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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 efficient 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 differential 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 Ladungstrédgerdynamik und die Wech-
selwirkungen von Quasiteilchen in Halbleitern mittels Terahertz (THz)-Spektroskopie.
Der THz-Spektralbereich erméglicht den direkten Zugang zu Niedrigenergie-Anregungen
wie intraexzitonischen Ubergéingen und der Dynamik freier Ladungstriger und ist damit
ein leistungsfdhiges 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 liickenlose THz-
Strahlung durch phasengesteuerte Quanteninterferenzstréme erzeugt, die durch zweifar-
bige optische Anregung angetrieben werden. Dieser Ansatz ermoglicht eine effiziente
Fmission iiber 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-Mehrfachquantentopfen nach nichtre-
sonanter optischer Anregung. Zeitaufgelste THz-Spektroskopie zeigt, dass Exzitonen aus
einem anfinglich 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 Einfiihrung einer Differential-Probing-Methode auf der
Grundlage schwacher und starker THz-Felder wird die seit langem bestehende Diskrepanz
bei den berichteten Exziton-Bildungszeiten aufgelost. Dariiber hinaus wird die Wechsel-
wirkung inkohérenter Exzitonen mit einem zusétzlichen 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
iiberschiissigen Energie der zusétzlichen Ladungstriger und nicht von deren Dichte be-
stimmt werden. Obwohl die Anregungsenergien die Bindungsenergie der Exzitonen iiber-
steigen, tritt inelastische Streuung nur dann auf, wenn geeignete Endzustinde verfiigbar
sind, was mit den Vorhersagen der goldenen Regel von Fermi iibereinstimmt. Die Abschir-
mung von Exzitonzustdnden durch zusdtzliche Ladungstriager wird durch die Untersu-
chung der transienten Verschiebung des intraexzitonischen 1s-2p-Ubergangs untersucht.
Die Messungen ermoglichen einen direkten Zugriff auf die zeitabhéngige Exzitonenbin-
dungsenergie und zeigen, dass die Abschirmungsstérke linear mit der Ladungstrégerdichte
skaliert, wahrend die Abschirmungszeit durch die tiberschiissige Energie der Ladungstra-
ger bestimmt wird. Schliefilich werden durch intensive optische Felder induzierte transi-

ente Exzitonzustinde 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 effective 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 effect [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 effective
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 efficiency
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 fields requires ex-
perimental access to their internal degrees of freedom—the transitions between excitonic
energy levels that reflect 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 4-40meV) |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
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regime was notoriously difficult to access with sufficient bandwidth, coherence, and field
strength |20, 21]. While substantial advances in THz source technology over the past three
decades—including photoconductive antennas, optical rectification 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 confluence 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 significant contribution at the intersection of ultrafast
spectroscopy, semiconductor physics, and many-body theory.

The first 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-field applications [31]. Critically, the excitation scheme operates efficiently
with low-power fiber-laser systems, opening a pathway toward compact, accessible THz
sources that do not require costly chirped-pulse amplifier 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, |1§] 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 yield 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 decomposition ambiguous—a
differential 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 fidelity. 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 sufficient 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
sufficient energy for ionization. This inhibition is traced to phase-space restrictions aris-
ing from Fermi’s Golden Rule |36]—the density of final states for the unbound carriers
following ionization is insufficient to support efficient energy transfer. The interaction
strength between excitons and the electron—hole plasma, quantified 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 reflects 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 [] and [b| 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 scientific 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 confinement 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 field. 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 simplified 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 justified when exciting
with a finite-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 :Hel+H17 (21)

where H, 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 field 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 field. Together
with the Heisenberg equation of motion,

d
ini5:0(t) = (0(t), Hsystem: 22)

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

ne(t) = (al ack), (2.3)
na(t) =1 (a] @y 1 0u k) (2.4)
(t) < kac k> (25)

(t)

Here, ay’ denotes the annihilation (creation) operator in band A = v, ¢, where v and ¢
refer to the valence and conduction bands, respectively. Evaluating the commutators
in yields a coupled set of nonlinear differential equations known as the
semiconductor Bloch equations, which can be regarded as a generalization of the optical
Bloch equations:

0P, 0P,
" = (e +enp)Pet+i(l— ek — k) Wik + oo (2.6)
8t at scatt
ONe k: One
= — 91 P > 2.7
ek — 2t )+ S| (27
8nh,k . % 8nh,k
o = ~2mleniPi) - =gt (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 e,
and ey, j, 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

dC”L)
WR k= ?E +— ka w P (2.9)

couples the optical driving field E(t) to the polarization through the interband dipole ma-
trix element d.,, and additionally incorporates the Coulomb-induced many-body renor-
malization of the optical field via the Hartree-Fock exchange sum ) ;s Vi Py, where
Vi_j 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 modifies the effective driving field experienced by each in-
dividual k-state. The term (1 —ne —np ) corresponds to the phase-space filling effect,
while the expression —2Im(wp ,P;) describes carrier generation via optical absorption.
The scattering contributions, indicated by the subscript "scatt", incorporate many-body
effects 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 effects,
biexciton formation, and carrier-density relaxation [3, 16]. Two of these scattering con-
tributions are particularly noteworthy for the present work: first, the scattering between
excitons and a free electron—hole plasma, which is investigated experimentally in
and second, the screening of the Coulomb interaction by a free carrier plasma,
which is the subject of 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 infinite 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 finite 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 Within this framework, the scattering contributions
indicated by the subscript "scatt" arise from the systematic treatment of the next-higher
order beyond the mean field: 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 justified 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 influence 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 effects beyond mean-field interactions, quan-
tum kinetic approaches based on nonequilibrium Green’s functions, or density-matrix
renormalization schemes. While these methods differ 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 first 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].
[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 effective 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., ne; = np = 0, this eigenvalue
problem becomes mathematically equivalent to the Schrodinger equation of the hydro-
gen atom when the effective masses of the electron (m}) and hole (mj), as well as the
dielectric constant €, of the host material, are taken into account. The resulting Wannier
equation in real space reads

l V2

2m,

+ V(V’)l W(r) = ExUa(r), (2.10)

where the reduced exciton mass m, is defined through

111
—=— (2.11)

* B
my m mh

e

The potential V' (r) represents the attractive Coulomb interaction between the oppositely
charged quasiparticles. The eigenvalues F) describe the binding energies of the bound
excitonic states, while ¥ (r) denotes the corresponding excitonic wavefunctions. Solving
Eq. yields a discrete series of bound states analogous to the hydrogenic levels (1s,
2s, 3s, ...), with binding energies given by

E,=R 3 in 3D, (2.12)

E,=R* in2D, n=12,... (2.13)

(=12
where R* is the exciton Rydberg energy defined as
_ my 13.6eV

me €2

R*

(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 confined 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 E,. The
binding energy of the ground state is given by the effective 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.

quantum 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 The magnitude of the exciton binding energy
and the spatial extent of the excitonic wavefunction strongly depend on the dielectric
screening and effective masses of the host material. The exciton Bohr radius

e h?

mye?

Gexec = (2.15)
is typically much larger than the lattice constant of the semiconductor crystal. In ma-
terials such as GaAs, where ¢, &~ 13, the large dielectric constant effectively screens the
Coulomb attraction. In combination with effective masses much smaller than the electron
mass, this leads to small binding energies on the order of a few meV (e.g., Ep = 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 significantly 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
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the dimensionality of the system. As indicated by Eq. , 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 films, this enhancement arises from spa-
tial confinement 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 film. 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 filling factor (1 —nex—np ) in the SBEs. As the carrier density in-
creases, Pauli-blocking effects reduce the effective Coulomb attraction between electrons
and holes. Beyond a critical carrier concentration, this interaction becomes effectively
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 defines 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 specific 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, 150, 51]. In general, THz absorption is primarily governed by electron—hole pair cor-
relations [16]. A brief clarification 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 field. 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 field Ery,(t) couples to the intraband motion of carriers and
gives rise to additional driving terms of the form e Epy, - Vi ni in the equations of motion
for the carrier densities. These k-gradient terms describe the field-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:

SM,\(W) ANM)\ — [Sl,,)\(—w) ANZ,,)J*
w (hw +i7(w))

arhz(w) =Im Z

VA

(2.16)

The quantities AN, \ constitute the excitonic population matrix in the basis of excitonic
eigenstates. In direct analogy to the carrier occupations n.y and ny ) introduced in

10
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Figure 2.3: Calculated THz absorption using the Elliott-formula from Ref. . The
spectrum shown was calculated for a finite 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 AN} y = Any rep-
resent the population of excitonic state A, i.e., the number of excitons occupying that
eigenstate [41]. The off-diagonal elements AN, y for v # X describe quantum-mechanical
coherences—transition amplitudes—between different excitonic states v and A, 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:

(Es— Ey) Jup Jpa

Sya(w) = Zﬁ: Es—E, —hw—iy, (W)’

(2.17)

Here, J,5 x > ¢5(k) (k-krm,) ¢5(k) denotes the current matrix element between the
excitonic states v and 5. The unit vector koy, defines the propagation direction of the
incident THz field. 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, ) (w), whose linewidth is determined by the dephasing rate v , (w). Addition-
ally, the decay of macroscopic THz currents is characterized by the damping term ~y(w).
An important distinction between THz and optical spectroscopy lies in the role of the ex-

11



12 2. Light-matter interaction in semiconductors

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

ANI/,)\ = Z ANV,)\(Q)? (218)
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 significantly 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 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 field. Electrons are treated as classical particles
with an effective mass m™* that undergo collisions characterized by an average momentum-
relaxation time 7 (or damping rate yp = 1/7). The model neglects band-structure details
except through m* and assumes linear response to a weak field. Consider an electron
(charge —e) subject to an electric field E(t) = Ege~™". In the Drude approximation the
single-particle equation of motion with a phenomenological damping term is

m*x(t) + m*ypx(t) = —eE(t). (2.19)
Assuming a time-harmonic response x(t) = x(w)e™ ™! gives X = —iwx and ¥ = —w?x.

Substituting into (2.19) leads to

(—m*w2 - im*fypw) x(w) = —eE(w). (2.20)
Solving for x(w) results in
(@)= S Bw) (2.21)
X(w) = ———E(w). .
m* w? +iypw

With the charge-carrier velocity v = —iwx and a carrier density n the current density

can be expressed as J = —nev. Inserting [Equation (2.21)|results in

} 1

J(w) = —ne(—iw)x(w) = ne i (2.22)

m* w? +iypw

12
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By using the linear-response relation J(w) = o(w)E(w), one can identify the complex
conductivity as

2 .
olw) = (2.23)
m* we+1ypw
It is conventional to rewrite (2.23)) in forms that highlight the low-frequency limit:
2 2
1 Eow
ow) =" - TP (2.24)
m* yp —iw  Yp —iw
where the plasma frequency is introduced by
2
W= (2.25)
eom

The current J modifies the displacement field D = ¢gE 4+ P in linear response with J =

—iwP one has P = _iw The relative permittivity is

PW) _ | _ o)

=1 =1- ) 2.26
glw)=1+ 0 B(W) 0w (2.26)
Using (2.24]) gives the Drude dielectric function
2
w
ep(w) =eopo — ——L— 2.27
p(w) = oo w(w+1ivp) (2:27)

where I have included an optional high-frequency background e, 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

w2

=g — —2 . 2.28
ep(w) =€ R — (2.28)

Low- and high-frequency limits
The Drude model exhibits distinct behavior in the low- and high-frequency limits. At
low frequencies, w < vp, the conductivity reduces to its DC-value,

2
neZr oWy

Ode ™ —( = —, (2.29)
m YD

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

w2 w2
ED(W) M Epp — —2— R Eop — i—1—, (2.30)
1YDW YDW

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

sponse approaches

w2

ep(w) zsw—;g. (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 w < wy, signaling metallic-like behavior where the material reflects 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 w > w,, the dielectric function approaches the background value e, as the free
carriers can no longer follow the rapid oscillations of the electric field. Thus, the Drude
model captures both the low-frequency conductivity-dominated regime and the high-
frequency regime where the material exhibits metallic reflectivity or becomes transparent,
depending on the relation between w and w,. 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 finite eigenfrequency
wo with damping 7. For a bound charge ¢ (we take ¢ = —e for electrons) with resonance
frequency wp and damping ~y:

m*%(t) + m*yx(t) + m*wix(t) = —eE(t). (2.32)
Assuming x(t) = x(w)e ™! yields

e 1
= — E(w). 2.33
X = e B (2.33)

The polarization per unit volume for N such oscillators is

Ne? 1

* 2
m OJO

P(w)=—Nex(w) = E(w). (2.34)

—w? —iyw

Thus the susceptibility x(w) and dielectric function contribution are

= ] - )= L) (2.35)
w) = Erl\w) = w). .
XL gom* w3 —w? —iyLw L XL
It is common to define an oscillator strength or resonance plasma frequency ? = 6]:;2*,
giving
QQ
eL(w) =00+ — (2.36)

Wi —w? —iyLw

Here £, 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

2 2
w Qj

e(w) =¢€00 — P +Z 5

w(w+ivp) r wh ; —w? —iyjw’

(2.37)

14



2.3 Terahertz response of semiconductors and conductivity 15

9x107°
S5 6x107°
o
—
S
| -5
= 3x10
<
0
6x107°
—~ 0
>
e
S -5
o —6x10
q |
—— Drude
-1x107* &~ — Lorentz -
I | — Drude-Lorentz |
1.0 1.5 2.0 2.

Frequency (THz)

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
Define the complex refractive index n(w) = n(w) +ik(w) by

The absorption coefficient a(w) (intensity decay per length) is related to the imaginary

part k by o o
a(w) =—kr(w) = ?Im\/e(w). (2.38)

c
In many THz contexts, the imaginary part of the dielectric function is much smaller than
the real part, Ime(w) < Ree(w). This allows one to use the small-loss approximation,
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16 2. Light-matter interaction in semiconductors

which simplifies 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 Ree. This also makes analytical expressions
more transparent and avoids cumbersome computations of the exact complex square
root, introducing only negligible error ~ (Ime/Ree)3. Under this approximation, the
extinction coefficient is given by

Ime(w)
Klw) v ——t, 2.39
() 2y/Ree(w) (2:39)
and the corresponding absorption coefficient becomes
I
a(w) ~ W) (2.40)

¢ /Ree(w)’

This linear dependence on Ime 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. displays the frequency-dependent
behavior of Drude and Lorentz response. The Drude term (o< wg) produces a broadband,
monotonically increasing absorption at low frequencies (for finite vp) 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 Reo(w) at w ~ 0 with width set
by vp. The Lorentz term (wp ; finite) produces a resonant absorption peak at frequency
w ~ wy with Lorentzian lineshapes determined by ~r. 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 fits

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
quantum number n [52H54]. Since one can neglect the contributions from p-states other
than 2p, one can get a practical form for fitting experimental THz data. In an op-
tical pump—THz probe experiment, the relevant quantity is the pump-induced change
in the dielectric function, Ae(w) = epumped (W) — Eunpumped (w), obtained by subtracting
the unexcited-sample reference from the pumped response. Applying the Drude—Lorentz
model to this differential signal, and retaining only the dominant 1s—2p intraexci-
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tonic resonance (see discussion above), yields the practical fitting form

2
€ fls-2p Ny Nfc

= — 2.41
Legp | wis—w?—iwApom w2 +iwl ’ (2.41)

Ae(w)

I: intraexcitonic absorption II: Drude response

where L is the active-layer thickness (width of all quantum wells), p = mem}/mz+m:
is the electron-hole reduced mass, fis.2, is the dimensionless oscillator strength of the
1s—2p transition (proportional to the squared current matrix element |Jis2,[? of
tion (2.17)), ny is the 1s exciton sheet density, wyes is the 15-2p resonance frequency, Apom
is the homogeneous linewidth (dephasing rate) of that transition, ny. is the free-carrier
sheet density, and I' is the free-carrier scattering rate. This form is used throughout
this thesis. It is comprised of two parts and offers direct access to the relevant parame-
ters. The first part (I) corresponds to intraexcitonic absorption. It allows to extract the
exciton density n,, the resonance frequency wyes and the homogeneous linewidth of the
investigated intraexcitonic transition Apey. The exciton density is used in for
calculating the inelastic scattering contribution to the total scattering of excitons, which
in turn is extracted from the change in homogeneous linewidth Ayon. The resonance
frequency wyes becomes important when investigating the screening of an exciton popu-
lation by additional charge-carriers in The second part (II) 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 fields of electronics and
photonics. This region has historically been referred to as the "THz gap" [56| |57]. The
challenge of generating efficient 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, offer 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 rectification [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-field is directly proportional to the change of current given by:

d

E(t) x dtl(t). (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 first 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 different quantum excitation pathways in a solid-state system. In simple terms, they
emerge when electrons are excited, for example, by two laser fields of different frequen-
cies, typically w and 2w. In this scenario, an electron can reach a conduction band state
through at least two distinct pathways: one by absorbing two w photons, and another
by absorbing a single 2w photon. Both pathways terminate in the same final state and
possess a well-defined relative phase. The associated probability amplitudes interfere ei-
ther constructively or destructively. By carefully controlling the relative phase of the two
optical fields, 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

) = ¢1[Path 1) + ca|Path 2), (3.2)

where the complex coefficients ¢; and ¢y depend on the amplitudes and phases of the
optical fields. Adjusting the relative phase between the w and 2w fields 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 —Fk, resulting in zero net current. Quantum
interference breaks this symmetry, so that

p(k) # p(—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 w/2w model, in which
a current injection term is proportional to the field amplitudes and their relative phase.
Consider two coherent fields with frequencies w and 2w, and complex field amplitudes

E,= |Ew|ei¢wa By, = ’E2w|€i¢2“' (3.4)
In the simplest model, the time derivative of the injected current can be written as

dJ; .
d—t’ = NijkBw jEu i Es, +c.c., (3.5)

where 7, 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

E2E3,, o |Ey|?|Bay|e' P 92), (3.6)

one obtains the scalar current which is typically given by

dJ

7 O [Eul*[Bou|cos (26 — dou + 60) (3.7)

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

« The current is proportional to the product of the field amplitudes, e.g., E2 Eo,,.

o It depends sinusoidally on the relative phase 2¢,, — ¢9,,; adjusting this phase reverses
the current direction.

e In k-space, this corresponds to an interference term between one-photon and two-
photon excitation pathways, yielding p(k) — p(—k) # 0.

Quantum interference currents in and the results are explained in detail in
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 field 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 field. 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 field. 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 The fundamental
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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 field 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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effect used in EOS is the Pockels effect or linear electro-optic effect [80]. Applying an
electric field 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]:

An = n%rijETHz (3.8)

where ng is the unperturbed refractive index, r;; is the relevant electro-optic tensor
component, and Fry, is the applied THz electric field. The relevant electric field 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 sufficiently
long wavelengths, the field can be considered uniform across significant regions of the
crystal at any given moment. Within these regions, the applied field induces a modulation
of the refractive index via the electro-optic effect. This modulation is monitored using
a probe beam, enabling direct measurement of the long-wavelength field. 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 A¢ between ordinary and
extraordinary contributions of

d
A¢p= QWXAn. (3.9)
Typical crystals used for EOS of THz waves are ZnTe <110>, GaP <110>, and z-cut
GaSe. The first two are zinc-blende structure crystals. This means that all electro-optic
coefficients apart from 741 = rse = rgs 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
Ad) = 7TXTL8T41ETHZ (t) (3.10)

Without a THz field applied to the electro-optical crystal, the linearly polarized gate
pulse is transformed into circularly polarized light by a 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 field is applied to the
EO crystal, the gate pulse gets elliptically polarized. This results in different signals of
the photodiodes. The difference in signals is directly proportional to the electric field
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 different 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 amplifier system, whose output is split
into two beams. One beam pumps an optical parametric amplifier, which
provides the optical pump for the sample. The wavelength can be fine-tuned
using a subsequent pulse shaper and a combination of long- and short-pass
filters. The second beam from the regenerative amplifier 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 The starting point is a regenerative amplifier system (Spectra
Physics Solstice Ace) which delivers 50fs pulses with a central wavelength of 800 nm
and a pulse repetition rate of 5kHz. The amplifier’s output is split into three parts.
The first 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 different 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 flow 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 reflective aluminum gratings. For most of the data in this work a grating with
600 lines/mm and a blaze of 800 nm was used. The dispersed white-light is then analyzed
by a scientific complementary metal-oxide semiconductor (sCMOS) camera (Andor Zyla
5.5). The second part of the amplifier’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 pm thick ZnTe crystal, again using an ellipsoidal mirror.
The probe pulse then coincides with the third part of the amplifier’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 amplifier’s output is fed into an optical parametric amplifier (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 finetune
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24 3. Experimental Details

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 difficult. 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 defined:

e Tpump-Gate Which corresponds to the time difference between optical pump and gate
pulse. This is the time measured in the setup used in this dissertation.

e Tgos which is the time difference between gate and THz pulse. This is the time
for sampling the THz pulse.

e Tpp 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 significantly different
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, different
portions of the pulse encounter distinct excitation conditions [92, |93].

To accurately represent coherent effects, the experimental timing must reflect the actual
physical scenario—specifically, it should correspond to a fixed delay between the optical
pump and a chosen reference point within the THz probe pulse. In the setup shown

Tep

) TPump-Gate ,
I 1

T
EOS

Figure 3.3: Definition of the different times measured in the OPTP experiment.
TpPump-Gate 15 defined 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, Tpump-Gate and Tgos are measured. Tpp 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 the pump and THz delay stages are scanned while the EOS gate pulse
remains fixed. Consequently, the recorded data depend on Tpymp-Gate and Tgos. For
a fixed position of the pump delay line, one can acquire a one-dimensional probe scan.
Likewise, fixing 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 effects—it must be transformed into
a representation using Tpp. A comparison between the raw dTHz signal and its Tpp-
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-
fined at the half-maximum of the signal following resonant excitation. This definition is
justified 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 Tgog corresponds to the new one. The
obtained representation is shown in b). This procedure is particularly im-
portant for investigations in the coherent regime. An example where this is needed is

presented in

Estimation of THz field strength
For many applications, an estimation of the THz probe’s field strength is needed. Here,
the EOS technique is helpful, as it directly measures the electric field of the THz pulse.
For small enough E-fields the polarization modulation is linearly proportional to the E-
field . The phase shift ¢ due to the induced birefringence in an electro-optic crystal
can be described by : )
T

b\ LngrETHzTFr, (3.11)

(P:
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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 A is the wavelength of the gate pulse, L is the thickness of the EO crystal, ng
is the refractive index, r is the electro-optic coefficient of the detection crystal, and Tg,
the Fresnel transmission coefficient. For ZnTe typical values in our experiments are A =
800nm, r = 3.9pm/V, ng = 2.8, T, = 0.52. The detected signals of the photodiodes is
directly proportional to the phase shift ¢:

I, — 1
= arcsin (Ia n IZ) . (3.12)
a

Here, I, and [}, denote the signal of the individual photodiodes. Subsequently, the E-field
of the THz pulse can be calculated by

. (I~
arcsin ( T Ib) A

3.13
ZWLnngFr ( )

Ern, =

3.4 THz emission

The optical setup employed in this experiment is schematically illustrated in
A Ti:Sapphire laser-based amplifier (Solstice Ace) with a pulse duration of 50fs, a cen-
tral wavelength of 800 nm, 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-
fier (TOPAS Twins). The OPA converts the 800 nm radiation into the desired signal
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wavelength centered around 1590 nm (0.78eV). 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 V). 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 reflects wave-
lengths below 900 nm (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 specifies a bidirectional positioning accuracy
of 1 pm—corresponding to a temporal resolution of approximately 6.7 fs—the stage is
operated uni-directionally during phase scans, significantly improving its effective preci-
sion. Based on the manufacturer’s specifications and our own interferometric calibration,
the practical unidirectional timing accuracy is estimated to be approximately 0.2 fs. The
polarization of the fundamental beam is adjusted using a half-wave plate and, together
with a polarization filter, 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 pm-thick ZnTe or a 100 pm-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.
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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 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 offer ease of use, commercial availability and stable
output up to 6 THz [99]. Another widespread method is optical rectification in III-V or
I1-VI semiconductors like ZnTe, GaP, or GaSe [100H102]. 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) |104H106]. These methods either lack
the output power or require costly laser amplifier 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 suffer the phonon absorption of their GaAs-based counterparts, these
antennas still need complex processing and contacting |24} 74]. Ideally, 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 fields 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, I make use of the setup described in 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 2w and the polarity of the THz pulse should be changeable. For this, I
excited the sample with 1590 nm as fundamental and 795 nm as the second harmonic.
By changing the delay of the two optical pulses I am able to change the relative phase
of the two pulses. Results are shown in 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 2m-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 7. Furthermore, for a delay of a
quarter wavelength of the second harmonic (relative phase shift of 7/2) 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,
field 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-H116]. In the top of it is shown,
that I 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-II MQW structures |[114]. In the case of type-II MQW as well as
quantum 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 The emission spans several
octaves, reaching up close to the reststrahlen band of GaP at 8 THz [27]. The spectrum
is flat 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 significantly
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 defined as

TBP = ATAv, (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 110 fs 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 sufficient anymore. Measurements were taken using a 100 pm GaP crystal
for detection.

where At is the pulse length of the optical pulse and Av is 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:

2log 2
TBPGaussian = &

~0.441. (4.2)

The pulse duration of the optical pulse can be measured via autocorrelation measure-
ments. I find 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 ). Fitting an envelope to
these measurements provides a pulse length of 68 fs. Considering the 63 fs pulse duration,
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Figure 4.3: Time traces of different 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 field.

I subsequently calculate the bandwidth as

~0.441
~ 63fs

v = 7THz. (4.3)
Newly-developed methods always need to be compared to established methods to show
their benefits. In time traces of typical emitters are shown. It becomes
apparent, that the field strength from the Ge emitter (33 V/cm) is significantly lower
than the emission from a GaAs-based photoconductive antenna (240 V/cm) or from op-
tical rectification from ZnTe (280 V/cm or 125V /cm) or GaP (125V/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 fiber lasers can benefit
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 field strengths of the optical pulses to ionize air. This facilitates the need for laser
amplifier system. Since fiber lasers are inexpensive compared to laser amplifier systems,
quantum interference currents in germanium can enable a broader availability of THz
experiments in the scientific 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 fiber
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 field 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, 1123} |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 verified 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% 1133) [134]. THz does not suffer 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]. addresses this decade-long debate on exciton formation
times and the associated methodologies. In this study, I 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, I start by employing the OPTP setup described in to two
comparable (Ga,In)As MWQ samples. Comparing samples makes the results of our find-
ings more robust, since I 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. 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 AalL for a photon
density of 4-10' cm~2. 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, I 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 finite 1s exciton population. However, as already reported
in the literature, this conclusion is not necessarily correct . Indeed, the dynamics
of the photoluminescence better matches the dynamics of charge-carrier decay obtained
from THz spectroscopy (see Fig. 3 ¢) from ). This comparison shows clearly
that the PL dynamics mainly reflect 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 flaws 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 similar fits can lead to drastically different 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 offset 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/cm?2. It becomes clear, that one has to be cautious when applying
a Drude-Lorentz model to extract exciton densities. The fits 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, I 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 different quasi-particle
contributions, one would need the isolate the individual responses. In the experiment
present, I only have two contributions, one from the excitons and one from the electron—
hole plasma. If one were able to switch off one of these contributions, one could extract
the pure contribution of the other species. Switching off the response of the electron—hole
plasma is not possible. However, this is not the case for the excitonic response. Since
excitons possess a finite binding energy, they can be ionized by strong enough THz fields
[140-142].

This leads to the new methodology developed for this publication. I employed two dif-
ferent field 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 fi-
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,
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one can obtain the oscillator strength of the intraexcitonic transition by integrating over
the corresponding spectral region. This then gets plotted against the pump probe delay
and subsequently fitted by a triexponential fit. Now a different picture gets painted for
the exciton formation dynamics. While it still takes three distinct times to model the ex-
citon formation dynamics, the density dependence is not present anymore for the density
regime investigated here. For higher densities approaching the Mott density, a density
dependence is to be expected [135]. Surprisingly, in the density regime under investiga-
tion, no acceleration of exciton formation can be observed when the excitation density is
increased. The formation times acquired with the new differential method closely match
those obtained with conventional OPTP spectroscopy in the low density regime. This
implies the existence of an intermediate density regime as investigated here where the ex-
citon formation is largely independent of excitation density. For low excitation densities
exciton formation is governed by the lack of carrier-carrier and carrier-phonon scatter-
ing [135]. On the other hand, the exciton population approaches the Mott density for
high excitation densities, suppressing additional exciton formation [45, |134, 143]. The
existence of two distinct formation times raises the question of the individual formation
mechanisms involved. Previously, the literature discussed the involvement of phonons in
the exciton formation dynamics intensively with theoretical and experimental methods
alike [16, 133, [144-147]. Here, the interaction of acoustic phonons and the incoher-
ent electron—hole plasma leads to the formation of an incoherent 1s exciton population.
Their findings explain the slower, roughly 250 ps formation time. Similarly, the influ-
ence of LO-phonons on the formation of excitons has been discussed [144} 145, 148-150).
The interaction with LO-phonons could theoretically explain the fast formation time.
However, no influence of the excitation excess energy on the fast formation time can be
observed. Additionally, for excitations close to the band gap, i.e., with excess energy
smaller than the LO-phonon energy, a contribution of LO-phonons is suppressed. Nev-
ertheless, the fast formation time holds true for all excitation conditions investigated for
this publication. Therefore, another explanation is needed. One possible reason for the
fast formation time can be a geminate-like exciton formation. Here, the initial Coulomb
correlation between the photo-excited electron—hole pairs is preserved. This leads to the
coexistence of correlated and uncorrelated charge-carriers [144, 151]. Two distinct for-
mation processes take place within this mixture. The correlated electron—hole pairs can
form excitons on a picosecond timescale due to Coulomb-mediated scattering, while the
uncorrelated electron—hole pairs still need to build up correlations following the slower
phonon-assisted process. This explains the two distinct timescales observed in the exper-
iment. The same explanation applies to indirect semiconductors, where no fast formation
time is observed [134} [135]. In these systems intervalley phonon scattering destroys the
initial Coulomb-correlation leading to the phonon-assisted exciton formation remaining
the only formation channel as the geminate process needs an intact Coulomb-correlation.
In summary, the method developed for this publication allows to resolve the ambiguity of
exciton formation times reported in the literature. It explains, why the literature shows
different formation times for excitons formation. This can be traced back to two distinct
formation processes which can be obscured by traditional experimental approaches. The
newly-developed method is not limited to exciton formation dynamics in (Ga,In)As quan-
tum wells but applicable to a wide variety of material systems as well as quasi-particle
species.
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Figure 5.3: Excitation-induced change of the absorption for 9meV and 40 meV excess
energy of the electron—hole plasma. The charge-carrier density is kept simi-
lar. The white dashed line a 22 ps denotes the arrival of the second optical
pulse, injecting the additional electron—hole plasma. Before the second op-
tical pulse impinges on the sample, both images show a clear intraexcitonic
1s—2p transition at 1.36 THz. However, after the second optical pulse in-
jects additional charge carriers, the response changes. For an excess energy
of 9meV, the intraexcitonic resonance broadens but remains largely intact,
whereas at 40 meV the intraexcitonic resonance is strongly suppressed.

5.2 Exciton-electron scattering

In the previous sections I dealt with ways of how to generate excitons in semiconductors.
As it becomes clear from non-resonant exciton formation in there is a time,
when bound and unbound excitons coexist. As such, they can interact. One of the most
basics forms of interaction is scattering. Said interaction can be found in many disciplines
of physics. Ranging from the vast distances in astrophysics, over classical mechanics and
nuclear physics to quantum mechanics and solid-state physics. In the latter, scattering is
used to describe the many-body interactions in condensed matter systems, i.e., semicon-
ductors. Given the pivotal role that excitons play in semiconductors, it is consequent to
investigate their scattering behavior. First theoretical descriptions of excitonic-electron
scattering were started in the 1970s . Subsequently, experimentalists caught on
and over the next decades plenty of publications bore witness to the increasing research
interest in exciton-electron scattering. These were mainly conducted using all-optical
experiments like PL or FWM . Although these experiments provide infor-
mation on the total scattering rate, they are unable to distinguish between elastic and
inelastic scattering events. For this distinction, an experiment would need to provide
a measure of the size of the exciton population. Although possible, it is quite hard to
access this data with all-optical means . Herein lies the intrinsic advantage of THz
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Figure 5.4: Drude-Lorentz fits to experimental data before and after excitation by a
second optical pulse. The real (top) and imaginary (bottom) parts of the
dielectric function are shown. Both components are fitted simultaneously
to improve robustness. Before the second pulse arrives at the sample, the
sample’s response is dominated by the Lorentzian absorption feature of a very
narrow intraexcitonic 1s—2p transition. No unbound electron—hole plasma
can be observed. After the second pulse excites additional charge-carries, the
intraexcitonic resonance broadens and decreases while also the Drude-like
response of an electron—hole plasma emerges at lower frequencies.

spectroscopy. Since THz spectroscopy probes the intraexcitonic transitions of all excitons
regardless of their center of mass momentum it enables direct conclusions about the size
of the exciton population [11, [50]. This lead to the development of an OPTP setup,
where to optical pulses with a fixed temporal delay inject excitons and an electron—hole
plasma to monitor the change of the intraexcitonic absorption of THz radiation [158]. In
this proof-of-concept a first optical pulse above the fundamental bandgap of Germanium
excited an electron—hole plasma, subsequently converts into an incoherent exciton popu-
lation. A second optical pulse is delayed by 6.7 ns to ensure that the conversion converted
nearly all unbound to bound excitons. The second optical pulse then injects an additional
electron—hole plasma. A THz pulse monitors the intraexcitonic 1s—2p transition of the
excitons generated by the first optical pulse. Thus, this allows to probe the decay of the
incoherent exciton population due to scattering with the unbound electron—hole plasma.
I use this method to investigate the elastic and inelastic contributions for a (Ga,In)As
MQW sample (DBR13). The main advantage of this particular sample is its excep-
tionally narrow linewidth of 0.2 THz (0.8 meV) for the intraexcitonic 1s-2p transition.
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Figure 5.5: Exciton fractions extracted by the Drude-Lorentz model from the data shown
in For 9meV excess energy (gray squares), the exciton fraction
remains constant at 0.8 apart from some noise during the second optical
pulse. For 40meV excess energy (red circles) the exciton fraction decreases
from 0.8 to 0.6 for the given photon density. The exponential fit from which
the inelastic scattering time is extracted is shown as a solid red line.

Induced changes in linewidth are, thus, much easier to resolve. Additionally, it allows me
to resonantly excite an exciton population without having to delay the pulses by a couple
of nanoseconds but merely tens of picoseconds, since this sample is a direct semiconduc-
tor. Furthermore, I cannot only change the charge-carrier density of the electron—hole
plasma but also the excess energy with regard to the 1s exciton resonance. The first
optical pulse is tuned by the pulse shaper, while the second optical pulse is tuned by
a pair of short- and longpass filters. This allows to investigate the influence of excess
energy on the scattering contributions. One main question is whether the interaction
strength between excitons and electrons changes depending on the kinetic energy of the
electrons. The setup for this publication is described in The total scattering
of excitons and electrons can be divided into two contributions—elastic and inelastic. In
elastic scattering events, exciton and electron exchange kinetic energy and the exciton re-
mains intact [159)]. In this case, the exciton population does not decrease in size, i.e., the
exciton density remains roughly the same, but due to the dephasing of an exciton state,
the intraexcitonic resonance broadens. Here, the main advantage of THz spectroscopy
comes into play. Since THz spectroscopy probes the intraexcitonic transitions regardless
of the exciton’s center of mass momentum, this broadening can be observed. In contrast,
changing the exciton’s momentum in an all-optical experiment would lead to a pseudo
inelastic contribution since optical methods only detect excitons with a center of mass
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momentum close to K=0. In contrast to elastic scattering events, inelastic scattering
dissociates the exciton population leading to a decrease in exciton density [159]. First,
I want to compare the response for 9meV and 40 meV excess energy qualitatively. As
seen in I observe a sharp resonance at around 1.36 THz associated with an
intraexcitonic 1s—2p transition for both excess energies. The second optical pulse im-
pinges on the sample after ~ 22 ps. This is marked by a white dashed line. After this,
the responses for the individual excess energies changes drastically. The intraexcitonic
resonance broadens but mainly remains intact for an excess energy of 9 meV. This broad-
ening bears witness to the overall scattering between excitons and electrons. In contrast,
for 40 meV excess energy the resonance broadens but also decreases significantly. In ad-
dition, a Drude-like response for frequencies below 0.5 THz arises. This is characteristic
for an unbound electron—hole plasma [89]. This qualitative difference already shows, that
the excess energy of the electron—hole plasma plays a crucial role to determine the ratio
of elastic and inelastic scattering processes. While a qualitative picture is a good step to
first get an overview, the quantitative evaluation and description is the ultimate goal. To
analyze the behavior of the exciton population, I once more turn to the Drude-Lorentz
model (cf. . Fitting this model simultaneously to the real and imaginary di-
electric function obtained from the OPTP measurements allows us to rigorously extract
the key parameters for determining elastic and inelastic scattering contributions. In this
case, the main focus lies on the exciton density n, and the homogeneous linewidth Ajpom,.
The change of linewidth is directly proportional to the total scattering events [155, [156),
160, [161] while the change in exciton density corresponds to the dissipation of excitons,
in this case due to inelastic scattering. However, inelastic scattering itself also leads to
a broadening of the excitonic linewidth. It is important to emphasize at this point, that
I always measure the intraexcitonic 1s-2p transition, meaning that both scattering of 1s
as well as 2p states change the linewidth of the transition. As such, the experiment does
not resolve the scattering contributions of the individual states but is instead sensitive
to both simultaneously. It remains a matter of debate whether the 1s and 2p states
scatter differently due to their difference in spatial extent [35]. This means, I cannot
assign scattering events to an individual state and need to make an assumption. Going
forward, I assume that 1s and 2p states are influenced equally. This in turn allows to
deduce that the homogeneous broadening of the 1s exciton state Apom can be expressed
as:

Ahom = Ain(;ra/\/i. (51)

Correcting for this superposition allows to extract the excitation-induced intraexcitonic
line broadening Ajnt;s which is a measurement for the total scattering. It is determined
by comparing the intraexcitonic linewidth before ', (0) and after I'yopm(n) the second
optical pulse injects additional charge-carriers as scattering partners :

Aintra = Ihom <n> - Fhom(o)' (5'2)

Here, n denotes the density of additional charge-carriers. Naturally, one would analyze
the homogeneous linewidth broadening depending on the amount of additional charge-
carriers. Following this intuitive thought, I find that the total scattering is linearly
proportional to the charge-carrier density. This is what is to be expected from literature
[162] for the low-density regime. While elastic contributions to the total scattering are
not directly accessible, their inelastic counterparts can readily be extracted. To do so, I
fit an exponential function to the transient evolution of the exciton density. As already
mentioned before, the change in exciton density directly reflects the number of excitons
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persisting after the introduction of additional charge-carriers. Thus, the exponential fit
directly extracts the excitonic decay time 7;. This decay time in turn contributes to the
change of homogeneous linewidth via [155]

Ahom — 2/7’1. (53)
The elastic scattering can subsequently extracted by

Ahom,el = Ahom,tot - Ahom,inel- (54)

In the low density regimes the excitation induced linewidth change can be expressed as
[162]
Apom = va3 Epn, (5.5)

where ap is the exciton Bohr radius, Ep the exciton binding energy, n the charge-carrier
density, and «y is a dimensionless parameter representing the interaction strength of ex-
citons with the free electron—hole plasma. The dimensionless parameter v is a good
measure how efficiently excitons scatter with additional charge-carriers. By defining

m = Ahom/n (56)
one can express 7y as follows
m
RO (5.7)

m can be directly derived from the slope of the excitation induced linewidth change. The
missing two parameters are ag and Eg. Ep can be derived from multiplying the 1s—2p
transition by 9/s8 [163]. The exciton Bohr radius can derived from similar samples as
the product of Ep-ap is constant for a given material system [136, [164]. Comparing -y
for both excess energies reveals an intriguing feature. Both excess energies show similar
total scattering efficiencies with v amounting to 8.8 and 9.34 for 9meV and 40 meV
respectively. They are within the range of values reported in the literature for FWM
experiments on similar structures [155 [157]. As mentioned previously, the change in
exciton fraction can be converted into an excitation induced linewidth change and, thus,
subsequently a scattering parameter 7y, for the inelastic scattering efficiency can be
derived. For 40 meV excess energy, a scattering parameter amounts to ~ 2.54. However,
for 9meV excess energy, no inelastic scattering parameter can be derived as the exciton
fraction does not change significantly when the second optical pulse injects an additional
electron—hole plasma (cf. . The important conclusion at this point is, that the
overall scattering efficiency is independent of charge-carrier density as well as independent
of excess energy for excess energies not exceeding 40 meV. In contrast, the individual
contributions of elastic and inelastic scattering processes solely depend on the excess
energy. Increasing the excess energy leads to an increase in inelastic scattering while
elastic scattering diminishes. This behavior can be understood as an analogy of classical
mechanics in the quantum realm. In classical mechanics, elastic and inelastic scattering
processes can be illustrated by car accidents. Here, the excess energy comes in the form
of kinetic energy, similarly to the electron—hole plasma where excess energy is converted
to additional momentum. For reasonably small velocities, car crashes result in elastic
deformation. Increasing the speed of the cars leads to an increase in plastic deformation.
The same holds true for excitons scattering with and electron—hole plasma. Increasing
the excess energy of the electron—hole plasma appears to enhance exciton dissociation
rather than momentum transfer, while elastic scattering remains dominant. However,
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both excess energies chosen in the experiment are well above the exciton binding energy
of 6.33 meV. Theoretically, even the lowest excess energy of 9meV should, thus, be able
to dissociate some of the exciton population. This apparent contradiction gets lifted,
if one considers the quantum mechanic nature of the many-body interactions taking
place. Here, the transition between different states can be expressed by Fermi’s Golden
Rule. Simply put, it states that in order to transition between two states, an initial
state needs to be populated while the final state is unoccupied. In the case of inelastic
scattering, both scattering partners occupy their respective initial states. However, if
electrons (or holes) were to transfer 6.33 meV of excess energy to dissociate excitons, they
would have 2.67 meV left with respect to the 1s exciton resonance. The linear absorption
spectrum of the sample shows that no state is available at this energy, rendering the
transition energetically forbidden. Therefore, this transition cannot occur, and excitons
cannot be dissociated by the electron—hole plasma. In summary, establishes a
powerful framework for probing quasiparticle interactions. By combining two optical
pump pulses with a time-resolved THz probe, it introduces a versatile experimental
scheme for accessing exciton dynamics and, at the same time, resolves the longstanding
question of how excitons interact with an electron—hole plasma. Moreover, the results
highlight the decisive role of excess energy in governing quasiparticle scattering processes.

5.3 Screening

In the previous section, I dealt with the scattering of excitons with an electron—hole
plasma. Analyzing the broadening of the intraexcitonic resonance allowed to extract the
total scattering of excitons with additional charge-carriers while the decrease in exciton
density allowed to extract the inelastic scattering parameter. However, one can also
analyze the shift of the intraexcitonic transition’s resonance frequency. This is a direct
measure of screening of the exciton binding. Typically, this shift has been investigated in
all-optical experiments |[165]. However, these experiments are susceptible to energy shifts
of the exciton transition due to band edge renormalization [90, 91]. In contrast, THz
spectroscopy enables a direct measurement of the intraexcitonic 1s-2p transition, which
directly correlates with the exciton binding energy [11, (12, 133]. Therefore, terahertz
spectroscopy is a crucial tool for the analysis of spectral shifts of the intraexcitonic res-
onance, which is a measure for the screening of said resonance |35, |166]. Previous works
focused on the screening directly after the excitation of an electron—hole plasma [167]
or the exciton screening in the high-density regime [35]. More recently, the screening
of excitons in TMDCs was investigated using TRPL measurements in conjunction with
microscopic theory to disentangle different contributions to the excitonic screening [168].
However, these works employ a single optical pulse for excitation. The main advantage
of my method is the ability to monitor the exciton population in a pool of independently
injected charge-carriers. As the first optical pump pulse is modulated, the additional
charge-carriers generated by the second pump pulse are not directly detected in the THz
response, since they are introduced at a different modulation frequency and are therefore
filtered out in the detection scheme. Instead, I see the originally generated excitons in an
environment of free electrons and holes and observe how this affects their intraexcitonic
transition energy with temporal resolution. shows the normalized differential
THz absorption for additional electron—hole plasmas with 9 meV and 40 meV respectively.
Once the second optical pulse injects additional charge-carriers, the intraexcitonic 1s—
2p transition broadens and shifts towards lower frequencies. The resonance frequency
of the intraexcitonic transition is marked by the white dashed line. In a 2D case, this
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Figure 5.6: Normalized THz absorption for 9meV excess energy (left) and 40 meV excess
energy (right). Charge-carrier densities are kept similar in both cases. The
second optical pulse injecting the electron—hole plasma arrives at 22 ps. The
maximum of the THz absorption is marked with a dashed white line. Af-
ter the additional electron—hole plasma gets injected the intraexcitonic 1s—2p
transition shifts to lower frequencies which is a direct sign of screening. The
screening time gets extracted by fitting an exponential function to the reso-
nance frequency

resonance frequency directly correlates with the exciton binding energy by a factor of 9/8
. Therefore, the shift in resonance frequency is a direct observation of the exciton
binding energy getting screened by the additional charge-carriers. a) displays
the shift of the intraexcitonic resonance energy as a function of the charge-carrier density
injected by the second optical pulse. As more unbound charge-carriers get injected into
the sample, the intraexcitonic resonance energy shifts to lower energies, i.e., the Coulomb
interaction between electron and hole is screened by the injected electron—hole plasma
[166]. Here, an almost linear increase of the resonance energy shift with increasing carrier
density is observed, demonstrating that the Coulomb interaction is better screened as
the density of the electron—hole plasma increases. This is in conjunction with previous
OPTP experiments only employing a single optical pump pulse . Furthermore, a
higher excess energy results in a more pronounced shift of the intraexcitonic resonance.
Evidently, more excess energy of the free charge-carriers facilitates more effective screen-
ing of the Coulomb interaction. Additionally, in this case, some excitons break down
following inelastic scattering, thereby more free charge carries contribute to the screen-
ing than originally injected by the second optical pulse. To extract these additional
charge-carriers, one needs to turn back to the scattering described in The
additional charge-carrier density is obtained from the difference between the initial ex-
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Figure 5.7: a) Shift of the 1s—2p resonance energy. In all cases, the resonance energy
shifts towards lower binding energies. More excess energy enforces a stronger
shift. b) Screening times derived from an exponential fit on the resonance
energy. The mean screening times are marked by the horizontal lines. The
buildup of screening remains constant for different charge-carrier densities
and depends solely on the excess energy.

citon density and the exciton density measured after excitation with the second optical
pulse, which generates the electron—hole plasma. However, the temporal evolution of
screening has yet to be experimentally investigated. Previous studies have focused on
PL measurements of the 1s resonance and have relied heavily on theoretical interpreta-
tions [168]. In the present experimental approach, the time-dependent screening of the
intraexcitonic resonance induced by excess free carriers is analyzed by fitting an exponen-
tial function to the transient shift of the 1s—2p transition energy. b) displays
the screening times derived from these exponential fits. The buildup of screening takes
around 6 ps for 9meV excess energy and about 18 ps for 40 meV and remains constant
over the range of charge-carrier density investigated. The difference in screening times
can be attributed to the additional charge-carriers generated by the destruction of ex-
citons. These now unbound charge-carriers in turn need additional time to screen the
exciton dipole moment.

5.4 Light-field driven exciton states

The nonlinear optical response of semiconductors under excitations detuned below the
fundamental transition has attracted considerable attention, primarily due to the mani-
festation of the optical Stark effect [169-173|. This effect induces a shift of the excitonic
resonance, which can appear either as a blue- or redshift depending on the polarization
configuration of the pump and probe pulses [174]. Beyond its fundamental relevance,
the optical Stark effect provides a versatile platform for technological applications such
as electro-optic modulators [175], optical switches [176| [177], and optoelectronic logic
devices [178]. In recent years, the concept of manipulating condensed matter systems
using intense light fields has given rise to new paradigms in solid-state physics [179-181].
The central idea is to engineer transient, non-equilibrium states in materials through the
use of precisely tailored electromagnetic fields. In many cases, these light fields act as
time-periodic drivers of the quantum system, resulting in the formation of characteris-
tic (quasi)stationary states known as Floquet states [182]. Such states often correspond
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Figure 5.8: Comparison of a) the excitation-induced THz absorption and b) the corre-
sponding optical pump-optical probe data for identical optical excitation con-
ditions. Here, the optical pump pulse was detuned 3.6 meV below the 1s exci-
ton resonance. The optical pump and probe pulses are polarized collinearly.
In both probing ranges, the resonance experiences a blue-shift.

to photon-dressed quasiparticles and lead to the emergence of distinctive features in
the electronic structure. One of the most prominent examples of this phenomenon is
the formation of Floquet—Bloch bands [183-186]. Here, a time-periodic electromagnetic
potential—typically generated by a coherent laser field—modifies the motion of Bloch
electrons, effectively replicating their original band structure into additional Floquet
sidebands . The energies of these sidebands are shifted by integer multiples of the
photon energy of the driving field. The overarching goal of this research direction is to
dynamically impart tailored functionalities to materials and, more intriguingly, to un-
cover emergent quantum phenomena arising from light-matter hybridization .
Building upon these developments, I detune the optical excitation pulse in an OPTP
experiment below the 1s exciton resonance. This configuration is similar to experiments
to investigate the ac-Stark shift in OPOP experiments 189]. Whereas OPOP ex-
periments primarily probe energy shifts of excitonic resonances, OPTP measurements
access the occupation of these states via intraexcitonic transitions. In addition, OPTP is
sensitive to the coherent polarization of the 1s exciton. Subsequently, one would expect
a signal in OPOP measurements but no signal in OPTP experiments, since an optical
pulse detuned below the resonance does not lead to an exciton population. Importantly,
one has to be careful when investigating coherent phenomena during temporal overlap of
optical pump and THz probe pulses. As discussed in to obtain the physical
pump-probe time in OPTP spectroscopy, the measured data from our setup needs to be
interpolated and then the diagonal of the 2D spectra drawn. In the results
of OPTP and OPOP are compared side-by-side. In the OPOP measurement depicted
in b), the characteristic optical Stark shift emerges for an optical pump pulse
detuned by 3.6 meV below the 1s exciton resonance. Here, one can see a blueshift of
the 1s exciton resonance for a collinear configuration. Intriguingly, the OPTP data in
a) also shows a clear excitation-induced absorption feature during temporal
overlap of optical pump and THz probe. This induced absorption is shifted towards
higher energies compared to the intraexcitonic 1s—2p transition arising after resonant
excitation which lies around 6 meV. In contrast to the pronounced energy shift observed
in OPOP experiments, the OPTP data suggest that the intraexcitonic resonance itself
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Figure 5.9: Pump density dependence for a pump pulse tuned a) resonantly to and b)
3.6 meV below the 1s exciton resonance. There is a regime for both pump
configurations where the sample’s response in the THz range depends linearly
on the excitation density. However, for resonant excitation one can pump the
sample strong enough to approach the exciton—Mott transition. This can be
seen by the broadening of the intraexcitonic 1s—2p transition as well as the
emergence of a Drude-like response at low energies.

does not shift. Rather, a transition-like feature emerges at higher energies. Compared
to resonant excitation, this may be interpreted as an apparent shift. However, this tran-
sition is only present during temporal overlap of pump and probe and does not result in
the occupation of a finite exciton population. This conclusion can be drawn from the fact
that there is no signal in either the OPOP or the OPTP data for greater time delays.
To further manifest the hypothesis that this induced absorption feature is of excitonic
nature, I compare it to resonantly excited 1s excitons. Therefore, I tune the optical pulse
so that the 1s exciton is resonantly excited resulting in the formation of a 1s exciton
population. The time delay between the optical excitation pulse and the THz probing
pulse is set to 8 ps. In a) the photon density of the resonant excitation pulse is
varied over 1.5 orders of magnitude. For the three lowest photon densities the differential
absorption of the 1s—2p transition scales linearly with excitation density. Increasing the
photon density above 7.98-10!! photons/cm? results in a broadening of the transition. At
the highest photon density of 7.19 -10'2 photons/cm? first signs of a Drude-like signature
typically associated with an electron—hole plasma appear [89]. This behavior is common
in semiconductors when approaching the Mott density [35, [142]. I tune the optical pulse
3.6 meV below the 1s exciton resonance while probing the intraexcitonic 1s-2p transition.
In this configuration, the differential absorption signature is only observed when the op-
tical excitation and the THz probing pulses overlap in time. Therefore, I set the time
delay between the optical pump pulse and the EOS gate pulse to 1 ps to investigate the
dependence on the pump fluence. Similar to resonant excitation conditions, an increase
in pump fluence leads to a linear increase of the intraexcitonic resonance. In addition,
the spectral shape of the THz response does not change with the excitation density.
These are clear indications that the observed phenomenon is of linear dependence on the
excitation pulse, ruling out nonlinear processes like for example a two-photon absorption
process involving one optical and one THz photon. It has to be noted, that the pump
density for the nonresonantly driven signal is already much higher than for the resonantly
driven excitons. This is due to the fact that it gets more an more inefficient, the more
the optical pulse is detuned from the resonance. Additionally, one can see a gain-like fea-
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Figure 5.10: Field strength dependence for the pump-induced change of absorption for
a) resonant pump conditions and b) detuning of the pump below the 1s
exciton resonance. Under resonant excitation the characteristic feature of a
1s—2p transition can be observed for low field strengths. Increasing the field
strength ultimately leads to a broadening of the intraexcitonic resonance
and the rise of a Drude-like response at low energies, bearing witness to
the ionization of the exciton population. For an optical pulse detuned by
3.3 meV below the 1s resonance the pump-induced absorption shows a similar
behavior.

ture, i.e., negative absorption at the resonant intraexcitonic 1s—2p transition at around
6 meV. This feature must not be considered a real physical amplification of THz radiation
but more an artifact due to the 1D nature of the measurement data. Since I measured
only for one fixed delay, there is no possibility to interpolate and take a diagonal from
a 2D data set. Here it becomes obvious why one must carefully process the extracted
timetraces for effects during temporal overlap. To verify that the THz pulse is weak
and can therefore be used as a probe pulse, I vary the THz field strength and monitor
the intraexcitonic 1s—2p transition for resonant excitation of the 1s exciton resonance.
a) shows the dependence of the intraexcitonic 1s—2p signal on various THz
field strengths. At low field strengths, the differential absorption does not change and
is independent of the THz field strength. Increasing the field strength further leads to a
decrease and broadening of the intraexcitonic resonance. Additionally, a Drude response
occurs at lower frequencies. This behavior is typical for the ionization of excitons due to
high field strengths [140, [190]. To elucidate the origin of the newly observed signal, the
dependence of the differential THz absorption on the THz field strength is systematically
examined. Therefore, I tune the optical pulse 3.3 meV below the 1s exciton resonance.
Under these excitation conditions and a time delay of 1 ps, I observe a resonance around
9meV and a negative differential absorption at 7meV. For low field strengths, the differ-
ential absorption remains unaffected by the field strength of the probing THz pulse as
shown in b). This is exactly the same behavior that I observe under reso-
nant excitation conditions cf. a). Only above a certain THz field strength
is a broadening observed, which leads to a corresponding weakening of the resonances
in the differential absorption. Notably, the effects of resonant and below-resonant op-
tical excitation occur under comparable carrier densities and THz field strengths. This
behavior can again be explained by exciton ionization induced by the THz field [140].
This leads to the conclusion that I create a 1s polarization at an energy below the 1s
resonance. The field-strength dependence of the observed resonance in the differential
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absorption therefore indicates a purely linear response. In contrast, in a nonlinear process
such as two-photon absorption, the resonance peak in the differential absorption would
be expected to increase with increasing THz field strength. The absence of nonlinear
dependencies of the differential THz absorption on the optical photon density as well as
on the THz field strength eliminates nonlinear effects as an explanation for the observed
intraexcitonic resonance for optical excitation below resonance.

In summary, detuning the optical pump in an OPTP experiment below the lowest
exciton resonance provides a novel route to probing the excitonic system. Remarkably,
this pathway enables the generation of an excitonic polarization at an energy where no
excitonic state is expected. Harnessing this mechanism may open a route toward THz
gain, arising from the population of 2p states, which subsequently relax to 1s excitons
while emitting THz radiation.
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6 Summary and Outlook

Understanding the dynamics of quasiparticles in semiconductors is central to modern
condensed matter physics and underpins a wide range of optoelectronic technologies. In
particular, excitons—bound electron—hole pairs arising from Coulomb interactions—play
a fundamental role in light—-matter interaction and energy transport in semiconductor
systems. THz spectroscopy provides a uniquely powerful probe of these quasiparticles,
as THz radiation directly addresses their internal degrees of freedom and many-body in-
teractions. At the same time, advances in THz generation techniques continue to expand
the experimental capabilities available for investigating ultrafast carrier dynamics.

This thesis explores several aspects of THz radiation and semiconductor many-body
physics by combining the development of broadband THz sources with spectroscopic
investigations of excitons in semiconductor nanostructures. By integrating advances in
THz generation with optical pump—THz probe spectroscopy, the presented work intro-
duces new experimental approaches for probing quasiparticle dynamics and light—matter
interactions in semiconductors.

introduces the theoretical framework underlying this thesis. In particular,
the semiconductor Bloch equations are presented as the central description of the micro-
scopic dynamics of charge carriers and excitons. Furthermore, different approaches for
modeling the THz conductivity of semiconductors are discussed, providing the basis for
interpreting the spectroscopic signatures observed throughout this work.

The experimental techniques are described in A particular focus lies on the
coherent generation and detection of THz radiation, including electro-optic sampling
for time-resolved detection. In addition, the principles and practical considerations of
optical pump—THz probe spectroscopy are discussed, highlighting both the capabilities
and limitations of THz spectroscopy for investigating ultrafast quasiparticle dynamics in
semiconductor systems.

The experimental results are presented in [Chapter 4] and [Chapter 5| The first study,
described in demonstrates the broadband and gapless generation of THz ra-
diation through quantum interference currents in bulk germanium. Using a two-color
excitation scheme, transform-limited THz emission constrained by the optical pulse du-
ration is achieved, reaching a bandwidth of nearly 8 THz. The emitted pulses exhibit a
pronounced temporal asymmetry with a ratio of 3.34:1 and a full width at half maximum
of 110fs. These properties make the source particularly attractive for applications such
as THz-driven scanning tunneling microscopy. Although the achievable field strengths
are lower than those of conventional THz emitters, the generation scheme operates effi-
ciently with low-power fiber lasers, enabling compact and accessible THz systems.

The formation dynamics of excitons in (Ga,In)As multiple quantum wells are investi-
gated in [Section 5.1] Prior to this work, significant discrepancies existed in the literature
regarding the timescales of exciton formation following nonresonant excitation. These
discrepancies were partly caused by the use of different experimental techniques prob-
ing different observables. By comparing time-resolved photoluminescence with optical
pump—THz probe spectroscopy, it is shown that the TRPL signal closely follows the dy-
namics of the underlying electron—hole plasma rather than directly reflecting the exciton
population. This finding highlights the considerable challenges involved in disentangling
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52 6. Summary and Outlook

excitonic and plasma contributions in luminescence measurements.

While THz spectroscopy provides direct sensitivity to the internal excitonic structure,
it also exhibits intrinsic limitations at higher excitation densities. As the carrier den-
sity increases, the excitonic resonance broadens and the distinction between excitonic
and plasma responses becomes increasingly ambiguous. To overcome this limitation, a
differential spectroscopic method was developed in which intense THz pulses are used
to selectively ionize excitons. This procedure effectively suppresses the excitonic con-
tribution to the THz response, allowing the pure plasma response to be isolated. By
subtracting this contribution from the total signal, the excitonic response can be recon-
structed and the unperturbed exciton formation dynamics can be analyzed. Using this
approach, exciton formation is found to occur on two distinct timescales. A rapid com-
ponent on the order of 10ps is followed by a slower process occurring on a timescale
of approximately 250 ps. Within the investigated intermediate excitation regime, these
formation times are found to be largely independent of the excitation energy.

During the formation process, a regime exists in which excitons and the electron—hole
plasma coexist. This regime forms the basis for the investigation of exciton—electron
scattering presented in For this purpose, the OPTP setup was extended
by introducing a second optical pump pulse, enabling independent control over exciton
and plasma populations. Excitons are injected by resonant excitation of the 1s exciton
transition, while the second pump pulse generates an electron—hole plasma with a tun-
able excess energy relative to the exciton population. The THz probe pulse monitors the
exciton population before and after plasma injection.

The resulting THz spectra are analyzed using a Drude—Lorentz model, allowing the
linewidth of the intraexcitonic 1s—2p transition and the exciton density to be extracted.
From these quantities, elastic and inelastic contributions to the total scattering process
can be determined. Interestingly, for the lowest investigated excess energy, inelastic scat-
tering is strongly suppressed despite the excess energy exceeding the exciton binding
energy. This behavior can be explained by phase-space restrictions arising from Fermi’s
Golden Rule: the available final states for the electrons are limited, preventing efficient
inelastic scattering. Furthermore, the overall scattering efficiency is found to be largely
independent of the excess energy, while the relative contributions of elastic and inelastic
processes vary with the plasma energy. The transient screening of excitonic states by an
independently injected electron—hole plasma is investigated in Section Monitoring
the resonance frequency of the intraexcitonic 1s—2p transition as a function of the injected
carrier density provides a direct, time-resolved measurement of the reduction in exciton
binding energy due to Coulomb screening. The magnitude of this shift is found to scale
approximately linearly with carrier density. The buildup time of the screening is found
to be independent of carrier density but depends on the excess energy of the injected
carriers: approximately 6 ps for 9 meV and approximately 18 ps for 40 meV excess energy.
This counterintuitive ordering is attributed to the additional hot carriers generated by
inelastic exciton dissociation at 40 meV, which must first thermalise before contributing
efficiently to screening.

Transient excitonic states induced by a below-resonance optical pump pulse are demon-
strated in Section Although no real exciton population is created under these condi-
tions, a distinct blue-shifted intraexcitonic absorption feature emerges during the tempo-
ral overlap of pump and probe pulses. The signal scales linearly with pump fluence and is
independent of THz probe field strength, ruling out nonlinear processes and establishing
a first-order optical response. The observations are consistent with a coherent, optically
dressed excitonic polarisation in direct analogy to the optical Stark effect.

Taken together, the results presented in this thesis demonstrate the versatility of THz
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spectroscopy for studying quasiparticle dynamics in semiconductors. From the develop-
ment of broadband THz sources to the investigation of exciton formation and scattering
processes, the presented work highlights both the strengths and intrinsic limitations of
THz techniques for probing many-body interactions in semiconductor systems.

The main contributions of this thesis can be summarized as follows. First, a broadband
method for generating gapless THz radiation based on quantum interference currents in
germanium is demonstrated, enabling compact THz sources compatible with low-power
fiber lasers. Second, a differential THz spectroscopy technique is developed that allows
excitonic and plasma contributions to be separated even in regimes where their spectral
signatures strongly overlap. Third, the controlled injection of excitons and electron—hole
plasmas provides direct insight into exciton—electron scattering processes and reveals
the role of phase-space restrictions in determining the relative importance of elastic and
inelastic scattering channels.

Outlook

Despite decades of research on excitons, many aspects of their formation and interaction
dynamics remain incompletely understood. The experimental approaches developed in
this thesis open several promising directions for future investigations.

One natural extension would combine the techniques used in [Paper 11| and [Paper 1| to
study exciton formation in the presence of a pre-existing exciton population. In such an
experiment, excitons could first be injected resonantly, followed by a second optical pulse
that creates an electron—hole plasma via nonresonant excitation. Monitoring the subse-
quent formation dynamics would allow the influence of an incoherent exciton population
on the formation process to be investigated. Depending on the underlying many-body
interactions, the presence of excitons may either accelerate formation through stimulated
scattering processes or inhibit it through phase-space filling effects. Experimentally, this
scenario could be realized by modifying the modulation scheme of the dual-pump setup,
for example by chopping the second optical pump instead of the first.

Another promising direction concerns exciton—exciton scattering processes. Such experi-
ments could be implemented using a similar dual-pump scheme, with both optical pulses
tuned resonantly to the 1s exciton transition. By independently controlling two exciton
populations, the influence of exciton density on intraexcitonic linewidths and scattering
rates could be systematically investigated, providing further insight into many-body in-
teractions within dense excitonic systems.

Finally, the experimental platform could be extended by replacing one of the optical
pump pulses with an intense THz pump pulse. In this configuration, the optical pulse
would first create a population of 1s excitons, which could then be coherently driven
into higher excitonic states by resonant THz excitation. A subsequent THz probe pulse
would allow the occupation and decay dynamics of excited states such as the 2p exciton
to be monitored directly. Such experiments would provide direct access to the lifetimes
and relaxation pathways of higher excitonic states and could shed light on the role of
many-body interactions in excitonic relaxation dynamics. This experiment would work
well in conjunction with investigating transient excitonic states shown in
Here, the additional THz pulse could convert the transient excitonic polarization into an
incoherent exciton population by converting the 1s-like polarization into a 2p occupation.
More broadly, the ability to selectively manipulate and probe excitonic populations with
intense THz fields may open new opportunities for investigating nonequilibrium many-
body dynamics in semiconductors and other strongly interacting quantum materials.
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Abstract

A multiple pump-terahertz probe experiment enables the clear distinction between elas-

tic and inelastic scattering of excitons with a free electron-hole plasma in (Ga,In)As

multi-quantum wells. Low plasma energies dictate the prevalence of elastic scattering by

inhibiting inelastic processes due to the absence of final states for q u asiparticles. Yet, an
increased plasma energy results in a progressive destruction of excitons. Notably, despite

plasma energy variations, the interaction strength between excitons and the electron-hole

plasma remains unaltered.

Conclusion

In conclusion, our study underscores the pivotal roles of charge carrier excess energies
and final s t ate a v ailability in c o ntrolling t h e i n elastic s ¢ attering b e havior o f excitons
with near-band edge charge carriers. While there is enough excess energy to overcome

the exciton binding energy, a lack of final states for t he unbound charge carriers prevents
the break-up of excitons and allows only elastic scattering. Moreover, we find t hat the
interaction strength between excitons and an electron-hole plasma remains unaltered
regardless of the excess energy involved. Intriguingly, increased energy transfer primarily
drives the destruction of excitons via inelastic scattering rather than elastic scattering
mechanisms that only increase their kinetic energy.

Contribution

The experimental setup was designed by me in collaboration with S.C. and M.S., and sub-
sequently constructed together with M.S. M.S. and I specified t he t echnical requirements
for the measurement software, which was developed by F.D. All measurements were car-
ried out by me with support by M.S., while the linear absorption data were provided by
F.S. T analyzed the experimental data, wrote the first draft of the manuscript, and de-
signed all corresponding figures. The final manuscript was revised in close collaboration
with M.S. and S.C.

Final version of this paper: ©2024 American Physical Society
https://doi.org/10.1103/PhysRevLett.132.106901

95


https://doi.org/10.1103/PhysRevLett.132.106901

Inhibited inelastic scattering for near-band edge excitations in two-dimensional
charge-carrier systems
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A multiple pump-terahertz probe experiment enables the clear distinction between elastic and
inelastic scattering of excitons with a free electron-hole plasma in (Ga,In)As multi-quantum wells.
Low plasma energies dictate the prevalence of elastic scattering by inhibiting inelastic processes
due to the absence of final states for quasiparticles. Yet, an increased plasma energy results in
a progressive destruction of excitons. Notably, despite plasma energy variations, the interaction
strength between excitons and the electron-hole plasma remains unaltered.

Scattering is a fundamental concept native to many
branches of physics, spanning astrophysics, classical me-
chanics, quantum mechanics, nuclear physics, and solid-
state physics. The latter commonly describes complex in-
teracting many-body systems where scattering processes
naturally play a pivotal role. Prominent examples in
semiconductors are phonons, associated with lattice vi-
brations, or holes, which are the positively charged coun-
terparts of electrons. To simplify the mathematical de-
scription of these systems, the concept of quasiparticles
emerges, treating these collective excitations as new par-
ticles with unique properties instead of individual inter-
actions between a vast number of (elementary) particles
[1, 2]. As such they exhibit a dispersion relation and are
capable of scattering with each other, exchanging energy
and momentum.

The interaction of quasiparticles plays a crucial role
in determining the performance of many semiconductor-
based devices in our modern technological age, includ-
ing lasers, solar cells, and transistors [3-6]. More-
over, scattering processes are fundamental in investigat-
ing phenomena like Bose-Einstein condensates of exci-
tons, bound electron hole pairs [7], superconductivity [8],
dynamical Bloch oscillations [9] or Floquet-Bloch bands
[10]. Accordingly, extensive research has been dedicated
to investigate scattering processes between quasiparti-
cles, particularly excitons and electrons in semiconduc-
tors [11-19].

The coherent lifetime and optical linewidths of exci-
tons have been widely utilized to study these processes,
both of which are significantly affected by scattering.
Four-wave-mixing spectroscopy (FWM) quantifies such
processes as scattering leads to dephasing of exciton po-
larizations [20-22]. Here, the dephasing time associated
with the 1s exciton polarization can be analyzed in the
presence of either an electron-hole plasma or incoherent
excitons that can be injected by an additional prepulse
[11, 12, 23]. Furthermore, the broadening of exciton tran-
sitions offer insights into electron-exciton scattering dy-
namics, as dephasing times inversely correlate with ho-
mogeneous linewidths [12, 21]. This is effectively uti-
lized in time-resolved photoluminescence (TRPL) spec-

troscopy and optical transmission experiments, monitor-
ing the respective linewidths [24-29]. Again, additional
excitation pulses can tailor the desired scattering envi-
ronment [23, 26]. However, such experimental investiga-
tions only provide information on the rate at which scat-
tering events occur, yet, they are unable to distinguish
between inelastic and elastic scattering, i.e., they cannot
identify if energy is dissipated or if both the energy and
the translational momentum are rigorously conserved.
This requires an additional measure, namely quantitative
information on the size of the exciton population. These
data are hard to access by purely optical means [30] while
terahertz (THz) spectroscopy more conveniently provides
a measure for the exciton population [31, 32].

THz pulses probe transitions between excitonic energy
levels, irrespective of the exciton’s center-of-mass mo-
mentum [32]. Specifically, the transition between the ex-
citon ground state and an excited state, such as the 1s
to 2p transition (commonly termed intraexcitonic transi-
tion), is directly proportional to the population of the 1s
exciton ground state according to Fermi’s Golden Rule
[31]. Therefore, THz probe spectroscopy becomes an
ideal tool to detect inelastic scattering processes that re-
sult in the destruction of 1s exciton populations [33].

In this Letter, we elucidate the robustness of bound
quasiparticles, here specifically incoherent excitons, to
ionization due to energy transfer by inelastic scatter-
ing for energies up to several times their binding energy.
We examine excess energies slightly above the binding
energy of excitons and demonstrate that, despite suffi-
cient energy for ionization, final state considerations ren-
der these surplus energies insufficient for efficient exci-
ton ionization via inelastic scattering. To explore this
phenomenon, we study the scattering of a pre-injected
incoherent exciton population with a free electron-hole
plasma, varying the excess energy of the excitation and
the charge-carrier density. By analyzing the exciton-
population decay-dynamics following the injection of an
electron-hole plasma, we determine the inelastic scatter-
ing parameter for different excess energies of the injected
plasma. The presence of the electron-hole plasma man-
ifests through spectral broadening of the intraexcitonic
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FIG. 1. Absorption (grey) of the (Ga,In)As quantum wells.
The absorption of the GaAs substrate is shown as a dashed
line. The first optical pulse (red) resonantly excites a 1s exci-
ton population. The blue and green pulses correspond to the
second optical pulse with excess energies of 9 meV and 40 meV
with respect to the 1s exciton resonance, respectively. The in-
set illustrates the pulse sequence of the experiment.

1s-2p absorption line, allowing us to directly monitor the
total scattering.

We employ a multiple optical pump - terahertz probe
setup featuring two independently tunable optical pulses
to study a high-quality multiple quantum well structure
which provides the quasi two-dimensional electronic sys-
tem. Details of the sample structure as well as the ex-
perimental setup are available in the Supplementary Ma-
terial at Ref. 34. Figure 1 displays the linear absorption
spectrum of the sample, revealing a pronounced 1s ex-
citon resonance at 1.493eV. The first pulse resonantly
excites the sample at this exciton transition; its spec-
trum is shown in red. Subsequently, this excitation turns
into an incoherent quasi-steady-state exciton population.
The second pulse injects the scattering partners 22 ps af-
ter the initial pulse. Its spectral position determines the
excess energy of the additional electron-hole plasma. The
representative excitation spectra corresponding to 9 and
40 meV excess energy relative to the 1s exciton resonance
are given in blue and green, respectively. Scanning the
ps-long THz pulse in time probes the quasiparticle re-
sponse as illustrated in the inset.

A phenomenological Drude-Lorentz model describes
the pump-induced changes of the frequency-dependent
dielectric function Ae(w) = A€ (w) + iAez(w) which is
monitored by the THz-response. Its quantitative anal-
ysis disentangles the individual quasipartiple dynamics
[35]. The Drude response is typical for a free electron-
hole plasma [36], while an 1s exciton population mani-
fests itself in an intraexcitonic transition described by a
Lorentzian oscillator [32]. The simultaneous fit to both,
the real and the imaginary part of Ae(w) yields robust
results for the homogeneous linewidth Ay, and the ex-

citon sheet-density n,. Further details are provided in
the supplemental material [34].

Figure 2 a) shows contour plots of the THz-absorption
for 9meV (left) and 40 meV (right) excess energy of the
respective second excitation pulses. The charge-carrier
density of the additionally injected carriers is kept com-
parable at 4.6-10° cm™2 and 4.8:10° cm™2 for 9 and
40 meV surplus energy, respectively. The pronounced ab-
sorption peak at 1.36 THz observed at early times indi-
cates that the first optical pulse creates a pure 1s exciton
population. After a 22 ps delay, the second pulse inter-
acts with the sample. The data distinctly reveal varying
THz absorption depending on the excess energy of the
second pulse. For 9meV excess energy, the intraexcitonic
transition at 1.36 THz broadens significantly and slightly
shifts towards lower frequencies. Similarly, with 40 meV
excess energy, the intraexcitonic transition also broadens
shortly after the second pulse. In this case, however, the
intraexcitonic oscillator strength additionally decreases
and simultaneously gives rise to a Drude-like response
at frequencies below 0.5THz. This Drude response is
typical for a free electron-hole plasma [36]. Thus, the
breakup of a 1s exciton population into a free electron-
hole plasma due to inelastic scattering of excitons with
a hot electron-hole plasma is caught red-handed. This
is vividly illustrated in Figure 2 b), which shows the in-
traexcitonic linewidth against excitation density for both
excess energies, and the intraexcitonic oscillator strength
relative to its value prior to the injection of the electron-
hole plasma by the second pulse. It is apparent that both
excitation conditions result in a comparable broaden-
ing of the intraexcitonic resonance, which increases with
charge carrier density. However, the oscillator strength
notably decreases with rising density for the 40 meV ex-
cess energy excitation, dropping to a mere one-third of
its original strength at the highest excitation density. In
contrast, for the low excess energy excitation, despite a
similar broadening of the intraexcitonic resonance, there
is only a marginal reduction in oscillator strength, partly
attributable to radiative recombination processes. The
distinct difference in oscillator strength between the two
excess energies unequivocally stems from the significantly
more frequent occurrence of inelastic scattering processes
at 40meV excess energy.

For a quantitative interpretation of these differences, one
has to consider that elastic and inelastic scattering inter-
actions between excitons and electrons yield significantly
different outcomes and consequently leave different sig-
natures in their terahertz responses. Elastic scattering
on the one hand exchanges momentum and kinetic en-
ergy between the two scattering partners. Here, excitons
and electrons persist, however, now featuring modified
center-of-mass momenta. Consequently, elastic scatter-
ing processes preserve the 1s exciton population and do
not affect the oscillator strength associated with the in-
traexciton transitions [37]. On the other hand, inelastic
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the injected electron-hole plasma. The time-of-arrival of the second pulse on the sample is marked by the dashed white line.
b) FWHM (grey symbols) and oscillator strength (red symbols) of the 1s-2p transition. For both excess energies, the FWHM
is directly proportional to the charge-carrier density injected by the second optical pulse. The relative oscillator strength is
derived by dividing the oscillator strength after the arrival of the second pulse by the oscillator strength before the second

pulse.

scattering dissipates parts of the kinetic energy into an-
other form of energy. In this case, the electron and exci-
ton exchange enough energy to excite the exciton into a
higher-energy (bound) state or even overcome its binding
energy and ionize the exciton. In other words, some of
the kinetic energy reduces or even completely dissipates
the binding energy between the bound electron-hole pair.
Consequently, this either results in one electron and one
exciton in an higher-energy excited state or two free elec-
trons and a hole due to inelastic scattering.

To quantify these inelastic scattering processes, we ex-
amine the exciton component n, of the Drude-Lorentz
model for each timestep. Fitting an exponential function
to the decreasing exciton fraction after the arrival of the
second optical pulse yields the decay time 7; of the ex-
citon population caused solely by the inelastic scattering
with the electron-hole plasma. The inelastic scattering
induces a homogeneous broadening of the 1s state ac-
cording to Apom = 2/m: [11].

All scattering processes contribute to the broadening of
the intraexcitonic transition while only inelastic scatter-
ing processes contribute to the destruction of the exciton
population. In analogy to optical transmission, FWM
or TRPL experiments, we correlate the change of the
intraexcitonic linewidth with the total scattering rate
[11, 38-40]. The excitation-induced intraexcitonic line
broadening Aj,tra is determined by comparing the in-
traexcitonic linewidth before [I'hom (0)] and after the sec-
ond optical pulse interacts with the sample [[om(n)]:

Aintra = I‘hom(n) - Fhom(o)' (1)

Since the intraexcitonic linewidth of the 1s-2p transi-
tion is influenced by scattering processes in both the 1s

and 2p states, we assume equal contributions from both
states. Consequently, the broadening of the 1s exciton
state (Apom) can be expressed as Apom = Aintra/v2. To
enhance accuracy, we average the linewidth of the 1s—2p
transition from 14ps to 17 ps after the initial resonant
excitation, i.e., 5-8 ps before the second pulse and from
27-33 ps which is 5-11 ps after the second pulse.

In Figure 3a) the excitation-induced broadening of the
1s exciton state Apem is plotted against the charge-
carrier density induced by the second pulse. This fig-
ure also illustrates the broadening of the 1s exciton state
caused by inelastic scattering for an excess energy of the
optically induced electron-hole plasma of 40 meV. In the
low-density regime, the broadening of the homogeneous
linewidth of the 1s state exhibits a linear density depen-
dence [41]. Therefore, we fit the experimental data in
Figure 3a) using:

(2)

where ap is the exciton Bohr radius, Ep the exciton
binding energy, n the charge-carrier density, and ~ is
a dimensionless parameter representing the interaction
strength of excitons with the free electron-hole plasma.
The exciton binding energy in quantum well systems
is well approximated by multiplying the resonance en-
ergy of the intraexcitonic 1s-2p transition by 9/s [42].
For our case, this yields an exciton binding energy of
Ep = E15-9p - 9/8 = 5.625meV - 9/8 = 6.33meV. Since
the product of Ep - ap is constant for a material system
[43], we can use the exciton binding energy and the Bohr
radius of a very similar quantum well structure [44] to
derive an exciton Bohr radius of 11nm for our sample.
This allows us to determine the scattering parameter ~

2
Ahom = ’YaBEBnq
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FIG. 3. a) Change of the 1s exciton linewidth induced by the additional charge carriers with an excess energy of 40 meV (grey)
and 9meV (red), respectively. The scattering parameters are derived from the linear fits to the density-dependent 1s exciton
line broadening. b) Schematic drawing of the inelastic scattering processes for 9meV (left) and 40 meV (right) excess energy.
The short black arrows indicate the energy transfer between the 1s excitons and the free charge carriers.

from the slope m of the fits in Figure 3a) according to:

m

v = (3)

G%EB '
The elastic contribution (7.;) to the total scattering

parameter is then deduced by subtracting the inelastic
scattering parameter from the total scattering parameter.

Table I shows the extracted total scattering parame-
ters as well as their elastic and inelastic contributions
for both excess energies. The total scattering parame-
ters Yeot,omev = 8.8 and Viot,40mev = 9.32 are similar.
They are withing the margin of error of the scattering
parameters determined in Ref. 11 for a 12nm GaAs sin-
gle quantum well and about a factor of 2 bigger than the
one found for similar (Ga,In)As quantum well structures
[22]. For 9meV excess energy, determining the inelastic
scattering parameter is challenging due to the negligible
change in exciton density n, after electron-hole pair in-
jection by the second optical pulse. However, given the
minimal change in n., it is reasonable to assume that
the contribution of inelastic scattering is negligible. In
contrast, the inelastic scattering parameter amounts to
2.54 for 40 meV excess energy which results in an elastic
scattering parameter of 6.78.

TABLE I. Scattering parameters obtained for the two differ-
ent excess energies. The experimental data do not warrant
the evaluation of an inelastic scattering parameter for 9 meV
excess energy.

Ytot “Yin Vel
9meV 8.8+1.8 - 8.8+1.8
40 meV 9.34+1.53 2.5440.23 6.78+1.76

Interestingly, virtually no inelastic scattering is ob-
served at 9meV excess energy, regardless of the carrier
density injected by the second pulse. Notably, charge
carriers injected with a surplus energy of 9meV above
the 1s exciton should have enough excess energy to over-
come the 6.33meV binding energy and thus annihilate
excitons in scattering events. To explain the lack of in-
elastic scattering, we have to revisit the linear absorp-
tion spectrum given as grey-shaded area in Figure 1 and
consider Fermi’s Golden Rule. The latter states in sim-
ple terms that scattering processes require both occupied
initial states and unoccupied final states in addition to
an interaction strength. From Figure 1 it is apparent
that there are no final states between the 1s exciton res-
onance and the conduction band edge that the electrons
can occupy after an inelastic scattering event with an
exciton, i.e., an energy exchange of at least 5.6 meV nec-
essary to bring it into an excited state. Consequently,
inelastic scattering of excitons with charge carriers close
to the band edge is strongly suppressed as there are no
states available for electrons to occupy after the scat-
tering event. This phenomenon is visually depicted in
Figure 3b). Here, the energy transfer linked to an in-
elastic scattering process involving an 1s exciton would
propel the excited electron-hole plasma (indicated by the
blue arrow), carrying an excess energy of 9meV, into a
restricted energy region within the semiconductor struc-
ture. Only for higher excitation energies, represented by
the green arrow in Figure 3b), the electron-hole plasma
finds states in the continuum that can be occupied after
the energy transfer required for an inelastic scattering
process.

Intriguingly, the total scattering parameters remain
remarkably consistent despite the contrasting ionization
behaviors exhibited at different excess energies. This sug-



gests that the interaction strength between excitons and
an electron-hole plasma remains unaffected by changes
in excess energy. Higher excess energies naturally open
pathways for scattering processes involving greater en-
ergy transfer. These processes can manifest themselves
in two distinct forms: inelastic scattering causing exciton
destruction, or elastic scattering which transfers kinetic
energy without perturbing the Coulomb bond between
electron and hole. Considering the conservation laws for
energy and momentum in classical mechanics, both pos-
sibilities are viable. Intuitively, one might anticipate an
increase in elastic scattering alongside increased inelas-
tic scattering. However, a classical analogy holds true:
in the macroscopic world, inelastic scattering inevitably
occurs for sufficient energy exchange causing mechani-
cal deformation. For instance, in a car crash, inelastic
scattering prevails despite mechanical conservation laws
allowing for elastic scattering resulting in undamaged ve-
hicles. Our experimental results suggest the extension of
this classical observation to the quantum realm, specifi-
cally to scattering processes involving quasiparticles. No-
tably, increased excess energy exclusively amplifies the
efficiency of inelastic scattering. This result implies that
scattering processes that transfer energies sufficient to
break the exciton bond primarily promote the destruc-
tion of excitons via inelastic scattering, rather than the
increase in their kinetic energy characteristic for elastic
scattering processes.

In conclusion, our study underscores the pivotal roles
of charge carrier excess energies and final state availabil-
ity in controlling the inelastic scattering behavior of ex-
citons with near-band edge charge carriers. While there
is enough excess energy to overcome the exciton binding
energy, a lack of final states for the unbound charge car-
riers prevents the break-up of excitons and allows only
elastic scattering. Moreover, we find that the interaction
strength between excitons and an electron-hole plasma
remains unaltered regardless of the excess energy in-
volved. Intriguingly, increased energy transfer primarily
drives the destruction of excitons via inelastic scatter-
ing rather than elastic scattering mechanisms that only
increase their kinetic energy.

ACKNOWLEDGEMENT

Financial support by the European Regional Devel-
opment fund through the Innovation Laboratory High-
Performance Materials is acknowledged.

*

markus.stein@expl.physik.uni-giessen.de
[1] L. Keldysh and A. Kozlov, Sov. Phys. JETP 27, 521
(1968).

[2] H. Haug and S. Schmitt-Rink, Progress in Quantum Elec-
tronics 9, 3 (1984).

[3] J. Xiang, W. Lu, Y. Hu, Y. Wu, H. Yan, and C. M.
Lieber, Nature 441, 489 (2006).

[4] R. Kohler, A. Tredicucci, F. Beltram, H. E. Beere, E. H.
Linfield, A. G. Davies, D. A. Ritchie, R. C. Iotti, and
F. Rossi, Nature 417, 156 (2002).

[5] V. Gantmakher and Y. Levinson, Carrier scattering in
metals and semiconductors (Elsevier, 2012).

[6] A. Svizhenko and M. Anantram, IEEE Transactions on
Electron Devices 50, 1459 (2003).

[7] Y. Morita, K. Yoshioka, and M. Kuwata-Gonokami, Na-
ture Communications 13, 5388 (2022).

[8] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida,
and J. Zaanen, Nature 518, 179 (2015).

[9] O. Schubert, M. Hohenleutner, F. Langer, B. Urbanek,
C. Lange, U. Huttner, D. Golde, T. Meier, M. Kira, S. W.
Koch, et al., Nature photonics 8, 119 (2014).

[10] S. Ito, M. Schiiler, M. Meierhofer, S. Schlauderer,
J. Freudenstein, J. Reimann, D. Afanasiev, K. Kokh,
O. Tereshchenko, J. Giidde, et al., Nature , 1 (2023).

[11] A. Honold, L. Schultheis, J. Kuhl, and C. W. Tu, Physical
Review B 40, 6442 (1989).

[12] L. Schultheis, J. Kuhl, A. Honold, and C. W. Tu, Physical
Review Letters 57, 1635 (1986).

[13] S. Elkomoss and G. Munschy, Journal of Physics and
Chemistry of Solids 38, 557 (1977).

[14] S. Elkomoss and G. Munschy, Journal of Physics and
Chemistry of Solids 40, 431 (1979).

[15] Y.-P. Feng and H. N. Spector, Journal of Physics and
Chemistry of Solids 48, 593 (1987).

[16] B. Deveaud, F. Clérot, N. Roy, K. Satzke, B. Sermage,
and D. Katzer, Physical review letters 67, 2355 (1991).

[17] C. Ciuti, V. Savona, C. Piermarocchi, A. Quattropani,
and P. Schwendimann, Physical Review B 58, 7926
(1998).

[18] G. Goger, M. Betz, A. Leitenstorfer, M. Bichler,
W. Wegscheider, and G. Abstreiter, Physical Review Let-
ters 84, 5812 (2000).

[19] M. Betz, G. Goger, A. Leitenstorfer, M. Bichler, G. Ab-
streiter, and W. Wegscheider, Physical Review B 65,
085314 (2002).

[20] T. Yajima and Y. Taira, Journal of the physical society
of Japan 47, 1620 (1979).

[21] L. Schultheis, A. Honold, J. Kuhl, K. Kéhler, and C. Tu,
Physical Review B 34, 9027 (1986).

[22] M. Fey, M. Stein, C. Fuchs, W. Stolz, K. Volz, and
S. Chatterjee, Phys. Rev. B 106, 165303 (2022).

[23] M. Koch, R. Hellmann, G. Bastian, J. Feldmann,
E. Gobel, and P. Dawson, Physical Review B 51, 13887
(1995).

[24] R. Leite, J. Shah, and J. Gordon, Physical Review Letters
23, 1332 (1969).

[25] W. Liu, D. Jiang, K. Luo, Y. Zhang, and X. Yang, Ap-
plied physics letters 67, 679 (1995).

[26] A. Manassen, E. Cohen, A. Ron, E. Linder, and L. Pfeif-
fer, Physical Review B 54, 10609 (1996).

[27] H. Wang, K. Ferrio, D. G. Steel, Y. Hu, R. Binder, and
S. Koch, Physical review letters 71, 1261 (1993).

[28] D. Wake, H. Yoon, J. Wolfe, and H. Morkoc, Physical
Review B 46, 13452 (1992).

[29] D. Huang, H. Chu, Y. Chang, R. Houdré, and H. Morkoc,
Physical Review B 38, 1246 (1988).



[30] S. Chatterjee, C. Ell, S. Mosor, G. Khitrova, H. Gibbs,
W. Hoyer, M. Kira, S. Koch, J. Prineas, and H. Stolz,
Physical review letters 92, 067402 (2004).

[31] R. A. Kaindl, M. A. Carnahan, D. Hégele, R. Lovenich,
and D. S. Chemla, Nature 423, 734 (2003).

[32] S. Koch, M. Kira, G. Khitrova, and H. Gibbs, Nature
materials 5, 523 (2006).

[33] M. Stein, F. Schéfer, and L. Gomell, Physical Review B
99, 144310 (2019).

[34] See Supplemental Material at [url], which includes
Refs. [36, 45, 46], for details of the sample, the calcula-
tion of the charge carrier densities as well as the Drude-
Lorentz analysis and the experimental setup.

[35] P. Steinleitner, P. Merkl, P. Nagler, J. Mornhinweg,
C. Schiiller, T. Korn, A. Chernikov, and R. Huber, Nano
Letters 17, 1455 (2017).

[36] R. Ulbricht, E. Hendry, J. Shan, T. F. Heinz, and
M. Bonn, Reviews of Modern Physics 83, 543 (2011).

[37] G. Ramon, A. Mann, and E. Cohen, Physical Review B
67, 045323 (2003).

[38] M. Koch, R. Hellmann, G. Bastian, J. Feldmann, E. O.
Gobel, and P. Dawson, Physical Review B 51, 13887
(1995).

[39] A. Manassen, E. Cohen, A. Ron, E. Linder, and L. N.
Pfeiffer, Physical Review B 54, 10609 (1996).

[40] R. C. C. Leite, J. Shah, and J. P. Gordon, Physical Re-
view Letters 23, 1332 (1969).

[41] G. Manzke, K. Henneberger, and V. May, physica status
solidi (b) 139, 233 (1987).

[42] K.-T. Tsen, ed., Ultrafast Phenomena in Semiconductors
(Springer New York, New York, NY, 2001).

[43] A. Efremov, V. Litovchenko, and A. Sarikov, Materials
Science and Engineering: C 23, 165 (2003).

[44] M. Stein, C. Lammers, P.-H. Richter, C. Fuchs, W. Stolz,
M. Koch, O. Vanské, M. J. Weseloh, M. Kira, and S. W.
Koch, Phys. Rev. B 97, 125306 (2018).

[45] Q. Wu and X. Zhang, Applied Physics Letters 67, 3523
(1995).

[46] A. Nahata, A. S. Weling, and T. F. Heinz, Applied
Physics Letters 69, 2321 (1996).



62 7. Relevant Publications

Supplemental material

62



Supplemental Material: Inhibited inelastic scattering for near-band edge excitations
in two-dimensional charge-carrier systems

D. Anders, F. Dobener, F. Schifer, S. Chatterjee, and M. Stein*
Institute of Experimental Physics I and Center for Materials Research (LaMa),
Justus-Liebig- University Giessen, Heinrich-Buff-Ring 16, D-35392 Giessen, Germany
(Dated: October 5, 2023)

This supplementary material provides comprehensive background information on the sample stud-
ied and a detailed description of the procedure used to calculate the photon and charge carrier
densities. Additionally, it outlines the application of the Drude-Lorentz model for data analysis and
provides specific details of the experimental setup utilized in this study.

SAMPLE INFORMATION

The sample investigated is grown by molecular beam epitaxy on semi-insulating, undoped, [100]-oriented GaAs
substrate. The sample structure comprises 30 periods of InggsGaggsAs quantum wells, each with a thickness of
8.5 nm interleaved between GaAs layers. The exceptional quality of the GaAs substrate, characterized by its minimal
Urbach absorption tail, facilitates experiments in transmission geometry, eliminating the need for substrate etching.
This ensures ultra homogeneous (Ga,In)As quantum wells of remarkable quality, evident from their distinctively
narrow intraexcitonic 1s-2p transition linewidth, measuring less than 1meV for low excitation densities. During
experiments, the sample is held at a constant temperature of 6 K within a continuous flow liquid-He cryostat.

PHOTON AND CHARGE CARRIER DENSITIES

To calculate the photon densities and consequently the injected charge carrier densities, we apply the knife-edge
method to measure the spot size of the optical as well as the THz pulses. This yields two circular spots with diameters
of 2mm and 440 pm for the optical pulse and the THz pulse, respectively. The power of the laser pulse is measured
with a silicon power meter so that we can calculate the photon density per pulse p for the FWHM of the THz pulse.
We weigh the absorption for each frequency of the sample’s absorption a(w) with the spectrum of the optical pulse
Ip(w) to obtain the average absorption A,ye of the optical pulse:

o lo(w) = Ip(w) - e=*@E)
2w To(w)
Subsequently, we can then determine the charge carrier density injected by each optical pulse.

(p — pR) ) Aavg
]

Aavg =

(1)

(2)

Here, R denotes the reflectance and i the number of quantum wells of the sample. For this sample we used a value of
R = 0.33 and i = 30.

DRUDE-LORENTZ MODEL

The model consist of two components and can be described by the following equation:

2
AG(UJ) _ flsf2p€ Ny

Leop w2, — w? — iwApom 3)
62 Nfec

" Leop w? + iwl

The first term describes the intraexcitonic 1s-2p transition as a Lorentzian resonance with the oscillator strength
fis—2p, the resonance frequency wr.s, the excitonic sheet density n,, and the homogeneous linewidth Apom. The
second part defines the Drude response of unbound charge-carriers. It consists of the charge-carrier sheet density
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FIG. 1: The provided illustration showcases exemplary fits of the Drude-Lorentz model to the experimental data, delineated
in the upper portion for the real part and the lower portion for the imaginary part of the dielectric function. In the figure,
squares represent the dielectric response 17 ps subsequent to resonant excitation of the 1s exciton resonance. Correspondingly,
the circles depict the dielectric response 16 ps after the second optical pulse introduces additional charge carriers, i.e. 38 ps
after resonant excitation of 1s excitons.

ny¢. and the carrier scattering rate I'. Constants appearing in both terms and kept fixed for all fits are the sample
thickness L, the effective mass p, the electron charge e and the vacuum permeability €g. Exemplary fits of the model
to experimental data before and after the non-resonant optical pulse hits the sample are shown in Figure 1. The
homogeneous linewidths Ay, and excitonic sheet densities n, obtained from the fitted Drude-Lorentz model can
then be used to derive the respective scattering parameters, as shown in the manuscript.

EXPERIMENTAL SETUP

OPA

regenerative amplifier

N

nTe GaAs-
110) antenna

photodiodes ,

FIG. 2: Schematic of the multiple optical pump-terahertz probe setup




We use a 5 kHz regenerative amplifier (Spectra Physics Solstice Ace) which provides 50 fs pulses spectrally centered

around 800 nm. The output is split into three parts. The first part is used to excite a large-aperture LT-grown GaAs
antenna which emits ~1 ps long terahertz (THz) pulses. These pulses are then used to probe the intraexcitonic 1s-2p
transition, proving the existence of an incoherent exciton population. The second part is used as a gate pulse for the
electro-optic sampling. Here, we use a 500 pm thick ZnTe crystal cut in (110) geometry [1, 2]. We purge the THz part
of the setup with dry nitrogen gas to get rid of THz absorption by water vapor. The third part of the 800 nm output
is fed into an optical parametric oscillator (OPA, Spectra Physics TOPAS) and converted to a spectrally broad pulse
with a central energy of 1.493 eV (830.5nm). Afterwards, we use a beam splitter divide the pump pulses into two. One
part passes through a pulse shaper to obtain a full width at half maximum (FWHM) of 2.5 meV. It is then chopped
and used to resonantly excite excitons in the sample at 1.493eV. The other part is delayed via a linear translation
stage by around 22 ps and spectrally tuned by a pair of short- and longpass filters, thus enabling the excitation of an
electron-hole plasma with selectable excess energy (see Figure 1 in the main manuscript). A schematic representation
of the experimental setup is illustrated in Figure 2.
The setup allows for the detection of THz pulses covering a bandwidth of 0.8-12.5meV (0.2-3.0 THz). The THz pulses
are resolved in the time domain using electro-optical sampling. Therefore, we sample a time window of 12 ps to which
we apply a Blackman-Nutall window with a slope of 2 ps before Fourier-transforming the time domain traces into the
frequency domain. This enables the analysis of the reference pulse E(w) as well as the pump-induced change AE(w)
due to the chopped first excitation pulse. The excitation-induced dielectric function change can then be calculated
via [3]:

Ae(w) = Zicov/er (AE(“’)) , (4)

wL E(w)

where cq is the speed of light in vacuum, and e, the dielectric constant of the material.

* Electronic address: markus.stein@expl.physik.uni-giessen.de
[1] Q. Wu and X. Zhang, Applied Physics Letters 67, 3523 (1995).
[2] A. Nahata, A. S. Weling, and T. F. Heinz, Applied Physics Letters 69, 2321 (1996).
[3] R. Ulbricht, E. Hendry, J. Shan, T. F. Heinz, and M. Bonn, Reviews of Modern Physics 83, 543 (2011).



66 7. Relevant Publications

Il - Coherent Control of Photocurrents in Germanium for
Gapless and Broadband Terahertz Emission, Ref. [192]

D. Anders, M. Zengel, R. Rondriguez, K. Braumer, S. Chatterjee, M. Stein

Abstract

Readily implemented broadband THz sources extend the reach of THz in diagnostic
and sensing applications. Coherently controlled photocurrents in pure, cost-effective
bulk Germanium and Germanium quantum wells render such broadband and gapless
terahertz emission, overcoming the bandwidth limitations of traditional III-V and II-
VI semiconductor-based THz emitters. Precise phase control between the fundamental
and its second harmonic governs the THz field dynamics. The presented scheme, which
utilizes low-energy 100 fs optical pulses centered around 1550 nm, is readily accessible
through affordable ultrafast fiber laser technology and frequency doubling.

Conclusion

In conclusion, we demonstrate gapless, broadband THz emission up to 8 THz from pure
bulk Ge as well as Ge QWs by generating coherently controlled quantum interference
currents using 100 fs optical pulses around 1590 nm and their second harmonic. This
all-optical approach utilizes the telecom wavelength and paves the way for generating
broadband and gapless THz pulses even with comparatively inexpensive fiber lasers.
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subsequently constructed together with M.S. and M.Z. All measurements were performed
by me assisted by M.S., M.Z., R.R., and K.B. I analyzed the experimental data and
prepared the first draft of the manuscript together with M.S. The final versions of all

figures were designed by me. The final manuscript was revised in close collaboration with
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Abstract

Readily implemented broadband THz sources extend the reach of THz in diagnostic
and sensing applications. Coherently controlled photocurrents in pure, cost-effective
bulk Germanium and Germanium quantum wells render such broadband and gapless
terahertz emission, overcoming the bandwidth limitations of traditional III-V and II-VI
semiconductor-based THz emitters. Precise phase control between the fundamental
and its second harmonic governs the THz field dynamics. The presented scheme,
which utilizes low-energy 100fs optical pulses centered around 1550 nm, is readily
accessible through affordable ultrafast fiber laser technology and frequency doubling.

Keywords Terahertz generation - Two-color excitation - Coherent control -
Germanium

1 Introduction

Phase-stable electromagnetic pulses in the terahertz (THz) frequency range have
revolutionized time-resolved spectroscopy, expanding its applications across a wide
array of fields including molecular physics, medical diagnostics, and semiconduc-
tor research [1, 2]. Photoconductive antennas have emerged from the myriad of THz
emitters as essential tools for table-top THz time-domain spectroscopy, especially in
the frequency range up to 3—4 THz and using low pulse energies [3-5]. Alternatively,
optical rectification is commonly the method of choice for THz generation in com-
bination with high-intensity laser pulses [6-8]. However, those THz emitters mostly
rely on III-V or II-VI semiconductor materials, which pose inherent limitations. The
polar character of their crystal bond renders their optical phonons infrared active.
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This leads to strong absorption at these phonon modes and to high reflectivity at their
reststrahlen band, thereby constraining their spectral bandwidth to frequencies either
below 4-7THz or above 12-15THz [2, 9, 10]. Various techniques have been intro-
duced to overcome these limitations, such as two-color air plasma [11-14], which
requires complex and costly laser amplifiers, or spintronic THz emitters [15, 16]. An
alternative approach involves non-polar semiconductor materials like Silicon (Si) or
Germanium (Ge) to potentially achieve a gapless broadband THz spectrum spanning
beyond the low frequency-band limit of about 7 THz. For example, Ge-based photo-
conductive dipole antennas show promising capabilities in emitting broadband THz
pulses [17, 18]. Ge’s direct interband absorption above 0.8eV and its small effective
electron mass in the center of the Brillouin zone lead to the robust acceleration of pho-
togenerated electrons and thus to efficient THz emission. However, active THz devices
like photoconductive antennas still rely on complex material processing and electric
contacting [19, 20]. In contrast to this electronic control, the motion of charge carriers
in semiconductors can also be controlled all-optically by quantum interference currents
[21, 22]. Here, the coherent excitation of a one-photon and a two-photon transition
in a semiconductor using the fundamental and its second harmonic of a below-gap fs
laser beam may couple the transitions between the valence band and conduction band.
The phase relation between the two colors controls the interference of the interband
transition amplitudes, resulting in a polar asymmetry in the momentum space distri-
bution of the charge carriers. This creates an optically injected quantum interference
current density that can be directly observed via its emitted THz radiation [23-28].

In this work, we harness the advantages of Ge while circumventing the intricacies
of material processing and electric connections: coherently controlled quantum inter-
ference currents in readily available, cost-effective pure Ge as well as Ge quantum
well structures yield gapless and broadband THz emission up to 8 THz. We employ
~100fs short optical pulses around 1590 nm—within the Telecom wavelength acces-
sible through comparatively affordable fiber laser technology—together with a Beta
Barium Borate (BBO) crystal for frequency doubling. The relative phase between the
fundamental and its second harmonic is precisely controlled using a delay line before
focusing both pulses on the Ge samples. The emitted THz radiation is collected with
parabolic mirrors and analyzed using electro-optic sampling.

2 Materials and Methods

The optical setup utilized in this experiment is schematically shown in Fig.1. A
Ti:Sapphire laser-based amplifier (Solstice Ace) with a pulse length of 50fs, a central
wavelength of 800 nm, and a repetition rate of 5kHz is split into two paths: one small
fraction acts as a gate pulse for electro-optical sampling (EOS) and rest feeds an opti-
cal parametric amplifier (OPA, TOPAS:Twins). The OPA converts the light from the
amplifier laser into the desired wavelength around 1590 nm (0.78eV).

The OPA output is guided over a delay line and focused onto a BBO crystal to gener-
ate a second harmonic beam at 795 nm (1.56eV). We utilized pulse energies of 480nJ
and 280 nJ of the fundamental and second harmonic, respectively. Both beams are inci-
dent on a dichroic mirror, which reflects wavelengths below 900 nm, i.e., the second
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Fig.1 Schematics of the experimental setup for the two-color excitation scheme together with the electro-
optical sampling of the emitted THz beam

harmonic beam, while transmitting the fundamental beam. To precisely control the
relative phase between the fundamental and its second harmonic, we employ a second
delay stage. While the manufacturer’s bidirectional positioning accuracy is specified as
1 um (corresponding to a temporal resolution of approximately 6.7 fs), in our exper-
iment, the stage is operated unidirectionally during phase scans. This significantly
improves effective precision. Based on the manufacturer’s resolution specifications
and our own interferometric calibration, we estimate the practical unidirectional tim-
ing accuracy to be about 0.2fs. A half-wave plate controls the polarization of the
fundamental beam and, together with a polarization filter, ensures collinear polar-
ization in relation to its second harmonic. Both beams are recombined using another
dichroic mirror. The superimposed beams are focused on 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 focused on 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 overlaps in space and time with the gate pulse for
electro-optical sampling. After a quarter-wave plate, a Wollaston prism splits the gate
pulse into its linear components, the power of which is recorded by two photodiodes.
By delaying the OPA output and thus the THz pulse against the gate pulse, the entire
THz pulse can be sampled in the time domain.

The sample employed for THz generation is either undoped n-type bulk Ge oriented
along <111> direction with a thickness of 500 wm and a room-temperature resistivity
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exceeding 30 Qcm, or it comprises 50 Ge QWs each 15 nm thick, embedded in 19.8 nm
Sip.15Geq g5 barriers. Details of the latter are found in Ref. [29]. In both samples, the
fundamental optical excitation is energy-wise at least above their indirect band gap
while the second harmonic is far above their direct band gap.

3 Results and Discussion

First, we set the second delay line so that the fundamental and its second harmonic
follow the same optical path and impinge on the bulk Ge sample at the same time.
The time delay between the OPA output and the gate pulse is varied by the first delay
line, with the voltage difference between the photodiodes being recorded for each
time step. The result is shown in deep purple in Fig. 2. The Ge sample, excited by the
fundamental beam and its second harmonic, emits a strong THz pulse on a picosecond
time scale. Although the field strength from Ge is lower, its performance is noteworthy
given the unbiased, compact setup and its broadband, gapless emission characteristics.
Moreover, the Ge emitter is compatible with high-repetition-rate sources (e.g., MHz
fiber lasers), which can enhance the signal-to-noise ratio significantly—especially rel-
evant for spectroscopic applications. By carefully moving the second delay line, i.e.,
the phase delay between the fundamental and its second harmonic, the emitted THz

1.5
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o
o

|
e
()]
1

-1.0 1

_15 T T T
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Fig. 2 Time domain of the detected THz pulses emitted from bulk Ge for different relative phase delays
between the fundamental optical pulse and its second harmonic
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pulses are controlled. The polarity of the emitted THz radiation can be inverted by
moving the second delay path by half a wavelength of the second harmonic, i.e., by
changing its phase by 7. The relative phase between the fundamental beam and the
second harmonic thus controls the polar asymmetry in the momentum space distri-
bution of the excited charge carriers. The control of the current direction in the Ge
sample is directly reflected in the emitted THz radiation shown in Fig. 2. Relative phase
delays of 0 or & render the maximum amplitudes at opposite polarities, Almost no
THz emission can be observed for relative phase delays of around 7 due to symmetric
k-space injection conditions.

We further investigate the dependence of the THz emission on the relative phase
between the fundamental beam and its second harmonic by setting the first delay line
to the maximum of the THz pulse (fixed time of Ops in Fig.2) and then traversing
the second delay line, i.e., the time or phase delay between fundamental and second
harmonic. At large delays, i.e., when the fundamental beam and its second harmonic
do not overlap in time, there is no THz emission from the Ge sample as evident in
Fig.3 for delays around 200fs. THz is only emitted if there is a temporal overlap
between the two optical beams. The maximum THz emission is reached with perfect
temporal overlap, whereby the polarity changes with phase shifts of half a wavelength
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Fig. 3 Maximum amplitude of the THz time-domain signal as a function of the time delay between the
fundamental and its second harmonic, i.e., their relative phase delay. The inset at the bottom right is a zoom
into the THz signal, resolving its oscillations depending on the phase delay. The top left inset displays the
corresponding optical field autocorrelation between the fundamental and its second harmonic
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of the second harmonic beam. The changes of polarity are evident as oscillations of the
THz amplitude as illustrated in the inset of Fig. 2. Consequently, the delay-dependent
THz signal shown in Fig.3 closely resembles an optical field autocorrelation. For
comparison, the inset of Fig.3 shows the corresponding optical field autocorrelation
of the fundamental and its second harmonic, measured with a GalnAs photodiode.
This similarity highlights the underlying mechanism of THz emission: an interference
effect between the fundamental beam and its second harmonic, resulting in an asym-
metric carrier distribution in momentum space. Therefore, fitting an envelope to the
measurement data in Fig. 3 provides a good estimate for the pulse length of the second
harmonic. We find a full width at half maximum (FWHM) of the envelope of 89 fs
corresponding to a Gaussian pulse length of 63 fs.

To evaluate the emission strength of the two-color excited Ge emitter, we com-
pare it to several established THz sources under identical excitation and electro-optic
detection conditions. For the two-color excitation, the fundamental pulse at 1590 nm
with a pulse energy of 1 uJ is combined with its second harmonic at 795nm with a
pulse energy of 300nJ. For optical rectification in the 350 pum-thick GaP crystal, only
the fundamental pulse (1590 nm, 1 J) is used, with the second harmonic blocked. In
contrast, for optical rectification in the 500 um-thick ZnTe crystal and excitation of
the commercially available biased GaAs photoconductive antenna (TeraSED3), only
the second harmonic (795 nm, 300nJ) is used, with the fundamental blocked.

As shown in Fig.4, the peak electric field emitted from the Ge emitter reaches
approximately 33 V/cm. The field strengths are estimated based on the differential
signal of the photodiodes, considering the electro-optic coefficient and the thickness
of the ZnTe detection crystal, following the method described in Ref. [30]. Although
the field from the Ge emitter is lower than that achieved via optical rectification in
ZnTe (280 V/cm) and GaP (125 V/cm), as well as the biased GaAs photoconductive
antenna (240 V/cm), it is generated entirely without external bias or phase-matching
constraints. In contrast to the aforementioned emitters, the Ge-based source should
offer intrinsically broadband, gapless THz emission, which is an important advantage
for applications demanding wide and gapless spectral coverage.

To evaluate the full bandwidth of our THz emission, a 100 pum-thick GaP crystal is
used for electro-optical sampling instead of a 500 pm-thick ZnTe crystal, which limits
the bandwidth of the THz emission to about 3.5 THz. The GaP crystal should be able
to detect THz emission up to its reststrahlen band at around 8 THz [31-33]. Using the
thinner GaP crystal significantly alters the detected THz signal in the time domain
as shown in Fig. 5a. Notably, the main peak of the detected THz waveform becomes
narrower, reaching a FWHM of just 110 fs. Simultaneously, the THz transient becomes
more asymmetric. The asymmetry ratio between the amplitudes of the two largest
opposite-sign half-cycles is 3.34:1, a feature desirable in many applications, including
sub-cycle THz scanning tunneling microscopy [10, 34-36]. Fourier transformation
provides us with the frequency range that reveals a very broadband THz emission up to
the reststrahlen band of the GaP crystal at about 8 THz with a maximum at about 2 THz.
This highlights the excellence of Ge as a THz emitter, as the bandwidth is not limited
by material absorption. In addition, a different group velocity of THz and optical pulses
in the Ge crystal is not of particular relevance, as the penetration depth of the second

@ Springer



Journal of Infrared, Millimeter, and Terahertz Waves (2025) 46:57 Page 7 of 12 57

300 | L | L | L | L |

250 500an ZnTe

200

150

100

50
] Ge

Antenna

n
[
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
0
'
'
'
]
'
'
'
'
'

Electric field (V/cm)

-50

350 GaP
-100 4 um =a

150 4 T .

-200 T T T G T T T T T
-3 -1 1 3 5

Time (ps)
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Compared are the bulk Ge emitter after two-color excitation (black), optical rectification in ZnTe (red) and
GaP (blue), and a biased GaAs photoconductive antenna (green)

harmonic is very shallow with only about one micrometer [25]. As depicted in Fig. 5b,
the detected THz spectrum abruptly cuts off near 8 THz, indicating that the emitted
pulse likely extends beyond the detection range of the GaP crystal [32, 33]. Because Ge
is centrosymmetric and lacks polar optical phonon modes in the THz range, it imposes
no intrinsic spectral gaps. In contrast, optical rectification in non-centrosymmetric
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Fig. 5 Time domain (a) and frequency spectrum (b) of the detected THz pulse, utilizing a 100 pm-thick
GaP (black) crystal as well as a 500 um-thick ZnTe crystal (red). Detection with the thinner GaP crystal
reveals a highly asymmetric THz transient and a broadband THz emission up to the GaP crystal’s detection
limit at about 8 THz
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materials like ZnTe and GaP is inherently limited by their phonon absorption (at
around 4 THz for ZnTe and 8 THz for GaP). Therefore, Ge enables truly gapless THz
emission, even though the bandwidth we detect is currently constrained by the electro-
optic response of the sampling crystal. Future integration of more advanced broadband
detection techniques, such as air-biased coherent detection [37, 38] or the use of a
THz Michelson interferometer [39, 40] could reveal spectral components beyond the
8 THz detection limit of GaP. This implies that even broader THz emission is possible,
especially when combined with shorter laser pulses and improved detection. The
resulting spectra could approach those generated via air plasma using high-energy
amplified laser systems [13, 41, 42]. Our approach, however, operates with much
lower pulse energies, making it feasible to use oscillators or fiber lasers without the
need for cost-intensive amplifier systems. Notably, there is no minimum pulse energy
threshold for THz generation, with the lower limit being the energy needed to produce
the second harmonic. At reduced optical pulse energies, the THz field amplitude
scales linearly with the fundamental excitation power and follows the square root of
the second harmonic excitation power [25]. However, in contrast to that earlier study
on two-color excitation in Ge, our work achieves a substantially broader detectable
THz bandwidth, extending up to 8 THz. This enhancement is primarily enabled by the
use of a thinner electro-optic sampling crystal (100 pm GaP instead of a thicker ZnTe
crystal) and significantly shorter excitation and detection pulses (<100 fs compared to
150fs in Ref. [25]). As aresult, we demonstrate genuinely gapless and broadband THz
emission from Ge, with the observed cutoff near 8 THz limited only by the detection
crystal’s response. This not only extends the spectral range reported in prior work but
also reveals the highly asymmetric temporal field profile of the emitted THz pulses—a
characteristic that is particularly beneficial for sub-cycle applications.

The potential limitations in repetition rate for Ge due to its inherently long car-
rier lifetimes is readily overcome by intentionally introducing recombination centers
through impurity implantation [18]. This should enable using common commercially
available repetition rates around 80 MHz or even beyond in the GHz range.

Switching to an epitaxially grown Ge/SiGe quantum well (QW) heterostructure
under the same two-color excitation scheme demonstrates that the THz emission mech-
anism is not confined to bulk Ge but is also effective in engineered low-dimensional
systems. This underlines the robustness and generality of the emission process and sup-
ports its potential for integration into heterostructure-based optoelectronic platforms.
The THz pulses emitted from the sample, consisting of 50 repetitions of Ge QWs sep-
arated by Si0.15Ge0.85 barriers, are shown in Fig. 6. Remarkably, the time-domain
waveform closely resembles those obtained from bulk Ge (cf. Figure2). As in the bulk
case, the polarity and amplitude of the emitted THz field are coherently controlled
by adjusting the relative phase between the fundamental and its second harmonic,
indicating that the same underlying nonlinear photoexcitation mechanism governs the
emission. However, the emitted THz amplitude from the QW sample is reduced by
a factor of approximately 4 to 5 compared to bulk Ge. This reduction is primarily
attributed to the absorption of the second harmonic within the SiGe barriers, which
decreases the effective excitation intensity reaching the Ge wells. Additionally, THz
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Fig.6 Time evolution of the detected THz pulse’s electric field amplitude for various phase shifts (relative
path delays) between the fundamental optical pulse and its second harmonic in the Ge QW sample

re-absorption by photoexcited carriers in the barrier regions may further attenuate the
signal. Overall, the ability to generate phase-controllable THz pulses from a Ge/SiGe
heterostructure without relying on structural inversion asymmetry further reinforces
the general applicability of the two-color excitation scheme. It also opens up avenues
for future integration into quantum-engineered materials and device architectures.

4 Conclusion

In conclusion, we demonstrate gapless, broadband THz emission up to 8 THz from pure
bulk Ge as well as Ge QWs by generating coherently controlled quantum interference
currents using 100fs optical pulses around 1590 nm and their second harmonic. This
all-optical approach utilizes the telecom wavelength and paves the way for generating
broadband and gapless THz pulses even with comparatively inexpensive fiber lasers.
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Abstract

We investigate the ultrafast dynamics of exciton formation in (Ga,In)As quantum wells
using optical pump-terahertz probe spectroscopy, complemented by time-resolved pho-
toluminescence. Terahertz spectroscopy directly probes intraexcitonic transitions and
thus, in principle, distinguishes between unbound electron-hole plasma and bound ex-
citon populations. At low excitation densities, this separation is effective: the Drude
response of the electron-hole plasma remains spectrally distinct from narrow intraex-
citonic resonances. However, at higher excitation densities, spectral broadening and
overlap obscure this distinction.

Following low-density nonresonant excitation, we initially observe a pure Drude-like
plasma response that gradually transitions into an intraexcitonic resonance. In con-
trast, at higher excitation densities, conventional analysis based on the Drude-Lorentz
model suggests questionably high exciton fractions up to 32% immediately after exci-
tation. It remains uncertain whether these fractions represent genuine instantaneous
exciton formation or arise from spectral overlap and analytical ambiguity. To resolve
this, we introduce a differential probing technique utilizing exciton ionization induced by
strong THz fields. By comparing responses obtained at high and low THz field strengths,
we isolate the exciton contribution from the pure plasma contributions. This approach
reveals intrinsic exciton formation dynamics governed by two characteristic timescales: a
fast component in the vicinity of 10 ps and a slower process around 250 ps. Notably, these
timescales remain largely independent of excitation density, contrasting sharply with the
strong density dependence suggested by conventional methods.

Our results establish a robust method to disentangle exciton and plasma dynamics, pro-
viding clearer insight into exciton formation under nonresonant excitation in semicon-
ductor quantum wells.

Conclusion

We investigated the THz response of (Ga,In)As/GaAs multiple quantum wells following
nonresonant optical excitation. Immediately after excitation, the system exhibits a char-
acteristic Drude-like response from an unbound electron—hole plasma, which gradually
evolves into a finite 1s exciton population. Exciton formation proceeds on two distinct
timescales: a fast component within the first few tens of picoseconds and a slower forma-
tion phase extending over several hundred picoseconds. Interestingly, while conventional
analyses suggest a strong dependence of these timescales on excitation density, our re-
fined methodology reveals that exciton formation dynamics are rather independent of
both the excitation density and excess energy within the investigated range. This con-
clusion is enabled by our new approach that systematically compares THz responses at
weak and strong probe field strengths. By exploiting field-induced exciton ionization, we
isolate the pure excitonic signal from the overlapping plasma background, even at higher
excitation densities where traditional analysis struggles. Our results resolve longstand-
ing ambiguities in the interpretation of time-resolved THz spectroscopy and demonstrate
a robust, generalizable framework for disentangling exciton and plasma dynamics. This
methodology offers clear insight into the intrinsic exciton formation process and is broadly
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applicable to the study of ultrafast many-body phenomena in semiconductor quantum
structures.
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We investigate the ultrafast dynamics of exciton formation in (Ga,In)As quantum wells using op-
tical pump-terahertz probe spectroscopy, complemented by time-resolved photoluminescence. Ter-
ahertz spectroscopy directly probes intraexcitonic transitions and thus, in principle, distinguishes
between unbound electron-hole plasma and Coulomb-bound exciton populations. At low excita-
tion densities, this separation is effective: the Drude response of the electron-hole plasma remains
spectrally distinct from narrow intraexcitonic resonances. However, at higher excitation densities,
spectral broadening and overlap obscure this distinction.

Following low-density nonresonant excitation, we initially observe a pure Drude-like plasma response
that gradually transitions into an intraexcitonic resonance. In contrast, at higher excitation den-
sities, conventional analysis based on the Drude-Lorentz model suggests questionably high exciton
fractions up to 32% immediately after excitation. It remains uncertain whether these fractions
represent genuine instantaneous exciton formation or arise from spectral overlap and analytical am-
biguity. To resolve this, we introduce a differential probing technique utilizing exciton ionization
induced by strong THz fields. By comparing responses obtained at high and low THz field strengths,
we isolate the exciton contribution from the pure plasma contributions. This approach reveals in-
trinsic exciton formation dynamics governed by two characteristic timescales: a fast component in
the vicinity of 10 ps and a slower process around 250 ps. Notably, these timescales remain largely
independent of excitation density, contrasting sharply with the strong density dependence suggested
by conventional methods.

Our results establish a robust method to disentangle exciton and plasma dynamics, providing clearer

insight into exciton formation under nonresonant excitation in semiconductor quantum wells.

I. INTRODUCTION

The widespread availability of pulsed and ultrafast
laser systems has spurred vast research efforts to iden-
tify quasiparticle dynamics in condensed matter systems,
such as studying charge carriers in semiconductors and
their heterostructures [1-3]. Among these, the forma-
tion dynamics of excitons, i.e., a quasiparticle many-
body state consisting of an electron and a hole stabi-
lized by Coulomb attraction, has often been controver-
sially discussed [4, 5]. The prominent spectral features
in the vicinity of the band gap energy associated with
excitons dominate the linear optical response in many
high-quality semiconductors ranging from bulk inorganic
compound materials or organic semiconductors to quan-
tum structures and novel materials including 2D mate-
rials and layered van der Waals heterostructures. Tra-
ditionally, excitons and their dynamics have been in-
vestigated primarily by time-resolved photoluminescence
(TRPL) spectroscopy [6-12]. However, photolumines-
cence spectroscopy inherently accesses only bright exci-
tons, i.e., those with a center-of-mass momentum close to
zero. This limits its ability to capture the entire exciton
population and complicates the interpretation of forma-
tion dynamics[5, 13]. Consequently, the reported exciton

* markus.stein@expl.physik.uni-giessen.de

formation times extracted from TRPL spectroscopy on
GaAs-based quantum well structures vary by more than
one order of magnitude from less than 20ps [6, 7, 9-
11] to more than 200ps [4, 14]. Later, stringent the-
oretical analysis has revealed that the sources of emis-
sion at the 1s exciton energy are not limited to exciton
population decay [15]. Subsequently, these theoretical
findings have been substantiated experimentally [16, 17].
Optical pump-terahertz probe (OPTP) spectroscopy has
since been proposed as a more direct and unambigu-
ous method to investigate exciton formation[5, 18, 19].
THz pulses directly probe intraexcitonic transitions and
provide distinct signatures of Coulomb-bound excitons,
such as the 1s-2p absorption resonance, which are ab-
sent in the Drude-like response of unbound electron-hole
plasmas. Moreover, terahertz spectroscopy is sensitive
to excitons of any center-of-mass momentum, making it
a versatile tool for tracking exciton populations[5, 19—
21]. However, despite these methodological advantages,
OPTP spectroscopy has not provided a consistent pic-
ture of the exciton formation dynamics in GaAs-based
quantum wells after nonresonant excitation either. Re-
ported results span a broad range: some studies observe
relatively slow exciton formation over several hundred
picoseconds [17, 22], while others report ultrafast forma-
tion, with up to 40% of the exciton population emerging
within just a few picoseconds [20, 23], and yet others
report intermediate timescales [24].

In this work, we introduce a new approach to disentan-



gle Coulomb-bound exciton and unbound electron-hole
plasma contributions in time-resolved THz spectroscopy
of high-quality (Ga,In)As/GaAs multiple quantum wells
after nonresonant excitation. By systematically varying
the field strength of the probing THz pulse, we exploit
field-induced exciton ionization at high THz fields to se-
lectively switch off the excitonic response and compare
these measurements with low-field conditions that pre-
serve the exciton population. This differential probing
technique isolates the exciton response from the plasma
background, even at high excitation densities, where, in
conventional analysis, spectral overlap typically obscures
the distinction between excitons and free carriers.

Using this method, we uncover intrinsic exciton forma-
tion dynamics governed by two distinct timescales: a fast
component of approximately 10ps and a slower process
of about ~ 250 ps, both largely independent of excitation
density. Our results resolve long-standing ambiguities re-
lated to apparently instantaneous exciton formation re-
ported in earlier OPTP studies and establish a robust
framework for probing ultrafast exciton formation dy-
namics in semiconductor quantum structures.

II. EXPERIMENTAL DETAILS

The samples under investigation are (Ga,In)As MQW
structures grown by metal organic vapor phase epitaxy
on a GaAs substrate. The primary MQW structure
(1) consists of 50 periods of 1.35nm GaAs, 8.65nm
(Ga,In)As, 1.35nm GaAs and 8.65nm Ga(As,P); In and
P concentrations are 9.5% and 22%, respectively; details
of the sample structure are given elsewhere [25]. The
second sample (2) also consists of 50 periods of differ-
ent layer widths: 4.6 nm GaAs, 7.6 nm (Ga,In)As, 4.6 nm
GaAs, and 19.4nm Ga(As,P); the In and P concentra-
tions are 5.8% and 5.3%, respectively [22]. All exper-
iments are performed under cryogenic conditions at a
lattice temperature of 6 K to minimize broadening and
phonon scattering. The OPTP setup utilizes a 5kHz
repetition rate regenerative amplifier that generates 50 fs
pulses centered at 800 nm. These pulses are split into two
paths using a beam splitter. One part drives an optical
parametric amplifier that generates the optical pump at
a central wavelength of about 850nm. After the light
has passed a delay line, a grating pulse shaper finely ad-
justs the pulse to the desired wavelength and spectral
width before exciting the sample. The second part of
the regenerative-amplifier output is divided by another
beam splitter. The largest part of the pulse is directed
through a second delay line to a large-aperture GaAs
antenna which delivers single-cycle THz pulses. An el-
lipsoidal mirror focuses the THz pulses onto the sample
where they spatially overlap with the optical pump beam.
Another ellipsoid relays the transmitted THz pulse onto
a 500 pm-thick ZnTe crystal. The THz beam path is con-
tinuously purged with dry nitrogen gas to prevent spu-
rious spectral signatures related to absorption by water
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FIG. 1. a) Linear absorption spectrum of sample 1, overlaid
with the excitation pulses used for different excess energies.
b) Absorption spectrum of sample 2 along with the corre-
sponding excitation pulse.

vapor in the ambient atmosphere. The transient THz
electric field is measured via electro-optic sampling us-
ing a third optical pulse. This configuration probes the
sample’s response in the energy range of 0.8 to 12.5 meV
(0.2-3.0THz). We sample 12ps-long THz time traces
and apply a Blackman-Nutall window function with a
2 ps slope before Fourier transforming the data into the
frequency domain. By measuring the THz waveform of
the unexcited sample, E(t), and its excitation-induced
change, AE(t), we calculate the complex dielectric func-
tion of the sample [26]:

Aclw) = H0VEr (AEE(L“)’)> , M)

where ¢g is the speed of light in vacuum, and e, the di-
electric constant of the material.

TRPL measurements are performed using a typical
streak camera setup in reflection geometry. Excitation



is provided by a Ti:sapphire laser oscillator that emits
100 fs pulses at a repetition rate of 78 MHz and a center
wavelength of 850 nm. The excitation light is focused on
a 40 um diameter spot using a confocal beam path for
both excitation and detection. The emitted PL signal
is spectrally dispersed by a spectrograph equipped with
a 122lines/mm grating, while temporal resolution is pro-
vided by a streak camera with an S20 cathode featuring
an instrument response < 1 ps.

III. RESULTS

We excite the sample non-resonantly, i.e., at energies
greater than the 1s exciton resonance to investigate the
exciton formation dynamics. All photon densities are
kept comparable around 4 - 10'2 cm™~2, corresponding to
2 - Ip. The linear absorption spectra of the primary and
secondary samples are shown in Figure 1 a) and b) to-
gether with the corresponding pulses for nonresonant ex-
citation. The sample’s response is probed by ~1 ps-long
THz pulses for different time delays At between the opti-
cal pump and the THz probe pulse. The delay is scanned
from -5 ps, i.e., the probe impinges on the sample before
the pump to 1800 ps after the pump pulse maximum.
The absorption and the change of the dielectric function
show exclusively a Drude-like response during the first
3ps. This clearly indicates the presence of a purely un-
correlated electron hole plasma (cf. Figure 2 a) and b) top
row). Subsequently, the absorption in the energy range
around 7meV increases within the next few picoseconds.
This is accompanied by an increase in the change of the
dielectric function below 7meV. Both are indicative for
the incipient formation of an incoherent exciton popula-
tion. Finally, a characteristic peak at 7.4 meV develops in
the absorption spectrum on a time scale of several hun-
dred picoseconds. This resonance is directly related to
the typical zero crossing of a Lorentzian response in the
real part of the dielectric function change (Figure 2 a)
and b) bottom row). Both are unambiguous signatures
for the presence of a 1s exciton population. The 1s exci-
ton population coexists with the remanent electron-hole
plasma that has not yet been converted into an exci-
ton population as shown by the superimposed Drude re-
sponse. We quantify the exciton formation dynamics by a
phenomenological Drude-Lorentz model reproducing the
experimental data. Fitting the change of the real part of
the dielectric function Ae(w) and the change in absorp-
tion Aa(w) simultaneously yields robust results. This
model accounts for the two components and describes
the excitation-induced changes of the complex dielectric
function by the following equation[27, 28]:

62 fls—Qpn:t Nfc

Ae(w) = 5 O — R
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II: Drude response

(2)

I: Intraexcitonic absorption

The first part I corresponds to the Lorentzian line-
shape of the intraexcitonic 1s-2p transition. Its oscillator
strength is fis_2p, the resonance frequency wyes, the ex-
citon sheet density n,, and the homogeneous linewidth
Apom- The second part II describes the Drude response
characteristic for unbound carriers. It includes both the
carrier sheet density ny. and the carrier scattering rate
I'. Parameters that remain constant across all fits in-
clude the thickness of the sample L, the effective mass
1, the electron charge e, the vacuum permeability e,
and the intraexcitonic oscillator strength fi5_2,. Thus,
the Drude-Lorentz model provides direct access to the
density of Coulomb-bound 1s excitons ny as well as the
density of free charge carriers ng., i.e., the electron-hole
plasma, in the sample. Shortly after optical excitation,
the exciton density rises rapidly from a pure electron-hole
plasma, reaching approximately 30% to 50% of its maxi-
mum value within 40 ps. Around 600 ps after excitation,
the exciton density peaks before gradually decreasing on
a nanosecond timescale due to radiative and nonradia-
tive recombination processes. A tri-exponential fit to the
exciton density extracted at each time step using the
Drude-Lorentz model function quantitatively describes
the exciton formation and decay dynamics. The decay
is well described by a single exponential term. However,
the rise of exciton density requires two distinct exponen-
tial components to achieve an accurate representation,
indicating the presence of multiple formation timescales.
The extracted exciton densities are shown in Figure 2c)
along with the tri-exponential fit. For comparison, a bi-
exponential fit is also included, highlighting the necessity
of incorporating both fast and slow rise components to
fully capture the formation dynamics. The time con-
stants reveal three characteristic regimes:

e a rapid exciton formation process with a time con-
stant in the vicinity of 20 ps,

e a significantly slower formation process with a time
constant around 300 ps,

e and a subsequent population decay with a time con-
stant of about 1.5 ns.

A comparison of the results for the three different op-
tical excitation energies of 1.445eV (black), 1.468eV
(red), and 1.478 eV (blue) reveals a strikingly similar re-
sponse. This suggests that the observed exciton forma-
tion dynamics are characteristic of nonresonant excita-
tion conditions that are not too high in energy above
the exciton resonance. The corresponding excess ener-
gies relative to the 1s exciton state are 14 meV, 37 meV,
and 47meV, respectively. Notably, the excess energy of
37meV (1.468 eV excitation energy) is close to the optical
phonon energy in (Ga,In)As of approximately 36 meV.
Several theoretical works have proposed that exciton for-
mation could be particularly efficient when the carrier ex-
cess energy matches the longitudinal optical (LO) phonon
energy, as LO-phonon emission may provide an efficient
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FIG. 2. Pump-induced change of the absorption AaL a) and real part of the dielectric function b) for delays of 3 ps (top) and
600 ps (bottom). The corresponding fits are shown as colored lines. The different contributions of free and bound electron-hole
pairs are indicated for a delay of 600 ps. ¢) shows the normalized exciton densities with bi-exponential and tri-exponential fits
for the different excitation energies for the first sample while d) shows the normalized exciton density for the control sample.

channel for energy relaxation and exciton binding [29-
32]. However, in our experiments we do not find any
clear evidence of enhanced exciton formation efficiency
when the excitation excess energy coincides with the op-
tical phonon energy. This observation is consistent with
other experimental reports that found no correlation be-
tween exciton formation dynamics and an excess energy
resonant with the LO-phonon energy [7].

The timescales of exciton formation in GaAs-based
quantum structures have been extensively debated, with
reported values ranging from less than 20 ps [6, 7, 9-11]
to several hundred picoseconds [4, 14]. Our results indi-
cate that both timescales coexist: an initial rapid exciton
formation, followed by a slower secondary process. This
dual-process behavior aligns qualitatively with previous
observations by Kaindl et al. in GaAs quantum wells
using OPTP spectroscopy [20, 23]. To assess the robust-
ness of this behavior, we repeated the measurements on
a second (Ga,In)As MQW sample (sample 2), with dif-
ferent indium content and well width. In Figure 2d), we
present data from the second sample excited at an energy
of 1.482 eV (corresponding to an excess energy of 16 meV)

at a comparable photon density. The exciton formation
dynamics in this sample are similar to those observed in
sample 1, indicating that the dual-component formation
process is largely independent of specific structural pa-
rameters, provided the exciton binding energy remains
similar.

Since TRPL remains a common tool to assess exciton
formation dynamics, we compared TRPL and OPTP
measurements directly in Figure 3[4, 13, 33-35]. Un-
der identical excitation conditions (1.458eV, 2.75 - Iy),
the PL signal reaches its maximum at the exciton res-
onance (~ 1.428eV) within the experimental resolution
(~39ps), consistent with previous reports[16]. In con-
trast, the THz response reveals no evidence of a sig-
nificant exciton population immediately after excitation.
Instead, the intraexcitonic absorption at 7.4 meV peaks
only after several hundred picoseconds. This discrepancy
arises as PL emitted at an exciton resonance energy does
not necessarily require a pre-existing population of ex-
citons. As established in prior theoretical and experi-
mental studies [15-17], PL at the exciton resonance can
also originate from a pure electron-hole plasma without
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the formation of Coulomb-bound excitons. In contrast,
THz absorption near 7 meV directly probes intraexcitonic
transitions and thus provides a more definitive measure
of the exciton population. Consequently, PL dynamics
mainly reflect recombination of the entire carrier ensem-
ble, while THz spectroscopy captures the actual build-
up of Coulomb-bound excitons. As a result, the pho-
toluminescence dynamics exhibit a much stronger cor-
relation with the plasma dynamics of the OPTP spec-
troscopy than with its exciton formation process. This
is illustrated in Figure 3c), where the temporal evolution
of the electron—hole plasma extracted from the OPTP
data is directly compared to the PL from the excitonic
resonance. Apart from an initial PL overshoot caused
by scattered excitation light, both signals exhibit nearly
identical temporal dynamics.

We further explore exciton formation for systemat-
ically varied excitation densities using OPTP spec-
troscopy, since charge-carrier dynamics are highly
density-dependent [21, 36, 37]. Figure 4 presents the
pump-induced change in absorption, AaL, and the real
part of the dielectric function for a pump energy of
1.468 eV at three different photon densities. While the
overall spectral features of the THz response remain qual-
itatively similar across excitation densities, increasing
the carrier density leads to markedly broader intraex-
citonic absorption peaks and flatter dielectric function
profiles [c.f. Figure 4 a)]. These trends are consistent
with enhanced carrier—carrier scattering in a denser en-
vironment [27, 38]. The Drude-like plasma response in-
creasingly overlaps with the spectral range of intraexci-
tonic transitions for the highest excitation density inves-

tigated (1.08 - 102 photons/cm?). This renders a clear
separation of excitonic and plasma contributions chal-
lenging - even considering the sensitivity of OPTP spec-
troscopy. Consequently, the interpretation of the data
is less unambiguous than for lower excitation densities.
Explicitly, the analysis reveals higher exciton fractions
almost instantaneously after excitation, even after care-
fully restricting the fitting parameters in the Drude-
Lorentz model. For our data, we chose maximum width
Ahom,max of 6meV and a minimum resonance energy
Wres,min Of 4.2meV. The typical homogeneous line width
Apom,max for low excitation densities are 2.5meV and
a broadening by a factor of about 2.4 is considerable.
For the resonance energy wresmin implies a decrease in
exciton binding energy by 53%. We find these barri-
ers to be a sound choice, since they still allow the fits
to be in good agreement with the data while inhibit-
ing any pathological values. Similarly to our results at
higher excitation densities, evidence for an almost instan-
taneous emergence of a significant exciton population em-
bedded within the broad Drude response has also been
reported in the literature using OPTP spectroscopy in
GaAs-based quantum structures[20, 23]. However, while
they report a quasi-instantaneous formation of a 40%
exciton population directly after nonresonant excitation,
we only observe such a quasi-instantaneous formation for
higher excitation densities of 5.3 - Iy. For lower excita-
tion densities, our data reveal a finite formation time of
tens of picoseconds before reaching comparable exciton
fractions. Consequently, at lower excitation densities, it
takes approximately 30 ps for the exciton population to
build up to levels similar to the “quasi-instantaneous”
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FIG. 4. a) Experimental THz-probe response after optical
excitation at 1.468eV for photon densities of Ip, 2 - Iy, and
5.3 - Ip. The left column depicts the change in absorption
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excitation energy of 1.468eV. The colored circles represent
the exciton density from the Drude-Lorentz fits while the solid
lines correspond to triexponential fits.

exciton population observed at higher excitation densi-
ties. This abrupt transition from a fast exciton forma-
tion to a quasi-instantaneous exciton formation at a spe-
cific excitation density prompts several inquiries. First,
what physical mechanism emerging above a certain car-
rier density could enable such an apparently instanta-
neous exciton formation that is absent at lower densities?
Second, does this behavior represent a genuine physi-
cal process, or is it an artifact arising from the increas-
ingly complex separation of excitonic and electron—hole
plasma responses at high excitation densities? To vali-
date the latter, a new method is required to disentangle
the contributions of the Drude-like plasma response and
the lorentzian intraexcitonic transition. One way to en-
sure a pure electron-hole plasma is to ionize the excitons
by sufficiently strong THz fields [39-41].

Tuning the pump pulse resonantly to the 1s exciton ab-
sorption line allows for the direct generation of a pure ex-
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FIG. 5. AaL of sample 2 after resonant excitation for differ-
ent field strengths of the probing THz pulse.

citon population. This bypasses the Drude-like response
of an electron-hole plasma, provided that the pump den-
sity is sufficiently below the Mott density [37]. In Fig-
ure 5 we monitor the pump-induced change of absorption
of sample 2 for various THz field strengths. At low THz
probe field strengths, we observe a clean Lorentzian re-
sponse characteristic of a Coulomb-bound exciton popu-
lation. As the THz field increases, the spectrum broad-
ens and develops a Drude-like component below 4 meV,
indicating the coexistence of unbound carriers. At the
highest applied field of 3577 V/em, the response is purely
Drude-like, signaling complete ionization of the exciton
population. These observations demonstrate that by tun-
ing the THz probe field strength, we can effectively switch
between a predominantly excitonic system and a pure
electron—hole plasma.

Using this approach, we investigate exciton formation dy-
namics under nonresonant excitation by comparing the
sample response under weak and strong THz probe fields.
In Figure 6a), a weak THz field of ~238V/em yields an
initial Drude-like response at 3 ps, which evolves into a
Lorentzian profile at later times—indicative of exciton
formation out of the electron-hole plasma. In contrast,
Figure 6b) shows the response under identical excita-
tion conditions but for a strong THz field of ~3577,V/cm.
Here, although the early-time response is again Drude-
like, no Lorentzian feature emerges at later delays be-
cause of efficient exciton ionization by the strong THz
field. However, a gradual reduction in the Drude re-
sponse reflects ongoing radiative and non-radiative car-
rier recombination. To isolate the excitonic contribution,
we subtract the strong-field response from the weak-field
response. This procedure removes the response of a pure
electron—hole plasma from the total response of the sam-
ple, which may contain both exciton and plasma con-
tributions. This effectively separates out the exciton
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FIG. 6. Pump-induced change of the absorption AaL for a photon density of 5.4-Ip and a probing field strength of a) 238 V/cm
and b) 3577V /cm. c¢) Temporal evolution of the differential response between the two probing field strengths.

dynamics. In the absence of excitons, this subtraction
would ideally yield a flat zero line, as the two plasma
responses cancel each other. However, in practice, the
strong THz field slightly perturbs the carrier distribu-
tion, leading to modifications of the carriers’ effective
mass. This results in a slightly stronger THz absorp-
tion especially at lower energies, arising from an en-
hanced plasma response when probing with strong THz
pulses. In contrast, when excitons are present, sub-
tracting the strong-field spectrum removes the Drude-
like plasma background and unveils a more distinct in-
traexcitonic resonance. In addition, a negative differen-
tial absorption emerges at low energies. This negative
signal occurs because the strong THz field ionizes ex-
citons, thereby increasing the density of unbound car-
riers which amplifies the plasma response. Subtracting
this stronger plasma contribution from the weak-field
spectrum results in a net negative differential signal in
the corresponding spectral region. This behavior is il-
lustrated across all time delays in Figure 6 ¢). Imme-
diately after excitation, the differential absorption sig-
nal between 4.1 and 9.3 meV is essentially zero, indicat-
ing the absence of a Coulomb-bound exciton population.
This directly rules out any instantaneous exciton forma-
tion. At lower energies, a weak negative signal is already
present at early delays. This is attributed to the strong
THz field slightly perturbing the carrier momentum dis-
tribution, thereby modifying the slope of the Drude re-
sponse and leading to small deviations from perfect can-
cellation in the subtraction. With increasing time delay,
a Lorentzian-shaped absorption feature emerges in the
5-9meV range which is characteristic of the intraexci-
tonic 1s—2p transition. Simultaneously, the plasma re-
sponse below ~2.5meV becomes increasingly negative.
This trend is expected: the strong THz field ionizes the
growing exciton population, thereby increasing the den-
sity of unbound carriers and enhancing the Drude-like
plasma response. The resulting negative differential sig-
nal reflects this excess plasma contribution. To quanti-
tatively assess exciton formation using this method, we
integrate the differential THz absorption in the spectral
window from 4.1 to 9.3 meV, where intraexcitonic tran-

sitions dominate. Since the Drude background has been
effectively removed, this integration yields a direct mea-
sure of the exciton oscillator strength at each time delay.
Figure 7 shows the normalized exciton oscillator strength
as a function of time for various excitation densities. In-
terestingly, the data cannot be well-described by a simple
biexponential model, similar to our earlier observations.
Instead, we apply a triexponential fit to extract forma-
tion and decay timescales. In stark contrast to the appar-
ent density dependence observed in conventional OPTP
data (cf. Figure 4), the formation dynamics revealed by
this differential method are largely independent of exci-
tation density. Across all conditions, we identify three
robust timescales: a fast component around ~10ps, a
slower build up around ~250 ps, and a density-dependent
decay between 1 and 2ns. These timescales are consis-
tent with those extracted at lower densities with con-
ventional OPTP and provide no evidence for a quasi-
instantaneous formation process. Our high-temporal-
resolution data thus challenge previous claims of ultra-
fast or quasi-instantaneous exciton formation. Instead,
our results support a continuous, multi-timescale for-
mation process that remains largely density-independent
across the order of magnitude variation in excitation den-
sity explored here. It is well established that at very
low excitation densities, exciton formation proceeds more
slowly, consistent with reduced carrier—carrier and car-
rier—phonon scattering rates [21]. Conversely, as the ex-
citation density approaches the Mott transition, exciton
formation is suppressed. These observations indicate the
existence of an intermediate density regime—such as the
one investigated here—where exciton formation occurs
on comparable, largely density-independent timescales.

Within this intermediate regime, the slow exciton forma-
tion process on timescales around ~250,ps, as observed
in numerous experimental OPTP studies for different
semiconductor systems [19-23], can be consistently at-
tributed to the well-established phonon-assisted exciton
formation mechanism. In this process, incoherent elec-
tron—hole pairs relax into 1s excitons through acoustic-
phonon scattering, as described in various microscopic
and kinetic models [18, 30, 32, 36, 42, 43]. The resulting



formation times of hundreds of picoseconds reflect the
weak coupling strength of acoustic phonons and the re-
quirement of energy dissipation for a high conversion of
correlations into exciton populations.

The existence of an additional, much faster formation
component on ~10ps timescales raises questions about
its microscopic origin. While interactions with LO
phonons have often been invoked as a rapid and efficient
exciton formation mechanism [29-32, 44], this explana-
tion appears inconsistent with our observations. The
fast component shows no dependence on excitation ex-
cess energy, and LO-phonon emission is energetically for-
bidden for excitation close to the band edge, yet rapid
exciton formation persists even under these conditions.
We therefore attribute the observed ~10ps formation
dynamics to a geminate-like exciton formation channel
[30, 45], in which part of the initial Coulomb corre-
lation between electrons and holes is preserved imme-
diately after photoexcitation. Following initial carrier
thermalization, a mixed ensemble of uncorrelated car-
riers and correlated electron—hole pairs coexists. The
correlated pairs can evolve into an incoherent exciton
population on picosecond timescales through Coulomb-
mediated scattering, while the majority of carriers must
first build up correlations and subsequently form excitons
via the slower phonon-assisted pathway. This picture is
consistent with the microscopic theory of exciton forma-
tion, in which exciton populations emerge from the de-
cay of coherent interband polarizations through Coulomb
and carrier-phonon interactions [18, 32, 43]. Although
pure Coulomb coupling conserves the total energy of the
plasma, higher-order Coulomb scattering processes en-
able energy redistribution among charge carriers. In such
events, the binding energy of one correlated pair can be
transferred to other electrons or holes, allowing a lim-
ited fraction of pairs to relax into Coulomb-bound ex-
citonic states without lattice coupling. Moreover, exci-
tons with large center-of-mass momenta can form even
without significant energy loss, since their kinetic energy
largely compensates the exciton binding energy. These
considerations make a correlation-preserving, Coulomb-
driven formation channel on a 10 ps timescale physically
plausible. Further support for this interpretation comes
from the absence of the rapid formation component in
indirect-gap semiconductors such as Si [19], Ge [21], and
Ge quantum wells [46]. In these materials, strong inter-
valley phonon scattering transfers charge carriers from
the I'-valley to side valleys during or shortly after excita-
tion [47-49]. This intervalley transfer destroys the initial
electron—hole Coulomb correlations that would otherwise
support the geminate-like channel. As a result, only the
slow, phonon-assisted exciton formation on the hundreds-
of-picoseconds timescale remains observable.

The key insight provided by our method is that conven-
tional OPTP spectroscopy alone, particularly at higher
carrier densities, struggles to distinguish reliably between
exciton and plasma contributions. In our case, this al-
ways leads to an overestimation of the exciton compo-

nents, especially at early times. We assume that this
overestimation of the exciton fraction with conventional
OPTP spectroscopy has led to misinterpretation of the
underlying dynamics [20, 28]. By eliminating the am-
biguity between plasma and exciton responses, our ap-
proach provides a consistent and accurate framework for
studying exciton formation. It reconciles previously con-
flicting results in the literature and offers a unified pic-
ture of many-body dynamics in GaAs-based quantum
well structures across a broad range of excitation con-
ditions.
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FIG. 7. Normalized oscillator strength for the intraexcitonic
transition integrated from 4.1-9.3 meV for four excitation den-
sities.

IV. CONCLUSION

We investigated the THz response of (Ga,In)As/GaAs
multiple quantum wells following nonresonant optical ex-
citation. Immediately after excitation, the system ex-
hibits a characteristic Drude-like response from an un-
bound electron—hole plasma, which gradually evolves into
a finite 1s exciton population. Exciton formation pro-
ceeds on two distinct timescales: a fast component within
the first few tens of picoseconds and a slower phase
extending over several hundred picoseconds. Interest-
ingly, while conventional analyses suggest a strong de-
pendence of these timescales on excitation density, our
refined methodology reveals that exciton formation dy-
namics are rather independent of both the excitation
density and excess energy within the investigated range.
This conclusion is enabled by our new approach that sys-
tematically compares THz responses at weak and strong
probe field strengths. By exploiting field-induced exciton
ionization, we isolate the pure excitonic signal from the
overlapping plasma background, even at higher excita-
tion densities where traditional analysis struggles. Our
results resolve longstanding ambiguities in the interpre-



tation of time-resolved THz spectroscopy and establish
a robust, broadly applicable framework for disentangling
exciton and plasma dynamics. This methodology offers
clear insight into the intrinsic exciton formation process
and is broadly applicable to the study of ultrafast many-
body phenomena in semiconductor quantum structures.
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