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Kurzfassung

Gegenstand der vorliegenden Arbeit ist die Untersuchung der Photoluminenzenzdynamik
von Halbleiter-Quantentopfen (Quantum Wells), die durch Anregung von Intraband-
Ubergéingen mittels resonanter Laserpulse im mittleren Infrarot- und Terahertz-Spektral-
bereich verandert wird. Diese Zweifarbenexperimente wurden mit Hilfe eines optischen
Aufbaus fiir zeitaufgeloste Photolumineszenzspektroskopie am Grofigerat Freie-Elektronen
Laser FELBE am Helmholtz-Zentrum Dresden-Rossendorf realisiert. Zeitlich verzogert
zur gepulsten optischen Anregung iiber die Bandliicke wurden Intersubband- oder Intra-
exziton-Ubergiinge in den Quantum Wells resonant angeregt. Die dadurch erreichte
Ladungstragerumverteilung zeigt sich in einer deutlichen Verringerung der Photolumi-
neszenzintensitiat zum Zeitpunkt des zweiten Anregepulses, die im Folgenden als Photo-

lumineszenz-Quenching bezeichnet wird.

Zunachst wird die Stérke des Photolumineszenz-Quenchings in Abhéngigkeit der Po-
larisationsrichtung des midinfraroten Laserstrahls ausgewertet. Wahrend die Absorption
durch freie Ladungstriager fiir beide Polarisationsrichtungen nachweisbar ist, wird ex-
perimentell gezeigt, dass Intersubbandabsorption nur moglich ist, wenn ein Anteil der

anregenden Strahlung senkrecht zur Quantum-Well-Ebene polarisiert ist.

Das Photolumineszenzsignal ist iiberwiegend an der energetischen Position der 1s-
Exzitonresonanz unterhalb der Bandkante messbar. Die intraexzitonischen Ubergangs—
energien in Quantum Wells liegen typischerweise im Terahertzbereich. Unter intraexzi-
tonischer 1s-2p Anregung erscheint auch auf dieser Energieskala ein abrupter Inten-
sitatsverlust in der langsam abklingenden Photolumineszenztransiente. Erstmalig wurde
im Photolumineszenzspektrum bei hoheren Energien im Abstand der Terahertz-Photonen-
energie ein zusatzliches 2s-Photolumineszenzsignal detektiert. Eine detaillierte theoretis-
che Beschreibung dieses Problems durch unsere Kooperationspartner Koch et al. von
der Phillips-Universitdt Marburg zeigt, dass unter intraexzitonischer 1s-2p Anregung
eine effiziente Coulombstreuung zwischen den nahezu entarteten exzitonischen 2p- und
2s-Zustanden stattfindet. Wahrend der 2p-Zustand optisch dunkel ist, kann die 2s-
Population strahlend rekombinieren, was zu dem besagten 2s-Photolumineszenzsignal
fithrt. Die Zeitkonstanten der untersuchten Ladungstragerdynamik werden durch ein

phanomenologisches Modell bestimmt, das die experimentellen Kurven sehr gut abbildet.



v

Es wird ein Ratengleichungsmodell eingefiihrt, bei dem die involvierten Zustande auf
optisch helle und optisch dunkle Besetzungsdichten reduziert werden.

Dartiber hinaus werden mit einem modifizierten Versuchsaufbau die Terahertz-indu-
zierten Photolumineszenzsignaturen von Magnetoexzitonen untersucht. Die Starke des 1s-
Photolumineszenz-Quenchings andert sich dabei entsprechend der magnetoexzitonischen
Ubergénge, die im betrachteten Feldstarkebereich zwischen 0T und 7T liegen. Fir Mag-
netfelder grofler als 3T sind keine 2s-Photolumineszenzsignale mehr messbar, da durch

das externe magnetische Feld die Entartung der 2p- und 2s-Zustande aufgehoben wird.
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1 Introduction

Optical properties of matter are of high scientific interest in fundamental and applied
research. Particularly, the electromagnetic response of semiconductors has become a mul-
tifaceted research field of continuously growing importance. In the past decades, there
was a great development on the fundamental and the technical aspects of spectroscopy.
Today, tailored nanostructures can be grown with atomic precision and time-resolved spec-
troscopy is established from the terahertz to the ultraviolet spectral range corresponding
to the wavelength region between 1 mm and 100 nm, respectively.

Semiconductor quantum-well heterostructures are semiconductor layers with several
nanometer thickness which are embedded in a different semiconductor material featuring
a larger band gap. In order to avoid strain effects and dislocations, the lattice constants
of the materials are typically very similar. If the layer thickness reaches nanometer scale,
quantum size effects result in modified optical properties and the semiconductor charac-
teristics become size dependent, see e.g., [Bal00]. The new feature of the one-dimensional
quantum well potential is the formation of discrete states in the conduction and va-
lence bands, so-called subbands. For many semiconductor materials, interband transitions
across the bandgap cover the spectral region between 0.4 pm (GaN) and 5.3 pm (InSb)
[Vur(O1] that corresponds to energies in the order of 1eV. Another energy scale is covered
by the excitation of intersubband transitions where the initial and the final states belong
to the same band. For semiconductor quantum wells, the intersubband transitions are
typically in the infrared spectral region between 2.5 pm and 250 pm that corresponds to en-
ergies between 500 meV and 5 meV. First investigations of strong intersubband absorption
were performed in 1985 on highly doped GaAs/AlGaAs multiple quantum wells [Wes85].
Mechanisms that influence intersubband relaxation in quantum wells are interesting con-
cerning the fundamental physics involved and possible device applications. The first
observation of intersubband luminescence from a GaAs/AlGaAs superlattice was shown
in a resonant-tunneling experiment [Hel89]. Since the 1990s, intersubband transitions de-
termine the functionality of unipolar devices based on heterostructures like quantum well
infrared photodetectors (QWIPs) [Sch06a] and quantum cascade lasers (QCLs) [Fai94].

After optical excitation across the band gap, one electron and one hole can form a quasi-
particle that exhibits a hydrogen-like spectrum of discrete states close to the fundamental

band gap. Those neutral electron-hole pairs with finite lifetimes are known as excitons
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with eigenstates that are labeled with a principal quantum number n = 1,2,3,... and an
orbital quantum number ¢ =0,1,2,... (s,p,d,...). In typical semiconductors, the effec-
tive electron and hole masses and the permittivity of the material lead to exciton binding
energies in the terahertz range which is about 1000 times weaker than the Rydberg en-
ergy (1Ry = 13.6eV) of a hydrogen atom. Note that the frequency 1 THz = 102 Hz
corresponds to an energy of 4.1 meV. Due to these low binding energies, excitonic effects
are enhanced at low temperatures. The intraexcitonic transition follow the same selec-
tion rules as the dipole transitions in hydrogen atoms. In the past decades, an enormous
amount of publications focused on the exciton topic as these pair states have a strong
influence on the optical properties of semiconductors [Kirl1]. While many results of the
unique exciton characteristics have been published, even fundamental questions like the
exciton formation time are subject of large controversies [Kum96, [Szc04, [Koc06]. The
dynamical processes of excitons are of particular interest as they determine the speed of
devices that are based on excitons in quantum wells.

Radiative interband recombination after optical excitation is called photoluminescence
(PL) and is one possibility to induce light emission from a semiconductor material. PL
spectroscopy is a well established method and provides fundamental physics information
about the sample. In the experiment, light is focused on the sample and the emitted PL
emission is spectrally resolved and sent to a detector. Because of the small momentum
of the photon, PL measurements are only sensitive to low-momentum states and not
suitable to give a universal picture of the exciton dynamics in the system under study. The
excitons with finite momentum do not contribute to the PL intensity due to momentum
conservation rules, i.e., they are in optically dark states and need to scatter before they
can recombine radiatively [Koc06]. Using a pulsed laser source, the transient behavior
of the characteristic spectral PL lines is determined by the energetic properties and the
dynamical processes of the involved carrier populations. It has been shown that the
transient PL signal is strongly influenced by the underlying exciton dynamics even for
a negligible excitonic population [Cha03, [Hoy05]. Enhanced carrier confinement in a
quantum well can be achieved by externally applied fields. It has been found that the
combination of PL measurements with electric [Men82l [(Qui92| or magnetic fields [Sak85|
Cer96] modify the emitted radiation and are powerful tools to approach the characteristics
of quasi zero-dimensional states.

The purpose of this thesis is the characterization of the relaxation dynamics in pho-
toexcited semiconductor quantum wells by addressing internal transitions that involve
optically active and dark excitonic states. A unique experimental technique is established
to perform two-color time-resolved PL spectroscopy, where the detection of the transient
PL spectra is combined with selective optical excitation processes within the bound states

of the quantum well. Optical pulses excite carriers across the band gap while temporally



delayed mid-infrared or terahertz laser pulses excite intersubband transitions, intraexci-
tonic transitions or transitions within magnetoexcitons, respectively. All the experiments
have been performed in the optical labs at the Helmholtz-Zentrum Dresden-Rossendorf
with direct access to the beam line of the tunable free-electron laser FELBE. This intense
narrowband light source runs in continuous pulsing mode and is suitable for the syn-
chronization with table-top lasers. Results are presented that have been taken on three
undoped high-quality quantum well samples that differ by composition and quantum well
width. Both, intersubband and intraexcitonic excitation, result in a transient quenching
of the PL intensity on a 100 ps time scale starting at the arrival time of the free-electron
laser pulse. With a polarization dependent study of the induced dip, free-carrier heating
and intersubband transitions are identified as two competing processes that occur under
irradiation with resonant mid-infrared laser pulses.

Under resonant intraexcitonic 1s-to-2p excitation, a quenching of the excitonic 1s PL
is observed, which is accompanied by an enhanced PL emission from the 2s state clearly
separated from the 1s PL emission by the photon energy of the THz pulse. This first
observation of radiative 2s PL signal is an unexpected effect as the direct 1s-to-2s excita-
tion is dipole forbidden. The experimental observations are found to be well explained by
a microscopic many-body theory developed by our collaborators S. Koch et al. from the
Philipps-Universitat of Marburg. With this theoretical approach, the terahertz-induced
2s PL signature is identified as Coulomb mediated state mixing revealing energetic prop-
erties unique to excitons. In a second part of the resonant terahertz excitation exper-
iment, the induced PL features from magnetically confined excitons in quantum wells
are investigated. In the modified set up, the GaAs quantum well sample is placed in
a magnetooptical cryostat which can generate a magnetic field up to 7T. With the in-
crease of the magnetic field, the lifting of the 2s and 2p state degeneracy and the involved
reduction of the scattering rate is evidenced by the continuous shrinkage of the 2s PL
emission strength. By changing the photon energy of the exciting THz pulse, the exciton
energy shift is tracked, which is caused by the magnetic field. The observed results show
the increase of the energy separation between the excitonic ground and excited state and
are compared with calculated transition energies in the magnetic field range between 0T
and 3T. Additionally, time constants of the carrier dynamics are determined with a phe-
nomenological model based on rate equations that reproduces accurately the experimental
curves. In case of the intraexcitonic transitions, we show that the derived functions are
also predicted by the theoretical model under certain presumptions.

In summary, internal transitions between subbands and excitonic states in semicon-
ductor quantum wells have been investigated via the change of the photoluminescence
dynamics under resonant short pulse excitation with photon energies in the mid-infrared

and terahertz spectral range.






2 Spectroscopy of semiconductor

quantum wells

In this chapter, photoluminescence spectroscopy of semiconductor quantum wells is intro-
duced. In particular, quantum well fundamentals and optical selection rules are discussed
that strongly influence the emission spectra. After optical excitation, free electrons and
holes can bind via Coulomb interaction and form excitons. These quasi-particles have
different characteristics and the excitonic effects are enhanced in low-dimensional struc-
tures. In a last part, the basic characteristics and the induced modification of the energy

spectrum by an externally applied magnetic field are introduced.

2.1 Quantum well fundamentals

Optical properties of a bulk material typically do not depend on the size of the studied
sample. However, if it comes to nanoscale dimensions, quantum confinement effects play
a major role and dominate the spectrum. Nanoscale systems can be classified according
to their dimensionality resulting in reduced degrees of freedom of the carrier motion.
Typical examples are quantum wells (2D), quantum wires (1D), and quantum dots (0D).
The dimensionality changes the linear and nonlinear optical characteristics of a material.

A quantum well is an epitaxially grown heterostucture that consists of a thin layer of
a semiconductor material between two layers of another semiconductor with larger band
gap. Tailored materials have similar lattice constants in order to avoid strain and defects
during the growth process. With techniques like molecular beam epitaxy, thin layers can
be grown with high precision resulting in rectangular shaped quantum well potentials.
Typical examples are GaAs/Al,Ga;_,As quantum wells, where the valence band offset
and the conduction band offset vary with the Al doping concentration z, 0 < z < 1. The
individual layers are only few atomic layers thick, which results in quantum well widths
of typically less than 10nm. The carriers can move freely in the z,y-layer plane while in
the growth direction z, electrons and holes occupy confined states in the conduction and
valence band, respectively. The number of confined states and their eigenenergy depend

on the conduction and valence band offset, the effective mass, and the layer thickness.
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Figure 2.1: (a) Conduction (c.b.) and valence band (v.b.) profile in a 2-1-2 heterostructure.
The sharp band-gap discontinuity between well (1) and barrier (2) materials
forms a quantum well with band gap £,;. The labels F; and E, indicate the
energy of two confined states in the conduction band. (b) The 2D density of
states p(E). The dotted line shows the 3D scenario for comparison. (c¢) Band-
structure of the quantum well in momentum space at the I'-point. Possible
optical transitions are intrasubband transitions (A), intersubband transitions
(B), and interband transitions (C).

In order to increase the signal strength, multiple periods are grown. In Figure (a),
the conduction and valence band profiles in a heterostructure are shown for the case
where electrons and holes are confined in the same material layer. The sharp band-gap
discontinuity between the well and barrier materials forms a one-dimensional potential well
V' (2) where the electrons and holes occupy quantized states. The continuous conduction
band is now divided into subbands which effectively changes the band gap of the material,
which can be seen in Figure [2.1(b). In quantum wells, the barriers are much thicker than
the penetration depth of the wave function into the barriers. In contrast, superlattices
are systems with consecutive wells and thin barriers where the wavefunctions of different

wells interact and form so-called minibands.

According to Bloch’s theorem, the total wave function ¢ (r) of an electron in a crystal
can be expressed as the product of a lattice-periodic Bloch function u(r) and an envelope
function f o e*T, where r = (r,,r,,7.) and k = (k;, k,, k,) are the position of the
electron and its wave vector, respectively [Bal00]. In case of a quantum well, the total

wave function can be written as

P(r) = w(r) fux(r) (2.1)

where v and n are the band index and the subband index, respectively. The envelope

function varies slowly over the dimension of the quantum well. The motion in the z,y-
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plane is free and the electron wave functions can be described by plane waves. The

quantum confined part of the wave function is denoted by x,(z). It can be separated as

Fak(r) = ™y (2) (2.2)

with the in-plane momentum k, = (k,, k,) and the in-plane position r, = (r,,7,) of the
electron. These subbands result in a staircase density of states, see Figure 2.1(b). In
momentum space, see Figure (c), carriers occupy parabolic bands which are shifted in
energy. The total energy E of the system is the sum of the energy F,, of the nth subband
and the kinetic energy h*k% /2m, of the electron, where m, is the effective electron mass

and h = h/2m denotes the reduced Planck constant, i.e.,

h2k;

FE=F,
+ 2me,

(2.3)

The band bending for holes differs from that of the electrons due to their huge effective
mass. Because of the spin-orbit interaction and the interaction with the lattice, the
degenerated states of the valence band intermix and split at the I'-point. The resulting
heavy hole (hh) and light hole (Ih) bands are sketched in Figure 2.1(c). Through the
band structure of the semiconductor, the conduction band minimum is s-like with orbital
angular momentum L = 0 and the valence band maximum is p-like with L = 1. Together
with the spin S = 1/2, the radiative recombination across the band gap is characterized by
a change of the total angular momentum J = S+ L. In Figure (c), the states are labeled

with the z-component of the total angular momentum J, = m;h, where —j < m; < j.

2.2 Optical properties

The red arrows in Figure (c) indicate possible optical absorption processes in a quantum
well. In the case of intrasubband transitions (denoted by A), the carriers are excited
within the same subband that requires a momentum change. Details on the free-carrier
absorption process are given below. Intersubband transition (B) means that the carriers
are excited between subbands of the same band. In interband transitions (C), the carriers
are excited between subbands of the valence band to subbands in the conduction band.
In the case of a direct band gap material, such as GaAs, these absorption processes occur

without changing the momentum, i.e., vertical in k-space.
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Free-carrier absorption

Free-carrier absorption is an intraband process, where freely moving carriers are excited to
a higher energy state within the same band. The energy increases through the absorption
of a photon, while the required momentum change is assisted by phonon scattering. For
free-carrier absorption, the number of carriers does not increase but the conductivity
changes because of a change in mobility. The process can be described in terms of the
Drude model that is based on the classical equations of motion of an electron in an
oscillating electric field. The complex conductivity &(w) in the Drude expression for free

carriers yields

ner 1

G(w) = : (2.4)

me 1 —iwT

where n, is the electron density, m,. is the effective electron mass, and 7 the scattering

time [Bal00]. The real part Re(w) = oy of the Drude conductivity is

, (2.5)

o1(w) =0)——
1) 01+ (wT)?
where 0y = ne?r/m, is the Drude direct-current conductivity for w = 0. The absorption
coefficient a(w) satisfies the equation I(z) = Iye *®)? where I(z) is the light intensity
after travelling a distance z in a crystal as compared with the incident intensity I,.
Generally, it can be expressed as
_ 2uny(w) | wes(w)

alw) = = , (2.6)

c cng(w)

[Bal00], where ny(w) is the imaginary part of the refractive index n(w) = ny(w) + ina(w).

Using the relation for the complex dielectric function &(w) = &1 (w) + iea(w) , given by

(2.7)

[Bal00], the electron plasma frequency wp is defined as €;(wp) = 0. For semiconductors,
the typical range of interest is the high-frequency region, wr > 1, corresponding to the
infrared and ultraviolet regimes, where the relation w > wp is generally satisfied. In
these cases, the absorption coefficient a(w) for free-carrier absorption in semiconductors

is proportional to the real part of the Drude conductivity given in Equation ([2.5)),
a(w) x Red(w) oc w™? | (2.8)

and increases strongly for long wavelengths.
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Optical selection rules

In case of intersubband (B) and interband transitions (C), the photon absorption induces
a transition from an occupied state to an unoccupied state of another band or subband.
These processes require a quantum mechanical description. The optical selection rules
of intersubband and interband transitions are derived in detail in [Bas88, [Hel00), Bal00].
Following the ideas explained in these references, the transition rate W;; for an optical
transition between initial F; and final state E; induced by the time-dependent perturba-

tion H' can be calculated using Fermi’s golden rule,

2
Wip = == (|| ) 6(By — Ei — w) . (2:9)

where §(E; — E; — hw) is the energy conservation term. The canonical momentum p =
—1hV of a particle is changed by an electromagnetic field to p —¢A, where ¢ is the charge
and A the vector potential. For the case of an electron with charge —e and effective mass

m. moving in a potential V. (r), the Hamiltonian H is given by

1

H = e (p+ eA)? + V,(r) (2.10)
= Ho+H' (2.11)
e e2 A2
h H = A+ A 2.12
where So(p A+ A-p)+ T (212

is the light-matter interaction Hamiltonian. The second-order term is neglected as A*

can be shown to be small at low intensities. Using the Coulomb gauge, V - A = 0, allows
A to commute with p, and simplifies Equation (2.12)) to

H="S"p A . (2.13)
Me

In the dipole approximation, A(r,t) ~ A(t), the vector potential A(t) = e Agsinwt varies
like the electric field E and the magnetic field B of the light wave, where e = (e, ey, €;)
is the polarization of the light field. The problem given in Equation (2.9)) reduces to

|(i |e - p| f)° and can be rewritten as the sum of two terms [Bas8g],

|<Z |e ’ pl f>‘2 = <ul/ |e ' p| uu’> <fn|fn’> + <Uu|uv’> <f'rL |e ’ p| fn’> : (214)

The momentum matrix element (u, |e - p|u,/) describes the interband transition between
valence and conduction band, where the (f,/|f,) defines the interband selection rules. In

symmetric quantum wells, the interband selection rules between conduction and valence



10 2 Spectroscopy of semiconductor quantum wells

band are determined by
An =0, £2, +4, ... | (2.15)

where transitions between states with equal subband index n are most probable [Pell2].

The second term of Equation (2.14), (f,. |e - p| fu'), representing the intersubband tran-
sitions exists only within the same band v because of the orthogonality term (u,|u,/) =

0y, Further evaluation of the dipole matrix element of the envelope function f,x, given
by Equation (2.2)) leads to

<fnkL |e : Pl fn’k’l> - (ez hkx + ey hky) 5’rm’5kLk’L + €. <Xn|pz|Xn’> 5kLk’l . (216>

The first term accounts for intrasubband transitions within the same subband n under
the restriction k; = k’|, where the initial and final state are the same. The second
term implies that the optical pulse for intersubband transition has to be polarized in the
quantum well plane z for an efficient coupling to the free motion of the carriers, where

only vertical optical transitions in momentum space are possible.

2.3 Excitons

The properties of electron-hole plasma are closely related to the existence of an excitonic
population. Under certain conditions, excitons can form from free electrons and holes
after optical excitation across the band gap . An exciton is a quasi-particle with bosonic
characteristics comparable to a hydrogen atom. Before deriving the properties of an
exciton, the basic equations for a hydrogen atom are recalled. In a second step, the
quantities are rescaled according to the different ratio of the electron and hole effective
masses of the exciton and the permittivity ¢ = €, ¢y of the medium with the vacuum
permittivity eg &~ 8.85 x 10712 C2 N~1m2).

The hydrogen atom consists of a proton and a light electron that circulates around that
heavy nucleus. The nucleus can be assumed to be at rest, which reduces the problem to
the electron’s motion in a spherically symmetric potential
1 é?

Vi(r)= "It (2.17)
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where r is the distance to the nucleus. For symmetry reasons, the Schrodinger equation

for the hydrogen atom,

~

Hy = E¢ | (2.18)
(— h v2+V(r))w = By, (2.19)

2m0

is solved by searching solutions of the type ¥(r, 0, ¢) = R(r)O(68)P(¢) in spherical coordi-
nates r, 6, ¢. The solutions to the separated Equations have to obey the constraints
on a wavefunction concerning continuity and normalization and can be found in any quan-
tum mechanics textbook. The final energy eigenfunctions of the hydrogen atom are of
the general form e, = Ru(r)Y,™ (0, ¢) with the radial wave function R,,(r) and the

spherical harmonics Y,™ (0, ¢). The three integer quantum numbers n, ¢, m satisfy
n>{>|m| . (2.20)

Since the lowest possible value of the principal quantum number n is one, the ground
state of the lowest energy state F; is the eigenfunction ;9. Typically, the states of the
neutral excitons are labeled in three-dimensional hydrogenic notation. While the principal
quantum number n denotes the energy level, the orbital angular momentum ¢ indicates
the subshell. It can reach the values ¢ = 0,1,...,n — 1, where ¢ = 0 is the s orbital,
¢ = 1 is the p orbital, and ¢ = 2 is the d orbital. The magnetic quantum number m
indicates the projection of the orbital angular momentum L in z-direction, L, = mh,
where —¢ < m < /.

The allowed orbital radius r,, at any n is

n? h?

e = n*ag , (2.21)

r, = 4meg

where mg is the rest mass of the electron and the smallest possible electron orbit ap is

5.3 x 107" m = 0.53 A, the so called Bohr radius. The energy eigenvalues F,, are given
by

moet 1 Ry

" TREE T

and only depend on the principal quantum number n. The effective Rydberg energy

(2.22)

Ry = 13.6 eV is the ground state energy F; of a hydrogen atom as defined by

mo e

= 2.23
8e2 h? (223)

Ry
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In contrast to the hydrogen atom, the exciton consists of an electron and a hole with
comparable effective electron and hole masses m, and my,. In order to calculate the exciton
radius and the energy, the heavy proton is replaced by the hole. The reduced mass of an
exciton pyx is

Me Mp,
pUx = e (2.24)
which results in a larger orbital radius compared to the hydrogen atom. The permittivity
€ = g, ¢ of the background material reduces the attractive electrostatic force between the
constituents and further increases the exciton radius. With the substitutions my — pux
and €y — €o&,, the allowed orbital radius r, given by Equation changes to the
radius of a free exciton ax,) for any n,
Mo Er o

axm) = i n‘ap . (2.25)

The energy given by Equation ([2.22)) changes to the exciton energy levels Ex )

R
Exgm =——-5—1 (2.26)

mo 2 n?

where the exciton binding energy Ex) = Ex is

Ey=-"%_Ry . (2.27)

mg 2

The Coulomb interaction of an exciton in a semiconductor is up to three orders of magni-
tude less than that of a free-space hydrogen atom, which strongly influences the exciton
stability. As further aspect is that hydrogen atoms are stable, while excitons have char-
acteristic lifetimes in the order of nanoseconds, see e.g., [Suz09]. Thus, the analysis of
excitonic properties and relaxation dynamics is difficult due to the exciton dissociation

and recombination processes.

Excitons can be classified into two groups depending on the permittivity e of the back-
ground material shielding the attractive electrostatic force. Schematic drawings of a
hydrogen atom and possible electron-hole configurations in a perfect lattice are shown
in Figure 2.2 Table lists typical values for comparison. The large-radius Wannier
excitons (b) are typical in semiconductors and have a Bohr radius ax of about 100 A that
is larger than some lattice constants. Frenkel excitons (c¢) with a high binding energy of

1eV and a smaller Bohr radius of 10 A are typical in organic materials.

In the following, the characteristics of Wannier excitons that move freely in a perfect
lattice is considered. The excitons occupy confined states below the band edge £, within
the energy gap. Together with Equation (2.26)), the total energy of the exciton is given
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(a) (b) ()

Figure 2.2: (a) Hydrogen atom in free space (set to scale). A light electron (blue) circulates
around a heavy proton (red). (b)—(c) Schematic drawing of excitons in a
perfect lattice, where the electron circulates around the hole and vice verca.
(b) Wannier exciton and (c) Frenkel exciton.

(a) Hydrogen atom (b) Wannier exciton (c) Frenkel exciton

Ry 13.6eV S5meV leV
radius 0.5A 100 A 10A
Er 1 12.9 (GaAs) 1 (Bchl)

Table 2.1: Comparison of hydrogen atom, Wannier exciton in the typical semiconductor
material GaAs [Rum96], and Frenkel exciton in the organic material bacterio-

chlorophyll (Bchl) [Pse03] [SchOGh].

h2k?

B (k) =E, +E v
(k) = Eg + X(")+2(me+mh)

(2.28)

Figure (a) shows the corresponding in-plane energy dispersion of the 1s, the 2s,
and the 2p excitons lying below the continuum of unbound electron-hole pairs. From the
absorption spectrum, a strong peak is visible at the 1s exciton absorption line. Lines that

arise from excited excitonic states (3s, 4s, ...) merge energetically with the free carrier
emission at the band edge E,, see Figure (b)

In quantum wells with layer thicknesses smaller than the exciton radius, the wave
functions are modified and the exciton binding energy is larger compared to that of bulk

material. The two-dimensional Rydberg energy is
Ry.p = 4 Ry (2.29)

[Bal00], which results in a four times larger separation of the 1s peak from the interband
absorption continuum, see Figure (b) Furthermore, due to the increased binding
energy and the reduced Bohr radius, excitons dominate the optical properties of GaAs

quantum wells even at room temperature [Bal00)].
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1s

Absorption (a.u.)

2s
=
(a) (b) " "

Figure 2.3: (a) The in-plane energy dispersion of the 1s and 2s/2p excitons lying below
the continuum of unbound electron-hole pairs (gray area). (b) Near-infrared
absorption spectrum at the fundamental band edge. The 1s exciton absorption
line is about 10meV below £,. Higher excitonic transitions merge with the
interband absorption continuum. This figure is adapted from [Koc06].

2.4 Exciton Mott transition

In condensed matter, the Mott transition marks the phase change of the material’s elec-
trical conductivity from insulating to metallic. One important example is the breakup
of excitons as a function of induced pair density N. The characteristics of the system
changes from an isolating pure exciton population to a conducting electron-hole plasma
[Kai03, [Kap05, [Amo06, [Ste08]. The different phases of an exciton Mott transition are
shown in Figure 2.4 At the critical Mott density Ny, the screening potential of the free
carriers is strong enough to merge many of the bound electron-hole pairs [Pel12]. Due to
ongoing exciton formation and dissociation processes, there is a transient change of the
ratio between the exciton and electron-hole populations. The actual exciton formation

rate is hard to detect. Under the aspect of carrier density, the interaction potential of the

. ® ® (@)
. .
» ¢ ° (@)
o® | ¢ ©
L ’ (@)
(o] o
o *°O o © -
° o o
(a) Electron-hole plasma (b) Two-phase region (c) Pure exciton gas

Figure 2.4: Different phases of an electron-hole system. This figure is adapted from

[Kai03].
exciton given by Equation (2.17)) can be expressed as

Bpot(r) = ———e™™" | (2.30)
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where k, > 0 is the screening factor. The screening length A\(N) = k; ! decreases with the
number of free electron-hole pairs. Above a critical density, where the average distance
between the excitons is equal the exciton radius, the electron-hole interaction is screened
and bound pairs easily break, see e.g., [Hen07].

The set of PL spectra for a single 8 nm wide Ing o5GaggsAs quantum well sample in
Figure (a) exemplarily shows the gradual change of the spectral shape for increasing
excitation powers measured by [Kap05]. For lowest intensities, a sharp peak at 1482 meV
marks the excitonic transition. At about 1490 meV, the free carrier emission is visible with
a sharp rise on the low-energy side. The exciton binding energy E'x can be read from the
distance between the exciton peak and the band-edge emission. While for a low excitation
density, the spectrum shows excitonic characteristics, broad peaks indicate the transition
to pure plasma for higher densities. Apparently, the spectral shape changes gradually with
the Mott transition. Surprisingly, the maximum emission peak does not shift in energy,
i.e., even a pure electron-hole plasma luminescences at the free-exciton energy E;;. With
increasing electron-hole pair density beyond the Mott density, N > N,;, the band gap
reduces below the given value E,;(0) in the one-electron approximation. Figure (b)
schematically shows the underlying band-gap renormalization E,(N) due to many-body
effects [Kap05, [Pel12, Man12]. The Mott density Nj; marks the intersection of the gap
energy E/(N) and the ground exciton level Ey, [Pell12].

5 /‘_\/k NM

3100 ¢ ]
S,
—
=0

10

Ex.
107k - - - f _
1480 1490 1500 1510 >
'
energy [meV] By, E,(0) E/(N)

(a) Gradual change of PL spectra with increasing ex- (b) The renormalized band gap £ as a func-
citation powers from lower (1.6 x 10° cm™?2) to upper tion of electron-hole pair density N. The
curve (6.2 x 10 em~2). The Figure is taken from gray areas depict the luminescence spectra;
[Kap05]. Copyright (2005) by The American Physical Ny is the Mott density. The Figure is
Society. adapted from [Pel12].

Figure 2.5: Visualization of the gradual Mott transition with increasing pair density N.

From the PL emission energy, it cannot be concluded weather exciton or free carrier
states are populated. However, at low temperatures and for low and intermediate densi-
ties, the 1s PL signal is dominated by excitonic recombination [Koc06, [Hen(7] even though

reported bright exciton fractions are less than 0.04 % compared to the total amount of
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electrons and holes [Cha04]. Both, excitons and free carriers influence the PL line shape.
Even at room temperature, excitonic effects have to be considered to explain the PL line
shape [Chr90].

2.5 Quantum-well-confined magnetoexcitons

It was shown in the previous section that the exciton binding energy strongly increases
in quantum wells with increasing electron-hole confinement, see Equation . In the
following, quantum-well-confined magnetoexcitons are studied under the influence of a
magnetic field that is directed perpendicular to the well layer. The magnetic field acts as
an external perturbation and induces modifications on the excitonic properties and the
energy levels of the system. Through the Lorentz force, electrons and holes localize in
the quantum well layer forming Landau levels. The additional confinement reduces the
degrees of freedom by two. This results in a quasi-zero dimensional system with discrete

energy states.

The Hamiltonian of bound electrons and holes in a quantum well with an externally
applied magnetic field can be written as the sum of the magnetic field modified kinetic
energies H;, the confining quantum well potentials V;(r;), the Coulomb attraction H._p,

and the Zeeman perturbation —p - B,
H:He—i—‘/;(re)—i—Hh—l—Vh(rh)—l—He_h—u-B s (2.31)

where —p is the magnetic moment. The intertwining of Zeeman and Coulomb interac-
tion [Koh54, Luth6] is not considered throughout the present dissertation. For recent
discussion of this topic the reader is referred, e.g., to [Obel2]. The external magnetic
field induces an additional energy to the (n, ¢, m) state. For a weak magnetic field in
z-direction, the Zeeman term can be expressed as o,gup B., where o, is the z-component
of the spin quantum number (o, = +£1/2), g is the Landé g-factor for an electron, and

wup = eh/(2m,) is the Bohr magneton.

The electron, hole, and the Coulomb attraction parts of the Hamiltonian are

1 2
H, = A , 2.32
o (b +eA) (2.32)

1 2
H, = — —eA 2.33
h omy, (Ph € ) ) ( )

1 2

H_, = _c (2.34)

Ame|r. — 1y
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For a magnetic field applied perpendicular to the wells, B = (0,0, B, ), the vector potential
A can be expressed in Landau gauge, A = (—yB,,0,0), which fulfills the condition
VxA = B [Bal00]. In this special case, the electron Hamiltonian given by Equation (2.32)

changes to

1 i
((pr —eyB.)* +pl) + G~

H, =
2me

(2.35)

With the replacement p, — hk, and the cyclotron resonance frequency w. = eB/m,, the

Hamiltonian has the form of a harmonic oscillator,

1 hk, \* p?  p?
H, = —mw?* — ad Y z 2.36
gt (y mewc) + 2me + 2m, (2.36)

where the potential minimum is shifted by —hk, /m.w.. The Landau levels of a free elec-
tron in a quantum well are equidistant one-dimensional magnetic subbands with energy

eigenvalues

1
Elnoz = hwc (6 + 5) +o.9uB Bz + En ) (237)

where n = 1,2,3,... denote the subbands and ¢ =0,1,2,... are the Landau levels. The

Landau levels of holes are derived analogously.

The externally applied magnetic field has two effects on the energy levels. Firstly, the
levels spin-split linearly with magnetic field. Secondly, the energy of both spin-split levels
increases which is called diamagnetic shift [Wal98|. For our experiment, the spin splitting
is small and can be neglected [Sne92]. For GaAs systems, the diamagnetic shift for
quantum wells is typically higher than that for bulk. However, this shift strongly decreases

for narrow wells due to the reduced in-plane electron-hole separation [Bug86|, Wal98].

In theory, magnetoexcitons according to Equation are treated either as electrons
and holes with Coulomb interaction or as quasi-particles with hydrogen atom like states.
The energy spectrum is strongly influenced by the magnetic field. For strong magnetic
fields with

hwe > Ry

the Coulomb energy is small compared to the cyclotron energy. The electrons and holes
occupy electron-hole Landau levels and the Coulomb interaction acts as a weak pertur-
bation of the quantized cyclotron orbits. In the high field limit, magnetoexcitons act like

noninteracting particles [Sta90]. In the weak field regime, that is characterized by

hw6<<Ry 9
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the magnetic field acts as an external perturbation on the excitonic energy states. The
induced diamagnetic shift is small compared to the exciton binding energy, and the level

energy increases quadratically with magnetic field [Wal98].

2.6 Photoluminescence

Generally, the term ‘luminescence’ denotes all optical radiation that arises from the tran-
sition of an excited system to its ground state. The emitted luminescence is classified
depending on the type of the initial excitation, e.g., electroluminescence by electric field
and thermoluminescence by heating. Photoluminescence (PL) produces an optical emis-
sion spectrum after excitation with photons probing the electronic levels of the structure.
PL spectroscopy on undoped semiconductors requires the excitation of electrons into the
conduction band. The minimum photon energy of the exciting laser is equal to the band
gap. The number of induced carriers depends on material properties and the excitation
density, i.e., the number of photons per unit time and area. Under continuous-wave laser
excitation, there is a dynamic equilibrium between created and decaying electron-hole
pairs whereas short-pulse excitation provides access to the internal carrier dynamics. The
spectral features depend on the internal excitonic structure of the sample. While intrinsic
PL originates exclusively from carriers in defect-free crystalline material, impurities and
lattice defects act as luminescence centres of extrinsic PL. In the latter case, free excitons

get localized at impurity atoms and lose their kinetic energy.

Radiative recombination

The recombination process between an excited state and the ground state can occur on
radiative and nonradiative channels. In case of a radiative transition, luminescence pho-
tons are emitted that carry the excitation energy, while non-radiative transitions occur
via phonon emission, excitation of impurities, and excitation of carriers (Auger recombi-
nation). The mean lifetimes of the radiative and the non-radiative transitions are denoted
as the radiative recombination time 7, and the non-radiative recombination time 7, re-

? .

where 7 denotes the luminescence decay time. From this definition it follows that the

quantum efficiency of luminescence, i.e., the ratio of the radiative recombination rate 1/7;
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and the total recombination rate 1/7 given by Equation (2.38]), can be expressed as

/7 T
A e m (239)
according to [Pell2]. This simple equation expresses the essential fact that the experimen-
tally derived luminescence decay time does not equal the radiative lifetime. Furthermore,
in case of a very low quantum efficiency n < 1, the non-radiative lifetime dominates the
luminescence decay, 7, = 7, as can be directly derived from Equation ([2.38]).

Possible radiative scenarios after weak excitation are schematically shown in Figure [2.0]
These are band-to-band recombination, radiative recombination of a free exciton, a free
electron with a neutral acceptor, a free hole with a neutral donor, and a donor-acceptor
pair. All the scenarios result in different emission energies and PL decay times 7. In
highly excited semiconductors, more PL signatures arise from excitonic molecules and

inelastic collisions of free excitons [Pell2].

Eeo - -
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(a) e-h (b) free exciton (c) e-A° (d) h-D° (e) DY-A°

Figure 2.6: Schematics of possible recombination scenarios after optical excitation from
the valence band to the conduction band. The time-constants label the radia-
tive recombination channel. (a) band-to-band (e-h) (b) free exciton (X), (c)
free electron and a neutral acceptor (e-A°), (d) free hole with a neutral donor
(h-D%), (e) donor-acceptor pair (A%-D?).

Photoluminescence dynamics

Under laser excitation with pulses shorter than the lifetime of the created carriers, the
PL dynamics can be studied until the system reaches equilibrium or experiences sub-
sequent excitation. After non-resonant laser excitation, the induced plasma occupies a
large momentum space in the conduction band. The carriers thermalize on a 100 fs
time scale [Els91] into a hot Fermi distribution with a carrier temperature T higher
than the lattice temperature 77,. Excitons form with a finite center of mass momen-
tum k # 0 which do not participate to the PL signal intensity. The subsequent energy

and momentum relaxation of the hot carrier distribution towards the zero momentum
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state is mediated by phonon emission [Leo88| [T'se01]. The lattice interaction via optical
phonon relaxation occurs on subpicosecond time scales, while the acoustic phonon emis-
sion takes nanoseconds [Kas84, [Lob89] and dominates the relaxation process. Reported
LO phonon emission rates in GaAs/AlGaAs quantum wells are in the order of 5 x 1012571
see e.g., [Lee95]. The subsequent recombination process results in a depopulation of the
zero momentum state and the decay of the PL signal. However, the origin of the excitonic
luminescence in quantum wells is determined by the coexistence of excitons and electron-
hole pairs and has been the topic of numerous discussions. From early time-resolved
PL data, the rise time of the 1s PL signal was associated with the exciton formation
time [Kus89, Dam90, [Ecc91l, Blo93, [Kum96], and the PL decay time corresponds to the
exciton relaxation [Fel87, [Dev9l]. In various articles, a PL signal at the 1s energy has
been taken as an indication of an excitonic population [Kus89, Dam90, Blo93, [Kum96],
whereas [Gal05] proposed excitonic PL emission without the existence of an excitonic
population at k& = 0. In a recent review article on semiconductor excitons [Koc06], the

authors expressed their fundamental findings as follows:

[...] in reality, the electron-hole pairs constitute a strongly interacting many-
body system. The emission of a photon should therefore not be viewed as the
recombination of any given electron-hole pair in whatever bound or unbound
state, but rather as a transition from a many-particle configuration with N

interacting pairs to one with N-1 pairs. [...]

In summary, the PL dynamics results from a distribution of electron-hole pairs that
occupy bright and dark states, and it not directly unveils the exciton formation, relaxation,

and recombination processes [Kai03] [Kai09].
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3 Spectroscopic tools and sample

characterization

In this chapter, the experimental details including the two different pulsed infrared laser
sources, the detection unit, and the experimental setup are described for the two-color
time-resolved PL measurements without and with externally applied magnetic field. Par-
ticularly, the synchronization of the free-electron laser with the table-top system in the
lab was realized. The optical beam paths have been installed such that the different laser
pulses are brought to spatial and temporal overlap at the sample position. Furthermore,
details on the three high quality GaAs quantum well samples are presented. An overview

is given on the basic parameters of the samples and the PL emission spectra.

Parts of this chapter have been published previously [Bhalll.

3.1 Titanium-Sapphire laser

The near-infrared pulse source is a tunable Titanium:Sapphire (Ti:Sapph) laser (Spectra
Physics: Tsunami 3960) providing short pulses over a broad range of near-infrared wave-
lengths. For decades, this laser type has been an essential tool for many time-resolved
studies featuring broad tunability and high stability. The active medium of this solid-
state laser is a sapphire (AlyO3) crystal doped with titanium ions and pumped at 532 nm
by a Nd:YVO, continuous-wave laser (Spectra Physics: Millennia Pro). The working
principle is based on soft aperture Kerr-lens mode locking in the gain medium. In this
regime, mode-locking is promoted by the stronger overlap of the pulsed high intensity
radiation with the pump radiation induced by self-focusing. Since the overlap of the
continuous-wave radiation at lower intensity is weaker, stable mode locking is achieved.
For our experiments, the Ti:Sapph laser runs in picosecond mode delivering 3 ps to 4 ps
long optical pulses with a repetition rate of 78 MHz. With the chosen optics, the system
is tunable between 690 nm and 1100 nm with an average output power of 2W at 750 nm.
The laser pulses can be synchronized to other lasers with the Lok-to-Clock® electronics
(Spectra Physics: Model 3930) that actively stabilizes the cavity length.
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3.2 Free-electron laser

Free-electron lasers are powerful radiation sources tunable over wide frequency ranges.
Relativistic electrons in a magnetic field represent the active medium in a simple cavity of
two mirrors. The electrons are linearly accelerated to relativistic velocities and injected
into the cavity. A periodic set of alternating static magnets (undulator) placed around
the cavity bends the electrons’ path. Due to this defined oscillatory motion in a periodic
field, the relativistic electrons spontaneously emit light. In turn, the reflected light field
interacts within the resonator with newly injected electron bunches, leading to stimulated
emission, optical gain and amplification. After passing the undulator, the electrons are
dumped behind the cavity. The emitted wavelength can be tuned by the electron energy
and the variable gap between the magnets which influences the curvature of the electron

path. The resonator length defines the repetition rate of the emitted optical pulses. The

Ao A (1 + K;) (3.1)

:2_/y2

emitted wavelength A,

[Zvy09], is controlled by the magnetic field amplitude B, the undulator period \,, and

the relativistic energy of the electrons ymgc?, where

(3.2)

FELBE is an acronym for the free-electron laser (FEL) at the Electron Linear acceler-
ator with high Brilliance and Low Emittance (ELBE) located at the Helmholtz-Zentrum
Dresden-Rossendorf. The facility FELBE consists of two independent cavities each with
a length of 11.53m. While the undulator U27 works for the shorter wavelengths from
4 m to 25 pm, the second undulator U100 is optimized for the wavelength range between
20 pm and 250 pm. The system runs in 13 MHz mode providing short pulses between 1 ps
to 25 ps length and up to 20 W average power depending on the set wavelength.

Together with the unique optical characteristics, the system is highly suitable for two-
color experiments on semiconductor systems as it covers the far-infrared and mid-infrared
spectral region where the internal transitions of the studied quantum well systems are
expected. In particular, the continuous pulsing mode that is enabled by the supercon-
ducting accelerator technology of ELBE, is unique in Europe. This mode is essential for
the two-color experiments described in this thesis. The free-electron laser beamline has

several outlets providing direct access to each of the optical labs. For more details of

FELBE the reader is referred to [Wag09al, [Zvy09).
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Figure 3.1: Operation principle of a streak camera. After passing a spectrograph, the
dispersed light enters a cathode-ray tube. This evacuated streak unit is
equipped with a sweep electrode deflecting the accelerated photoelectrons onto
the micro-channel plate (MCP). The induced light emission at the phosphor
screen is imaged by a CCD camera.

3.3 Streak camera

Streak cameras are sensitive detectors that convert the temporal and the spectral infor-
mation of a light pulse into spatial coordinates on a phosphorescence screen. The working
principle of a streak camera is a combination of a cathode-ray tube and an oscilloscope
[Pel12]. It is schematically shown in Figure . The light pulses pass through the en-
trance slit of the device and hit a photocathode. The photoelectric effect induces the
emission of photoelectrons which are accelerated between two oppositely charged plates
within a vacuum tube. A sweep field between two electrodes is arranged perpendicular
to the flight direction of the electrons. The applied voltage varies in a way such that
the electrons which come first are deflected most strongly while the later ones get less
deflected onto the micro-channel plate (MCP). One sweep matches the diameter of the
phosphor screen where the electrons generate light. The induced light emission is imaged
by a charged-coupled device (CCD) camera. The colors of the computer processed streak
image map the time-resolved intensity profile of the signal.

We use a streak camera (Hamamatsu: C5680-27) connected to a 0.25m Czerny-Turner
type grating spectrometer (Bruker: Chromex 250is/is) where the incoming polychromatic
light passes the entrance slit and is collimated by a curved mirror. A grating diffracts the
light under different angles depending on the wavelength. The dispersed light is collected
by a second mirror and refocused into the exit slit. The spectrometer is equipped with
three different gratings with 300 lines/mm, 600 lines/mm, and 1200 lines/mm and with a
nominal resolution of 1.8 nm, 0.6 nm and 0.15 nm, respectively. Both systems and the high
resolution CCD camera (Hamamatsu: ORCA-ER C4742-95) are electronically controlled
via HPD-TA 8.3.0 software. The streak camera can be operated in time-integrated or time-
resolved mode with a maximum time window of 2.1ns and about 4 ps time resolution.

Using a streak camera, we gain spectral information from 300 nm to 1600 nm limited by
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Figure 3.2: Scheme of the experimental setup for two-color time-resolved photolumines-
cence measurements. Red and green lines indicate the near-infrared and the
THz beam paths, respectively. Black lines are cable connections for synchro-
nization. The temporal delay between the near-infrared laser pulse and the
THz pulse is adjusted with a variable coaxial line.

the photocathode sensitivity and the spectrometer setting. The studied energy range
depends on the set grating of the spectrometer. The streak camera software is used for
data acquisition and analysis. With intensity profiles along the horizontal and vertical axes

of the streak images, measured PL spectra are spectrally and temporally characterized.

3.4 Experimental setup and pulse synchronization

The basic experimental setup for time-resolved PL: measurements consists of the Ti:sapph
laser, a beam path with silver mirrors, focusing lenses, and a computer controlled streak
camera as the detection unit. The PL is free-space guided and focused by a lens into
the entrance slit of the spectrometer. For two-color experiments, a second beam path
with gold coated mirrors was installed guiding the free-electron laser pulses onto the sam-
ple. The free-electron laser beam is focused by means of a parabolic mirror. Figure [3.2
schematically shows the experimental setup for two-color time-resolved PL. measurements
including the two pulse sources and beam paths, the synchronization unit, and the detec-
tion part. Behind the Ti:sapph laser, two beam splitters are installed so that a fraction of
the near-infrared beam is reflected into a spectrometer (APE Berlin: WaveScan) and an
autocorrelator (APE Berlin: PulseScope) for monitoring the actual wavelength and the

pulse widths, respectively.

The focus diameters at the sample position of the near-infrared and the THz beam are

30m and 350 pm, respectively. The laser fluence ® is a measure used to describe the

energy that is delivered per unit area. In this thesis, the fluence in units of Jem=2 is
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calculated from the average laser power divided by the focal spot area and by the pulse
repetition rate.

The pulse synchronization is performed in two steps as the pulse repetition rates need to
match. First, the Ti:Sapph laser repetition rate is reduced using an acoustic optically pulse
picker (APE Berlin: PulseSelect) which is externally triggered by the electronic signal of
the free-electron laser (FEL clock). While passing a crystal, the beam diffracts from an
ultrasonic grating. Our experimental setup requires a division ratio of fyg/6. For the
operation with this ratio, the average power output of the pulse picker is about 2 % of the
power input featuring a very good contrast ratio. In our experiment, the near-infrared first
order beam (78 MHz) gets reduced to the 13 MHz repetition rate of the free-electron laser.
Secondly, the near-infrared pulses from the Ti:Sapph laser get phase-locked to the FEL
clock. To this end, the 13 MHz FEL clock signal is upconverted electronically to 78 MHz
and employed as a master clock signal to the synchronization unit (Spectra Physics: Model
3930). The time delay between the two pulses is fine tuned using a coaxial line of variable
length. The free-electron laser pulses are temporally monitored using a non-commercial
broadband superlattice detector [Kla01] suitable for wavelengths above 40 pm or using a
photoelectromagnetic mercury cadmium telluride (MCT) detector (Vigo System PEM10.6
detector) with working range between 2pm and 11pm. For the near-infrared pulses
from the Ti:sapph laser, we use a fast silicon photodiode (Thorlabs DET210). The laser
profile is detected using a pyroelectric array camera (Ophir Photonics: Spiricon Pyrocam),
which is sensitive to near-infrared and THz wavelengths. A pyroelectric crystal converts
the absorbed light to heat that creates measurable charges on the surface. During the
measurements, the sample is kept at liquid helium temperature (4 K) in a continuous flow
cryostat. Diamond windows stand out due to their high transmittance up to far-infrared

which meets the requirements of our two-color experiments.

3.5 Magneto-optical system

The magnetoluminescence experiments were performed with the PL setup using a split-
pair superconducting magneto-optical system (Oxford SM4000-8). This special cryostat
(spectromag) is equipped with a vertical split pair magnet producing a nearly uniform
field up to 8 T in horizontal direction. Figure [3.3|(a) shows the cylindrical vacuum isolated
dewar with connection ports and valves on top and a cuboid shaped cryostat tail unit
at the bottom. In total, the spectromag has a height of 1.4m and a diameter of 0.5m.
It has four z-cut quartz windows, one on each side. The dewar is shielded by an outer
evacuated isolation chamber, a nitrogen chamber, and an inner helium chamber with

a volume of 41 liter, 24liter, and 20 liter, respectively. In the 0T modus, the helium
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and nitrogen consumption is as low as 0.2liter and 0.5liter per hour. For operation,
the superconducting coils need to be fully covered by liquid helium to prevent them
from sudden heating. Otherwise, the coils might be driven to normal conduction and

the magnet can be damaged by high voltage, high temperature, and high forces. The
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Figure 3.3: (a) Scheme of the magneto-optical superconducting magnet system producing
a horizontal magnetic field. (b) Current flow Helmholtz coils with radius a.
The violet arrows indicate the current I and the dashed lines the magnetic
field. The incident light wave vector k is parallel to the magnetic field direction
(Faraday configuration).

variable temperature insert (VTI) keeps the sample in the center and controls the lattice
temperature. It is connected to the helium chamber by a tunable needle valve.

The sample rod is a long copper stick with temperature sensoring and a wiring system
for controlled heating. It can be manually turned on its vertical axis. The spectromag
is a top loading system which enables sample change even while the dewar is kept at
low temperature. A tailored frame places the spectromag on the optical table allowing
for precise lateral shift relative to the beam height. In the spectromag, the sample is
positioned between two identical superconducting coils (Helmholtz coils) separated by a
distance equal to the radius. The current flow is the same in both coils, where each of them
generates a magnetic field. The configuration which is designed such that both coils are
on the same horizontal axis generates a finite volume with nearly homogeneous magnetic
field. All our measurements have been performed in Faraday geometry where the magnetic
field direction is parallel to the incident light wave vector k. In Figure [3.3|(b), the dotted
line indicates the incident light. For measurements in Faraday configuration, we use the
windows along the bore which is 80 mm in diameter. However, the cold window of the VTI
is 10 mm in diameter limiting the clear access to the sample space. The stray magnetic

field influences the operation of the streak tube as the Lorentz force bends the electron
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Figure 3.4: Scheme of the experimental setup for two-color time-resolved photolumines-
cence measurements with external magnetic field. Red and green lines indicate
the near-infrared and the THz beam paths, respectively. Black lines are cable
connections for synchronization. The PL is free-space guided and focused into
the entrance slit of the spectrometer.

beam. According to the manual, a magnetic field strength of 2mT can be detected for
7T in a distance of 1 m from the center of the magnet. At a distance of 2m, the reported
stray field is smaller than 0.5 mT. We left a working distance of 3.2 m between the magnet
and the streak camera to ensure negligible deflection of the electron beam of the streak
tube. To fulfill the requirements for magneto PL detection, the standard experimental
setup in Figure [3.2] was modified. The new scheme of the magneto PL setup is shown
in Figure [3.4 In this configuration, the THz beam diameter is narrowed by means of
two parabolic mirrors. The beam splitter is an indium tin oxide (ITO) layer on quartz
glass which is highly reflective to the THz radiation and transmits the visible light. The
emitted PL propagates in free space with one mirror after the cryostat window towards
the entrance slit of the spectrometer. Nothing changes with respect to synchronization.
The temporal delay between the near-infrared laser pulse and the THz is adjusted with a

variable coaxial line.

3.6 GaAs quantum well samples

Gallium arsenide (GaAs) is a III-V compound semiconductor material with a zinc blende
crystal structure. GaAs is a direct gap material with a band gap of 1.52eV at 4K

[Sze07]. The valence band maximum and the conduction band minimum correspond to
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| sample || composition (well/barrier) | well width | PL emission | line width |

1267 40x GaAs/Alg35GagesAs 6 nm 1.604 eV 8 meV
DBRA42 || 20x Ing0sGagosAs/GaAs 8 nm 1.471eV 1meV
H063 60x GaAs/Aly3,GagesAs 8.2nm 1.573 eV 3meV

Table 3.1: Characteristics of the studied samples.

zero momentum, and radiative recombination is possible without phonon emission or
absorption. Popular ternary alloys are, e.g., Al,Ga;_,As, where the Ga is exchanged by
Al atoms to a certain fraction x. These materials have different band gaps but similar
lattice constants compared to GaAs, which is the requirement for the growth of multiple
quantum wells without strain or lattice defects. The samples are grown by molecular
beam epitaxy. This technique produces layers with high precision on atomic length scale
and high purity of less than 10 cm™ foreign atoms. The typical exciton Bohr radius
for bulk GaAs of 13nm [Pel12] is much larger than the lattice constant 0.56 nm [Sze07]
making this material a preferred candidate to grow quantum wells. The investigated
multiple quantum well samples and their basic characteristics are listed in Table 3.1} In

the following subsections, details on the sample’s PL characteristics are given.

3.6.1 Sample 1267

The quantum well sample 1267 is a layer stack of 40 periods of 6 nm thick undoped
GaAs wells grown on GaAs substrate by Klaus Kohler, Fraunhofer Institute for Applied
Solid State Physics, Freiburg. The wells are separated by 15nm thick Algs5GagesAs
barriers. As a first characterization, typical PL spectra and transients measured at 4 K
lattice temperature are plotted in Figure For all studied excitation densities, the
excitonic PL peak is detected at 1.604 eV with a linewidth of 8 meV, see Figure [3.5] The
logarithmic scale in [.5[b) emphasizes the fast rise and the monoexponential decay of
the PL intensity. Furthermore, we performed temperature dependent studies of the 1267
quantum well sample. The corresponding PL spectra and transients are shown for eight
different lattice temperatures between 10 K and 65 K measured with the same excitation
density. A single PL emission peak is observed for all studied temperatures. While the
energy shift is negligibly small in the range between 10 K and 55K, see Figure [3.6(a), a
redshift is observed for higher lattice temperatures due to band gap narrowing. As can be
seen in Figure (b), the signal intensity and the PL. dynamics are strongly influenced by
the lattice temperature. For higher temperatures, the free excitons occupy mostly high
momentum states which reduces the radiative recombination rate. Thermal dissociation

of excitons might explain the decrease of the PL intensity [Cer95].
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Figure 3.5: Photoluminescence emission of sample 1267 after non-resonant excitation with
near-infrared laser pulses. (a) PL spectra and (b) time-evolution of the PL
signal at the maximum emission peak in logarithmic scale. The excitation

fluences are (from lower to upper curve): 4pJem™2 5pJem=2, 7TpJem™2,
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Figure 3.6: PL spectra (a) and transient PL signal (b) for different lattice temperatures
between 10K and 65 K. The excitation fluence is 1 pJ cm™2 for all measured
curves.
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3.6.2 Sample DBR42

The quantum well sample DBR42 has 20 periods of 8 nm wide InggsGaggsAs wells sep-
arated by 130 nm GaAs barriers grown by G. Khitrova and H. Gibbs, University of Ari-
zona, Tucson, USA. The sample is grown on semi-insulating, undoped GaAs substrate.
An anti-reflection coating reduces Fabry-Perot interference fringes. The indium atoms
induce strain and increase the heavy hole-light hole splitting compared to GaAs quantum
wells. The 1s(hh) PL line is shifted well below the GaAs band gap energy. As the resid-
ual substrate absorption is small, InGaAs quantum wells are suitable for measurements is
transmission geometry. The exciton line is at 1.471eV at 4 K lattice temperature with an
exciton linewidth as narrow as 0.96 meV full width at half maximum. For this sample, the

2s resonance is 6.9 meV above the 1s resonance. More details on sample DBR42 including
absorption spectra are presented in [Cha03], [Cha04].

3.6.3 Sample H063

The quantum well sample HO63 is a sample with 60 periods grown on semi-insulating
GaAs substrate by the group of G. Strasser, Micro- and Nanostructure Center, TU Wien,
Austria. The GaAs wells are 8.2nm thick and separated by 19.6 nm wide barriers of
Alp34GagggAs. The emitted PL shows a linewidth of less than 3meV. The intraexcitonic
level separation has been determined to 8.7meV in previous studies [Wag09bl, [Wag10].
As a first characterization, two sets of time-integrated PL spectra of this high-quality
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Figure 3.7: Time integrated spectra of sample H063 for high excitation densities. The
estimated carrier densities induced by the near-infrared excitation are (from
the upper to the lower curve) as follows: 8 x 101°cm™2, 4 x 10 cm™2, 2 x
10%em™2, 6 x 10°cm™2, 6 x 10°cm™2 (detected with half slit width), and
3x10%cm~2 .
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quantum well sample are plotted in Figure for near-infrared excitation densities be-
tween 8 x 10°cm~=2 and 3 x 10° cm~2. While the two curves showing both PL peaks are
measured with the 600 lines/mm grating, the four curves showing only the 2s PL peak are
taken with the higher resolution 1200 lines/mm grating. With increasing density, the 1s
exciton line at 1.572¢eV broadens. The 2s PL emission is clearly visible for low densities
and merges with the 1s PL emission peak for higher densities indicating the transition

from excitonic characteristics to electron-hole plasma.
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4 Photoluminescence dynamics under

pulsed intersubband excitation

In this chapter, we investigate transient quenching of PL signals from the undoped GaAs
quantum well sample 1267 induced by mid-infrared pulses from the free-electron laser.
The photon energy of the laser is tuned to resonance with the intersubband transition
leading to efficient carrier excitation. When performing polarization sensitive measure-
ments, free-carrier absorption and intersubband transition are distinguished as the two
competing processes that cause the decrease of the PL intensity under resonant mid-
infrared irradiation. A function is fitted to the experimental data which is based on
solutions of rate equations where the system is reduced to two effective levels.

Parts of this chapter have been published previously [Zyb11].

4.1 Photoluminescence quenching under resonant

intersubband excitation

As introduced in the Chapter [2| intersubband transitions occur between quantized states
within the same band. Thus, either electrons or holes are involved in the transition which
results in the same dispersion relation in momentum space for the initial and the final
state. The emitted infrared light emission monitors the carriers in the conduction band
that recombine radiatively while dark states with high momentum do not contribute to
the PL intensity. An approach to unveil the hidden carrier dynamics are time-resolved PL
studies under simultaneous excitation processes. Transient PL quenching using a second
delayed interband excitation pulse was demonstrated in [Amo08, [Amol0]. Earlier, the
suppression of time-integrated PL under far-infrared radiation was explained by exciton
ionization as well as inhibited exciton formation |[Qui92}, [Cer96].

In order to gain more insight into the intersubband carrier dynamics, we performed
time-resolved PL measurements on undoped quantum wells under resonant mid-infrared
excitation. A near-infrared laser pulse from the Ti:sapph laser induces an interband tran-
sition leading to radiative recombination of the excited population. The emitted PL signal

is efficiently quenched by the absorption of a delayed pulse from the free-electron laser,
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which is in resonance to the intersubband energy. Thus, our two-color experiment ensures
a pure redistribution of the prepared carrier distribution in the conduction band without
injection of new carriers. This fact has been proven by time-integrated measurements
that show the that integrated PL intensities with respective without THz excitation are
the same. The in-plane energy dispersion of the two subbands is schematically shown
in Figure 4.1, where the vertical arrows indicate possible absorption processes. After
the near-infrared excitation pulse has excited carriers over the bandgap, a delayed mid-
infrared pulse induces resonant intersubband absorption and free-carrier heating which
result in transient quenching of the PL signal. Note that free-carrier absorption is a
second-order process, where phonons or elastic scattering processes are required to fulfill
energy and momentum conservation rules. The absorption coefficient «(w) for free-carrier
absorption is proportional to A2, see Equation . Therefore, this process is particularly

important in the THz range.

‘ cbh. | D=2
E n=1

k

intersubband absorption ~ 0.2eV

free—carrier absorption

interband transitions ~ 1.6 eV

Figure 4.1: The in-plane energy dispersion of the two subbands. Vertical arrows indicate
interband absorption by near-infrared excitation (black). Intersubband ab-
sorption (red) and free-carrier absorption (blue) might occur under resonant
mid-infrared excitation.

We have studied intersubband transitions on the GaAs/AlGaAs quantum well sam-
ple 1267 with 6 nm wide wells. The transition between the two lowest confined subbands
in the conduction band is allowed by parity selection rules. The two-color experiments
are performed with two pulse sources, the synchronization unit, and the streak camera
detection as described in Chapter |3|and depicted in Figure 3.2l The sample was mounted
in an optical cryostat and kept at a lattice temperature of 10 K. The near-infrared pulses
from the Ti:sapph laser were about 2 ps long with a photon energy of 1.635eV which is
larger than the energy gap of the quantum well sample. The average power was 2mW
creating a free carrier density of approximately 5 x 10° cm~2 per well via interband ex-
citation. The free-exciton PL peak is detected at 1.604eV with a line width (FWHM)
of 8 meV. The intersubband spacing of 172meV is larger than the LO phonon energy
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in GaAs bulk material of 36 meV. With this experiment, the carrier relaxation mediated
by the emission and absorption of phonons was studied. For lattice temperatures below
10K, the cooling due to the emission of LO phonons occurs on a picosecond time scale
while the emission of acoustic phonons is in the range of nanoseconds. After intersubband
excitation, the created population in the upper subband energetically relaxes to the lower
subband.

The time delay tyr between the near-infrared and mid-infrared pulses is set through
the Ti:Sapph laser synchronization to the FEL clock. As the mid-infrared pulses are short,
the transient PL signal monitors the quenching and carrier relaxation after external per-
turbation. In Figure[4.2] streak images of time-resolved PL from the quantum well sample
1267 are shown in (a) without and in (b) and (c) with mid-infrared excitation. Temporal
profiles at the peak energy are plotted in Figure [4.2(d) for mid-infrared fluences varied
between 1.5 1J cm ™2 and 51.4 pJ em~2. These profiles are compared with the reference PL
transient taken without a second excitation. Dotted vertical lines indicate the arrival time
of the optical and the mid-infrared laser pulse. At the arrival time of the mid-infrared
excitation pulse, the PL signal intensity drops abruptly. Carriers are excited from bright
states into dark states and do not longer contribute to the emitted PL signal.

The amount of quenching increases with increasing mid-infrared fluence and saturates
for stronger excitation. After reaching a minimum, the PL intensity recovers to a value
higher than the reference trace. In the studied mid-infrared intensity regime, the PL
signal overshoot compensates the PL quench perfectly. This fact has been verified by
time-integrated PL measurements indicating negligible carrier losses due to non-radiative

channels.

4.2 Modeling the induced photoluminescence dynamics

In order to quantify the PL dynamics under mid-infrared excitation, we introduce a rate
equation model based on two effective levels, which describes the measured transients
well. This simple approach reduces the system to a carrier population that occupies either
radiative (optically bright) or non-radiative (optically dark) states. This model does not
distinguish between momentum relaxation and exciton formation, both processes together
constitute here the slow PL rise time. In previous publications [Tak92 [T'sa01l, [Gal05],
transient PL signals of narrow InGaAs/GaAs quantum well samples have been modeled
with similar approaches that are based on two effective levels. In a first subsection, we
develop the rate equations that are sufficient to describe the dynamics of the radiative and
non-radiative population of the unperturbed system after an initial excitation at ty = 0.

In a second step, the induced relative quenching and the PL recovery are included.
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Figure 4.2: Time-resolved PL signal from quantum wells of the sample 1267 showing a
PL quenching under pulsed mid-infrared irradiation. The subfigures show the
streak images (a) without free-electron laser irradiation, (b) with 2.4 pJ cm™2,
and (c) with 51.4 pJ cm ™2 mid-infrared excitation density. The colors indicate
the signal intensity from minimum (blue) to maximum (red). (d) Normalized
PL transients taken under mid-infrared irradiation of 1.5pJcem™2 (green) to
51.4pJem™2 (blue) as well as the reference trace without quenching (dark
blue). The dotted lines mark the temporal position of the near-infrared ex-
citation (tyjr = 0) and the delayed mid-infrared laser pulse (tyqr = 280 ps)
from the free-electron laser.
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4.2.1 Photoluminescence transients without quenching

Based on the in-plane energy dispersion with two subbands shown in Figure [4.1] the
scheme of the induced PL emission from the quantum well system is depicted in Fig-
ure [4.3[(a). The dispersion curves of the involved subbands are reduced to a two-level
problem. Under these simplified conditions, we assume a population transfer from the
valence band into the conduction band through a laser pulse excitation that exceeds the
band gap energy. The induced hot carrier distribution in the lowest subband of the
conduction band relaxes due to photon emission towards low momentum states and ra-
diatively recombines with a characteristic PL decay time 7pr,. Figure [£.3(b) depicts the

levels and relaxation times which are regarded for building the rate-equation system.

nIlI'

Figure 4.3: (a) Scheme of the excitation and relaxation processes within the quantum
well dispersion curves. The parameter 7. quantifies the cooling process in
the conduction band (c.b.) due to LO phonon emission (green arrows). The
emitted PL signal with time constant 7py, is indicated in red. (b) Flow diagram
of the model with the non-radiative level n,,, the radiative level n,,, and the
ground state (dotted line).

The detected PL intensity is assumed to be proportional to the dimensionless occu-
pation number of the radiative state n,(¢) as a function of time ¢. Strictly speaking,
n.(t) expresses a cold exciton distribution that is almost completely composed of dark
states. The remaining fraction of bright states has a picosecond life time. The precise
composition of the radiative state n,(t) is taken into account by a microscopic many-body
theory which has been developed by Koch et al. [Kir04, [Koc06]. The parameter 7. is
the cooling time of the carriers from the non-radiative to the radiative state. From the
effective radiative state, the carriers recombine on a nanosecond time scale to the ground
state resulting in a PL decay constant 7pr,. The dimensionless occupation number of the

non-radiative state is n,(¢). For a simple solution, the arrival time of the near-infrared
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pulse ty is set to 0 and the near-infrared induced initial occupation number to 1, i.e., a

100 % occupation. Under these assumptions, two coupled rate equations

d [t -+ 0 e (t
dm®) _ [ (1) (4.1)
dt \ n.(t) L L n.(t)

are built with the initial conditions n,(0) = 0 and n,,(0) = 1. Equation (4.1 forms a

system of first order ordinary differential equations. The solution that fulfills the initial

conditions is

nh(t) = e (4.2)
ni(t) = TP (e_a — e_%) , t>0. (4.3)
TPL — Tc

Thus, the transient PL intensity can be expressed by the sum of two exponential func-
tions that describes the carrier relaxation between an upper non-radiative and the lower
radiative level. The label I indicates the solution for the unperturbed system and will be

of importance below when the functions with quench are derived.

For data analysis, the detected PL signal is assumed to be proportional to the radiative
population given in Equation (4.3)). In order to account for the time resolution of the

experimental setup, the calculated PL dynamics is convoluted with a Gaussian function,

1 2
e 22, teR,o0>0, (4.4)

Gl (t) =

V2o

where o is the standard deviation of the Gaussian function with full width at half max-
imum (FWHM) of v2 In2 o. The resulting function Ipp(o,t) that is applied to the

experimental data can be written as the convolution

IPL<O', t) = [0 (ni * GU) (t) (45)

~ /0 T ()Gt — s)ds | (4.6)

where the amplitude scaling factor I adjusts for the measured signal intensity. A user-
defined fit function fit-PL is created that is based on Ipy(o,t), see Equation (4.5)), using
the data analysis and graphing software OriginLab®. The free parameters are the cooling
time 7., the PL decay time 7pr,, and the amplitude scaling factor I;. The time resolution

o is adjusted depending on the individual experimental conditions.

As an example, PL transients from sample 1267 are analyzed for different lattice tem-
peratures between 5K and 65K. Figure [£.4] shows two normalized intensity profiles and

the respective model fits that accurately describe the measured data. The temporal res-
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olution o of the experiment is about 15ps. With increasing lattice temperature, the PL

rise time decreases while the PL decay time increases.
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Figure 4.4: Normalized PL transients measured with lattice temperatures 10 K (blue line)
and 55 K (orange line), respectively. The red lines are modeled curves with
the parameters 0 = 15ps, 719K = 123 ps, 7Ll¥ = 0.4ns, and 75°% = 23 ps,
52K = 1.9ns. The arrival time of the near-infrared laser pulse ¢y is marked

with a dashed line.
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Figure 4.5: The results of the rate equation fit on the temperature dependent data. (a)
PL rise time 7, as a function of lattice temperature 7. (b) PL decay time
Tpr, as a function of lattice temperature T7,.

The results of this temperature study are plotted in Figure 4.5 as a function of lattice
temperature T7,. The PL rise time 7, linearly decreases between 5K and 55K, see Fig-
ure [£.5(a). The data analysis is limited by the time resolution o of the experiment and
the signal-to-noise ratio. In Figure [.5(b), the linear rise of the PL decay time is shown.
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4.2.2 Photoluminescence transients with induced quenching

In order to evaluate the PL transients with quench, the simple model for the rate equation
analysis is modified. A partition of the time axis is defined, where regime I denotes the
unperturbed time span starting at ¢;. Regime II starts with the arrival time of the
mid-infrared pulse tyr, where a fraction ¢ of the population is transferred from the
radiative effective level to the non-radiative one. The quenching parameter ¢, 0 < ¢ < 1,
parameterizes the observed dip depth in the measured PL transient. Note that a full
quench (¢ = 1) does not mean population inversion but depletion of the radiative state
due to efficient carrier redistribution. As in the previous case, the initial near-infrared
pulse excites carriers nonresonantly across the bandgap into hot states, and the total
amount of carriers is kept constant for all modeled curves. The mid-infrared pulse causes
a redistribution of the population but no injection of new carriers. With the adjusted

initial conditions

np(tair) = np(tuir) + ¢ nh(bur) (4.7)

ny(tuir) = (1—q) ni(tuw) (4.8)

the solution of the rate equation (4.1J) is

_t—tMIR

ni(t) = e = (a+bgq), t>tum (4.9)
1 Y t—t
nl(t) = ——— (¢ ™ (rlb—bg) ~ merfa+b) + e i (a+be) ) (4.10)
™PL — Tc
t t t
where @ = nl (tyir) = e 7 and b = nl(typ) = —EL (e_% — e ") are the occu-

TPL—TC
pation numbers of the non-radiative and the radiative levels of the unperturbed system

at time tyr, see Equations (4.2) and (4.3)). The total non-radiative population dynamics

for both regimes can be expressed as

nLr(t), to S t < tMIR

Nue(t) = ¢ nll(t), t>0 ) (4.11)
0,

otherwise

Analogously, the total radiative population dynamics for both regimes is

nl(t), to<t<tur
ne(t) = { n'(t), t>0 : (4.12)

0, otherwise
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The modeled dynamics of the non-radiative population n,(t) given in Equation
is plotted in Figure [4.6(a) and compared with the unperturbed case nl () without a
second excitation. The non-radiative population is induced by a laser pulse at ty = 0
and shows a monoexponential decay. The second excitation pulse transfers a certain
fraction ¢ of the radiative state population into the non-radiative state which is reflected
in the instantaneous enhancement of the non-radiative population at time .

In Figure [1.6(b), the radiative population n.(t) given in Equation is plotted.
According to the initial conditions, the radiative population is zero at ¢ = 0. The rise
time and the decay time of the modeled curve are specified by the parameters 7. and
TpL, respectively. The second excitation pulse induces an abrupt drop of the radiative
state population and a subsequent signal recovery due to relaxation processes from the
non-radiative level into the radiative one. As above, the detected PL signal is assumed
to be proportional to the radiative population given in Equation (4.12). As performed
for the unperturbed case, the calculated level occupation number is convoluted with a
Gaussian function

Ipp(o,t) =1y (n, *G,) (t), t>0. (4.13)

In Figures [4.6c) and [4.6(d), the convoluted functions are shown and compared with the
modeled curves. The labels I and IT denote the time regimes after the initial excitation and
after the mid-infrared pulse, respectively. The most noticeable difference is the reduced
dip depth in Figure (d) due to the simulated time resolution of o = 15 ps.

Two fit functions fit-PL and fit-PL-dip are created that are based on Equations
and for the signal without and with induced quenching, respectively. For analysis
of the PL quenching data, the fit procedure is performed in two steps. From the reference
trace without quenching, the parameters ty, 7., 7pr,, and [y are extracted. In a second
step, these values are kept fixed. The only free parameters for the fit of the trace with
quench using fit-PL-dip based on Equation are the arrival time of the mid-infrared
laser pulse ty\r and the relative quenching ¢, respectively. The Gaussian width o was
about 25 ps for the mid-infrared quenching experiment and is mainly attributed to laser
pulse length and the jitter of the laser synchronization. For all of the fitted PL transients,
the PL rise time 7! is found to have the same values as the PL recovery time after the

: I
quenching 7.

4.3 Probing of local lattice heating

In the example that was shown in the previous subsection, the carrier cooling time and
the PL decay times depend strongly on the lattice temperature T7,. The increased phonon

densities cause faster cooling of the excited carriers leading to shorter PL rise times. The
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Figure 4.6: Modeled dynamics of the non-radiative n,,(t) (a) and radiative n.(t) (b) pop-
ulation after an initial excitation at ¢ty = 0 (blue). The violet curves show the
dynamics of the population with a second excitation at ¢t = tygr. The curves
are plotted with parameters ty = 0, tyqr = 200 ps, 7. = 100 ps, 7pr, = 400 ps,
q = 0.75. The two lower subfigures show the non-radiative (c¢) and radiative
(d) population dynamics with a finite time resolution of o = 15ps.
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PL decay becomes slower with increasing temperature as a smaller fraction of excitons is
in radiative states.

In the frame of a comparative study, the heat impact into the lattice is investigated
depending on the mid-infrared fluence. A first data set is taken at 10 K with increas-
ing mid-infrared fluence and a second one without mid-infrared excitation for different
lattice temperatures between 10 K and 35 K. The transient PL signals with mid-infrared
excitation at t = tyqgr with fluence 7pJem=2 and without a second excitation for a lat-
tice temperature of 10K are shown in Figure £.7(a). The experimentally derived PL
transients are well described using the fit functions fit-PL and fit-PL-dip derived from
Equations (4.5) and , respectively. This simple model allows for the deduction of
the cooling time 7, and the PL decay time 7pr,. A linear behavior is found for the decrease
of 7. and the increase of 7pr,, see Figures (b) and (c) The time constants 7, and 7pr,

2 correlate with the data taken for a

for the maximum mid-infrared fluence of 51 pnJ ecm™
lattice temperature of 28 K without mid-infrared fluence. Note the labeling of the axes at
the top (lattice temperature) and the bottom (MIR fluence) and that both data sets start
at 10 K and zero mid-infrared fluence. According to these findings, the PL. dynamics can
serve as a sensitive probe of local lattice heating in a temperature range with negligible

spectral shift. With increasing lattice temperature, a higher number of carriers has a
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Figure 4.7: (a) Transient PL signal with dip at ¢t = tygr for mid-infrared fluence of
7nJem™2. The red curves show the modeled curves. (b) Cooling time 7. and
(c) PL decay time 7py, as a function of mid-infrared fluence (black bullets) and
lattice temperature (blue triangles). The solid lines show their corresponding
linear fits.

sufficient energy for the emission of fast-relaxation LO phonons [Cer95], which becomes

noticeable through the decrease of the cooling time 7.. The PL decay time 7py, linearly
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increases for all measured temperatures. This linear behavior has been shown earlier, e.g.
in [Fel87], where a PL decay time of 2ns at T, = 30K is reported for a quantum well

sample under comparable conditions.

4.4 Polarization dependent photoluminescence quenching

Resonant mid-infrared pulses do not only excite intersubband transitions but induce free-
carrier absorption as well. While intersubband transitions require the electric field of the
radiation to be parallel to the growth direction of the quantum wells [Hel00], see Sec-
tion free-carrier absorption occurs for electric field within the quantum well plasma.
Providing the field component for intersubband transitions can be realized by applying
grating couplers on the quantum wells or by coupling the radiation via a waveguide facet.
In our experiment, a 45° polished facet as depicted in Figure is applied. The near-
infrared laser beam is directly focused on the quantum well layers under small angle of
incidence. The mid-infrared laser is reflected onto a gold coated surface and coupled into
the sample via the facet in order to obtain an electric field component perpendicular (p-
polarization) or parallel (s-polarization) to the quantum well plane. In this configuration,
intersubband transitions are excited only for p-polarized radiation while free-carrier ab-
sorption occurs for both polarization directions. With the second facet, the mid-infrared
light is efficiently coupled out to prevent effects that arise from multiple reflections inside

the waveguide.

NIR MIR

Figure 4.8: Scheme of the measurement geometry for coupling the p- and s-polarized ra-
diation to the 45° facet of the sample.

Intersubband absorption width

Initially, the intersubband energy of sample 1267 was estimated as 157 meV by solving the
Schrodinger equation in a one-particle picture based on the nominal growth parameters.

However, the intersubband energy becomes larger at higher densities due to many-body
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effects as has been derived, e.g., by [Ram90]. From our experiments at 157 meV, it can
be concluded that PL quenching at this energy is weak and not sensitive with respect to
polarization changes. Thus, the induced quenching was studied for mid-infrared photon
energies between 157meV and 179meV. The resonant data at 172meV are compared
with PL quenching at detuned photon energies. The results are shown in Figure [4.9]
The low absolute values for the dip depth in Figure (a) are a consequence of the not
perfectly aligned spatial overlap of the two laser spots. The difference between p- and
s-polarized quenching at 7pJcm=2 for different mid-infrared photon energies is shown
in Figure (b) In a first set of measurements, the mid-infrared photon energy was
changed between 157meV and 172meV resulting in increased dip depth and stronger
polarization dependency. A second data set shows a decrease of induced PL quenching
between 172meV and 179 meV.

Polarization-dependent behavior was found for energies between 168 meV and 179 meV.
The largest difference between the two polarization directions was found for the inter-
subband resonance at 172meV while the absolute numbers vary due to alignment and
experimental differences. From these observations, the width of the intersubband absorp-
tion line is estimated as 10 meV (FWHM) while the Drude-type free-carrier absorption is

observed for all studied photon energies.
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Figure 4.9: Verification of the intersubband resonance. (a) Saturation behaviour of the
relative PL. quenching for p-polarized (solid symbols) and s-polarized (open
symbols) light for mid-infrared photon energies of 172meV (resonant case)
and 179meV. (b) Two data sets of polarization sensitive PL quenching as a
function of mid-infrared photon energy for p-polarized (solid symbols) and
s-polarized (open symbols) light.
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Saturation behavior of the PL quenching

In the previous subsection, the mid-infrared photon energy 172 meV was identified to be
in resonance with the intersubband energy. Under optimized experimental conditions, the
PL quenching was studied dependent on polarization direction and mid-infrared fluence at

172meV photon energy. In a comparative manner, the relative PL. quenching is studied
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Figure 4.10: Saturation behavior of the relative PL quenching ¢ as a function of mid-
infrared fluence for p-polarized (bullets) and s-polarized (circles) mid-infrared
pulses. The red lines are the data fitting curves using Equation (4.14]).

under mid-infrared irradiation for s- and p-polarized light. In both cases, the relative
dip depth increases linearly and saturates towards ¢ = 1, i.e., the depletion of the lower
level is complete. In Figure [4.10, the saturation behavior of the relative quenching ¢ with

increasing MIR fluence @y is fitted with the general equation

Dt \
MIR

where @, is the saturation fluence. As a result, the saturation fluence is 6 1J cm=2

for p-polarized light while the induced quenching for s-polarized light saturates at ®g, =
140 pJ cm~2. For pulse widths of 1.6 ps and reflectivity losses at the sample surface of 22 %
for p-polarized light, the calculated saturation intensity is 3 MW cm~2. Analogously, for
s-polarized light, we have 36 % reflectivity losses and 56 MW cm~2 saturation intensity.
From geometric considerations, it is found that only 30% of the incoming p-polarized
light intensity has an electric field component perpendicular to the quantum well layer
plane. The resulting saturation intensity of 1 MW cm™2 agrees well with earlier results
for GaAs/AlGaAs quantum wells [Liu88].
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4.5 Summary and outlook

In this study of intersubband transitions, we observed the induced PL dynamics as a func-
tion of temperature, mid-infrared photon energy, and mid-infrared fluence. The induced
population transfer reflects itself in the dip depth and strongly depends on the polariza-
tion direction of the mid-infrared beam. This characteristics has been proven to be a
valuable tool for accurate monitoring and controlling the timing of infrared and terahertz
radiation pulses from accelerator based sources with respect to near-infrared pulses from
table-top sources. Several two-color experiments at FELBE benefit from this technique
for finding the required temporal overlap, e.g., THz-sideband generation [Wag09b|. For
all measurements, the recovery time after the quench has the same values as the PL rise
time. Furthermore, we could not find any second time constant in the PL transients as
an indication for possible exciton formation processes after optical excitation. According
to previous discussion about the exciton formation time, it can be concluded that the
observed PL recovery after the quench can be traced back to phonon-assisted cooling
of the hot excitons rather than exciton formation. The rise time of the PL transient is
associated with the cooling time of dark excitons relaxing back to bright states.

As no PL signal is detected from the excited carriers in the upper level of the conduction
band, we propose future studies on the intersubband relaxation dynamics of step quantum
wells, see e.g., [Yuh89], or of non-uniformly doped wells. The generated asymmetric band
structure changes the parity selection rules and optically bright states get populated after
resonant intersubband excitation [Mii90]. From the analysis of the excited PL signal,
direct insight into the intersubband relaxation dynamics and recombination processes is

expected.
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5 Photoluminescence dynamics under

pulsed intraexcitonic excitation

In this Chapter, the technique of time-resolved PL spectroscopy is combined with THz
pulses that have a photon energy resonant to the 1s-to-2p intraexcitonic transition. In the
experiment, efficient population transfer between the optically generated excitonic 1s state
and higher-lying excitonic states is monitored. In the PL spectra, the THz induced carrier
redistribution is visible as transient quenching of the 1s PL signal and the simultaneous
appearance of a 2s PL signal. This pronounced effective 1s-to-2s transition is surprising,
since the THz excitation of the 2s state is dipole-forbidden.

In the first part of this chapter, the experimental results on sample DBR42 are shown,
that represent the first observation of 2s PL excess emission under resonant THz exci-
tation. The effect is explained as efficient Coulomb-scattering mediated mixing of the
excitonic 2s and 2p states which goes along with the THz induced 1s-to-2p transition.
The theoretical calculations for this specific many-body semiconductor configuration per-
formed by our collaborators Koch et. al correctly predict the appearance of the 2s PL.

In a second part of this chapter, the different dynamics of the 1s PL quenching and the
2s PL signal is investigated on sample H063. In order to analyze the time-resolved PL
spectra during the THz induced 1s-to-2p transition, a rate equation model is introduced.
It describes both, the 1s PL quenching and the 2s PL dynamics, using a fourth effective
level that acts as a reservoir for the dark excitons which do not contribute to the PL
emission.

Parts of this chapter have been published previously in |[Ric13al [Zyb14].

5.1 Resonant THz spectroscopy

The THz experiment is based on the ideas of the transient PL quenching induced by mid-
infrared pulses that was described in Chapter [ After optical excitation, the transient
PL signal is monitored with the streak camera setup that is explained in Chapter [3|
Through the combination with temporally delayed THz pulses, the intraexcitonic 1s-to-

2p population transfer is visible as transient quenching of the 1s PL signal.
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Already in 1992, the group of M. Sherwin [Qui92] suggested THz experiments which
might show significant PL quenching under resonant intraexcitonic excitation. In our
experiment, the near-infrared and the THz laser beams illuminate the quantum well close
to normal incidence with a temporal delay At between the pulses, see Figure (a). As
a prerequisite for PL emission, near-infrared laser pulses populate the conduction band
either resonantly or nonresonantly. The latter case involves phonon-assisted scattering
towards low momentum states. The corresponding in-plane dispersion of the involved
states and possible THz excitations are schematically shown in Figure [5.I(b). Colored
arrows indicate the near-infrared induced transition into the electron-hole continuum and
the THz-induced 1s-to-2p transition. The 2s and the 2p excitonic states are nearly de-
generated. For all experiments, the delayed THz pulse is tuned to resonance with the

intraexcitonic transition energy.

At I

NIR NIA 1s
THz quantum well (i) res. NIR

k
(a) (b)

Figure 5.1: Schemes of the intraexcitonic transition studies. (a) Temporal delay At be-
tween the two exciting pulses that illuminate the sample under an angle close
to normal incidence. (b) In-plane dispersion of the involved excitonic states
and electron-hole continuum (shaded area). The arrows indicate the induced
transitions by near-infrared (blue) and resonant THz (red) pulses. The green
arrow represents phonon scattering after non-resonant near-infrared excita-
tion. The figure is adapted from [Kai03].

5.2 Observation of dipole-forbidden exciton transitions

The two-color PL quenching experiment was performed on the InGaAs/GaAs quantum
well sample DBR42, for details see Chapter [3] The sample was mounted in an optical
cryostat as shown in the schemes of the experimental setup, see Figure |3.2] and kept
at a lattice temperature of 10 K. Carriers are excited into the 1s(hh) state with near-
infrared Ti:Sapph laser pulses of 4 ps length and a resonant photon energy of 1.471eV. For

this particular sample, the required photon energy for the 1s-to-2p transition is 6.9 meV
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[Ricl13a]. The THz pulses from the free-electron laser source have 30 ps duration time
for this photon energy. For the experimental setup, the free-electron laser and Ti:Sapph
laser spot sizes are approximately 300 ym and 50 pum, respectively. The actual values are
estimated using the Spiricon Pyrocam. The excitation density was in the regime below

the Mott transition such that the PL emission is dominated by excitons.

0.0

Time (ps)

/

| |
500 1000
Time (ps)
Figure 5.2: THz-induced changes of transient PL emission. (a) Measured PL spectrum in
a differential form, for which the reference streak image is subtracted from the
measurements taken under resonant THz excitation. The vertical dashed lines

mark the integration areas used to create the PL transients (b) APL(1s) and

(c) APL(2s). This Figure has been published in [Ric13a], copyright (2013) by
The American Physical Society.

After optical excitation into the conduction band, the excitonic 1s PL emission peak is
detected at an energy Ei¢ of 1.471eV. Under resonant THz excitation, an efficient carrier

transfer is observed which leads to a transient quenching of the 1s PL signal. However,
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the most noticeable phenomena for this experiment is the appearance of a simultaneous
2s PL excess signal which is separated from the 1s PL signal by the THz photon energy
of 6.9meV. It emerges at the arrival time try, of the THz pulse about 195 ps after the
optical pulse and decays shortly afterwards. Figure (a) is a contour plot of exemplary
PL data in a differential form, where the reference streak image is subtracted from the
measurement taken under resonant THz excitation. In this Figure, the arrival time of
the THz pulse defines time zero, and the energy scale is given in E-F;,. The negative
differential signal APL(1s) is plotted in false colors. According to the color bar, positive
differential signals are marked red, while yellow indicates areas of the streak image that
are not influenced by THz excitation. Vertical dashed lines in Figure [5.2(a) mark 5meV
wide integration areas of APL(1s) and APL(2s) which are symmetric to the 1s PL and
the 2s PL emission energy. Within this energy range, the initial 1s PL quenching, the PL
recovery, and the PL overshoot for later times are clearly visible. The detected APL(2s)
signal has positive values in a spectral range between 5meV and 10 meV. The integrated
1s PL and 2s PL transients are plotted in Figures 5.2(b) and [p.2(c). Both, the THz-
induced 1s quench and the 2s PL excess emission occur within about 50 ps after the
arrival time of the THz pulse. After reaching the minimum, APL(1s) slowly recovers
and overshoots the initial value from ¢ = 800 ps on. The 1s PL signal is enhanced long
after the arrival time of the THz pulse compared with the unperturbed PL transient.
More precisely, during THz excitation, exciton population is transferred into optically
dark states which do not contribute to PL emission. As the non-radiative recombination
rate is negligible small, the excited excitons relax back into the radiative 1s state and
emit PL delayed in time |[Ric13al. It has been verified by time-integrated measurements
that the excess signal for later times perfectly compensates for the quenched intensity.
The pronounced 2s PL enhancement APL(2s) decreases faster than APL(1s) recovers
and is followed by a slow decaying signal. As can be seen from the PL transients in
Figures [5.2(b) and [5.2]c), the 2s PL emission and the 1s PL quench are simultaneous
effects. Thus, beside the sequential picture with fast 2p—to—2s scattering, THz induced

7direct” 1s-to-2s transition can be concluded [Ric13a].

5.3 Coulomb-induced state mixing

In this Section, the PL data are compared with theoretical results based on a microscopic
many-body theory which has been developed by Koch et al., see [Kir04], [Koc06], [Ric13al,
and Supplemental Material [Ric13b]. Following these references, the excitonic system is a
strongly Coulomb-interacting many-body system resulting in a mixed 2s/2p state, where

Coulomb-assisted THz transitions directly convert 1s excitons into 2s population. The
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experimentally observed 2s PL phenomenon is mediated by diffusive Coulomb scattering
between the almost degenerated 2s and 2p excitonic state during resonant 1s-to-2p THz

excitation.

The microscopic approach includes Coulomb scattering, radiative decay, momentum
relaxation, and phonon relaxation among exciton states, where the excitons are defined

by two-particle correlations
AR = A <eLhL_qhk/ek/+q> (5.1)

between the electron efe and hole h'h operators [Ricl3a] with carrier momentum k and
photon momentum q. Here, the special case is considered where the incoming excitons
scatter into new momentum states with the constraint that the number of incoming and
outgoing two-particle correlations remain constant. The exciton correlation is created in

q,k’' k " q.k’'+K k
the state ¢y~ by THz transitions and can scatter to a new state such as cy or

c}’k/’HK, where the scattering wave vector K has a constant magnitude. The influence of
the diffusive Coulomb scattering among excitons on the THz-induced exciton transitions

is expressed with the ansatz

’ / ]_ 2m ’
T:ﬁé‘ k —ihy <c§(’k k_ %/o dOk c}’k +K’k+K) , (5.2)

see [Ric13a], where Ok is the direction of the scattering wave vector K and v defines the

overall scattering strength. The 2p and 2s state mixing holds as long as K is not zero.

For the diffusive model, calculations are restricted to the population of the 1s, 2p, and
2s state that reduces Tfi’flf(,’k 1} to a 3 x 3 matrix Tx. Due to the 2s/2p state mixing,
the decay rate of the THz induced 2s population is

—1 -1 -1
Tas = Trel — Tconv > (53)
where 7oy is the 2p-to-2s conversion rate. The corresponding matrix elements are 15, 25 =
Teonv @A Thg 9, = Teony. The relaxation rates rap, o, and ras 9, of the 2p and the 2s level

towards quasiequilibrium are assumed to be equal, 13,9, = 72525 = —7e1. The relaxation

rate 71515 is set to zero as well as all the other r) ;5 elements, resulting in

0 —Trel — Tconv ~Trel — Tconv
TX = 0 —Trel Tconv ) (54)

0 Tconv —Trel

where the first, second, and third row correspond to the 1s, 2p, and 2s states, respectively.
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Figure 5.3: (a) Computed differential PL. Integrated differential APLy(t) for (b) A = 1s
and (c) A = 2s THz-induced effect on PL. The chosen parameters for the
calculation are Tppon = 900 ps, Tos = 120 ps, Teony = 96 PS, Trel = 38.2ps. The
gray shaded areas mark the THz pulse and the dashed curves show the 2s
signal calculated with reduced scattering. This figure has been published in
[Ric13a], copyright (2013) by The American Physical Society.
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In Figure (a), a numerical solution of the THz dynamics %c}’k/’k is shown, where
all relevant optically bright states, the dark excitonic states, and the diffusive Coulomb
scattering given in Equation are considered. The chosen parameters for the calcu-
lation are Tos = 120 ps, Teony = D6 ps, and 7, = 38.2 ps. Analogously to the experimental
data shown in Figure [5.2(a), dotted lines indicate the 5meV wide energy range around
the 1s PL and the 2s PL differential signals. The modeled PL transients APL(1s) and
APL(2s) are shown in Figures [5.3(b) and [5.3(c), respectively. The measured PL tran-
sients are qualitatively reproduced including the 1s PL quenching, the PL recovery, and
the 1s PL overshoot. The APL(2s) signal features a very fast and a slow decaying compo-
nent, where the latter is connected to phonon relaxation with time constant 7,pon = 900 ps.
The dashed curve in Figure[5.3)c) is produced by an additional computation with reduced
scattering. Instead of the pronounced peak, only a very weak APL(2s) signal emerges
due to thermal relaxation from ionized excitons during the THz excitation [Ricl3a]. This
behavior emphasizes the significance of Coulomb-assisted THz transition including the
dipole-forbidden conversion of a 1s into a 2s population [RicI3a], where the Coulomb
scattering is much faster than the relevant relaxation processes. Note that the final ma-
trix T'x is of importance in later discussions in Section where the exciton

populations are modeled based on a rate equation system.

5.4 Characterizing intra-exciton Coulomb scattering in

THz excitations

The experiment-theory analysis on sample DBR42, that is presented in the previous
Sections and shows that the THz induced intra-exciton transitions can be char-
acterized in terms of Coulomb scattering mechanisms. However, the model does not
differentiate between the experimentally observed fast decaying 2s signal and the slow
1s PL recovery. The deduced matrix Ty, see Equation , implies that the processes of
2s PL decay and 1s PL recovery occur with identical time constants. In the present Sec-
tion, different relaxation channels are identified that contribute to the slow 1s PL recovery
and the fast decay of the 2s state. For this purpose, time-resolved PL measurements are
performed on the GaAs/AlGaAs quantum well sample H063. The PL transients are eval-
uated using a newly created fit function, and the parameters of the 2s PL dynamics are
compared with that of the 1s PL quenching.

The unperturbed PL emission of the sample H063 has been characterized in Chapter 3]
The required THz photon energy for the intraexcitonic 1s-to-2p transition of 8.7meV is
well known from earlier studies on this specific sample [Wag09b|, Wag10]. The sample was

installed in an optical cryostat and kept at a lattice temperature of 6 K. Non-resonant
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near-infrared laser pulses excite carriers at intermediate densities of about 4 x 10'° cm~2

in the sample. Non-resonant band-to-band excitation initially creates a strong exciton
population of the high momentum 1sk states that do not contribute to the PL emission
signal. The advantage of the energy offset between the 1s PL emission and the exciting

laser pulse is that the laser stray light is outside the detected spectral range of the streak

image.
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Figure 5.4: (a) Streak image of the time-resolved PL under THz irradiation. The colors
indicate the PL intensity. Transient 2s PL (b) and 1s PL (c) for 8.7meV
THz photon energy excited with 28 nJ cm™2 (shaded area) and reference trace
(black line). (d) Differential PL spectrum at the arrival time ¢y, of the THz
pulse (dotted vertical line in (a) — (¢)) showing the THz induced 1s PL quench-
ing and the 2s PL emission. Note the different scaling of the PL intensity as
the 1s PL emission has been attenuated during measurements using a neutral
density filter.

About 600 ps after the near-infrared band-to-band excitation, resonant THz pulses in-
duce an efficient carrier transfer to the 2p level and 1s high momentum states. At the

arrival time ¢y, of the THz pulse, the induced population transfer manifests itself in an
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abrupt decrease of the 1s PL emission signal. During the THz excitation and shortly
afterwards, the PL spectrum features a pronounced peak at the 2s energy Fs, corre-
sponding to the 2s PL emission. The effect is illustrated in Figure (d) where the
differential PL spectrum shows negative values at F;s of 1.564eV and 2s PL excess at
E1s+8.7TmeV= 1.573eV. The detected 2s PL intensity is about two orders of magnitude
smaller than that of the 1s PL. The difference between the detected signal strengths is
attributed to the oscillator strength of the 2s recombination which is about eight times
smaller than that of the 1s recombination [Tan95]. Furthermore, Drude-type absorption
of the THz pulse enables free-carrier transfer from radiative states to high-momentum
states within the same subband. A direct observation of the strong 1s PL and the weak
2s PL signals is limited by the dynamic range of the streak camera. To overcome this
problem, a neutral density filter was placed behind the spectrometer in such a way that
the lower-energy part of the spectrum is attenuated by a factor of 15. Note the filter edge
around 5meV above E, in Figure [5.4[a) and [5.4/(d).

For evaluation of the PL transients, horizontal profiles are taken at the 1s and 2s
energies with £2meV integration width corresponding to the line width of the sample.
The observed changes in the PL signal are interpreted as the THz-induced dynamics of
the exciton population. In Figures [5.4(b) and (c), the PL transients with and without
THz excitation are compared. The 1s PL signal recovers to an intensity higher than
that of the reference trace which compensates for the PL quenching due to the induced
carrier transfer to high momentum states. As has been found for the sample DBR42 in
Section [5.2], the 2s PL signal decays much faster than the 1s PL signal recovers. From
this, we conclude that there is a negligible direct channel between the excitonic 2s state
and the bright 1s state.

5.4.1 Rate-equation model for intraexcitonic transition

For the theoretical treatment which was introduced in Section [5.3] it is assumed that the
populations of the 2s and the 2p levels directly relax back into the 1s state. However, the
dynamics of the measured signals has been proven to be dominated by a high momentum
exciton population causing a fast decaying 2s PL signal compared to the THz induced
1s PL quench. In the following, we focus on the decay of the detected 2s PL signal and
the associated relaxation back into the 1s state. For this purpose, the microscopic model
published in [RicI3al is broken down and transferred into a rate equation model for bright
and dark exciton densities. This reduces the computational effort, and furthermore, this
enables the identification of physically relevant process rates from the experimental data.
A rate equation model is introduced which is similar to the model for pulsed intersubband

excitation deduced in Section 1.2l While two effective states were considered for the



58 5 Photoluminescence dynamics under pulsed intraexcitonic excitation

intersubband model, four effective states are admissible now. The present approach takes
into account scattering from 2s and 2p into high-momentum excitons of the 1s exciton
manifold. This dark excitons outside the light cone are denoted by 1sk, where k is the
center-of-gravity momentum of the exciton.

In Figure (a), the THz induced processes are shown schematically. After THz ex-
citation, excitons are Coulomb scattered to the 2s level that radiatively decays. The
four effective levels and the considered relaxation processes are shown as lines and with
arrows in Figure (b), respectively. The population of the 2s and the 2p level relax
non-radiatively with time constant 7. to the non-radiative state 1sk. From this high mo-
mentum state, the carriers further relax with time constant 7, towards the radiative state
1s, i.e., the electron-phonon scattering is incorporated as one phenomenological time con-
stant. The radiative recombination is measurable as the emitted PL signal with a decay

time of TPL-
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Figure 5.5: (a) The excitonic levels at the arrival time of the THz pulse. The THz ex-
citation is shown in violet, the relaxation processes in green, and the PL
recombination in black, respectively. (b) Flow diagram of the model with oc-
cupation numbers of the degenerated levels ngs and ng,, of the non-radiative
level nq4, of the radiative level ny,, and the ground state. The arrows indicate
the Coulomb scattering 7~ and the relaxation between the effective states with
time constants 7., Tk, and 7pr,, respectively.

The rate equations form a linear system of ordinary differential equations of first order.
This system can be solved analytically, where the solutions are adapted to the adjusted
initial conditions corresponding to the different oscillator strengths and the Drude-type
1s-to-1sk absorption process. The introduced constants C, and Cs, scale the amplitude
of the modeled curves to the measured PL intensities. The detected PL intensities differ

by a factor of 30, where the excitonic free-carrier heating is formally identified as the
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dominating process. A substantial reason for the dominance of excitonic free-carrier
heating is the fact that for higher THz fluences the relative quenching saturates with
g = 1 which means full depletion of the radiative 1s state. This heating cannot be
explained by a pure excitonic 1s-to-2p interlevel transition. As the fraction of carriers
that gets excited into the 2p level is small, the 1s PL dynamics is not influenced by the
relaxation of 2p and 2s towards 1sk. The recovery of the 1s PL signal after the THz
excitation is exclusively described by the momentum relaxation 7, between the effective

1sk and 1s level in our model.

The introduced optically bright levels 1s, 2s, and 2p are simplified states representing
thermalized exciton distributions close to equilibrium with the lattice. The 1sk state
corresponds to a carrier distribution that is optically dark. Note that the real momentum
distribution determining the PL dynamics is not described by this four-level model. Dur-
ing resonant 1s-to-2p excitation, population is transferred from the 1s into the 2p level.
Subsequently, excitons populate the 2s level mediated by efficient Coulomb-scattering.
This leads to an instantaneous population of the 2p level while the rising edge of 2s signal
depends on the Coulomb scattering time 7o. Both signals decay with a time constant 7,

that represents the nonradiative decay into high-momentum states 1sk.

The transient population of the 2p states depends on the diffusive Coulomb scattering
time 7o and the relaxation to the optically dark state 1sk with time constant 7. The
2s state has the same two relaxation channels 7¢ and 7, while being radiative. The
intraband relaxation time 7, of high-momentum states into the optically active 1s state
dominates the PL rise time. Note that the experimentally observed 2s PL decay time
includes also non-radiative processes. The radiative 2s recombination 7py,2s) is much
slower than the non-radiative carrier relaxation to the 1sk state, 7.1, and will not be taken
into consideration. From the four-level model, a system of rate equations is developed
analogously to that of the intersubband experiments in Chapter [d] The solutions describe

the transient PL signal under resonant THz excitation.

The rate equations can be written in the form

ngs(t) ngs(t)

d nap(t) R n2p(t)

a | ma) || ) | 59
nls(t) nls(t)

where 7" is a 4x4-matrix. The functions nas(t), nay(t), nisk(t), and nis(t) are the occu-
pation number of the states 2s, 2p, 1sk, and 1s, respectively. The system of 1st order
ordinary differential equations (5.5)) simplifies considerably if the scattering rate 7, from

the radiative 1s state to high momentum states 1sk is neglected. In order to keep the
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system as simple as possible, the admissible population transfer 1sk-to-2pk between high

momentum states is not considered. Based on these assumptions, the matrix 7”7 in Equa-

tion ([5.5)) takes the form

-1 1 -1
Tl — TO To 0 0
—1 —1 —1
T — Tc Tl — T 0 0 (5 6)
- —1 —1 1 0 ’ :
7—rel 7—rel 7—k

—1 -1

0 0 Ty —Tpr,

that is comparable to T'x given in Equation extended by a fourth effective state 1sk.
Under THz excitation, the set of coupled rate equations is solved with initial conditions
adjusted to the problem. The fraction of carriers that is transferred by the THz pulse
to the 2p level to go, = 0.1¢ is chosen arbitrarily, where ¢ is the percentage of excited
carriers. Anyway, the exact value is not relevant as the measured 2s PL signal strength is
scaled independently of the 1s PL intensity. The factor gs, should be small enough such
that the relaxation of the 2p and 2s population does not influence the 1sk momentum

relaxation 7. Under this restriction, the initial conditions are

Ny (tr,) = 0 (5.7)
ni(tTHz) = bqqy (5.8)
nlllsk(tTHz) = a+bq(l—qy) (5.9)
niy(trm) = b(1—q) (5.10)
where @ = nj(trn,) = e and b = ni (tra,) = = (e~ o e_%) are the

TPL—TC
occupation numbers of the non-radiative and the radiative level of the unperturbed system

at time try,. Notice that the initial condition for no, (5.7 reflects that there is no direct
carrier transfer into 2s by the THz excitation. The coupled rate equations (5.6)) can be

solved analytically with the solution

b _ =t z 72(75*75 2)
nas(t) = %e el (1 —e e ) (5.11)
— z 2(t—t z)
nll(t) = b%ﬂem (14e ™), (5.12)
1 Y U t o 'THg
TlIllsk(t) = —Tk e le t<7k+7re1> <(a(7’k — Trel) + bQ(Tk — (1 _ Q2p>Tre1))eTrel T

L_l_tTHZ
_bqq2p Tk ek Trel )7 (513)
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b q qap TPL Trel _t=tTHg
11 D re
t = Trel
nlS( ) (Trel—Tk)(Trel—TPL)e
2o ) bt = (= gy -t 519
(T = 7pL) (Tkc — Trel)
+aTPL(TPL - Trel) - b((1 - Q)Tk(TPL - Trel) - TPL(TPL - (1 - qup)Trel)) e_t—tTHz

TPL
(TPL - Tk)(TPL - Trel)

For the particular case ¢ = 0, the above solutions can be rewritten as

_t TPL __t _t
ngs(t) = 0, ’I’L2p<t> = O, nlsk(t) =€ "k, nls(t) = m(@ "PL — € TC),

which are equal the functions of the reference traces without a second excitation, see
Equations and .

As in Chapter [4], the functions that describe the change of the occupation number for
all t > 0 are put together from the solutions in region I and II. An example of a set of
model curves is plotted in Figure [5.6] where time zero is defined as the arrival time of
the near-infrared laser pulse. The dotted lines indicate the THz excitation at tty,. The
quenching parameter ¢ is set to 0.75 which means that under THz irradiation 75 % of
the bright carriers are excited to the 2p and the 1sk level. In Figure [5.6((a), the 1s level
occupation numbers are plotted with and without THz irradiation, respectively. At the
arrival time of the short THz pulse, the 1s signal is instantaneously reduced and recovers
to a value higher than the reference trace. The abrupt carrier transfer from the bright 1s
level to the dark 1sk level is shown in Figure [5.6](c). At the arrival time of the THz pulse
trHs, the 2p level is populated and the carriers are efficiently scattered to the 2s level.
The modeled level occupation numbers of the 2p and 2s levels are shown in Figure (b)
and [5.6/(d), respectively. While the 2p level is instantaneously populated, the 2s level
occupation solely depends on the scattering time 7. The difference between the rising
edges of the two curves is depicted in Figure on a different time scale. The maximum
2s level occupation is reached after the arrival time of the THz pulse t1y,. Both curves
decay with time constant 7. In Figure (b), the THz induced 2s PL signal is compared
with the corresponding differential 1s level occupation number. According to the initial
conditions, only 10% of the THz excited carriers are transferred to the 2p level while
most of the carriers are Drude-like scattered to higher momentum states 1sk. Thus, the
2s signal intensity is relatively small compared to the 1s quench, and the 1s recovery
occurs on a time scale much slower than the decay of the 2s signal. In accordance with
the presumption of carrier conservation, the blue areas below and above the zero level
compensate in Figure [5.7/(b).

In analogy to the modeling of intersubband dynamics in Chapter [4] the intensity of the

PL signal is assumed to be proportional to the occupation number of the bright states
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Figure 5.6: Modeled dynamics based on a four-level system after optical excitation at

to = 0 (blue). The violet curves show the level occupation number with a
second excitation at ¢ = try, that transfers a fraction ¢ of the population
from the radiative effective 1s level to the dark 2p level. (a) The 1s level
occupation number ni4(t). (b) The 2p level occupation number ng,(t) with
THz excitation. (c¢) The 1sk level occupation number nqg(t). (d) The 2s level
occupation number nog(t) with THz excitation. The chosen parameters for the
plotted curves are tg = 0, try, = 600 ps, 7. = 100 ps, 7pr, = 400 ps, g = 0.75,
q2p = 0.1¢q, 7 = 10ps, and 7,1 = 50 ps.
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Figure 5.7: (a) Zoom into the 2s (red) and the 2p (blue) level occupation ny(t) and
nap(t), respectively. (b) The 2s (red) and differential 1s (blue) level occupation

number calculated from the transient with quench n4(t) minus the reference

trace ni,(t) without quenching.

1s and 2s. The calculated 1s-level occupation number n4(t) and the 2s-level occupation
number ng,(t) are convoluted with a Gaussian function that accounts for the THz pulse

length and the jitter of the synchronization

IQSPL(O', t) = IO (TLQS * Gg) (t) s t>0 s (515)
]lsPL(Ua t) = IO (nls * GU) (t) y t>0 . (516)

Two fit functions are created, namely fit-2s and fit-1s-dip, based on the modeled PL
signal intensity I(o,t) using Equations (5.15) and (5.16]), respectively. With this set of
fit functions based on rate equations, THz induced PL dynamics at the 1s PL and the

2s PL emission energy is evaluated.

5.4.2 PL dynamics at the 1s energy and the 2s energy

In this section, the PL. dynamics at the 1s energy and the 2s energy is analyzed using
the model fit that was developed in the previous section. The relative 1s PL quenching
and the 2s PL emission strength are studied as a function of THz fluence between 0 and
65nJ cm~2. Particularly, the results taken with THz photon energy of 8.7meV, that is
resonant to the 1s-to-2p transition, are compared with the case of slightly off-resonant THz
photon energy (10.6 meV). This study indicates how differently the Drude type intraband
absorption and the intraexcitonic transition influence the PL dynamics. The experimental
details of the PL measurements were given in the first part of Section [5.4]

In order to distinguish between the dynamics of the THz induced 1s PL quenching and

2s PL emission, two transients of the measured PL signal are evaluated at the 1s energy
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Figure 5.8: Differential plots of the transient PL signals at 1s energy (a) and 2s energy
(b) for resonant THz excitation. The red lines are the fits based on the rate
equation model fit-1s-dip and fit-2s, respectively. The PL recovery after the
quench is characterized by the PL rise time 75,. The dynamics of the differential
2s PL signal is determined by the relaxation to the optically dark state 1sk
with time constant 7. The right panels show the relative quenching of the
1s PL intensity (c¢) and the THz induced 2s PL emission (d) as a function of
THz fluence @y, for two different THz photon energies 8.7 meV (resonant to
1s-to-2p transition, bullets) and 10.6 meV (triangles). The black lines (c) are
guides to the eyes and the red lines (d) are saturation fits to the data.
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of 1.564eV and 2s energy of 1.573eV, respectively. The fit procedure is performed in
three steps for each measurement without and with THz excitation. In a first step, the
reference 1s PL trace is fit using the function fit-PL based on Equation in order to
extract the PL rise time 7, the PL decay time 7pr,, the arrival time ¢y of the near-infrared
pulse, and the amplitude scaling factor Ci5. Second, the 1s PL trace with quench is fit
using the function fit-1s-dip based on Equation , where the relative PL quenching
q and the arrival time of the THz pulse t1y, are the only free parameters. In a last step,
the 2s PL transient is evaluated using the function fit-2s based on Equation ([5.15) with
the scaling factor Cy as the only free parameter. For all fits, the Coulomb scattering is

set to 7o = 10 ps which is below the time resolution of our experiment.

The fit functions describe the data quite well with parameters 7, = 390 ps, 7,1 = 40 ps,
and 7¢ = 10ps for all measured fluences. An example is shown in Figure [5.8 where
the fits are applied to the 1s PL and the differential 2s PL transients. The differential
transients in Figure [5.8(a) and [5.8(b) illustrate the different dynamics in analogy to the
plot in Figure [5.7] whereas the PL rise 7, around t, and the PL decay 7p, of the 1s PL
transient are not visible. The non-radiative relaxation process between the 2s and 1sk
states is found being about ten times faster than the cooling of the 1s high momentum
states towards k = 0. The scaling parameters C'; and Cy, differ by a factor of 30, i.e., only
1/30 of the 1s population which becomes excited by the THz signal can be detected as a
bright 2s signal.

Furthermore, it is investigated how the relative quenching g of the 1s PL signal changes
as a function of THz fluence ®1y,. The relative quenching parameter ¢ is obtained by the
model fit and plotted in Figure (c) For resonant 1s-to-2p excitation with THz photon
energy of 8.7meV, the amount of quenching strongly increases between 0 and 20nJ cm ™2
and converges to 1, which corresponds to a 100 % depletion of the bright 1s states in
the saturation regime. A second set of data has been taken for a THz photon energy of
10.6 meV which is energetically slightly off resonance. For the corresponding data set,
the induced quench of the 1s PL transient shows a similar behavior with increasing THz
fluence and the fitted time constants are the same as for the resonant case. From this
observation, the conclusion is drawn that the 1s dynamics is dominated by the Drude-like

excitation process within the 1s level.

Additionally, the change in the THz induced 2s PL is explored relative to the absolute
signal intensity measured at the 2s energy including the background. In Figure (d),
the change of the 2s PL signal with increasing THz fluence is plotted. It can be described

with a general saturation fit to the measured PL intensity

THz

d —1
I(®rh,) = Lat <1+@Sat) : (5.17)
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where the saturation intensity Iy, is indicated by a horizontal dashed line. The results
of the fit are I, = 0.84 and ®g,; = 4.8nJ cm~2 for the resonant THz photon energy of
8.7meV. From a comparison of Figure [p.8(c) and [.§(d), it is obvious that the 2s PL
emission reaches its saturation value while the 1s quenching is still in the linear regime.
For the data set with detuned photon energy of 10.6 meV, the relative THz induced 2s PL
emission converges towards 0.82. However, the saturation fluence of 28.9nJ cm~2 is much
higher resulting from weaker THz absorption where less excitons are Coulomb scattered

into 2s.

From our rate equation analysis, it can be concluded that scattering into 1sk, fol-
lowed by momentum relaxation into radiative 1s excitons with zero momentum, is in fact
the dominant relaxation mechanism. As the most prominent signature, the present rate
equation correctly reproduces the observed PL dynamics under THz excitation, i.e., a
difference of about one order of magnitude between the fast 2s PL decay time and the
much slower 1s PL recovery. While the 2s PL signal decays within about 40 ps, the 1s PL
recovery time is comparable to the initial PL rise time immediately after non-resonant

interband excitation, where similar relaxation of the exciton momentum comes into play.

5.5 Summary and outlook

With time-resolved PL spectroscopy combined with THz pulses resonant to the 1s-to-2p
intraexcitonic transition, the induced changes of the PL dynamics of GaAs quantum well
samples are investigated. The enhancement of the 2s-exciton PL emission was observed
when THz pulses resonantly excite intraexcitonic 1s-to-2p transitions. The effect has
been explained by a microscopic many-body theory of the efficient Coulomb-scattering
mediated mixing of the 2s and the 2p states, which correctly predicts the appearance
of the 2s PL. With this approach, the resonant THz pulse induces a direct transition
between the excitonic 1s to the 2s state which is forbidden by dipole selection rules. The
experimental evidence of the 2s PL emission is a good fingerprint to identify excitonic

populations.

The results of the comparative study with two different THz photon energies strongly
supports the hypothesis that the 1s PL quench originates mostly form an efficient carrier
transfer to a continuum of dark states within the same level. The energy tuning of the
free-electron laser to higher photon energies does not influence the 1s PL quenching much
while a strongly reduced occupation probability of the 2s level is observed for the detuned
case. Further work is needed to determine the 2s PL signal strength and decay time as

a function of near-infrared fluence and lattice temperature. The question to be answered
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is how the optical phonon density influences the relaxation process of the 2s population
towards the dark 1sk level population.

As an outlook, the technique of time-resolved PL studies applied to the ”classical” exci-
tonic system in GaAs quantum wells may enhance the knowledge on ultrafast dynamics in
novel materials. Recently, PL emission has been investigated on two-dimensional systems
without band gap, where excited carriers cannot form excitons and do not radiatively
recombine at the band minimum as for conventional PL emission. However, significant
broad band light emission from pristine monolayer graphene [Nov04, [Nov05] has been
detected during short pulse laser excitation, where the electron system is driven out of
equilibrium and is partially thermalized with phonons [Stol0, [Luil0]. The combination of
time-resolved PL spectroscopy with a second excitation might be a technique to get valu-
able insight into the carrier dynamics of graphene. To extend the time scale of relaxation,
one could think of two-color studies on confined systems like graphene nanoribbons (1D)
or graphene quantum dots (0D). Another interesting class of two-dimensional materials
with finite band gap are transition metal dichalcogenides (TMDCs) that are promising
candidates for flexible and transparent optoelectronic device applications [Wanl2]. In
particular, molybdenum and tungsten based TMDCs, such as MoSy, MoSes, WSy, WSes,,
are semiconductor materials with band gaps ranging from the visible to the near-infrared.
In TMDC stacks, PL quenching has been observed due to a direct to indirect band gap

transition [Yuald].






69

6 Magnetic control of excitonic

photoluminescence emission

In the previous Chapter [5] the technique of time-resolved PL spectroscopy was com-
bined with THz pulses resonant to the 1s-to-2p intraexcitonic transition revealing efficient
Coulomb scattering mechanism between the 2p and the 2s excitonic state of the GaAs
quantum well samples. In the present Chapter, time-resolved PL. measurements are per-
formed with a modified setup, where the GaAs quantum well sample HO63 is placed in a
magneto-optical cryostat.

In a first part of this Chapter, intra-magnetoexcitonic transitions are identified from the
strength of the THz induced 1s PL quenching in the magnetic field range between 0T and
7T. The time-resolved PL experiment is performed with the resonant THz photon energy
of 8.7meV, as well as for detuned photon energies of 9.4meV, 10.5meV, and 12.8 meV.
At the arrival time of the THz pulse, the 1s PL intensity abruptly drops and recovers to
a value higher than the reference trace. A variety of resonances is present in the magnetic
field scans between 0 T and 7T that are identified as 1s-to-np,. transitions of the quantum-
well-confined magnetoexcitons and the electron-cyclotron resonance (e-CR). In a second
part, the magnetic-field control of the 2s PL emission is studied between 0T and 3T.
The reduced Coulomb scattering for elevated magnetic fields results in a decrease of the
2s PL signal strength. At the end of this chapter, the experimental obtained parameters
for the 1s PL quenching and the 2s PL enhancement are compiled in summary plots and

compared with theoretical curves for the THz induced 1s-to-npy transitions.

Portions of this chapter have been published previously [Bhal4].

6.1 THz induced intra-magnetoexcitonic transitions

For the PL studies with magnetic field, a magneto-optical cryostat was included in the
experimental set-up connected with changes in the beam path as described in Section [3]
In Faraday geometry, the homogeneous magnetic field is directed parallel to the wave

vector of the THz beam such that the carrier motion lies within the quantum well layers.
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The GaAs/AlGaAs quantum well sample H063 was mounted on the sample stick and kept

at 8 K lattice temperature in the center of the magneto-optical cryostat.

During the experiment, higher excitonic states are populated after non-resonant exci-
tation across the band gap by near-infrared laser pulses with photon energy of 1.627eV.
Through phonon relaxation, the induced population relaxes to the lowest excitonic level in
the quantum well 1s state with an energy of 1.566 eV. For the transient studies, again, the
time-resolved PL detection using the streak camera setup is combined with short pulse
THz excitation. Through the near-infrared excitation and the external magnetic field,
magnetoexcitons are created and the applied THz pulses induce transitions between their
states. The magnetic field strength is manually tuned using an external control panel.
For each of the chosen magnetic field values, a streak image of the PL signal is saved and

compared with the reference measurement taken without THz excitation.

The results are interpreted as caused by the field-induced shift of the excitonic transi-
tion energies and the lifted degeneracy of the 2s and 2p energy states. The data analysis
supports the new finding that the efficient Coulomb scattering between energetically de-

generate states can be externally controlled by means of a magnetic field.

6.2 Magnetic-field control of THz induced 1s PL

qguenching

In Figure[6.1], calculated magnetoexcitonic 1s-to-npy transitions are plotted according to
[Bhal4], [SROI]. The strong line splits into 1s-to-2p, and 1s-to-2p_ with increasing field.
While the 2p, monotonically increases, the 2p_ curve initially exhibits a red shift with a
minimum value around 1T and subsequently it exhibits a blue shift. This behavior has
been reported earlier, e.g., by [Nic00, Bar02, [Mi09]. At zero field, the THz photon energy
of 8.7meV is resonant to the 1s-to-2py transition according to the findings in Chapter [5
For all measured 1s PL transients, time profiles of the transient PL intensity are taken
at the 1s energy and compared with the reference trace. As for the data presented in
Chapter [0, the THz induced quenching ¢ is analyzed using the model fit fit-PL and fit-
1s-dip that are based on Equations and , respectively. The strength of the
PL quenching decreases with increasing magnetic field strength. In Figure (a), two
excitation scenarios are plotted under resonant THz excitation with fluence of &1y, =
39nJem 2. Under these experimental conditions, the PL quenching saturates between
0T and 2 T independently of the near-infrared fluence. In particular for lower THz fluence
shown in Figure [6.2(b), several local maxima of 1s PL quenching are observed. These

signatures are labeled according to the identified transitions shown in Figure [6.1]
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Figure 6.1: Calculated magnetoexcitonic 1s-to-np. transitions showing the line splitting
with magnetic field strength [Bhal4l [SR91].
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Figure 6.2: Relative 1s PL quenching ¢ under resonant THz excitation of 8.7meV with
magnetic field. The colors indicate different combinations of near-infrared and
THz fluences. (a) Strong THz excitation of @1y, = 39nJ cm ™2 combined with
near-infrared fluence of ®xr = 105nJ cm™=2 (orange) and of g = 8nJ cm 2
(gray). (b) Weaker THz excitation of ®7y, = 22nJ cm™2 combined with near-

infrared fluence of ®yr = 150nJ cm™2.
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However, the enhanced quenching around 5T cannot be assigned to intraexcitonic tran-
sitions. The peak coincides with the electron-cyclotron resonance (e-CR) investigated,
e.g., by [Nic00]. These findings are consistent with the observed dependency on the near-
infrared induced carrier density shown in Figure [6.2] A large number of photogenerated
carriers induced by a high near-infrared fluence results in a strong 1s PL quenching due
to the e-CR. A high THz fluence, on the other hand, enhances the quenching caused by
intraexcitonic transitions. The energetic structure of these transitions, however, is better
resolved at lower THz fluences as the peaks saturate and merge at high THz fluences.

For higher THz photon energies, the 1s-to-2p, transition is non-resonant at zero field.
The peaks shift according to the energy shift of the intraexcitonic transitions. For THz
photon energies of 9.5meV and 10.6 meV, the relative 1s PL quenching with magnetic
field is shown in Figures[6.3((a) and [6.3|(b), respectively. The excitation conditions are the

same as for the measurements with 8.7 meV THz photon energy shown in Figure|6.2l The
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Figure 6.3: Relative 1s PL quenching ¢ for different non-resonant THz photon energies:
(a) 9.5meV and (b) 10.6 meV. Both with THz fluence of ®rg, = 22nJcm™2
and NIR fluence of 150 nJ cm™2.

weak quenching in [6.2((a) is seen as a consequence of the poor spatial overlap during laser
excitation for this particular measurement. For a THz photon energy of 10.6 meV shown
in (b), the 1s-to-2p, transition is visible as a peak centered at 1.5T. The 1s-to-2p_
transition induces enhanced quenching between 4T and 7T. In contrast to the 1s-to-np.
transitions, different spin states are detectable for 1s-to-np_ intraexcitonic transitions
[Nic00]. This fact might lead to the observed broadening of the resonance.

Furthermore, the induced quenching of the 1s PL is analyzed for a THz photon energy of
12.8 meV. The 1s-to-2p, resonance is expected at about 3.5T, see Figure 6.1] and [Nic00].
For a magnetic field strength of 3.3T, the obtained PL transients with and without THz
excitation are shown in Figure (a) together with the model fit. The obtained quenching
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parameter ¢ is plotted for three different excitation scenarios as a function of the magnetic
field strength in Figure [6.4b). The resonance peak centered around 3.3 T is identified as
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Figure 6.4: (a) Transient 1s PL intensity for 12.8 meV THz photon energy excited with
43nJecm™2 (shaded area) and the reference trace (dotted line) at the reso-
nance peak around 3.3T. (b) Relative 1s PL quenching ¢ for nonresonant
THz excitation (12.8 meV) with magnetic field. The colors indicate different
combinations of near-infrared and THz excitation fluences. From upper to
lower curve: NIR 8nJem~2 and THz 73nJ ecm~2; NIR 105nJ cm~2 and THz
43nJem~2; NIR 8nJem™2 and THz 43nJ cm~2. The red line is a Lorentzian
fit to the 1s-to-2p, transition peak.

the 1s-to-2p, transition while the enhanced quenching between 1T and 2.2 T is attributed
to possible higher-order transitions 1s-to-3pi. The relative PL quenching reaches its
maximum value around 3.3 T. It is 0.6 for both data sets that were taken with the lower
THz fluence of 431nJ cm~2. The line width was obtained by a Lorentzian fit to a FWHM of
0.7 T. For an increased THz excitation density of 73nJ cm ™2, the quenching at resonance
saturates and the peak broadens to a FWHM of 1.26 T. The relative quenching for all
the remaining magnetic field values changes linearly with the increased THz fluence. A

synopsis of these experimental results is schematically shown below in form of the diagram
presented in Figure

6.3 Magnetic-field control of the THz induced 2s PL

emission

In this Section, we focus on the magnetic control of the THz induced 2s PL emission
strength. Simultaneously to the change in the 1s PL signal, the dynamics of the induced
2s PL emission is studied. At zero field, the quasi-degenerate 2s and 2p excitonic states

have an energy of 1.575eV. The energetic shift of the 1s-to-2p transitions between 0T
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and 7T is studied for three different THz photon energies, namely 8.7meV, 9.4 meV, and
10.6 meV. As the degeneracy of the states is lifted, the scattering strength between the 2p
and the 2s state decreases with elevated magnetic field. The intensity of the 2s emission
peak is expected to be much weaker than the 1s PL. The dynamical range of the CCD
camera limits the detection of weak signals. In order to image the strong 1s as well as the
weak 2s signal, a neutral density filter was installed after the spectrometer as described
previously in Section [5.4]

N
)
=
<)

2p

Figure 6.5: Visualization of the exciton wave function without magnetic field (left column)
and with 2.1 T (right column). Horizontal and vertical directions z and y
represent spatial coordinates. The perpendicular magnetic field squeezes the
1s, 2p, and 2s wave function (from lower to upper row). This figure has been
published in [Bhal4], copyright (2014) by The American Physical Society.

The spatial extent of the excitonic wave function is essential for the interpretation of
the results. Calculations demonstrate the efficient reduction of the wave function’s spatial
extent and, thus, an increase of the THz-transition strength. The exciton wave functions
and the influence of the magnetic field are depicted in Figure|6.5 The comparison between
the situation for 0 T and 2.1 T visualizes the contraction of the 2p and 2s wave functions
that reduces the scattering cross section between the respective excitonic states [Bhal4].
The spiral shape is caused by the excitation-induced dephasing and is present only for
the p-like states .

6.3.1 Rate-equation analysis

With the experimental setup, the 2s PL signal strength is detected and controlled by
tuning the magnetic field for a fixed THz photon energy. Strong 1s PL quenching at
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zero field was found for 8.7meV, where the photon energy is resonant to the 1s-to-2p4
transition. With increasing magnetic field, the signal strength of the detected 2s emission

peak gradually decreases and vanishes for all values larger than 2.5 T.

From the streak camera images, the PL transients were integrated over 3meV at the
1s PL and the 2s PL energy. For analysis, the fit functions based on the rate equations
are used as for the zero field experiment in the previous Chapter . In Figures (a)
and [6.6[(b), the transient 1s PL signal and the differential 2s PL signal are plotted for
different magnetic field strengths together with a rate equation fit. Note the different
scaling of Figures (a) and (b) In Figure (a), both transients are plotted to
visualize the difference between the detected intensities and the PL dynamics. For the
rate equation fit with fit-7s-dip based on Equation , the free parameters are the
PL decay time 7p;, and the PL recovery time 7. The obtained time constants have the
same value for all studied magnetic field strengths. There is no detectable change of the
dynamics with increasing magnetic field. For all measured transients of this sample H063,
the PL decay time 7p;, = 385 ps matches the PL rise and recovery time 7. The 2s PL
dynamics is simulated by the scattering times 7., = 40 ps and 7¢ = 10 ps, where the latter
is shorter than the time resolution of the signal ¢ = 20 ps. Note that for this approach,
the amplitude scaling factor Cyg is the only free fitting parameter for the 2s PL emission.
The slower decaying component is attributed to slow phonon relaxation, see [Ric13a), that

is not regarded in the rate equation model.

From the evaluation of the PL transients, the decay of the 2s PL emission is found to
be about ten times faster than the recovery of the 1s PL. quench with a time constant of
T = 385 ps. The 2s PL decay is limited by the nonradiative relaxation process of the 2s
state into the high momentum 1sk states as has been found in the analysis of the zero
field data in Chapter [5]

Results of the rate-equation analysis are plotted in Figure[6.7] The relative quench ¢ of
the 1s PL intensity and the THz-induced 2s PL emission at the arrival time of the THz
pulse are plotted versus the magnetic field in Figures [6.7|(a) and [6.7[(b), respectively.

The change of the 2s PL emission strength with magnetic field is attributed to two
effects that both correlate with the energy shift of the excitonic 2p state. Firstly, the
photon energy of the THz pulse is not longer resonant to the 1s-to-2p transition. The
energetic width of the resonance can be estimated from that of the 1s quenching peak
which ranges from 1T to 1.5T. Secondly, the 2p-to-2s scattering rate decreases with the
field strength as the degeneracy of the 2p and the 2s state is lifted.

For the data set taken with a THz photon energy of 10.6 meV, the induced 1s PL
quenching ¢ is about 0.5 at 0T, see Figure [6.7|(a). With elevated magnetic field strength,

this relative PL quenching increases until it reaches its maximum value of 0.7 at 1.6 T
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Figure 6.6: Transient PL intensity under THz excitation with 8.7 meV photon energy for

0T, 09T, and 1.9 T (from upper to lower panel). (a) PL emission at the 1s
and the 2s energy. The red lines are the model fits to the data with parameters
Tpr, = 383 ps, T, = 385 ps. The time resolution of the signal is ¢ = 20 ps. (b)
Zoom into the 2s PL signal. The 2s PL signal is simulated with the time
constants 7., = 40 ps and the Coulomb scattering time 7o = 10 ps.
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Figure 6.7: (a) Relative quench of the 1s PL intensity and (b) the THz induced 2s PL
emission at the arrival time of the THz pulse as a function of the externally
applied magnetic field. Pink and blue bullets show measurements taken with
THz photon energies of 8.7meV and 10.6 meV, respectively.

and decreases to about 0.2 at 3T. The asymmetric shape of the resonance peak results

from allowed higher-order excitonic transitions in the regime below 1.6 T.

6.4 Comparison between experiment and theory

In Figure [6.8] the experimental results of the present Chapter are summarized to a com-
prehensive magnetic field and THz photon energy dependence. The THz induced 1s PL
quenching and the 2s PL emission are shown in the upper and the lower panel, respec-
tively. The strength of the signatures is encoded both as symbol size and color, where
small blue and big red bullets represent minimum and maximum, respectively. Note that
the actual values only scale within the same THz photon energy. Black solid and dashed
lines represent the calculated energy dispersion curves for the allowed transitions from
the 1s ground state to the p-symmetry excited states 1s-to-npy that were shown before
in Figure and [Bhal4]. The linear change of the e-CR is marked with a red line ac-
cording to [Nic00]. For all the evaluated THz energies, the strongest PL quenching is in
good agreement with the calculated transition energies of the 2p, branch. The bending of
the 2p_ branch is reflected in a decreased 1s PL quenching around 1T and an increased
relative quenching at about 3T.

In the lower panel of Figure the strength of the corresponding 2s PL signal is
plotted. For all studied THz photon energies, the detected 2s PL signal intensity has a

finite value for B = 0 and tends to zero for magnetic field strengths larger than 2.5T. In
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Figure 6.8: Overview of the THz induced changes of the transient PL signal with magnetic

field together with calculated transitions [Bhal4] (black lines). All data points
are plotted as color and size mapped bullets, where small blue bullets represent
the minimum values and the big red bullets represent maximum values. The
THz induced quenching of the 1s PL signal is shown in the upper panel. The
red line shows the change of the electron cyclotron resonance [NicO0]. The

THz induced 2s PL at the arrival time of the THz pulse is plotted in the lower
panel.
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case of THz excitation with photon energy of 8.7meV, that is resonant to the 1s-to-2p
transition without magnetic field, the 2s PL signal decreases linearly above 0.5T. For
slightly detuned THz photon energy of 9.4 meV, the overall 2s PL strength is weaker and
shows a faster decrease with increasing magnetic field. At about 0.8 T, where the THz
photons are resonant to the 1s-to-2p, transition, the Coulomb scattering is less efficient
and the population transfer into the radiative 2s level is reduced.

The many-body theory developed by Kira et al. [Kirlll [Bhal4] supports the finding
that the picture of the Coulomb mediated 1s-to-2s scattering is not sufficient to explain
the experimentally observed transient PL changes. Calculated PL emission based on a
limited system of only the 1s, 2s, 2p_, and 2p, state, or without any scattering is not
in accordance with the detected PL dynamics. These calculations lead to the reverse
conclusion that all excitonic states are involved in the internal dynamics [Bhal4].

With this setup, it is not possible to cover the necessary energy-magnetic-field space in
infinitely small steps with data points. Automatic scanning through the parameter space
is not possible with our setup. The magnetic field can be manually tuned in 10 nT steps
but the free electron laser is set at a certain energy and cannot be arbitrary changed.
The water absorption lines are quite dense in the relevant energy scale and thus, limit the
operation of the free-electron laser to certain ”working” wavelengths. And of course we
have had really limited beam time. However, the summary plot in Figure consistently

supports the interpretation of the peaks based on six studied THz photon energies.

6.5 Summary and outlook

Time-resolved PL measurements are performed on quantum wells subject to a static mag-
netic field in growth direction. Firstly, intra-magnetoexcitonic transitions are identified
from the strength of the THz induced 1s PL quenching between 0T and 7T. In a sec-
ond experiment, the strength of the induced 2s emission signal is traced synchronously
to the 1s PL quenching. With our experimental method, we show that the diffusive
Coulomb scattering between the excitonic states is strongly dependent on the magnetic
field strength. For all studied magnetic fields strengths, the 2s PL decay time 7, is about
ten times faster than the PL recovery 7pr,. Possible changes of the Drude absorption with
field are not resolvable.

The transient intra-magnetoexcitonic PL study shows that the quantum states experi-
ence experimental significant effects which could be used for the development of radiation-
emitting nanoscale devices. Externally applied magnetic fields might be used to control
the photon energy and the emission intensity output of optoelectronic devices based on

quantum wells.
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