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Abstract

In recent years, silicon photonics has developed into a broad research field with a wide
range of applications in high-speed communications, classical and quantum information
processing, artificial intelligence, and metrology. This results in a demand for small,
high-speed, CMOS-compatible lasers at telecommunication wavelengths that can be
integrated with silicon photonic circuits. One of the promising candidates for on-
chip lasers are semiconductor nanowires (NWs). Due to their quasi-one-dimensional
geometry, they enable monolithic and site-selective integration of high-quality, direct-

gap semiconductors on silicon.

Optically pumped lasing in the spectral range from the near-infrared to the telecom-
munication bands was demonstrated using NWs made of III-V materials such as
gallium arsenide (GaAs), aluminum gallium arsenide (AlGaAs), and indium gallium
arsenide. To assess their full potential for ultrafast optoelectronic devices it is crucial
to understand their microscopic lasing dynamics. However, the roles played by their
resonator geometry and the microscopic processes that mediate energy exchange be-
tween the photonic, electronic, and phononic systems during the lasing process are
largely unexplored. With this thesis, we close this gap and provide a microscopic

understanding of the ultrafast lasing dynamics of GaAs-AlGaAs core-shell NW lasers.
We first investigate their steady-state properties. Thereby, we find that these lasers

are strongly affected by gain saturation due to carrier heating, leading to enhanced
spontaneous emission and refractive index fluctuations as well as reduced gain-loss
compensation. Due to these non-equilibrium effects, these NW lasers exhibit an
unusual linewidth behavior that deviates strongly from expectations based on the
Schawlow-Townes-Henry theory, but is in excellent agreement with quantum statistical

simulations.

We then investigate their ultrafast dynamics and find that the strong mode con-
finement of GaAs-AlGaAs core-shell NW lasers leads to pronounced non-equilibrium
dynamics. For pulsed excitation, these manifest as oscillations of the electron-hole
plasma temperature during the lasing process. As a consequence, the output pulses
of these NW lasers exhibit intensity and phase oscillations with frequencies ranging
from 160 GHz to 260 GHz. These results are achieved through a combined use of

femtosecond pump-probe spectroscopy and many-body laser simulation.

The key finding of the thesis is that in GaAs-AlGaAs core-shell NW lasers strong
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Abstract

mode confinement creates a new resonance between the electron-hole plasma tempera-
ture and the laser intensity. Taking advantage of this resonance with laser modulation
schemes based on terahertz (THz) heating fields could allow direct laser modulation
at previously unattainable speed. The theoretical insights of this thesis are general
and apply to other nanoscale semiconductor lasers as well. For example, our findings
thus illustrate a new approach to how the miniaturization of semiconductor lasers can

be used to design their ultrafast dynamical properties.
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Zusammenfassung

In den letzten Jahren hat sich die Silizium-Photonik zu einem breiten Forschungsfeld
mit einer Vielzahl von Anwendungen in den Bereichen Hochgeschwindigkeitskommuni-
kation, klassische und Quanteninformationsverarbeitung, kiinstliche Intelligenz und
Metrologie entwickelt. Daraus ergibt sich ein Bedarf an kleinen, schnellen, CMOS-
kompatiblen Lasern bei Telekommunikationswellenléngen, die in Silizium-Photonik-
Schaltungen integriert werden kénnen. Einer der vielversprechenden Kandidaten fiir
On-Chip-Laser sind Halbleiter-Nanodréahte. Aufgrund ihrer quasi-eindimensionalen
Geometrie ermoglichen sie die monolithische und ortsselektive Integration qualitativ

hochwertiger Halbleiter mit direkter Bandliicke auf Silizium.

Optisch gepumptes Lasing im Spektralbereich vom nahen Infrarot bis zu den Telekom-
munikationsbandern wurde mit Nanodrahten aus II1I-V Materialien wie Galliumarsenid
(GaAs), Aluminiumgalliumarsenid (AlGaAs) und Indiumgalliumarsenid demonstriert.
Um ihr volles Potenzial fiir ultraschnelle optoelektronische Bauelemente beurteilen
zu konnen, ist es entscheidend, ihre mikroskopische Laserdynamik zu verstehen. Die
Auswirkungen ihrer Resonatorgeometrie und der mikroskopischen Prozesse, die den
Energieaustausch zwischen den photonischen, elektronischen und phononischen Syste-
men wahrend des Laserprozesses vermitteln, sind jedoch noch weitgehend unerforscht.
Diese Arbeit schliefit diese Liicke und schafft ein mikroskopisches Verstindnis der
Laserdynamik von GaAs-AlGaAs Kern-Schale Nanodrahtlasern.

Zunachst werden ihre stationdren Eigenschaften untersucht. Dabei wird festgestellt,
dass diese Laser aufgrund von Ladungstriagererwarmung stark von einer Verstarkungs-
sittigung beeinflusst werden, was zu verstarkten spontanen Emissions- und Brechungs-
indexfluktuationen sowie einer reduzierten Verstiarkungs-Verlust-Kompensation fiihrt.
Aufgrund dieser Nichtgleichgewichtseffekte weisen diese Nanodrahtlaser ein ungewohnli-
ches Linienbreitenverhalten auf. Dieses weicht stark von den Erwartungen basierend auf
der Schawlow-Townes-Henry Theorie ab, ist aber in ausgezeichneter Ubereinstimmung

mit quantenstatistischen Simulationen.

Anschlieend werden ihre ultraschnellen dynamischen Eigenschaften untersucht.
Dabei wird festgestellt, dass der starke Modeneinschluss von GaAs-AlGaAs Kern-Schale
Nanodrahtlasern zu einer ausgepragten Nichtgleichgewichtsdynamik fiihrt. Bei gepulster
Anregung manifestiert sich diese als Oszillationen der Temperatur des Elektron-Loch-

Plasmas wihrend des Laservorgangs. Infolgedessen weisen die Ausgangspulse dieser
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Nanodrahtlaser Intensitéits- und Phasenoszillationen mit Frequenzen im Bereich von
160 GHz bis 260 GHz auf. Diese Ergebnisse wurden durch den kombinierten Einsatz
von Femtosekundenspektroskopie und Mehrkorper-Lasersimulation erzielt.

Das Hauptergebnis dieser Arbeit ist, dass in GaAs-AlGaAs Kern-Schale Nanodrahtla-
sern durch den starken Modeneinschluss eine neue Resonanz zwischen der Temperatur
des Elektron-Loch-Plasmas und der Laserintensitéit entsteht. Die Ausnutzung dieser
Resonanz mit Lasermodulationsverfahren, die auf THz-Heizfeldern basieren, kénnte
eine direkte Lasermodulation mit noch nie dagewesener Geschwindigkeit ermdéglichen.
Die theoretischen Erkenntnisse dieser Arbeit sind allgemeingiiltig und gelten auch fiir
andere Halbleiterlaser im Nanomafistab. Diese Ergebnisse zeigen somit beispielsweise
einen neuen Ansatz, wie die Miniaturisierung von Halbleiterlasern genutzt werden

kann, um ihre ultraschnellen dynamischen Eigenschaften zu beeinflussen.
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Chapter

Introduction

This chapter includes material from

A. Thurn, J. Bissinger, S. Meinecke, P. Schmiedeke, S. S. Oh, W. W. Chow, K.
Lidge, G. Koblmiiller and J. J. Finley, ’Self-induced ultrafast electron-hole plasma

temperature oscillations in nanowire lasers’. arXiv:2108.11784 submitted (2021)

The development of semiconductor technology in the twentieth century led to two
major inventions: the transistor [1, 2] and the semiconductor laser [3, 4]. The following
miniaturization of transistors gave rise to the development of integrated circuits, the
foundation of modern electronics [5, 6]. Likewise, semiconductor lasers found wide
application in areas such as communications, metrology, machining, and medicine [7—
10].

Beginning in the 1980s, researchers increasingly recognized that the combined in-
tegration of electronics and photonics on silicon offered great potential for optical
interconnects, promising better system synchronization, reduced power dissipation,
and larger bandwidths [11]. Silicon is particularly suited as a platform for integrated
optoelectronics due to its low cost, high material quality, compatibility with com-
plementary metal-oxide-semiconductor (CMOS) processes, good linear and nonlinear
optical properties, as well as the existing infrastructure for high density of integration
and high-speed data transmission [12]. Other approaches to integrated optoelectronics
include the use of lithium niobate [13], silicon nitride [14], and indium phosphide [15]

as platforms, each having unique advantages and disadvantages.

Due to the potential of integrated optoelectronics based on silicon, concerted efforts

have been made in recent decades to integrate optical components such as waveguides,
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modulators, and photodetectors on this material platform [11, 12, 16]. As a result,
silicon photonics developed into a broad research field [17] with applications in high-
speed communications [18-20], classical and quantum information processing [21-23],
mid-infrared and nonlinear optics [24-26], neuromorphic computing [27], artificial
intelligence [28, 29], and metrology [30, 31].

However, since silicon is an indirect semiconductor and thus a very inefficient light
source, all these applications are still in need of compact, efficient, high-speed, CMOS-
compatible lasers operating at telecommunication wavelengths that can be directly
integrated onto silicon [12]. There have been many approaches based on different
integration techniques to solve this open problem, as discussed in Refs. [32-38].

One of the promising candidates for on-chip lasers that have emerged in recent years
are semiconductor NWs [39-41]. These provide a unique approach to site-selectively
and epitaxially integrate high-quality, direct gap semiconductors onto silicon [42-
45]. Optically pumped lasing has been demonstrated at room temperature using
I1I-V and II-VI compound semiconductors [46-48], group-1I oxides [49], and group-I11
nitrides [50], with emission wavelengths that can be tuned from the ultraviolet to the
telecommunication bands [46-58].

To assess their full potential for ultrafast optoelectronic devices, a detailed under-
standing of their lasing dynamics is crucial. Previous studies laid the groundwork
by investigating several aspects of carrier relaxation, gain dynamics, plasmonic phe-
nomena, and the role of lattice defects in many different material systems [59-67].
However, the microscopic mechanisms and dynamic processes that govern the NW
laser dynamics on ultrafast timescales remained largely unexplored. In this context,
NWs made of III-V materials such as GaAs, AlGaAs, and indium gallium arsenide
are of particular interest as they emit in the near-infrared spectral range [46, 47] and

allow tuning of the emission wavelength to the telecommunication bands [54, 55].

Scope of this thesis

In this work, we provide a microscopic understanding of both the ultrafast dynamics
and the steady-state properties of GaAs-AlGaAs core-shell NW lasers [68]. The thesis

is structured as follows:

o In Chapter 2 we discuss the fundamental properties of GaAs-AlGaAs core-shell
NW lasers. We describe their physical dimensions and introduce their structural,
electronic, vibrational, and optical properties. We further provide a detailed

discussion of their longitudinal and transverse mode properties.

o In Chapter 3, we give an overview of the theoretical models used in this the-

sis. First, we introduce the two-level rate equation model. We then give a



phenomenological description of the carrier dynamics and discuss two different
approaches to describe these theoretically: the relaxation rate approximation
and the Boltzmann equation. Subsequently, we introduce the semiconductor

Bloch and the quantum statistical laser theory.

In Chapter 4, we summarize the experimental methods. We outline the nanowire
growth, the substrate choice and the sample preparation. In addition, we provide
a detailed description of all spectroscopic setups that were developed by the

author.

In Chapter 5, we discuss the continuous wave (CW) lasing characteristics of GaAs-
AlGaAs core-shell NW lasers. We observe that the NW laser linewidth deviates
strongly from the Schawlow-Townes-Henry theory. We find that the quantum
statistical model provides an accurate microscopic description of all experimental
results. This allows us to explain the unusual linewidth behavior by significant

gain saturation due to carrier heating and the resulting non-equilibrium effects.

In Chapter 6, we study the dynamics of GaAs-AlGaAs core-shell NW lasers
using various experimental and theoretical approaches. We find that the strong
gain saturation due to carrier heating predicts an overdamped carrier-photon
resonance. However, using femtosecond pump-probe spectroscopy, we show that
the NW output pulses exhibit sustained intensity oscillations with frequencies
ranging from 160 GHz to 260 GHz. Through extensive many-body simulations,
we explain these dynamics by self-induced electron-hole plasma temperature
oscillations enabled by the strong mode confinement in NW lasers. Subsequently,
we show that these non-equilibrium dynamics are accurately described by a
phenomenological three-level rate equation approach that allows for dynamic
competition between gain saturation and carrier cooling on picosecond timescales.
We then present first experimental results of quasi-degenerate transient reflection

spectroscopy performed on a single GaAs-AlGaAs core-shell NW laser.

In Chapter 7, we conclude by summarizing our main findings from Chapters 2
to 6 and provide a brief outlook on further research enabled by the physical

insights obtained in this thesis.
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Fundamentals of GaAs-AlGaAs core-shell nanowire

lasers
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2.6.2 Longitudinal modes . . . . . . . .. ... ... .. ... 14
2.7 Summary . . . . . ... e e e e e e 16

This chapter includes material from

A. Thurn, J. Bissinger, S. Meinecke, P. Schmiedeke, S. S. Oh, W. W. Chow, K.
Lidge, G. Koblmiiller and J. J. Finley, ’Self-induced ultrafast electron-hole plasma

temperature oscillations in nanowire lasers’. arXiv:2108.11784 submitted (2021)

In this chapter, we introduce the fundamental aspects of GaAs-AlGaAs core-shell NW
lasers and explore their structural, electronic, vibrational, and optical properties. This
chapter concludes with a discussion of their resonator properties, which are particularly

important for laser action and dynamics throughout this thesis.



2 Fundamentals of GaAs-AlGaAs core-shell nanowire lasers

2.1 Physical dimensions

The GaAs-AlGaAs core-shell NWs studied in this thesis were grown using molecular
beam epitaxy (MBE) under ultra-high vacuum conditions on silicon substrates [46, 69].
Information on the NW growth is provided later in Section 4.1. Figure 2.1 shows a
sketch of their physical dimensions. The NWs have a hexagonal cross-section, a length
(L) in the range of 10 pm — 16 pm, and a nominal diameter of ~ 340nm [46, 69]. The
diameter was chosen such that the NWs allow the propagation of confined optical
modes, see Section 2.6. Radially, the NWs have a core-shell structure consisting of
a thick GaAs core with a radius of ~ 165nm [46, 69], a 5nm thick AlGaAs shell to
prevent surface recombination [46, 47, 69-75], and a 5 nm thick GaAs capping layer to
prevent oxidation of the shell [46, 47, 69, 74, 75].

M GaAs
B AlGaAs
H Substrate

Figure 2.1 | Physical dimensions of GaAs-AlGaAs core-shell NW lasers. Sketch of
a NW lying horizontally on top of a substrate. The NWs studied in this thesis typically
have a length of 10 um — 16 um and a nominal diameter of ~ 340nm [46, 69]. Both the
AlGaAs shell and the GaAs cap surrounding it have a thickness of 5nm [46, 69].

2.2 Crystal structure

Both GaAs and AlGaAs are among the best studied and most widely used direct band
gap semiconductor materials for optoelectronic applications [76-85]. Thus, this section

will be kept very brief, as will Section 2.3 and Section 2.4.



2.3 Electronic structure

In general, GaAs NWs exhibit a mixed crystal structure with both zinc-blende and
wurtzite phases [69, 74, 86-94]. This is in contrast to bulk crystals of GaAs which
naturally occur only in the zinc-blende configuration [76-83, 85|, unless special efforts
are made to produce a wurtzite phase [95, 96]. For the investigated NWs, the growth
conditions were chosen such that they predominantly exhibit the zinc-blende phase [69,
74], as checked with reference samples using transmission electron microscopy (TEM)
and Raman spectroscopy [69]. For the purposes of this work, we therefore approximate
the crystal structure of these NWs as being pure zinc-blende. This simplification
is later confirmed in Chapter 5 and Section 6.2 by the excellent agreement of the
experimental data with theoretical models using this approximation.

To allow a threading dislocation free shell growth, the lattice constant of the
Alp25Gag 75As shell (apigans= 0.5655 nm [69, 85]) was matched to that of the GaAs
core (agaas= 0.5654 nm [83]) via its aluminum content [69, 85]. More details on the
crystal structure of the investigated GaAs-AlGaAs core-shell NWs can be found in
Refs. [69, 74].

2.3 Electronic structure

The band structure of a crystal is determined by its crystal structure and the bonds
between its constituent atoms [97, 98]. Both GaAs and Aly,5Gag75As exhibit a
direct band gap at the center of the Brillouin zone (I" point) [83, 97, 98]. The
respective band gap values for the two materials at room temperature are €,0(300 K) =
1.42eV (GaAs [82]) and €4(300K) = 1.73eV (Alg25GagrsAs [82]). Since GaAs and
Algo5Gag75As exhibit a type I band alignment, this band gap difference leads to a
potential barrier in the radial direction that traps optically generated charges within
the core region and, thus, prevents them from reaching the surface, even at room
temperature [46, 47, 69-75].

Since the core region serves as the gain material of the NW laser and is therefore
of primary importance, the following discussion will focus on GaAs. When GaAs is
cooled, e.g. for experiments at cryogenic temperatures, the lattice constant decreases,
resulting in a larger band gap [77, 79, 81-83, 85]. This relationship between the
lattice temperature (71,) and the band gap can be described by the empirical Varshni
equation [79, 83, 84]

alf
Ty, + b
where a = 5.405 x 107 eV K™ [84], b = 204 K [84], and €4 (0K) = 1.5192¢V is the
band gap at 0K in the absence of excited electrons [99].

€0 (T1.) = €40 (0K) —

(2.1)

In GaAs all the dynamics that are relevant for laser action take place for small

wave vectors k close to the I' point. Within this region in k-space, GaAs has one
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conduction band derived from s anti-bonding orbitals and three valence bands derived
from p bonding orbitals [100]. Dipole transitions between the conduction band and all
of the three valence bands are therefore allowed [100]. Figure 2.2 shows a schematic
representation of this band structure. The three valence bands are labeled heavy-hole
(HH), light-hole (LH) and split-off (SO) band [78]. The SO band is separated from
the HH and LH bands by the spin-orbit splitting Ay, = 0.34 meV [78]. Since in this
work excitation energies of < 100 meV above the band gap were used, this band can
be neglected in the following. The slight warping of the HH and LH bands due to the
cubic symmetry of the zinc-blende crystal structure [97] is neglected as well, which
then allows to approximate all bands as simple parabolas [100]. To describe the physics
of semiconductor lasers, it is often also sufficient to consider only the conduction band
and the heavy hole band [101]. This is due to the low mass of light holes compared to
heavy holes [101]. This leaves us with a simple two-band model (one conduction and
one valence band) in which we refer to the heavy holes simply as holes in the following,.
Using all these approximations, the single-particle conduction (e.x) and valence (€yx)

band energies can be written as [98, 100]:

h2k?
ok = 2.2
Cok 2me ( )
and b
h°k
V. == ) 23
Evk 2my ( )

respectively. Here, h is the reduced Planck constant, m. the effective mass of the
conduction band and m, the effective mass of the valence band. For theoretical
calculations it is, however, customary to move to an electron-hole description [101],

where the electron (€ ) and hole (epy) energies are given by

h?k?

ek — €ck — 5 2.4

Cole = ok = 5 (2.4)
and -
h°k

= —€y = , 2.5

ke =~k = 5 (2.5)

where me, = m, = 0.067 - mg and my, = —m, = 0.377 - my, with my being the free

electron mass [84, 101]. Equation 2.5, and the relationship between my, and m, is
only valid in the single-particle picture and will need to be adjusted once Coulomb

interaction among carriers is taken into account [101].



2.4 Vibrational properties
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Figure 2.2 | Schematic band structure of GaAs. In the effective mass approximation
the bands in the vicinity of the I" point are approximated as parabolas [100, 101]. The three
valence bands are labeled heavy-hole (HH), light-hole (LH) and split-off (SO) band [78].
Transitions (magenta) between the valence bands and the conduction band (C) are dipole
allowed and vertical [100]. In a simplified two-band model of a laser only the C and the
HH band is considered, while the LH and SO band is neglected (dashed lines) [101].

2.4 Vibrational properties

The periodic lattice of GaAs allows the propagation of quantized vibrational modes,
called phonons [97, 102-106]. In general, there are three phonon modes for each atom
in the unit cell of a three dimensional crystal [103]. GaAs has two atoms per unit
cell and therefore supports six phonon modes, three acoustic and three optical [103].
There is one longitudinal (LA) and two transverse (TA) acoustic phonon modes [103,
106]. Similarly, the optical phonons can be classified into one longitudinal (LO) and
two transverse (TO) modes [103, 106]. A detailed discussion of the dispersion of these
six phonon branches can be found in literature [103, 107-110].

Scattering of photoexcited carriers with LO phonons is the most important carrier-
phonon interaction for hot carrier distributions with temperatures > 50 K [106, 111].
This allows us to neglect all other phonon modes for the purpose of this work since the
investigated GaAs NW lasers typically operated at carrier temperatures above this
range. A further simplification arises from the fact that in this work all the carrier
dynamics take place near the band gap. For example, the wave number (gpy) of an
electron with an energy of 100 meV above the band gap is only about 7% of that of
an electron at the edge of the Brillouin zone [111]. It is therefore sufficient to consider
only phonons with small wave vector gpx near the I" point [111]. This considerably

simplifies the discussion, as within this region the dispersion of the LO phonons is
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flat [103, 107, 110], with an energy of e;,0 = 36.5 meV [110].

Since throughout this thesis the excitation energies are < 100 meV above the band
gap, photoexcited holes do not have enough energy to emit LO phonons and, thus, the
carrier dynamics are dominated by the electron-LO-phonon interaction. Due to the
s-like wavefunction of the electrons in the I" valley, this interaction is only mediated
via polar coupling (Frohlich interaction) [106]. In general, both polar and non-polar

coupling contributes in other valleys and for holes [106].

2.5 Optical properties

To understand the basic optical properties of a semiconductor, one has to consider
several fundamental mechanisms that are involved in light-matter interaction and car-
rier recombination. As sketched in Fig. 2.3, these are photon absorption, spontaneous
emission, stimulated emission and nonradiative recombination [9]. The energy levels
depicted on the figure represent single states within the conduction and valence band.

Absorption. In Fig. 2.3a a photon is absorbed by a direct-gap semiconductor,
which leads to the dipole allowed transition of an electron from the valence to the
conduction band [9]. The resulting vacancy in the valence band is referred to as a hole
and the overall excitation as an electron-hole pair [9].

Spontaneous emission. Even if such an electron-hole pair is not subject to
any external perturbation, it can spontaneously recombine, creating a photon, see
Fig. 2.3b [9]. This is a fundamental quantum mechanical effect [112] and produces a
photon with a random phase, polarization, and direction [9].

Stimulated emission. If, however, a resonant photon is incident on such an
electron-hole pair, as shown in Fig. 2.3c, it can stimulate recombination. This process
creates a new photon that is identical to the incident photon and is thus the fundamental
gain mechanism in lasers [9].

Nonradiative recombination. In nonradiative recombination an electron-hole
pair recombines without generating a photon [9, 113]. Instead, the energy is transferred
to the crystal lattice and thus generates heat. The two important mechanisms that
typically need to be considered are sketched in Fig. 2.3d [9]. The first nonradiative
mechanism is Shockley-Read-Hall (SRH) recombination, which can occur with the
participation of phonons via midgap states due to crystal defects, surfaces, interfaces or
impurities [114, 115]. The second nonradiative mechanism is Auger recombination [9,
113]. In this process, the energy of a recombining electron-hole pair is transferred to
a third charge carrier (electron or hole) in the form of kinetic energy [9, 113]. The
third charge carrier is excited to a higher energy level within the same band and then

relaxes back down to the band edge by successively emitting phonons [113]. In general,
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a b c d & T
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Absorption Spontaneous Stimulated Nonradiative
emission emission recombination

Figure 2.3 | Carrier generation and recombination. a, Absorption of a photon leads
to the transition (magenta) of an electron from an energy state in the valence band (¢;) to
an energy state in the conduction band (€3). b, A spontaneously recombining electron-hole
pair creates a photon with a random phase, polarization and propagation direction. c,
An incident photon stimulates the recombination of an electron-hole pair. This creates
a new photon with the same wavelength, phase, polarization and propagation direction
as the incident photon. This is the fundamental mechanism of gain in lasers. d, Two
important nonradiative recombination pathways. Shockley-Read-Hall (SRH) recombination
via midgap states [114, 115] and Auger recombination, where the energy of a recombining
electron-hole pair is transferred to a third charge carrier (e.g. electron), which thereby
transitions to a higher energy state (e3) within the conduction band [9, 113]. (Adapted
from [9])

the rate of the Auger mechanism strongly decreases with decreasing temperature and
carrier density [9]. In GaAs, Auger recombination is typically small compared to
radiative recombination for carrier densities < (2 to 4) x 10® em™ [9]. Since in this
work all experiments were performed at cryogenic temperatures on GaAs nanowires
with high crystal quality and in a carrier density range from 10" cm=2 to 10*® cm =3,

both SRH and Auger recombination will be neglected in the following.

2.6 Resonator properties

In a laser, the lasing process starts with a spontaneously emitted photon, which is then
amplified by stimulated emission in the presence of gain and optical feedback [9, 116,
117]. For this to occur, the optical field must overlap with an inverted gain material
and be confined in both the longitudinal and transverse directions [9, 116]. This optical
confinement is typically achieved by a cavity [9, 116-118]. In the case of a NW, the
NW acts as both the cavity and the gain material, and thus naturally provides optimal
confinement for the optical field [40, 41, 46, 47, 50, 51, 119-126]. This is made possible
by the high refractive index contrast between the NW and the surrounding media [51,
119-123, 127]. In the following, we briefly summarize the resulting transverse and
longitudinal mode structure of GaAs NW lasers. A more detailed discussion is given in

Ref. [128] by Jochen Bissinger who performed the simulations presented in Section 2.6.1
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2 Fundamentals of GaAs-AlGaAs core-shell nanowire lasers

and 2.6.2. Further information about the numerical implementation can be found in

Ref. [129].

2.6.1 Transverse modes

The important properties that characterize a guided optical mode are the spatial profile,
the effective refractive index (neg), the power reflectivity of the NW end facets (R),
and the mode confinement factor (I") [128]. For a NW in a homogeneous surrounding
medium, approximate analytical solutions for these properties can be obtained if
the NW is treated as a cylinder [75, 125, 128, 130, 131]. However, if the hexagonal
cross-section of the NW must be considered, or the NW is lying on a substrate, as
shown in Fig. 2.1, numerical solutions are necessary [69, 128, 129, 132]. Due to the
strong index guiding, the obtained solutions are independent of the specific gain [122],
which means that the NW material can be modeled as being transparent [133].

In general, a NW can support several types of modes [119-122) 125]. There are
transverse electric (TEg ), transverse magnetic (TMg ), and hybrid modes (HE, ,,
and EH,, 1, ) [119-122, 125], where the first index (n) describes the azimuthal symmetry,
while the second index (m) describes the radial dependence of the field [120]. The
hybrid modes have a twofold polarization dependency, which is described by a third
index (v = a,b) for the two possible polarization directions transverse to the NW
waveguide [125, 128]. The two transverse modes are characterized by the fact that the
TEj,m mode does not have a longitudinal electric field component (£, = 0), while the
TMo,m does not have a longitudinal magnetic field component (H, = 0) [120, 130, 131].
For the nominal dimensions given in Chapter 2.1, GaAs NWs only support a few low
order transverse modes [47, 69, 75, 128]. Figure 2.4a shows the simulated profiles of the
first four guided modes (TEq;, TMy 1, HE; 1, and HEs; ,) [128]. The different mode
profiles affect the properties of the individual modes and are particularly important
for the design of NW lasers with radial heterostructures [52-55, 75, 134-136]. Due to
its attractive properties for low-threshold, single mode lasing, the following discussion
will focus on the TE; mode [47, 75].

Effective refractive index

The propagation of a mode along the NW axis is described by the effective refractive
index (nefg), defined as
k,
=2 2.6
Nefr k() ) ( )
where k, is the longitudinal component of the wave vector, and ky = 27/\y the
wave number of a plane wave in vacuum, with Ay being the wavelength [125, 131].

Figure 2.4b shows the numerically calculated n.g for all allowed guided modes of a
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GaAs NW lying on a sapphire substrate as a function of kg - Rxw [128]. Normalized
units are used since the results only depend on the ratio between Ryw and Ag [128].
To facilitate reading specific values for NW laser design, the upper x-axis shows the
corresponding NW radius for a fixed wavelength of A\g = 820 nm, which is approximately
the emission wavelength of GaAs NW lasers [46, 47, 137]. As ko - Rnw increases, neg
varies between the refractive index of the substrate (nsapphire = 1.76 [138]) and the
refractive index of the NW (ngaas = 3.59 [139]) due to the corresponding change in
mode confinement [47]. When neg crosses the dotted line given by ngapphire, the modes
are no longer confined [120, 128, 130, 131]. This is called mode cut-off and, for a
given wavelength, defines the smallest radius for which a mode is guided [120, 128,
130, 131]. Tt is also worth noting that the hybrid modes are non-degenerate, as the
HE, 1, modes extend more into the substrate, while the HE,, ,, , modes extend more
into the surrounding vacuum/air [40]. The simulation results shown in Fig. 2.4b were

obtained using the commercial tool Lumerical MODE [128].

End facet reflectivity

When a guided mode impinges on an end facet it gets partially transmitted and
reflected due to the high refractive index contrast between the NW and the surrounding
medium [51, 120, 125, 126]. Estimating the reflectivity of a mode is difficult because the
NW diameter is comparable to the lasing wavelength, which means that the text-book
Fresnel formula cannot be applied and that diffraction at the edges must be taken
into account [120]. Further complications arise from the possibility that other modes
with the same azimuthal symmetry and frequency are excited upon reflection [40,
47, 120], and from the fact that real NW end facets are usually uneven [133]. In the
following, the end facets are approximated as perfectly flat and perpendicular to the
NW axis [125, 128, 129]. The reflectivity is determined numerically by exciting a guided
mode in the NW and then calculating the ratio between the injected and reflected
power into that mode [128]. More details on the simulation are provided in Ref. [129].
Figure 2.4c¢ shows the simulated reflectivity for all allowed guided modes as a function
of ko - Rnw [128]. In the investigated range, the hybrid modes have lower reflectivity
than the transverse modes. The reflectivity of the HE; ; modes, for example, ranges
from R = 0.32 to 0.4, which is comparable to the reflectivity (R = 0.32) of cleaved
GaAs edge-emitters [9, 128]. In contrast, the transverse modes exhibit reflectivities
ranging from R = 0.42 to 0.74. One of the requirements for a mode to achieve low
threshold lasing is having a high reflectivity, see Section 3.1.2. The combination of its
high reflectivity over a wide range of kg - Ryw and the low mode cut-off thus makes
the TEq; mode very attractive for low-threshold, single mode lasing [47, 128]. The

simulation results shown in Fig. 2.4c were obtained using Lumerical FDTD [128].

13



2 Fundamentals of GaAs-AlGaAs core-shell nanowire lasers

Mode confinement factor

The confinement factor is an important parameter of a laser since it affects both
its threshold [9, 119, 121] and its dynamical properties, as will be shown later in
Sections 6.2 and 6.3. The confinement factor quantifies how strongly the mode

interacts with the gain material and is defined as

2gOCOnactive f factive dxdy|E|2
[[dady (ExH " +E*xH)- 2’

I = (2.7)
where gg is the vacuum permittivity, ¢y the speed of light in vacuum, n,cve the
refractive index of the active region, and Z the unit vector along the NW axis [119,
121, 140-142]. The vectors of the electric and magnetic fields are denoted by E and
H, respectively. Equation 2.7 is more general then the energy confinement factor (1)
that is often used in literature and defined as the fraction of energy in the active region
compared to the energy in the entire mode [119, 121]. The definition of I'y applies
only to the case of weak waveguiding, where wave propagation is quasi-paraxial, and
implies that 'y < 1 [119, 121]. In contrast, Eq. 2.7 is also valid for strong waveguiding,
where mode propagation is non-paraxial [119]. The two definitions of confinement (I’

and ['y) are related by
"y ="tr, (2.8)

Nactive Ug

I =

where vpn = €p/Nactive 18 the phase velocity in the active medium and n, is the
group index of the propagating mode, which is connected to the group velocity via
vy = ¢o/ng [119]. For a mode with low v, (large n,) it is thus possible to achieve
I' > 1[119, 121]. Figure 2.4d shows the simulated I” for all allowed guided modes as a
function of ko - Rxw [128]. The TMy; and HE,; modes each show a pronounced peak
near their cut-off, with a maximum of I" = 1.57 for the HEy; , mode [128]. This is in
contrast to the TEq; and HE; ; modes, where I" is relatively constant over the entire
simulation range, with an approximate value of I = 1.2 for the TEq; mode [128]. Gain
modeling shows that the TE(; mode is expected to have the lowest threshold over a
wide range of ko - Rnw [47] and thus I' = 1.2 (I'g = 0.84) will be used throughout the
remainder of this work. The simulation results shown in Fig. 2.4d were obtained using
COMSOL Multiphysics [128].

2.6.2 Longitudinal modes

In the longitudinal direction, the cavity acts as a Fabry—Pérot resonator with a
dispersive medium [116]. The well-known condition for standing waves in such a cavity
leads to a series of longitudinal modes [116], each identified by a longitudinal mode

number m. The energy (e,,) and spacing (Ae) of these longitudinal modes is described
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Figure 2.4 | Transverse mode characteristics. a, Magnitude of the electric field of the
first four guided modes (TEq 1, TMo1, HE; 1, and HE5;,). The shown mode profiles
are for a NW surrounded by vacuum. b, Effective refractive index (n.g) for all guided
modes as function of k- Rxw. The grey dotted line indicates the refractive index of the
sapphire substrate. c,d, End facet reflectivity (R) and confinement factor (1) for each
mode as a function of kg - Rxw. The simulations in b-d were performed for a GaAs NW
lying on a sapphire substrate, as shown by the inset in each subfigure. Refractive indices
Of Napphire = 1.76 [138] and ngaas = 3.59 [139] were used for all simulations. (Adapted
from [128])
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2 Fundamentals of GaAs-AlGaAs core-shell nanowire lasers

by [9, 116]
mhey
m= 2.9
€ m T (2.9)
and 5
T NCo
Ae = : 2.10
=T (2.10)
The group index n, and the effective refractive index neg are related by [9]
One
Mg = Mot + €nt (2.11)

Oe

2.7 Summary

In this chapter, we introduced the fundamental properties of GaAs-AlGaAs core-shell
NW lasers. They have a nominal diameter of ~ 340nm, a length of 10 pm — 16 pm,
and a radial heterostructure that prevents surface recombination and oxidation. The
crystal structure is predominantly zinc-blende, which, combined with experimental
conditions within this thesis, allows to approximate the band structure as being formed
from two parabolic bands. At the I" point, both bands are separated by a direct band
gap of €4 (0K) = 1.5192eV. Radiative transitions between these bands are dipole
allowed, while nonradiative recombination can be neglected. Regarding the vibrational
properties, the zinc-blende crystal structure of the NWs supports six phonon modes. Of
these, LO phonons provide the dominant contribution to the charge carrier dynamics
via their interaction with electrons. Moreover, the physical shape of the NW allows
the propagation of several confined modes, of which the TE(; mode is the most likely
to lase. The fundamental properties presented here serve as the foundation for the

laser theories discussed in the next chapter.
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3 Semiconductor laser theory

This chapter includes material from

A. Thurn, J. Bissinger, S. Meinecke, P. Schmiedeke, S. S. Oh, W. W. Chow, K. Liidge,
G. Koblmiiller and J. J. Finley, ’Self-induced ultrafast electron-hole plasma tempera-
ture oscillations in nanowire lasers’. arXiv:2108.11784 submitted (2021)

Having discussed the basic properties of GaAs NW lasers in the previous chapter,
we now present theoretical models that can be used to describe lasing in such struc-
tures. The required level of complexity of these models depends on the nature of the

experiment to be simulated.

Section 3.1 introduces a phenomenological two-level rate equation approach [9, 101,
117], which is widely used in literature due to its simplicity. However, its usefulness is

limited once quantitative simulations are needed that can be compared to experiments.

This requires an explicit description of the carrier dynamics, for which two different
approximations are discussed in Section 3.2. Microscopic laser theories include these
carrier dynamics, as well as many-body effects, in a self-consistent manner and thus

allow the quantitative description of lasing over a wide range of experimental conditions.

A complete semi-classical laser theory combines the semiconductor Maxwell-Bloch
equations with a description of the carrier dynamics within a Boltzmann equation
framework [101, 143]. However, such an approach proved to be too computationally
expensive for a description of the experiments presented in Section 6.2. For the purposes

of this thesis, we therefore used two complementary and less resource-intensive models.

Within the semiclassical laser theory, the carrier dynamics were simplified by a
relaxation rate approximation, while keeping the full semiconductor Maxwell-Bloch
equations [101, 143]. This approach allowed an efficient description of the amplitude
and phase of the emitted electric field of a NW laser, which is crucial for understanding
interference phenomena. This model is presented in Section 3.3 and will be referred to

as the semiconductor Bloch model in the following.

In contrast, for a detailed study of the carrier dynamics and the laser linewidth,
we used the quantum statistical model presented in Section 3.4 [101, 144—150]. This
fully quantum mechanical approach describes the laser intensity based on quantum
statistical averages of the vector potential and therefore cannot capture the phase
dynamics of the emitted electric field [150]. It does, however, allow to keep the full
Boltzmann equation for the treatment of the scattering dynamics with reasonable
computational effort [148]. Both the semiconductor Bloch and the quantum statistical

model use the same set of simulation parameters, listed in Table 5.1 and Table A.1.
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3.1 Two-level rate equation model

In the discussion of all theoretical models, we limit ourselves to the key equations
for clarity. The full derivation of these equations can be found in literature [101, 117,
143-158]. A comprehensive summary of this literature is provided in the PhD thesis
of Jochen Bissinger [128]. Any required theory that is not discussed in this chapter

will be introduced when needed.

3.1 Two-level rate equation model

The single-mode two-level rate equations can be derived from the wave equation for an
optical field propagating inside a dielectric medium [117]. They describe the temporal
evolution of the carrier number (A), the photon number (P) and the optical phase

(¢). These equations are given by [9, 117]

AN n,P
% - ? - Rsp - Gmodpa (31)
dP
E - [Gmod - ’th] P + 5spRsp (32)
and ” .
Nefr
il 0, (w—02)+ e (Grmod — Yph) - (3.3)

Here, 7, is the absorption efficiency, P the optical excitation power, €, the photon
energy of the excitation laser, Ry, the total spontaneous emission rate, G4 the modal
gain, ~pn is the cavity decay rate, s, the spontaneous emission coupling factor, w
the angular lasing frequency, {2 the angular cavity-resonance frequency and « the

linewidth enhancement factor [117].

3.1.1 Modal and material gain

The modal intensity gain per unit length describes how a mode is amplified as it travels
through a gain material [9, 119]. The material gain per unit length, on the other hand,
describes the corresponding gain for a plane wave [9, 119]. The relationship between

the modal and material gain per unit length is given by [9, 119]
Gmod =1 Gmat (34)

and thus Geq can be larger or smaller than G, depending on the value of I" [119].
For rate equations, it is often more convenient to work with modal gain per unit time,
which follows from Eq. 3.4 as [9, 117]

Gmod = Vgl - Gt (3.5)
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In both Eq. 3.4 and Eq. 3.5, Gy is usually given in units of [em™!]. Tt is useful to
note that in literature sometimes the amplitude material gain (g,,,,) is used instead of

the intensity material gain (Gat). These two definitions are related by
Gmat = 2 . gmat' (36)

3.1.2 Threshold gain

The modal gain that is necessary to overcome the losses is called the threshold modal
gain (Ginmod). It is customary to define it in the limiting case of no spontaneous
emission [117] and thus Eq. 3.2 yields

Gth,mod =1 Gth,mat = Yph; (3-7)
whereby the cavity decay rate is given by
Yph = Vg * 2K, (3.8)
with

1
K= B} (ai + Oém) (3'9)

being the electric field amplitude loss per round-trip [117]. Here, «; describes the

internal losses of the passive cavity (for example due to scattering or absorption) and

oy = }}n (]1%> (3.10)

the distributed mirror losses [117]. Typical values for the treshold material gain
(Ginmat) of GaAs NW lasers range from 200 cm™ to 1200 em™! [47, 75, 128, 133)].

3.1.3 Gain approximation

For the purpose of a rate equation analysis, the carrier number dependence of the

material gain at the lasing energy is often approximated with either a linear

Gmat(N) = Qgain (N - Ntr) (311)
or logarithmic function
N+ N
Gmat(-/\/) = G(0 In (./\/-t_:‘./\/‘) X (312)

where Ny, is the transparency carrier number [9]. Here, the free parameters again, Go

and N are used to fit Eq. 3.11 and Eq. 3.12 to precalculated values from a suitable
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3.1 Two-level rate equation model

gain model [9, 101, 128, 133]. In general, the logarithmic approximation is valid over

wider range of carrier densities compared to the linear approximation [9, 128].

3.1.4 Gain saturation

Gain saturation describes a reduction in gain due to an increase in photon number at
a given carrier number [159-163]. In a real semiconductor laser, this can happen for
a variety of reasons, the two most important of which are spectral hole burning and

carrier heating [161]. Phenomenologically, gain saturation can be described by

C7Ymod (N)

J1+P /Pt

where Pg, is the saturation photon number [159, 161]. As a result of this reduction

Gmod N, P) = (3.13)

in gain, the carrier number has to increase above threshold in order to still fulfill the
threshold condition given by Eq. 3.7 [9]. This behavior is observed later in Chapter 5
in experiments on GaAs-AlGaAs core-shell NW lasers subject to CW excitation. This
is consistent with previous work [128, 133]. There, a rate equation simulation of similar
experiments showed that typical values for P, are in the range from 100 to 500 [128,
133]. Gain saturation is crucial for high-speed lasers as it leads to a strong damping of
their modulation response [9, 117, 161, 164, 165]. Its effects on the dynamics of GaAs

NW lasers will be discussed later in Section 6.1 and Section 6.3.

3.1.5 Spontaneous emission approximation

In case the carrier distributions can be described Maxwell-Boltzmann functions the
total spontaneous emission rate is well approximated by a quadratic dependence on

the carrier number

Ryy(N) = B-N?, (3.14)

where B is the bimolecular recombination coefficient [9, 113, 128, 163, 166]. However,
when the carrier distributions must be described by Fermi-Dirac functions, this
approximation overestimates the spontaneous emission rate [128, 133]. In this regime
the spontaneous emission rate increases slower than quadratic with the carrier number

and is better approximated by a linear dependence

Rypy(N) = N , (3.15)

Tspon

where Typon is the spontaneous emission lifetime [128, 133]. One of the contributing
reasons for this change in carrier number dependence is a reduction of the average

optical matrix element as dicussed in Ref. [167]. In Ref. [128] the total spontaneous
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emission rate has been calculated for a lattice temperature of 71, = 10 K and a carrier
temperature of T, = 55 K using the quantum statistical theory discussed in Chapter 3.4.
Best agreement of Eq. 3.14 with the microscopic calculation in Ref. [128] is achieved for
B =3.9x107%cm?® s7!, which is in accordance with literature values [9] and calculations
using different theoretical approaches [133]. Using Eq. 3.15, best agreement is achieved
for Tpon = 740 ps, which is very close to the measured carrier lifetime of 7pon = 680 ps
in Ref. [69].

3.1.6 Relaxation oscillation frequency

When a laser described by Egs. 3.1 to 3.3 is abruptly switched on, its output intensity
will exhibit damped periodic oscillations [9, 117]. These relaxation oscillations are
a manifestation of an intrinsic resonance between N and P [9, 117]. The frequency
of these relaxation oscillations is crucial for high-speed lasers as it directly influences
how fast they can be modulated [9, 117, 164]. As a consequence, great efforts have
been made to increase this frequency as much as possible [164, 168]. Their frequency
and damping rate can be derived by taking the total differential of both Eq. 3.1 and

Eq. 3.2 [117]. This yields linearized equations that can be written in matrix form

r I (aﬁprsp)
57'3 _ P GnPo + N oP 7 (3.16)
N —Gmod + GpPoy In N

where 0P is the differential photon number, dNV the differential carrier number, and
Py the steady-state photon number with Py = 0 [117]. The damping rate of the carrier
(I'v) and photon number (Ip) is given by

Ve
I'v = e + GAPo +NOW7 (3.17)
and R
I'v = PopFap _ GpPo, (3.18)
Py

respectively, where Ny is the steady-state carrier number with Ay = 0 [117]. Further,
the differential modal gain with respect to carrier number (G,r) and photon number
(Gp) is defined by [117]

ac;1mod
Gy = N (3.19)
and 50
o mod
Gp = 9p (3.20)
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Equation 3.16 can be solved with the Ansatz of an exponentially damped oscillation

5P Po\ i
(5N) = (Mfo) e (3.21)

with the initial amplitudes §Pg and 6N, and the complex decay rate h [117]. Inserting
Eq. 3.21 into Eq. 3.16 yields an eigenvalue problem with the complex solutions [117]

hy = Iy 0. (3.22)

Here, the damping rate is given by

1
In= g (In+1v), (3.23)

while the angular relaxation oscillation frequency is

_ 0 (BpR)\ 1 )]
where
Gs = Ghog + GpP (3.25)

is the saturated gain [117].

3.1.7 Laser linewidth

For a description of the laser linewidth, Eqgs. 3.1 to 3.3 can be extended by Langevin
force terms [169—-171]. From this, the full width at half maximum (FWHM) of the
laser linewidth (Af) below and above threshold can be derived, which is given by [172]

1 BspR
Af = ——2P(1 2
f= PS4 S)), (3.20)
with the summands i
€pe mod
G, = P . 3.27
YT oGy dP (3:27)
nd G® +2IpGy + Ip° N/ (BspRepP
S 2 S ]' C S S
8 = (aGyp)y . Gt 2 EGs + Te” [1 47N/ (B RepP)) (3.28)
(2 + 1)
Below threshold, Eq. 3.26 reduces to the Schawlow-Townes linewidth [173]
1 BpR
Af, = —_5P7 5P 2
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while above it approaches the Schawlow-Townes-Henry linewidth [171]

_ iﬁspRsp 2
Afoe= -5 (1+0?). (3.30)

Remarkably, it has been shown in Ref. [133] that the linewidth of GaAs NW lasers
cannot be described by Eq. 3.26 and thus follows neither the Schawlow-Townes nor
the Schawlow-Townes-Henry linewidth. However, using data obtained during this
thesis, it could be demonstrated that the linewidth of these lasers can be described by

a quantum statistical laser theory [128], as will be shown later in Chapter 5.

3.2 Carrier dynamics

The primary assumption of the rate equation model discussed in the previous section
is that carrier-carrier and carrier-phonon scattering happens on a faster timescale than
stimulated emission and the temporal dynamics of the laser output intensity [101].
This is not necessarily the case, especially for experiments on ultrafast timescales such
as those discussed later in Section 6.2. In these cases one has to track the occupation
of each electron and hole state as a function of time, which is a computationally
expensive task [101]. In the following three subsections, we will briefly introduce the
typical timescales of carrier dynamics in GaAs and then discuss two approaches to

describe these dynamics.

3.2.1 Timescales for carrier dynamics

As shown in Fig. 2.2, the absorption of a photon creates a free electron-hole (e-h) pair.
When a semiconductor in thermal equilibrium absorbs an ultrashort laser pulse, a
large number of e-h pairs are excited almost simultaneously. The spectral width of
this created carrier distribution depends on the linewidth of the exitation laser, while

the excess energy of the excited electrons

€, — €
Agg = —2> 80 3.31
¢ 1+ me/mh ( )

and holes
Aep, = €p — €50 — Aee (3.32)

with respect to the band edge can be controlled by its photon energy [174]. The
subsequent temporal evolution of this photoexcited carrier distribution can approxi-
mately be classified into four temporal regimes, as shown in Table 3.1 and discussed
in Ref. [106].

Initially, the excited e-h pairs are all in phase with each other and the excitation
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3.2 Carrier dynamics

Temporal regime ‘ Processes

Coherent o carrier-carrier scattering
(t <0.2ps) o intervalley scattering (I" — L,X)

Non-thermal | ¢ carrier-carrier scattering
(t < 2ps)  intervalley scattering (L,X — I)
e carrier-optical-phonon scattering

Thermal e carrier-carrier scattering
(t < 100 ps)  carrier-optical-phonon scattering
e carrier-acoustic-phonon scattering
Isothermal » radiative carrier recombination
(t > 100 ps) « nonradiative carrier recombination

Table 3.1 | Carrier relaxation regimes. Typical timescales and relaxation processes in
GaAs following excitation with an ultrashort laser pulse. (Adapted from [106])

pulse [106]. However, this coherence decays extremely fast within the first 200 fs
because of strong dephasing due to scattering processes [106, 175-184]. After this
loss of coherence, the carrier distribution is likely non-thermal [106, 185-187], which
means that it cannot be described by either a Maxwell-Boltzmann or Fermi-Dirac
function. Carrier-carrier scattering then rapidly thermalizes the electron and hole
distributions among themselves within a few hundred femtoseconds [106, 176, 177,
188-195]. At this point, the electrons, holes and the lattice are all described by different
temperatures [106]. Due to their different effective masses, the equilibration between
the electrons and holes takes slightly longer than the thermalization within each charge
carrier species [196] and is typically established after a few picoseconds [106]. Following
thermalization, the hot electron and hole distributions then rapidly cool towards
the lattice temperature via carrier-phonon scattering within approximately the first
hundred picoseconds [106, 111, 175, 197-205]. This transfers the excess energy of the
carriers to the lattice and generates a large number of non-equilibrium phonons [106].
Finally, the carriers recombine via radiative and nonradiative recombination pathways

and bring the semiconductor back into thermal equilibrium [106].

3.2.2 Boltzmann equation
Within the Boltzmann equation framework, the scattering rates are self-consistently

calculated for each k-state in the conduction and valence band [101, 155]. This

approach thus allows a detailed microscopic description of the carrier dynamics. The
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3 Semiconductor laser theory

Boltzmann equation for the k-dependent carrier distributions (n.x) has the form

ag:k = —EZ‘” (k) N + Eij (k) (1 — na) (3.33)

col

where a € {e,h} for electrons and hole, respectively [101]. It includes contributions
from both carrier-carrier and carrier-phonon scattering, and thus the total effective

—out

scattering rates into (Z_’m) and out (X

a ) of a certain state with wave vector k are

a

given by
SP=xb 4xb

a,cc a,cp’

(3.34)

b

acp 18 the effective carrier-

where E;CC is the effective carrier-carrier scattering rate, X
phonon scattering rate and b € {in, out} [101, 128, 155]. The scattering equations

given in this section are valid under the Markov and second Born approximation [155].

Carrier-carrier scattering

Carrier-carrier scattering is a direct result of the Coulomb interaction between charge

carriers, which is described by the Coulomb hamiltonian

Ho =5 Y Valal qils qawie+ bl bl b — 20k, bl bwi),  (3.35)

with the electron and hole creation (af, b',) and annihiliation (é, b_x) operators,

and the Fourier transform (V) of the Coulomb potential energy (V)

1 .
Vg=—— /dBTe*Zq'rV(T), (3.36)
Vaw

where r is the position vector and r its magnitude [101, 155]. To phenomenologically
account for plasma screening, V4 is replaced in the following by a screened Coulomb

potential in the static plasmon approximation

2
Via = Vg ( - w‘“) 7 (3.37)

with the plasma frequency (wp) and effective plasmon frequency (wq) [101]. The

resulting effective carrier-carrier scattering rates include contributions from electron-
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3.2 Carrier dynamics

electron, hole-hole, and electron-hole scattering and are given by [176, 2006]

_27T

Siee(k) = 7 > 1= ] s qltak—q
K q,b
’q7
ex 2 3.38
x V24 (Vig = SV q) (3.38)
X 0 {Eak + €pk’ — €ak—q — €b,k’+q]
and
out 27T
Ea,cc<k) = ? Z nbk’[l - nb,k’Jrq] [1 - na7k—q]
K qb
7q7
ex 2 3.39
X ngl + <Vsq - 5abkak'7q) ( )
X 0 [Eak + €pk’ — €ak—q — Eb,k'+q] )
where a,b € {e,h}. Here, the exchange term V{* is approximated by
2 1
ye = (3.40)

0o Vaw |K[? + K2

where e is the elementary charge, g the vacuum permittivity and ke the inverse
screening length [101, 206]. For additional information on the evaluation of Eq. 3.38
and Eq. 3.39, see Refs. [206] and [128].

Carrier-LO-phonon scattering

As discussed in Section 2.4, the interaction of charge carriers with the crystal lattice is
dominated by carrier-LO-phonon scattering. For the case of electrons, this interaction
is described by the Frohlich hamiltonian

He-10 = Z hMQPNaL-i—QPNdk (§QPN + ng—OlPN) ’ (341)
k,q

where g, and giqPN are the annihilation and creation operators for LO phonons

with wave vector gpy [101, 155]. The Frohlich interaction matrix element is given by

1 1) €Lo (dpx) (3.42)

M2 (qPN) = Vsq ( - 9 y

€0  Er

where €, and ¢, are the static and optical dielectric constants of the unexcited medium,

respectively [101, 155]. Using Eq. 3.41, the scattering rates can be derived and written
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3 Semiconductor laser theory

as [128, 206-208]

: 2
E;rjcp(k) = % Z MQ(CIPN){na,kJrqPN [1 + nPN(qPN)]

aqpPN
X 0 [€ax+qey — €ak — €LO(OPN)] (3.43)
+ na,k—qunPN(qPN)

X 6 [€ak—qpy — €ak T €LO(APN)] }

and

2
ZZ:lctp(k) = % Z MQ(qPN){ [1— na,k+qu] npn(dpN)

apN
X 0 [€aktaqpy — €ak — €L0(QPN)] (3.44)
+ {1 - na,k*QPN] [1 + nPN(QPN)]

X 0 [€ax—qpy — €ak T €LO(QPN)] }

The emission or absorption of a phonon changes the phonon distribution npy, which can
be described by a Bose function in thermal equilibrium [101]. In case the LO phonon
generation rate is large enough or the heat contact to the substrate is insufficient,
it may be necessary to also introduce a Boltzmann equation for the LO phonon
population [206, 208]. In this work, however, using the Bose approximation resulted in
excellent agreement with experiments, see Section 6.2. This is consistent with previous
work that found excellent heat contact between the NWs and the substrate [46].

3.2.3 Relaxation rate approximation

In case the carrier distributions deviate only slightly from Fermi-Dirac functions, the
Boltzmann equation can be simplified as described in the following [101]. When
studying the dynamics near the lasing mode with wave vector Kiuging, it is convenient
to write the total carrier-carrier scattering rate for this state as

Yec,a = Ein (klasing) + Zout (klasing)a (345)

a,cc a,cc

with a € {e,h} [101]. The influence of carrier-carrier scattering on the carrier distribu-

tions can then be approximated as

8nak
ot

= —Yec,a [nak - fak (Eak’Taaﬂa)] ) (346)

col,cc

where
1

exp [(€arc = 1) / (ksTa)] + 1

fak (Eak7Ta7ua) = (347)
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3.3 Semiconductor Bloch model

is the Fermi-Dirac function, g, the chemical potential, kg the Boltzmann constant,
and T, the respective carrier temperature [101]. The corresponding equations for

carrier-phonon scattering are then

Yap = ELI,ICp (klasing) + E;}i;tp(klasing), (348)
and 5
Nak
= —Yap [nak - fak <€ak7TLnuaL)] ) (349)
col,cp

with the lattice temperature (71,) and the chemical potential (p,;) [101]. Within the

relaxation rate approximation Equation 3.33 can then be written as

8nak

ot

8nak

ot

8nak

ot

(3.50)

col col,cc col,cp

As a further simplification, the scattering rates in Eq. 3.45 and Eq. 3.48 were approx-
imated as being constant for the semiconductor Bloch model. Their values where
chosen with guidance from the full numerical calculation using the Boltzmann equation

framework, as discussed in Appendix D.

3.3 Semiconductor Bloch model

For a semiconductor laser, the full semi-classical Hamiltonian (neglecting the carrier-
phonon interaction for the moment) depends on the kinetic energy of the charge
carriers (Hym), the Coulomb interaction energy between them (Hc), and their dipole

interaction energy with the electromagnetic field (’;fldipole) [101, 143]. Tt is given by

H = ﬁkin + ﬁdipole + 7:[(3, (3.51)
with
Hiin = D (€g0 + €ek) ek + Y €nichin, (3.52)
k k
Haipole = —VawP - E, (3.53)

and H¢ defined by Eq. 3.35, where €4 is the unexcited band gap, flex = dL&k the
electron number operator, np = IA)T_klA),k the hole number operator, uy the dipole
matrix element, and E the classical electric field [101, 143]. Here, P is the macroscopic

polarization of the active medium defined by

. 1
P=-_— L D 3.54
o) (bl + picine) - (3.54)
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3 Semiconductor laser theory

where py = b_ydy is the microscopic polarization operator [101, 143].

3.3.1 Semiconductor Bloch equations

A temporal description of the semiconductor laser dynamics can be obtained by
calculating the time dependence of the quantum mechanical expectation values nex =
(flek), Pk = (i), and px = (Px) using Equation 3.51 combined with the Heisenberg

equation of motion [101, 143]. This yields the semiconductor Bloch equations

aap: — —iwkpk — l.Qk (nek + NMhk — 1) + 8aptk . s (355)
anak . 6nak
= Aa — Yclla pre — ) .
T k — YeNak + 1 (£pi — pxc) + ot | (3.56)

with a € {e,h} [101, 143]. In Eq. 3.56, the pump rate A,x, and the relaxation term
with the total recombination rate . were included phenomenologically [101, 143]. The

rate 7. takes into account spontaneous emission and non-radiative recombination.

Scattering rates

The terms containing correlations of higher order than Hartree-Fock contributions are
included in the partial derivatives 0/0t|.o [101, 143]. In this work, we describe the
scattering terms in the relaxation rate approximation, with On,y/0t|.. being given by

Eq. 3.50, while the simplest approximation for the polarization decay is

Opx
—_— =- . 3.57
ot . TPk ( )
The dephasing rate « is given by
1
Y= 5 (Ve + M) (3.58)
where
Ya = S;n (klasing) + EZUt (klasing) ) (359)

with a € {e,h}. In general, the rates calculated with the Boltzmann equation cannot
be used directly in the relaxation rate approach due to the different nature of these
two approximations. Nevertheless, the rates from the Boltzmann equation usually
serve as a good starting point for finding suitable scattering rates for the relaxation
rate approach. If the computational effort is not a concern, dpy/0t|co and Onax/0t|col

can also be computed directly within the Boltzmann-equation framework.
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3.3 Semiconductor Bloch model

Many-body effects

There are three important many-body effects contained in Equations 3.55 and 3.56 [143].
The first is band gap renormalization [143]. Here, there transition energy between the
bands becomes carrier density dependent and is given by

Pk* R’k

= o + —th + €g0 + Aecu + Aegx ks (3.60)

heok

where Aecy is the Coulomb-hole self energy, and Aegxx the screened exchange
shift [101, 143, 155]. This effect reduces the band gap of the excited semiconductor
and leads to a shift of the gain spectrum relative to the lasing mode. The second

many-body effect is the renormalization of the angular Rabi frequency, described by

hi = mE + Z VS7‘k/,k‘pk/, (3.61)
K/ £k

with the electric field amplitude £ [101, 143, 155]. This effect results in a reshaping and
enhancement of the gain compared to a free carrier theory [101, 143, 155]. Physically,
this Coulomb enhancement is due to the Coulomb attraction between electrons and
holes [101, 143, 155]. As a result, the charge carriers remain in each other’s vicinity
longer than without this mutual attraction, leading to a longer interaction time and
thus a higher probability of optical recombination [101, 143, 155]. Another consequence
of the Coulomb attraction between electrons and holes - plasma screening - is included
in Eq. 3.61 by the use of the screened Coulomb potential as defined in Eq. 3.37.

Electric field envelope

Finally, using Eq. 3.54 and Eq. 3.55 allows to calculate the complex polarization
amplitude () according to the procedure described in Refs. [101] and [143]. The
dynamics of the complex electric field envelope (E) can then be computed by
oF . inF
ot eoer

B — (k+ilw) E, (3.62)

where wy is the frequency at the band edge and Aw the detuning of the lasing mode
from the band edge [101, 143].

Numerical modelling

The equations of the semiconductor Bloch model were solved with a fourth order
Runge-Kutta method [68]. This required a time discretization of Atgis. = 1 X 10716,
limited by the convergence of the higher k-states [68]. The k-space was discretized
with a non-equidistant grid that has an increased density close to the band edge [68].
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3 Semiconductor laser theory

3.3.2 Many-body gain

To obtain expressions for the amplitude material gain (g,,,;) and carrier-induced
refractive index change (An/n), one first derives the complex susceptibility y =
X +1x”, starting from the equation of motion for the microscopic polarization given
by Eq. 3.55 [101, 143]. The real (x’) and imaginary (x”) parts of the complex

susceptibility x are related to g,,, and An/n via

QII

= —= 3.63

gmat 2X ( )
and 4 ,
n X

—_— == 3.64

X (3.64)

where ¢ is the wave number in the medium [101, 143]. The resulting expressions for

Imat a0d An/n are then

wn 1 1 9
= — o — 1L — 1 3.65
Imat = 5k Vs %:|Mk| [Nk + e — 1] £ (wie — w) [1 + qu] (3.65)

and

An 1 1 Wk — W

— = 2 [ne — 1] £ (wy — 1 3.66
- thNWEk:“k' [Mex + nnie — 1] £ (wi — w) [T+, (3.66)
where € = n?eq is the permittivity,
L(wkx —w) = 7 5 (3.67)
(wk —w)” +72

a Lorentzian lineshape function, and ¢, the Coulomb enhancement factor [101, 143].

3.4 Quantum statistical model

In this chapter we give a brief overview over the key equations of the quantum
statistical model. More details can be found in [101, 128, 148-150]. Within this
approach, the theory of non-equilibrium Green’s functions [157, 209, 210] is used
to derive a set of coupled equations for the interacting charge carrier and photon
systems of a semiconductor laser [145, 149-152 158]. This powerful approach allows
to self-consistently analyze and simulate semiconductor laser characteristics over a
wide range of parameter variations [144-148, 152, 153, 156], which is crucial for
the type of experiments analyzed in Section 6.2. In addition, the generality of this
theory allows to determine the range of application of simpler models, such as those

presented in Section 3.1 and Section 3.3 [101]. The discussion below closely follows
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3.4 Quantum statistical model

the presentation in Refs. [128, 148]. Details on the numerical modelling are provided
in Ref. [128].

3.4.1 Photon kinetics

For a quantized electric field, the semiclassical dipole interaction energy given in

Eq. 3.53 becomes
Haipole = —h s eth_ya At ¢ 3.68
dipole Z 9k € —kak+gkak —xC), ( : )
Kk

where gy is the interaction matrix element, while ¢' and & are the photon creation
and annihilation operators, respectively [101]. Applying the non-equilibrium Green’s
function theory to Eq. 3.51, with Eq. 3.68 expressed in terms of the quantized vector
potential, then allows to derive the kinetic equation for the spectral laser intensity [101,
148]

1 10]():[ 2K

Flw)e ot moa() = 505

[0+ aawese. e
where ¢ = ¢p/n(w) is the renormalized speed of light with the frequency-dependent
refractive index n(w) [139, 211], while
~ 2me
F(w) = —>S(w) (3.70)
w
is an approximation of the cavity function Fy, as defined in Refs. [101, 128, 148, 152].

Here, S(w) is the photon density of states, given by

o€d 1
S(w) = Sq(w), 3.71
() = Gl Ml 5 5 (3.71)
with the vacuum permeability 1, the photon lineshape function Sq(w) [101, 148], and
the transition matrix element |[Mr| = (mow/ep)|px| [128]. The intensity material gain

(Gmat) and spontaneous emission rate (W) are frequency-dependent and described
by [101, 148]

Crnat (@) = 5?53 > M Lic (@) bt mac = L+ 20)] (372
and
W(w) = gfss Z\MT! Lie(@)nexcnme [1+ 21 (W), (3.73)

33



3 Semiconductor laser theory

with the Lorentzian lineshape function

/yeh(k)
(hwy — hw)® + 43, (k)

Ly(w) =2 (3.74)
Equation 3.72 together with Eq. 3.4 yields the modal gain in Eq. 3.69. Furthermore,
Eq. 3.72 is related to Eq. 3.65 by Eq. 3.6. The wave vector dependent energy broadening
in the Lorentzian lineshape function depends on the carrier-carrier and carrier-phonon

scattering rates, and is given by [101, 128§]

Yen(k) = ; [Ye(k) + (k)] (3.75)
where |
Yalk) =1 [ 2 (k) + 20 (k)] . (3.76)

3.4.2 Carrier kinetics

The dynamics of the carrier distributions are described by the carrier kinetic equation

anak
ot

anauk
ot

anauk
ot

(9nak 8nak

ot 0Ot

, (3.77)

col spon stim pump

with a € {e, h}, where the Boltzmann scattering term On,x/0t|.o is given by Eq. 3.33 [148].
Radiative recombination is accounted for by the spontaneous and stimulated emission
contributions, defined by [148]

ONak NekNhk
— (3.78)
ot | oon Tspon (K)
and 5 .
Mak Nek + Nk —
=—_ 3.79
at stim Tstim(k) ’ ( )

whereby the k-dependent spontaneous and stimulated emission lifetimes are given by

dw

Topon(K) = [ S L(@)S (@) [1+ i) (3.80)
and :
Tam() = [ S L)1) [1+ gi(w)] (3.81)

The last term in Eq. 3.77, describes optical excitation by a pump laser and is given

either by
anak

ot

= Aak [1 — nek] [1 — nhk] (382)

pump
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for continuous-wave excitation, or by

8nak

ot

pump

t—1
= Naxc [1 — nex] [1 — Ny sech? (1.76 : 0 ) : (3.83)

A pump

for pulsed excitation [128]. Here, A, is the pump rate, to the arrival time of the
excitation pulse, and At,ump its FWHM [128].

3.5 Summary

In this chapter, we outlined three semiconductor laser theories with increasing degrees
of sophistication. The two-level rate equation approach is the simplest of these and
very useful for fast qualitative predictions about specific laser characteristics. However,
it is not suitable for quantitative simulations and fails completely when finite carrier
relaxation times must to be taken into account. The typical timescales and processes
governing carrier relaxation in GaAs after photoexcitation with an ultrashort laser
pulse are summarized in Table 3.1. The two most important scattering processes
for laser dynamics are carrier-carrier scattering, which leads to thermalization of the
carrier distributions, and carrier-LO-phonon scattering, which leads to cooling of the
carrier system. Thermalization typically occurs within a few hundred femtoseconds,
while carrier cooling takes place on picosecond timescales. The semiconductor Bloch
model accounts for these carrier dynamics via a relaxation rate approximation, whereas
the quantum statistical model self-consistently calculates all scattering rates for each
time step with a Boltzmann equation. The theoretical models outlined here serve as a

basis for understanding the experiments discussed in Chapter 5 and Chapter 6.
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This chapter describes the sample preparation and the experimental setups that were
used to optically characterize the NWs. For each setup, we discuss the key optical

elements and their purpose.

4.1 Sample preparation

Sample preparation consisted of NW growth and their subsequent transfer onto a

suitable substrate for optical spectroscopy.
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4.1.1 Nanowire growth

The investigated NW lasers were grown by Daniel Rudolph on Si(111) substrates using
solid source molecular beam epitaxy (Gen II, Veeco) [44, 46, 69, 74, 94]. Prior to
growth, the (20 + 2) nm thick SiO, layer of these substrates was thinned to ~ 2nm by
wet chemical etching, resulting in randomly distributed nanoscopic holes in the oxide
layer [69, 74]. These act as nucleation sites for the spontaneous growth of NWs [92
94, 212, 213]. Subsequently, NW synthesis was achieved in a two-step axial and
radial growth process using a self-catalyzed vapor-liquid-solid growth mode [94]. To
enhance its optical properties, the NW core was overgrown with a 5nm thick AlGaAs
surface passivation layer [46, 47, 69-75], and 5nm thick GaAs capping layer to prevent
oxidation [46, 47, 69, 74, 75]. As shown in Section 2.1, the resulting NWs have a
length in the range of 10 pm to 16 pm and a diameter of ~ 340nm [46, 69]. Further
details about the NW growth and their structural characterization are provided in
Refs. [46, 69, 74, 92, 94, 214]. The growth wafer used for the samples in this thesis
has the identification number 02-27-13.2.

4.1.2 Substrate material

To investigate their lasing characteristics, the grown NWs have to be removed from the
growth substrate [46, 47, 69, 75, 136]. This is due to the low refractive index contrast
between the NWs (ngaas = 3.65) and silicon (ngpicon = 3.67) [215]. As a result, the
reflectivity at the bottom end facet of the NWs is very low (< 1%) [136], which prevents
lasing due to the resulting high losses and insufficient optical feedback. For optical
experiments, sapphire is a suitable substrate material due to its low refractive index
(Nsapphire = 1.76) and excellent thermal conductivity at cryogenic temperatures [216].
Figure 4.1a shows the sapphire substrate used in this thesis, which has an area of
~ 5 x 5 mm? and a thickness of ~ 300 pm. To facilitate orientation on the substrate,

gold markers were added using optical lithography.

4.1.3 Nanowire transfer

The NWs were transferred from the growth wafer to the sapphire substrate using the
mechanical transfer process described in Ref. [136]. Figure 4.1b shows the transferred
NWs lying on the surface of the sapphire substrate. The sample shown in Fig. 4.1
was used for all measurements presented in this thesis and is identified by the label
'2-27-13.2 Bulk GaAs NW laser on sapphire #2’.
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Figure 4.1 | Sample images. a, Sapphire substrate with gold markers. b, Optical
microscope image (20x magnification) of the sample shown in a with transferred NWs.

4.2 Optical spectroscopy

The NWs were characterized using a number of different optical spectroscopy techniques,

which are presented below.

4.2.1 Microphotoluminescence spectroscopy

Figure 4.2 shows a micro photoluminescence setup for optical characterization of NWs
at cryogenic temperatures. The sample was fixed with glue (Fixogum, Marabu) on the
cold finger of a liquid helium flow cryostat (Cryovac 8628) (1) that was evacuated to a
pressure of ~ 107% mbar and mounted on top of a manual x-y stage (2). By controlling
the flow of liquid helium through the cryostat with valves, the temperature of the cold
finger could be adjusted to a value between 10 K and 300 K.

Excitation laser

The excitation source (3) is either pulsed or CW, depending on the experimental
requirements. For pulsed excitation, a mode-locked titanium-sapphire laser (Tsunami,
Spectra-Physics) was used to generate femtosecond pulses with a duration of ~ 200 fs, a
tunable wavelength (~ 750 nm to 850 nm), and a fixed repetition rate of fo, = 82 MHz.
For CW excitation, a tunable CW titanium-sapphire laser (Model 3900S, Spectra-
Physics) with a wavelength range of ~ 750 nm to 950 nm was used. To prevent back
reflections from optical elements in the beam path from reaching the laser cavity, the
excitation laser was combined with a broadband Faraday isolator (ISO-05-800-BB,
Newport) (4).
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Power control

The power and polarization of the laser beam is controlled by a combination of a
rotatable polarizer and a polarizing beam splitter (5-6). A thick polarizer is used
(PGT 2.05, B-Halle) (5) to avoid back reflections that occur e.g. in thin film polarizers.
Additionally, the polarizer (5) is chosen to be sufficiently short, so that beam wandering

is negligible as it is rotated.

Back-focal-plane beam-expander

The excitation laser then travels through a lens combination that forms a back-focal-
plane beam-expander (7) [217]. This lens combination (7) focuses the excitation laser
on the back focal plane of the objective and thus expands the spot size on the sample.
This ensures a homogeneous illumination of the NW and simultaneously makes the

setup less sensitive to mechanical vibrations.

Objective

After the back-focal-plane beam-expander, the beam is split by a beam splitter (8).
The reflected part is directed to a power meter (9) which continuously monitors the
excitation power, while the transmitted part passes through an objective (M Plan Apo
NIR 50x, Mitutoyo) (10) with a focal length of fica = 4 mm. On the sample, the
beam has a spot size of ~ 17 pm. The pupil diameter of the objective (D) is given
by D = 2-NA - fioeca = 3.36 mm, where NA = 0.42 is the numerical aperture. The
objective itself was mounted on a xyz piezo stage (Tritor 102, Piezosystem Jena) (11)

that allowed precise positioning within a volume of 80 pm x 80 pm x 80 pm.

Dispersion

The group delay dispersion (GDD) for a comparable objective (M Plan Apo NIR
100x, Mitutoyo) was measured to be ~ 4300fs>. The GDD for the objective with
50x magnification is thus < 4300 fs®>. For a 200 fs pulse, this amount of GDD leads
only to small corrections of the pulse duration and can therefore be neglected. In
addition to GDD, microscope objectives also distort optical pulses through an effect
called propagation time difference (PTD) [218, 219]. For comparable objectives, PTD
is typically < 50 fs [220]. As a result, the pulse duration at the sample is in the range
of 200 fs to 250 fs.

Imaging

The sample is illuminated with a Kohler illumination method [221] using an incoherent

white light source (12) that can be directed onto the sample with a flip mirror (13).
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4.2 Optical spectroscopy

The back-reflected light is then passed through a suitable low pass filter (14) to remove
the excitation laser and imaged onto a charge-coupled device (CCD) (15).

Detection

Precise positioning of the detection spot to collect the photoluminescence of a specific
area of the sample was achieved by a 4f lens system (16) in combination with a
motorized mirror (8814, Newport) (17). Details on the 4f system are provided in
Ref. [69]. For monitoring the detection position as it is moved by the motorized
mirror, a fiber coupled alignment laser was sent backwards through the detection beam
path. After the motorized mirror, the detection beam is coupled into an optical fiber
(PM780-HP, Thorlabs) (18) with an operating wavelength of 770 nm to 1100 nm and
a length of 4m. To avoid interference effects, special care was taken to ensure that
the round-trip time of back-reflected pulses within the fiber was not a multiple of the
cavity round-trip time of the pulsed titanium-sapphire laser. After outcoupling from
the fiber, the light was analyzed using a spectrometer (Triax 550, Horiba) (19) in
combination with an InGaAs CCD cooled with liquid nitrogen (20). The spectrometer
allowed the use of two different diffraction gratings, one with 150 grooves/mm and
a blazing wavelength of 1200 nm, and a second with 1200 grooves/mm and a blazing

wavelength of 900 nm.

4.2.2 Pump-probe photoluminescence spectroscopy

The pump-probe photoluminescence setup shown in Fig. 4.3 was used to study various
aspects of NW laser dynamics. It is very similar to the microphotoluminescence setup
discussed in Section 4.2.1, so we will only discuss the main differences here. For
excitation, a mode-locked titanium-sapphire laser (Tsunami 3960, Spectra-Physics)
(1) is used. After power and polarization control optics (2-4) the femtosecond pulses
are split into two parts by a beam splitter (5). The transmitted part is called pump,
the reflected part is called probe. An optical delay stage (M-ILS100PP, Newport)
(6) with a bi-directional precision of < 10fs is used to adjust the delay (At) of the
probe pulse with respect to the pump pulse. The power of the probe is adjusted
by a rotatable polarizer. Subsequently, pump and probe are recombined with a
polarizing beam splitter (7) and sent towards the sample. The detection is very
similar to the microphotoluminescence setup discussed in Section 4.2.1, except that
here photoluminescence is analyzed using a high-resolution (AE < 40peV) double
spectrometer (1403, SPEX) (8) in combination with a peltier-cooled silicon CCD (iDus
416, Andor) (9).
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Figure 4.2 | Microphotoluminescence setup. Shown is a simplified sketch of the
microphotoluminescence setup. Details are explained in the accompanying text. (The
figure was made using graphics from ComponentLibrary by Alexander Franzen, licensed
under a Creative Commons Attribution-NonCommercial 3.0 Unported License.)

4.2.3 Quasi-degenerate transient reflection spectroscopy

The setup shown in Fig. 4.4 allows to measure the normalized differential reflectivity
(AR/Ry) of a NW as a function of pump-probe delay At [106]. Since the experimental
layout is very similar to the setup discussed in Section 4.2.2 we will only discuss the

key differences.

42


http://www.gwoptics.org/ComponentLibrary/
https://creativecommons.org/licenses/by-nc/3.0/

4.2 Optical spectroscopy

Vs

Excitation — e
Detection —
[llumination

\.

- ®)
Abbreviations: SPEX 1403 spectrometer

BS - Beam splitter
LP - Longpass filter &
Objective . 50 mm
(50x) Peltier cooled
o CCD
ezo
_I z . (9) Optical
Flip mirror (92:8) fiber
4f lens system
| |
n
Y]

kPBS - Polarizing beam splitter

Imaging Cold finger
CCD  White light Sample

source x-y stage
v‘t'
s Cryostat

BS (50:50)
BS (50:50)
Powermeter

Back focal plane I: 100 mm 400 mm 400mm  Motorized mirror

beam expander 50 mm

Delay stage (6)
>
PBS Titanium
(7) sapphire
. laser
Polarizer 2)
Mirr0|§> E PBS ?_D_EEE_E
BS (70:30 (3) Farad
( ) (4) araqay (1)

(5)

Figure 4.3 | Pump-probe photoluminescence setup. Shown is a simplified sketch
of the pump-probe photoluminescence setup. Details are explained in the accompanying
text. (The figure was made using graphics from ComponentLibrary by Alexander Franzen,
licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported License.)

isolator

Differential reflectivity

The differential reflectivity is defined by AR = R — R, were R and R are the probe

reflectivities in the presence and absence of the pump pulse, respectively [106]. In
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general, AR is small and can be approximated by

with the real (n) and imaginary (k,) part of the complex refractive index

n=n-+ik, =1+, (4.2)

where y is the complex susceptibility [222, 223]. Equations 3.63 to 3.66 in combination
with Eq. 4.1, can be combined to show that this method provides access to the
temporal dynamics of g, and An/n, which in turn are governed by the time-
dependent carrier distribution functions nec and nyk. Further information about

transient reflection/absorption techniques is provided in Refs. [106, 222-232].

Experimental setup

As in Section 4.2.2, a beam splitter (1), an optical delay line (2) and polarization optics
(3) were used to generate pump and probe pulses with adjustable relative power and
time delay (At). To generate a differential signal, the pump beam was modulated with
an optical chopper system (MC2000B-EC, Thorlabs) (4) at a frequency of 10 kHz. For
better distinguishability between pump and probe [228], the pump beam is spectrally
filtered by a narrow band pass filter (OSE-VPFHT-12.5C-8080, Laser 2000) (5), which
transmits only the high energy part of the pulse spectrum, as shown by the inset (6).
Subsequently, the pump beam travels through a back-focal-plane beam-expander (7).
This serves a dual purpose. First, it leads to a large spot size on the sample, which
allows homogeneous excitation of the NWs. Second, it results in a diverging pump
beam in the detection part of the setup, which allows spatial filtering of the pump light.
Pump and probe are then recombined on a polarizing beam splitter (8). As a result,
pump and probe have orthogonal polarization directions, which allows for polarization
filtering in the detection beam path. After reflection from the sample, the pulses travel
through polarization optics (9-11), that correct for any birefringence in the setup and
select the polarization direction of the probe. Next, the light is spectrally filtered by
a long pass filter (FELHO0800, Thorlabs) (12) that rejects the pump but transmits
the low energy part of the probe. Finally, the light is spatially filtered by an optical
fiber before being detected by an avalanche photodiode (APD) (A-CUBE-S500-01,
Lasercomponents) (13). The output signal of the APD consists of a DC and an AC
voltage component. The DC component gives access to Ry, while the AC component
is analyzed by a lock-in amplifier (SR830, Stanford Research Systems) (14) and gives
access to AR.
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Figure 4.4 | Quasi-degenerate transient reflection setup. Shown is a simplified
sketch of the quasi-degenerate transient reflection setup. The insets show sketches of the
femtosecond titanium-sapphire laser spectrum. The high energy side of the spectrum is
used to pump the sample while the probe uses the entire spectrum. The detection analyzes
the low-energy side of the back-reflected laser spectrum and thus detects only the probe.
Details are explained in the accompanying text. (The figure was made using graphics from
ComponentLibrary by Alexander Franzen, licensed under a Creative Commons Attribution-
NonCommercial 3.0 Unported License.)
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4.3 Summary

In this chapter, we have described the sample preparation and the experimental tech-
niques used to optically characterize the GaAs-AlGaAs core-shell NW lasers. The
NWs were grown on Si(111) wafers by molecular beam epitaxy and then mechanically
transferred to sapphire substrates for optical investigation. Three different experi-
mental setups were described allowing either microphotoluminescence, pump-probe
photoluminescence, or quasi-degenerate transient reflection spectroscopy. The exper-
imental setups presented in this chapter were used to obtain the data analyzed in
Chapter 5 and Chapter 6.
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A. Thurn, J. Bissinger, S. Meinecke, P. Schmiedeke, S. S. Oh, W. W. Chow, K.
Lidge, G. Koblmiiller and J. J. Finley, ’Self-induced ultrafast electron-hole plasma

temperature oscillations in nanowire lasers’. arXiv:2108.11784 submitted (2021)

In the previous chapters, we have presented the necessary theoretical and experimental
background for a detailed study of GaAs-AlGaAs core-shell NW lasers. The ultimate

goal of this work is to understand their ultrafast dynamics. However, to achieve this,

it is crucial to first gain a detailed understanding of their steady-state properties. In

this chapter, we discuss their continuous wave lasing characteristics and show excellent
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quantitative agreement with quantum statistical simulations. This direct experiment-
theory comparison enables the determination of important laser parameters and shows
that the laser linewidth is strongly influenced by non-equilibrium carrier dynamics.
The results in this chapter highlight the importance of microscopic theoretical models

for a realistic description of GaAs-AlGaAs core-shell NW lasers.

5.1 Method

For an accurate description of the ultrafast dynamical behaviour of NW lasers, finding
reliable simulation parameters is crucial. We took advantage of the fact that important
parameters such as the end-facet reflectivity (R) and the spontaneous emission factor
(B) are approximately the same whether the NW is excited continuously or in a
pulsed manner. We therefore measured CW photoluminescence spectra of a NW
laser (NW-A) as a function of excitation power and simulated the results using the
quantum statistical model. The ultrafast dynamics of the same NW laser will later be
investigated in Chapter 6. The CW measurements were performed with an excitation
energy of €, = 1.588¢eV and at a lattice temperature of 73, = 10K. During CW
excitation, the laser is in a steady state. This allows to extract the excitation power
dependence of properties such as the carrier density (IV), carrier temperature (7t),
renormalized band gap energy (e,) and the broadening of the energy states near the
band gap (7o) directly from time-integrated measurements of the spontaneous emission
spectra. Together with the power dependence of the output intensity (/) and the
energy of the lasing mode (ep,), this provides an experimental data set that can be
used to adjust and test the simulation parameters of the quantum statistical model.
In the following, we first describe the approach used to determine all aforementioned

parameters and then present the experimental and simulated results in detail.

5.2 Theoretical model for spontaneous emission spectra

To determine N, T¢, €, and v, from a measured spontaneous emission spectrum, we

fitted it with the theoretical spontaneous emission spectrum given by [9]

nactlvee w
() = = Mal? [ p@) (Ol = (O + e~ hw)de. (1)
Equation 5.1 can be derived from Eq. 3.73 [128]. For our purposes, it is sufficient
to note that the model described by Eq. 5.1 neglects Coulomb enhancement and
assumes thermal equilibrium between electrons and holes [128]. Here, w is the angular

frequency, nactive is the refractive index of the NW material and Mt the transition
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5.2 Theoretical model for spontaneous emission spectra

matrix element. Furthermore, ¢y is the elementary charge, h the reduced Planck
constant, cg the speed of light in vacuum, ¢y the vacuum permittivity and mq the
free electron mass. The reduced density of states (p,) and the Fermi functions in the
valence (f,) and conduction band (f.) depend on the energy (€) and are determined
by [9]

m 3/2
)= 5[] -
1
fc(e) = 1+ eXp{[€g + (mr/mce — ,uc)]/ [k’BTc]} (5.3)
and
e 1 (5.4)

T 1+ exp{[—(ma/mye — )]/ keTe]}

where kg is the Boltzmann constant. The quasi-Fermi levels in the valence (1) and
conduction band (p.) are related to N by the Fermi-Dirac integral. The reduced
effective mass m, = memy/(m. + my) is determined by the effective mass of the
valence (my) and conduction band (m.), respectively [9]. The broadening of the energy
states results mainly from scattering and recombination, and is included in equation

(5.1) by the lineshape function £(¢€), which is commonly expressed by a Lorentzian [9]:

T(€) 1

£le) = 2 €2+ ((e)/2)? (5-5)
Figure 5.1a presents an exemplary spectrum of a NW on a semi-logarithmic scale,
measured with a CW excitation power of P/Py, ~ 1.7. Here, the lasing peak (~
1.51eV) is relatively weak, since for this measurement the detection spot was centered
in the middle of the NW resonator to maximize the amount of collected spontaneous
emission. For the fitting procedure, the lasing peak and Fabry-Pérot modes (blue)
were manually removed from the data, leaving only the spontaneous emission spectrum
(black). Additionally, the spectrum was normalized to the highest spontaneous emission
value. To properly fit both the low and high energy sides of the spectrum, both a
Lorentzian line shape function and an energy dependent broadening factor vy, (¢) are
required, as described by equation Eq. 5.5. Phenomenologically, the broadening of the
energy states is strong on the low- and weak on the high-energy side of the spectrum
and can be described by Landsberg broadening [233-235]

1 2 3
192999 <6> +1.458 <€> ~0.229 <6> : (5.6)
Yo o e a

where a € {e,h}. The Landsberg broadening is valid for 0 < ¢ < p,, reaches a

maximum value of vy at the band edge and approaches zero at the quasi-Fermi level.
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Figure 5.1 | Examples of CW lasing spectra. a, Selected spectrum of a NW laser
under CW excitation on a semi-logarithmic scale. The spontaneous emission spectrum
was obtained by removing the lasing peak and the Fabry-Pérot modes, and was fitted
with the model described in equation (5.1). From the fit we obtained the renormalized
band gap ¢, ~ 1.509¢V, the carrier temperature T, = (62 = 4) K, the broadening
Y = (8.1 £0.8) meV, and the carrier density N = (4.0 £ 0.4) x 10" cm™>. The best fit
parameters together with their 95% Cls are given in the plot. b, Selected high resolution
spectra of the lasing peak for various pump powers (P) relative to threshold (Py,). The
insets in a,b show the relative position of the NW (black), excitation spot (green) and
detection spot (blue). (Adapted from [68])
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5.3 Light-in light-out curve

Figure 5.1a shows that the fitted Landsberg broadened spectrum shows excellent
agreement with the measured data. By fitting each spectrum of a power series in this
way, we obtained the values and the power dependence of N, T¢, €, and ~. The best

fit parameters for the selected example are listed in Fig. 5.1a.

Additional information about the CW lasing characteristics of NW lasers is obtained
from detailed spectra of the lasing peak. Of particular interest for comparison with the
simulation is how the laser output power and ¢, change with excitation power. For a
better resolution of the lasing mode, we repeated the CW excitation measurement from
before on the same nanowire but this time detected the NW emission with a double
spectrometer (1403, SPEX), allowing a spectral resolution of Ae < 40peV. For this
measurement, the detection spot was positioned on one of the end-facets of the NW
laser to maximize the amount of collected stimulated emission. Figure 5.1b shows how
the NW emission changes when the excitation power is increased from P/Py, ~ 0.3
to P/Py, ~ 3.2. The spectra in Fig. 5.1b show a clear blue shift of the lasing peak
and an increase in intensity with increasing excitation power. To determine I, the
spontaneous emission was removed from the spectrum and the area under the peak
was integrated.

In the following sections below we describe the experimental results, obtained with
the procedure outlined above, and discuss the corresponding simulated data, both of

which are presented in Fig. 5.2. The simulation parameters of the quantum statistical
model are listed in Table 5.1 and Table A.1.

5.3 Light-in light-out curve

Figure 5.2a shows the measured (black) and simulated (red) I as a function of
normalized excitation power (P/Py,). To allow comparison between experiment and
simulation, I was also normalized to its threshold value (Iy,). We fitted the output
intensity above threshold with a linear function (solid cyan line) and determined a CW
threshold excitation power of Py, = (4.36£0.23) mW via the intersection of the fit with
the horizontal axis. With a spot diameter of ~ 14 pm for the CW excitation laser, this
corresponds to a power density of py, = (2.83£0.15) kW cm ™2, which is comparable to
the CW threshold power density of tin-doped cadmium sulfide NW lasers [236]. The
measured light-in light-out curve shows a pronounced nonlinearity around threshold
and a linear dependence above, which is a clear indication of lasing and is typical for this
type of NW laser. For reasons described in the following, we adjusted the simulated
I/1, to the experimental data for one data point above P, where spontaneous
emission is negligible. The resulting agreement of the simulation with the experiment

is excellent for all data points above threshold. At and below threshold, the measured
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Figure 5.2 | CW lasing characteristics. a, Light-in light-out curve on a linear scale.
The integrated intensity (I) and excitation power (P) are normalized to their respective
threshold values Ii;, and Py,. The threshold is determined via the intersection of the linear
fit with the horizontal axis. b,c, The carrier density () and the carrier temperatures (7,
T and T,) are only partially clamped for P/ Py, > 1 due to carrier heating via stimulated
emission. The apparent saturation of T in ¢ for P/Py, > 2 is a measurement artefact. d,
The band gap ¢, redshifts with increasing N. e, Changes in the refractive index lead to a
strong blueshift of the lasing energy €1, which weakens for P/ Py, > 1 due to partial gain
clamping. f, The simulated broadening 7, is in good agreement with the values obtained
from experiment using the phenomenological Landsberg model, as described by Eq. 5.6.
All error bars represent 95 % Cls of the mean. In e, the error bars reflect the calibration of
the spectrometer, whereas in b-d and f the uncertainties result from the fit of equation
Eq. 5.1 to the measured spontaneous emission spectra. For all panels, the uncertainty of
the excitation power follows from the determination of Py, see a. (Adapted from [68])
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5.4 Carrier density and carrier temperature

intensities are slightly larger (~ 10 %) than the values predicted by the simulation.
There are two main reasons for this behaviour. The first is the measurement geometry.
We excited the NW, that was lying horizontally on a substrate, from the top, using
the same objective for excitation and detection. Since spontaneous emission has an
isotropic radiation characteristic compared to stimulated emission, which is directed
along the NW axis, this measurement geometry leads to an overestimation of the
amount of spontaneous emission into the lasing mode. The second reason is that the
determination of the emission into the laser mode below threshold is challenging. The
shape of the simulated data can be adjusted by Ss,. For this NW laser we achieved
best agreement with the experimental data above Py, for S, = 0.1, which is in full
accord with values found in literature [44, 47, 237].

5.4 Carrier density and carrier temperature

In Fig. 5.2b we observe that N increases with P/Pyy,. It increases even above Py,
although with a slightly reduced slope. Thereby, N changes from N = (3.4 +0.3) x
107 em™ at Py, to N = (5.3 £0.6) x 10" cm™ at P/Py, ~ 4.3. For the whole
range of excitation powers the simulated carrier densities are in excellent quantitative

agreement with the experimental data.

Figure 5.2¢ shows that, similar to N, also the measured T, increases with P/ Py, even
above threshold. Tt ranges from T, = (36 £5) K at P/Py, ~ 0.11 to T, = (70 +6) K at
P /Py, ~ 4.3. The apparent saturation of Ti. for P/Py, > 2 is a measurement artefact
due to a longpass filter that was used to remove the excitation laser. This filter sharply
cuts off the NW emission at ~ 1.55¢€V, leading to a systematic underestimation of 7T in
this range by a few K, while leaving the other fit parameters unaffected. This argument
is substantiated by the fact that for P/Py, > 2 the carrier density NV in Fig. 5.2b keeps
increasing, which is only possible if the T, increases simultaneously. This increase in
T. is caused by the increased stimulated emission rate with increased P/Pyy,, which
heats up the carrier distribution, as will be discussed later in Section 6.2. Due to
this photoinduced heating of the carrier distribution, an increase in N is necessary to
maintain the gain required for lasing. Thus, the gain is only partially clamped above
threshold.

For excitation powers from P/Pgy, ~ 0.2 to P/Py, ~ 2, the simulated electron
(T.) and hole (T},) temperatures are in excellent quantitative agreement with the
measurement, whereas for P/ Py, < 0.2 they slightly overestimate the experimental
results. For high excitation powers (P/Py, > 2) the simulated carrier temperatures
are observed to further increase, as expected from the behaviour of the simulated N in

Fig. 5.2b. Over the investigated range of excitation powers, 7T, and 7}, reach maximum
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5 Continuous wave lasing characteristics

values of T, = 88K and T}, = 78 K, respectively. The model additionally predicts
that T, is slightly larger than Tj, with an increasing gap between the two as P/Py,
increases. However, this cannot be tested with our experimental approach.

The main simulation parameter which influences the behaviour of T, and T}, and
also the power dependence of the T is the end-facet reflectivity R of the NW. A higher
reflectivity leads to an increased stimulated emission rate, which results in a stronger
increase of Ty, T}, and N as a function of P/Py,. Best agreement with the experiment
was achieved for an end-facet reflectivity of R = 0.5, which is in full accord with values
in literature [46, 47].

5.5 Band gap narrowing

Figure 5.2d shows the measured ¢, (black) as a function of N taken from Fig. 5.2b. As
N is increased from (0.7 £ 0.6) x 10" ecm™3 to (5.3 £ 0.7) x 107 cm ™3, the measured
€g decreases from ~ 1.508eV to ~ 1.501eV. A similar decrease of €, is calculated
with the simulation (red). We observe very good quantitative agreement between
experiment and theory, although for N > 2.5 x 10" cm ™2 the simulated band gap
narrowing is slightly overestimated, with a maximum deviation of ~ 2meV. The band
gap energy of unexcited bulk GaAs at 71, = 10 K was taken from literature [99], see
Table A.1. The simulated band gap narrowing is determined purely from many-body
Coulomb interactions and is not directly adjusted by any simulation parameter. Thus,
the comparison with the experiment in Fig. 5.2d provides a good validation of our

simulation model.

5.6 Lasing energy

From spectra such as in Fig. 5.1b, €, was determined as a function of P/Py,. In the
experimental data this was reliably possible for excitation powers P/Py, > 0.2. In
Fig. 5.2e, we observe a strong increase of €, from (1.5044 £ 0.0002) eV to (1.5086 +
0.0002) eV as the excitation power is increased from P/Py, ~ 0.2 up to threshold.
The reason for this increase is explained by a decrease in refractive index, which is
caused by the combined interplay of band gap renormalization and the increased
gain with larger N. Above threshold, the gain is partially clamped, resulting in a
reduced blueshift, with ef, further increasing up to (1.5094 +0.0002) eV at P/ Py, ~ 4.2.
For the simulations, we used a heuristic refractive index model of bulk GaAs from
literature [139, 211]. Its input parameters do not include any external fit parameters
and were exclusively calculated using the quantum statistical model, i.e. a shift in

€1, is caused entirely by a change in the microscopic dynamic variables. Only the

o4



5.7 Broadening

absolute value of the simulated ¢, at threshold was adjusted to the experiment. We
achieved this by first setting the laser length to L ~ 10 pm using the microscope image
in Fig. 6.5 and then slightly fine-tuning it to L ~ 10.15pm. This last step had no
effect on the lasing dynamics. As can be seen in Fig. 5.2e, our approach resulted in

excellent quantitative agreement with the experiment.

5.7 Broadening

Figure 5.2f shows the experimentally determined vy as a function of P/Py,. The
values range from 7y = (5.0 £ 2.0) meV at P/Py, ~ 0.17 to 7o = (10.5 + 1.0) meV at
P/Py, ~ 4.2, Tt is observed that 7y does not increase continuously with increasing
P/ Py, but exhibits a small decrease to o = (6.9 £ 0.9) meV near threshold.

In the quantum statistical model, the energy broadening is given by Eq. 3.75. Similar
to the Landsberg model, this simulated broadening is in general energy dependent.
In Fig. 5.2f we therefore only compare the broadening values near the band edge
(Yen(0) = 7). Over the investigated range of P/Py,, the simulated 7y exhibits
a continuous increase from ~ 7meV to ~ 11.3meV. Remarkably, the simulated
results are very close to the experimental values that were determined using the
phenomenological Landsberg model and also exhibit a very similar behaviour above
threshold. We emphasize that the simulated vy contained no fit parameters, as it was

calculated solely from the scattering rates of the quantum statistical model.

5.8 Simulation parameters

Table 5.1 summarizes the parameters used for the quantum statistical simulations in
Fig. 5.2. We note that 3y, and R were the only free parameters. The same set of
parameters is later used in Section 6.2 to simulate the NW laser dynamics following

pulsed excitation.

5.9 Comparison of different nanowire lasers

To demonstrate that the CW lasing characteristics of NW-A are typical, we present
in Fig. 5.3 data recorded from several other NW lasers (NW-B to NW-F) from the
same sample. For all NWs, the excitation power dependence of output power, carrier
density, carrier temperature, and lasing energy is very similar and behaves as discussed
in Section 5.1 to Section 5.7. In addition, in Fig. 5.3e we present the excitation
power dependence of their linewidth given in terms of the full width at half maximum
(FWHM). For all NW lasers, a characteristic decrease in linewidth can be observed
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5 Continuous wave lasing characteristics

Name Symbol | Value Source
Confinement factor r 1.2 COMSOL Multiphysics

Excitation pulse duration At pump 200 fs Measurement

Excitation photon energy €p 1.588eV Measurement

Lattice temperature 11, 10K Measurement

Nanowire length L 10 pm Microscope images

Nominal nanowire radius Raw 170 nm Growth protocol
End-facet reflectivity R 0.5 Free parameter
Spontaneous emission factor Bsp 0.1 Free parameter

Table 5.1 | Simulation parameters of the many-body laser theories. The listed
parameters were used for both the quantum statistical and the semiconductor Bloch model.
The values for I', L, R and f3, are in full accord with literature [44, 46, 47, 237]. Natural
constants and material parameters are listed in Table A.1. (Adapted from [68])

when the excitation power is increased up to threshold [117, 173]. Above threshold,
the linewidth then increases again. This behavior is typical for GaAs-AlGaAs core-
shell NW lasers and is consistent with the results of previous work [133, 238]. From
Fig. 5.3d,e it can be seen that the FWHM is depends on the lasing energy ¢,. This
is summarized in Fig. 5.3f, which shows that the FWHM at threshold increases with

increasing er..

One can qualitatively understand this dependence with the help of Fig. 5.4, where
we show an example of material gain (Gp.) and differential material gain spectra
(0Gmat/OT:) for a carrier temperature of 7, = 50K and a carrier density of N =
6 x 107 cm ™2 [128]. For this simulation, electrons and holes were considered to be
in thermal equilibrium and the energy broadening was set to a constant value of
Yen = 8meV [128]. Compared to the material gain maximum, the differential material
gain maximum is shifted towards higher energies, which is consistent with expectations
from literature [239-241]. The important point of Fig. 5.4 is that within the spectral
range where NW modes can lase (G > 0), the differential material gain increases as

a function of energy.

A phenomenological explanation of why this increases the linewidth is given in
Ref. [242]. In short, carrier heating leads to an output power dependent a-factor,
which introduces additional broadening terms in the Schawlow-Townes-Henry linewidth
given by Eq. 3.30 [242]. Since the strength of carrier heating is directly related to
OGmat /0T, this means that a larger 0Gpa /0T leads to a broader linewidth, as
demonstrated by the data in Fig. 5.3f and Fig. 5.4. A more sophisticated theoretical

description is presented in Section 5.10, using the quantum statistical model.
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Figure 5.3 | CW lasing characteristics of several nanowire lasers. NW-A was
discussed in Section 5.3 to Section 5.8. a, Light-in light-out curve on a double logarithmic
scale. The integrated intensity (/) and excitation power (P) are normalized to their
respective threshold values I;;, and Py,. b-e All NW lasers show similar behaviour in the
excitation power dependence of the carrier density (IV), carrier temperature (7), lasing
energy (er,), and full width at half maximum (FWHM) of the lasing mode. All lasing modes
show a characteristic drop in linewidth as the excitation power is increased from below to
above threshold. f, The FWHM strongly depends on the lasing energy ¢;, of the lasing
mode at threshold. The threshold values of the FWHM and lasing energy were taken from
d and e, respectively, as indicated by vertical dashed lines.
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Figure 5.4 | Material and differential material gain spectrum. Exemplary material
gain (Gpat) spectrum for a carrier temperature of 7. = 50K and a carrier density of
N = 6 x 10" ecm~3. For this simulation, electrons and holes are considered to be in
thermal equilibrium. Furthermore, a constant broadening of v,, = 8 meV was used. The
corresponding differential material gain spectrum with respect to carrier temperature
(0Gmat /OT.) is shown in red. Compared to the material gain maximum, the differential
material gain maximum is shifted towards higher energies. (Adapted from [128])

5.10 Laser linewidth

A detailed theoretical analysis of the CW data from NW-B measured in this thesis was
performed by Jochen Bissinger in Ref. [128]. Here, we focus on the CW linewidth of
NW-B, which is shown in Fig. 5.5 as a function of NW output intensity (/) normalized
to its threshold value (Iy,) [128]. As the output power increases, the linewidth first
decreases from ~ 1meV well below threshold to ~ 0.6 meV at threshold and then
increases again to ~ 1 meV far above threshold. Along with the experimental data,
we also show the corresponding simulations with both the two-level rate equation
approach (RE) and the quantum statistical model (QS) [128]. The rate equation
simulation is based on Eq. 3.26 and shown for three different values of the linewidth
enhancement factor a, with o € {1.5,3,4.5}. All rate equation simulation parameters
are listed in Ref. [128]. It is clear that regardless of the value of «, the rate equation
approach is unable to describe the NW laser linewidth. This is in contrast to the
quantum statistical model, which yields excellent quantitative agreement over the entire
measurement range. It reveals that the increase in linewidth above threshold results
from non-equilibrium carrier dynamics that lead to increased spontaneous emission
and refractive index fluctuations and a reduction in gain-loss compensation [153, 243].

These results and conclusions are consistent with earlier work on the linewidth of
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FWHM (meV)

Iy,

Figure 5.5 | CW laser linewidth. The measured CW linewidth of NW-B was simulated
with both the two-level rate equation approach (RE) and the quantum statistical model
(QS). The rate equation simulation based on Eq. 3.26 is shown for three different values of
the linewidth enhancement factor . It is clear that the Schawlow-Townes and Schawlow-
Townes-Henry theory is unable to describe the NW linewidth, while the quantum statistical
model provides excellent quantitative agreement over the entire measurement range. The
NW output intensity (I) is normalized to its threshold value (1;,). (Adapted from [128])

semiconductor microdisk lasers [153]. Returning to Fig. 5.3b-c, it is thus mainly the
pronounced increase in carrier temperature and the resulting depinning of the carrier
density above threshold that leads to the strong deviation of the NW linewidth from
the Schawlow-Townes-Henry theory [153]. These insights are crucial for a detailed
understanding of GaAs-AlGaAs core-shell NW lasers and critical for the design of
future NW laser systems for e.g. on-chip optical communication. For further discussion
about the linewidth of semiconductor lasers, see Refs. [101, 117, 152, 244-247].

5.11 Summary

In this chapter, we studied the CW lasing characteristics of GaAs-AlGaAs core-
shell NW lasers in detail. First, we discussed how several important laser parameters,
including carrier density and temperature, can be determined from a spectrum. We then
measured these CW lasing parameters as a function of excitation power and simulated
the results using the quantum statistical model. This yielded excellent quantitative
agreement between experiment and theory and demonstrated that the quantum
statistical model provides an accurate microscopic model for the investigated NW
lasers. We then analyzed several NW lasers experimentally and showed that they all

exhibit very similar properties. In doing so, we found that the laser linewidth broadened
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5 Continuous wave lasing characteristics

with increasing lasing energy €,. This observation was qualitatively explained by the
fact that OGa/0T, increases with energy, which then leads to a broadened linewidth
as described by an extended rate equation theory [242]. Finally, we studied in detail the
excitation power dependence of the NW linewidth and demonstrated that it deviates
strongly from expectations based on the Schawlow-Townes-Henry theory. The main
reason for this is the pronounced increase in carrier temperature above threshold and the
resulting depinning of the carrier density, which leads to enhanced spontaneous emission
and refractive index fluctuations as well as reduced gain-loss compensation [153]. The
results in this chapter are critical to the microscopic understanding of NW lasers and
serve as a basis for understanding their ultrafast temporal dynamics, which will be

investigated in the next chapter.
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6 Lasing dynamics

This chapter includes material from

A. Thurn, J. Bissinger, S. Meinecke, P. Schmiedeke, S. S. Oh, W. W. Chow, K.
Liidge, G. Koblmiiller and J. J. Finley, 'Self-induced ultrafast electron-hole plasma

temperature oscillations in nanowire lasers’. arXiv:2108.11784 submitted (2021)

In the previous chapter, we showed that the CW lasing characteristics of GaAs-AlGaAs
core-shell NW lasers are strongly influenced by non-equilibrium carrier dynamics. In
this chapter, we continue to investigate how these non-equilibrium effects influence
their lasing dynamics. Using the two-level rate equation approach, we first analyze
their response to modulation and pulsed excitation, taking into account gain saturation.
This discussion yields a simple prediction for their output pulse shape, which will be
proven to be incomplete in the next section. There, we use a combined experimental
and theoretical approach to show that the NW output pulses exhibit sustained intensity
oscillations with frequencies ranging from 160 GHz to 260 GHz. We demonstrate that
these oscillations correspond to an exceptionally strong non-equilibrium analog of
relaxation oscillations [150], which are enabled by the miniaturized dimensions of
the laser and the resulting competition between carrier heating and cooling in the
electron-hole plasma during lasing operation. In the next section, we then show that
fundamental aspects of these non-equilibrium NW laser dynamics can be reproduced
by phenomenologically extending the two-level rate equation approach to a three-level
system. Using this model, we reveal that the oscillations discussed in the previous
section correspond to a previously unknown resonance between the carrier temperature
and the photon density. In the final section, we then present first experimental results

based on quasi-degenerate transient reflection spectroscopy.

6.1 Two-level rate equation analysis

The two-level rate equation approach allows to obtain an approximate understanding
of the dynamics of GaAs-AlGaAs core-shell NW lasers. This understanding is then

developed in greater detail in the following sections using more sophisticated models.
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Figure 6.1 | Relaxation oscillation frequency and damping rate. a,b, Relaxation
oscillation frequency fr = % and damping rate of relaxation oscillations v = g—g as a
function of excitation power (P) normalized to its threshold value (Pyy,). An ideal NW
laser (Pgay = 00) exhibits relaxation oscillations. When gain saturation is taken into
account, g increases and fr decreases. For gain saturation values expected for NW lasers
(Psar = 100 to 500 [128, 133]), relaxation oscillations are overdamped and fr is equal to
zero. The simulation parameters are listed in Table 6.1.

6.1.1 Relaxation oscillation frequency

One of the most important dynamical properties of a laser is the frequency of relaxation
oscillations fg = % [9, 117]. This is the natural resonance frequency between the
carrier number N, described by Eq. 3.1, and the photon number P, described by
Eq. 3.2. The associated resonance is called carrier-photon resonance [248]. Figure 6.1
shows fr and the corresponding damping rate of the relaxation oscillations yg = %
as a function of normalized excitation power (P/Py,). Both fr and g were obtained
from Eq. 3.22 after numerically solving the rate equations given by Eq. 3.1 and Eq. 3.2.
Figure 6.1a shows, that for an ideal NW laser (Pg,; = 00), the relaxation oscillation
frequency scales as fr o« PY? « PY2, which is consistent with expectations from
literature [9, 117]. From comparison with Fig. 6.1b it can be seen that relaxation
oscillations appear as soon as ~g is sufficiently small. When gain saturation is taken
into account, g increases while fg decreases. For the gain saturation values expected
for NW lasers (Pst = 100 to 500 [128, 133]), yr becomes too large for oscillations
to occur and fr becomes equal to zero. As a result, relaxation oscillations are not
expected for the GaAs-AlGaAs core-shell NW lasers studied in this thesis. This is
consistent with modulation experiments performed on indium phosphide based NW

lasers [249].
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Name Symbol Value Source
Confinement factor r 1.2 COMSOL Multiphysics
Group index Ng 7 COMSOL Multiphysics
Nanowire length L 10 pm Microscope images
Nominal nanowire radius Ryaw 170 nm Growth protocol
Spont. emission lifetime Tspon 740 ps Quantum stat. model
Spont. emission factor Bsp 0.1 Quantum stat. model
Gain parameter Go 3.98 x 103 cm™! Log. gain approx.
Gain parameter No/Vaw | 2.38 x 1017 cm ™3 Log. gain approx.
Gain parameter Nu/Vaw | 2.2 x 107 ecm ™3 Log. gain approx.
End facet reflectivity R 0.3 Free parameter

Table 6.1 | Simulation parameters of the two-level rate equation theory. The
gain parameters where determined by fitting the logarithmic gain approximation given
by Eq. 3.12 to a microscopic gain model using a lattice temperature of 7y, = 10K and
a carrier temperature of T, = 55K [128]. In order for the rate equation model to have
a threshold carrier density that is close to the experiment and the quantum statistical
model (N, ~ 3.4 x 10*" em™3), R was adjusted to 0.3. The values listed here were used
for all two-level rate equation simulations, unless specified otherwise. (Values were taken

from [128] and [68])

6.1.2 Modulation response

Figure 6.1a provides the relaxation oscillation frequency fr but not any information
about the strength of the corresponding carrier-photon resonance. To calculate this
missing information, we introduce in Eq. 3.1 a time-dependent pump power according
to

P(t)y =P+ 0P(t). (6.1)
Here, P is a constant, while the time-dependent modulation is given by
dP(t) = §Pysin (27 finoal) (6.2)

where 6 Py is the modulation amplitude and f,,,q the modulation frequency. For the
following calculations we choose 6Py = 0.05 - P. The time-dependent modulation
power JP(t) translates to a time-dependent deviation in the photon number described
by

57)@) = 5P0(fmod) sin (27Tfmodt) ; (63)

where the amplitude 6Pg depends on f,,,q. Expressions similar to Eq. 6.3 hold for the
carrier number N and the phase ¢. Using Eq. 6.3, the modulation response is defined
as [117]

(6.4)

M (fumoa) = 10logyq ((med)> |

dPo(0)
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6.1 'Two-level rate equation analysis

The expression 0P(0) is understood to be defined in the limit fy,,q — 0. Figure 6.2
shows M as a function of f0q and P/Py, for an ideal NW laser with Pg, = oo.
The modulation response exhibits a clear resonance, centered around the relaxation
oscillation frequency fr, with an overall maximum of ~ 5dB. To illustrate how the
carrier-photon resonance changes with gain saturation, Fig. 6.2b shows cuts through
the surface for P/ Py, = 8. The position of the cuts is indicated in Fig. 6.2a by the
blue line. As gain saturation increases (smaller Pg,;), the resonance peak shifts to
lower frequencies and decreases. For Pg,; in the range from 100 to 500 the resonance
disappears completely. This means that no relaxation oscillations are possible for
these types of NWs. This is a significant drawback if GaAs-AlGaAs-core-shell NW
lasers are to be used for high-speed data communication using standard modulation
techniques [9].

For practical purposes, the frequency up to which a semiconductor laser can be
modulated is defined as M (f3gp) = —3dB [117, 168]. In Fig. 6.1b the 3 dB frequencies
for Py = 100 and Py = 500 are indicated by vertical dashed lines. For realistic
excitation powers (P/Py, < 8), GaAs-AlGaAs core-shell NW lasers are therefore
expected to have 3dB frequencies in the range from ~ 3 GHz to ~ 15 GHz. These
3dB frequencies are in agreement with modulation experiments performed on indium
phosphide based NW lasers [249] and lower than the values reported in literature for
other semiconductor lasers [168]. However, it should be kept in mind that the studied
NW lasers have not yet been optimized for modulation speed and that NW lasers
have the unique advantage that they can be grown site-selectively and monolithically
on silicon waveguides. One possible way to improve the 3dB frequency of NW lasers

could be to use radial quantum wells as the gain medium [52, 54].

6.1.3 Pulsed excitation

For the understanding of the experiments presented in the next section, the response
of GaAs-AlGaAs core-shell NW lasers to excitation with ultrashort pump pulses is of
primary interest. For the simulation presented in Fig. 6.3, the excitation pulses were
modeled using Dirac delta distributions and the normalized excitation power was set
to P/ Py, = 3. It can be seen from Fig. 6.3a that gain saturation has a significant effect
on the NW output pulse length and shape. As gain saturation increases, the output
pulses become longer and increasingly asymmetric in time, with a sharp rise and a
long tail, consistent with expectations from literature [250, 251]. While for an ideal
NW laser without gain saturation the total output pulse length is < 1 ps, for strong
gain saturation with Pg, = 100 it can be > 100 ps. For GaAs-AlGaAs core-shell NW
lasers, typical values for Pg, are in the range from 100 to 500 [128, 133]. It should

be noted that the output pulse length in the ideal case is certainly underestimated,
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Figure 6.2 | Impact of gain saturation on modulation response. a, Modulation
response M of an ideal NW laser (Pt = o0) as a function of modulation frequency
(fmoa) and normalized excitation power (P/Pyy). The modulation response M exihibts
a pronounced resonance when f,,,q4 approaches the relaxation oscillation frequency fr
shown in Fig. 6.1a. The blue line indicates a cut through the surface for P/Py, = 8.
This cut is shown in b, as illustrated by the blue arrow. b, Modulation response M as a
function of f,q for a fixed normalized excitation power of P/Py, = 8. As gain saturation
increases (smaller Py, ), the carrier-photon resonance disappears due to stronger damping.
For GaAs-AlGaAs core-shell NW lasers, typical values for P, are in the range from 100 to
500 [128, 133]. The 3dB frequencies (f3ap) for Psat = 100 and P,y = 500 are indicated
by vertical dashed lines. Note that f,,,q4 is shown on a logarithmic scale in both a and b.
The simulation parameters are listed in Table 6.1.
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Figure 6.3 | Impact of gain saturation on NW output pulses. a, Normalized NW
output intensity as a function of time (¢). Gain saturation has a significant effect on the
output pulse length. The stronger the gain saturation, the longer the output pulses. b,
The same data as in a, but on a logarithmic time axis to make all output pulses equally
visible. The simulation parameters are listed in Table 6.1.

since the finite relaxation rate of photoexcited carriers is not considered in this simple
model. To make all output pulses equally visible, Fig. 6.3b shows the same data as
Fig. 6.3a, but on a logarithmic time axis.

The two-level rate equation model therefore predicts that the output pulses of
GaAs-AlGaAs core-shell NW lasers are longer than ~ 50 ps and strongly asymmetric
in time, with a sharp rise and a long tail. As will be shown in Section 6.2, both of
these predictions are in agreement with experimental results and simulations based
on many-body laser theories. Thus, although the two-level rate equation model does
not capture all the details of ultrafast dynamics on picosecond timescales, it correctly

describes the overall behavior of these lasers.

6.2 Ultrafast non-equilibrium dynamics

In this section we use a combined experimental and theoretical approach to study
the ultrafast lasing dynamics of GaAs-AlGaAs core-shell NW lasers in detail. We
demonstrate that these NW lasers exhibit ultrafast intensity and phase oscillations
that correspond to an exceptionally strong non-equilibrium analog of relaxation os-
cillations [150], with frequencies ranging from 160 GHz to 260 GHz. We show that
these unique dynamics are enabled by the miniaturized dimensions of the laser and
the resulting competition between carrier heating and cooling in the electron-hole

plasma during lasing operation. Our experimental results are supported by comple-
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Name Symbol | Value
Excitation pulse duration | Atpymp | 200fs
Electron excess energy Ae, 60 meV
Excitation spot diameter Aexe 17pm
Detection spot diameter et 11 pm
Lattice temperature 11, 10K

Table 6.2 | Experimental parameters for pump-probe luminescence spectroscopy.
At T1, = 10K, the electron excess energy of Ae, ~ 60 meV corresponds to an excitation
photon energy of €, = 1.588¢eV. For experiments at higher lattice temperatures, €, was
tuned to keep Ae. constant. The listed parameters were used for all experiments in
Section 6.2, unless specified otherwise.

mentary microscopic simulations based on the semiconductor Bloch [101, 143] and the
quantum statistical model [149], which were introduced in Section 3.3 and Section 3.4,

respectively.

6.2.1 Laser threshold

The threshold excitation power of NW-A was determined using single-pulse excitation.
Details of the experimental setup are summarized in Section 4.2.1. The experiment
was performed using the parameters listed in Table 6.2.

Figure 6.4a presents NW emission spectra at selected excitation powers (P) relative
to threshold (Pyy). It shows that the NW laser remains single modal at an energy
of ~ 1.51eV for excitation powers P/Py, < 2.5. It further demonstrates that, for
the range of excitation powers investigated, the mode at ~ 1.52€V is always more
than an order of magnitude weaker than the dominant mode. We can therefore
neglect this weak second mode at higher energy and treat the laser as being single
modal in all simulations. To obtain the characteristic light-in light-out curve we
determined the output intensity (I) by spectrally integrating the dominant lasing
peak at ~ 1.51eV. The resulting / is normalized to its threshold value (/i) and
presented in Fig. 6.4b as a function of P/Pyy,, demonstrating a clear transition into
lasing. We fitted the output intensity above threshold with a linear function (solid red
line) and determined a continuous wave (CW) equivalent threshold excitation power
of Py, = (0.84 £ 0.04) mW (dashed blue line) by the intersection of the fit with the
horizontal axis. This corresponds to a threshold fluence of Fy, = (4.5 +0.2) nJ cm™>.
The error on Py, and Fy, represents the 95 % confidence interval (CI), obtained from
the linear fit. Figure 6.5 presents an optical microscope image of NW-A pumped into
the lasing regime during the measurement shown in Fig. 6.4. The coherence of the
NW emission is apparent from the clearly visible spatial interference pattern. The

observed interference pattern is very similar to that expected from two coherent dipole
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Figure 6.4 | Lasing spectra and light-in light-out curve for single-pulse excitation.
a, Spectra of the NW emission at selected excitation powers (P) relative to threshold
(Pin). The second mode at ~ 1.52¢V is more than one order of magnitude weaker than
the main mode at ~ 1.51€V and can therefore be neglected. b, Characteristic light-in
light-out curve showing a clear transition into lasing. The intersection of the linear fit with
the horizontal axis defines Py,. The output intensity (/) is normalized to its threshold
value (/). The insets in a,b show the relative position of the NW (black), excitation spot
(green) and detection spot (blue). (Adapted from [68])

emitters located at the positions of the two NW end facets [46, 47, 252, 253].

6.2.2 Pump-probe measurement and simulation

Femtosecond pump-probe spectroscopy was performed on single NWs with a carefully
timed pair of pump and probe pulses, separated by a time delay At. Details of the
experimental setup are described in Section 4.2.2, while the experimental parameters
are listed in Table 6.2. Figure 6.6 illustrates the pump-probe excitation scheme. The
pump pulse power (Ppump) and probe pulse power (Pyobe) are above and below the
threshold (Pyy,) of the NW laser, respectively. After excitation, the NW laser emits
two modulated output pulses, separated by a time delay At.

Figure 6.7a presents typical results of a pump-probe measurement as a function of At.
Here, we normalized the spectra to their maximum value and set the excitation power
t0 Poump/Ptn ~ 2.7 and Pyyope/Pin ~ 0.7, such that the probe pulse alone cannot
induce lasing. We observe a delayed onset of two-pulse interference fringes, reflecting
the turn-on time (t,,) of the laser, which depends on both the excitation conditions
and the initial relaxation of the photoexcited carriers [59, 60, 65, 66]. Experimentally,
ton = (6.3£0.8) ps was determined from the At dependence of the spectrally integrated

mode intensity, using the transient depletion of the probe absorption [59], as discussed
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Figure 6.5 | Microscope image. Optical microscope image of NW-A pumped into the
lasing regime at a lattice temperature of 7y, = 10 K. Stimulated emission is emitted from
both NW end facets. Excitation was performed using optical pulses with an energy of
€, = 1.588¢eV and a full width at half maximum of 200fs. For taking the image, the pump
laser was blocked by a filter in front of the imaging CCD. (Adapted from [68])
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Figure 6.6 | Pump-probe excitation scheme. Schematic of a NW laser subject to
pump-probe excitation with delay At, emitting two temporally asymmetric and modulated
pulses, separated by Ar. (Adapted from [68])
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Figure 6.7 | Pump-probe measurement and simulation. a, Time-integrated spectra,
showing typical two-pulse interference fringes with additional beating patterns along the
energy axis. b, Normalized magnitude of the electric field autocorrelation (|G (At,7)|),
exhibiting pronounced oscillations along 7 above and below the main sideband (indicated by
white arrows), resulting from the beating patterns in a. In a,b we indicated the laser turn-on
time (on) and the disappearance of the sideband (#.g). Their difference, ¢ use ~ tofr — ton,
gives a measure of the total output pulse length. c,d, Corresponding semiconductor Bloch
simulation of the respective experimental data in a,b. (Adapted from [68])

in Appendix B. For increasing At, the interference fringes increase linearly in frequency.
Their existence further shows that the weak probe pulse restarts lasing, whereby the
probe-induced output pulse partially adopts the phase of the residual electric field
in the cavity defined by the previous output pulse [65]. Hence, the strong pump
pulse leaves considerable excitation for an extended period of time, which decays with
increasing At. This, in turn, leads to a change in refractive index and, thus, to a
pronounced redshift of the interference pattern. Meanwhile, the fringes become weaker
and finally disappear at a delay At = t.g.

For ease of interpretation, we move to the time domain by Fourier transforming the
energy axis in Fig. 6.7a. This yields the electric field autocorrelation GV(At,r) as
a function of At and time shift 7 [59, 254]. Its normalized magnitude |G (At,7)] is
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presented in Fig. 6.7b on a logarithmic scale. For normalization, we used the respective
maximum value at 7 = 0 for each At to facilitate comparison with theory. The fringes
in Fig. 6.7a lead to a linear sideband, with a full width at half maximum (FWHM) of
~ 3 ps, that sets on at a delay At = t,, and disappears at At = t,g. We quantified
tof = (82.4 £ 0.4) ps as the delay time where the main sideband amplitude decreased
to 1% of its maximum value. Since the photon lifetime of the resonator is < 1 ps [46],
the disappearance of the main sideband marks the termination of the first NW laser
output pulse. Thus, tyuse ~ foff — ton = (76.1 £ 0.9) ps is a measure for the overall
output pulse duration, which is consistent with our expectations from the rate equation
analysis in Section 6.1.3. In addition to the main sideband, we also observe pronounced
oscillations above and below, as indicated by white arrows in Fig. 6.7b. These reflect
the beating patterns in the spectral interference fringes in Fig. 6.7a. Weak indications
of these oscillations can be found in previous work [59, 65], but their significance has
not been scrutinized until now. Together, the long t,ye, the short FWHM of the
main sideband, and the oscillations indicate that the NW output pulses are strongly
asymmetric and modulated in time.

To understand the origin of the oscillating features in Fig. 6.7b, we first used the
semiconductor Bloch model to simulate the experimental data. For these simulations,
we used the parameters listed in Table 5.1. As discussed in Chapter 5, the end-
facet reflectivity (R = 0.5) and the spontaneous emission coupling factor (s, = 0.1)
were determined using a quantum statistical simulation of the continuous-wave lasing
characteristics of NW-A. It should be noted that s, generally depends on the carrier
density [255, 256]. For our purposes, however, it is possible to approximate f, as a
constant, since the dynamics of the NW laser depends only weakly on this parameter,
see Appendix C. The result of this semiconductor Bloch approach is presented in
Fig. 6.7c,d, whereby we used the same excitation powers as in the experiment. The
simulation exhibits excellent qualitative agreement with all observed features of the
experimental data in Fig. 6.7a,b. It reproduces the delayed onset of interference fringes,
the temporal asymmetry of the output pulses and the oscillations both above and
below the main sideband. Moreover, the model reveals that these originate from carrier

temperature oscillations, see Appendix D.

6.2.3 Quantum statistical simulation

However, to uncover the full significance of these oscillations and to enable a theoretical
description of measurement series within which scattering rates vary, it is necessary to
go beyond the relaxation rate approximation used in the semiconductor Bloch model.
For this purpose, we used a quantum statistical model that self-consistently calculates

the rates for carrier-carrier and carrier-phonon scattering.
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Figure 6.8 displays the results of this approach for a pump-probe excitation with
At = 40 ps. The excitation powers used were the same as in Fig. 6.7. In Fig. 6.8a,
we present the laser intensity as a function of time and determine t,, ~ 5.7 ps as the
time it takes to reach 1/e of the first output pulse maximum. After turn-on, the NW
pulses are observed to be strongly asymmetric in time with a pronounced initial peak
(FWHM ~ 1.3 ps), following oscillations with a frequency of vg = 222 GHz and a long
tail. This is in qualitative agreement with both the experiment and the simulation in
Fig. 6.7. Following up on the results of the semiconductor Bloch model, we investigated
the temporal evolution of the carrier distributions by determining the instantaneous
electron (7,) and hole (7},) temperatures for each time step, see Appendix E. Fig. 6.8b
shows that the carrier temperatures cool to T, ~ 79K and T}, ~ 76 K after ¢t ~ 5.3 ps,
shortly before the laser turns on, which is in full accord with literature [197, 202].
This cooling primarily takes place via scattering of carriers with longitudinal optical
(LO) phonons [106, 174, 257]. After the first temperature minimum at ¢ ~ 5.3 ps and
during turn-on, we observe a pronounced initial increase of the carrier temperatures by
AT, ~19.8K and ATy, ~ 4.2K for electrons and holes, respectively. Subsequently, the
carrier temperatures show clear oscillations with a frequency of 222 GHz, mirrored by
the laser intensity in Fig. 6.8a. Since T, changes the most, we highlight in Fig. 6.8a-d
its first heating and cooling cycle in red and blue, respectively. As is observed in
Fig. 6.8c, the carrier temperature dynamics are also mirrored in the time dependence
of the electron scattering rates near the lasing energy. While these time variations in
the scattering rates are not necessary for the existence of the oscillations in Fig. 6.8a,b,
they likely do increase their strength, see Appendix D. Near t,,, the carrier-carrier

scattering rate of electrons is Ve e ~ 8.6 ps—t

, while the electron-LO-phonon scattering
rate is Yep ~ 0.3 ps™'. In contrast to the oscillations in Fig. 6.8a-c, the carrier density
in Fig. 6.8d shows a monotonic, step-like decrease starting from an initial value of
N ~ 5.2 x 10" cm ™3, besides the injection of additional carriers at ¢ = 40 ps.

To visualize the carrier dynamics in the parabolic bands, Fig. 6.9 shows the energy-
dependent carrier inversion as a function of time in a semi-logarithmic contour plot. The
optical pump-probe excitation is indicated by white arrows. Within a few picoseconds,
relaxation of the injected carriers leads to build up of inversion at the lasing energy
(solid green line), as shown in Appendix F. After the onset of lasing (¢,,, green point),
clear oscillations of the inversion are visible, which are directly connected to the carrier
temperature oscillations in Fig. 6.8b. From Fig. 6.9, we further observe no signs
of spectral hole burning. This results from the fast carrier-carrier scattering, that
continuously thermalizes the electron-hole plasma, and the low end-facet reflectivity
R, which reduces the stimulated emission rate (Viasing)-

To explain the origin of these oscillations, Fig. 6.10 shows a schematic representation

of two electron distributions having similar densities in the conduction band; one
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Figure 6.8 | Quantum statistical simulation of the time-resolved pump-probe
response. a, Time-dependent output intensity for a pump-probe delay of At = 40 ps.
From the first output pulse we determine t,, and the oscillation frequency 5. b-d,
Corresponding time-dependent electron (7;) and hole (7},) temperature, carrier-carrier
scattering rate of electrons (7cc.), electron-LO-phonon scattering rate (7.,) and carrier
density (V). In a-d, the shaded areas highlight the first heating and cooling cycle of T...
(Adapted from [68])
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Figure 6.9 | Inversion as a function of time. Energy-resolved inversion, illustrating
the time-dependent carrier dynamics during the lasing process. Here, n. and €., with
c € {e,h}, are respectively the occupation probability and energy of electrons and holes
with wave vector k. (Adapted from [68])

characterized by a colder T, (yellow) than the other (orange). The lasing energy (er,)

is below the respective average kinetic energy (€94, ehot) Thus, stimulated emission

at a rate Vasing heats the remaining electron distrigbutioi [146, 160, 250, 258-260]. In
case this heating via 7i,sing is sufficiently strong to overcome the cooling via 7ep, T
rises. Consequently, 7, increases, whereas 7iasing decreases due to the reduction in
material gain (Gmat) [258, 259]. Partial recovery of Gat via 7ep then restarts the cycle.
A similar discussion applies to holes.

However, in previous investigations of microcavity and nanoscale lasers this intuitive
effect of ultrafast self-induced temperature oscillations was strongly damped, preventing
the observation of sustained oscillations [150, 240, 241, 250, 260]. We explain the
observations in Fig. 6.8a-d and Fig. 6.9 for NW lasers by noting that the modal gain
(Gmoa) and Gy are linked by Gioq < I' - Gpat, where I is the modal confinement
factor [9]. The corresponding differential gains with respect to carrier temperature
(Tt, with ¢ € {e,h}) are, therefore, to a good approximation related by 0Gea/0T,
I' - 0G4t /OT.. Thus, large I leads to enhanced interactions between the lasing mode
and the gain material. For NW lasers, this effect is especially pronounced due to their
wavelength-scale dimensions and unique resonator geometry, that allows exceptionally
strong mode confinement with I" > 1 [47, 119, 121]. We further note that the large
I' of NW lasers is, in part, due to the strong lateral optical confinement and the
resulting strongly non-paraxial mode propagation [119, 121]. Moreover, here, there
exists a balanced interplay between the rates of stimulated emission, carrier-carrier

scattering, and carrier-LO-phonon scattering. As mentioned above, carrier-carrier
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Figure 6.10 | Oscillation mechanism. Sketch of the oscillation mechanism enabled
by the exceptionally large modal confinement factor I" of NW lasers. Here, Yiaging is the

stimulated emission rate of the lasing mode with energy 1, while ;9 and €l0¢ are the

average kinetic energies of the respective distributions. (Adapted from [68])

scattering is sufficiently fast to maintain Fermi-Dirac distributions, and heating via
stimulated emission strong enough to compete with cooling via carrier-LLO-phonon
scattering, such that light-matter coupling is manifested as a strongly oscillating carrier
temperature. In our NW lasers, it is precisely this combination of large I" with these
carrier dynamics that leads to the observed sustained oscillations. This is confirmed
in Section 6.2.4 by a comparison of the simulated laser dynamics with I" = 1.2 (used
here) and " = 0.12.

6.2.4 Confinement factor dependence

Using the quantum statistical model, we illustrate the strong influence of I" on the
lasing dynamics by comparing two similar lasers with markedly different I". Both lasers
were excited with single pulses and an excitation power of P/Py, = 2.5. Figure 6.11a
shows the intensity dynamics of NW-A, with a confinement factor of I' = 1.2 and a
length of L ~ 10pum. The corresponding peak material gain (C_Jmat) is presented in
Fig. 6.11b. For comparison, Fig. 6.11c and Fig. 6.11d show the intensity and G
of a laser with I" = 0.12, respectively. A similar threshold and G, as for the case
with high I" was achieved by adjusting the losses via L. No intensity oscillations
are observed in this case, demonstrating the important role I" plays for the ultrafast
dynamics in Fig. 6.11a. Except I' and L, all parameters were the same for both

simulations and are listed in Table 5.1.
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Figure 6.11 | Confinement factor and lasing dynamics. a,b, Intensity and peak
material gain (@mat) of a NW laser with a confinement factor of I' = 1.2 and a length of
L ~ 10 pm, exhibiting clear oscillations in the laser output intensity. c,d, Dynamics of a
similar laser with 1" = 0.12 and L ~ 90 pm, showing no oscillations in the laser output. The
intensities in a,c were normalized to the maximum value in a. The simulations in a-d were
performed using a normalized excitation power of P/Py, = 2.5. All simulation parameters
that are not explicitly mentioned here are listed in Table 5.1. (Adapted from [68])

6.2.5 Excitation power dependence

To test the above hypothesis for the origin of the observed ultrafast oscillations, we
experimentally studied the excitation power and 71, dependence of the NW laser
dynamics and compared with the predictions of the quantum statistical model.

Figure 6.12 presents the results of the excitation power dependent measurement,
with which we investigated in detail how the lasing dynamics depend on N and Yjasing-
As shown in Figure 6.12a, t,, decreases from (9.9 + 0.4) ps to (5.5 £ 0.4) ps as the
pumping level increases from Ppymp/ P ~ 1.8 to ~ 3.0. This decrease is in excellent
quantitative agreement with theory. It results from the increase in N with increasing
Pump/ Pin, allowing the laser to turn on at higher carrier temperatures.

To estimate the frequency (fg) of the oscillations in |G (At,7)| from our mea-
surements, we determined the time interval between the main sideband and the first
oscillation above, as described in Appendix G. As shown in Fig. 6.12b, fg increases with
stronger excitation power from (231 + 14) GHz to (344 + 18) GHz. Since |GV (At,7)|
and, thus, the simulated oscillation frequency (fs) cannot be directly obtained from the
quantum statistical model, we computed the oscillation frequency vs. Here, we observe
an increase from ~ 166 GHz to ~ 238 GHz, over the same range of excitation powers.
Nonetheless, an approximate relationship between vg and fs can be established using

the semiconductor Bloch model. In the present case, fs is related to vg by fs = 1.38-v5,
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see Appendix H. Applying this relationship to the frequencies vg in Fig. 6.12b leads
to remarkable quantitative agreement between fs and fg over the entire range of
excitation powers. The increase of the oscillation frequencies with stronger excitation
power results from the complex interplay of various effects. As the main reason, we
identified the increased 7iasing, leading to enhanced carrier temperature oscillations

and, hence, shorter heating and cooling cycles.

6.2.6 Lattice temperature dependence

Complementary to the excitation power series, varying 77, allowed to tune 0Gat/0Te,
and to shift the operating point of the laser towards higher carrier temperatures. All
experimental data in Fig. 6.13 and Fig. 6.14 were measured with Pyymp/ P ~ 2.5
and Pyope/Pin ~ 0.5. For illustration, Fig. 6.13 presents the measured |G™M (At )|
for Ty, = 40K, 60 K and 80 K. As Tj, increases, the data show that t,, decreases, fg
increases and s decreases, see Appendix I.

As shown by the data in Fig. 6.14a, t,, remains approximately constant at ~ 6 ps
up to 40 K and then decreases to (2.6 £ 0.4) ps as T}, further increases to 100 K. This
behaviour can be understood on the basis of the T}, dependence of Py, shown in
Fig. 6.14b. For Ty, < 40K, Py, remains almost constant, whereas at higher Ty, it
increases exponentially with a characteristic temperature Ty = (57 & 11) K. Since
the pumping level is fixed relative to Py, this increase leads to a larger initial V.
Consequently, t,, decreases, as observed in Fig. 6.14a. The simulations presented in
Fig. 6.14a,b quantitatively reproduce the experimental data and, thus, confirm our
interpretation.

The T, dependence of Py, is, in turn, accounted for by the variation of the electron
(Teon) and hole (T} o,) temperatures at laser turn-on, as shown in Fig. 6.14c. For
increasing T1,, they are initially constant at ~ 62 K, reflecting the fact that the cooling
rate due to carrier-LO-phonon scattering decreases rapidly for low carrier temperatures
(< 50K) [197, 257]. Both Tp on and Ty, o only rise as 71, becomes comparable, shifting
the operating point of the laser towards higher carrier temperatures. The carrier
distributions therefore spread out towards higher energies, which reduces G,.; at the
lasing energy for a given N. Hence, Py, increases, explaining the observed trend in
Fig. 6.14b.

We are now in a position to explain the 77, dependence of the oscillation frequencies
in Fig. 6.14d. Up to 40K, fg remains approximately constant at ~ 270 GHz and
then increases to (350 + 20) GHz at 71, = 80 K. Similarly, vg increases from 213 GHz
to 259 GHz. We again calculated fs from vg, using the proportionality factor 1.38
stated above, and obtained remarkable agreement with fg. The trend of the oscillation

frequencies is strongly influenced by the Ty, dependence of Py, in Fig. 6.14b. As Py,
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Figure 6.12 | Excitation power dependence of the NW laser dynamics. a, A stronger
pump pulse power (Pyump/Ptn) produces a greater initial carrier density N, allowing the
laser to turn on faster. Here, Pyope/Ptn ~ 0.5 was kept constant. b, The increase in
oscillation frequencies with excitation power depends on a complex interplay of several
effects, but is mainly driven by the increased stimulated emission rate 7aine. Here, we
kept the ratio Ppump/Pprobe = 4 : 1 constant to ensure that the intensities of both output
pulses remained comparable. All error bars represent 95 % confidence intervals (Cls) of
the mean and result from the methods used to determine Py, to,n and fg, as described in
Section 6.2.1, Appendix B and Appendix G, respectively. In b, the uncertainty in excitation
power refers to the bottom axis. (Adapted from [68])
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Figure 6.13 | Lattice temperature dependence of the NW laser dynamics. a, Three
exemplary pump-probe measurements, illustrating the changes that occur with increasing
T1,. (Adapted from [68])

increases, the correspondingly larger initial N blueshifts the lasing mode due to the
associated change in refractive index, and broadens the gain spectrum as a result of
band gap renormalization and band filling. Simultaneously, the band gap and the
lasing mode redshift with increasing T1,, whereby the redshift of the lasing mode is
smaller than the other effects. In combination, these processes effectively shift the
lasing mode towards the high-energy side of the gain spectrum, where 0G a1 /0T, is
larger. This leads to the observed increase in oscillation frequencies. No oscillations
were observed for 71, = 100 K, which coincided with the laser becoming multimodal.
In addition, as shown in Fig. 6.14c¢, the carrier temperatures increase for higher 71,
which reduces 0Ga1/0T, [261]. This counteracts the increases due to the shift of the
lasing mode towards the high-energy side of the gain spectrum and at some point will
compensate them. The oscillations are therefore expected to disappear at sufficiently

high 71, here > 80 K.

6.2.7 Discussion

In Section 6.2, we investigated the microscopic lasing dynamics of GaAs-AlGaAs
core-shell NW lasers on picosecond timescales. The following discussion puts the

results into a broader context.

Ultrafast laser modulation using terahertz heating fields

Direct laser modulation based on changing the carrier density takes advantage of
the carrier-photon resonance to achieve fast modulation speeds, which are currently
limited to < 60 GHz without the use of photonic feedback effects [168]. Similarly,
we believe that the new resonance between the carrier temperature and the laser

intensity discussed here can be used for ultrafast laser modulation. Considering the
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Figure 6.14 | Lattice temperature dependence of the NW laser dynamics. a, As
Ti, increases, t,, is at first constant and then decreases. b, Above 40 K, Py, increases
with a characteristic temperature Tj, as obtained from an exponential fit. This increase
leads to the decrease of t,, in a. The data were normalized to the smallest threshold
(Pin10k)- €, Electron (Tt 0n) and hole (75, 0n) temperatures at times ¢ = ¢, as a function
of 11, whereby the excitation power was set to Pyump/Pin ~ 1. The rise of T¢ on and T}, on
causes the increase of Py, in b. d, The oscillation frequencies increase as the lasing mode
shifts towards the high-energy side of the gain spectrum, where 0G .1 /OT. is larger. All
error bars represent 95 % Cls of the mean and result from the methods used to determine
Pin, ton and fg, as described in Section 6.2.1, Appendix B and Appendix G, respectively.
In b, some error bars are smaller than the symbol size. (Adapted from [68])
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observed resonance frequencies of 160 GHz to 260 GHz, we therefore anticipate that
NW lasers could substantially improve previously proposed laser modulation schemes
based on THz heating fields [261]. This is because their large 0Gy0q/0T. makes
them highly susceptible to applied electric fields in contrast to lasers with low mode
confinement. Our findings thus illustrate a new approach to how the miniaturization

of semiconductor lasers can be used to design their ultrafast dynamical properties.

Comparison with other laser modulation approaches

This is complementary to previous research that investigated accelerated laser dynamics
based on Purcell enhancement [256, 262] and plasmonic effects [59, 263]. We note that
no Purcell enhancement is expected for our NW lasers since their effective mode volume
is ~ 140 times larger than that of the photonic crystal laser studied in Ref. [262].
Other approaches to ultrafast laser modulation include mode field switching [264]
and the use of photonic feedback effects [168]. Both approaches typically require
larger device structures. The potential of mode field switching is not yet known, as
direct time-dependent modulation of a laser has not yet been demonstrated with this
method [264]. However, with both photonic feedback on a silicon carbide substrate [168]
and Purcell enhancement in a GaAs material system [262] modulation frequencies of
up to ~ 100 GHz have been demonstrated, although the latter could not be confirmed
theoretically [255, 265]. Thus, the combination of THz modulation with NWs or other
suitably designed lasers could enable direct laser modulation at previously unattainable

speeds (160 GHz to 260 GHz).

Similarities and differences to the two-level rate equation approach.

Comparison of Fig. 6.3a and Fig. 6.11a shows that the two-level rate equation model
and the quantum statistical model agree on the overall behavior of the NW laser. The
output pulses are long (> 50 ps) and strongly asymmetric in time, with a sharp rise and
a long tail. However, the detailed dynamics on picosecond timescales are substantially
different. This shows the limitations of the two-level rate equation approach and
illustrates that it does not take into account important physical processes. The main
reason for this is the way gain saturation is implemented in this model. This will be
shown in Section 6.3, where we demonstrate that a simple modification of the two-level
rate equation approach allows to reproduce the main experimental and theoretical
results of Section 6.2. A more sophisticated rate equation theory that directly includes

the carrier temperature as a dynamical variable is described in Ref. [266].
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6.3 Three-level rate equation analysis

In Section 6.2, we investigated the microscopic lasing dynamics of GaAs-AlGaAs
core-shell NW lasers with a combined experimental and theoretical approach. Using
many-body laser simulations, we showed that strong mode confinement can lead to
pronounced carrier temperature oscillations that modulate both the amplitude and

phase of the emitted electric field.

The results of the two-level rate equation approach in Section 6.1 are consistent
with the overall length and the strong temporal asymmetry of the NW output pulses
observed in Section 6.2. However, this approach did not capture the unique non-
equilibrium dynamics revealed in Section 6.2. The reason for this can be understood
using Fq. 3.13. According to Eq. 3.13 and Eq. 3.4, changes in the material gain Gz
and the photon number P always occur simultaneously. This approximation works
well for slowly varying G.¢ and P. On picosecond timescales, however, it fails because
the finite heating and cooling rates of the electron-hole plasma must also be taken
into account. This is illustrated in Fig. 6.15, where the data from Fig. 6.11a,b are
reproduced on the same axis for better comparison. It is evident that the oscillations
in the laser intensity (proportional to P) and the peak value of the material gain

(Gat) are shifted in time with respect to each other.

Since these many-body laser simulations are demanding and time-consuming, it
would be very useful for basic studies to have a simple model that phenomenologically
captures these non-equilibrium effects. In the following, we introduce such a model
and compare its predictions with those of the quantum statistical laser theory and

with the main experimental results presented in Section 6.2.

6.3.1 Three-level rate equations

This section extends the two-level rate equation model discussed in Section 6.1 to
a three-level system. As illustrated in Fig. 6.10, an increase in carrier temperature
corresponds to a redistribution of carriers towards higher energy states within their
respective bands. In the subsequent cooling cycle, these carriers then relax back towards
the band edge and the lasing level. In the simplest rate equation approximation, this
redistribution of charge carriers can be modeled by introducing an additional energy
level (representing carriers in high energy states) and corresponding transition rates,
as illustrated in Fig. 6.16. Carrier cooling is represented by a constant rate Yoo,
while carrier heating is represented by a time-dependent rate Yheat = EGmod, Where

¢ is a dimensionless proportionality constant. The corresponding equations for this
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Figure 6.15 | Time delay between laser intensity and peak material gain. Quantum
statistical simulation of the NW laser intensity and peak material gain ((_Jmat) as a function
of time (t) for single-pulse excitation with P/Py, = 2.5. The simulation shows that the
oscillations in the laser intensity and the peak material gain are shifted in time respect to
each other. The data were taken from Fig. 6.11a,b. (Adapted from [68])

three-level system are

ANy P
d; : = TIL - fYcoolNhot + f)/heatpa (65)
€p
AN
E = _Rsp - C¥Imoc1,P + f}/cool-/\/’hot - theat,P (66)
and P
E - [Gmod - ’th] P + BspRspv (67)

where Mo describes the number of carriers in high energy states. Here, Gp0q4 always
represents the unsaturated gain, since in the three-level rate equation model, gain

saturation is effectively described by the heating and cooling terms.

6.3.2 Determination of effective heating and cooling rates

The rate 7.0 and the proportionality constant £ are free parameters and were deter-
mined by fitting the three-level rate equation model to both the experimental data
and the results of the quantum statistical model.

The cooling rate .00 describes the initial relaxation of photoexcited carriers towards
the band edge and thus strongly influences the turn-on time (t,,) of the NW laser. The
turn-on time data previously presented in Fig. 6.12a were therefore used to determine

Yeool- These data are presented in Fig. 6.17a together with the simulation results of
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Figure 6.16 | Three-level rate equation model. Sketch of three levels with energies
(1 < €2 < €3) and the corresponding terms describing the transition of carriers between
them. The number of carriers in high energy states is denoted by N,;. Heating and cooling
of carriers is phenomenologically described by effective rates Vet and Yeool, respectively.
Apart from the new terms, the notation is the same as for the two-level model.

the three-level rate equation model (RE). Best agreement with the experimental data
and the quantum statistical (QS) model was obtained for 7.0 = 0.125ps™!. This
corresponds to an upper state lifetime of 8 ps and is consistent previous work [65].
As can be seen in Fig. 6.17a, the rate equation simulation is in excellent agreement
with the experimental data and the quantum statistical simulation over the entire
measurement range.

Once Yeoor is chosen, the heating rate vy0.¢ determines the oscillation frequency. The
oscillation frequency data previously presented in Fig. 6.12b were therefore used to
determine &. These data are shown in Fig. 6.17b together with the simulation results of
the three-level rate equation model (RE). Best agreement with the experimental data
and the quantum statistical (QS) model was obtained for £ = 5. Physically, this means
that for each photon created via stimulated emission, five charge carriers are transferred
from the lasing level to the higher energy level. Over the entire measurement range,
the results of the three-level rate equation simulation are in excellent agreement with

both the experimental data and the quantum statistical simulation.

6.3.3 Output pulse shape

The three-level rate equation (RE) model was further verified by comparing its
prediction for the output pulse shape with that of the quantum statistical (QS) laser

theory. For this purpose, the data presented in Fig. 6.11a,c were used as a reference.
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Figure 6.17 | Determination of heating and cooling parameters for NW-A. a, The
turn-on time (,,) of the three-level rate equation model was adjusted to the experimental
data and the results of the quantum statistical laser theory using the cooling rate 7.0 as a
fit parameter. Best agreement was achieved for oo = 0.125 ps™1. b, The proportionality
factor &, and thus the heating rate ~pe.;, was determined by adjusting the oscillation
frequency to the results of the experiment and the quantum statistical model.
agreement was achieved for ¢ = 5. The simulation parameters of the three-level rate
equation model are listed in Table 6.3. The experimental data and the results of the

quantum statistical model were taken from Fig. 6.12.
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Name Symbol Value Source
Confinement factor r 1.2 COMSOL Multiphysics
Group index Ng 7 COMSOL Multiphysics
Nanowire length L 10 pm Microscope images
Nominal nanowire radius Rnaw 170 nm Growth protocol
Spont. emission lifetime Tspon 740 ps Quantum stat. model
Spont. emission factor Bsp 0.1 Quantum stat. model
Gain parameter Go 3.98 x 103 cm™! Log. gain approx.
Gain parameter Ng/Vaw | 2.38 x 107 ¢cm ™3 Log. gain approx.
Gain parameter No/Vaw | 2.2 x 107 em ™ Log. gain approx.
End facet reflectivity R 0.3 Free parameter
Cooling rate Yeool 0.125ps~* Free parameter
Proportionality factor 13 ) Free parameter

Table 6.3 | Simulation parameters of the three-level rate equation theory. Except
for Yeoor and &, all parameters are the same as for the two-level rate equation model, see
Table 6.1. In order for the three-level rate equation model to have a threshold carrier density
that is close to the experiment and the quantum statistical model (N, ~ 3.4 X 107 cm™?),
R was adjusted to 0.3. The values listed here were used for all three-level rate equation
simulations, unless specified otherwise. (Values were taken from [128] and [68])

These data are shown in Fig. 6.18a,b together with the results of the three-level rate
equation simulation. The presented simulations were performed for a normalized
excitation power of P/Py, = 2.5. All simulation parameters of the three-level rate
equation model are listed in Table 6.3.

The excellent agreement between the two theoretical models in Fig. 6.18a demon-
strates that the three-level rate equation approach correctly describes the most im-
portant physical processes of the NW laser dynamics. The slightly larger oscillation
amplitude in the quantum statistical simulation is likely due to the fact that in this
model the effective cooling rate is a function of time, whereas in the three-level rate
equation approach 7.0 is approximated as a constant.

Figure 6.18b shows that for low confinement (I" = 0.12), the oscillations also
completely disappear in the rate equation simulation. In addition, the overall output
pulse shape is in good agreement with that of the quantum statistical model. These
findings further confirm the importance of I" for the ultrafast non-equilibrium dynamics

shown in Fig. 6.18a and discussed in detail in Section 6.2.
6.3.4 Resonance frequency

From Fig. 6.17b and Fig. 6.18a, it is evident that the three-level rate equation model
described by Eq. 6.5 to Eq. 6.7 exhibits an internal resonance. The frequency of this
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Figure 6.18 | Comparison of simulated output pulse shapes. a, Normalized output
intensities as a function of time for NW-A. The simulations were performed with a
confinement factor of I" = 1.2 and a length of L = 10 ym. The three-level rate equation
(RE) model is in excellent agreement with the quantum statistical (QS) model. b, Simulated
intensity dynamics of a similar laser with I" = 0.12 and L = 90 ym. Consistent with the
quantum statistical laser theory, the three-level rate equation model also predicts that the
ultrafast non-equilibrium dynamics disappear for low mode confinement. In both a and b,
the normalized excitation power was set to P/ Py, = 2.5. The simulation parameters of
the rate equation model are listed in Table 6.3. The data of the quantum statistical model
were taken from Fig. 6.11a,c.

o
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6.3 Three-level rate equation analysis

resonance can be calculated analogously to the discussion in Section 3.1.6. The only
difference is that here the linearized system of equations is described by a 3 x 3 matrix.
As a consequence, there are three eigenvalues resulting in three resonance frequencies

(f:) and damping rates (7).

Figure 6.19a presents the three resonance frequencies (fi1, fro, fr3) for NW-A as a
function of normalized CW excitation power (P/Py,). One of the frequencies (f;1)
is identical to zero except for one data point. The absolute values of the other two
resonance frequencies (fi2 and fi3) are larger than the relaxation oscillation frequency
fr of the corresponding ideal two-level system, but otherwise behave similarly as a
function of excitation power. The frequencies are smaller than in Fig. 6.17b since for
pulsed excitation the peak photon number inside the resonator is much higher than

under steady-state conditions for a given normalized excitation power.

The corresponding damping rates are shown in Fig. 6.19b. Here, the most notable
characteristic is that for a certain range of excitation powers there are solutions with
negative 7,. This means, that small deviations from the steady-state photon number
will be amplified until the damping becomes positive and sufficiently strong [117]. As
a result, the steady state is unstable in this region, which can lead to self-pulsation, a
well-known phenomenon in other types of lasers that can have many different causes
apart from carrier temperature effects [267-272]. Whether this negative damping
predicted here does in fact lead to observable physical effects such as self-pulsation or
chaotic behavior could be clarified by experimentally observing the CW laser output

as a function of time in future experiments.

6.3.5 Modulation response

Analogous to Section 6.1.2, the modulation response provides information about
the strength of the resonance associated with the resonance frequency discussed in
Section 6.3.4. In the three-level system, there are two possible types of modulation,
both of which are illustrated in Fig. 6.20.

Interband modulation

Figure 6.20a shows a sketch of interband modulation. Here, the modulation (red) is
applied between the valence and the conduction band. More specifically, it is applied
between the lowest and the highest energy level of the three-level system. This type of
modulation is very similar to the one used previously in Section 6.1.2. To describe the

modulation, Eq. 6.5 was adapted according to Figure 6.20a.
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Figure 6.19 | Resonance frequency and damping rate. a,b, Resonance frequency
and damping rate as a function of excitation power (P) normalized to its threshold value
(Ptn). Since the three-level rate equation model is described by three equations, there are
three different eigenfrequencies (fi1, fio, fr3) with corresponding damping rates (71, Y2,
~3). b, For a certain region of excitation powers, v, is negative. This means that the
steady-state is unstable in this region, which can lead to self-pulsation [117, 267-272].

Intraband modulation

Figure 6.20b shows a sketch of intraband modulation. In this case, the pump power
between the valence and the conduction band is constant, while the modulation (red)
periodically transfers carriers within a given band to a higher energy state. Physically,
this type of modulation corresponds to a periodic heating of the carrier temperature
and could be realized by applying THz heating fields to a CW laser as discussed
in Refs. [261, 273]. To describe the modulation, Eq. 6.5 and Eq. 6.6 were adapted
according to Figure 6.20b.

Simulation results

The simulation results for interband modulation are summarized in Fig. 6.21a for a
CW excitation power of P/Py, = 8. The orange curve shows the interband modulation
response of a NW with a mode confinement factor of I" = 1.2 and a length of L = 10 pm.
The blue curve shows the corresponding interband modulation response of a similar
laser with I" = 0.12 and L = 90 um. The NW laser exhibits a weak resonance at a
frequency of f, = 120 GHz, which is absent in the laser with low mode confinement.
Physically, this is a resonance between the carrier temperature and the laser intensity.
It is further evident that both the orange and the blue curve do not exhibit a carrier-

photon resonance. This is consistent with the results of the two-level rate equation
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6.4 Quasi-degenerate transient reflection spectroscopy

approach shown previously in Fig. 6.2b. For better comparison, the orange shaded
area indicates the two-level rate equation modulation response of a NW laser with gain
saturation values between Py, = 100 (lower bound) and Py, = 500 (upper bound). If
the three-level rate equation model correctly describes the gain saturation dynamics,
then one would expect the modulation response far from the resonance frequency
fr to behave similarly to the simpler two-level approach. Figure 6.21a shows that
this is indeed the case. We thus have the interesting situation that the same effect
that strongly dampens relaxation oscillations creates a new resonance at even higher
frequencies. In addition, the 3dB frequency (fsag ~ 6 GHz) is in excellent agreement
with the expectations from the two-level rate equation model ( fsqg ~ 3 GHz to 15 GHz)
as well.

The corresponding simulation results for intraband modulation are summarized in
Fig. 6.21b. Here, the NW laser exhibits a strong resonance at f, = 120 GHz. Similarly
to a, this resonance does not exist for the laser with low mode confinement. The 3 dB
frequency seems to be very high for both types of lasers (close to 1 THz). However, for
a real laser this is unlikely to be the case due to additional saturation mechanisms not
captured by the rate equation model [261, 273]. In reality, the decrease in modulation
response for frequencies > f, is thus expected to be faster than predicted by the rate
equation simulation.

The results presented in Fig. 6.21 clearly illustrate that for GaAs-AlGaAs core-shell
NW lasers it is the strong mode confinement that creates a new resonance between
the carrier temperature and laser intensity. This temperature-photon resonance occurs
at very high frequencies (here: f, = 120 GHz), much faster than relaxation oscillations.
Taking advantage of intraband modulation with THz heating fields [261, 273], this
could enable ultrafast laser modulation at previously unattainable speeds [168], as

already noted in the discussion of Section 6.2.

6.4 Quasi-degenerate transient reflection spectroscopy

In Section 6.2, we used an indirect method to measure the ultrafast non-equilibrium
dynamics of GaAs-AlGaAs core-shell NW lasers. This experimental method has the
disadvantage that it required the introduction of a proportionality factor of 1.38
to compare the simulated oscillation frequency with that of the experiment. The
underlying reason is the chirp of the NW output pulses, which slightly distorts the
measurement data, e.g. in Fig. 6.7b. This problem can be circumvented by using an
experimental method capable of directly temporally resolving the NW laser dynamics
with subpicosecond resolution.

There are three main methods to achieve this: optical Kerr gating [63, 67|, photolumi-
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Figure 6.20 | Interband and intraband modulation. a, Sketch of interband modulation.
b, Sketch of intraband modulation. Here, 7, and €, describes the absorption efficiency
and the photon energy of the pump source that is used for modulation. This type of
modulation can be realized using THz radiation [261, 273]. In a,b, the time-dependent
modulation is marked in red.

nescence upconversion [64, 274], and transient absorption/reflection spectroscopy [275,
276]. With any of these techniques, achieving a signal-to-noise ratio sufficient for a
detailed measurement of a single GaAs-AlGaAs core-shell NW laser is a nontrivial task.
Here we used transient reflection spectroscopy since this method is directly compatible
with the pump-probe photoluminescence setup described in Section 4.2.2, whereas
optical Kerr-gating and photoluminescence upconversion require dedicated setups with

suitable pump lasers.

In this chapter, we present the first experimental results of transient reflection
spectroscopy on a single GaAs-AlGaAs core-shell NW laser, using the optical setup

described in Section 4.2.3. The experimental parameters are listed in Table 6.4.

6.4.1 Laser threshold

Figure 6.22a shows the light-in light-out curve of the investigated NW (NW-G). A
linear fit was used to determine a threshold excitation power of Py, = (0.36£0.02) mW,
which corresponds to a threshold fluence of Fyj, = (1.9 £ 0.1) 1J cm™?. The threshold
of NW-G is thus approximately a factor of 2.4 smaller than that of NW-A, which was
studied in Section 6.2.
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Figure 6.21 | Three-level modulation response. a, The orange curve shows the
interband modulation response of a NW with a mode confinement factor of I' = 1.2 and
a length of L = 10 ym. The blue curve shows the corresponding interband modulation
response of a similar laser with I' = 0.12 and L = 90 ym. The NW exhibits a weak
resonance at a frequency of f, = 120 GHz, which is absent in the laser with low mode
confinement. Physically, this is a resonance between the carrier temperature and the laser
intensity. The orange shaded area indicates the two-level rate equation modulation response
of a NW with gain saturation values between Pg,; = 100 (lower bound) and Pg,; = 500
(upper bound). The 3dB frequency (fsag ~ 6 GHz) is in excellent agreement with the
expectations from the two-level rate equation model. b, For intraband modulation the
NW exhibits a strong resonance at f, = 120 GHz. Again, this resonance does not exist
for the laser with low mode confinement. For a real laser, the decrease in modulation
response at very high modulation frequencies (fmoa > f:) is likely to be faster than
predicted by the simulation due to additional damping mechanisms not captured by the
rate equation model [261, 273]. All simulations were performed with a CW excitation
power of P/Py, = 8. The simulation parameters that are not explicitely shown in a,b are
listed in Table 6.3.
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6.4.2 Time dependence of differential reflectivity

Figure 6.22b shows the differential reflectivity (AR) as a function of time (¢) and
normalized excitation power (P/Py,). With increasing excitation power, AR increases
due to the increasing carrier density. In addition, a pronounced kink appears in the
time series above threshold corresponding to the onset of lasing.

This can be clearly seen in Fig. 6.22¢, which shows the time dependence of AR
for an excitation power of P/Py, = 2.25. The initial short peak near ¢ = Ops
is caused by Pauli blocking due to the carriers excited by the pump pulse. As
discussed in Section 3.2.1, carrier-carrier scattering leads to a rapid redistribution of
photoexcited carriers within their respective bands on a timescale of a few hundred
femtoseconds [106], resulting in a sharp decay of this initial peak. Subsequently, the
electron-hole plasma (EHP) cools via carrier-LO-phonon scattering [106], as indicated
by the blue shaded region. Consistent with Fig. F.1, this leads to an accumulation
of carriers near the probe energy and consequently to an increase in AR. After the
electron-hole plasma has cooled sufficiently, the laser turns on at t,, ~ 18 ps (vertical
dashed line). Stimulated emission then leads to a quick decrease in carrier density and

thus AR, producing a pronounced kink in the time series.

6.4.3 Limitations and solutions

We note that there are no oscillations of AR in the lasing region in this particular
measurement. However, such oscillations would be expected based on the results in
Section 6.2 and Section 6.3. To understand this, there are several points to consider.

First, the amplitude of the oscillations is expected to be small. Using the simulation
data in Fig. 6.9, the oscillation amplitude of absorption/reflection at the probe energy
due to carrier temperature changes can be estimated to be < 5% of the total signal.

Second, the oscillation amplitude decreases with increasing probe energy. This
means that it is beneficial to measure as close as possible to the band edge and the
lasing energy. There is still room for improvement here, as this is only limited by the
available filters and by the fact that the pump pulse must still be able to bring the
NW into the lasing regime.

Third, the small diameter (~ 2pm) of the probe and detection spot makes the
experiment susceptible to mechanical noise. A small mechanical displacement of a
few hundred nanometers of pump, probe and detection relative to the NW can easily
lead to a change in AR of a few percent. This noise occurs on a time scale similar to
the waiting time of the lock-in amplifier (3s), and therefore can wash out the small
oscillations due to carrier temperature changes in the NW laser. As a solution to
this problem, the size of all spot diameters (pump, probe and detection) should be

increased.
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Name Symbol Value
Pulse duration of titanium-sapphire laser | At ump 200 fs
Photon energy of titanium-sapphire laser €p 1.542 eV
Pump spot diameter dpump 17 pm
Probe spot diameter dprobe 2 pm
Detection spot diameter dget 2 pm
Lattice temperature 11, 10K
Probe fluence Forobe | 3.111J cm ™2
Lock-in amplifier: low pass filter slope - 24dB oct™!
Lock-in amplifier: integration time - 300 ms
Lock-in amplifier: wait time - 3s

Table 6.4 | Experimental parameters for quasi-degenerate transient reflection
spectroscopy. The excitation energy corresponds to an electron excess energy of Ae, ~
20meV and a hole excess energy of Aey, ~ 4meV. The wait time of the lock-in amplifier
is the settling time between each measurement point. The parameters listed here were
used for all transient reflection experiments.

Fourth, and most importantly, this measurement was performed with a probe fluence
of Firobe = 3.111J cm 2, which is quite strong compared to the pump fluence of
Fpump
laser itself [156], potentially obscuring weak internal dynamics. Consequently, the

= 4.3pJ cm 2. Such a strong probe pulse can significantly perturb the NW

probe pulse must be weaker, but this increases the noise of the measurement. However,
this increase in noise can be compensated by increasing the modulation frequency. By
replacing the optical chopper wheel with an acousto-optic or electro-optic modulator,

the modulation frequency could be increased from 10 kHz to up to 1 MHz.

6.4.4 Excitation power dependence of the turn-on time

Figure 6.22d shows that t,,, is inversely proportional to the excitation power, consistent
with expectations from literature [277]. This inverse proportionality is demonstrated
by the excellent agreement between ¢_,! and a linear fit, as shown in red. Taking into
account the lower threshold of NW-G, the data in Fig. 6.22d are also consistent with

the turn-on times shown in Fig. 6.12a.

6.5 Summary

In this chapter, we investigated the lasing dynamics of GaAs-AlGaAs core-shell NW
lasers with various experimental and theoretical approaches.
In Section 6.1, we first investigated their relaxation oscillation frequency using the

two-level rate equation approach. In doing so, we showed that the corresponding
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Figure 6.22 | Quasi-degenerate transient reflection spectroscopy. a, Light-in light-
out curve of NW-G. Similar to Fig. 6.4b, the threshold was determined by the intersection
of the linear fit with the horizontal axis. Here, Py, = (0.36 £0.02) mW, which corresponds
to a threshold fluence of Fy, = (1.9 £0.1)pJ cm 2. b, Differential reflectivity (AR)
of NW-G as a function of time (¢) and normalized excitation power (P/P,). As the
excitation power increases, a pronounced kink appears in the time series corresponding
to the onset of lasing. ¢, Exemplary time dependence of AR for an excitation power of
P /Py, = 2.25. The data was taken from b. After the initial cooling of the photoexcited
and hot electron-hole plasma (EHP), lasing starts at ., ~ 18 ps (vertical dashed line),
leading to a pronounced kink in the time dependence of AR. d, The turn-on time (,,) is
inversely proportional to the excitation power, which is consistent with expectations from
literature [277]. The inverse proportionality is demonstrated by the linear fit to the inverse
of the turn-on time, as shown in red.
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carrier-photon resonance is overdamped when gain saturation is taken into account.
We then simulated their impulse response and showed that gain saturation leads to
long (> 50 ps) and strongly asymmetric output pulses with a sharp rise and a long
tail, consistent with the results in the subsequent sections.

In Section 6.2, we obtained a detailed understanding of the microscopic processes
that govern the NW laser dynamics on picosecond timescales, using a combination
of femtosecond pump-probe spectroscopy and simulations based on many-body laser
theories. We showed that the output pulses of GaAs-AlGaAs core-shell NW lasers
exhibit sustained intensity oscillations with frequencies ranging from 160 GHz to
260 GHz. We found that these non-equilibrium dynamics are intimately linked to the
strong mode confinement in these lasers and the resulting strong interaction between
the lasing mode and the gain material. Using many-body laser theories, we showed that
strong mode confinement combined with a dynamic competition between photoinduced
carrier heating and cooling via phonon scattering enables self-induced electron-hole
plasma temperature oscillations, explaining the observed experimental results. Since
these dynamics involve oscillations of the carrier temperature and not the carrier
density, they circumvent the speed limitations inherent in conventional relaxation
oscillations [261]. As a result, the combination of THz modulation with NWs or other
suitably designed lasers could enable direct laser modulation at previously unachievable
speeds, as highlighted in the discussion of Section 6.2.

In a next step, we showed in Section 6.3 that the main results from Section 6.2 can be
reproduced by extending the two-level rate equation model to a three-level system. As
the main reason for the excellent results of the three-level rate equation approach, we
identified the fact that it provides a more accurate description of gain saturation, as it
allows for a time delay between G,,.; and P, in contrast to the two-level rate equation
model. This led to the interesting finding that the same effect that strongly dampens
the carrier-photon resonance in NWs simultaneously creates a new temperature-photon
resonance at higher frequencies. Next, similar to Section 6.1, we investigated the
resonance frequency and modulation response of the three-level system. For a NW,
the modulation response exhibited a weak resonance for interband modulation and a
strong resonance for intraband modulation. In both cases, it had a resonance frequency
of fy = 120 GHz at a CW excitation power of P/Py, = 8. Consistent with the results
of Section 6.2, this resonance disappeared for a laser with weak mode confinement.

Finally, in Section 6.4, we presented the first experimental results of quasi-degenerate
transient reflection spectroscopy of a single GaAs-AlGaAs core-shell NW laser. We
observed the thermalization of the electron-hole plasma on femtosecond timescales, its
subsequent cooling on picosecond timescales, and the following onset of stimulated
emission, all in agreement with the results of Section 6.2 and Appendix F. The turn-on

time of the laser was shown to be inversely proportional to the excitation power, in
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agreement with previous theoretical work [277]. However, the expected oscillations in
AR due to the non-equilibrium dynamics described in Section 6.2 could not be observed
yet. Here, we listed four limitations of the current experiment and corresponding
suggestions for improvement. The most important issue we identified is the power of
the probe pulse, which should be reduced, as it can otherwise significantly disturb the
NW laser dynamics [156].
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Chapter

Summary and outlook

In this thesis, we investigated the lasing characteristics of GaAs-AlGaAs core-shell
NW lasers [68]. Chapter 2 to 4 presented the necessary theoretical and experimental
background. In the following, we summarize the main findings of this work and

conclude with a brief outlook on future research.

Continuous wave lasing characteristics

In Chapter 5, we studied the steady-state properties of GaAs-AlGaAs core-shell NW
lasers using microphotoluminescence spectroscopy and showed that the quantum
statistical laser theory provides an accurate microscopic description of all experimental
results. Thereby, we found that the laser linewidth does not follow the expectations of
the well-known Schawlow-Townes-Henry theory. Using the quantum statistical model,
this could be explained by significant carrier heating above threshold, resulting in a
depinning of the carrier density, which ultimately leads to a strong broadening of the
laser linewidth. These results show that the CW lasing characteristics of GaAs-AlGaAs
core-shell NW lasers are strongly affected by gain saturation via carrier heating and

the resulting non-equilibrium effects.

Lasing dynamics

In Chapter 6, we then employed various experimental and theoretical approaches to

investigate their lasing dynamics.

o In Section 6.1, we discussed the impact of gain saturation on the dynamic
performance of GaAs-AlGaAs core-shell NW lasers using the two-level rate

equation approach. We showed that the carrier-photon resonance is overdamped
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7 Summary and outlook

and that the output pulses are long (> 50 ps) and strongly asymmetric in time,

with a sharp rise and a long tail.

e In Section 6.2, we investigated the microscopic lasing dynamics of GaAs-AlGaAs
core-shell NW lasers. Thereby, we demonstrated how strong mode confinement
and the resulting large 0Gp,04/0T: lead to exceptionally strong non-equilibrium
laser dynamics that modulate the laser output. In a lattice temperature range
between 10 K to 80 K, these manifest themselves as carrier temperature oscil-
lations through a dynamic competition between carrier heating via stimulated
emission and carrier cooling via carrier-LO-phonon scattering. The results of our
combined experimental and theoretical approach are consistent with oscillation

frequencies ranging from 160 GHz to 260 GHz.

e In Section 6.3, we showed that a three-level rate equation approach provides
an accurate phenomenological description of these ultrafast non-equilibrium
dynamics. By calculating the modulation response, we revealed that while gain
saturation due to carrier heating leads to strong damping of the carrier-photon
resonance, it simultaneously creates a new resonance between the electron-hole
plasma temperature and the laser intensity at even higher frequencies. Consistent
with the results in Section 6.2, this new temperature-photon resonance only

appears for lasers with strong mode confinement.

e In Section 6.4, we performed quasi-degenerate transient reflection spectroscopy
on a single GaAs-AlGaAs core-shell NW laser. Although the limitations of the
experimental setup did not allow the direct measurement of carrier temperature
oscillations, we observed the thermalization and cooling of the electron-hole
plasma and the subsequent onset of lasing. Moreover, we identified an inverse
proportionality between the turn-on time of the laser and the excitation power.

All experimental results are in agreement with theoretical expectations.

Outlook

This section provides a brief outlook on opportunities for further research.

Transient reflection spectroscopy

Improving the quasi-degenerate transient reflection setup as proposed in Section 6.4
could allow the direct observation of the carrier temperature oscillations discussed in
Section 6.2 and Section 6.3. Since the time dependence of the transient reflectivity
can be calculated using the quantum statistical laser theory, this allows an even more

detailed comparison between experiment and theory. As a variation of this approach,
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an optical parametric oscillator could be used to enable non-degenerate transient
reflection measurements. The distinct advantage of this approach would be a lower
signal-to-noise ratio compared to the quasi-degenerate case. Furthermore, by adjusting

the probe energy, it could also allow the NW laser dynamics to be spectrally resolved.

Ultrafast laser modulation using terahertz heating fields

Modulation schemes based on the carrier-photon resonance are currently limited
to frequencies < 60 GHz [168]. Recently, however, direct laser modulation with a
3dB frequency of ~ 100 GHz has been demonstrated by exploiting a photon-photon
resonance [168]. Taking advantage of the temperature-photon resonance discussed in
Section 6.2 and Section 6.3 could allow to achieve even faster modulation frequencies
ranging from 160 GHz to 260 GHz. This could be achieved by the use of modulation
schemes based on THz heating fields [261]. Suitable sources of THz radiation are
commercially available. In such a scheme, an externally applied terahertz heating
field modulates the carrier temperature and thus the laser output, avoiding the speed
bottleneck of interband modulation [261]. This also creates new opportunities for
ultrafast pulse shaping of nanoscale semiconductor lasers and, provided the modulation
depth is sufficient, would allow the generation of picosecond pulse trains with extremely
high repetition rates > 100 GHz. In perspective, further research could achieve ultrafast

modulation of NW lasers integrated into silicon photonic circuits [45].

General laser design considerations

We note that our theoretical models [101, 148] are general and therefore our findings
can be applied to the design of other types of semiconductor lasers as well. There
are several points to consider in the development of semiconductor lasers, that are
intended to be highly susceptible to externally applied terahertz fields. According
to the key insight of Section 6.2, such a laser should have strong mode confinement,
which can be achieved by an optimized spatial overlap of the lasing mode and the
gain material [119, 121]. The choice of the gain material is crucial as well, as it
directly affects the cooling rate of the carriers. Moreover, the operating point of the
carrier density and temperature should be chosen such that 0G,0q/9T, is maximized.
According to a previous theoretical investigation, this is the case when both the carrier
density and temperature are as low as possible [261]. The differential modal gain can
further be optimized by tuning the cavity length to place the lasing mode on the high
energy side of the gain spectrum [239-241]. Lastly, the laser must have a large enough
resonator bandwidth and should preferentially be single modal. Both points can be
achieved by making the laser as short as possible, which of course, must be balanced

with the simultaneously increasing threshold.
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7 Summary and outlook

Dynamics of quantum well NW lasers

Practical applications would ultimately require ultrafast modulation of NW lasers
at room temperature. In this context, a significant drawback of the non-equilibrium
dynamics described in Section 6.2 and Section 6.3 is the limitation to cryogenic
temperatures (71, < 80 K). However, this could be overcome by using a low-dimensional
gain medium, such as multi-quantum wells [52, 278, 279]. The use of quantum wells as
a gain medium would simultaneously allow the emission wavelength to be tuned to the
technologically relevant telecommunication bands [54, 55], which is especially important
for on-chip laser devices. In view of their importance for practical applications, it will
therefore be of great interest to study the ultrafast dynamics of quantum well NW

lasers using the experimental and theoretical tools developed in this thesis.
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Appendix

Natural constants and material parameters

Name Symbol Value Source
Speed of light Co 2.9979 x 108 ms™! [280]
Elementary charge €o 1.6022 x 10719 C [280]
Vacuum permittivity £0 8.854 x 10712CV-tm™! [280]
Vacuum permeability Lo 47 x 107" Hm™* [280]
Electron mass mo 9.109 x 103 kg [280]
Boltzmann constant kg 8.617 x 1077 eV K ™! [280]
Reduced Planck constant I 6.582 x 10716 eV s [280]
Electron effective mass Me 0.067 x my [84, 101, 143]
Hole effective mass my 0.377 X myq [84, 101, 143]
Transition matrix element 6| M|?/mg 28.8 eV 9]
Bandgap at 10K €q0 (10K) 1.5192eV [99]
Relative static dielectric constant Er 12.9 [281]
Relative optical dielectric constant €00 10.89 [281]
Bohr radius agp 12.43nm [101, 143]
LO phonon energy €LO 36.5 meV [110]

Table A.1 | Natural constants and material parameters. The listed parameters were
used for all theoretical models. (Adapted from [68])
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Appendix

Experimental determination of the turn-on time

This chapter includes material from

A. Thurn, J. Bissinger, S. Meinecke, P. Schmiedeke, S. S. Oh, W. W. Chow, K.
Liidge, G. Koblmiiller and J. J. Finley, ’Self-induced ultrafast electron-hole plasma

temperature oscillations in nanowire lasers’. arXiv:2108.11784 submitted (2021)

Here we discuss the method used to experimentally determine t,,. Figure B.1a shows
the time-integrated spectra of a selected pump-probe measurement belonging to Fig. 3a
of the main manuscript. The measurement was performed with an excitation power
of Poump/Pin ~ 2.9 and Ppobe/Pin ~ 0.5, and otherwise the same experimental
conditions as for Fig. 3a. We integrated all spectra along the energy axis and plotted
the integrated intensity as a function of At in Fig. B.1b. From these data a minimum
and maximum value (dashed grey lines) was determined by averaging over a suitable
number of data points around At = 0ps and around the respective maximum. Using
these values, we defined t,, as the time that it takes the integrated intensity to rise
from the minimum to 1/e of the difference between the maximum and the minimum,
as indicated by the horizontal dashed green line in Fig. B.1b. This method relies on
the transient reduction of the probe pulse absorption due to a depletion of available
states and its subsequent recovery [59]. We attribute this to a non-negligible overlap of
the excitation laser (e, ~ 1.588 eV, At ump ~ 200 fs) with the thermalized electron and
hole distributions. In this particular example, this method yields ¢,, = (6.3 4 0.4) ps,
which is indicated by the vertical dashed green lines in Fig. B.1la,b. The error is an
overestimate of the 95% CI of the mean, which follows from the averaging used to

obtain the minimum and maximum values, and the discreteness of the data (step size
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Figure B.1 | Experimental determination of the turn-on time. a, Time-integrated
pump-probe spectra as a function of At. Integration over the energy axis yielded the
integrated intensity shown in b. b, We defined the turn-on time (¢,,) as the time that it
takes the integrated intensity to rise from the minimum to 1/e of the difference between
the maximum and the minimum. (Adapted from [68])
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Appendix

Influence of the spontaneous emission coupling factor

This chapter includes material from

A. Thurn, J. Bissinger, S. Meinecke, P. Schmiedeke, S. S. Oh, W. W. Chow, K.
Lidge, G. Koblmiiller and J. J. Finley, ’Self-induced ultrafast electron-hole plasma

temperature oscillations in nanowire lasers’. arXiv:2108.11784 submitted (2021)

Previous research on nanolasers has shown that the spontaneous emission coupling
factor [, is, in general, a weak function of the carrier density [255, 256]. When the
carrier density changes by an order of magnitude from 10" cm™ to 10" em ™3, fq, is
expected to change by up to ~ 25 % [256].

From Fig. 6.8d, we see that the NW laser operates at carrier densities of ~ 5 x
10'" cm ™2 and that the total carrier density only decreases by ~ 15 % within the first
30ps. The corresponding expected change in 5, would then be on the order of a
few percent. Based on this, it is expected that the carrier density dependence of Sy,
does not play a significant role for the NW lasers dynamics. Especially not for their

ultrafast carrier temperature dynamics, which are main focus of our work.

To check this, we used the quantum statistical model to investigate how the NW
laser dynamics depend on . Since the expected influence is small, we changed Sy,
by four orders of magnitude to make the trend clear. The results of this simulation
are shown in Fig. C.1. Generally, a larger [, leads to faster turn-on times, slightly
slower oscillations, and stronger damping. At the same time, however, it is clear that
Bsp would have to change by at least an order of magnitude to have an appreciable
influence on the NW laser dynamics. We therefore conclude that the carrier density

dependence of 3, can be neglected for the purposes of our work. This allows us to
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C Influence of the spontaneous emission coupling factor

approximate [y, as a constant.

Furthermore, a comparison of Fig. 6.8d and Fig. 5.2b shows that the NW laser
operates in a similar carrier density range for both pulsed and CW excitation. From
this, we conclude that the same [y, can be used to describe the NW laser under both

excitation conditions.
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Figure C.1 | Influence of the spontaneous emission coupling factor on the NW
lasing dynamics. NW output intensity as a function of time after excitation with a
power of Pyump, ~ 2 X Py,. For better comparison, the output pulses are normalized and
temporally aligned with respect to their maximum intensity. (Adapted from [68])
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Appendix

Semiconductor Bloch simulation of the NW laser

dynamics

This chapter includes material from

A. Thurn, J. Bissinger, S. Meinecke, P. Schmiedeke, S. S. Oh, W. W. Chow, K.
Lidge, G. Koblmiiller and J. J. Finley, ’Self-induced ultrafast electron-hole plasma

temperature oscillations in nanowire lasers’. arXiv:2108.11784 submitted (2021)

Here we discuss the time-resolved pump-probe response of a NW laser simulated using
the semiconductor Bloch model. Figure D.1a presents the output intensity as a function
of time for a pump-probe delay of At = 40ps (grey dashed lines), where we used the
same excitation conditions as for Fig. 6.7c,d and Fig. 6.8 in the main manuscript. The
NW output pulses are strongly asymmetric in time with a pronounced initial peak,
following oscillations (v = 253 GHz, magenta) and a slow decay. Figure D.1b reveals
that these intensity oscillations result from oscillations of the carrier temperatures,
which mirror the time dependence of the intensity in Figure D.la. The sudden increase
of T, and T}, at t = 40ps is due to transient heating caused by the injection of
additional carriers [156]. The above observations are in qualitative agreement with
the quantum statistical simulation in Fig. 6.8a,b, although here the oscillations are
more strongly damped. One reason for this is the weaker manifestation of oscillations
in T, and T}, compared to the quantum statistical model. Especially T}, shows only
very weak and strongly damped oscillations. This can have several reasons. Firstly,
the quantum statistical model self-consistently calculates time-dependent scattering
rates, while the scattering rates of the semiconductor Bloch model are kept constant.

Secondly, the electron-hole scattering included in the Boltzmann equations used to
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D Semiconductor Bloch simulation of the NW laser dynamics

calculate the scattering rates allows for an energetic exchange of the two subsystems.
Thereby, the periodic oscillation of T, is partially transferred to the holes in the valence
band. This demonstrates the limitations of the relaxation rate approximation and the
importance of treating carrier-carrier and carrier-LO-phonon scattering microscopically.
Nevertheless, vg is not strongly affected by these limitations and the resulting stronger

damping, as it mainly reflects the time dependence of T, in the present case.
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Figure D.1 | Semiconductor Bloch simulation of the time-resolved pump-probe
response. a, Output intensity as a function of time for pump-probe excitation with
At = 40 ps. The oscillation frequency (vg) of the first output pulse is indicated in magenta.
b, Corresponding time dependence of the electron (7,) and hole (7;,) temperatures,
reflecting the intensity dynamics in a. (Adapted from [68])

In the relaxation rate approximation of the semiconductor Bloch model we used
piecewise constant scattering rates, which we chose with guidance from the rates
calculated within the quantum statistical simulation, see Fig. 6.8c. We used two
sets of scattering rates, one for the initial relaxation of the photoexcited carriers
and another for the lasing process. The former gets an additional factor of 1.5 to
approximately account for the faster scattering during the initial carrier relaxation,
see Fig. 6.8c. Both sets of scattering rates are summarized in Table D.1. Since the
k-resolved and time-dependent scattering rates of the quantum statistical model do
not directly translate to the relaxation rate approximation of the semiconductor Bloch
model, we added a factor £ for adjustment. We chose £ such that the simulated ¢,
and fs approximately match the experiment. For simulations, £ = 10 was used. All

other simulation parameters are listed in Table 5.1 and Table A.1.
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Symbol | Value during relaxation | Value during lasing | Unit
Vec,e 1.5-€-85 £-85 ps~!
Vee,h 1.5-¢-16.4 £-164 ps!
Vep 1.5-¢-04 £€-04 ps!
Vhp 1.5-¢-0.03 £-0.03 ps~!

Table D.1 | Scattering rates used in the semiconductor Bloch model. Summary
of the rates for carrier-carrier scattering of electrons (7...), carrier-carrier scattering of
holes (7Vecn), electron-LO-phonon scattering (7ep,) and hole-LO-phonon scattering (7ip)-
Two sets of constant scattering rates were used. One for the initial relaxation of the
photoexcited carriers and another for the lasing process. For our simulations we used

¢ = 10.
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Appendix

Determination of the carrier temperature

This chapter includes material from

A. Thurn, J. Bissinger, S. Meinecke, P. Schmiedeke, S. S. Oh, W. W. Chow, K.
Liidge, G. Koblmiiller and J. J. Finley, ’Self-induced ultrafast electron-hole plasma

temperature oscillations in nanowire lasers’ arXiv:2108.11784 submitted (2021)

Here we discuss how the carrier temperatures are determined and show that they are
well-defined parameters. The data presented here belong to the quantum statistical
simulation in Fig. 6.8. Figure E.1 shows two selected electron distributions for t = 6.5 ps
(upper panel) and ¢ = 8.7 ps (lower panel). At ¢ = 6.5 ps the laser intensity reaches its
first maximum (see Fig. 6.8a) and therefore spectral hole burning, if it plays a role, is
expected to be strong for this distribution. In contrast, at ¢ = 8.7 ps the intensity is at
the following local minimum, which means that spectral hole burning should be weak
in this case. We fitted each carrier distribution with a Fermi-Dirac function, whereby
the carrier density N and the total energy of the carriers served as a constraint. The
resulting fits are shown in Fig. E.1 with red dotted lines, together with their respective
fit parameters. In both cases, the fit provides a good approximation to the carrier
distribution, demonstrating that spectral hole burning does not play a significant role.
Thus, for our NW laser T, is a well defined parameter for all time steps. The only
exception to this are very short timeframes after excitation, since the photoexcited
carrier distributions need a few hundred femtoseconds to thermalize [177, 178, 188,

194]. A similar discussion to the above applies to holes.
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E Determination of the carrier temperature
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Figure E.1 | Determination of the carrier temperature. Two exemplary electron
distributions for ¢ = 6.5ps (upper panel) and t = 8.7ps (lower panel). In each case,
the fitted Fermi-Dirac functions are a good approximation. The respective fit parameters

(electron temperature T, and Fermi energy 1) are given in each plot.

The carrier

density in the upper panel is N = 5.12 x 10" cm ™3, whereas in the lower panel it is

N =5.06 x 10! cm™3. (Adapted from [68])
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Appendix

Carrier relaxation

This chapter includes material from

A. Thurn, J. Bissinger, S. Meinecke, P. Schmiedeke, S. S. Oh, W. W. Chow, K.
Liidge, G. Koblmiiller and J. J. Finley, ’Self-induced ultrafast electron-hole plasma

temperature oscillations in nanowire lasers’. arXiv:2108.11784 submitted (2021)

The data presented here belong to the quantum statistical simulation in Fig. 6.8.
Figure F.1a,b shows the relaxation of photoexcited electrons and holes in the conduction
band at three different time steps with ¢ = 0.0ps (red), t = 1.0ps (orange) and
t = 5.3 ps (blue). Shown is the occupation probability as a function of & - ag, where k
is the wave number and ag the Bohr radius. The electrons and holes are excited at
k - ag ~ 4 with a sech? pulse having a full width at half maximum of FWHM = 200 fs.
This corresponds to an electron excess energy of Ae, ~ 60meV and a hole excess
energy of Ae, ~ 10meV with respect to the non-renormalized band gap [174]. Due
to the finite discretization in k-space, this excitation injects the carriers into two k-
points. During the excitation process, the carrier distributions are clearly non-thermal,
exhibiting a peak where the carriers are injected. At t = 1.0ps, the electron and
hole distributions are already thermalized and take on the form of hot Fermi-Dirac
distributions with temperatures of T, = 154 K and T}, = 122 K, respectively. This
is consistent with literature, where thermalization is expected to occur within a few
hundred femtoseconds [177, 178, 188, 194]. The subsequent cooling of these hot,
thermalized carrier distributions is dominated by carrier-LO-phonon scattering [106],
as already discussed in Section 6.2.3. This cooling leads to an accumulation of electrons

and holes near the band edge and thus gradually increases the gain. Eventually, this
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F Carrier relaxation

enables the NW laser to turn-on. In this particular example, t,, = 5.7 ps. It is further
instructive to see how the carrier distributions change within the respective bands as
a function of time. This is illustrated in Figure F.1c,d. From these plots, it is clear
that for the pump-probe photoluminescence experiment, it is the good overlap of the
probe pulse with the hole distribution that allows the accurate determination of the

turn-on time, as described in Appendix B.
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Figure F.1 | Carrier relaxation. a,b, Probability of occupation for electrons and holes
as a function of & - ag, with wave nubmer k& and Bohr radius a¢. To illustrate the initial
relaxation process, the carrier distributions were extracted from the quantum statistical
simulation at ¢ = 0.0ps, t = 1.0ps and ¢t = 5.3 ps. The filled circles indicate the numerical
discretization of the conduction band in the model. The temporal origin t = 0.0 ps is
defined as the moment in time where the maximum of the excitation pulse arrives at the
NW. c,d, Energy-resolved carrier densities in the conduction and valence band. (Subfigure

a adapted from [68])
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Appendix

Determination of the oscillation frequency

This chapter includes material from

A. Thurn, J. Bissinger, S. Meinecke, P. Schmiedeke, S. S. Oh, W. W. Chow, K.
Liidge, G. Koblmiiller and J. J. Finley, ’Self-induced ultrafast electron-hole plasma

temperature oscillations in nanowire lasers’. arXiv:2108.11784 submitted (2021)

Here, we discuss the procedure that is used to determine the experimental (fg) and
simulated (fs) oscillation frequency from the respective magnitude of the electric field
autocorrelation |GM(At,7)|. In the following, we use an example that belongs to
the experimental excitation power series in Fig. 6.12b. The selected |G (At,7)| is
presented in Fig. G.1la and was measured with an excitation power of Pyymp/Pin ~ 2.50
and Pprobe/Pin ~ 0.63. We calculated fg from the time interval (indicated by green
arrows) between the main sideband (white) and the first oscillation above (yellow).
There are three reasons for this. Firstly, this oscillation is mainly influenced by the first
output pulse (see Appendix H). Secondly, there the changes with At are small, and
thirdly, this feature is also pronounced in the simulated |G (At,7)| (see Fig. 6.7d). To
avoid outliers, we determined the oscillation frequency over a range of different At. In
this example, the selected region ranged from At ~ 28 ps to At ~ 56 ps with a step size
of 2 ps, as indicated in Fig. GG.1a. The obtained oscillation frequencies are presented in
Fig. G.1b as a function of At (green), whereby the error bars represent an estimate
of the standard deviation resulting from the Fourier transform of the spectral data.
By averaging, we obtained fr = (302 & 16) GHz (black line). The error represents the
95 % CI of the mean and is indicated in Fig. G.1b by the grey shaded area. The same

procedure, as discussed above, is used to determine fg from the simulated |G (At,7)|.
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Figure G.1 | Determination of the oscillation frequency. a, Measured |GV (At, 7)] as
a function of pump-probe delay At and time shift 7. For a selected range of At, the white
line indicates the maximum of the main sideband, whereas the yellow line indicates the
maximum of the first oscillation above. For each selected At value (indicated by points),
we calculated the oscillation frequency by evaluating the distance between the white and
yellow maxima, as indicated by the green arrows. b, Resulting oscillation frequencies as a
function of At. For easier comparison, the frequency axis is scaled in the same way as in
Fig. 6.12b. Error bars represent the standard deviation resulting from the Fourier transform
of the spectral data. We obtained the oscillation frequency fg by averaging over all green
data points and indicated the corresponding 95 % Cl with the grey shaded area. (Adapted
from [68])
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Appendix

Comparison of electric field and intensity

autocorrelation

This chapter includes material from

A. Thurn, J. Bissinger, S. Meinecke, P. Schmiedeke, S. S. Oh, W. W. Chow, K.
Lidge, G. Koblmiiller and J. J. Finley, ’Self-induced ultrafast electron-hole plasma

temperature oscillations in nanowire lasers’. arXiv:2108.11784 submitted (2021)

Here, we compare the electric field autocorrelation G (At,7) with the intensity
autocorrelation G (At,r). To facilitate this, we define the emitted electric field as
E(t) = A(t) - exp[i @(t)], where A(t) and &(t) denote the time-dependent amplitude
and phase, respectively. With this definition one can write G (At,7) as [254]

G (At,r) /E E(t+7)d /A At + 1)t =2Wlge (H.1)

and G®(At,7) as

GO (At,r) / I(t+7)d / At + 7))t (H.2)

where T is the range of integration and I(t) = |E(t)|* the time-dependent laser
intensity. From Eq. H.1 and Eq. H.2 it is apparent that G (At,7) depends on both
A(t) and 9(t), whereas G®(At,7) is only influenced by A(t). Here, it is important
to note that A(t) and &(t) are not independent of each other, but coupled. This is

because the carrier temperature oscillations modulate the complex susceptibility whose
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H Comparison of electric field and intensity autocorrelation

real (') and imaginary (x”) parts are related to the gain and the refractive index
change, as can be seen by Eq. 3.63 and Eq. 3.64. In addition, x” and x” are related by
Kramers-Kronig relations. Thus, the carrier temperature modulates both A(¢) and
®(t) with the same periodicity, which then also leads to oscillations in G (At,7) and
G (At,T).

An example where this can be observed is shown in Fig. H.1a and Fig. H.1b, where
we reproduced the normalized magnitude of the measured and simulated G (At,7)
from Fig. 6.7. The corresponding simulated G?)(At,7) is presented in Fig. H.1c and,
as expected, oscillations near the main sideband are also observed there. Comparing
Fig. H.1b and Fig. H.1c, the influence of the phase-dependent part of Eq. H.1 is directly
apparent, since it is naturally absent in Eq. H.2 and thus Fig. H.1c. To allow for a more
detailed comparison, we marked the main sideband of |G (At,7)| and G®(At,7) in
all panels with white and green dashed lines, respectively. As expected, the sideband
of G®(At,r), which is only influenced by A(t), scales linearly with At and has a
slope close to 1. A faint remnant of this sideband is visible in Fig. H.1b, whereas in
Fig. H.1a it is completely gone. In contrast, the clearly visible sideband of |G (At,7)|
in Fig. H.1la,b only has a slope of ~ 0.8 (white dashed line). This shows that, in
the present case, G(!)(At,7) is strongly influenced by the phase-dependent factor in
Eq. H.1 and less so by its amplitude-dependent part. In Fig. H.1a we furthermore
observe that |G (At,7)| almost completely vanishes above the green dashed line. Due
to the long output pulse lengths of up to ~ 76 ps (see Fig. 6.7 and Fig. 6.8 of the main
manuscript), one would expect a signal in this region, as can be seen when comparing
with Fig. H.lc. This reveals that the second output pulse quickly looses its phase
coherence with the first output pulse. The simulation in Fig. H.1b shows a similar
behaviour, although not as pronounced as in the experiment in Fig. H.1a.

As a consequence, the oscillations near the main sideband of |G™M(At,7)| are mainly
determined by the first output pulse. Using the method described in Appendix G,
we obtained an oscillation frequency of fg = 350 GHz for the simulated |G (At,7)|
in Fig. H.1b. Among other effects, fs does not directly correspond to the intensity
oscillation frequency vg of the laser output, due to the influence of the carrier density
dependent refractive index on the phase evolution. For comparison, in Appendix D we
determined vs = 253 GHz. The semiconductor Bloch model therefore predicts that,
in the present case, the frequencies fs and g are related by fs = 1.38 - g, which is

confirmed by Fig. 6.12b and Fig. 6.14d in the main manuscript.
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Figure H.1 | Comparison of electric field and intensity autocorrelation. a,b
Experimental and simulated |G (At,7)|. ¢, Simulated intensity autocorrelation G (At,7)
obtained from the same simulation as in b. In all panels, the white and green dashed
lines indicate the scaling of the main sideband of |G (At,7)| and G®(At,7) with At,
respectively. (Adapted from [68])
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Appendix

Output pulse length as a function of lattice temperature

This chapter includes material from

A. Thurn, J. Bissinger, S. Meinecke, P. Schmiedeke, S. S. Oh, W. W. Chow, K.
Liidge, G. Koblmiiller and J. J. Finley, ’Self-induced ultrafast electron-hole plasma

temperature oscillations in nanowire lasers’ arXiv:2108.11784 submitted (2021)

Figure 1.1 presents the dependence of t,y1se ~ tof — ton On 11,. The data correspond to
the Ty, series shown in Fig. 6.13 and Fig. 6.14 and were measured with the excitation
powers fixed at Pyymp/Pin ~ 2.5 and Pyyobe/Pn ~ 0.5. For Ty, < 40K, t,use remains
constant at ~ 71 ps and then decreases down to a value of (32.440.6) ps at 71, = 100 K.
This decrease is connected to the shift of the lasing mode towards the high energy side
of the gain spectrum as T}, increases (see discussion of Fig. 6.14). There, the lasing
mode experiences a larger differential material gain with respect to carrier density
(OGmat /ON) [239], which leads to a decrease of ¢,yse. This explains the behaviour seen

in Fig. .1 and is in accord with previous work on microcavity lasers [240, 241].
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I Output pulse length as a function of lattice temperature
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Figure 1.1 | Lattice temperature dependence of the output pulse length. As the
lattice temperature (71,) increases, the output pulse length (fpuse) is at first constant and
then decreases for 71, > 40 K. The error bars (grey) represent 95 % Cls of the mean. They
result from the errors that are associated with ¢, and t.,, and are smaller than the black
data points. (Adapted from [68])
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List of symbols

Symbol | Description

Q4 Internal cavity losses

o Linewidth enhancement factor

Qi Mirror losses

Bsp Spontaneous emission coupling factor
VYec,e Carrier-carrier scattering rate of electrons
VYeeh Carrier-carrier scattering rate of holes
Yeool Cooling rate

Ve Damping rate of carrier temperature oscillations
YR Damping rate of relaxation oscillations

y Dephasing rate

Vep Electron-LO-phonon scattering rate

Yeh Energy broadening

Yo Energy broadening near the band gap
Vheat Heating rate

Vhp Hole-LO-phonon scattering rate

YL Landsberg broadening

Vph Photon decay rate

Vasing Stimulated emission rate

Ye Total carrier recombination rate

IR Angular damping rate of relaxation oscillations
r Confinement factor

I Damping rate of carrier number

Ip Damping rate of photon number

Iy Energy confinement factor

Aech Coulomb-hole self energy

Ae, Electron excess energy

Atpump | FWHM of excitation pulse

Aey, Hole excess energy

Af Laser linewidth
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List of symbols

Symbol | Description

AR /Ry | Normalized differential probe reflectivity
At Pump-probe delay

Aegx k| Screened exchange energy

€ck Conduction band energy

€ck Electron energy

€ Energy

€L, Energy of the lasing mode

€hk Heavy hole energy

€LO Longitudinal optical phonon energy
€ Permittivity

€p Photon energy of excitation laser
€00 Relative optical dielectric constant
€r Relative static dielectric constant

€g Renormalized band gap energy

€40 Unexcited band gap energy

€0 Vacuum permittivity

vk Valence band energy

ke Dipole matrix element

Mp Pump absorption efficiency

K Amplitude loss per round-trip

Kge Inverse screening length

A Wavelength

0 Chemical potential

Lo Vacuum permeability

Vs Oscillation frequency from intensity
p Density of states

b)) Combined carrier-carrier and carrier-phonon scattering rate
) Scattering rate

Tspon Spontaneous emission lifetime

Tstim Stimulated emission lifetime

[0) Phase of the electric field

X Susceptibility

Wq Angular effective plasmon frequency
w Angular lasing frequency

Wpl Angular plasma frequency

Wk Angular transition frequency

P Angular cavity resonance frequency
(" Angular Rabi frequency
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List of symbols

Symbol | Description

2r Angular relaxation oscillation frequency

h Reduced Planck constant

ao Bohr radius

a Electron annihilitation operator

at Electron creation operator

aalcass | Lattice constant of AlGaAs

ACaAs Lattice constant of GaAs

Again Parameter of linear gain approximation

b Hole annihilitation operator

bt Hole creation operator

B Bimolecular recombination coefficient

¢ Photon annihilitation operator

et Photon creation operator

Co Speed of light

€o Elementary charge

E Electric field

E Electric field vector

EH Hybrid mode

f Fermi-Dirac distribution

Jimod Modulation frequency

/e Oscillation frequency from autocorrelation

r Relaxation oscillation frequency

fr Resonance frequency of carrier temperature oscillations
fs Simulated fg

J3aB 3 dB frequency

F Approximation for the cavity response function Fy
g Amplitude gain

I mat Amplitude material gain

Ik Dipole interaction matrix element

g LO phonon annihilitation operator

gt LO phonon creation operator

Gp Differential modal gain with respect to photon number
Gy Differential modal gain with respect to carrier number
G Electric field autocorrelation

G Intensity autocorrelation

G Intensity gain

Grat Material gain

Grod Modal gain
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List of symbols

Symbol | Description

Gy Parameter of logarithmic gain approximation
Gt Peak material gain
Gy Saturated modal gain

Gihmat | Threshold material gain

Gihmod | Threshold modal gain

H Magnetic field
H Magnetic field vector
7:10 Coulomb hamiltonian

Haipole Dipole interaction hamiltonian

He_1o | Frohlich hamiltonian

H Hamiltonian

flkin Kinetic energy hamiltonian

HE Hybrid mode

1 Laser intensity

Ly Laser intensity at threshold

kg Boltzmann constant

k Wave number

k Wave vector

Ly k-dependent Lorentzian lineshape function
L Nanowire length

L Lorentzian lineshape function
Me Conduction band effective mass
Me Electron effective mass

o Free electron mass

my Heavy hole effective mass

my Reduced mass

My Valence band effective mass

M Modulation response

M Frohlich interaction matrix element
Mt Transition matrix element

n Complex refractive index

Toff Effective refractive index

Tek Electron distribution

Tek Electron number operator

Ng Group refractive index

Nhk Hole distribution

Thk Hole number operator

npN Phonon distribution
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List of symbols

Symbol | Description
n Refractive index
Tactive Refractive index of the active material
N Carrier density
N Carrier number
Not Hot carrier number
N Parameter of logarithmic gain approximation
N Transparency carrier number
Px Microscopic polarization
Dk Microscopic polarization operator
p Polarization
i Pump rate
P Macroscopic polarization operator
P Optical pump power
Porobe Probe pulse power
Poump Pump pulse power
Py Threshold pump power
Pt Complex macroscopic polarization amplitude
P Photon number
Psat Saturation photon number
qx Coulomb enhancement
gpN Phonon wave number
dqrN Phonon wave vector
q Wave number
Wave vector
r Amplitude reflectivity of nanowire end facets
R Intensity reflectivity of nanowire end facets
Raw Nanowire radius
R Probe reflectivity
Ry, Total spontaneous emission rate
S Photon density of states
Sq Photon lineshape function
to Arrival time of excitation pulse
ton Turn-on time
T Carrier temperature
T, Electron temperature
Th Hole temperature
11, Lattice temperature
TE Transverse electric mode
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List of symbols
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Symbol | Description

™ Transverse magnetic mode

Vg Group velocity

Uph Phase velocity

v Velocity

% Coulomb potential energy

Viq Fourier transform of screened coulomb potential energy
Va4 Fourier transformed coulomb potential energy

Vaw Nanowire volume

w Spectrally resolved spontaneous emission rate
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