength of the generated THz trasnient and feasibility for NL THz

spectroscopy.
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7.2 THz induced Photoluminescence in Semiconductors

THz induced PL has already been reported in colloidal QDs [135] deposited on a micro
slit array used to enhance the incident THz electric field, and in a cryogenically cooled
GaAs quantum well (QW) structure [237]. In the first case, the THz electric field causes a
voltage drop between adjacent QDs. If this potential difference between the neighbouring
QDs is equal to or greater than the QD band gap, valence band electrons can tunnel into the
conduction band of neighbouring QDs leading to a population of electrons and holes which,

when paired in a QD, lead to exciton formation and subsequent luminescence.

(@) (b) c)

GP

ZnSe

g
@ Spectrometer

Figure 7.3: (a) Schematic of field induced impact ionization. (b) Experimental setup for THz induced
PL in ZnSe. The THz field amplitude is controlled with a pair of grid polarizer (GP).
Luminescence spectra are recorded behind the crystal, pictures are taken from the front
side. (c) Images of THz induced PL emission from ZnTe (top) and ZnSe (bottom) crystals
taken by a digital camera.

camera

ZnSe

In the latter case of GaAs QWs, the detected near-IR luminescence is attributed to impact
ionization initiated by an intense near-half cycle THz transient. A schematic of the process
is shown in Fig.7.3(a). In the vicinity of an impurity donor, the large ponderomotive ener-
gies (i.e. mean kinetic energy of a charged particle in an oscillating electric field ) associated
with high-field THz pulses (proportional to A\?) can modify the interatomic potential such
that electrons tunnel into the continuum [237-239]. Such a freed electron in the conduction
band, with kinetic energy gained from the electric field, can create an e-h pair by losing
energy when it knocks out a bound electron from its bound state (e; — €} + ea + ho).
Subsequently, both the electron that lost energy to create the e-h pair and the created e-
h pair can, in turn, gain energy from the field and contribute to another ionization event.
Such impact ionization and thus carrier multiplication will continue as long as the energy
of the freed electrons is larger than the band gab energy. Finally, the impulsive THz elec-

tric field allows the unbound e-h pairs to form excitons which decay radiatively because



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

122 Cross-phase Modulation and THz induced PL in Semiconductors

the electric field that would otherwise ionize the exciton is absent just after the pairs are
generated [ 160,240, 241].

In this work, we demonstrate for the first time, THz induced PL in two direct band gap
semiconductors, namely in bulk ZnTe and ZnSe with a thickness of 1 mm, without any field
enhancing structure at room temperature. The experimental setup is shown in Fig.7.3(b),
wherein THz radiation is simply focused with a parabolic mirror (f = 50 mm), resulting in a
maximum THz field strength of 57 MV /cm at the crystal position. Due to the surprisingly
bright PL radiation, the emission can be recorded with a conventional digital camera (see
Fig.7.3(c)). PL spectra are collected by a short lens (f = 15 mm) and guided to the spec-
trometer. Because of the large THz absorption, only emission from the crystal surface can
be collected. A pair of wire-grid polarizers is used to control the THz electric field strength.
Similar to the previous chapter, in order to verify that the PL emission solely originates from
THz radiation, we suppress THz generation either by detuning the grating compressor of the
OPCPA system, or the second harmonic crystal is misaligned from the optimal conditions

for efficient THz generation. PL emission disappears in both cases.
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Figure 7.4: (a) THz induced PL in a 1 mm ZnSe crystal for different electric field strengths (see leg-
end) and corresponding normalized spectra in the inset. (b) PL spectra as shown in (a)
integrated from 460 nm to 520 nm and normalized to 1. The inset depicts a log-log scale
which reveals a field dependence of < E34,.

Although the central photon energy of the THz pulse (~ 31 meV) is about 87 times lower
than the band gap energy of ZnSe (2.7 V), Fig.7.4(a) depicts PL spectra for different THz
field amplitudes (see legend) and corresponding normalized spectra in the inset. The spec-
tral shape does not change with respect to the field strength, suggesting that excitation phe-
nomena arising from dense electron-hole plasma inside the crystal do not occur at these

excitation intensities [242]. The maximum PL emission at 2.6 ¢V (477 nm), which is Stoke
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shifted from the band gap energy by 100 meV, increases as a function of the applied THz
field. As the luminescence is proportional to the created e-/ pair density [243], the peak PL
intensity is plotted in Fig.7.4(b) with respect to the THz field strength. In the case of a GaAs
quantum well structure measured at a temperature of 10 K, Hirori ef al. [237] reported on a
carrier density /N with an extreme NL dependence on the THz field of N E%HZ. Such a
strong nonlinearity is not observed in this work. Despite the different dimensionality of the
samples (i.e. 2D quantum well compared to 3D bulk material), we attribute the discrepancy
to a dominant free-carrier THz absorption from thermally-excited carriers at room temper-
ature. Moreover, Hirori and co-workers further showed a drastic decrease of luminescence
signal for an increasing temperature, measurable up to 140 K. Thus, the observed lumines-
cence spectra in this work at room temperature in bulk ZnSe are an unambiguous evidence
of the extreme THz field strength generated with mid-IR two-color plasma filaments and
paves the way for further investigations on NL strong field induced carrier dynamics in

semiconductor materials.
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Chapter 8

Summary and Conclusion

In summary, this work illustrates the great potential of mid-IR drivers to generate intense
THz radiation by OR in organic crystals or by inducing currents in two-color plasma fila-
ments, and demonstrates their capability to prompt THz induced NL phenomena in confined

materials such as quantum dots as well as in bulk semiconductors.

When the organic crystal DAST is pumped with fs-pulses centred at either 3.9 ym or its SH
at 1.95 ym, MPA is suppressed for pump energy densities of more than 100 mJ/cm? and
80m.J /cm?, respectively, which is almost five times higher than the crystal damage thresh-
old for pump pulses generated by conventional drivers operating at the telecommunication
wavelength of 1.5 ym. Despite the high linear absorption at 3.9 um, a surprisingly high
conversion efficiencie of 1.5 % without a distinct onset of saturation is observed. The re-
markable conversion efficiency is attributed to a possible resonantly enhanced electro-optic
coefficient in the vicinity of 3.9 ym, which is evident by the strong linear absorption. The
combination of large THz energies of more than 100 uJ, a broad spectrum of 4.2 THz at
FWHM centred at 2.1 THz and small focused beam radius of 107 um ensues electric field
strengths exceeding 40 MV /cm.

In the case of a 1.95 um driving pulses, optical parameters such as linear transmission,
electro-optic coefficient and phase matching conditions are comparable to 1.5 ym pump
sources. However, the suppression of MPA allows to pump the crystal with significantly
higher energy densities. Together with cascaded OR , it provokes extraordinarily high THz
conversion efficiencies approaching 6%. Cascaded effects are thereby identified as both, a
mechanism through which a high conversion efficiency is achieved and a limiting factor for
farther THz generation causing an onset of saturation, when the newly generated spectral
components of the driving pulse promote phase mismatch between the group velocity of
the pump and THz phase velocity. Nonetheless, the observed conversion efficiency is to the

best of our knowledge, the highest value ever reported for OR at room temperature.

Applying the generated THz radiation to heterostructure semiconductor materials, we report
on THz induced ultrafast EA switching. EA modulators based on the QCSE are critical for
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increasing the speed of optical networks. Tbit/s interconnect rates per single channel should
become feasible with THz waveforms applied as a driving field. In a nano scale device, the
required absorption modulation depth can only be induced by THz field strengths in the
order of MV/cm. Due to the lack of intense THz emitters, up until recently, a THz-induced
Stark-effect could only be demonstrated in local field enhancement geometries. Using our
3.9 um driven THz source, we succeed, for the first time, in a direct all-optical encoding
of a free-space THz-signal onto an optical signal that probes the absorption of CdSe/CdS
core/shell QDs. The simplified geometry, that strips the system of numerous artefacts found
in enhancement geometries, such as electrode-driven charge injection, enables us to map the
undistorted ultrafast carrier dynamics. A beneficial energy band alignment in heterostruc-
ture nano-crystals enables a 15% transmission modulation, the highest value ever reported
for solution-processed materials at room temperature. By changing the parameters of the
applied THz waveform, we demonstrate the feasibility to control the amplitude of the op-
tical probe with a contrast of more than 6 dB, which corresponds to the performance of
state-of-the art quantum-well EA modulators with electric current injection. Furthermore,
after eliminating the complications introduced by the previously indispensable field en-
hancement structures, we were able to adopt a simple and intuitive theoretical model which
matches the experimental data remarkable well. This allows us to explain the experimental
findings as well as to propose a route to further improve the signal contrast and transmission
modulation, namely by utilizing QDs with thicker shells in order to exploit a type-1I energy

band alignment for next generation ultrafast optical switches.

We further report on THz generation in two-color mid-IR laser filaments. Although theoret-
ical predictions anticipate large optical-to THz conversion efficiencies for long wavelength
drivers since more than a decade, experimental proof was still missing due to the lack of
intense mid-IR pump sources. In this work, we use the output of a home-built high power
OPCPA system operating at a wavelength of 3.9 ym, combined with its SH to produce a
plasma filament in ambient air. In our experiments with mid-IR two-color laser filaments
we observe the generation of 0.185 mJ single cycle THz pulses with unprecedented THz
conversion efficiency of 2.36%, which is more than two orders of magnitude higher as
compared to typical values obtained with Ti:Sapphire lasers operating at a fundamental
wavelength of 0.8 um. The generated electric field strength exceeds 100 MV /cm, which
is the highest value ever reported for a table-top THz source. The experimental findings
are supported by theoretical simulations, which attribute the beneficial outcome to stronger
photo-currents from larger ponderomotive forces and increased electric field asymmetry
of the two-color field generated by mid-IR pulses. Additional field symmetry breaking
is caused by the generated odd harmonics when the fundamental pulse propagates in air.
Furthermore, because the critical power of self-focusing scale as A% and is thus larger for

long-wavelength driving pulses, it is possible to deliver more energy to a single filament,
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exhibiting a wider and longer plasma string volume. In combination with a smaller temporal
walk-off between the fundamental, SH and THz wave, this leads to an additional increase
of the THz signal. Despite the large THz energies already attained in the current setting,
even higher values can be expected if to overcome technical limitations, such as spectral
filters that absorb a part of the THz radiation, difficulties in controlling the polarization of
the driving laser and its SH, as well as limited aperture size and energy losses in the SH

nonlinear crystal.

Finally, in order to further confirm the exceptional THz field strength generated in mid-IR
two-color plasma filaments, we conduct two proof of principle experiments which illus-
trate the capability to modulate the optical properties of bulk semiconductors. For the first
demonstration, we focus the THz pulse with a field amplitude of 57 MV /cm into a 1 mm
thick ZnTe crystal, together with a visible probe centred at 761 nm. When the THz and
probe pulses overlap in time, the spectrum of the probe pulse becomes strongly modulated.
We observe a shift of the central wavelength to the blue and red side side of about 12 nm,
following the first derivative of the THz transient, as well as a change of the spectral width
by almost a factor of two with respect to the THz field strength. The observed spectral
transformation is associated with THz induced XPM originating from the Pockels as well
es NL Kerr effect. In the second example, we present for the first time, excitonic PL from
two bulk semiconductors (ZnSe and ZnTe) induced by intense free space THz fields. The
bright PL. emission from both semiconductors is strong enough to be detected by a sim-
ple CCD camera and scales nonlinearly with the incident THz field, which is attributed to

impact ionization and subsequent radiative decay of electron-hole recombination.

Thus, the achieved THz radiation generated by intense mid-IR pulses and consecutive ap-
plications in this work set new milestones in the next frontier of NL THz spectroscopy. The
presented results touch upon several fast-developing areas of the current technological revo-
lution in optical science, such as non-linear THz optics, high-speed optical communication
systems, and nano device technology. Moreover, the attained quasi-static ultrashort electric
and magnetic bursts with extreme field strengths can enable free space extreme nonlinear

and relativistic science.
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