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Abstract

This dissertation investigates ultrafast charge-carrier dynamics and quasiparticle inter-
actions in semiconductors using terahertz (THz) spectroscopy. The THz spectral range
provides direct access to low-energy excitations such as intraexcitonic transitions and
free-carrier dynamics, making it a powerful probe of many-body interactions in photoex-
cited semiconductor systems. Using optical pump—terahertz probe spectroscopy and
broadband THz emission measurements, several aspects of carrier dynamics in bulk and
low-dimensional semiconductors are explored. First, broadband and gapless THz radia-
tion is generated in bulk germanium via phase-controlled quantum interference currents
driven by two-color optical excitation. This approach enables e [cieht emission across
the entire THz spectral range and provides insight into the underlying photocurrent
generation mechanisms. The dissertation further investigates the formation dynamics
of excitons in (Ga,In)As multi-quantum wells following nonresonant optical excitation.
Time-resolved THz spectroscopy reveals that excitons emerge from an initially created
electron-hole plasma on two distinct timescales: a fast component of approximately 10 ps
and a slower component of about 250 ps. By introducing a diLerkntial probing method
based on weak and strong THz fields, the longstanding discrepancy in reported exciton
formation times is resolved. In addition, the interaction of incoherent excitons with an ad-
ditional electron—hole plasma is studied using a double optical pump-THz probe scheme.
The results show that elastic and inelastic scattering processes are governed primarily by
the excess energy of the additional carriers rather than their density. Despite excitation
energies exceeding the exciton binding energy, inelastic scattering occurs only when suit-
able final states are available, consistent with predictions from Fermi’s golden rule. The
screening of excitonic states by additional charge carriers is investigated by monitoring
the transient shift of the intraexcitonic 1s-2p transition. The measurements provide di-
rect access to the time-dependent exciton binding energy and reveal that the screening
strength scales linearly with carrier density while the screening time is determined by the
carrier excess energy. Finally, transient excitonic states induced by intense optical fields
are demonstrated. Detuned optical excitation produces short-lived excitonic resonances
that exist only during the temporal overlap of pump and probe pulses and manifest as
blue-shifted THz absorption features. Together, these results provide new insight into
ultrafast exciton formation, many-body interactions, and THz generation mechanisms
in semiconductor systems, highlighting the capabilities of terahertz spectroscopy as a
powerful tool for probing quasiparticle dynamics in condensed matter.






Zusammenfassung

Diese Dissertation untersucht die ultraschnelle Ladungstragerdynamik und die Wech-
selwirkungen von Quasiteilchen in Halbleitern mittels Terahertz (THz)-Spektroskopie.
Der THz-Spektralbereich ermdglicht den direkten Zugang zu Niedrigenergie-Anregungen
wie intraexzitonischen Ubergangen und der Dynamik freier Ladungstrager und ist damit
ein leistungsfahiges Instrument zur Untersuchung von Vielteilchenwechselwirkungen in
photoangeregten Halbleitersystemen. Mithilfe der optischen Anrege-Terahertz Abfrage
Spektroskopie und breitbandiger THz-Emissionsmessungen werden verschiedene Aspek-
te der Ladungstragerdynamik in Volumen- und niedrigdimensionalen Halbleitern unter-
sucht. Zunéchst wird in Germanium-Volumenmaterial breitbandige und ltckenlose THz-
Strahlung durch phasengesteuerte Quanteninterferenzstrome erzeugt, die durch zweifar-
bige optische Anregung angetrieben werden. Dieser Ansatz ermdglicht eine e [ziehte
Emission Uber den gesamten THz-Spektralbereich und liefert Einblicke in die zugrun-
de liegenden Mechanismen der Photostromerzeugung. Die Dissertation untersucht ferner
die Bildungsdynamik von Exzitonen in (Ga,In)As-Mehrfachquantentdpfen nach nichtre-
sonanter optischer Anregung. Zeitaufgeloste THz-Spektroskopie zeigt, dass Exzitonen aus
einem anfanglich erzeugten Elektron-Loch-Plasma auf zwei unterschiedlichen Zeitskalen
entstehen: einer schnellen Komponente von etwa 10 ps und einer langsameren Kompo-
nente von etwa 250 ps. Durch die Einflihrung einer Di [erential-Probing-Methode auf der
Grundlage schwacher und starker THz-Felder wird die seit langem bestehende Diskrepanz
bei den berichteten Exziton-Bildungszeiten aufgeldst. Dartiber hinaus wird die Wechsel-
wirkung inkoharenter Exzitonen mit einem zusatzlichen Elektron-Loch-Plasma unter Ver-
wendung eines Schemas mit doppelter optischer Pumpe und THz-Sonde untersucht. Die
Ergebnisse zeigen, dass elastische und inelastische Streuprozesse in erster Linie von der
Uberschissigen Energie der zusatzlichen Ladungstréager und nicht von deren Dichte be-
stimmt werden. Obwohl die Anregungsenergien die Bindungsenergie der Exzitonen uber-
steigen, tritt inelastische Streuung nur dann auf, wenn geeignete Endzustande verfugbar
sind, was mit den Vorhersagen der goldenen Regel von Fermi Ubereinstimmt. Die Abschir-
mung von Exzitonzustanden durch zusatzliche Ladungstrager wird durch die Untersu-
chung der transienten Verschiebung des intraexzitonischen 1s-2p-Ubergangs untersucht.
Die Messungen ermoglichen einen direkten Zugri Cduf die zeitabhdngige Exzitonenbin-
dungsenergie und zeigen, dass die Abschirmungsstarke linear mit der Ladungstréagerdichte
skaliert, wahrend die Abschirmungszeit durch die Uberschissige Energie der Ladungstra-
ger bestimmt wird. SchlieBlich werden durch intensive optische Felder induzierte transi-
ente Exzitonzustdnde demonstriert. Eine verstimmte optische Anregung erzeugt kurzle-
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bige Exzitonresonanzen, die nur wihrend der zeitlichen Uberlappung von Anrege- und
Abfragepulsen bestehen und sich als blauverschobene THz-Absorptionsmerkmale mani-
festieren. Zusammengenommen liefern diese Ergebnisse neue Einblicke in die ultraschnel-
le Exzitonbildung, Vielteilchenwechselwirkungen und THz-Erzeugungsmechanismen in
Halbleitersystemen und unterstreichen die Eignung der Terahertz-Spektroskopie als leis-
tungsstarkes Werkzeug zur Untersuchung der Quasiteilchendynamik in der kondensierten
Materie.
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1 Introduction

The interaction between light and matter is among the most fundamental phenomena in
nature [1]. At the heart of modern condensed matter physics lies a conceptual achieve-
ment of extraordinary elegance: the quasiparticle. Rather than tracking the overwhelm-
ing complexity of interacting many-body systems particle by particle, the quasiparticle
formalism [2] recasts collective excitations phonons, polarons, magnons, and Coulomb-
correlated electron hole pairs as e ective single particles endowed with renormalized
mass, charge, and lifetime [3]. This framework has proven not merely convenient but
profoundly fruitful, underpinning the theoretical description of superconductivity [4], the
fractional quantum Hall e ect [5, 6], Bose Einstein condensation, and an ever-growing
catalogue of emergent quantum phases. Yet despite the power of this conceptual appa-
ratus, many fundamental aspects of quasiparticle dynamics remain incompletely under-
stood, particularly in the far-infrared spectral regime where the energy scales of quasi-
particle interactions, lattice vibrations, and many-body correlations converge.

Among all quasiparticles in semiconductors, excitons occupy a uniquely central posi-
tion. Formed through the Coulomb attraction between a conduction-band electron and
a valence-band hole, the exciton is a charge-neutral composite particle whose binding
energy and spatial extent are governed by the dielectric environment and the e ective
masses of its constituents [7]. In the Wannier Mott limit, realized in high-quality inor-
ganic semiconductor nanostructures [8], excitons are weakly bound, spatially delocalized
entities that dominate the optical response near the band edge [9]. Their stability, forma-
tion dynamics, and interactions with other quasiparticles directly determine the e ciency
of photovoltaic devices, the coherence properties of excitonic lasers, the dynamics of op-
tical switches, and the quantum nature of light emitters [10]. The exciton is, in short,
both a model system for quantum many-body physics and a performance-critical element
of contemporary optoelectronics.

Understanding how excitons form, scatter, and respond to external elds requires ex-
perimental access to their internal degrees of freedom the transitions between excitonic
energy levels that re ect their Coulomb character directly. This access is uniquely pro-
vided by terahertz (THz) spectroscopy [11]. Because the energy spacing between the
hydrogenic eigenstates of Wannier Mott excitons lies squarely in the THz spectral range
(1 10 THz, corresponding to 4 40 meV) [12, 13], THz radiation can directly probe in-
traexcitonic transitions most prominently the 1s 2p resonance and thereby probe the
exciton population irrespective of its center-of-mass momentum [11, 14]. This capabil-
ity distinguishes THz spectroscopy fundamentally from conventional optical techniques:
while photoluminescence and four-wave mixing measure quantities tied to the coherent
polarization or the radiative recombination of the entire carrier ensemble [15], THz prob-
ing provides a direct, quantitative measure of the bound exciton population [11, 16]. The
distinction is not merely technical it has profound consequences for resolving longstand-
ing controversies in the literature concerning exciton formation timescales and scattering
behavior [11, 17, 18].

The terahertz spectral range presents, however, its own formidable challenges. For
decades, the so-called "THz gap" impeded experimental progress: lying between the
domains of conventional microwave electronics and infrared optics [19, 20], the THz



2 1. Introduction

regime was notoriously di cult to access with su cient bandwidth, coherence, and eld
strength [20, 21]. While substantial advances in THz source technology over the past three
decades including photoconductive antennas, optical recti cation in nonlinear crystals,
spintronic emitters [22], and air-plasma sources [23] have dramatically narrowed this
gap, important limitations persist [24 27]. In particular, the phonon absorption of polar
semiconductors creates opaque windows in the 4 12 THz range that obstruct measure-
ments precisely where many excitonic features reside [20]. The development of gapless,
broadband THz sources that circumvent these phonon resonances thus remains an active
and strategically important research frontier.

The present dissertation addresses this con uence of challenges through a coherent
experimental program that advances both the generation and the application of THz
radiation in the study of quasiparticle interactions. Three interconnected investigations
are reported, each representing a signi cant contribution at the intersection of ultrafast
spectroscopy, semiconductor physics, and many-body theory.

The rst study demonstrates broadband, gapless THz generation via quantum interfer-
ence currents in bulk germanium. By simultaneously driving one-photon and two-photon
interband transitions through a two-color optical excitation scheme [28, 29] combining
a femtosecond pulse at 1590 nm with its second harmonic at 795 nm a polar asymmetry
in the photoexcited carrier distribution is induced, giving rise to a directional charge cur-
rent whose temporal acceleration emits THz radiation. Germanium, a non-polar group-
IV semiconductor, is free of the infrared-active phonon modes that restrict conventional
polar emitters, enabling a spectrally continuous bandwidth approaching 8 THz [30]. The
emitted pulses display a pronounced temporal asymmetry with a peak ratio of 3.34:1
and a temporal duration of 110fs at full width at half maximum properties that ren-
der the source particularly attractive for THz-driven scanning tunneling microscopy and
other near- eld applications [31]. Critically, the excitation scheme operates e ciently
with low-power ber-laser systems, opening a pathway toward compact, accessible THz
sources that do not require costly chirped-pulse ampli er technology.

The second and third investigations exploit the unique sensitivity of optical pump
terahertz probe (OPTP) spectroscopy [32] to resolve two fundamental problems in semi-
conductor many-body physics: the dynamics of exciton formation and the nature of
exciton electron scattering. The former has been a subject of enduring controversy.
Prior studies employing time-resolved photoluminescence (TRPL) [17, 18] and OPTP
spectroscopy reported widely discrepant formation timescales, with values ranging from
a few picoseconds to several hundreds of picoseconds depending on excitation density and
detection method. The present work resolves this inconsistency by demonstrating that
TRPL signals track the dynamics of the electron hole plasma rather than the excitonic
population directly, because radiative recombination of unbound carrier pairs dominates
the luminescence vyield in the relevant time window [15]. THz spectroscopy, by contrast,
is sensitive exclusively to bound states [14]. To overcome the intrinsic limitation of con-
ventional OPTP analysis at elevated carrier densities [33] where spectral broadening
of the intraexcitonic resonance renders the Drude Lorentz decompaosition ambiguous a
di erential spectroscopic method is introduced in which intense THz pulses are employed
to selectively ionize the exciton population. Subtracting the resulting pure plasma re-
sponse from the total signal isolates the excitonic contribution with high delity. Using
this approach, exciton formation is found to proceed on two distinct timescales: a rapid
component near 10 ps, attributed to geminate pair recombination in which the initial
Coulomb correlation between photoexcited electron hole pairs is preserved, and a slower
component near 250 ps, consistent with acoustic-phonon-assisted formation from an un-
correlated plasma. Importantly, these timescales are found to be largely independent of



excitation density within an intermediate density regime, resolving a further inconsis-
tency in the prior literature.

The third investigation probes the coexistence regime of excitons and electron hole
plasma by introducing a second optical pump pulse to independently control the plasma
density and its excess energy. The degree to which an electron hole plasma can de-
stroy an existing exciton population depends sensitively on whether scattering events
are elastic redistributing momentum while conserving binding energy or inelastic
transferring su cient energy to ionize the exciton [34]. By tracking both the linewidth of
the intraexcitonic 1s 2p transition (a measure of total scattering) [35] and the oscillator
strength of that transition (a measure of the exciton population), the elastic and inelastic
contributions to exciton electron scattering are disentangled with quantitative precision.

A remarkable result emerges: for plasma excess energies only slightly above the exci-
ton binding energy, inelastic scattering is strongly suppressed despite the availability of
su cient energy for ionization. This inhibition is traced to phase-space restrictions aris-
ing from Fermi's Golden Rule [36] the density of nal states for the unbound carriers
following ionization is insu cient to support e cient energy transfer. The interaction
strength between excitons and the electron hole plasma, quanti ed by the total scatter-
ing cross section, is found to be independent of plasma excess energy, implying that the
partitioning between elastic and inelastic channels is governed entirely by phase-space
geometry rather than by the interaction potential itself.

Taken in concert, these investigations demonstrate the exceptional versatility of THz
spectroscopy as a probe of quasiparticle dynamics. At the same time, the work delin-
eates both the capabilities and the intrinsic limitations of the technique. The theoretical
framework employed throughout is rooted in the semiconductor Bloch equations (SBES)
[37] and their solution in the Drude Lorentz approximation [3], which provides a micro-
scopically motivated description of the THz conductivity in terms of free-carrier (Drude)
and bound-exciton (Lorentz) contributions [14]. Where the SBE formalism approaches
its limits as in the high-density broadening of excitonic resonances novel experimental
strategies are developed to extend the accessible parameter space.

The structure of this dissertation re ects the logical progression from theoretical foun-
dations to experimental methods to results. Chapter 2 establishes the microscopic the-
oretical framework, beginning with the semiconductor Bloch equations and proceeding
through the exciton Wannier equation, the THz Elliott formula, and the Drude Lorentz
model for the THz conductivity. Chapter 3 describes the experimental methodology,
with particular attention to THz generation, electro-optic detection, and the design and
calibration of the optical pump THz probe setup. Chapters 4 and 5 present the results
of all three experimental investigations in turn, followed by a summary and outlook in
Chapter 6. The three peer-reviewed publications that form the scienti c core of this
thesis are reproduced in Chapter 7.

The work reported here contributes to a broader research program aimed at estab-
lishing THz spectroscopy as a quantitative, information-rich tool for condensed matter
physics one capable of probing not merely the static properties of quantum materials
but the ultrafast, far-from-equilibrium dynamics that govern their function. As semi-
conductor technologies continue to miniaturize toward quantum con nement regimes,
and as quantum information science places ever-greater demands on the coherent control
of quantum states in solid-state systems, the ability to monitor and manipulate quasi-
particle interactions with femtosecond temporal resolution and meV spectral precision
becomes increasingly indispensable. The present dissertation takes steps toward that
goal, while opening new experimental and conceptual pathways for the investigations
that must follow.






2 Light-matter interaction in
semiconductors

This chapter establishes the theoretical framework for analysing the data presented in this
thesis. It focuses on the fundamental principles of light matter interaction in semicon-
ductors, with particular emphasis on near-infrared optical excitation, which generates
the carrier populations and excitonic states of interest, and terahertz probing, which
forms the experimental basis of the measurements presented here. As light matter in-
teraction underlies all spectroscopic techniques, it is central to the analysis developed
here. The following sections outline the key concepts required for this study without
aiming for completeness; for more comprehensive treatments, the reader is referred to
the established literature [3, 16, 38, 39].

2.1 Semiconductor Bloch equations

The basis for theoretical descriptions of light matter action in semiconductors is formed
by the semiconductor Bloch equations. SBEs are designated as such due to their struc-
tural analogy to the optical Bloch equations, which describe the excitation dynamics of a
two-level atomic system interacting with a classical electromagnetic eld. More precisely,
within the Hartree Fock approximation i.e., when all genuine two-particle correlations
and Coulomb interactions are neglected the SBE reduce exactly to the optical Bloch
equations in the limit of a single crystal-momentum state k, making the structural anal-
ogy between the two frameworks mathematically precise. In contrast to the atomic case,
the SBEs must also account for the many-body interactions arising from Coulomb interac-
tions among charge-carriers, as well as the coupling between lattice vibrations (phonons)
and electrons. This derivation of the SBEs is based on a simpli ed description of the
electronic band structure, often referred to as the two-band approximation [38]. For sim-
plicity, this model assumes that the excitation laser pulse drives interband transitions in
the vicinity of the band-gap energy, so that carrier populations are generated within a
narrow range of crystal momenta k near the band edge. Consequently, only the relevant
valence and conduction bands need to be considered. This is well justi ed when exciting
with a nite-bandwidth pulse not far from the fundamental band gap, since the excited
k-states are densely spaced and collectively contribute to the optical response. In the
formalism of second quantization, the total Hamiltonian of the system can be written as
3]

Hsystem =H el +H |; (2.1)

where Hg represents the electronic subsystem consisting of conduction-band electrons
and valence-band holes. This term includes not only the kinetic single-particle energies
but also the attractive and repulsive Coulomb interactions between these quasiparticles.
The interaction Hamiltonian H | describes the coupling of the semiconductor to the ex-
ternal electric eld E(t), which drives dipole-allowed interband transitions between the
valence and conduction bands, thereby injecting electrons and holes in the respective
states. The total Hamiltonian thus accounts for free-carrier dynamics, Coulomb interac-
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tions among electrons and holes, and the coupling to the incident optical eld. Together
with the Heisenberg equation of motion,

NS00 =10 sysernl 22)

the time evolution of the relevant microscopic quantities such as the interband transitions
Pk can be obtained [40]. These include the microscopic interband polarization Ht), as
well as the electron and hole occupation probabilities g.(t) and n p (t), which are de ned
by their quantum-mechanical expectation values:

Nex(t) = hay, aci; (2.3)
Pk (t) = hay, acxi: (2.5)

Here, &) denotes the annihilation (creation) operator in band =v;c, where v and ¢

refer to the valence and conduction bands, respectively. Evaluating the commutators
in Equation 2.2 yields a coupled set of nonlinear di erential equations known as the
semiconductor Bloch equations, which can be regarded as a generalization of the optical
Bloch equations:

%DIE'[: i(" ekt " hKk)PkHi(I N ek N opk)! Rkt @@Et Scatt; (2.6)
@@;k _ @@;k

@t 2Imet - ricPi)* @t scatt @7)
@Rk _ @Rk

@t - 2Im(! rxkPe)+ @t wu’ (2.8)

These equations describe the coupled evolution of the optical polarization and carrier
populations (electrons and holes) near the semiconductor band edge. The quantities k
and "h.x represent the renormalized single-particle energies of electrons and holes (includ-
ing Hartree Fock Coulomb shifts), and P, is the complex conjugate of the microscopic
polarization. The generalized Rabi frequency
| Rk = %E(tﬁ rllx Vkk oPko (2.9)
kO

couples the optical driving eld E(t) to the polarization through the interband dipole ma-
trix element d¢,, and additionally incorporates the Coulomb—induceg many-body renor-
malization of the optical eld via the Hartree Fock exchange sum  oVik oPko, where
Vi k o is the Fourier transform of the Coulomb potential. This Coulomb-renormalization
term is the key feature that distinguishes the SBEs from the optical Bloch equations of
an isolated two-level system: even in the absence of scattering, the collective Coulomb
interaction among all k-modes modi es the e ective driving eld experienced by each in-
dividual k-state. The term (1 n ¢k N nhk) corresponds to the phase-space lling e ect,
while the expression 2Im(! rxP, ) describes carrier generation via optical absorption.
The scattering contributions, indicated by the subscript "scatt", incorporate many-body
e ects such as Coulomb interactions and carrier phonon coupling (two-particle corre-
lations beyond the Hartree Fock level). These terms account for phenomena including
excitation-induced dephasing, carrier-carrier and carrier phonon scattering, band-gap
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Figure 2.1: Schematic of the hierarchy problem in SBEs and the cluster-expansion ap-
proach. The topmost row depicts the singlet contribution, the middle row
shows how the doublets are decomposed into their singlet contributions and
the correlated part, and the bottom row shows, how this translates to the
n-particle solution. Higher order terms are typically treated in a scattering
approximation.

renormalization, screening of the Coulomb interaction (e e, h h, e h), excitonic e ects,
biexciton formation, and carrier-density relaxation [3, 16]. Two of these scattering con-
tributions are particularly noteworthy for the present work: rst, the scattering between
excitons and a free electron hole plasma, which is investigated experimentally in Sec-
tion 5.2; and second, the screening of the Coulomb interaction by a free carrier plasma,
which is the subject of Section 5.3. Due to the presence of Coulomb and carrier-phonon
interactions, the equations of motion for the single-particle observables do not form a
closed set. Instead, their dynamics is coupled to higher-order many-body expectation
values, resulting in an in nite hierarchy of coupled equations, commonly referred to as the
hierarchy problem. To obtain a tractable description, this hierarchy must be truncated
by introducing suitable approximations. To obtain a tractable description, the hierarchy
must be truncated at a nite order. A widely used and physically transparent approach
is the cluster expansion method [41, 42], in which expectation values are systematically
decomposed into uncorrelated (single-particle) contributions and genuine many-body cor-
relations, as shown in Figure 2.1. Within this framework, the scattering contributions
indicated by the subscript "scatt" arise from the systematic treatment of the next-higher
order beyond the mean eld: the two-particle (doublet) correlations are evaluated in a
Markovian scattering approximation, yielding phonon- and Coulomb-induced scattering
rates in closed form. All genuine three-particle and higher-order correlations are then ne-
glected, an approximation justi ed under the excitation conditions considered here, where
such higher-order clusters play a subdominant role. It is important to emphasize that this
procedure does not simply discard higher-order terms rather, it captures their leading-
order in uence through the scattering integrals appearing in Equations (2.6) to (2.8).
Alternative approaches to truncate the hierarchy include, for example, the Hartree Fock
approximation, which neglects correlation e ects beyond mean- eld interactions, quan-
tum kinetic approaches based on nonequilibrium Green's functions, or density-matrix
renormalization schemes. While these methods di er in their level of approximation and
computational complexity, the cluster expansion is better suited to calculate mixed in-
teractions, e.g., mixed optical and Coulomb interactions, while Green's function methods
are better suited to capture higher correlation orders without any mixing.
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2.2 Excitons

In semiconductors, the Coulomb attraction between negatively charged electrons and pos-
itively charged holes can lead to the formation of correlated electron hole pairs known
as excitons. Because excitons consist of an electron and a hole bound together by their
mutual electrostatic interaction, they are charge-neutral quasiparticles that represent one
of the most fundamental excitations in a semiconductor system. The concept of exci-
tons was rst introduced theoretically in the 1930s by Frenkel, Peierls, and Wannier [7,
43]. Depending on the spatial extent and binding energy of the electron hole pair, two
main categories are distinguished: Frenkel excitons and Wannier Mott excitons [44]. Fig-
ure 2.2 illustrates the spatial character of Frenkel and Wannier Mott excitons as well as
the resulting excitonic dispersion with hydrogen-like bound states. Frenkel excitons are
typically found in organic or molecular crystals, where the strong Coulomb attraction
keeps the electron and hole localized on the same or neighboring atoms. In contrast,
Wannier-Mott excitons occur in inorganic semiconductors, where the dielectric screen-
ing is strong and the e ective carrier masses are small, resulting in weakly bound and
spatially extended states. The present section focuses on the latter case. In inorganic
semiconductors, the properties of correlated electron hole pairs can be described by the
generalized Wannier equation. Assuming a quasi-equilibrium condition in which carrier
scattering has driven the system into a thermal Fermi-Dirac distribution, the two-particle
correlation terms in the SBE vanish, and the problem reduces to a homogeneous eigen-
value equation. For an unexcited semiconductor, i.e., Bx = nnhk =0, this eigenvalue
problem becomes mathematically equivalent to the Schrodinger equation of the hydro-
gen atom when the e ective masses of the electron () and hole (m,), as well as the
dielectric constant ", of the host material, are taken into account. The resulting Wannier
eqguation in real space reads

2, 2
L+V(r) (N=E n); (2.10)

2my

where the reduced exciton mass mis de ned through

o1, 1 (2.11)
m.  meg my
The potential V (r) represents the attractive Coulomb interaction between the oppositely
charged quasiparticles. The eigenvalues E describe the binding energies of the bound
excitonic states, while  (r) denotes the corresponding excitonic wavefunctions. Solving
Eqg. (2.10) yields a discrete series of bound states analogous to the hydrogenic levels (1s,
2s, 3s, ...), with binding energies given by

1
En=R 2 in 3D; (2.12)
1 .
Eh=R ——— in2D; n=1;2;::: 2.13
=R Ty (213)

where R is the exciton Rydberg energy de ned as

m, 13:6eV,

R =
me "2

(2.14)

In analogy to the hydrogen atom, the binding energy decreases with increasing principal
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Figure 2.2: Spatial character and dispersion of excitons in semiconductors.
Left panel: Schematic comparison of Wannier-Mott and Frenkel excitons in
real space. A Wannier-Mott exciton (left) consists of a positively charged hole
(blue, +) at the center and a negatively charged electron (red, ) with a de-
localized probability distribution, bound by Coulomb attraction. The spatial
extent (dashed circle) is much larger than the lattice constant of the semi-
conductor crystal (gray spheres). A Frenkel exciton (right) exhibits strong
localization with electron and hole con ned to the same or neighboring lattice
sites due to weak dielectric screening.
Right panel: Excitonic dispersion relation E(k) showing the hydrogen-like
Rydberg series of bound states (1s; 2s; 3s) below the band-gap energy EThe
binding energy of the ground state is given by the e ective Rydberg constant
R . The continuum region (gray shading) represents unbound electron hole
pairs. Each parabolic branch corresponds to the center-of-mass motion of the
exciton as a composite quasiparticle.

guantum number n and approaches zero for large n, marking the transition from bound
states to the unbound electron hole continuum at the band-gap energy E. This is
illustrated in the right panel of Figure 2.2. The magnitude of the exciton binding energy
and the spatial extent of the excitonic wavefunction strongly depend on the dielectric
screening and e ective masses of the host material. The exciton Bohr radius

Aexc = il
XC mrez

is typically much larger than the lattice constant of the semiconductor crystal. In ma-
terials such as GaAs, where ' 13, the large dielectric constant e ectively screens the
Coulomb attraction. In combination with e ective masses much smaller than the electron
mass, this leads to small binding energies on the order of a few meV (e.g.sE=4:2 meV
for bulk GaAs) and large exciton radii that extend over several unit cells. Such weakly
bound, delocalized excitons are commonly referred to as Wannier Mott excitons. In con-
trast, Frenkel excitons exhibit signi cantly larger binding energies often by several or-
ders of magnitude because of the much smaller dielectric screening in organic materials.
As a result, electron and hole remain localized within the same molecule, with separa-
tions of only a few nanometers. The binding energy of excitons depends sensitively on

(2.15)
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the dimensionality of the system. As indicated by Eq. (2.13), the ideal two-dimensional
case exhibits a binding energy that is four times larger than in the three-dimensional
bulk. In quantum wells or thin semiconductor Ims, this enhancement arises from spa-
tial con nement of the carriers and a reduced dielectric screening, particularly when the
surrounding material has a smaller dielectric constant. The reduced screening strength-
ens the Coulomb attraction and therefore increases the binding energy while decreasing
the exciton Bohr radius perpendicular to the plane of the quantum Im. Consequently,
for the ground state (n = 1), the exciton radius in a two-dimensional system can be
approximately half that of the corresponding three-dimensional case. In an optically ex-
cited semiconductor, the presence of free carriers alters the Coulomb interaction through
the phase-space lling factor (1 n ¢k n nk) in the SBEs. As the carrier density in-
creases, Pauli-blocking e ects reduce the e ective Coulomb attraction between electrons
and holes. Beyond a critical carrier concentration, this interaction becomes e ectively
repulsive, and bound excitonic states can no longer exist. The transition from a regime of
bound excitons to an unbound electron hole plasma is known as the Mott transition [45].
This density-dependent transition plays a central role in the nonlinear optical response
of semiconductors and de nes the boundary between exciton and plasma-like regimes in
many-body systems. Beyond single excitons, Coulomb correlations in semiconductors can
also give rise to more complex composite quasiparticles, such as biexcitons (bound states
of two excitons) [46], trions (charged excitons) [47], dropletons [48], and electron hole
droplets [49]. These higher-order correlated states emerge under speci ¢ excitation condi-
tions and contribute to the rich many-body dynamics observed in modern semiconductor
optics.

2.3 Terahertz response of semiconductors and conductivity

At this point, a brief overview is given of the microscopic theory that forms the basis
for describing the terahertz absorption of electron hole plasmas and excitons. Compre-
hensive treatments of absorption dynamics in the THz frequency range can be found in
[38, 50, 51]. In general, THz absorption is primarily governed by electron hole pair cor-
relations [16]. A brief clari cation regarding the scope of the theoretical framework is in
order. The SBEs presented in Equations (2.6) to (2.8) describe the interband dynamics
of the semiconductor driven by a near-infrared optical eld. To describe the THz re-
sponse of the system including both intraexcitonic absorption and the Drude response
of free carriers these equations must be supplemented with intraband contributions. In
particular, a THz electric eld E 1y, (t) couples to the intraband motion of carriers and
gives rise to additional driving terms of the form eEqy, r ¢ ng in the equations of motion
for the carrier densities. These k-gradient terms describe the eld-induced acceleration
of carriers in momentum space and are responsible for both the intraexcitonic transitions
and the free-carrier Drude response. A comprehensive microscopic derivation including
the full intraband contributions can be found in [16]. The THz Elliott equation, which is
derived from the extended SBEs including these intraband terms, provides a microscopic
framework for describing the excitonic contribution to THz radiation absorption:
2 3

S, ON . S (ON . ]g, (2.16)

LCht+i (1)

X
THz () =1Im 4

The quantities N . constitute the excitonic population matrix in the basis of excitonic
eigenstates. In direct analogy to the carrier occupations gy and nn introduced in

10
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Figure 2.3: Calculated THz absorption using the Elliott-formula from Ref. [50]. The
spectrum shown was calculated for a nite exciton population in a GaAs
sample. The vertical lines denote the spectral positions of the 1s 2p, 1s 3p,
and 1s 4p transitions. Here, the 1s 2p transition dominates the spectrum.
The 1s 3p transition is not resolved anymore due to linewidth broadening
and merging with higher transitions. The gray shaded area corresponds to
the continuum transitions.

Egs. (2.3) and (2.4) for single-particle states, the diagonal elements N. n rep-
resent the population of excitonic state , i.e., the number of excitons occupying that
eigenstate [41]. The o -diagonal elements N . for 6= describe quantum-mechanical
coherences transition amplitudes between di erent excitonic states and , which

are generated by the optical pump pulse and contribute to the coherent part of the THz
response. Unlike in optical spectroscopy, where typically only a few resonant transi-
tions dominate, THz spectroscopy of excitons involves contributions from a continuum
of excitonic states. This becomes evident in the spectral response function:

(E E )J J

S5O FE mom

(2.17)

Here, J / P k (K)(k kK THz) (K) denotes the current matrix element between the
excitonic states and . The unit vector k 1y, de nes the propagation direction of the
incident THz eld. Analogous to atomic selection rules in optical spectroscopy, transition
probabilities are governed by angular momentum conservation and symmetry constraints.
Each transition allowed by these rules gives rise to a resonance in the spectral response
function S. (!), whose linewidth is determined by the dephasing rate . (!). Addition-

ally, the decay of macroscopic THz currents is characterized by the damping term (!).
An important distinction between THz and optical spectroscopy lies in the role of the ex-

11
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citon center-of-mass (COM) momentum Q. In optical spectroscopy, photon momentum
conservation restricts interband transitions to excitons with Q 0, since optical pho-
tons carry negligible crystal momentum. By contrast, THz photons drive intraexcitonic
transitions between internal states of the same exciton, which are allowed for excitons
at all COM momenta Q. The full THz absorption therefore involves contributions from
the entire distribution of exciton COM momenta, and the excitonic population matrix
element in Equation (2.16) must more completely be written as

X
N . = N . (Q) (2.18)
Q

where the sum runs over all occupied Q states. This makes THz spectroscopy a particu-
larly direct probe of the total exciton density, irrespective of the momentum distribution

of the excitonic population. A key advantage of THz spectroscopy lies in its ability to
directly identify exciton populations through intraexcitonic transitions. In solid-state
systems, however, these spectral lines are signi cantly broadened due to strong dephas-
ing, scattering processes, and disorder in the sample. Consequently, in most experimen-
tal situations, only the fundamental 1s 2p transition can be clearly resolved, whereas
higher-order intraexcitonic transitions overlap and merge into a continuous spectral fea-
ture. This is shown exemplarily in Figure 2.3. It illustrates the asymmetry of the THz
absorption towards higher energies due to the closer spacing of transitions from 1s to
higher p-states.

Drude model for free carriers

The Drude model describes the response of unbound charge-carriers, i.e., an electron hole
plasma to an applied oscillating electric eld. Electrons are treated as classical particles
with an e ective mass m that undergo collisions characterized by an average momentum-
relaxation time (or damping rate p =1=). The model neglects band-structure details
except through m and assumes linear response to a weak eld. Consider an electron
(charge e) subject to an electric eld E(t) =E ¢e"t . In the Drude approximation the
single-particle equation of motion with a phenomenological damping term is

m x(@)+m  px(t) = eE(t): (2.19)

2

Assuming a time-harmonic response x(t) =x(!)e "™ givesx=ilx and x=1 2x,

Substituting into (2.19) leads to

| 2

m im p! x()= eE®: (2.20)

Solving for x(!) results in

e 1

X0= iz o EO (2.21)

With the charge-carrier velocity v = ilx and a carrier density n the current density
can be expressed as J = nev. Inserting Equation (2.21) results in

J(") = ne(iNx(!) =ne 2|I“:1|2+|1D' E(): (2.22)

12
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By using the linear-response relation J(!) = (D)E(!), one can identify the complex
conductivity as
ne? il
1 = - -
0 m T2+i oI (2.23)

It is conventional to rewrite (2.23) in forms that highlight the low-frequency limit:
ne? 1 "ol 5

0= Wt ”"’ ; (2.24)

where the plasma frequency is introduced by

2
2 e 29
- (2.25)
The current J modi es the displacement eld D=" gE+P in linear response with J =
ilP one has P= 1. The relative permittivity is
P O]
"M=1+ =1 - : 2.26
® "oE(Y) " o! (226
Using (2.24) gives the Drude dielectric function
1 2
"o()=" 1 : (2:27)

It+i b)

where | have included an optional high-frequency background to account for contribu-
tions from core electrons and higher-energy interband transitions that are not explicitly
modeled by Drude free carriers. Expanding the denominator yields the equivalent form

1 2

"o()=" 1 ﬁ (2.28)

Low- and high-frequency limits
The Drude model exhibits distinct behavior in the low- and high-frequency limits. At

low frequencies, ! b, the conductivity reduces to its DC-value,
2 LU | 2
ne 0'p
= = 2.29
dc m o ( )

which is purely real and corresponds to ohmic conduction. In this limit, the imaginary
part of the conductivity is negligible, and the dielectric function

| 2 | 2
P

"p() " 1 o R 'Tp!; (2.30)

is dominated by a large imaginary component, indicating strong absorption of low-
frequency elds by free carriers.
At high frequencies, ! b, the damping becomes negligible, and the dielectric re-

sponse approaches ,
!
O |—2: (2.31)

In this regime, the real part of the dielectric function decreases and can even become

13



14 2. Light-matter interaction in semiconductors

negative for I <! ,, signaling metallic-like behavior where the material re ects incident
radiation rather than absorbing it. This behavior is typical for frequencies far below
the visible spectrum. The imaginary part becomes small, indicating reduced absorption.
For! |, the dielectric function approaches the background value i , as the free
carriers can no longer follow the rapid oscillations of the electric eld. Thus, the Drude
model captures both the low-frequency conductivity-dominated regime and the high-
frequency regime where the material exhibits metallic re ectivity or becomes transparent,
depending on the relation between ! and !,. In typical doped semiconductors, the
low-frequency regime (sub-THz to few-THz) is dominated by Drude absorption, while
at higher THz or mid-infrared frequencies, the response transitions toward the high-
frequency limit described above.

Lorentz model for bound or resonant contributions

Bound carriers (e.g., electrons bound in excitons, intraexcitonic transitions, optical phonons,
or localized resonances) respond like driven damped harmonic oscillators having a restor-
ing force. The Lorentz oscillator captures a resonant absorption at a nite eigenfrequency

! o with damping . For a bound charge q (we take q = e for electrons) with resonance
frequency !¢ and damping | :

m x@®)+m [ x()+m ! 2x() = eE(t): (2.32)
Assuming x(t) =x()e " vyields
1
2

x(1) = r:!g ! EO) (2.33)

[
The polarization per unit volume for N such oscillators is
Ne? 1

2

P()= Nex() = m 2]

— EO: (2.34)

Thus the susceptibility (!) and dielectric function contribution are

Ne? 1 . B _
N e & e D SO LR O (2.35)
It is common to de ne an oscillator strength or resonance plasma frequency ? ':)‘;2 :
giving
2
(2.36)

mn I:|| .
L() 1+!(2)! 2i7L!.

Here "1 again captures higher-frequency background contributions.

Combined Drude Lorentz dielectric function

The response of semiconductors can be described by a macroscopic approximation us-
ing a linear combination of free carrier contributions (Drude) and bound contributions
(Lorentz). By superposition (linear response) the total dielectric function is

I 2 X

2
=" i eyt Tz

(2.37)
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Figure 2.4: Schematic illustration of the Drude and Lorentz contributions to the THz
response of semiconductors, shown as the change in absorption (top) and
the change in the real part of the dielectric function (bottom). The Drude
response (red), representing free-carrier absorption, exhibits a smooth and
monotonic behavior. In contrast, the Lorentz contribution (gray), associated
with resonant bound excitations, displays a pronounced peak at the resonance
frequency. The combined Drude Lorentz response (blue) highlights the in-
terplay between free-carrier and resonant contributions to the overall THz
response.

where the index j enumerates Lorentz oscillators (intraband resonances, excitonic tran-
sitions, optical phonons, etc.).

From dielectric function to THz absorption
De ne the complex refractive index a(!) =n(!)+i (!) by
q
()= ()

The absorption coe cient (!) (intensity decay per length) is related to the imaginary
part by

q
()= zi(!)z %Im "(): (2.38)

c

In many THz contexts, the imaginary part of the dielectric function is much smaller than
the real part, Im"(!) Re"(!). This allows one to use the small-loss approximation,
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16 2. Light-matter interaction in semiconductors

which simpli es the treatment of complex refractive indices and absorption. The physical
motivation for this approximation is that in typical THz experiments the absorption is
weak, so the imaginary part of the refractive index is small compared to its real part,
and the phase velocity is dominated by Re". This also makes analytical expressions
more transparent and avoids cumbersome computations of the exact complex square
root, introducing only negligible error (Im"=Re") 3. Under this approximation, the
extinction coe cient is given by

m"()

") f’ﬁ (2.39)

and the corresponding absorption coe cient becomes

N LK

O] c pw (2.40)
This linear dependence on Im" provides a clear physical interpretation: the absorption is
directly proportional to the material losses, while the propagation is primarily determined
by the real part of the dielectric function. Figure 2.4 displays the frequency-dependent
behavior of Drude and Lorentz response. The Drude term (/! g) produces a broadband,
monotonically increasing absorption at low frequencies (for nite p) characteristic of
free-carrier intraband absorption. In THz experiments this term often dominates the low-
frequency (sub-THz to few-THz) conductivity and absorption of doped or photo-excited
semiconductors. The Drude conductivity yields a peak in Re (!) at! 0 with width set
by p. The Lorentz term (! o nite) produces a resonant absorption peak at frequency
I I with Lorentzian lineshapes determined by | . Intraband excitonic transitions
(e.g., 1s!2p) and optical phonons appear as Lorentz oscillators in the THz spectral
window. Excitonic intra-level transitions typically appear at distinct THz frequencies
and can be used to identify exciton populations; however, strong dephasing broadens
these resonances. In photo-excited semiconductors both contributions can coexist; the
Drude background can obscure weak Lorentz resonances and the presence of free carri-
ers can screen Coulomb interaction, reduce oscillator strengths, and broaden excitonic
resonances.

Explicit forms often used in ts

Typically, the excitation induced change in response of semiconductors in the THz range
is dominated by the 1s 2p absorption resonance although s-np transitions are in principle
also allowed [11, 35]. Contributions from higher-lying p-states can usually be neglected
as the corresponding transition probability decreases rapidly with increasing principle
guantum number n [52 54]. Since one can neglect the contributions from p-states other
than 2p, one can get a practical form for tting experimental THz data. In an op-
tical pump THz probe experiment, the relevant quantity is the pump-induced change
in the dielectric function, "(1)="  pumped(!) " unpumped (!), Obtained by subtracting
the unexcited-sample reference from the pumped response. Applying the Drude Lorentz
model (2.37) to this di erential signal, and retaining only the dominant 1s 2p intraexci-
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tonic resonance (see discussion above), yields the practical tting form

0 1
e f1s.2pN n
M= 1520 X fe ; (2.41)
L"o 12,1 2l ho !2+£!
| {z m [—{z—1}
I: intraexcitonic absorption [I: Drude response
where L is the active-layer thickness (width of all quantum wells), = Memy=m +m,

is the electron hole reduced mass, {s, is the dimensionless oscillator strength of the
1s 2p transition (proportional to the squared current matrix element jJ 152> of Equa-
tion (2.17)), ny is the 1s exciton sheet density, s is the 1s 2p resonance frequency, hom
is the homogeneous linewidth (dephasing rate) of that transition, n. is the free-carrier
sheet density, and is the free-carrier scattering rate. This form is used throughout
this thesis. It is comprised of two parts and o ers direct access to the relevant parame-
ters. The rst part (I) corresponds to intraexcitonic absorption. It allows to extract the
exciton density ny, the resonance frequency les and the homogeneous linewidth of the
investigated intraexcitonic transition nhom. The exciton density is used in Section 5.2 for
calculating the inelastic scattering contribution to the total scattering of excitons, which
in turn is extracted from the change in homogeneous linewidth . The resonance
frequency ! s becomes important when investigating the screening of an exciton popu-
lation by additional charge-carriers in Section 5.3. The second part (I1) of the formula
corresponds to Drude contributions from an electron hole plasma. These contributions
were not further analyzed in the course of this thesis since its focus lies on the investiga-
tion of excitons. However, they were relevant for the investigation of electron-densities
in a radio-frequency ion thruster (c.f. [55])
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3 Experimental Details

This chapter outlines the relevant experimental concepts used in this thesis. The dis-
cussion focuses on THz generation, the employment of THz radiation in optical pump
terahertz probe spectroscopy as well as data analysis in the coherent regime.

3.1 THz generation

Radiation in the terahertz range (0.1 10 THz) sits between the elds of electronics and
photonics. This region has historically been referred to as the "THz gap" [56, 57]. The
challenge of generating e cient sources has led to a variety of approaches, which can be
broadly categorized as coherent or non-coherent techniques. This distinction is important
because coherent sources enable phase-resolved spectroscopy and precise emission control,
whereas non-coherent sources typically provide broadband power for imaging and thermal
applications. Typical sources of incoherent THz radiations are thermal emitters [58],
backward wave oscillators (BWO) [59] and vacuum electronics [60]. Thermal emitters
are simple and inexpensive sources of broadband THz radiation. However, this comes
with a lack of coherence and low brightness, limiting the use of these sources to basic
imaging or calibration applications. BWOs in contrast, o er a narrow bandwidth, highly
tunable output of THz radiation with output power in the low mW regime [61]. Although
they achieve more coherence than thermal or black-body sources, they still fall short of
the capabilities of modern phase-locked solutions. This leads to the second type of THz
generation, coherent sources. With the advent of ultrafast laser systems, new pathways
for THz generation have emerged. One focus of this dissertation is the development
of broadband and coherent THz sources. Coherent THz radiation can be generated,
for example, via optical recti cation [62, 63], laser-induced plasmas [64, 65], spintronic
emitters [22, 66], and photoconductive antennas [24, 67]. In general, the emission of a
Hertzian dipole in the far- eld is directly proportional to the change of current given by:

d ..
E®/ 510 (3.1)

If the change of current is on a ps time scale, the resulting emission of Bremsstrahlung
is in the THz range. For this thesis, there are two relevant mechanisms to create THz
radiation. The rst one is quantum interference currents and the second one is the use
of a photoconductive antenna. Quantum interference currents, also referred to as coher-
ent control currents, are electrical currents that arise from the coherent superposition
of di erent quantum excitation pathways in a solid-state system. In simple terms, they
emerge when electrons are excited, for example, by two laser elds of di erent frequen-
cies, typically ! and 2!. In this scenario, an electron can reach a conduction band state
through at least two distinct pathways: one by absorbing two ! photons, and another
by absorbing a single 2! photon. Both pathways terminate in the same nal state and
possess a well-de ned relative phase. The associated probability amplitudes interfere ei-
ther constructively or destructively. By carefully controlling the relative phase of the two
optical elds, the interference can be made asymmetric, resulting in more electrons being
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generated with momentum +k than with k. This produces an asymmetric momentum
distribution, which corresponds to a macroscopically measurable current pulse, either by
electrically contacting the sample or measuring the emitted radiation [68].

After excitation, the total state of the system can be written as

ji=c 4jPath li+c yjPath 2i; (3.2)

where the complex coe cients ¢; and ¢, depend on the amplitudes and phases of the
optical elds. Adjusting the relative phase between the ! and 2! elds changes the
interference of the pathways, and consequently, the direction and magnitude of the gen-
erated current. In the absence of interference, a symmetric crystal would yield equal
transition probabilities to states +k and Kk, resulting in zero net current. Quantum
interference breaks this symmetry, so that

(k) 6= (k); (3.3)

and the time derivative of the expectation value of momentum or velocity gives rise to
a net charge current. Because the currents are tied to the coherence of the excitation,
they are ultrashort (femtosecond timescale) and their direction can be controlled via the
optical phase. This property makes them particularly interesting for phase-controlled
electronics [69], THz emission [68], and coherent control experiments [70].

Quantum interference currents are often described using a simple !=2! model, in which
a current injection term is proportional to the eld amplitudes and their relative phase.
Consider two coherent elds with frequencies ! and 2!, and complex eld amplitudes

E\ =jE jé''; Ex =jEaje' 2: (3.4)
In the simplest model, the time derivative of the injected current can be written as

a3

dt
where i is a third-rank current injection tensor determined by the band structure and
transition dipoles, e.g., from a k p model [71]. By substituting

= ik By Eix B tC.C (3.5)

EPEy /JE 1 j}E2 je@ 1 2); (3.6)

one obtains the scalar current which is typically given by

S PEajcos@ ) at o @7

where ( depends on material properties and geometry [72]. The essential features of
this model are:

" The current is proportional to the product of the eld amplitudes, e.g., E ?Ey .

" It depends sinusoidally on the relative phase 2 | 21 ; adjusting this phase reverses
the current direction.

" In k-space, this corresponds to an interference term between one-photon and two-
photon excitation pathways, yielding (k) (k) 6=0.

Quantum interference currents in Paper Il and the results are explained in detail in
Chapter 4. Since this emission scheme is still under active investigation, the other ex-
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periments in this thesis were conducted using a more established method, namely the
use of a photoconductive antenna. Here, a semiconductor material gets processed with
an antenna structure. An optical laser pulse excites the semiconductor material while a
bias is applied to the electrodes of the antenna structure. The generated charge-carriers
then get accelerated by the electric eld between the electrodes. This leads to a transient
electric current perpendicular to the direction of incidence. Similar to the aforemen-
tioned quantum interference currents, the emission can be modeled by Equation (3.1).
In order to obtain THz emission, the optical excitation needs to be on a (sub-)picosecond
timescale followed by a rapid recapture of the charge-carriers. The semiconductor mate-
rial of the THz antennas used in this thesis is GaAs grown at low temperatures. Due to
the low growth temperature, the substrate material is full of defects which work as trap-
ping and recombination centers for the charge-carriers. However, these defects decrease
the conductivity of the substrate material, resulting in a decrease in output power. More
detailed descriptions of photoconductive antennas can be found in the literature [24, 73,
74].

3.2 THz detection/electro-optical sampling

Similar to THz generation, THz detection can be divided into coherent and incoherent
detection schemes. Examples for incoherent detectors are Golay cells [75], bolometer
[76], or pyroelectric detectors [77]. They convert the incoming THz radiation into an
electrical signal proportional to its intensity, not to the time-varying electric eld. They
provide simple, inexpensive methods to measure radiation from visible/UV to THz wave-
lengths [78]. Their main advantage lies in their small footprint and their ability to detect
THz radiation over wide spectral ranges [79]. This makes them suitable for imaging
and power monitoring applications. In contrast, coherent detection captures both the
amplitude and the phase, enabling time-domain (or frequency-resolved) measurement of
the electromagnetic eld. Prominent examples for coherent detection schemes are air
biased coherent detection (ABCD), photoconductive sampling, or electro-optic sampling
(EOS). The latter will be explained more in detail since it will be the detection method
used in this thesis. A schematic of this method is shown in Figure 3.1. The fundamental

Figure 3.1: Schematic of EOS detection. An optical gate pulse and a THz pulse are
focused onto the electro-optic detection crystal. A delay line allows to tem-
porally delay the optical and the THz pulse. The electric eld of the THz
pulse changes the refractive index of the crystal, resulting in a change of the
optical pulse's polarization. The polarization of the optical pulse with and
without THz are depicted by the red and gray arrows respectively.
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e ect used in EOS is the Pockels e ect or linear electro-optic e ect [80]. Applying an
electric eld to a non-centrosymmetric crystal results in induced birefringence [81 83].
The induced change in the crystal's refractive index is described by the linear relation
[84]:

n=n 3rjEth; (3.8)

where g is the unperturbed refractive index, rj is the relevant electro-optic tensor
component, and Ery; is the applied THz electric eld. The relevant electric eld does
not have to be static; it can also be time-varying, for example in the form of an optical or
other electromagnetic wave. When considering electromagnetic waves with su ciently
long wavelengths, the eld can be considered uniform across signi cant regions of the
crystal at any given moment. Within these regions, the applied eld induces a modulation
of the refractive index via the electro-optic e ect. This modulation is monitored using
a probe beam, enabling direct measurement of the long-wavelength eld. The probe
beam is an optical pulse which is much shorter in time than the THz wave inducing
the change in refractive index. During temporal overlap of probe pulse (gate pulse) and
THz in the EO crystal the birefringence leads to a phase shift between ordinary and
extraordinary contributions of

=2 - (3.9)

Typical crystals used for EOS of THz waves are ZnTe <110>, GaP <110>, and z-cut
GaSe. The rst two are zinc-blende structure crystals. This means that all electro-optic
coe cients apart from r 41 =1 5o =t g3 are zero [85]. Consequently, if the optical probing
pulse is polarized by 45° with respect to the optical axis, it experiences a phase shift of
[84]:

d
= —ngraEru (O (3.10)

Without a THz eld applied to the electro-optical crystal, the linearly polarized gate
pulse is transformed into circularly polarized light by a /4 plate. A Wollaston prism
then separates the horizontal and vertical polarization contributions. A pair of photodi-
odes then detects the resulting orthogonally polarized beams. In the case of circularly
polarized light both beams have the same intensity, resulting in the same signal for each
photodiode. This leads to the signals canceling out. When a THz eld is applied to the
EO crystal, the gate pulse gets elliptically polarized. This results in di erent signals of
the photodiodes. The dierence in signals is directly proportional to the electric eld
of the THz pulse. Changing the delay between THz and gate pulse allows to sample
the entire THz pulse in the time domain. One crucial consideration for choosing the
electro-optical crystal is the wavelength of the gate pulse and the bandwidth of the THz
pulse [86 88]. The mismatch between the optical group and THz phase velocity dictates
the response for di erent frequency contributions of the THz pulse while the absorption
of the nonlinear crystal limits the detectable bandwidth. In practice, choosing a thinner
detection crystal allows to circumvent the phase mismatch to a certain degree, however,
this comes at the cost of signal strength.

3.3 Optical pump-terahertz probe spectroscopy

Optical pump-terahertz probe spectroscopy is a proven tool to study quasiparticles in
semiconductors [9, 11, 89]. The energy range of THz photons allows to uniquely address
intraexcitonic transitions, thus circumventing the limitations of optical spectroscopy [90,
91]. The experimental setup underwent several changes, depending on the requirements
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Figure 3.2: Schematic illustration of the experimental pump probe setup. The experi-
ment is based on a regenerative laser ampli er system, whose output is split
into two beams. One beam pumps an optical parametric ampli er, which
provides the optical pump for the sample. The wavelength can be ne-tuned
using a subsequent pulse shaper and a combination of long- and short-pass
Iters. The second beam from the regenerative ampli er is used for probe
generation. One fraction is focused onto a sapphire crystal to generate a
white-light supercontinuum for optical probing. The remaining fraction is
used for THz generation via an LT-GaAs antenna, with detection performed
by EOS.

for the task at hand. However, the basic concept remains the same. A schematic draw-
ing is found in Figure 3.2. The starting point is a regenerative ampli er system (Spectra
Physics Solstice Ace) which delivers 50fs pulses with a central wavelength of 800 nm
and a pulse repetition rate of 5kHz. The ampli er's output is split into three parts.
The rst part is focused in a sapphire crystal to generate a white-light supercontinuum.
The crystal can be water-cooled to prevent thermal damage while also allowing to in-
terchange di erent crystals. Changing the thickness of the crystal allows to adjust the
spectrum of the white-light. The white-light then passes over a delay line for temporal
adjustment. Afterwards it is focused onto the sample. During the measurement, the
sample is held at a constant 6 K in a continuous ow liquid Helium (He) cryostat. After
passing through the sample, the transmitted white-light is analyzed using an imaging
spectrometer (Andor Shamrock 500i). Dispersion in the spectrometer is provided by
various re ective aluminum gratings. For most of the data in this work a grating with
600linesmm and a blaze of 800 nm was used. The dispersed white-light is then analyzed
by a scienti c complementary metal-oxide semiconductor (sCMOS) camera (Andor Zyla
5.5). The second part of the ampli er's output is directed onto the a large-aperture low
temperature grown GaAs antenna to generate the THz pulses. The THz pulse is focused
onto the sample by an ellipsoidal mirror. After probing the sample, the divergent THz
pulse is re-focused onto a 500 um thick ZnTe crystal, again using an ellipsoidal mirror.
The probe pulse then coincides with the third part of the ampli er's output. This beam

is focused onto the ZnTe and serves as the gate pulse for the electro-optical sampling.
The last part of the ampli er's output is fed into an optical parametric ampli er (TOPAS
Twins). This allows to tune the wavelength from 240 nm to 2400 nm. The output then
gets routed over another delay into a pulse shaper. The pulse shaper allows to netune
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the excitation wavelength as well as its linewidth. After the pulse shaper, the optical
pulse gets directed unto the sample to excite the sample.

Interpolation of data for the coherent regime

Scanning a THz pulse with EOS can be done in two ways. Since gate pulse and THz pulse
need to be delayed with respect to one another, one can either delay the gate pulse or
the THz pulse. Both scenarios will result in the same outcome. For OPTP this becomes
more di cult. Here, the introduction of a third pulse means that two pulses need to be
delayed to obtain the full 2D data set. This results in three times that can be de ned:

" T pump-cate Which corresponds to the time di erence between optical pump and gate
pulse. This is the time measured in the setup used in this dissertation.

" T eos Which is the time di erence between gate and THz pulse. This is the time
for sampling the THz pulse.

" T pp which is the time between optical excitation and THz probe pulse.

Generally, if the delay between the optical pump and the THz probe pulse exceeds the du-
ration of the probe pulse, delaying either the THz pulse or the gate pulse yields equivalent
results. However, when the pump probe delay approaches the probe pulse duration or
becomes even shorter the method of data acquisition becomes crucial.

For early pump arrival times, the THz probe pulse experiences signi cantly di erent
excitation conditions within its temporal envelope. In the most extreme case, the lead-
ing edge of the THz pulse interacts with an unexcited sample, while the trailing edge
probes a partially or fully excited one. Furthermore, the excitation of the sample is itself
time-dependent, meaning that even for THz pulses arriving after the excitation, di erent
portions of the pulse encounter distinct excitation conditions [92, 93].

To accurately represent coherent e ects, the experimental timing must re ect the actual
physical scenario speci cally, it should correspond to a xed delay between the optical
pump and a chosen reference point within the THz probe pulse. In the setup shown

Figure 3.3: De nition of the dierent times measured in the OPTP experiment.
Tpump-cate IS de ned as the time delay between optical excitation and op-
tical gate pulse, Tgos is the time for sampling the THz pulse, Tpp is the
physical time between optical pump and THz probe pulse. In the setup used
for this thesis, Tpymp-cate and Teos are measured. bp needs to be extracted
by interpolation and taking the diagonal of the 2D data set.
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Figure 3.4: Exemplary 2D TDS scans for resonant excitation. a) Measured dTHz traces
from the setup. Below and to the right of the dashed line is the unexcited
sample. b) Corrected dTHz traces. The y-axis now corresponds to the phys-
ical pump probe delay Tpp between optical pump and THz probe.

in Figure 3.2, the pump and THz delay stages are scanned while the EOS gate pulse
remains xed. Consequently, the recorded data depend on dymp-gate and Tepos. For

a xed position of the pump delay line, one can acquire a one-dimensional probe scan.
Likewise, xing the THz delay line at the peak of the THz pulse and scanning the pump
delay line yields a one-dimensional pump scan. To analyze the data in a physically con-
sistent way especially when investigating coherent e ects it must be transformed into

a representation using Bp. A comparison between the raw dTHz signal and its Fp-
transformed representation is shown in Figure 3.4. In Figure 3.4 a) the data is shown
measured with the setup. The dashed black line corresponds to time zero, which is de-
ned at the half-maximum of the signal following resonant excitation. This de nition is
justi ed by assuming that, at this point, approximately half of the optical pump pulse
has interacted with the sample, corresponding to the temporal maximum of the pulse
envelope. Every data point below and to the right of the dashed line corresponds to
the unexcited sample. To get from one representation to the other, a Python script is
executed. This interpolates the data and extracts the diagonals for each pump delay.
These are then plotted accordingly. The original Teos corresponds to the new one. The
obtained representation is shown in Figure 3.4 b). This procedure is particularly im-
portant for investigations in the coherent regime. An example where this is needed is
presented in Section 5.4.

Estimation of THz eld strength

For many applications, an estimation of the THz probe's eld strength is needed. Here,
the EOS technique is helpful, as it directly measures the electric eld of the THz pulse.
For small enough E- elds the polarization modulation is linearly proportional to the E-

eld [94]. The phase shift ' due to the induced birefringence in an electro-optic crystal

can be described by [95]:

2
= S Ln3rE 1y Tr; (3.11)
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Figure 3.5: Schematic of THz emission setup. The fundamental gets focused on the BBO
to generate the second harmonic. Fundamental and second harmonic get sep-
arated by a dichroic mirror. The fundamental laser beam gets routed via a
delay line. This delay line allows to change the temporal overlap between fun-
damental and second harmonic. Both laser beams get recombined by another
dichroic mirror. The emitted THz radiation of the sample gets collected by
one parabolic mirror and detected via electro-optical sampling.

where is the wavelength of the gate pulse, L is the thickness of the EO crystal, g
is the refractive index, r is the electro-optic coe cient of the detection crystal, and Tg
the Fresnel transmission coe cient. For ZnTe typical values in our experiments are =
800nm, r =3.9pm/V, no = 2.8, T = 0.52. The detected signals of the photodiodes is
directly proportional to the phase shift "

"= arcsin : 3.12
[ T (3.12)

Here, I and I denote the signal of the individual photodiodes. Subsequently, the E- eld
of the THz pulse can be calculated by
arcsin 22

2Ln 3Tw

(3.13)

Ethz =

3.4 THz emission

The optical setup employed in this experiment is schematically illustrated in Figure 3.5.
A Ti:Sapphire laser-based ampli er (Solstice Ace) with a pulse duration of 50fs, a cen-
tral wavelength of 800nm, and a repetition rate of 5kHz provides the primary light
source. The output is split into two paths: a small fraction serves as the gate pulse for
electro-optic sampling, while the remaining portion pumps an optical parametric ampli-
er (TOPAS Twins). The OPA converts the 800 nm radiation into the desired signal
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wavelength centered around 1590 nm (0.78 eV). The OPA output is directed through a
delay line and focused onto a BBO crystal to generate the second harmonic at 795 nm
(1.56 eV). Pulse energies of 480nJ and 280 nJ are used for the fundamental and second
harmonic, respectively. Both beams are incident on a dichroic mirror that re ects wave-
lengths below 900nm (i.e., the second harmonic) while transmitting the fundamental.
To precisely control the relative phase between the two beams, a secondary delay stage
is introduced. Although the manufacturer speci es a bidirectional positioning accuracy
of 1 um corresponding to a temporal resolution of approximately 6.7 fs the stage is
operated uni-directionally during phase scans, signi cantly improving its e ective preci-
sion. Based on the manufacturer's speci cations and our own interferometric calibration,
the practical unidirectional timing accuracy is estimated to be approximately 0.2fs. The
polarization of the fundamental beam is adjusted using a half-wave plate and, together
with a polarization lter, ensures collinear polarization with its second harmonic. Both
beams are then recombined using another dichroic mirror, and the superimposed beams
are focused onto the Ge samples using a 20 cm focal length lens. The generated THz pulse
is collimated by a parabolic mirror with a focal length of 101.6 mm and subsequently
focused onto a 500 um-thick ZnTe or a 100 um-thick GaP detection crystal by another
parabolic mirror with a focal length of 50.8 mm. At the detection crystal, the THz pulse

is spatially and temporally overlapped with the gate pulse for electro-optic sampling. By
introducing a variable delay between the OPA output (and thus the THz pulse) and the
gate pulse, the complete THz waveform is sampled in the time domain.

27






4 THz generation by coherent currents in
Germanium

For many decades the spectral range of THz waves remained elusive, since it lies between
the optically or electronically accessible ranges of electro-magnetic radiation. In recent
years, this gap was closed more and more. However, the quest for new THz sources
remains unbroken. As described in Section 3.1, multiple mechanisms an techniques have
been developed. One of the most commonly used devices for coherent THz generation are
GaAs-based antennas [96 98]. They o er ease of use, commercial availability and stable
output up to 6 THz [99]. Another widespread method is optical recti cation in IlI-V or
I1-VI semiconductors like ZnTe, GaP, or GaSe [100 102]. However, their spectral range is
limited due to the infrared-active phonon modes of these polar semiconductors. They are
constrained to below 4-7 THz or above 12-15THz. Alternative approaches to generate
THz radiation in the spectral region unattainable by the aforementioned methods is by
spintronics [22, 103] or two-color air plasma [64, 104 106]. These methods either lack
the output power or require costly laser ampli er systems. Another solution to achieve
gap-less THz radiation would be the use of non-polar semiconductors as they lack the
hindering phonon modes. Prominent examples are Silicon and Germanium, the latter
featuring higher electron mobility. Germanium has already been demonstrated to be a
suitable material for broadband THz emission in a photoconductive antenna [30, 107].
While they do not su er the phonon absorption of their GaAs-based counterparts, these
antennas still need complex processing and contacting [24, 74]. ldeally, one would want
to combine the promising material properties of Germanium with a less complex and
cumbersome way to generate currents. Typically, charge-carriers get injected optically
into a semiconductor material. So why not accelerate these charge-carriers with light and
create an optically driven current? One way would be via so-called quantum interfer-
ence currents [28, 29]. In this case, the simultaneous coherent excitation of one-photon
and two-photon transitions in a semiconductor can be induced using the fundamental
frequency and its second harmonic of a below-bandgap femtosecond laser pulse. This
excitation facilitates coupling between electronic transitions in the valence and conduc-
tion bands. The relative phase between the two optical elds governs the interference
of the interband transition amplitudes, thereby generating a polar asymmetry in the
momentum-space distribution of the photoexcited charge-carriers. This asymmetry gives
rise to an optically injected quantum interference current density, which can be directly
characterized through the emitted THz radiation [108 113].

In this publication, | make use of the setup described in Section 3.4. To show a proof
of principle, two things need to be present. One, exciting the sample with two optical
pump beams needs to emit THz radiation. Two, the emitted THz radiation should de-
pend strongly on the phase delay between the two optical pulses. There should be a
periodicity of 2 and the polarity of the THz pulse should be changeable. For this, |
excited the sample with 1590 nm as fundamental and 795 nm as the second harmonic.
By changing the delay of the two optical pulses | am able to change the relative phase
of the two pulses. Results are shown in Figure 4.1. Here, one can see that the sample
indeed does emit THz radiation. Additionally, the polarity of the THz radiation cor-
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Figure 4.1: THz emission depending on the phase of fundamental and second harmonic
optical pulse. Delaying the two optical beams against each other results in a
change of polarity of the emitted THz radiation. The change of polarity fol-
lows a 2 -periodicity which is characteristic for THz emission from quantum
interference currents.

relates strongly with the relative phase between the two optical pulses. Changing the
phase by half the wavelength of the second harmonic allows to invert the polarity of the
emitted THz pulse. This is equal to a phase shift of . Furthermore, for a delay of a
quarter wavelength of the second harmonic (relative phase shift of=2) almost completely
suppresses the THz emission. This is due to symmetric k-space injection conditions. The
emitted THz radiation now needs to be characterized. For applications, the bandwidth,
eld strength, and asymmetry ratio are of interest. For many applications like sub-cycle
THz scanning tunneling microscopy the asymmetry ratio between the two largest half-
cylces of opposite sign are of interest [31, 114 116]. In the top of Figure 4.2 it is shown,
that | obtain an asymmetry ratio of 3.34:1 and a FWHM of the emitted THz pulse
of 110fs. This asymmetry ratio is greater than spintronic emitters and comparable to
pulses emitted from type-Il MQW structures [114]. In the case of type-Il MQW as well as
guantum interference currents the origin is a redistribution of an induced current into an
equilibrium, which explains the similar shape of the emitted THz pulse. The bandwidth
of the emitted pulses is shown in the bottom of Figure 4.2. The emission spans several
octaves, reaching up close to the reststrahlen band of GaP at 8 THz [27]. The spectrum
is at from 1 3.5 THz with a maximum at around 2 THz. Although the reststrahlen band

of GaP prohibits measurements around 8 THz, one can see that the signal signi cantly
drops already at 7 THz. Here, the limiting factor is the bandwidth of the optical pulses.
The pulse-bandwidth product TBP for a transform limited pulse is de ned as

TBP= (4.1)
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Figure 4.2: Top: Time trace of the THz emission using 1590 nm and 795 nm pulses. The
emitted THz time trace shows a high asymmetry with a ratio of 3.34:1 for
the main positive and negative peaks. The FWHM of 110fs is marked by two
arrows.

Bottom: Corresponding spectrum of the emitted THz radiation. The gray-
shaded area indicates the spectral region, where the signal-to-noise ratio is
not su cient anymore. Measurements were taken using a 100 um GaP crystal
for detection.

where s the pulse length of the optical pulse and s the corresponding bandwidth.
To calculate the bandwidth of the optical pulse, one needs to consider the pulse shape of
the optical pulse. For a gaussian pulse the following holds true:

2log2
TBP gaussian = :

0:441: (4.2)

The pulse duration of the optical pulse can be measured via autocorrelation measure-
ments. | nd a pulse length of 63fs for the second harmonic. This value is in good
agreement with scans of the emitted THz pulse for a wider range of delays between fun-
damental and second harmonic pulses (c.f. Fig. 3 from Paper II). Fitting an envelope to
these measurements provides a pulse length of 68fs. Considering the 63 fs pulse duration,
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Figure 4.3: Time traces of di erent THz emitters for identical excitation conditions. The
dashed lines correspond to excitations with 1590 nm and the dotted lines to
excitations with 795 nm laser pulses. The solid line for Ge represents the two-
color excitation scheme. In comparison to more established emitters bulk Ge
does emit the weakest electric eld.

| subsequently calculate the bandwidth as

0:441
= 63 - 7THz: (4.3)

Newly-developed methods always need to be compared to established methods to show
their benets. In Figure 4.3 time traces of typical emitters are shown. It becomes
apparent, that the eld strength from the Ge emitter (33 V/cm) is signi cantly lower
than the emission from a GaAs-based photoconductive antenna (240 V/cm) or from op-
tical recti cation from ZnTe (280 V/cm or 125V/cm) or GaP (125 V/cm). However, the
emission from the Ge-based emitter is much more broadband, free from phase-matching
constraints, and does not require external bias. This is an important advantage for appli-
cations requiring a broad and gapless THz spectrum. Especially ber lasers can bene t
from this type of THz generation. They often output ultrashort pulses for fundamental
and second harmonic beams. Another mechanism using two-color excitation for broad-
band THz generation is air plasma-based THz generation. However, this method requires
high eld strengths of the optical pulses to ionize air. This facilitates the need for laser
ampli er system. Since ber lasers are inexpensive compared to laser ampli er systems,
quantum interference currents in germanium can enable a broader availability of THz
experiments in the scienti c community.

In summary, this publication shows that bulk Germanium can be used as an inexpen-
sive source for broadband THz generation. It can enable more laboratories to establish
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THz experiments by using a two-color excitation scheme using a small-footprint ber
laser. The high asymmetry of the emitted THz radiation as well as the higher bandwidth
compared to established THz emitters allows for numerous applications.
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5 Exciton interactions in semiconductors

5.1 Exciton formation

The availability of laser systems with ps and fs pulse durations opened the door to new
realms of experiments. This lead to the eld of ultrafast spectroscopy [32, 117, 118]. The
interest in ultrafast phenomena remains unbroken up to this day [119]. It is not limited

to physics but is also employed in biology [120] or chemistry [121, 122]. In condensed
matter systems, one focus lies on the dynamics of charge-carriers in semiconductors.
Here, the formation dynamics of excitons as fundamental quasi particles of optical exci-
tations are one of the key areas. Starting in the 1990s, time-resolved photoluminescence
emerged as the method of choice [17, 123 128]. Here, the luminescence arising at the
1s exciton resonance is monitored and subsequently analyzed for its temporal behavior.
One major limitation of TRPL as an all-optical approach is the limitation to excitons
with a center-of-mass momentum close to K=0. Only these so-called "bright" excitons
can recombine radiatively and subsequently be detected. This fact complicates the anal-
ysis of entire exciton populations [50, 129]. Therefore, results vary from around 20 ps
[17, 123, 124, 126, 127] to 200 ps [129, 130] in GaAs MQW. An additional shortcoming
become apparent when theoretical approaches using a stringent microscopic many-body
theory revealed that the luminescence from the excitonic transition does not have to
stem from an exciton population but can rather also be due to radiative recombinations
of an electron hole plasma [15]. These calculations were swiftly veri ed experimentally
[131, 132]. Optical pump-terahertz probe spectroscopy provides an alternative and more
direct approach. Since the intraexcitonic transitions in GaAs-based MQW are in the
low meV range, THz can unambiguously reveal the existence of an exciton population
[50, 133, 134]. THz does not su er the drawbacks of TRPL since it can probe excitons
independently of their center-of-mass momenta while also distinguishing between exci-
tons and electron hole plasmas [11, 135]. However, THz is not the holy grail of exciton
detection if taken without a grain of salt. This becomes obvious when looking at the
formation times reported in the literature. They range from a quasi-instantaneous for-
mation of up to 40% exciton fraction [11, 14] to a formation on a timescale of a couple
hundred ps [132, 136]. Paper Il addresses this decade-long debate on exciton formation
times and the associated methodologies. In this study, | resolve the prevailing discrepan-
cies by employing a novel approach based on exciton ionization induced by intense THz
radiation. The start of this investigation is by building the baseline with established
methods. Since THz spectroscopy should be the main method of choice to investigate
exciton dynamics, | start by employing the OPTP setup described in Section 3.3 to two
comparable (Ga,In)As MWQ samples. Comparing samples makes the results of our nd-
ings more robust, since | can rule out any sample related quirks. Exciting the samples
nonresonantly, i.e., above the single-particle band gap, results in the Drude-like response
of unbound charge-carriers at low THz frequencies. This response is characteristic for an
electron hole plasma. This electron hole plasma starts to get converted into an exciton
population immediately, which can be observed by the rise of a lorentzian absorption
line. Figure 5.1 shows this transition from unbound to bound electron hole pairs. As
mentioned earlier, TRPL has some methodological weaknesses. Nevertheless, for many
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Figure 5.1: Surface plot of the pump-induced change of absorption L for a photon
density of 4 102 cm? . The optical excitation pulse is detuned 37 meV above
the 1s exciton resonance and has a bandwidth of 2.5 meV. At low frequencies,
the characteristic Drude-like response of an electron hole plasma emerges
almost instantly after photoexcitation. In contrast, the Lorentzian response
of the intraexcitonic 1s 2p transition at around 1.5 THz starts to build up
later while taking 600 ps to reach it's maximum.

it remains the method of choice for investigating exciton dynamics [137 139]. For com-
pleteness, | chose to employ TRPL and compare it side by side with THz spectroscopy.
The TRPL data shows a quasi-instantaneous luminescence directly after nonresonant
excitation at the energy of the 1s exciton resonance. This luminescence is commonly at-
tributed to the existence of a nite 1s exciton population. However, as already reported
in the literature, this conclusion is not necessarily correct [15, 131]. Indeed, the dynamics
of the photoluminescence better matches the dynamics of charge-carrier decay obtained
from THz spectroscopy (see Fig. 3 c¢) from Paper Il ). This comparison shows clearly
that the PL dynamics mainly re ect the radiative recombinations of the entire carrier
ensemble while THz spectroscopy distinguishes between Coulomb-bound and unbound
electron hole pairs. This shows the advantages of THz spectroscopy once more.
However, THz spectroscopy is not without aws when investigating quasiparticle dy-
namics. One major issue arises in the high-density regime. Here, the application of the
Drude-Lorentz model gets obscured by the broadening of the intraexcitonic resonance.
As shown in Figure 5.2, similar ts can lead to drastically di erent exciton densities.
This insight is nothing new, albeit not really resolved in the literature. In 2009, T.
Suzuki and R. Shimano stated, that for high excitation densities they could explain the
emergence of an o set in the absorption by a broad excitonic resonance [134]. This broad
exciton resonance can lead to the assumption of a quasi-instantaneous exciton formation
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Figure 5.2: Comparison of high and zero exciton density for an excitation density of
1:08 photons=¢r2, |t becomes clear, that one has to be cautious when applying
a Drude-Lorentz model to extract exciton densities. The ts look rather
similar, although they have many orders of magnitude of exciton density
between them. This shows, why the application of the Drude-Lorentz model
to extract exciton densities fails at higher densities.

since the formation times decrease with increasing excitation density. This observation
is in rather good agreement with previous experiments on GaAs MQW samples [11, 14].
There, they report up to 40% exciton fraction right after the excitation of their sam-
ple. A value, | can only achieve for the highest excitation conditions in my experimental
setup. For lower excitation densities, it can take up to 30 ps to achieve similar values.
Although THz spectroscopy can distinguish between bound and unbound electron hole
pairs, this ability is not universal. To achieve better separation of di erent quasi-particle
contributions, one would need the isolate the individual responses. In the experiment
present, | only have two contributions, one from the excitons and one from the electron
hole plasma. If one were able to switch o one of these contributions, one could extract
the pure contribution of the other species. Switching o the response of the electron hole
plasma is not possible. However, this is not the case for the excitonic response. Since
excitons possess a nite binding energy, they can be ionized by strong enough THz elds
[140 142].

This leads to the new methodology developed for this publication. | employed two dif-
ferent eld strengths for the probing THz pulse. The weaker of the two pulses is a
true probing pulse as it does not alter the samples response and it is within the linear
regime. The stronger THz pulse however, is strong enough to completely ionize the -
nite exciton population present in the sample, leaving only an unbound electron hole
plasma. Subtracting the now obtained pure plasma response from the total response
isolates the excitonic response. Having now isolated the pure excitonic contributions,

37



	List of Figures
	List of Abbreviations
	Introduction
	Light-matter interaction in semiconductors
	Semiconductor Bloch equations
	Excitons
	Terahertz response of semiconductors and conductivity

	Experimental Details
	THz generation
	THz detection/electro-optical sampling
	Optical pump-terahertz probe spectroscopy
	THz emission

	THz generation by coherent currents in Germanium
	Exciton interactions in semiconductors
	Exciton formation
	Exciton-electron scattering
	Screening
	Light-field driven exciton states

	Summary and Outlook
	Relevant Publications
	Paper I - Inhibited inelastic scattering for near-band edge excitations in two-dimensional charge-carrier systems
	Paper II - Coherent Control of Photocurrents in Germanium for Gapless and Broadband Terahertz Emission
	Paper III - Exciton Formation dynamics in (Ga,In)As multi quantum wells

	Bibliography
	Danksagung

