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Semiconductor nanowires, with their lateral dimensions in the range of a few hundreds
of nanometers and lengths in the micrometer scale, have attracted significant attention
in recent decades due to their unique electrical and optical properties. The term "wire"
already implies the one-dimensional character of the object, representing a natural medium
for directional transport in one dimension. However, when speaking of one-dimensionality
in this regard, one should distinguish two different kinds of this directional motion - for
electric charges on the one hand, and for light guided along the wire axis on the other
hand.

The spatial confinement of charged particles into one dimension of free motion requires
to reduce the semiconductor material along the other two directions down to the scale of
the electron wavelength. In this type of confinement, the particle’s wavefunction becomes
localized in the confined dimension, and its behavior is governed by the principles of
quantum mechanics - a guantum wire is then formed. They represent a subclass of
semiconductor nanowires, reached for sufficiently small diameters. Quantum wires stand
out among spatially confined solid-state systems. Their unique quantized properties
build the basis of rich physics [1], leading to intriguing phenomena, such as fully
ballistic transport [2], manifestation of strong correlation [3, 4] and the formation of new
quasi-particle states [5, 6], for example.

The second manifestation of one-dimensionality we will address in the present thesis
concerns electromagnetic waves, described in the framework of classical electromagnetism.
The high refractive index contrast of a dielectric wire to its environment will guide light
along the one-dimensional channel and thus supports optical waveguiding. Nowadays,
optical waveguiding is indispensable in applied technologies, including fiber-optic
communication, laser technology, and sensing.

Given their wire-like shape and dielectric nature, semiconductor nanowires with diameters
of a few hundreds of nanometers, are able to guide visible and infrared light along
their longitudinal axis, acting as optical waveguides on smallest spatial dimensions,
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approaching the diffraction limit. Due to their unique photonic properties, semiconductor
nanowires have established as fundamental building block in the realm of nanophotonics,
including their implementation in light-emitting diodes or solar cells [7, 8]. Optical
waveguiding in nanowires is furthermore of particular relevance in the research field of
nanolasers and on-chip coherent light sources [9].

When investigating the optical characteristics of nanophotonic devices, the electronic
and photonic properties can never be considered in isolation. Proved for the first time by
E. M. Purcell [10], it is known, that the emission and absorption ability of an emitter is
highly affected by it’s electromagnetic environment. Be it the vacuum field or the altered
field inside an optical cavity, the excited particle can only emit its energy into available
electromagnetic, or photonic modes. That is, emission/absorption is inhibited when there
are no photonic modes around the particle, and vice versa, the probability of photon
emission/absorption increases the more photon states exist.

Due to their strong waveguiding nature, light-matter interaction is always inherently present
in semiconductor nanowires. Mainly determined by the wire diameter, the emission
probability can be increased, or reduced, dependent on whether optical waveguide modes
exist inside the nanowire [11, 12]. Optical waveguiding in dielectric media, however, is
governed by the diffraction limit of light. In GaAs nanowires, the ability to confine the
emitted light therefore demands cross-sectional dimensions of above 200 nm.

By contrast, referring back to the electronic, one-dimensional quantum confinement
requires thin diameters of only a few tens of nanometers, a range, in which no photonic
waveguide modes exist. Consequently, the length scales between the one-dimensional
confinement of light and the one for electrons, do not coincide. Building a bridge between
these two length scales, however, could result in widespread technological advances, e.g.,
in the realization of single-mode quantum wire lasers, which are based on the confinement
of both, charge carriers and light, into one-dimension.

GaAs/AlGaAs core/shell nanowires are highly attractive in that respect. The coinciding
lattice constants, but still large difference in energy bandgap, make planar heterostructures
of this material system already broadly used in technological applications. Concerning
nanowires, another key feature of this material system is the low refractive index contrast
between the GaAs core and the AlGaAs shell. Building a potential wall for electrons, the
interface between core and shell does barely affect the characteristics of propagating light.
By having control over the GaAs core diameter, as well as the AlIGaAs shell thickness,
one-dimensional confinement can thus simultaneously be reached for both, electrons and
electromagnetic waves: in the GaAs core for electrons and holes, in the waveguiding
GaAs/AlGaAs entity for light.

Only recently, the implementation of ultrathin GaAs-based nanowires has made strong
one-dimensional quantum confinement accessible in optical experiments [13—17]. At the
time of this thesis, studies of such one-dimensional quantum confinement in combination
with optical waveguiding, however, has still been absent, such that the potential of
self-assembled nanowires has not yet been evaluated to realize quantum wire lasers.



On the other hand, first pioneering works on lasing in single GaAs/AlGaAs core/shell
nanowires, operating up to room-temperature, were published in 2013 [18, 19]. Until
today, detailed studies on the lasing threshold, however, has been scarce. Especially in
the realm of plasmonic and hybrid-plasmonic nanolasers, GaAs-based nanowires have
hardly been investigated [20, 21].

This thesis is structured into two main objectives:

The first one seizes the topic of one-dimensional quantum confinement with a special
focus on the electronic dispersion in wurtzite quantum wires. We also address and
systematically investigate the role of the AlGaAs shell in connection with the photonic
properties of the quantum wires.

The second purpose is to explicitly study the aforementioned waveguide nature in
connection with the lasing behavior of single GaAs nanowires. Our analysis includes an
exploratory study on the coupling between photonic modes and surface plasmons in the
vicinity of a metal surface. A systematic evaluation of the lasing efficiency additionally
provides the basis for future choices in GaAs-based nanolaser design.

All of our experiments are performed using single-wire micro-photoluminescence spec-
troscopy. For the optical excitation of single wires, we use laser sources with different
energies operating under cw or pulsed mode. Spectral-, time- and polarization-resolved
photoluminescence spectroscopy thereby provides an excellent tool to probe internal
electronic properties as well as photonic effects. Moreover, by supplementing our experi-
mental results with numerical electromagnetic simulations and k-p calculations, this work
provides a comprehensive analysis of the studied effects.

Subsequent to this introduction, the present thesis is structured as follows:

Part I The first part introduces fundamental notions, relevant for the experiments
and analyses reported in this thesis. We start with explaining the structural
differences between the well-known zinc-blende crystal phase and the un-
usual wurtzite phase in GaAs, the formation of which is observed solely in
nanowires. The subsequent chapter addresses the fabrication of wurtzite GaAs
nanowires via catalyzed epitaxy, both in terms of principles and technical
implementation. The first experimental study of this thesis is presented and
concerns the development of an epitaxy recipe for the growth of ultrathin
wurtzite GaAs nanowires for single wire optical experiments. The last chapter
of part I is then concerned with the fundamentals of the optical processes
involved in our experiments, focusing on spontaneous emission and photolu-
minescence in semiconductors, and finally introduces the technical aspects of
our experimental photoluminescence setup.

Part II Having established the characteristics of the wurtzite phase and fabrication of
ultrathin nanowires, the second part is dedicated to the optical spectroscopy
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of wurtzite quantum wires. To begin with, the theoretical basics of one-
dimensional spatial quantum confinement are introduced, followed by an
experimental proof of strong size-quantization effects in our GaAs nanowires.
By a thorough combined experimental and theoretical analysis, supported
by numerical simulations, we disentangle the polarization anisotropies of
wurtzite GaAs in the quantum regime from those of photonic effects. We
carefully analyze the overlap between electronic and photonic polarization
selection rules in the emitted light as a function of the AlGaAs shell thickness,
which was found to be the major tuning parameter.

Part III In the last part of the thesis, we investigate the functionality of GaAs nanowires
operating as nanolasers. At first, we introduce the fundamental concepts of
semiconductor nanowire lasers, including the details of photoluminescence
waveguiding, which were specifically developed for our GaAs wires using
numerical simulations. Afterwards, the main objective of this part is to study
the influences of different dielectric, metallic or hybrid substrates on the
lasing behavior of our GaAs nanowires. For each structure, we elucidate the
change in waveguiding nature resulting from plasmonic coupling and provide
a detailed analysis on the lasing performance. We furthermore carve out
their respective main advantages as well as the major challenges that come
along. In Ch. 14, the essential findings and main statements of this part are
summarized and conclusively analyzed.

To finalize this work, a last chapter is appended to summarize our experimental results
and to conclude the reached objectives. It also includes an outlook on a possible direction
of future studies related to the presented research area.
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Structural properties of GaAs
nanowires

Along with silicon, gallium arsenide (GaAs) is one of the most frequently investigated
semiconductors. The direct bandgap, with its energy in the the near-infrared part of
the electromagnetic spectrum, makes this material particularly advantageous for optical
and opto-electronic applications. Together with aluminum gallium arsenide (AlGaAs),
GaAs-based heterostructures are very important in fundamental research and have already
found numerous applications in the semiconductor industry. The electronic properties of
GaAs in the zinc-blende (ZB) phase has therefore been well-documented over the last
decades.

In nanowires, the reduction in dimensions induces a new degree of freedom in the
control of the band structure. The precise epitaxial control of morphology and crystal
structure have made it possible to synthesize GaAs, and other non-nitride semiconductor
compounds (e.g. indium arsenide or indium phosphide) in the wurtzite (WZ) crystal
phase, which is not stable in the bulk form of the respective materials. The electronic band
structure of WZ GaAs has thus only recently gotten into the focus of research. Despite of
considerable efforts, fundamental properties of the WZ phase are still under debate. In
experimental studies, for instance, the reported values of the fundamental bandgap of WZ
GaAs range from 1.50eV [22, 23] to 1.54 eV [24].

Most important in this thesis are the altered optical selection rules that result from the
WZ crystal phase as compared to the ZB counterpart. In this chapter, we present the main
differences between the ZB and the WZ crystal structures and outline the peculiarities of
the resulting WZ band structure.

2.1 The zinc-blende and wurtzite crystal phase

The zinc-blende structure is a face-centered cubic (fcc) lattice, containing two sublattices
at the basis (0,0,0) and (%, %, %) azg, where azg = 5.65 A is the lattice constant of
zinc-blende GaAs. In GaAs, the two different lattice sites are occupied by gallium or
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arsenic atoms, respectively.

The ball-and-stick model in Fig. 2.1 (a) shows the atom stacking along the [111]-direction,
which is the preferential growth direction of NWs in the ZB crystal phase [25]. WZ, on
the other hand, belongs to the hexagonal crystal family. Its corresponding stacking order
with a bi-atomic basis is shown in Fig. 2.1 (b), along the hexagonal [0001]-direction.
For hexagonal-closest packing, the ZB and the WZ phase differ only in their stacking
sequence: In ZB, the stacking-sequence can be denoted as ABCABC..., where each
letter represents one of the three possible positions of the group III or group V atom in
the respective layer. In WZ, only two positions are possible, resulting in the stacking
sequence notation ABABAB... [26, 27]. The altered stacking order in the WZ crystal
compared to the ZB crystal comes along with a different lattice parameter nomenclature:
The lattice constant c¢ is along the [0001]-direction, which is the growth direction of
wurtzite nanowires that corresponds to the [111] ZB crystal direction, also referred to
c-axis in NWs. The second lattice constant is awz, which parameterizes the dimension
perpendicular to the c-axis. For an ideal WZ crystal, the lattice constants are linked and
given by awz = azg/V2 and ¢ = \/%awz [28].

The tetrahedral bonding of one atom with its four direct neighbors is identical in both
cases, but the different stacking order results in a different distance of the atom with its
third nearest neighbor. This is illustrated by the two neighboring bonding tetrahedra for
the cubic case in Fig. 2.1 (a), and the hexagonal case in Fig. 2.1 (b). While in the cubic
ZB lattice the ions of two different charges (here depicted in two separate colors) exhibit
the largest possible distance to each other, the upper bilayer in the hexagonal WZ lattice is
twisted by 60°. As a result, the two differently charged ions and their covalent bonds are
directly stacked on top of each other. This significantly changes their balance and yields a
net third-nearest-neighbor repulsive force [29]. With this picture, it becomes more clear,
that the structural differences between the ZB and the WZ GaAs crystal phases also come
along with a significant change in electronic energy dispersion. These differences will be
discussed in the next section.
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[0001]

zincblende wurtzite

Figure 2.1: Crystal structure differences between the zinc-blende and the wurtzite
phase. (a) Stacking order of a ZB crystal along the cubic [111] direction. The
stacking sequence of the plane of III-V pairs can be assigned to ABCABC...
Right-hand side: Two neighboring bonding tetrahedra of the ZB structure. Two
ions with opposite signs (depicted in different colors) have the largest possible
distance. (b) Same as in (a) for the hexagonal WZ crystal structure. The stacking
sequence is changed to ABABAB... As a result, two oppositely charged ions of
two neighboring tetrahedra are placed on top of each other, which results in a net
repulsive force. Adapted from Refs. [26] and [27].

2.2 Band structure and optical selection rules in
bulk wurtzite GaAs

As wurtzite GaAs appears exclusively in nanowires, the fundamental electronic properties
of this crystal phase are much less well explored and understood as in its ZB counterpart.
The symmetry of the wurtzite structure has a substantial impact on the resulting band
structure. In general, the literature is consistent with the form of the splitting of the
individual bands in WZ GaAs, although the exact energy values still differ from study to
study. In the present section, we follow Refs. [28, 30-33] in terms of band symmetry
notation and selection rules.

For a direct comparison between the ZB and the WZ band structure, Fig. 2.2 (a)
schematically depicts the energy levels involved in the lowest energy optical transitions
at the I'-point of the Brillouin zone. The energy levels are designated according to the
"BSW" (Bouckaert, Smoluchowski and Wigner)-notation [34], which labels the symmetry
of the wavefunction in the given band. The indices "c" and "v" thereby stand for the
conduction and the valence band, respectively. In the absence of spin-orbit coupling, the
transition from ZB to WZ causes the p-like I'1s, valence band to split into two bands with
I'ey and '}y symmetry. The energy difference of this crystal field splitting is denoted as
Acrystal- In terms of p-orbitals, the I'1y band comprise p, orbitals, and the I'sy band p,
and p, orbitals [28]. Furthermore, the energetic alignment between the lowest conduction
band and the highest valence band changes by AI'Y%72B and AI'W%~%B | respectively.
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Under the effect of spin-orbit coupling, the I's, valence band in WZ further splits into a
higher I'g, and a lower I'7, energy band. The symmetry of the conduction band, as well as
of the third-highest valence band, transforms from I'; to I';. Note, that theoretical works
have predicted both I'7 and I's symmetry to exist for the lowest conduction band [28, 29,
35]. Experimental works, however, have attributed the I';; band to be the energetically
more favorable state [36, 37]. In ZB on the other hand, spin-orbit coupling leads to a
splitting of the I'j5, valence band to an upper I'g, and a lower I'7, band, as well as in a
change in lowest conduction band symmetry from I'j; to [g,.

Another important difference of the WZ phase involves the optical selection rules between
the different energy states. The symmetry of the crystalline structure manifests in a
preferred polarization of the dipole transitions with respect to the c-axis. For the WZ
band structure Taking the WZ band with spin-orbit interaction, the resulting preferred
orientations are [33]:

F7 A ad Fg

E 1c: {F7HF7

(2.1)
Elc: I'7 & 1I7.

Hence, an optical transition between the conduction band, I'7., and the highest valence
band, I'yy, is only allowed for perpendicular polarizations, while the transition I'7. < I'7y
is allowed for perpendicular and parallel dipoles.

The energy dispersion E (Kk), in the vicinity of the ['-point, is illustrated in Fig. 2.2 (b). The
three upper valence bands are denoted as heavy-hole (hh), light-hole (1h) and split-off (so)
band. The most significant difference to the ZB structure is the energy splitting between
the hh and the lh valence bands at k = 0, which are degenerate in the ZB phase. The
energetic distance between the 'y, and the I'7, is commonly found to be about 100 meV
[30, 37, 38]. The optical transitions and selection rules, which are most relevant for this
thesis, are annotated by the dashed arrows. According to Eq. 2.1, transitions between the
conduction band (cb) and the hh band are only allowed for polarizations perpendicular to
the c-axis, while cb < lh transition occur for any polarization. Hence, it is possible to
distinguish interband transitions involving the hh band from those involving the 1h band
by analyzing the respective polarization.

Most studies investigating the WZ band structure of GaAs do not address quantum
confinement effects, and consider NWs as small, cylindrical pieces of bulk material. It
was not until 2016, that Vainorius et al. first reported optical access to one-dimensional
subbands in self-assembled GaAs quantum wires. One-dimensional quantum confinement
effects will become relevant in part II of this thesis, with a particular focus on the
optical selection rules. At first, we show in the following chapter, how our nanowires are
synthesized via molecular-beam epitaxy.

10



2.2 Band structure and optical selection rules in bulk wurtzite GaAs

a energy b

P e m e m———— o R T cb

1 with spin orbit : : 1 : with spin orbit : \/

| . } .

I : i e, : I E

: : i ’:" _E_ - F?c: g—— :_A? [
. A Wz-zZB . I : :

T 3 O i k

| 6c - “CPPI ) Y PP P . ' é

| : i : L Eo| L] [y
: | . R

: : ! : : : R

[ : : 1 : 1

| | e T

| . Pid wz-z8 Tea T |

| r " . 4% AFV : v

| 8 ~:> F15V ”:. dovbee, Acrystal |

: r7 ‘ NIN“: ‘ . F :

v b _———

| r T "

| : 1 :

| . | .

! zincblende o wurtzite !

Figure 2.2: (a) Schematic of the band energies and wavefunction symmetries in
ZB and WZ structures at the I'-point, with and without spin-orbit interaction.
(b) Simplified electronic energy dispersion of WZ GaAs around k = 0. The
most significant difference to the ZB dispersion is the energy splitting of the hh
and the lh band at k = 0. The symmetry of the bands, depicted in (a), results
in different optical selection rules for the hh and the lh band. Subfigure (a) is
adapted from Ref. [31]

11



2 Structural properties of GaAs nanowires

12



Synthesis of GaAs nanowires

All NWs presented in this thesis are grown by molecular-beam epitaxy (MBE) in the
in-house MBE system. In this chapter, we first give an overview over the general concept
of MBE. Afterwards we concentrate on the principle of non-planar, vertical growth of
nanowires, with a special focus on the selection rules established for growing the WZ
or ZB structure. The third part then finally presents the experimental implementation
of phase pure and ultrathin WZ nanowires, which allow us to realize the 1D quantum
confinement discussed in part II of this work.

3.1 Molecular-beam epitaxy

In general, epitaxial growth is based on preserving the crystalline structure of a material
when new layers are deposited onto the surface. MBE is a modern growth technique,
dedicated to the growth of semiconductors with the highest achievable purity. A sketch
of a MBE chamber is shown in Fig. 3.1. The growth chamber comprises various,
shutter-controlled effusion cells containing the individual, high-purity materials. Under

<«— electron gun

Figure 3.1: Schematic of a molecular-
beam epitaxy system. The shutter-
controlled effusion cells are directed effusion
towards the growth substrate, which cell

is mounted onto a heated, rotatable
substrate manipulator. The growth
can be in situ monitored via RHEED.
Adapted from Ref. [39].

shutter
substrate

heated
substrate
manipulator

molecular
beam

screen for viewing RHEED
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heating, the source elements are sublimated from the effusion cells and evaporated as
a molecular beam onto an appropriate substrate. The latter is mounted onto a heated
substrate manipulator that facilitates rotation to ensure an uniform distribution of the
atoms on the surface. In the chamber, ultra-high vacuum (UHV) conditions prevail, with
a base pressure in the range of 1 x 10~'! mbar that ensures a high mean free path of the
evaporated molecules and furthermore minimizes the incorporation of impurities into the
growing crystal. The growth procedure can be monitored via a reflection high-energy
electron diffraction (RHEED) system. For that purpose, an electron gun directs a beam of
electrons onto the substrate, and the diffracted or reflected electrons are visualized on a
fluorescent screen on the opposite side of the chamber. The method of monitoring growth
via RHEED, in particular with respect to the growth of NWs, is discussed in more detail
in Sec. 3.2.3.

The MBE system at the University of Regensburg comprises four different growth
chambers, which are interconnected by a vacuum tube. This allows an in situ transfer of
samples between the chambers, without them being exposed to air. A technical drawing
of the entire MBE cluster in top view is shown in Fig. 3.2. The cluster involves a
silicon/germanium (Si/Ge), a topological insulator (TI), a metal/oxide (M/O) and a III-V
MBE chamber. Especially relevant for this thesis are the III-V and the M/O MBEs. The
III-V chamber contains group III and group V elements, such as gallium (Ga), arsenic (As)
and aluminum (Al), from which our GaAs/AlGaAs core/shell nanowires are synthesized.
The M/O MBE is, on the one hand, relevant to prestructuring the growth substrates with
a thin, 0.05 A gold layer (cf. Sec. 3.2.1), and on the other hand to fabricate atomically
flat gold substrates, which become relevant in part III of this thesis. The NW growth,
which takes place in the III-V MBE, will be described and explained in more detail in the
following sections.

14
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Si/Ge M/O
MBE TI MBE MBE -V MBE

o
T

Figure 3.2: Technical drawing of the MBE cluster of the University of Regensburg.
The cluster comprises four MBE chambers containing different source materials.
A vacuum transfer channel interconnects all chambers and allows an in situ
transfer between them. The chambers relevant for this thesis are the M/O and
the I1I-V MBE. Adapted from Ref. [40].

3.2 Growth of GaAs nanowires

3.2.1 Principle of the Vapor-Liquid-Solid growth

The most common method of growing free-standing NWs is by the assistance of small
seed particles of foreign material, typically a metal. Acting as catalyst, these particles
enhance the growth rate in one direction without being incorporated into the crystal itself
[41]. The one-dimensional growth of microstructures was observed over 60 years ago
[42]. Often, these one-dimensional crystals exhibited a hemispherical metal particle at
one end, which led to the idea of the crystal growth being promoted by this particle. The
earliest model for this catalytic nanowire growth has been proposed by Wagner and Ellis
[43] and was termed Vapor-Liquid-Solid (VLS) mechanism. They explained the growth
of silicon wires (or "whiskers", as they are called in the original publication) from the gas
phase in the presence of a liquid Au/Si alloy droplet. It is named VLS because of the
three phases present, and necessary, during the nanowire growth: The vapor phase of the
molecular beam or the precursor flux, the liquid alloy of the seed particle droplet and the
solid, one-dimensional crystal that is formed.

With the help of Fig. 3.3, we will now qualitatively describe the individual steps involved
in the Au-catalyzed VLS growth of our GaAs nanowires. For a detailed theoretical model
on the microscopic processes, we recommend the publications from V.G. Dubrovskii and
F. Glas (Refs. [44-50]), as well as the PhD theses of Joachim Hubmann [51] and Andreas
Rudolph [52] from our group.
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To grow vertical, upright-standing GaAs nanowires, we use GaAs(111)g substrates (the
index B denotes that the (111) surface is As terminated), which are covered with a thin
Au layer evaporated onto the GaAs substrates in the M/O MBE prior to growth. The term
"layer" is here not entirely correct, as the typical deposited gold thickness on our substrates
does not exceed 1 A and is therefore thinner than one monolayer of Au. Instead of full
coverage, the deposition produces isolated patches of Au on the substrate, as indicated in
step 1 in Fig. 3.3. In step 2, the substrate is heated under constant background pressure of
As. During this heating step, Ga atoms from the growth substrate dissolve and develop
liquid Au/Ga droplets by forming an eutectic alloy. Afterwards, Ga atoms are evaporated
onto the substrate by heating the Ga effusion cell. The liquid droplet acts as the preferred
sink for the Ga atoms. They directly impinge, or diffuse towards the droplet and increase
the Ga content of the alloy until supersaturation is reached. The nanowire then begins to
grow layer by layer on the substrate beneath the droplet, initiating the vertical growth in
the [111] crystal direction (step 3). As a result, the minimum NW diameter is limited by
the size of the catalyst droplet. The evaporated Ga adatoms continue to diffuse towards
the droplet, which promotes a steady vertical growth of the nanowire until the flow of Ga
atoms is disrupted. Note, that the pure vertical growth is limited by the diffusion length
of the Ga adatoms. Consequently, the NWs exhibit a maximum length above which the
atoms start to nucleate on the side facets and increase the diameter. This is exploited
during the intentional radial overgrowth of the NWs with a shell in step 5. During this
step, the substrate is cooled and the As background pressure is increased, both of which
reduce the adatom diffusion. As a result, the radial growth rate is enhanced and the atoms
preferable nucleate at the side facets.

We want to emphasize that this last growth step provides the possibility to controllably
increase the GaAs core diameter, as well as the thickness of the AlGaAs shell. For optical
experiments, the passivation with AlGaAs is required to inhibit non-radiative charge
carrier recombination at GaAs surface states. The AlGaAs shell, with its larger bandgap,
acts as potential barrier for excited charge carriers, which are captured inside the GaAs
core. Typically, the core/shell nanowires are additionally capped with a thin GaAs cap
layer to prevent the oxidation of the AlGaAs. In Sec. 3.3, we present the experimental
implementation of GaAs nanowire growth with varying AlGaAs shell thicknesses.

3.2.2 Crystal phase formation during growth

The description of the VLS mechanism above does not specify how nanowires can adopt
a crystal phase, which is not stable in bulk. The hexagonal WZ phase has been observed
for most III-V ZB materials when grown as nanowires [49], but the coexistence of ZB and
WZ phases along a single NW often complicates basic studies on the WZ phase. Hence,
phase purity control remains one of the major challenges of III-V nanowire fabrication.
In our group, a strategy to developed GaAs nanowires with extremely high phase purity
was already experimentally implemented by Florian Dirnberger [53] during his PhD
thesis, whose results are also reported in Ref. [54]. Given that there are different growth
parameter regimes for which either the ZB or the WZ phase formation is preferred, we
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Figure 3.3: Principle of Au-catalyzed VLS growth of our GaAs nanowires. The
process involves five steps: Prior to growth, a thin Au layer is deposited onto
the GaAs(111)g substrate (1). During heating under constant As background
pressure, liquid Au/Ga alloy droplet are formed (2). The supply with Ga atoms
leads to a supersaturation of the droplet followed by nucleation and vertical crystal
growth (3). The vertical growth steadily continues through direct impinging or
diffusion towards the catalyst droplet, until the flow of Ga atoms is disrupted (4).
By reducing the temperature and enhancing the As pressure, diffusion is damped
and the wires can be radially overgrown with an (Al)GaAs shell (5).
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wWZ

Figure 3.4: Graphical illustration of the two energetically different nucleation
sites of a new monolayer. (a) The nucleation can take place at the center of the
droplet/NW interface, or (b) at the triple phase line (TPL) (indicated by the red
bar). At situation (a), only the ZB structure grows, while in situation (b) the
metastable WZ phase is favored. The site of nucleation is furthermore dependent
on the droplet size and the contact angle ¢.

now elucidate the crystal phase formation during growth based on the model of Glas et al.
[49].

They identified the nucleus inside the droplet, which initiates the layer growth, to be the
key parameter that influences whether the layer is grown in the WZ or the ZB phase.
They differentiate between two locations at which a new nucleus can settle: Either at
the center of the interface between the droplet and the top facet (cf. Fig. 3.4 (a)), where
its lateral surface is entirely surrounded by the liquid, or at the triple phase line (TPL)
(marked in red in Fig. 3.4 (b)), where it is partially surrounded by the vapor. A distinct
difference to the scenario in (a) is the small part of the liquid (droplet) interface with the
vapor that is eliminated and replaced by a nucleus-vapor interface. With the monolayer
nucleus having this anchor to the TPL, the total edge energy of a new nucleus can be
lower in the WZ position than in the ZB position [55]. The site of nucleation, however, is
dependent on various factors and in general more complex as described by Glas et al..
This was outlined by Jacobsson et al., who explained the switching between ZB and WZ
phase under different growth conditions, using a model that relates the catalyst volume,
the contact angle at the trijunction (angle ¢ in Fig. 3.4) and the nucleation site of a new
layer [56]. Growing the nanowires in an ultra-high vacuum chamber inside a transition
electron microscope (TEM), they could in situ observe and record a variety of different
growth modes. Among others, they have demonstrated that the droplet size, and thus the
contact angle, play a major role in the phase formation and that the droplet size can be
dynamically controlled by the V/III ratio.

Overall, the most relevant aspects for phase selective growth are [57]: The metastable
WZ phase only grows when the nucleation of a new bilayer takes place at the TPL. If the
nucleation takes place at the TPL, either WZ or ZB structure can be formed, which is
dependent on the supersaturation of the catalyst droplet, as well as on the surface energies.
As soon as the nucleation takes place away from the TPL, only the ZB structure is formed.
The optimal contact angle ¢ for the WZ phase to occur is close to 90°. For significantly
higher and lower contact angles, always the ZB phase was found to grow.
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3.2 Growth of GaAs nanowires

3.2.3 Monitoring the crystal phase via RHEED

Reflection high-energy electron diffraction (RHEED) is a standard tool in MBE to monitor
the growth procedure and in situ characterize the crystal structure. Usually, the main
purpose of RHEED is to gain immediate feedback during thin film growth. It is used to
determine the rate of standard planar epitaxial growth, or to make statements about the
surface consistency, e.g. occurring surface reconstructions. For non-planar structures,
such as nanowires, the geometry changes from reflection to transmission mode, with the
electrons being diffracted when they penetrate the nanowires [58, 59].

The principle is illustrated in Fig. 3.5 (a). The RHEED gun, implemented in the III-V
chamber of our MBE system, directs a collimated electron beam with an energy of 15kV
onto the growth substrate. The electrons then transmit through the nanowires, which
vertically stand on the growth substrate. A fluorescent screen on the opposite side then
visualizes the transmitted and diffracted electrons. By fulfilling the Bragg condition,
a characteristic diffraction pattern appears on the screen, similar to other diffraction
methods such as X-ray diffraction or electron diffraction in TEM.

In our studies, especially in part II of this work, it is essential to have insights about the
crystalline quality of our fabricated nanowires. For that purpose, RHEED monitoring can
provide very good indication on whether the NW ensemble is primarily grown in the WZ
phase. The diffraction pattern of the WZ phase can only be reliably distinguished from
the ZB phase along the [1120]-direction, which corresponds to the [110]-direction in the
cubic ZB crystal. The corresponding direction with respect to the hexagonal NW cross
section is sketched in Fig. 3.5. The diffraction pattern of a phase pure WZ structure along
this direction, which was recorded during NW growth, is shown in Fig. 3.5 (b). The spots
at the WZ positions are very bright and there are no signs of ZB spots. In Fig. 3.5 (¢)
on the other hand, both WZ and ZB phases are present. In this case, the two diffraction
patterns overlap. In order to distinguish them, the spots belonging to the WZ and ZB
phase are marked by green and red circles, respectively. Additionally, the pattern in (c)
exhibits streaks, which is commonly ascribed to the presence twin defects [59]. Figure 3.5
(d) finally shows the diffraction spots that occur when only the ZB phase is present.

It should be noted, that the crystal purity of single nanowires can only be determined
via high-resolution TEM. However, the presented RHEED monitoring during growth
indicates the predominant phase of the grown NW ensemble. With an additional optical
preselection by photoluminescence analysis, according to Refs. [30, 54], single wires
with high WZ phase purity can be reliably identified and investigated.
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Figure 3.5: Principle of RHEED monitoring during NW growth. (a) A RHEED
gun directs a collimated electron beam towards the growth substrate where the NW
grow vertically to the substrate surface. The transmitted and diffracted electrons
impinge on a fluorescent screen, on which the resulting pattern, according to
Bragg’s law, provides information about the crystal structure. During NW growth,
it is essential to distinguish between the WZ and the ZB phases, which is possible
along the [1120]-direction (WZ) or the [110]-direction (ZB), respectively. The
RHEED pattern in the case of pure WZ, WZ/ZB mix and pure ZB are shown in
panels (b)-(d).



3.3 Synthesis of wurtzite wires with strong spatial quantum confinement

3.3 Synthesis of wurtzite wires with strong spatial
quanfum confinement

3.3.1 Growth of ultrathin GaAs cores

Despite their high-aspect ratio, most NW systems exhibit an electronic structure than
is well described in terms of bulk properties. NW-based electronic and nanophotonic
devices do not yet exploit the potential of 1D quantum confinement and the concomitant
density of states. Although GaAs nanowires have been grown since quite some time,
there are only a few reports addressing the 1D quantum confinement in ultrathin GaAs
NWs [13, 14, 16, 17]. A major problem is the controlled synthesis of thin wires, since the
diameters have to be below 50 nm to observe pronounced quantum confinement effects
in GaAs [16, 17]. An unconventional approach to radially shrink GaAs nanowires to
diameters of even below 10 nm was proposed by Loitsch et al. in 2015 [13]. This approach
consists of the growth of regular, Ga-catalyzed nanowires, followed by a subsequent step
of high-temperature annealing with absent Ga supply. In their work, this "reverse-reaction
growth" step led to a gradual thermal decomposition of the GaAs material from the NW
surface, shrinking the core to diameters down to 7 nm.

Concerning the Au-catalyzed nanowires with high WZ phase purity, earlier efforts in our
group [53] have demonstrated that this approach is not applicable, as the high-temperature
annealing step either destroyed the nanowire morphology or even led to a full sublimation.
Instead, it was shown that it is possible to grow ultrathin GaAs nanowires using the
regular parameters for the VLS growth of Au-catalyzed NWs. The growth of the ultrathin
GaAs wires, which are investigated in this thesis, are based on the attempts in Ref. [53].
The key of growing ultrathin nanowires was found to be in controlling the size of the
droplet catalyzer, or furthermore, to achieve the lowest possible average diameter with
a narrow size distribution. This requirement is fulfilled when the growth substrate is
covered by a thin Au layer of only 0.05 A. As already outlined in Sec. 3.2.1, such a thin
Au layer does not yield a full coverage of the growth substrate, but furthermore patches
that are distributed over the surface. Under thermal heating, the large distance between
the emerging Au/Ga droplets prevents them from melting with each other and form larger
particles.

Hence, all wires presented in part II of this work, are grown on GaAs(111)g-substrates
with a Au coverage of 0.05 A. Stable and reproducible results of ultrathin GaAs wires,
featuring high WZ crystal phase purity, are achieved under the following steps: Prior
to the NW growth, each substrate is heated to 7 = 600 °C for at least 10 min under As
background pressure in order to create identical conditions for the nanodroplet formation
in all growth runs. Afterwards, the substrate temperature is lowered to 7 = 540 °C and
the NW growth initiated by opening the Ga effusion cell. In all growth runs, the Ga
evaporation rate is kept constant at Rg, = 0.7 A/s. (Note, that this is the 2D equivalent
growth rate of GaAs on a GaAs(001) substrate, determined via RHEED). During the
core growth, the As beam equivalent pressure is approximately 1.5 x 107 Torr, yielding
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Figure 3.6: Growth of ultrathin GaAs nanowires. (a) SEM image of as-grown
GaAs nanowire grown via Au-catalyzed VLS growth on a substrate covered
with 0.05 A Au. All wires have a almost uniform length of 2 pm and ultrathin
diameters. (b) The SEM evaluated diameter statistics reveals a mean diameter of
24 nm with a very small standard deviation of only 2.6 nm

a V/III ratio of As/Ga ~ 2. A Ga evaporation time of 95 min reproducibly results in
approximately 2 pm long wires with ultrathin core diameters of 20 — 30 nm and a high
WZ phase purity. Longer growth periods always result in nanowires with higher diameter
and a tapered end facet. We therefore conclude, that 2 pm is the critical nanowire length
(at 540 °C), above which the average adatom migration length on the NW side walls is
exceeded. The atoms then start to nucleate at the NW side facets and the flow to the
droplet is decreased [60, 61]. A SEM image of nanowires, grown under the described
conditions, is shown in Fig. 3.6 (a). In all of the wires, we can identify the small Au/Ga
droplet on top, which has the same diameter as the grown nanowires. The SEM evaluated
diameter statistics in Fig. 3.6 (b) further demonstrates a narrow diameter distribution of
only 2.6 nm and a very low mean diameter of 24 nm.

3.3.2 Varying the AlGaAs shell thickness

Due to their high surface-to-volume ratio, semiconductor nanowires are particularly
sensitive to surface effects. Surface electronic states can act as surface charged traps or as
recombination centers for charge carriers [62, 63]. Both effects significantly impede the
optical performance of semiconductor NWs as the majority of charge carriers gets lost
non-radiatively. This problem can be overcome by passivating the emitter material with a
material of higher bandgap that acts as a potential barrier for charge carriers. GaAs is
commonly passivated with AlGaAs, as their almost matching lattice constants allow an
epitaxial growth of AlGaAs/GaAs heterostructures.

In order to confine excited charge carriers in the ultrathin GaAs wires, all our optically
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3.3 Synthesis of wurtzite wires with strong spatial quantum confinement

investigated nanowires are in situ passivated with an Al,Ga;_,As shell. By adjusting the
radial overgrowth and the As pressure, the thickness of the shell can be varied while still
maintaining the ultrahin GaAs core. For all wires presented in part I, the core is fabricated
according to the conditions described in Sec. 3.3.1. After the GaAs core is grown, the
the Ga supply is interrupted and the temperature lowered to 7 = 460 °C. Additionally,
we enhance the V/III ratio to As/Ga = 4 to further damp the Ga adatom diffusion and
thus enhance the radial growth rate [47]. By simultaneously opening the Ga and Al
shutter, the ultrathin GaAs cores are then radially overgrown by an Al,Ga;_,As shell,
with xa; ~ 0.38 (the respective Al evaporation rate is Ra; = 0.44 A/s). Exemplary results
of ultrathin GaAs wires with various AlGaAs shell thicknesses are shown in Fig. 3.7. For
comparison, panel (a) shows the pure GaAs core without shell, and panels (b), (c), and (d)
nanowires with various shell radii, resulting in total diameters of 70 nm (b), 160 nm (c)
and 220 nm (d) and lengths ranging from 2 pm to 3 pm. The wires stem from different
growth runs where the duration of shell growth was altered from 8 min (b) to 63 min
(c,d). The AlGaAs shell overgrowth time of the nanowires shown in panel (c) and (d)
is the same, but in the growth run (d), the V/III ratio was increased from As/Ga = 4
to As/Ga = 8, which led to an increase in both, radial and axial growth rate (note the
pronounced tip in (d)). After the shell growth, all nanowires are capped with nominally
5 nm of GaAs to prevent the AlGaAs from oxidation. In total, we produced nanowires
with total core/shell diameters ranging from 50 nm to 230 nm as determined by SEM. In
order to emphasize the difference to the ultrathin GaAs core diameters, we will refer to the
total core/shell diameter as dielectric diameter in the further course of this work, as the
GaAs core and the Alp 33Gag g2 As shell have similar dielectric constants. We therefore
make a clear distinction between the core diameter, relevant for electrons confined to the
GaAs, and the diameter relevant for photonic effects, which is the dielectric diameter.
Typical photonic effects are for example optical waveguiding or lasing. As we will see
in part III, a long conical tip of nanowires with large dielectric diameter can severely
deteriorate the properties of such nanophotonic structures. In the next section, we will
present first attempts for the MBE growth control of high-diameter nanowires without
conical tip formation.

3.3.3 Effect of temperature on the shell growth

In order to inhibit the formation of a conical tip during shell growth, the axial growth
must be minimized. One way to obtain untapered nanowires is to synthesize them on a
Si(111) substrate using the Ga-assisted growth technique. Here, the a pure Ga droplet acts
as catalyst and no Au is needed. During shell growth, the liquid Ga droplet crystallizes to
GaAs and allows a pure radial overgrowth, as the VLS mechanism is stopped. However,
so far, it has not been possible to synthesize such ultrathin and phase pure WZ GaAs
wires, as described in Sec. 3.3.1, with the Ga technique. In this section, we therefore
present first attempts to diminish the axial nanowire growth, while the shell growth is in
progress, on the basis of the Au-catalyzed NW growth. The major goal is to fabricate
high quality optical cavities while maintaining the ultrathin GaAs core. We will use the
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temperature during shell growth as major tuning parameter and investigate its effect on
the nanowire morphology.

With the usual shell growth temperature of 460 °C, the first approach is to lower the
temperature to the point where the Au/Ga droplet becomes solid. Prior to the shell
growth, ultrathin GaAs cores are grown under the conditions given in Sec. 3.3.1 (see
Fig. 3.8 (a)). Afterwards, a thin Aly33Gag g>As shell is grown for 13 min at 7 = 460 °C
and As/Ga = 4, to ensure a smooth interface between the GaAs core and the AlGaAs
shell. The temperature is then further cooled down to 7 < 200 °C and the AlGaAs growth
continued for 52 min. In this systematic growth series, we found that temperatures above
T ~ 200 °C always lead to the formation of a conical tip. A SEM image of the resulting
nanowires is shown in Fig. 3.8 (b). The nanowires exhibit total diameters of 230 — 240 nm
and indeed do not exhibit a conical tip, but instead have a irregular shaped lump on top
as a result of amorphous crystal growth around the droplet. Additionally, the crystal
quality of the shell is relatively poor as the wires do not exhibit smooth side facets and
some wires also show irregular parts in the center, as can be exemplarily seen on the
righthand side of Fig. 3.8 (b). Representative micro-photoluminescence spectra of a wire
from this growth run are shown in Fig. 3.8 (b). This wire exhibits a typical quantum wire
luminescence (cf. Ch. 6), with the ground state transition at 4 = 814 nm, and two further,
higher energy peaks at A = 799 nm and A = 776 nm under high excitation. This indicates
transitions from higher subbands. Hence, the interface between the GaAs core and the
AlGaAs shell is good enough for charge carrier confinement inside the core. However,
we can not observe signatures of cavity resonances, which implies that these wires do not
form an optical resonator with a quality sufficient to support lasing.
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The second approach is to significantly enhance the temperature during shell growth.
Harmand et al. [60] found, that the VLS mechanism and hence the NW growth is
suppressed when the temperature is too high. Very high temperatures can lead to a change
in the chemical potentials, such that the particles rather leave the liquid droplet to migrate
on the GaAs surface, instead of being absorbed. We aim exploit this during shell growth
and enhance the temperature to 7 = 580 °C after the core growth is finished. Then,
Alp.33Gag g2 As was grown for 130 min. In order to prevent an excessive desorption of the
As atoms from the hot substrate surface, the As background pressure was increased to
1.1 x 107> Torr, yielding As/Ga ~ 15. The resulting nanowires have diameters between
290 nm and 350 nm and a hexagonal shape with smooth side facets, as can be seen from
the SEM image in Fig. 3.8 (d). The axial growth was not fully suppressed, but in some of
the nanowires, the conical tip was much less pronounced as compared to Fig. 3.7 (d). In
Fig. 3.8 (e) we plot the high-excitation and low-excitation photoluminescence spectra of
one representative wire. Under high excitation (blue spectrum), the equidistant, sharp
peaks point towards the formation of resonances from an optical cavity (cf. Ch. 10).
Under low excitation, however, these nanowire feature only a small peak at the GaAs bulk
bandgap at 4 = 820 nm, but a more intense peak at 4 = 765 nm. This was the case for all
investigated nanowires, while the wavelength of the main peak varied from A = 750 nm
to 4 = 770 nm. We exclude these peaks to arise from higher subband transitions, as none
of these wires exhibited typical quantum wire luminescence. We instead suppose that
the luminescence arises from the AlGaAs shell itself, with the Al concentration being
modified by the high temperature (an AlGaAs bandgap transition at 4 = 765 nm would
imply xa; = 0.16), or from defects in the AlGaAs shell, which energetically lie within the
bandgap. Nevertheless, the high-temperature approach entails the potential to inhibit the
continuation of axial growth. Future studies could for example comprise a thin AlIGaAs
shell, grown at 460 °C, before raising the temperature, in order to protect the thin GaAs
core from degradation at high temperatures.
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Figure 3.8: Effect of growth temperature on the AlGaAs shell. (a) Ultrathin
GaAs core grown under the conditions described in Sec. 3.3.1. (b) SEM image of
the nanowires with an AlGaAs shell grown at very low temperature. Instead of a
conical tip, the wires exhibit an irregular shaped lump on top. (c) Representative
photoluminescence spectra under low and high excitation, showing a typical
quantum wire luminescence. (d) Nanowires overgrown with an AlGaAs shell at
high temperature. (e) The corresponding photoluminescence spectra indicate
resonances from an optical cavity, but no quantum wire luminescence from the
GaAs core is observed.



Photoluminescence spectroscopy
B |

Luminescence spectroscopy is a powerful tool for material characterization. Throughout
the history of semiconductor research, it has been used to investigate the macroscopic
optical properties of semiconducting materials as well as microscopic electronic processes
[64]. Luminescence differs from other types of radiation, e.g. reflection of light or
various types of scattered light. The latter arise from very fast light-matter interactions
with virtually no exchange of energy between the radiation and the electronic system
of the matter. The luminescence process, on the other hand, is based on the absorption
of excitation energy, whereupon an electron is excited and lifted from its equilibrium
to a higher energy state. After cessation of the excitation, the excited electron relaxes
into the lower energy, equilibrium state and the excess energy is radiatively emitted in
form of a photon. This relaxation is known as spontaneous emission and the duration
of this process is determined by the spontaneous emission lifetime of the excited state
The retarded time-scale of the luminescence process strongly distinguishes it from the
afore-mentioned, quasi-instantaneous radiation types. Among the various kinds of
luminescence (electroluminescence, bioluminescence, cathodoluminescence, ...), which
are named after the type of excitation, the relevant one for this thesis is the process of
photoluminescence, where the excitation energy is provided by the absorption of a photon.
In this chapter, we therefore describe the fundamentals behind the photoluminescence
process in semiconductors and the underlying mechanism of spontaneous emission.
Furthermore, the experimental implementation of single-wire photoluminescence (PL)
spectroscopy as well as the technique of time-resolved measurements are presented.
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4 Photoluminescence spectroscopy

4.1 Principle of photoluminescence in
semiconductors

In a photoluminescence (PL) experiment, the excitation of an electron takes place by
absorbing a photon from an external source. This source is usually monochromatic
light from a laser with larger energy than the bandgap of the material. The PL process
in a direct-bandgap semiconductor is sketched in Fig. 4.1 (a). When the material is
illuminated with light of energy E.i. > E,, whereby E, is the bandgap energy of the
semiconductor, an electron is lifted from the valence band (VB) to the conduction band
(CB), leaving behind a positively charged vacancy, or hole, in the VB. The energy of the
created electron-hole (e-h) pair equals the energy of the excitation photon Eq. = hw'.
Afterwards, both particles are directed towards the respective band extrema (CB minimum
for the electron, VB maximum for the hole) by relaxation processes. Once they have
reached the energy minimum at k = 0, electron and hole recombine under emission of a
luminescence photon with an energy E, = hw. Note, that the wavevector k of a photon
is negligible compared to the typical momenta of electrons. Thus, in the single-particle
representation in Fig. 4.1 (a), the photon absorption or emission process, respectively, is
illustrated as vertical transition in K-space.

During the e-h recombination, the electron thus spontaneously undergoes a transition
from the excited state to the ground state. The term "spontaneous” thereby reflects the
probabilistic nature of the transition with the exact moment of the event being impossible
to predict. Let us now focus more deeply on the process of spontaneous emission. A
measure of the probability of this spontaneous process was given in 1916 by Einstein’s A
coefficient [65], which gives the rate at which an electron in a higher energy state will
spontaneously decay into a lower energy state. The inverse of this rate therefore describes
the lifetime of the excited state. The first person to describe this coeflicient from first
principle was Paul Dirac in 1927 within his newly formulated quantum theory of radiation
in 1927 [66, 67], a cornerstone for the field of quantum electrodynamics (QED). Before
that, spontaneous emission was long thought to be an inherent and unchangeable property
of the respective emitter. However, it is now understood that spontaneous emission arises
due to an interaction of the emitter with the electromagnetic environment, which has the
zero-point energy of the quantized radiation field [68]. According to Fermi’s golden rule,
the rate of an emission process is governed by the density of final states available for a
photon to emit into. In the case of emission into free space, the photon is emitted into
a continuum of states, as schematically illustrated in Fig. 4.1 (b) (assuming a two-level
electronic system), with the density of photon states in free space being proportional to
w? [69]. A first expression of the exact rate of spontaneous emission into free space was
calculated by Weisskopf and Wigner [68, 70]:

3.2
P
3reghc’’

where hw is the energy difference between the initial and the final electronic state, € the
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4.1 Principle of photoluminescence in semiconductors

vacuum permittivity, ¢ the speed of light and p 1, the dipole matrix element between the
two states.

The photon density of the vacuum field, however, does not necessarily have to be
continuous. Instead, it can be modified, as it is the case, for example, in nanophotonic
structures like photonic crystals. When an emitter is placed into an altered electromagnetic
environment, the rate of emission is modified to

2mu’ E?

e= =2 0p(w), 42)

Here, E| is the electric field, generated by a single photon at the location of the emitter and

p(w) the electromagnetic local density of states (LDOS) at frequency w. Consequently,

the rate of the transition is determined by the number of available photon states and the

electric field strength of the emitter [71]. The first proposal of modified spontaneous

emission came by Edward Purcell in 1946. He suggested that the emission rate of an

emitter can be altered, or even controlled, by placing it into a resonant optical cavity [10].

The change in emission rate of an emitter in the cavity compared with the free space rate
is commonly known as Purcell factor and given by [72]

T, 300
"Ly 4n?Vy
where A 1s the wavelength, Q the cavity quality factor and V) its volume. According to this
formula, the emission rate is increased when the light is confined into small dimensions
and stored there for a long time [68]. Although Purcell did not explicitly state this, the
cavity’s role is to modify the LDOS [73].

Not only can the emission rate be enhanced by a cavity, it can also be significantly
suppressed. In his seminal work [74], Yablonovitch proposed, that the periodic modulation
of the electromagnetic environment opens up an electromagnetic, or photonic bandgap,
which rigorously inhibits the spontaneous emission of an emitter that is placed inside.
Together with the work of John [75], this opened up the extensive research field of photonic
crystals. Via the coupling of a single emitter to a photonic crystal, both enhancement and
suppression of spontaneous emission rate were demonstrated (c.f for example Refs. [76,
77]). Our NWs in particular have demonstrated a drastic increase in spontaneous emission
lifetime in dielectrically thin nanowires by almost two orders of magnitude, as a result of
reduced LDOS [12].

Another popular example of modified spontaneous emission is to place an emitter in the
vicinity of a mirror, or a metal surface [73, 78, 79]. Regarding the emitter as a electric
dipole and the metal as perfect conductor, the emitted radiation is reflected at the interface
and reversely interferes with the dipole. Depending on whether the reflected field is in
phase or out of phase with the oscillating dipole, the emitter is driven or damped. This
can also be seen as varying LDOS as a function of distance to the metal interface.
Summarizing all the methods of modified spontaneous emission by engineering the
LDOS, it may be more appropriate to regard spontaneous emission as a form of stimulated

F, 4.3)
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4 Photoluminescence spectroscopy
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Figure 4.1: Principle of photoluminescence. (a) Schematic of the PL process
in a direct-bandgap semiconductor. The absorption of an incident photon with
energy Ee > E, lifts an electron from the valence band to the conduction
band. The created e-h- pair undergoes relaxations processes that directs the two
particles towards the respective band extrema. The excited state spontaneously
decays under emission of a photon with energy hw = E,. (b) When the emitter
is in free space, this photon is emitted into a continuum of states, determined
by the density of photon states. This density can be altered by changing the
electromagnetic environment of the emitter, which consequently influences the
probability of the electronic transition. Subfigure (b) is adapted from Ref. [69].

emission, with the stimulus being the (modified) vacuum. In general, there is a strong
motivation to control spontaneous emission of a system, meaning to either entirely
suppress it when it is not desired or, alternatively, engineer it to a useful form [71]. In
lasers, for example, spontaneous emission, which does not couple to the lasing mode,
raises the threshold and therefore limits their performance. In this regard, there is
an extensive field of research on the optimal design of nanolasers, tailored to control
spontaneous emission [80]. This aspect will have a greater relevance in part III of this
thesis.

4.2 Spectroscopy methods

4.2.1 Single wire pu-PL spectroscopy

All PL spectra presented in this thesis were recorded in the confocal p-PL setup, shown in
Fig. 4.2. The excitation was provided by dual mode lasers operating in continuous-wave
(cw) or pulsed mode. In this thesis, we use different lasers with excitation energies
of 1.8eV (690nm) or 3.1V (405 nm), a pulse width of FWHM = 50 ps and variable
repetition frequencies. The intensity of the laser light can be damped by either inserting
neutral density (ND) filter into the excitation path (blue trace in Fig. 4.2), or by regulating
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4.2 Spectroscopy methods

the current supply on the laser controller for a finer adjustment. Additionally, a half-wave
(1/2) plate in the beam path allows us to rotate the linear polarization of the excitation laser.
The laser is then directed via a 90:10 (R:T) beam splitter towards an optical microscope
objective, which focuses the laser onto the sample. Depending on the experiments, two
different objectives, with either 20x (NA = 0.45) or 100x (NA = 0.8) magnification,
are used, resulting in spot diameters of around 5 pm and 1 pm, respectively. To study
the optical properties of our NWs at low-temperatures, all samples are mounted into a
continuous-flow cryostat, cooled with liquid He,4 to obtain a nominal temperature of 4.2 K.
The cryostat is attached to a x-y-z piezoelectric translation stage to precisely the sample
with respect to the laser excitation area and to enable a spatial fine mapping of the emitted
PL.

The PL signal is collected by the same objective and directed towards the detection
part of our setup, while the excitation laser is spectrally filtered from the emission
by a optical longpass filter. A CMOS camera captures the real-space image of the
microscope and serves to orientate on the investigated samples. For that purpose, an
infrared LED optionally provides a spatially broad illumination of the samples. To record
the time-integrated PL spectra, the emitted signal is focused onto the entrance slit of a
spectrometer, which is equipped with a liquid nitrogen-cooled CCD array on the exit slit
to record the spectrally resolved signal. Polarization-resolved measurements are obtained
by inserting a linear polarizer into the detection path, as shown in Fig. 4.2. Furthermore,
an additional mirror is used to direct the PL signal to an avalanche photodiode (APD),
where a temporal resolution is provided by the method of time-correlated single photon
counting (TCSPC), which is explained in more detail in the next section.

4.2.2 Time-resolved measurements

Time-resolved PL spectroscopy is a powerful analysis tool to gain insights about charge
carrier dynamics. Detecting the dynamics of a PL process requires to record the intensity
of the emitted PL upon excitation at different times. TCSPC is thereby a well-established
technique for time-resolved luminescence measurements. The principle is sketched in
Fig. 4.3. The method is based on a repetitive and precisely timed registration of single
photons, with the excitation pulse serving as reference (cf. Fig. 4.3 (a)). According to the
principle of a stopwatch, the time difference between the laser pulse and the incoming
photon is measured by fast electronics and converted into a digital signal. In our setup, the
reference (sync) signal is available from the laser controller when the laser operates under
pulsed mode and the single photon detection takes place via an avalanche photodiode
(APD). After both photon events (excitation and emission) are converted into an electrical
signal, the time information is stored in form of time bins. These time bins are sorted in a
histogram with the width of the bins being the minimum time resolution of the stopwatch,
which is 25 ps in our instrument. It should be noted that, according to the principles of
quantum physics, the occurrence of a photon is entirely random, as it is for the individual
stopwatch readings [81]. The TCSPC method can therefore be seen as an account for
photon statistics solely based on probabilities. After many cycles, the histogram reveals a
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Figure 4.2: Schematic of the confocal p-PL setup used in this work. The
excitation is provided by different laser diodes, able to operate in cw or pulsed
mode. The laser light is focused through an optical microscope objective onto
the NW samples. The latter are mounted into a continuous flow cryostat. The
PL signal is then either directed to a CMOS camera, capturing the microscope
image, a spectrometer, which provides the spectral resolution, or to an APD to

detect the time-resolved signal.




4.2 Spectroscopy methods
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Figure 4.3: Principle of TCSPC, used for time-resolved measurements. (a) The
method is based on a stopwatch principle which measures the time between
the laser pulse (excitation) and an emitted, single photon. (b) All the recorded
timing events are then statistically piled up in a histogram, which registers
the probability of a photon being emitted after a certain time. The resulting
histogram after multiple cycles then portrays the, typically exponential, decay
curve of the investigated system. Adapted from Ref. [81].

decrease in the number of counts at later times, resulting in a typical exponential decay
curve for the registered photon events, as sketched in Fig. 4.3 (b). As the method is based
upon the detection of single photons, the requirement of single photon probability is
obtained by attenuating the emitted PL signal to the necessary extent by ND filters, which
are inserted into the detection path.
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The 1D quantum regime
B

5.1 One-dimensional subband formation

5.1.1 Quantum mechanical description

Speaking of one-dimension means to trap electrons or holes inside a potential well such
that only one dimension is left for free movement. The confinement along the other two
dimensions then causes a quantization of the particle’s kinetic energy, which is particularly
dependent on the dimensions and geometrical shape of the potential well. We now want
introduce the essential, quantum mechanical features and properties of an electronic
1D system. A more precise treatment incorporating the hexagonal cross section and in
particular the crystalline structure of wurtzite is presented at a later stage of this thesis.
We will give a course approximation by treating our nanowires as infinitely long cylinders
with radius a, having infinitely high potential barriers, so that

0 for r<a

00 for r>a’ 5.D

V(r,0)=V(r) = {

We denote z as the cylinder’s long axis and hence the direction of free motion, as
sketched in Fig. 5.1(a). Using polar coordinates, the two-dimensional, time-independent
Schrodinger equation can then be written in the form [39, 82, 83]

K2 62+162+162
or2  ror r2oe2?

) y(r,0) = Ey(r,0), 5.2)

2mJ_

where m is the particle mass perpendicular to the long axis. The wavefunction can be
separated into a radial and an angular part and thus be written as ¥/ (r,8) = R(r)®(6).
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5 The 1D quantum regime

The normalized angular part then has solutions in the form

1

The requirement that the wavefunction has to be single-valued premises the angular part
to return to the same value when adding 27, such that ®;(6) = ©;(6 + 2x), which restricts

the angular momentum quantum number to integer values: [ = 0, £1, £2, .... Equation 5.2
is then reduced to

[ hz(dz ld) h2 12

ﬁ-k;dr

When we replace E by k = V2mE /h, we can rewrite Eq. 5.4 to

] R(r) = ER(r). (5.4)

2m, 2m,r

r’— +r—+ [(kr)? = I*] R = 0. (5.5)
r r

This is known as Bessel’s equation with solutions J; (kr) and Y;(kr), which are the Bessel
functions of order / of the first and second kind, respectively. Given that the Bessel
function of second kind Y;(kr) diverges at the origin, only first kind Bessel functions
Ji(kr) are considered as solutions. In addition, due to the infinitely high potential walls,
the wavefunction must vanish at r = a, thus requiring J;(ka) = 0, which is fulfilled for
every n-th zero j;, of the Bessel function with n = 1,2, .... Hence, the allowed wave
vectors amount to k = j; ,/a, resulting in wavefunctions and eigenenergies of

j ’ h2j2
@, (r) o J (’—”)exp(ile) and e, L (5.6)

a T om2a?
with g, being the bottom of each subband. This leaves us with the total energy of charge
carriers in a 1D system of

E=g,+—. (5.7)

’ 2m||

The second term thereby describes the free motion of charge carriers along the z-direction
with their parallel mass m)|. The lowest four subband energies &, with the radial part of
their corresponding wavefunctions are sketched in Fig. 5.1 (a).
With Eq. 5.6 we can now calculate the subband energies in dependence of the nanowire
diameter d = 2a in this approximation. The results for the five lowest energy states
for electrons e, and holes h;, are plotted in Fig. 5.1 (b), where we used the effective
masses m, . = 0.075mg and m » = —0.12 my, taken from Ref. [84]. In PL spectroscopy
however, we are rather interested in the interband transition energy between the electron
and the hole states, i.e. e;, — h;,, which is plotted in (c) for the most probable transitions
with coinciding quantum numbers / as a function of wire diameter. Below a diameter
of ~ 40 nm, the curves increase very steeply with decreasing diameter. This highlights
that, in the range below 40 nm, a small variation in diameter causes a strong change in
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5.1 One-dimensional subband formation

confinement energy. In the later course of this work, it will be useful not to determine
a particular diameter dependence, but rather the energy splitting of the subbands with
respect to each other. It is obvious from Eq. 5.6 that all subbands follow the same
diameter dependence &;,, « 1/a® and only differ in a certain prefactor depending on
Jin- We graphically depict this in Fig. 5.1 (d) where we plot the interband transition
energies of higher states, as shown in (c), as a function of the lowest possible subband
transition eg — ho 1. All transition energies from higher states increase linearly with
the lowest energy, or ground state transition, respectively and only differ in their slope.
This observation is helpful in determining whether peaks in optical spectra result from
subband transitions, without the need for knowing the exact diameter.

5.1.2 Density of states in low-dimensional systems

The spatial quantum confinement described above also leads to significant variations
in the density of states (DOS) of a 1D system compared with bulk or two-dimensional
semiconductors. By contrast with the square-root shape and the step-like behavior of a
3D or 2D system, respectively, the DOS in a 1D quantum object scales with 4/1/E. The
explicit form of the one-dimensional DOS (per unit length) for an infinitely high potential
well is given by

1 2m
E) = — O(E — Eoap — €1.1), 5.8
nlD( ) ; ﬂ'h\/E — Egap . ( gap — €I, ) (5.8)

thus having singularities at each subband minimum ¢;,. At these points, the 1D DOS
clearly exceeds those of a 3D or 2D structure, as it is sketched in Fig. 5.2, which is
advantageous in many applications, e.g. lowering the threshold of lasers. The parameter
that guarantees the energy conservation when describing interband transitions with
Fermi’s golden rule is then given by the joint density of states (jJDOS), which determines
the number of electronic states in the conduction and valence band that are separated by a
certain energy and is therefore strongly related to optical absorption spectra [64]. In other
words, the jDOS tells us the number of states available for photons to interact with. As
the DOS in Eq. 5.8 is valid for quantum confined subbands in both, the conduction and
the valence band, the 1/VE energy-dependence, shown in Fig. 5.2, is also present in the
jDOS.
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Figure 5.1: Subband formation in 1D quantum systems. (a) Schematic illustration
and coordinate system of a quantum wire with circular cross section (right) and
the corresponding first four wavefunctions with eigenenergies €;, (left) inside a
quantum wire with radius a. (b) Diameter-dependent eigenenergies of the first
five electron and hole states e;, and h; ,, respectively. (c) Possible transition
energies between electron and hole states with the same quantum numbers / as a
function of wire diameter. (d) Same transition energies as in (c), but as a function
of the lowest transition eg ; — Ao ; in order to highlight the linear dependence
between the energy states.

40



5.2 Optical transitions in wurtzite GaAs quantum wires
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5.2 Optical transitions in wurtzite GaAs quantum
wires

As discussed in Sec. 2.2, in wurtzite GaAs the degeneracy of the heavy-hole (hh) and the
light-hole (1h) valence bands is lifted. The energy of the light-hole to conduction band
(el) transition is about 100 meV larger than the transition from the bottom of heavy-hole
valence band [28, 30, 53, 85]. The symmetry of the valence bands then furthermore
leads to polarization anisotropies of optical transitions. We now discuss the polarization
selection rules in wurtzite GaAs including size quantization effects in the electronic
1D regime. Figure 5.3 (a) sketches the electronic dispersion E (k) of a quantum wire
when the bands are split into subbands and the z-direction is the direction of free motion.
The sketch is based upon the band structure calculations in Ref. [17] and illustrates
optical transitions between the valence and conduction subbands in vicinity of the I"-point.
While optical transitions from valence subbands with dominant hh character (red) are
primarily polarized perpendicular to the wire axis, transitions from subbands with lh
character (blue) can occur in both directions of polarization. Hence, the character of
the involved subbands can be expected to strongly affect the polarization behavior of
experimental emission or absorption spectra, respectively. Accordingly, in Fig. 5.3 (b)
we show a calculated, polarization-resolved absorption spectrum of a wurtzite GaAs
wire with 26 nm core diameter. The calculations are performed by Dr. Paulo E. Faria
Junior within the scope of our collaboration, which is also presented in Ref. [86]. The
band structure is calculated via the k-p framework under consideration of the hexagonal
quantum confinement. In order to properly model the intrinsic polarization anisotropies of
optical transitions, the valence band Hamiltonian includes band-mixing effects of heavy,
light and crystal field split-off holes and the conduction band is treated with a parabolic
dispersion. The absorption spectra are then calculated by

2
a“(hw) = Cy Z p?vkz‘ Fevk, 6 (hwevk, — hw) (5.9)

cv,k;

in which the superindex a refers to the light polarization in perpendicular x- or parallel
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5 The 1D quantum regime

z-direction, respectively, the indices ¢ and v label the conduction and valence subbands
and k, is the wave vector along the wire axis. pﬁvkz = (c,k,|p-alv, k;) is the dipole
matrix element for the polarization of the light @, incorporating the valence band mixing
and anisotropic Kane parameters [87, 88], F , «, = ( ok, — fc,kz), where f, _ and f i,
are the Fermi-Dirac distribution for the electron occupancy in the valence and conduction
subbands, h the Planck’s constant, w,y, is the interband transition frequency and ¢ the
Dirac delta function. The constant Cy is given by Cy = An2e?) (cn,eomgwﬂ) with the
electron charge e, the speed of light ¢, the refractive index of the material n,, the vacuum
permittivity €y, the free electron mass mg and the nanowire volume €. In the calculation,
undoped systems at nearly zero temperature are assumed, so that ( f,x — fck) = 1. The
broadening due to finite carrier lifetimes was taken into account by replacing the Dirac
delta function by a Lorentzian function with a full width at half-maximum of 5 meV.
More specific details on the calculations can be found in Ref. [86] and the references
therein.

The calculated spectra of the 26 nm wire in Fig. 5.3 (b) are structured by the typical
Van-Hove singularities of a one-dimensional jDOS, here weighted by allowed optical
interband transitions constituted by the dipole matrix element for light polarizations in
perpendicular x- (red) or parallel z-direction (black). The singularities are resonances
of the optical transitions highlighted by the arrows in Fig. 5.3 (a). The energy is scaled
with respect to the bulk bandgap of wurtzite GaAs, set to Eq,, = 0. The polarization
anisotropies due to the band symmetries are directly seen in this calculated spectrum. In
the energy range below ~120 meV, perpendicular polarized transition outweigh in the
spectrum, which directly underlines the dominant hh-character of the involved subbands.
The absorption of parallel light intensifies when the energy of the first resonance of
a light-hole type subband is reached, which is at ~125 meV above the bulk bandgap
in the 26 nm wire presented here. Comparing the overall intensity of the two spectra
over the entire presented energy range, up to 200 meV above the wurtzite bulk bandgap
here, Fig. 5.3 (b) predicts the absorption and emission to be dominated by perpendicular
transition dipoles.

Understanding the optical properties and anisotropies of the wurtzite band structure is
crucial when wurtzite nanowires are analyzed in optical spectroscopy. The calculations
therefore form a marvelous testbed for verifying experimental observations. The large
energetic distance between the individual subbands in this 26 nm wurtzite quantum wire,
a diameter which is experimentally feasible by our growth technique [16, 53], motivates
us to study such wires in high-excitation photoluminescence (PL) spectroscopy.
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Figure 5.3: Polarization selection rules in 1D confined wurtzite GaAs. (a)
Sketch of the subband dispersion resulting from size quantization. The electronic
conduction band (gray) and the non-degenerate heavy hole (red) and light
hole (blue) valence bands are split into subbands. The arrows indicate the
allowed dipole transitions with their respective allowed directions of polarization.
(b) Calculated, polarization-resolved absorption spectra of a wurtzite GaAs
nanowire with 26nm core diameter, showing typical Van-Hove singularities of a
1D quantum object.
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Signatures of subband tfransitions
in photoluminescence

6.1 High power photoluminescence spectroscopy
of quantum wires

In the previous chapter, we described the effects of 1D quantum confinement on the
electronic band structure and the density of states. In absorption, transitions between
quantized states manifest as Van-Hove singularities at certain energies above the bulk
bandgap which we show in the calculated absorption in Fig. 5.3 (b). As the experimental
realization of absorption measurements is difficult in single quantum wire spectroscopy,
we investigate our wires by p-PL spectroscopy via increasing excitation power density,
which has been successfully implemented in other systems before in order to observe
quantized states [89-94]. Figure 6.1 (a) shows characteristic spectra of a single quantum
wire under various excitation intensities, irradiated with a pulsed, 3.1 eV laser diode
with 80 MHz repetition frequency. At low excitation, the emission displays a single,
narrow PL peak at 1.522 eV. This peak is representative for the ground state emission,
here labelled as "1", when all excited carriers relax to the lowest conduction and valence
subband, respectively. With increasing excitation power, additional peaks emerge on the
high energy side of the spectrum. In this example, up to four peaks arise at the highest
excitation level at 1.550¢eV, 1.585¢eV and 1.629 eV which are marked with numbers "2-4"
in the plot. Note that the energetic position of the peaks slightly, but not significantly shift
to lower energies, which can be attributed to the renormalization of the bandgap due to
many-body effects in the electron-hole system [91]. This effect is more pronounced under
continuous-wave excitation which is shown and briefly discussed in the Appendix A.1.
We now further analyze these peaks in Fig. 6.1 (b) by plotting the absolute luminescence
peak intensities of the transitions marked in (a) as a function of the excitation power. Peak
1 is already saturated at an excitation power of 0.45 W/cm? and even slightly degrades at
higher powers which may indicate an increase in carrier temperature [90, 91]. Only after
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saturation of peak 1, the second peak (peak 2) starts to emerge and amplifies until the
third peak appears. The same behavior can be observed between peak 3 and peak 4. Note
that the total peak intensities are influenced by the tails of neighboring peaks, which add
up as background, especially when the peaks are spectrally broad under high excitation.
This background was not subtracted for the individual peaks and causes a further, slight
increase in the peak intensity after saturation. The excitation power dependency shown in
Figs. 6.1 (a) and (b) for this single wire strongly suggests that the high energy peaks 2 — 4
arise from transitions between higher excited subbands. Due to the E~!/? dependence of
the density of states of the quantum wire subbands, the transitions in emission remain
quite sharp and are visible as discernible peaks [93]. In addition, the finite recombination
rate of the charge carriers [12, 53] combined with Pauli exclusion principle [64] leads
to band filling and facilitates the occupation of higher subbands for sufficient pumping.
In this stage, charge carriers from higher levels can not relax into the lowest energy, or
ground state anymore and recombine from higher states. These emitted, high-energy
photons can also not be reabsorbed by the saturated, lower-energy states, which promotes
their visibility in photoluminescence. The presented behavior is characteristic for all of
our studied quantum wires that are grown as described in Sec. 3.3.2 and exhibited an
adequate wurtzite structure.

In total, we investigated 37 wires with different total, dielectric diameters on various
substrates, all of which exhibited multiple peaks with increasing excitation. The wires
were either excited with a 3.1eV or a 1.8eV laser diode at 10 - 80 MHz repetition
frequency, which did not lead to any differences in the emission behavior. Figure 6.1 (c)
summarizes the peak energies observed in the 37 single wires and displays the energies
of the peaks 2-4 as a function of the energy of their corresponding ground state emission,
peak 1. As mentioned in Sec. 3.3.1, the quantum wire core diameters are statistically
distributed between 20-40 nm. In this diameter range, a diameter variation of only a few
nanometers leads to a significant change in PL energy as a consequence of enhanced size
quantization effects, which is highlighted in Fig. 5.1 and experimentally presented in
Ref. [16]. The ground state PL energy of peak 1 therefore continuously increases from
1.515eV to 1.548 eV with decreasing core diameter. Along with the ground state energy,
the energies of the peaks 2-4 also increase steadily, following a linear dependence with the
ground state energy as it was discussed in Sec. 5.1.1. The linear dependence is indicated
as a guide to the eye for each peak in Fig. 6.1 (b). It is therefore most likely that the peaks
are caused by transitions from higher excited subbands. While strong optical pumping of
nanowires could also induce the formation of resonances from longitudinal cavity modes,
we indeed exclude the emerging peaks to feature cavity resonances. Though each wire in
principle geometrically represents a Fabry-Pérot cavity, it would be highly unlikely to
observe such similar cavity resonances in 37 wires with different diameters, tip shapes
and wire lengths.

For the first time, we spectrally resolve multiple subband transitions in the photolumines-
cence of single, wurtzite quantum wires, demonstrating significant confinement energies
to be realized in our core-shell NWs. This provides an ideal model system for optically
pumped studies of excitons and carriers in the 1D quantum limit. Next, we further

46
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investigate of the subband structure regarding the polarization selection rules discussed in
Sec. 5.2 for these quantum wires.
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Figure 6.1: Indication of subband filling in quantum wires. (a) Exemplary PL
emission spectra (normalized) of a single wire under increasing excitation power.
While at low excitation only one narrow peak exists, up to four, well-separated
peaks arise at the high-energy side of the spectrum with increasing excitation
intensity. The peaks are labeled with numbers 1-4. (b) Intensities of peaks 1-4
as a function of excitation power on a double-logarithmic scale. Higher-energy
transitions emerge when the lower states are saturated. (c) Summary of subband
energies of the investigated nanowires at high excitation power as a function of
the ground state emission energy (peak 1). The linear dependence between the
energies are indicative of subband transitions. The lines are guides for the eye.



6.2 Polarization analysis of dielectrically thin quantum wires

6.2 Polarization analysis of dielectrically thin
quanfum wires

In Ch. 5, we discussed the characteristics of the density of states in 1D quantum
confined structures and specified the 1D band structure for wurtzite quantum wires, in
particular by elaborating on polarization anisotropies for different optical dipole transitions.
Experimentally, we demonstrated the observation of up to four subband transitions in
the PL emission of our self-assembled wires. We now want to further connect theory
and experiment by analyzing these subband transitions by polarization-resolved PL
spectroscopy. It should be emphasized that this is a unique possibility to address multiple
subband transitions at once, as experimental access to such strong quantum confinement
in wurtzite GaAs is rather scarce.

To record polarization-resolved PL spectra, a rotatable linear polarizer was inserted into
the detection path of our p-PL setup, allowing to filter the emission from wires lying
on a substrate by perpendicular x-, or parallel z-polarization. A schematic of the setup
is shown in Fig. 6.2 (a). We start by analyzing two different wires with both having a
comparatively thin AlGaAs shell and total, dielectric diameters of around 60 nm. The
wires were excited with an energy of 3.1 eV at 80 MHz repetition frequency under the
highest possible excitation power to achieve a high occupancy of quantum wire subbands.
Note that we non-resonantly excite our wires with a lot of excess energy and solely
concentrate on the polarization of the PL emission. The linear polarization of the exciting
laser beam is therefore not relevant for our experiments. Figures 6.2 (b) and (c) show
the results of the measured photoluminescence spectra analyzed perpendicular (red)
and parallel (black) to the wire axis for quantum wires with a core diameter of 26 nm
and 31 nm respectively. Focusing on the perpendicular spectra, both wires reveal three
well-separated peaks at energies of E| =1.536¢V, E, =1.580¢eV, E3 =1.638¢V for the
26 nm wire and E; =1.527 eV, E, =1.562¢V, E3 =1.610¢V for the 31 nm wire. The larger
energy values of (E3 — E;) for the 26 nm wire are in accordance with a larger energy
splitting in thinner quantum wires as a result of stronger quantum confinement, as outlined
in Secs. 5.1.1 and 6.1. The exact quantum wire core diameters given in the remainder of
this chapter are determined by comparing the energetic distance between the PL peaks
with those between the Van-Hove singularities in calculated absorption spectra for various
diameters, like the one shown in Fig. 5.3 (b). Coming back to the theoretical model on the
polarization behavior in wurtzite quantum wires in Fig. 5.3 (b), the calculated absorption
spectra predict perpendicular transitions to dominate the spectrum in the presented energy
range. Comparing this with the emission spectra of the two wires in Figs. 6.2 (b) and
(c), this holds true for the first transition E7, i.e. the ground state peak in both spectra.
Intriguingly, transitions at higher energies, that is from higher excited states, clearly favor
the emission of parallelly polarized light. At first sight, this experimental observations
deviate from the calculated polarization-resolved analysis in Fig. 5.3 (b), which is solely
based on interband transitions from the electronic 1D subband structure. This discrepancy
may imply that, besides purely electronic polarization selection rules weighted by the
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Figure 6.2: Polarization-resolved analysis of dielectrically thin quantum wires.
(a) Simplified schematic of the setup for polarization-resolved PL. measurements.
(b) Experimental PL emission spectra of a 26 nm core quantum wire analyzed
perpendicular (x-pol., red) and parallel (z-pol., black) to the wire axis. (c)
Respective emission spectra for a quantum wire with 31 nm core diameter.

optical matrix element, also extrinsic, or photonic anisotropies in the light polarization
must be considered. This will be examined in detail in the next chapter.
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Photonic polarization anisotropies
In nanowires

7.1 The dielectiric mismaich effect

The discrepancies in the polarization behavior between thin nanowires in Sec. 6.2 and
the calculations in Sec. 5.2 give rise to the assumption that not only intrinsic electronic,
but also extrinsic, photonic anisotropies have to be considered when the polarization
behavior of nanowires is studied. Early studies on optical polarization anisotropies in
nanowires or quantum wires have focused on lithographically or epitaxially defined wires
embedded in a semiconductor medium [95-98]. Self-assembled nanowires, however,
either free-standing or lying on a substrate, are subjected to a large refractice index
contrast with their environment. In combination with their high aspect ratio, this induces
a strong polarization anisotropy of the absorbed and emitted light, which may add to, or
possibly even outweigh, the electronic selection rules predicted by the band structure.
This dielectric mismatch effect can be deduced from classical electrodynamics by treating
the nanowire as an infinite dielectric cylinder in a uniform electric field E°t [99]. Inside
the cylinder, the magnitude of the field component perpendicular to the long axis is then
solely dependent on the relative dielectric constants of the cylinder medium € and it’s
surrounding medium €°*':

E" = ES™, (7.1)

ein 4 egout
where E* and E9"! are the perpendicular electric field components inside and outside the

cylinder, respectively [31, 84, 100-102]. At the same time, the parallel field component
is continuous at the interface:

Eﬁ" = E[". (7.2)

In the case of self-assembled semiconductor nanowires, the dielectric constant of the wire
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7 Photonic polarization anisotropies in nanowires

is typically larger than that of the environment, thus inducing a strong reduction of the
perpendicular field component inside the wire, while the parallel field remains constant.

In the case of E{"' = E I(IM , Eq. 7.1 yields the attenuation ratio ¢:

260Mt 2

Ein + egout

L |Enf
=== =
1

(7.3)

2

) )Enn

indicating the suppression of the perpendicular field intensity 7, = |ET|2 with respect
2 .
. For instance, in a GaAs nanowire with € = 12.4 [103]

to the parallel one /| = ‘E ﬁ”

surrounded by vacuum (€°*' = 1), the perpendicular electric field is suppressed by a

factor of 6 = 0.022 compared with the parallel field. Though Eq. 7.1 was initially derived
for static electric fields, it is also applicable for high frequency fields as long as the
wavelength of the field is much larger than the nanowire diameter A > dyw. In practice,
in nanowire experiments, the diameter is often comparable to the emission wavelength
inside the wire 1/n. We therefore establish a diameter-dependent attenuation value 6 (d)
by a more custom-tailored approach using finite-element-method (FEM) simulations,
which is presented in the following.

7.2 Estimating the diameter-dependent dielectric
mismatch by numerical simulations

Before we further analyze the polarization in our wires with different dielectric diameters,
we specify the light attenuation by diameter-dependent, finite-element-method (FEM)
based simulations using the modeling software implemented in COMSOL Multiphysics
v4.2a. The geometry consists of a 6 X 6 1m?” rectangle divided into two parts: The upper
domain is defined as air or vacuum, respectively, with a refractive index of nj = 1 and
the lower domain as SiO, with ns;o, = 1.45 [104, 105], simulating the substrate. The
nanowire cross section is formed by two concentric hexagons placed in the center of the
simulation area, where the inner hexagon represents the GaAs core with a fixed diameter
of d.ore = 30 nm and a refractive index of ngaas = 3.67, and the outer one the AlGaAs
shell with najgaas = 3.40 [106]. The system was excited by launching a plane wave
with Gaussian shape from the upper boundary of the simulation area, which was either
polarized perpendicular (E,) or parallel (E,) with respect to the nanowire axis. To the
remaining boundaries, perfectly matched layers (PML) were attached in order to absorb
all outgoing radiation and to minimize backscattering from the outer borders. As we want
to assess the light suppression of the nanowire emission, the wavelength of the source
field was set to A = 800 nm, close to the measured PL wavelength. The geometry of an
exemplary result is presented in Fig. 7.1 (a), where the total, dielectric nanowire diameter
was set to d = 60 nm and the source field is polarized in perpendicular x-direction. The
incident light beam is partially reflected and partially transmitted at the air/SiO, interface
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7.2 Estimating the diameter-dependent dielectric mismatch by numerical
simulations

due to the slight refractive index difference. Figures (b) and (c) highlight the electric
field distribution in vicinity of the wire in the case of perpendicular (b) and parallel
(c) excitation, respectively. It is clear to see, that the perpendicular electric field in (b)
is significantly suppressed inside this 60 nm wire and that the intensity is distributed
along the outer side facets, which is reminiscent of a leaky waveguide mode when the
wire diameter is thin compared to the wavelength [12, 107]. In contrast, under the same
configuration, but now with a parallelly polarized source field in (c), the electric field
inside the wire is apparently slightly enhanced. These two results display very well the
strong polarization anisotropy in dielectrically thin wires due to the dielectric mismatch
effect. In order to quantify this and to get the diameter dependence, we varied the size of
the AlGaAs shell while keeping the GaAs core fixed at a diameter of 30 nm. Equivalent
to the scenarios in Figs. 7.1 (a-c), we then performed a diameter sweep in the range of
d =40 — 400 nm for both directions of polarization. As the detected photoluminescence
only occurs inside the GaAs core, we integrated the resulting electric field over the core
domain (normalized to the core area) for each dielectric diameter and polarization. The
results are plotted in Fig. 7.1 (d) as dashed lines. In particular for diameters below
~ 150 nm, the differences between the integrated perpendicular (dark blue) and parallel
(light blue) electric fields are striking. While the perpendicular electric field inside the
core is minimal, the parallel field even exceeds unity with a maximum at d = 70 nm.
Above d = 150 nm, the curves deliver similar values and start to oscillate around unity at
larger dielectric diameters. These oscillations can be explained by total internal reflection
at the nanowire side facets, resulting in resonances at specific diameters with field maxima
in the core region (see also Appendix A.2). According to Eq. 7.3, we can then calculate
the diameter-dependent attenuation value

() B

od) = Ij(d)

- (7.4)
E|(|301'e (d) ‘

defining the light suppression inside the NW core (green curve in (¢)). With a minimum
at 6(70nm) = 0.015, the attenuation value even falls below the classically determined
o-value calculated in the previous section for a thin GaAs wire in the limit d < 4. At
larger diameters, however, d(d) approaches unity at around 260 nm, so that the emission
and absorption becomes almost unpolarized. Note that the oscillations with different
phases of |E | and |E||| also leads to an oscillating 6(d).

Though our FEM model technically speaking simulates an absorption event, our results
are bearing strong analogies with the theoretically approached emission case established
by Ruda et al. [108] (see also Fig. A.2 (a)). We therefore conclude that the obtained
o-values are valid for both absorption and emission events, especially in the given
configuration, as the excitation and detection paths are alike and geometrically coincide
with the presented simulation. Hence, we are able to distinguish between absorption
and emission polarization anisotropies by solely replacing the wavelength at which the
simulation is solved.
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Figure 7.1: Numerical FEM simulation to estimate the diameter-dependent
dielectric mismatch effect. (a) Normalized electric field distribution of the
system when excited by a perpendicular, x-polarized wave of Gaussian shape,
launched from the upper boundary of the simulation area. (b) Electric field
distribution in the vicinity of the nanowire with a dielectric diameter of d = 60 nm
when the system is excited by a perpendicular, x-polarized wave. (c) Respective
solution when the system was excited by a parallel, z-polarized wave. (d)
Magnitude of the electric field inside the nanowire core as a function of dielectric
diameter (dashed lines) and the corresponding attenuation factor ¢.

Note, that Ruda er al. have modeled the polarization ratio of the PL emission by
considering an effective emitting dipole at the center of the nanowire, while in fact
luminescence occurs throughout the entire NW volume. As we integrate the electric field
only over the very thin GaAs core in the NW center, our numerical results are similar to
the analytically modeled data in Ref. [108]. In nanowires with thicker cores, however,
the importance of taking the whole volume into account rises. It is necessary to evaluate
the electric field by integrating over the entire core region, which can only be performed
numerically [108]. The differences between analytical and numerical approaches become
clear by the direct comparison of the electric field evaluation in the NW center on the one
hand, and over the entire NW cross-section on the other hand, which is further elucidated
in Appendix A.2.
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Diameter-dependent polarization
anisotfropies

8.1 The dieleciric mismatch effect in thin and thick
quanfum wires

Having the possibility to evaluate the dielectric mismatch for any desired diameter, we
now come back to the analysis of the polarization behavior of the 26 nm core quantum
wire with a thin dielectric diameter of d = 45 nm, plotted in Fig. 8.1 (a). For this wire,
we determine a attenuation d-value of 0.016 from our simulations. This means that the
perpendicular light field inside the core is suppressed by almost two orders of magnitude
compared with the parallel field. We take this suppression into account in our calculation
of the absorption spectrum by multiplying the calculated, perpendicular spectrum with
the 6-value determined in our FEM simulation. The results are plotted in Fig. 8.1 (b).
The calculated spectra are rigidly shifted in energy so that the first singularity coincides
with the ground state PL peak in Fig. 8.1 (a). As can be seen, there is a non-zero
parallel contribution even below the energy of the first light-hole to conduction band
transition at around 1.625 eV. We attribute this non-zero contribution to valence band
mixing effects that were implemented in the band structure calculations, described in
Sec. 5.2, and become relevant in the regime of strong quantum confinement. Apparently,
although transitions with lh character seem to be negligible in this energy range when
only electronic selection rules are considered (see Fig. 5.3 (b)), they become significant
when perpendicular transitions, that is with hh-character, are suppressed by two orders of
magnitude as a result of dielectric mismatch. As a consequence, the calculated spectrum
is now governed by parallel transitions above 1.55 eV, while perpendicular polarization
dominates below this energy, which is in excellent agreement with the characteristic
features of our experimental PL spectrum: On the one hand, the energetic positions of the
PL peaks perfectly match with the subband excitations in the calculation, on the other
hand, the switching of preferred perpendicular to preferred parallel emission/absorption
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8 Diameter-dependent polarization anisotropies

at around 1.55 €V is predicted correctly.

Vice versa, the results of our simulations imply that the dielectric mismatch gradually
weakens with increasing dielectric diameter. Thus, we now discuss the polarization
behavior of a much thicker wire featuring a dielectric diameter of 220 nm while still
maintaining the same thin GaAs core of 26 nm. The polarization-resolved PL spectra
are shown in Fig. 8.1 (c) and likewise reveal three perfectly distinguishable peaks in the
spectrum, but now with striking differences with respect to the polarization behavior
of the 45 nm wire. The PL emission is now clearly polarized perpendicular to the wire
axis over the entire experimentally covered energy range. In Fig. 8.1 (d) we show the
corresponding, calculated absorption spectra corrected by a d-value of 6 = 0.47, as found
for the 220 nm diameter from our FEM simulations. Though the perpendicular field is
still slightly suppressed, there is a high consistency with the experiments as all observed
transitions are predicted to be perpendicularly polarized. Nevertheless, the parallelly
polarized signal is significant in the experiment (black curve in Fig. 8.1 (c¢)), where
especially the first two peaks at E = 1.526 eV and E = 1.568 €V can not be explained by
the calculated absorption spectrum in (d), as the parallelly polarized contribution should
be low below E = 1.625eV. One explanation could be that polarization-resolved analyses
become more complex in emission spectroscopy when waveguiding effects come into
play. In sufficiently thick nanowires, charge carriers no longer emit only into free space,
but also into electromagnetic waveguide modes. As a result, the light is guided along
the wire before being isotropically scattered at the end facet or wire discontinuities and
emitted into free space. This scattered light, decoupled from the nanowire waveguide
mode, then no longer possesses its initial polarization. As we will discuss in more details
in Sec. 8.4, we have strong reasons to believe that the parallelly polarized signal from
our thick quantum wires, displayed in Fig. 8.1 (c¢), stems from initially perpendicularly,
mainly y-polarized emitted light, which is scattered into z-polarization at the nanowire
end facet. Note that the detection of true, y-polarized light is excluded in our measurement
geometry (see Fig. 6.2 (a)). Given that perpendicular x- and y-polarized dipoles underlie
the same selection rules, this scattering causes a spurious z-polarized (parallel) signal
below E = 1.625¢€V, having less intensity since it can only be collected from the end
facets. As waveguiding effects only become relevant in sufficiently thick nanowires, the
detection of a spurious z-polarization is more pronounced in the 220 nm wire than in the
45 nm wire.
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Figure 8.1: Polarization analysis of dielectrically thin and thick wires with a
26 nm core diameter. (a) Experimental PL spectra of a quantum wire with
d = 45 nm in excellent agreement with the calculated absorption spectrum in (b)
when the perpendicular spectrum is multiplied with the attenuation value 9. (c)
Polarization-resolved PL of a thick, 220 nm wire showing preferred perpendicular
emission over the entire energy range, also matching the behavior predicted by
the calculations in (d), where the dielectric mismatch is less prominent. All
y-axes are displayed in arbitrary units.
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8 Diameter-dependent polarization anisotropies

8.2 Diameter-dependent degree of linear
polarization

In order to further demonstrate that the intrinsic, electronic polarization selection rules
are strongly dominated by the diameter-dependent dielectric mismatch and that the light
attenuation gradually decreases with dielectric diameter, we finally compare the 45 nm and
the 220 nm wire with an intermediate dielectric diameter thickness of 110 nm. Therefore,
we plot the energy-dependent degree of linear polarization (DLP), defined as

DLP = M, (8.1)

Iy +1;)

where I, and I, are the perpendicular and parallel spectra, respectively. Accordingly, a
pure x-polarization (perpendicular) of the absorbed or emitted light yields DLP = +1
and pure z-polarization (parallel) DLP = —1. Figure 8.2 (a) shows the experimentally
determined DLP traces of the PL emission for the three different diameters in the first
100 meV, starting from the energetic position of the ground state peak.
The predominant perpendicular polarized signal from the comparatively thick, 220 nm
wire (6 = 0.047), which we analyzed in Figs. 8.1 (¢) and (d), results in a purely positive
DLP with no significant variation over the experimentally covered energy range, as can be
deduced from the purple curves in Figs. 8.2 (a) and (b). The deviation in absolute DLP
value (0.45 in the experiment and close to 1 in the calculation) derives from the spurious,
z-polarized signal, discussed in the context of Fig. 8.1 and in Sec. 8.4, whose contribution
reduces the absolute value of the experimentally detected DLP. The DLP trace of the
thinnest 45 nm wire (6 = 0.016), on the other hand, illustrates very well the previously
discussed switching from dominantly perpendicular to dominantly parallel polarization.
Starting from DLP = 0.5 at 0 eV, it switches from positive to negative at around 15 meV
above ground state and stays negative in the remaining energy range. Hence, the energy-
dependent polarization behavior, predicted by the model in Fig. (b) for an attenuation
value 6 = 0.016, is clearly resolved in the experimental DLP variations in (a), as well as
the presence of the first two subband transitions at 0 and 42 meV. It furthermore highlights
the key consequence resulting from a strong dielectric mismatch effect and considerable
suppression of perpendicular light: The possibility to experimentally resolve contributions
from z-polarized transitions, even if their contribution and thus their transition probability
is very small. In our wurtzite GaAs wires in particular, we thus prove and directly detect
the slight light-hole character in heavy-hole dominated valence subbands resulting from
band mixing. The control over the visibility of such contributions, which we gain by
tuning the dielectric dielectric diameter, is emphasized by the intermediate, 110 nm wire
in Fig. 8.2 (a). The switching from dominant perpendicular to dominant parallel linear
polarization now occurs at a higher energy compared to the 45 nm wire due to the less
suppression of perpendicular light, which is in very good agreement with the simulated
curve, modulated with 6 = 0.044 in (b). Note that the differences in absolute DLP values
between experiment and calculation at 0 meV are much less in the 45 nm and the 110 nm
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wire than in the 220 nm wire. This strengthens our suggestion that spurious signals due
to light scattering at end facets are a result of waveguiding and thus more pronounced in
sufficiently thick nanowires.

The excellent consistency in energy dependent DLP between our experimentally de-
termined and the calculated spectra, modulated with §, nicely highlights the subtle
superposition of the electronic selection rules, resulting from the band structure symmetry,
and the dielectric diameter-dependent photonic anisotropies that are strongly influenced
by the dielectric mismatch effect and waveguiding properties.

8.3 Influence on carrier dynamics

As the dielectric mismatch effect causes a giant polarization anisotropy in dielectrically
thin wires, it also lowers the amount of perpendicularly polarized photons that can exist
inside the nanowire. As delineated in Sec. 4.1, the number of available photon modes in
the emitter environment determines the rate of recombination into these modes. Hence,
the emission probability is affected by the local electromagnetic density of states (LDOS).
Apart from simple two-level system, energy conservation requires the consideration of
the electronic jJDOS when determining transition probabilities. The radiative efficiency
is thus proportional to the product of the electronic jDOS and the photonic LDOS [109,
110]. For dielectrically thin quantum wires, the reduction in LDOS for perpendicularly
polarized photons therefore lowers the decay rate of dipole transitions that include charge
carriers with dominant hh-character. This is proven by the polarization-resolved TRPL
measurements in Fig. 8.3 (a), showing the normalized decay curves of a single wire with a
dielectric diameter of 55 nm (determined by SEM) and a core diameter of approximately
30 nm (determined from the subband transitions). At times after 7 ns, the decay curves
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Figure 8.3: Polarization- and time-resolved measurements. (a) Decay curves of
a quantum wire with a 30 nm core and a dielectric diameter of 55 nm. The longer
decay time of perpendicular polarized dipole transitions directly reflects the
lowered LDOS as a result of dielectric mismatch. By contrast, the polarization
resolved decay curves of a quantum wire (core = 30 nm) with 210 nm dielectric
diameter (b), are identical.

significantly differ from each other depending on whether the light is analyzed parallel or
perpendicular to the wire axis. The slower rate of the perpendicular dipole transitions
is a direct result of the lowered photonic mode density due to the dielectric mismatch
effect. When we fit the curves at later times (¢ > 7ns), where both curves exhibit a
mono-exponential decay, we extract spontaneous emission lifetimes of 7, = 10.8 ns and
7| = 3.9 ns for the perpendicularly and parallely polarized decay, respectively (cf. light
blue traces in Fig. 8.3 (a)).

By contrast, the decay curves of a dielectrically thick wire show no difference between
the perpendicularly and parallely polarized emission. Fig. 8.3 (b) exemplarily shows the
TRPL measurements of a quantum wire with 210 nm dielectric diameter and the same
core diameter of 30 nm as the wire presented in panel (a). The reason for the identical
decay might be, that the detected photons stem from the same waveguide mode. As
already stated in Sec. 8.1, an isotropic scattering of the emitted light at the nanowire
end facets leads to a spurious, parallel z-polarization in the detection. As the detected
z-polarized light originates from the same perpendicular dipole transitions, the decay
curves are identical.

Our polarization- and time-resolved measurements thus clearly reflect the suppression of
photonic modes inside dielectrically thin wires as a direct result of the dielectric mismatch
effect. They furthermore support the results from the previous sections.
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8.4 Geometrical limitations

In the previous sections, we discussed the polarization selection rules of wurtzite subbands
in connection with light attenuation resulting from optical confinement. Owing to the
geometry of our experimental setup, we can solely distinguish between perpendicularly x-
and parallelly z-polarized emitted light in our polarization-resolved analysis (cf. Fig. 6.2
(a)). Nevertheless, there are some geometrical considerations limiting the accuracy of the
detected light polarization in our confocal setup:

1. The large collection angle of the high numerical aperture (NA) microscope objective,
through which the quantum wire signal is detected, influences the polarization in
the image plane in an intricate way. The resulting error, however, is equal for both
thin and thick dielectric wires and for all directions of polarization.

2. The polarization in thick nanowires becomes even more complex when waveguiding
effects come into play, as a result of which the emitted light is guided until the end
of the wire and is scattered into free space at its end facets. The scattered light from
the end facets then no longer possesses its initial polarization, as it is sketched in
the upper part of Fig. 8.4.

We now discuss the second mechanism in the context of the polarization analysis of the
220 nm wire, analyzed in the context of Figs. 8.1 (c) and 8.2 (a). There, we state that
we detect parts of initially y-polarized PL as z-polarized light in our spectra due to light
scattering at the nanowire end facets, which causes a discrepancy between the measured
and calculated polarization-resolved spectra (Figs. 8.1 (c,d)) and of the value of the
positive DLP (Figs. 8.2 (a,b)). As shown in Fig. 8.4 (a) in a real space micrograph of the
emission profile of a 220 nm wire, the observed z-polarized emission is significant only
at the end facets of the wire and at the point of geometrical tapering. Such an emission
profile is typical for light coupled to guided wire modes. However, z-polarized emitted
light actually cannot efficiently couple to optical waveguide modes of the nanowire, which
are the fundamental HE11, y modes in this diameter range [12, 18, 111, 112]. Hence, for
purely z-polarized emission, a free space emission would be expected in each point of the
nanowire: this would lead to an emission profile which is homogeneous over the whole
nanowire, in discrepancy with Fig. 8.4 (a). At the same time, x- or y-polarized light
which couples to the waveguide modes is emitted from the nanowire via scattering at the
end facets of the wire or at geometrical discontinuities (such as the beginning of a tapered
wire segment). This exactly matches our observation in Fig. 8.4 (a). We thus conclude
that the dominant part of the z-polarized light, which we observe in the spectra for the
220 nm wire (Fig. 8.1 (c)), is in fact mainly y-polarized light from guided wire modes
which has been scattered. At the contrary, x-polarized light (which we resolve in our
measurement geometry) either emits into a waveguide mode (k-vector in z-direction), or
radiates directly into free space towards the microscope objective (k-vector in y-direction).
This leads to a more homogeneous emission profile shown in Fig. 8.4 (b).
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We further illustrate our interpretation that most of the z-polarized emission in the
comparatively thick wires actually results from scattered y- or x-polarized guided modes
by 2D FEM simulations in a nanowire side view, shown in Figs. 8.4 (¢) and (d). The GaAs
nanowires are represented by the elongated rectangles with n = 3.66, a length of 2 pm
and two different diameters of d = 220 nm and d = 60 nm. The refractive index of the
surrounding was set to n = 1. For the excitation, we introduced a y-polarized plane wave
from the left side of the nanowires, propagating in z-direction and the wavelength was
set to A = 800 nm. The color scale indicates the resulting z-component of the scattered
electric field for the respective nanowire diameters. Fig. 8.4 (c¢) clearly shows how the
wave is guided, and only emitted into free space, at the end facet of the 220 nm wire.
Furthermore, the z-component of the scattered wave propagates into the direction of the
microscope objective, which is deduced by the wave front intensities and indicated by
the red arrow. The grey shaded areas sketch the large opening angle of the microscope
objective with NA = 0.8. This is in consistency with the observed emission profile
shown in Fig. 8.4 (a) and solidifies our assumption that the parallelly detected signal in
Fig. 8.1 (b) arises from initially perpendicularly, y-polarized emitted light, which then
uniformly lowers the absolute values of the DLP (Fig. 8.2 (a)). These scattering effect
is less prominent in wires with thin dielectric diameter, as no waveguiding modes exist.
All emitted light is then directly radiated into free space modes, which is illustrated in
Fig. 8.4 (d) for a 60 nm wire.
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Figure 8.4: Waveguiding and light scattering in nanowires with thick dielectric
diameter. (a,b) Real space micrographs of the PL emission profile when analyzed
along parallel z- (a) and perpendicular x-direction (b). While the z-polarized light
in (a) is only emitted at the nanowire ends or discontinuities, the x-polarized PL
emission is homogeneous over the wire length. (c,d) Numerical FEM simulations
illustrating the side view of the nanowire with a dielectric diameter of 220 nm (c)
and 60 nm (d). The color scale indicates the scattered electric field component E,

of a y-polarized plane wave that was launched from the left side of the nanowire.

The grey shaded areas sketch the large opening angle of the microscope objective
with NA = 0.8.
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Conclusion and outlook
B

In conclusion, our research has shown that our MBE-grown core/shell nanowires provide
ultrathin GaAs cores, which ease experiments in the 1D quantum limit. Given their large
confinement energies of several tens of meV, we are able to experimentally resolve up to
four, well-separated subband transitions in the PL emission spectra of single quantum
wires. We found an excellent agreement of the experimentally observed subband energies
with k-p-based calculations. By polarization resolved PL-spectroscopy, the resolution of
the subband structure further allows us to experimentally reveal the optical selection rules
of WZ GaAs in the 1D quantum limit. At the same time, we demonstrate a significant
role of the AlGaAs shell in polarization-resolved spectroscopy of our quantum wires:
The polarization behavior is highly influenced by the dielectric mismatch effect, which
induces a considerable suppression of perpendicular polarized light inside the wires with
comparatively small dielectric diameter. This extrinsic, photonic polarization anisotropies
significantly overlie the intrinsic, electronic 1D wurtzite selection rules. In practice,
these dielectrically thin wires actively suppress perpendicularly polarized hh subband
transitions and, hence, provide the opportunity to selectively excite 1D lh excitons. On
the other hand, comparatively large dielectric diameters, above 200 nm, are required
to observe the polarization behavior predicted the purely 1D electronic selection rules.
By integrating our numerical simulations into the k-p-based calculations, we found and
excellent match between the calculations and the polarization resolved emission spectra.
These results will have to be integrated into spectroscopic studies and optically driven
applications of such 1D wires. Furthermore, dielectrically thick quantum wires can serve
as optical cavities. Together with their large confinement energies, they are promising
candidates for the realization of thresholdless quantum wire lasers. Our results provide
useful insights for the design of such lasers, including the optimization of the overlap
between the targeted electronic subband transition and the cavity mode.
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10

Fundamentals of semiconductor
lasers

Lasers (Light Amplification by Stimulated Emission of Radiation) have meanwhile become
an essential part in diverse applications of daily life, e.g. in industry, medicine, science,
and more. There exist many different kinds of lasers, but all share the main components: a
material which is capable of amplifying radiation (gain medium), a resonator that provides
positive optical feedback and a pump source that induces population inversion.

Through their unique elongated shape and high refractive index, semiconductor nanowires
naturally possess two of the three main components: the semiconductor material acts
as a gain medium and the shape of the nanowire forms a stand-alone Fabry-Pérot (FP)
cavity where the nanowire end facets function as reflecting mirrors (cf. Fig. 10.1).
Through adding external pumping, which is done either electrically or optically, the three
components to build a laser are complete.

In the following sections, we itemize important features and figures of merit that are
essential for the design and characterization of nanowire lasers. Starting with the
description of how optical gain is achieved in a direct-bandgap semiconductor, we
continue with the basic principle of a laser resonator, followed by the waveguiding
properties of nanowires. Afterwards, the lasing threshold and its connection with the
mode confinement factor is defined. In the final section, a basic theoretical description of
laser dynamics and how it is influenced by the spontaneous emission factor is given in the
frame of static, coupled rate equations.
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Figure 10.1: Schematic of an optically pumped nanowire laser. Three main
components are needed to build a laser: a gain medium that is able to amplify
radiation, an optical cavity to provide optical feedback and an external pump
source to achieve population inversion. Semiconductor nanowires inherently
exhibit two of those components: The semiconductor material acts as gain
medium, and the elongated shape plus high refractive index build a stand-alone
optical cavity of length L with the wave being reflected at the end facets of the
nanowire. Modified according to Ref. [113].

10.1 Optical gain in semiconductors

In order to achieve stimulated emission, a suitable optical gain medium is needed.
Direct-bandgap semiconductors, such as GaAs, are very attractive in this regard as they
are smaller, cheaper, and less power consuming than other kinds of lasers [114]. In
optically excited semiconductors, gain, and hence amplification, is achieved by pumping
a sufficient amount of electrons from the valence to the conduction band. The high
amount of carrier injection then leads to the development of quasi-Fermi levels for
electrons and holes, denoted as Er ., and Ef j in Fig. 10.2 (a), respectively, whose energy
separation must be larger than the bandgap of the semiconductor gain material and thus
u=FEp.—Ep; > hw > E,. This is known as the Bernard-Duraffourg condition, which
is satisfied above a certain carrier density and is necessary for the generation of stimulated
emission [114, 115]. The process sketched in Fig. 10.2 (a) resembles the laser model
of a four-level system. The carriers are injected to higher energy states, which are the
quasi-Fermi levels Er , and EF j, followed by a quick, mostly non-radiative relaxation
into the ground state, meaning the band edges in Fig. 10.2 (a), where photon emission
occurs with an energy hw. Furthermore, the lifetime of the carriers in the ground state
must be longer than the time needed for the relaxation process, which is typically the case
in semiconductors like GaAs (fast phonon relaxation on the order of ps [116—120] versus
radiative lifetime on the order of ns [12, 54]).

The energy-dependent optical gain in a semiconductor is usually derived perturbatively
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10.1 Optical gain in semiconductors

with Fermi’s Golden Rule and expressed in the form [121]

nhe?
§(E) = ——o—

\M? p;(E) [f-(E,Er.) - f.(E,Erp)], (10.1)
€omon;vgE

where e, €, mg, ng and v, are the electron charge, the vacuum permittivity, the electron
mass, the material refractive index and the electronic group velocity, respectively. |M|? is
the interband matrix element that governs the strength of optical transitions between the
valence and conduction band and depends on various factors including the overlap between
electron and hole wave function as well as the polarization of the optical field. p;(E) is the
joint density of states jDOS) and f.(E, Er,.) and f,(E, EF ) are the Fermi distribution
functions, giving the occupation probability for electrons and holes in the conduction
and valence band, respectively. Eq. 10.1 is strongly related to optical absorption. In fact,
optical gain is also expressed as negative absorption g(E) = —a(E). The term in the
brackets [ f.(E, Er.) — f,(E, Er )] is therefore a measure of population inversion and
must be positive to achieve gain. As the quasi-Fermi levels shift with increasing carrier
injection, the dependency of the gain spectrum on the carrier density becomes clear by
regarding Fig. 10.2 (b), where the functional shape of the gain spectrum is sketched for
the case of a 3D jDOS. When the carrier density increases, positive gain is obtained for
energies between u and E, and the peak gain simultaneously shifts to higher energies.
When no population inversion exists, i.e. [ f.(E,Er.) — f,(E, Er ;)] < 0, the material
is absorbing. In this case, a negative gain curve (equals absorption) implies that photons
get lost inside the material, whereas they are amplified through stimulated emission when
the gain curve is positive. Photons with an energy E, for which g(E) = 0, are neither
absorbed nor amplified, meaning that the material is transparent.
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Figure 10.2: Optical gain in semiconductors. (a) Simplified schematic of the
population inversion in a direct gap semiconductor. After sufficient pumping,
the conduction and valence bands are filled with electrons and holes up to
the quasi-Fermi levels Er, and Efj, respectively, which are separated by
the energy u. The carrier recombination takes place near the bandgap under
emission of a photon with energy hw, fulfilling the Bernard-Duraffourg condition
u=Epr,—Er,>hw>E,. (b)Sketch of the gain spectrum as a function of
energy. The optical gain is strongly dependent on the charge carrier density
and hence on the energy p. Without charge carriers, all incoming photons with
an energy E > E, are lost by absorption (magenta curve). When the bands
are filled, photons with energies between E, and u are amplified by stimulated
emission and absorbed from the gain material for all energies above. Below
E, and at E = yu, incoming photons are neither absorbed nor amplified and the
material is transparent. Adapted from Ref. [113].



10.2 Laser resonator and optical gain

10.2 Laser resonator and optical gain

Conventionally, optical feedback in laser systems is provided by placing the gain medium
inside an optical resonator where the wave is reflected back and forth. The light
confinement between the two mirrors then leads to the formation of a standing wave
when the resonator length L is a multiple of half the light wavelength A, leading to
the resonance condition 4 = 2L /g, with g being an integer number [113]. Nanowires
inherently represent a stand-alone Fabry-Pérot type cavity with the end facets acting as
reflecting mirrors (cf. Fig. 10.1). Let us hence assume a nanowire waveguide with a
fixed length L corresponding to the resonator length. The mode spacing in terms of the
vacuum wavelength is then given by

/12

A = )
2Ln,

(10.2)

The mode spacing for a fixed wavelength A is therefore proportional to the inverse of the
resonator length 1/L. A laser resonator with a fixed length L therefore sustains a number
of longitudinal modes, hence supporting all wavelengths 4, with Al = A, — A,_ through
constructive interference. These modes are solely supported when the gain material
provides positive gain, meaning that the gain is larger than all losses (cf. Sec. 10.4). The
principle is outlined in Fig. 10.3 in terms of the emission wavelength. Those longitudinal
Fabry-Pérot modes that overlap with the gain spectrum g(A) experience positive feedback
and are amplified through stimulated emission. Hence, the laser spectrum is on the one
hand governed by the longitudinal resonator modes, and on the other by the shape of the
gain spectrum. If there is positive gain for more than one mode, the laser will contain
a number of wavelengths A, that appear as sharp peaks in the emission spectrum, as
schematically shown in Fig. 10.3.

As the light in a nanowire does not propagate as a planar wave but as a guided mode, the
mode spacing has to be calculated employing the group index n, instead of the refractive
index of the bulk gain material. The group index is defined as [122—126]

dneg )

(10.3)

= et — A
g = Mleff (d/l

with n.s being the effective mode index and dn.g/dA the dispersion relation of the
considered waveguide mode [127]. A more detailed explanation on the effective mode
index regarding nanowire waveguides is given in the next section.
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Figure 10.3: Illustration of the development of lasing modes. An optical
resonator (or Fabry-Pérot cavity) supports a number of wavelengths A, which are
separated by A4 (blue dashed lines). The modes which overlap with the positive
gain spectrum (gray shaded area in g(1)), experience positive feedback and are
amplified through stimulated emission. The lasing spectrum, sketched in pink, is
then governed by the resonator modes as well as the shape of the gain spectrum
g(1). Modified according to Ref. [128].

10.3 Transversal optical waveguide modes in a
nanowire on SiO,

Similar to an optical fiber, the light in a dielectric nanowire waveguide is transversely
confined inside the nanowire, based on total internal reflection on the nanowire sidewalls
due to the large refractive index contrast of the wire and its surrounding. This confinement
forces the electromagnetic field into a certain shape, or eigenmode, in which it propagates
along the longitudinal, z-direction. The time-harmonic electric field is generally expressed
as [129] )

E(x,y,z1) = E/(x, y)ei('BZ_“’t), (10.4)

where E, (x y) is the transversal field amplitude in x- and y-direction including the mode
profile, § the propagatlon constant and w the light frequency Note that in lossy media,
the propagation constant 3 is complex-valued and given by 8 = kofies, where ko = 27/
is the k-vector in free space and 7i.g the complex-valued effective refractive index [130].
The real part of 7i.g is the effective mode index neg = k,/ko, with k, being the mode
propagation constant (real part of ) in axial direction [131]. neg therefore gives a measure
on how much of the light is guided inside the waveguide.

Whether light with a given frequency can travel through a waveguide is strongly dependent
on the waveguide diameter. To get an impression on how a wave propagates inside
a nanowire, we analytically calculate the eigenmodes using the mode analysis solver
implemented in COMSOL multiphysics v.4.2a. Using the finite-element method (FEM),
the electromagnetic wave equation is solved as an eigenvalue problem for the given
structure and a known propagation direction in out-of-plane (z-)direction, leading to a
solution in the form of Eq. 10.4. The total, two-dimensional simulation area consists
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of a 4 X 4 pm? square with two concentric hexagons in the center The inner hexagon
represents the GaAs core with a variable diameter, and the outer one the AlGaAs shell
with a fixed shell thickness of 15 nm. The nanowire is lying with one side-facet on a SiO;
substrate and is otherwise surrounded by vacuum. The material parameters are defined by
their refractive indices at the simulation wavelength 7i(1) = n — ik, whereby A = 820 nm
was set to be close to the emission wavelength of GaAs. For the non-absorbing materials,
we took fiyae = 1, fisio, = 1.45 [104, 105] and 7iaj, ;,Gag sas = 3.4 [106], and for the
absorbing GaAs figaas = 3.67 — 0.059i [106].

The solutions of the resulting effective mode indices as a function of nanowire diameter
are plotted in Fig. 10.4 (a). The guided modes take values of n.g between the index of
the substrate and the nanowire and are identified by the shape of their mode profile and
the polarization of the electric and magnetic field. We use the naming convention for
guided modes in a cylindrical dielectric waveguide [131]. The first two letters refer to
the mode type: hybrid (HE or EH), transversal electric (TE), or transversal magnetic
(TM). The number suffixes such as "11" are to describe the radial order and angular
symmetry, respectively, and the subscripts "x" and "y" indicate the different polarization
states of two nearly degenerate modes. Near the mode cut-off diameter, where neg is
close to nsio,, the modes are weakly confined within the nanowire and the degeneracy
between the HE11, and the HE1 1 as well as between the HE21y and the HE21, mode is
lifted as the S10, substrate acts differently on electric fields with polarization parallel or
perpendicular to the substrate surface. An increasing diameter on the other hand leads to
a better confinement of the guided mode within the nanowire when neg approaches ngaas,
which reduces the influence of the substrate and degenerates the different polarization
states. A larger diameter also supports a higher number of eigenmodes, while no guided
modes at all exist in wires with d < 160 nm. The mode with the highest value of ng at a
given diameter is commonly defined as the fundamental mode. Note that all effective
index values below the mode cut-off (where nes < nsio,) are not relevant as the simulation
delivers unphysical results there.

The spatial intensity distribution of the various modes is shown separately in Fig. 10.4 (b).
In a nanowire with d = 200 nm (left panel) only the fundamental HE11, y modes exist
whose intensity is partially pushed out of the nanowire due to a weak confinement. The
right panel shows the first six waveguide modes that are supported in a nanowire with
comparatively thick diameter of d = 400 nm. Here, compared to the 200 nm wire, the
modes with largest mode indices, such as the two fundamental HE11, y modes and the
TEOI mode, are very well confined within the nanowire as they are far away from their
cut-off diameter. The modes with lower effective indices, like the HE21, y and TMO1
modes, however, still feature evanescent fields outside of the nanowire.

Understanding the mechanisms of a propagating wave in a nanowire waveguide is crucial
for the design of nanolasers and will be an essential part of the interpretation of our
experimental results in the subsequent chapters.
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Figure 10.4: Waveguide modes at 4 = 820 nm in a nanowire lying on a SiO,
substrate. (a) Effective mode index as a function of nanowire diameter showing
the emergence of different mode branches at a certain diameter, also referred
to as mode cut-off diameter. The effective indices adopt values between the
index of the SiO; substrate (n = 1.45) and GaAs (n = 3.67). Close to the mode
cut-off diameter, the degeneracy between the HE11y and the HE11 as well
as between the HE21y and the HE21, mode is lifted as the SiO, substrate has
different influence on electric fields with polarization parallel or perpendicular
to the substrate surface. (b) Intensity distribution of the different modes. For
a nanowire with d = 200 nm (left panel) only the fundamental HE11, y modes
exist whose intensity is partially pushed out of the nanowire. The right panel
shows the first six waveguide modes that exist in a nanowire with a comparatively
thick diameter of d = 400 nm. Note that the color scale is not the same for the
different modes.
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10.4 Lasing threshold and confinement factor

Light amplification and lasing inside a Fabry-Pérot cavity is reached when the round-trip
gain exceeds the round trip losses, or, in other words, the light beam must gain more
photons than it loses after traveling the path 2L, with L being the cavity length. Hence,
the net gain per round trip must be higher than the sum of all losses [121, 132]. The
threshold condition is fulfilled when gain and losses are exactly balanced and is defined
as [9, 122, 133, 134]

[gm = ap +ap, (10.5)

where I is the confinement factor, gy, the threshold gain, a;, the modal propagation losses

and @, the mirror losses given by «,,, = ﬁln (ﬁ) with R; and R; being the effective
reflection coefficients on each end facet.

The confinement factor I" is a dimensionless parameter which describes the mode overlap
with the active region, or gain medium respectively. It is traditionally defined as the ratio
of the optical power inside the active region to the total optical power [122]. Intuitively,
I" is then always less or equal than unity, where I' = 1 implies a maximum overlap of
the light field with the gain medium. However, this is solely true for conventional lasers
with weak confinement and does not hold for nanowire waveguides with strong optical
confinement.

An illustrative picture is given by Maslov ef al. [135]: Considering a simple planar
waveguide, a guided wave can be represented as a plane wave that propagates through
the waveguide at a certain angle with respect to the longitudinal z-axis and is frequently
reflected at the boundaries due to the large refractive index contrast (total internal
reflection). Hence, the distance traveled by the guided (plane) wave is larger than that of a
simple plane wave traveling through the bulk material. If a significant part of this wave is
localized inside the gain material, the net gain per unit length in z-direction can be larger
than in the bulk counterpart and thus exceed unity.

By assuming an isotropic gain along the axial direction, a more accurate definition for the
confinement factor is [9, 18, 122, 130, 131, 136-138]

ceonp ./]active % |E|2 dA

= —— —, (10.6)
JL 3Re [Ex H'] & dA

where E and H are the complex electric and magnetic fields of the propagating wave, ¢
the speed of light, €y the vacuum permittivity and n; the refractive index of the bulk gain
material (at the free space wavelength 1), which is ngaas = 3.67 in our case. The integral
in the numerator is over the active region only, i.e. the GaAs core cross-section area, while
the expression in the denominator is integrated over the entire cross-sectional waveguide
structure. The stimulated emission, and hence the gain, is related to the intensity of the
light field, which is proportional to |E|>. As the integrand in the denominator is the
z-component of the Poynting vector (and therefore a measure of power), the confinement
factor in Eq. 10.6 can be thought of the amount of intensity overlapping the gain medium
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per unit input power [130].

Using the numerical COMSOL simulations introduced in Sec. 10.3, we calculate the
confinement factor I" according to Eq. 10.6 for each mode and each nanowire diameter.
The results are plotted in Fig. 10.5 (a) (solid lines). Note that we do not show results
below the mode cut-off as the simulation yields unphysical values in this range. For all
waveguide modes, the confinement factor is low close to the mode cut-off and rises as the
diameter increases. It is seen that it even exceeds unity above a certain diameter. This may
seem counter-intuitive, but is a direct result of strong optical waveguiding, as explained
above. It occurs that the gain for higher order modes, and hence the confinement factor, is
even larger, which is noticeable for the HE21x y modes in Fig. 10.5 (a), where the HE21
mode reaches a maximum of I' = 1.6 at d = 320 nm. As a result of strong confinement,
the guided modes have a slow group velocity v, (and hence a high group index n), and
will gain more energy by traveling along the waveguide compared to the plane wave
counterpart. Larger confinement factors I' > 1 can thus be also understood in terms of
large group indices with ny > n.

According to Eq. 10.5, a large confinement factor allows to reduce the threshold gain,
which is a general aim in the design of nanolasers in order to establish low power
consuming devices. Another consideration that arises in this context is the minimization
of all possible losses. The mirror losses a,,, based on imperfectly reflecting end facets,
will not be further specified within the framework of this thesis, as the determination of
realistic values for R is not straightforward due to the differently shaped end facets from
wire to wire. Numerical approaches to determine the reflectivity of different modes on
a flat nanowire end facet can be found for example in Refs. [111, 139, 140]. Here, we
will focus on the modal propagation losses a, which result from the absorbing properties
of the GaAs core. They are defined as the imaginary part of the effective propagation
constant /3 and are therefore expressed as [18, 141]

a, = 2k01m(fleff), (107)

with kg = 27/ A being the free space wave vector. The calculated values of @, for the
different modes are plotted in the same graph as the confinement factor in Fig. 10.5 (a)
as dashed lines. Intriguingly, the mode propagation losses show the same trend with
respect to the wire diameter as the confinement factor I'. When we now reformulate the
relation in Eq. 10.5, we see that the lasing threshold is directly proportional to g, o a), /T,
which will give us a useful figure of merit in connection with the modal contribution
to the lasing threshold. In the case of a nanowire lying on SiO,, the results of the
threshold proportionality factor ), /I" are shown in Fig.10.5 (b). For each mode, the
threshold features a sharp increase for small diameters close to the mode cut-off, which is
expected given the small confinement factors in this range. This is similar to what was
experimentally observed in Ref. [127] for photonic lasing modes in CdS nanowires. With
increasing diameter however, the losses and the confinement are balanced and reach a
minimum value of @, /T" ~ 4.5 x 10°> cm™! in our simulation.
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Figure 10.5: Mode confinement and propagation losses of nanowires on SiO;.
(a) Mode confinement factor I" as a function of nanowire diameter for the first
five waveguide modes (solid lines). Due to the strong optical confinement in a
waveguide, the confinement factor can exceed unity as compared to conventional,
weakly confined laser systems. (b) Diameter dependence of the lasing threshold
proportionality constant @,/I". Due to a weak confinement, the threshold
rapidly rises for each mode when the diameter approaches the mode cut-off.
With increasing diameter, the losses and confinement are balanced and reach a

minimum value of @, /T" = 4.5 X 103 cm™!.
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10.5 Laser rate equations

Semiconductor nanolasers are often characterized by their input-output characteristics,
which are modeled using coupled rate equations that relate the number of cavity photons
to the charge carrier density. Fitting experimental data with rate equations provides
estimates of key parameters such as the spontaneous emission factor 8, which represents
the proportion of emission that couples into a specific laser mode [142]. This factor
is extremely important in the threshold behavior of a laser and frequently used as a
benchmark for the laser quality within the nanolaser community. We therefore want to
illustrate how this factor influences the measured quantities, such as the power-dependent
emission intensity, by providing a simplified theoretical concept for these laser dynamics.
The exact form of the rate equation depends on the gain material, the cavity design and the
pumping method [143]. We will use the expressions for the two coupled rate equations
proposed by Ma et al. [144] based on the light output properties of a microcavity laser
defined in Ref. [145]:

d
d—': = p — An — BT As(n - np), (10.8)

ds

i BAn + BT'As(n — ng) — s, (10.9)

where p is the pump power, I" is the mode confinement factor, A the spontaneous emission
rate, y the sum of propagation and cavity losses and n( defines the carrier density where
the gain medium is transparent. The first equation describes the rate of change of the
electron-hole-pair density n with the first term accounting for the pumping rate and the
second and third term for the carrier loss through spontaneous and stimulated emission,
respectively. (n — ng) thus denotes a measure of population inversion. The second
equation models the rate of change of the number of cavity photons s with the first and
second term accounting for photons generated by spontaneous and stimulated emission,
respectively, and the final term for photons that get lost from the cavity.

To obtain an idea of how the spontaneous emission factor § influences the lasing behavior
of a nanolaser, we solve the rate equation assuming steady-state conditions, hence
dn/dt = ds/dt = 0. Additionally, we assume an ideal four-level system with rapid ground
level depletion and set nyp = 0. Equations 10.8 and 10.9 can then be reformulated as

1 p) p
2
S+ |=—=-=|s-=—=0, (10.10)
(ﬁF Y Ly
resulting in the following expression for the power-dependent photon density inside the
cavity [146]:

(1 11 2

s(p) = == [== = )+ =¢[[== - 2| +4L, (10.11)
2\pU y) 2N\BL' vy Ly
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and the carrier density:

P
A(1+pIs)"
We plotted the functions s(p) and n(p) with different S-factors in Figs. 10.6 (a) and (b),
respectively. Note that all other factors were set to unity, as they may shift the curves on
the x-axis or change the slope, but they do not influence the overall curve shape. The
axes are therefore both presented in arbitrary units. For the open cavity case (8 < 1),
the output characteristic closely resembles that of conventional lasers, as shown by the
light brown curve in the inset of Fig. 10.6 (a), where g = 0.001: At low pump powers p,
the laser is in the spontaneous emission (SE) regime and the majority of spontaneously
emitted photons are lost from the cavity. Hence, the number of photons inside the cavity
s remains very low. Around threshold (here at p ~ 1), where the gain exceeds the cavity
losses, stimulated emission sets in and the photon number rises very rapidly, which is
referred to as amplified spontaneous emission (ASE). Note that in the linear representation
(inset in (a)), the curves were normalized to p’ = 87! p, and correspondingly s’ = Ss, in
order to bring all curves to the same scale for comparison purposes. This super-linear
increase becomes more clear by the double-logarithmic plot in of Fig. 10.6 (a) (light
brown curve), showing the typical "S"-shape of a laser input-output characteristic, where
the photon density s abruptly increases by several orders of magnitude, when the pump
reaches the threshold (here at p ~ 1000) [147]. Above threshold, all photons emit into
a single laser mode, the gain is saturated and the photon density rises linearly with the
pump power again. At the same time, the charge carrier density n (light brown curve in
Fig. 10.6 (b)) increases linearly in the spontaneous emission regime and saturates after
the threshold is reached, as the concomitant enhancement of recombination rate inhibits
the carrier density to further increase.

To summarize, in the open cavity case where 8 < 1, a lasing threshold is easy to determine
from the input-output curve by the kink in the linear plot or the super-linear section in the
double-logarithmic representation and also by the saturation of carrier density.
However, for increasing (3, these clear markers of the lasing threshold vanish and the photon
number gradually changes from the SE-dominant regime to the stimulated emission-
dominant one without a distinct transition [145]. As a result, the kink in the linear
representation smooths out and the super-linear transition vanishes more and more with
increasing S until it totally flattens in the extreme case of a closed microcavity (8 = 1).
Here, every emitted photon couples to a resonant laser mode, suggesting a "thresholdless"
behavior according to the photon density s. However, as constituted by Ma et al. [144],
the term "thresholdless" should be rather understood as "lack of a threshold behavior"
than as an instant onset of laser action at infinitely small pump intensities. There is
still a transition visible in the pumping dependence of the charge carrier density, which
points to a finite threshold required to clamp the upper-state population n, even in the
case of 8 = 1. Nevertheless, the quantitative determination of a precise lasing threshold
is challenging when the spontaneous emission factor approaches unity. The shift of
the super-linear regime in Fig. 10.6 (a) and the kink in Fig. 10.6 (b) to lower pump

n(p) = (10.12)
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10 Fundamentals of semiconductor lasers

intensities, however, clearly indicate a reduction of lasing threshold with increasing 8. A
high S-factor is therefore desirable to enhance the optical efficiency of laser structures.
This can be achieved by shrinking the modal volume of the resonator which enhances the
light-material interaction strength [145, 148] and also the number of modes competing for
gain. The small resonator size of nanowire lasers is therefore a beneficial feature. Recent
approaches even exploit the coupling of optical modes to surface plasmon polaritons
(SPPs) of a metal to reduce the mode volume to a size below the diffraction limit of light.
This will be an essential part of Chs. 12 and 13.

& q0°f 2 Figure 10.6: Influence of the sponta-

neous emission factor S on the laser
characteristic of a microcavity laser.
(a) Photon density s as a function of
pump intensity for S-factors ranging
from = 0.001 — 1. Small S laser sys-
tems reveal the characteristic "S"-shape
with a distinct super-linear increase at the
threshold pump p (ASE regime), mark-
ing the transition from spontaneous emis-
sion (below threshold) to lasing (above
threshold). With increasing S the curve
flattens, making the threshold less obvi-
ous until it totally vanishes in the extreme
. case of B = 1. Inset: Linear represen-
10t — p=0.001 tation of the same curves but normal-
ized to obtain the same scale. The kink
in the curve for 8 = 0.001 at p’ = 1
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Evidence of Fabry-Pérot cavity in
nanowires on SiO,

11.1 Fabry-Pérot resonances in PL emission

In order to investigate their lasing properties in a lying position, all nanowires were
transferred from the growth substrate onto another substrate. In this chapter, nanowires
lying on a dielectric substrate, namely SiO,, are presented. All NWs investigated in the
present and subsequent chapters with respect to their lasing behavior have comparatively
thick GaAs core diameters of around 200 nm, a thin Aly36GaggsAs shell of nominally
15 nm and are capped with approximately 5 nm of GaAs. All diameter information in the
following refers to the total core/shell/cap diameter.

We investigate the individual wires by p-PL spectroscopy, using a non-resonant, pulsed
excitation of 690 nm wavelength at repetition frequencies ranging from 1 — 80 MHz. The
laser beam is focused onto the sample through a 20x objective with NA = 0.45, resulting
in a laser spot size of 4 — 5 pm which illuminates the entire nanowire. A redirection of
the luminescence signal, collected by the same objective, enables us to locate isolated
nanowires on the substrate as well as directly image their luminescence profile in real
space. The real space image of a typical nanowire is shown in Fig. 11.1 (a). While
the body of the nanowire is only faintly luminescent, two bright spots are observed at
the nanowire ends. This behavior suggests that the PL, emitted from the nanowire, is
guided along the wire axis and only couples out at the end facets due to scattering. The
scattered light furthermore resembles two point sources according to the emergence
of Airy disks around them. The corresponding scanning electron micrograph of this
wire is shown in Fig. 11.1 (b). The nanowire has a total diameter of 200 nm, the stem
a length of L = 4.63 pm and the total length, including the tip, is L = 5.28 um. The
power-dependent PL spectra of this wire are shown in Fig. 11.1 (c¢). The low-excitation
spectra (light-brown curves) exhibit a single, broad PL peak centered at 823 nm. By
gradually increasing the excitation power, the broad spontaneous emission spectrum is
superimposed by periodically occurring peaks, equidistantly distributed over the gain
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Figure 11.1: Evidences of Fabry-Pérot resonances in nanowires lying on a
S102-substrate. (a) Characteristic luminescence profile of a nanowire. The poor
intensity at the nanowire body combined with the strong out-coupling at the end
facets are indicative of waveguiding behavior. (b) Corresponding SEM of the
wire shown in (a) (not to scale). (c) Power-dependent PL spectra of the same wire.
At low excitation density, the wire exhibits a single, broad spontaneous emission
peak. With gradually increasing excitation power, a transition from spontaneous
to amplified spontaneous emission is demonstrated by the equidistantly emerging
peaks, insinuating that optical gain inside the nanowire Fabry-Pérot cavity is
achieved.

spectrum. Together with the strong signs of waveguiding implicated by the emission
profile in Fig. 11.1 (a), this behavior clearly indicates the occurrence of optical gain
inside the nanowire cavity, with those wavelengths being amplified that correspond to
the longitudinal Fabry-Pérot modes of the resonator. Hence, we observe a transition
from the spontaneous emission (SE) regime to the amplified spontaneous emission (ASE)
regime in Fig. 11.1 (c) at an excitation density of 63 pJ/cm?, where the first Fabry-Pérot
(FP) modes begin to evolve. They develop into narrow peaks up to the highest excitation
density of 484 pJ/cm?. Nevertheless, the spectrum at highest excitation still exhibits an
intense spontaneous emission background, which implies that the lasing regime is not
yet reached. Note that the GaAs core in the presented wires is too thick to feature any
contribution of quantum confinement effects to the spectra. Recombination from excited
higher subbands, as it was the case in part II of this thesis, can therefore be excluded.

As further verification that the spectra in Fig. 11.1 (c) are governed by optical gain inside
the nanowire cavity, we examine the dependence of the mode spacing on the nanowire
length, as shown in Fig. 11.2 (a). We plot the mode spacing of four different nanowires
with statistical length distribution as a function of the reciprocal of the nanowire length
L. The diameters of the presented wires range from d = 200 — 210 nm. Unfortunately,
on this sample, the yield of nanowires showing FP modes was quite low, which hinders

84



11.1 Fabry-Pérot resonances in PL emission

us from producing a larger statistic. Nevertheless, the linear relationship of Al o« 1/L
according to Eq. 10.2 is still recognized in Fig. 11.2 (a) (black spheres). For this plot, we
took the length of the nanowire stem without the tapered tip. At the tapered nanowire
end, the detailed position of wave reflection can hardly be determined and we therefore
chose a length error of +100 nm. The wavelength error of 0.2 nm results from the finite
resolution of the spectrometer. At this point, another reason for the not-perfectly linear
relationship should be emphasized: MBE grown nanowires not only statistically differ in
length, but also slightly in diameter, which changes the group index of the guided light
and hence also the mode spacing. Especially in the diameter range around 200 nm, we are
close to the mode cut-off where the effective index and consequently also the group index
change significantly with small diameter variations. As a result, the mode spacing also
varies with changes in diameter. From the linear regression (dashed line in Fig. 11.2 (a)),
we estimate an average group index of n, = 5.2, according to Eq. 10.2, which is much
higher than the refractive index of bulk GaAs (ngaas = 3.67), pointing towards a high
optical confinement.

Another intriguing effect in this diameter range is the slight non-degeneracy of the HE114
and HE11y mode (cf. Sec. 10.3), which consequently have a different effective index
at the same diameter. As outlined above, a change in effective index affects the mode
spacing which makes the two modes spectrally distinguishable, as shown in the spectrum
in Fig. 11.2 (b). At each longitudinal mode position, there is a clear double-peak, with
each of them corresponding to a different transversal mode (labeled with "1" and "2"),
most probably to the HE11x and HE11y, as no other modes exist in this diameter range.
We observe this in two of the presented wires and the corresponding mode spacing of the
second mode is plotted in (a) (turquoise spheres). The data that correspond to the same
wire are encircled. Obviously, the spacing is different for the two peaks, which confirms
our suggestion that two different transversal modes are amplified inside the nanowire
cavity.

To conclude, we have a clear evidence that our nanowires form a Fabry-Pérot like cavity
and that we are able to achieve optical gain. Nevertheless, with the available optical
pumping power, no lasing was observed from those nanowires as there is still a strong
SE background in the spectrum. In addition, the yield of wires where we achieved light
amplification in the ASE regime was sparse, which indicates that the quality of the cavity
is poor. This may be due to the tapered end facet which does not act as a satisfactory
mirror and thus induces huge mirror losses that push the threshold to high pump intensities.
The deterioration of reflectivity caused by tapering will be discussed next.
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Figure 11.2: Mode spacing in nanowire cavities. (a) Longitudinal mode spacing
versus inverse cavity length. The linear relationship confirms the Fabry-Pérot
like behavior of the nanowire cavity. The data points belonging to the same wire
are encircled. (b) High-excitation spectrum of a nanowire cavity in which two
transversal modes are amplified. The resonances of the individual modes are
labeled by "1" and "2".

11.2 Tapering induced cavity losses

For various applications, the strong end facet tapering is exploited to enhance the extraction
efficiency of a NW waveguide due to the increased and directional transmission on the
facet [149, 150]. For lasing purposes however, this property is counterproductive as it
vastly diminishes positive optical feedback. We now give a qualitative picture of how the
conical tapering of the nanowire end facet impairs the reflectivity and thus the quality
of the cavity. Quantitatively, calculations considering a three-dimensional structure are
required by taking into account the modal reflectivity as a function of nanowire taper,
which is beyond the scope of this work. We can still illustrate the reduction of the
reflectivity. The simulations in Fig. 11.3 present our qualitative picture.

The procedure is the same as the one described in Sec. 8.4, but now we adapted an
i1sosceles triangle at the right edge of the wire that represents the tip. The tip length is
defined as the distance from the triangle base to the tip. Figs. (a) - (c) show the scattered
electric field intensity for tip lengths of 0.02 pm, 1.0 pm and 2.0 pm, respectively. When
the end facet is nearly flat in (a), a large part of the wave is reflected back, which leads
to a standing wave pattern inside the wire. With increasing tip length, the reflection is
significantly reduced and most of the light transmits through the tip, which is highlighted
by the vanishing interference pattern, most strongly demonstrated in (c) for the longest
tip. To further quantify this, we plotted the reflectance as a function of tip length in
Fig. 11.3 (d), which is defined as the ratio of the power that is reflected back to the entry
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Figure 11.3: Influence of the tip length on the end facet reflectivity. (a) - (c)
Scattered electric field intensity for tip lengths of 0.02 pm, 1.0 pm and 2.0 pm,
respectively. The vanishing standing-wave pattern inside the nanowire indicates
a reduction of reflectivity on the right end of the wire as a result of conical
tapering. (d) Reflectance as a function of nanowire tip length, clearly showing a
significant reduction from 0 — 1 pm. The simulation procedure is the same as
the one described in Sec. 8.4.

port (left border of the wire). The graph clearly shows how drastically the reflectance
is reduced when the length of the tip increases. The reflectance decreases already from
0.48 to 0.01 when the tip increases from 0.12 to 1.0 pm and approaches zero for higher
values. It should be mentioned at this point that tips in this length interval are indeed
common among our NWs. The oscillations appearing in the curve arise from longitudinal
resonances when the effective cavity length just matches a multiple of the wavelength
inside resonator. To summarize, a strong end facet tapering has tremendous negative
effects on lasing properties, as it severely degrades the quality of the resonator.

11.3 Reduction of mirror losses through tip
detachment

As the strong conical tapering of the nanowire end facets reduces the reflectivity of the
tip. Hence, nanowires with shortest possible tips are preferable. In the growth process
however, one can not prevent the formation of such tips since there is always nucleation
beneath the gold-gallium droplet during the radial shell growth (see Sec. 3.3.2). In order
to reduce the mirror losses, we tried to implement a detachment of the tip after the growth
process. Instead of a complex lithography and etching process, we present here a simpler
method for removing the tip and show how the resonator quality is improved. Here. we
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11 Evidence of Fabry-Pérot cavity in nanowires on SiO,

use thicker nanowires with diameters of 320 —350 nm. Due to the prolonged radial growth
time, these wires posses conical tips with a length of over 2 pm. The PL emission profile
under pulsed excitation of such a wire is shown in Fig. 11.4 (a). There exist three bright
spots where the light emitted from the nanowire is scattered into free space, namely where
the form of the crystal deviates from the perfect wire-like shape. These are the nanowire
bottom end facet, the junction between stem and tapered end facet, and a spot close to the
tip. When we excited this wire with the same laser under continuous wave (cw) mode, the
upper left emission spot vanished, as can be seen in Fig. 11.4 (b) showing the profile after
cw excitation. The constant pumping under cw mode obviously heated the material in a
way that the crystal was fully destroyed in the upper left part of the nanowire, as can be
seen in the respective SEM in Fig. 11.4 (c). The conical end of the wire was tangent to a
gold digit of the substrate’s coordinate system. Obviously, the induced heat was strongest
at contact point between the semiconductor material and the gold digit, as the crystal
is destroyed, or even fully vaporized, between that point and the nanowire stem. The
nanowire now terminates with a rather flat end instead of a long cone. The concomitant
improvement of resonator quality becomes evident by comparing the emission spectra of
the same wire before and after the heat-induced damage. The PL spectrum before cw
excitation (Fig. 11.4 (¢)) is quite broad with a FWHM of 41 nm and shows rudiments of
FP-resonances. In the emission after the damage, however, the spectrum reveals a sharp
lasing peak at 4 = 806 nm and a FWHM = 1.3 nm (Fig. 11.4 (d)). The detachment of the
tip significantly enhanced the optical gain such that the NW was able to lase. We only
observed this in the presented, comparatively thick nanowires with d > 300 nm. We
assume that a sufficient amount of gain material is needed to excite enough carriers to
heat the crystal in this extend. Additionally, the larger diameter increases the absorption
cross section and therefore the net excitation intensity of the wire.

Although this is a fast and easy method to improve the cavity reflectance, it involves
some coincidence as the wire must be tangent to the gold on the right spot, which makes
the control more difficult as the wires a randomly dispersed on the substrate. In other
cases, the high cw excitation destroys the semiconductor in a way that it degrades the
optical activity instead of improving the resonator quality. In further studies however,
other methods for removing the tip should be explored, for example by improving the
control of nanowire deposition or by the utilization of etching methods.
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Figure 11.4: Detachment of the conical nanowire tip by heat-induced damage.

(a) The PL emission profile exhibits three bright luminescence spots from the flat
end, the transition where the tapering begins and from close to the thin tip. (b)
After the nanowire was briefly excited with cw laser light at full power, the upper

left spot vanished. (c) SEM of the respective wire, recorded after cw excitation.
The micrograph shows the damages in the crystal induced by the high excitation.

The material even fully vaporized between the nanowire stem and the spire. (d)
The PL spectrum before cw excitation is quite broad and shows rudiments of
FP-resonances, while in the spectrum after the damage a lasing peak is observed,
shown in (e). Through the damage, the nanowire now terminates with a rather

flat end instead of a long, conical tip, which significantly improves the reflectivity.

The concomitant improvement of resonator quality then allows the nanowire to
develop lasing. The spectra in (d) and (c) are recorded under pulsed excitation.
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11 Evidence of Fabry-Pérot cavity in nanowires on SiO,

11.4 Conclusion

In this section, we have examined nanowires lying on a dielectric SiO; substrate in terms of
their lasing capabilities. We have shown that their natural, elongated shape allows them to
simultaneously act as optical waveguides as well as FP resonators which facilitate positive
optical feedback through stimulated emission. We have further verified that the occurring
emission peaks correlate very well with the longitudinal resonances of a nanowire cavity.
In addition, we have outlined how the conical tapering strongly reduces the reflectivity
of the end facet by means of numerical simulations and presented an experiment which
showed how the resonator quality is improved when the tip is removed.

In further experiments, a more controlled method to detach the tip could improve the yield
of nanowire lasers lying on a dielectric substrate, even for nanowire diameters around
200 nm, which is more desirable to ensure a sole amplification of the fundamental mode.
In samples presented in Sec. 11.1, the resonator quality was not quite sufficient to observe
lasing. In the next chapters, we present how to harness the field enhancement in the
vicinity of a metal, in order to achieve lasing, by placing the nanowires onto a metallic
surface.
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GaAs nanowires as plasmonic
nanolasers

The development of plasmonic devices has significantly advanced over the past twenty
years and builds the basis of a large range of novel technological applications [151].
Among others, devices which are coupled to surface plasmons, benefit from a high optical
power, the possibility of subwavelength optical confinement and a fast response enabling
ultrafast modulation [152]. The localization of optical field by overcoming the diffraction
limit is mandatory for the development of information processing in photonic integrated
circuits. There is also a variety of other methods that exploit the field enhancement in the
vicinity of a metal, such as surface-enhanced Raman scattering (SERS), surface-enhanced
infrared spectroscopy (SEIRA) or surface plasmon-enhanced fluorescence spectroscopy
(PEF) [153], to name but a few.

In this chapter, we show that through the deposition of nanowires onto a gold substrate,
we increase the optical gain in a way that we are able to observe lasing in single nanowires.
We first introduce the principle of surface plasmon polaritons (SPPs) and show how
the coupling of propagating optical modes to SPPs changes their dispersion inside a
nanowire. We then systematically evaluate the lasing behavior of single nanowires lying
on gold by p-PL spectroscopy and by comparing our experimental results with numerical
simulations.

12.1 Basic principle of surface plasmon
polaritons

Below the plasma frequency, a metal only supports evanescent electromagnetic fields,
which exponentially decay into the bulk metal. The induced charge oscillations near
the surface then form the class of surface plasmon polaritons (SPPs) [154]. These
quasi-particles have combined character of an electromagnetic wave and surface charges
as the charge oscillations at the surface induce an electric field normal to the surface
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12 GaAs nanowires as plasmonic nanolasers

(y-direction) with a transverse magnetic component, as shown in Fig. 12.1 (a). The normal
electric field E is enhanced near the surface and exponentially decays with distance from
the metal/dielectric interface. The decay length 6, into the dielectric is of the order of the
half-wavelength of the created electromagnetic wave, and 6,, is determined by the skin
depth of the metal [155]. The evanescent character of the wave reflects the bound and
non-radiative nature of SPPs, as the optical power is inhibited to propagate away from the
surface, while the propagation length of SPPs on a flat metal/dielectric interface can be
on the order of tens of pm [152]. In the simplified example illustrated in Fig. 12.1 (a), the
dispersion relation of SPPs propagating at the interface is expressed as [155]

ksep = koy| 1, (12.1)

with ko being the free space wave vector and €, and ¢ the frequency-dependent
permittivity of the metal and the dielectric, respectively. The surface plasmon-dispersion
is sketched in Fig. 12.1 (b) together with the light line, which describes the propagation
of free space photons. The SPP dispersion curve lies on the right side of the light line
and approaches the surface-plasmon resonance wspp for large k.. The surface plasmon
resonance is thereby defined as wspp = wp/V1 + €m, where wy, is the plasma frequency
of the metal. The coupling between electromagnetic field with charge oscillations thus
increases the momentum as compared to a free space photon of the same energy. The
large momentum therefore allows a much tighter spatial confinement of the SPP field as
opposed to the diffraction limited light field.

Fig. 12.1 (b) shows that there is no crossing between the photon dispersion and the
SPP dispersion. Hence, it is not possible to directly excite SPPs by illuminating the
metal surface from the dielectric, since the energy and momentum conservation can
not be satisfied between the photon and the SPP. Reversely, a SPP does not inherently
radiate unless a mechanism of momentum transfer, like a grating or prism coupling, is
applied.

When an emitter is located inside the SPP field, the enhanced E-field induces a change
in emission rate according to Fermi’s golden rule. Conversely, an emitter can excite
an SPP by non-radiative energy transfer [156]. In the next chapter, we show how the
dispersion and the mode profile change when the SPPs are coupled to the optical modes
of our nanowire waveguide.
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Figure 12.1: Basic principle of surface plasmon polaritons. (a) Sketch of
the normal electric and transverse magnetic field that emerge through charge
oscillations at the surface of a metal, building the class of surface plasmon
polaritons. (b) Dispersion relation of SPPs compared with the dispersion of free
space photons. Adapted from Ref. [155].

12.2 Transversal plasmonic waveguide modes

The coupling of optical fields to surface plasmon polaritons at the metal surface induces
new waveguide eigenmodes. To illustrate the emergence of these new modes, we
numerically evaluate the arising new dispersion in the context of the modal effective index
as a function of wire diameter, as we did in Sec. 10.3 for the case of a nanowire lying on
SiO,. The simulation procedure is the same as described in Sec. 10.3, but now the SiO,
substrate is replaced by a gold (Au) substrate with a refractive index of 7ia, = 0.16 — 5.08i
[157]. The results of the FEM simulations are shown in Fig. 12.2. The dispersion plot in
Fig. 12.2 (a) reveals two new eigenmodes that arise from propagating surface plasmon
polaritons, coupled to the optical waveguide, here plotted as gray dashed lines (SPP1 and
SPP2). Both modes have a smaller cut-off diameter and a higher effective index than
the purely photonic modes, pointing out their ability of larger field confinement due to
a larger momentum as discussed in Sec. 12.1. Their field profiles can be seen in the
respective images in Fig. 12.2 (b), displayed for a nanowire diameter of d = 220 nm. The
red and blue arrows indicate the in-plane electric and magnetic field components (Ey, E )
and (By, By), respectively. The fundamental surface plasmon polariton mode, designated
as SPP1, is strongly confined within the interface between the metal substrate and the
nanowire and has a field maximum in the center of the tangent facet. As defined for a SPP,
the mode has a TM character with the magnetic field (blue arrows) transversely polarized
and the electric field polarized normal to the metal surface. The higher order, SPP2 mode
has two maxima close to the edges of the tangent nanowire facet with oppositely polarized,
normal electric field components and is also strongly bound to the gold/NW interface.
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12 GaAs nanowires as plasmonic nanolasers

We also plot the field distribution of the photonic HE11x and HE11y modes for the same
diameter of d = 220 nm in Fig. 12.2 (b). The presence of surface plasmons distorts
their mode profile as compared to the uncoupled photonic case discussed in Sec. 10.3.
As a result of coupling to SPPs, a significant part of the propagating electromagnetic
field is localized at the interface to the gold surface. In larger-diameter nanowires, the
photonic modes decouple from the surface plasmons and regain their photonic character.
Their mode profiles more and more resemble those of the photonic modes described in
Sec. 10.3, as it is exemplarily shown for the largest calculated diameter of d = 400 nm in
Fig. 12.2 (c). Hence, we refer to them as photonic modes in the following and employ
the same mode designation (HE11y, HE1ly, ...), as in Sec. 10.3. These photonic modes,
which are plotted in color, only take effective index values between n.g = 1 (light in free
space) and the refractive index of GaAs. Together with their minimum cut-off diameter at
around 200 nm for the HE11, mode (as in Sec. 10.3), this additionally points out their
photonic character as they are subject to the diffraction limit. By contrast, the mode cut-off
diameters of the plasmonic SPP1 and SPP2 modes are at d = 70nm and d = 140 nm,
respectively. In addition, the effective mode indices can exceed the refractive index of
GaAs. The SPP1 mode already takes an effective index of neg = 3.83 at d = 150 nm,
which indicates that the plasmonic modes posses a stronger optical confinement than it is
possible in photonic waveguides.

The simulations shown in Fig. 12.2 demonstrate that the coupling to surface plasmons
enables optical waveguiding below the photonic mode cut-off, which is at d = 200 nm for
our GaAs nanowires. The photon-plasmon interaction thus may offer the opportunity to
operate nanolasers at wire diameters much smaller than 200 nm. We will use these results
to classify and interpret the experimental observations concerning the lasing behavior of
our GaAs nanowires on gold in the subsequent sections.
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Figure 12.2: Wave propagation in nanowires lying on a gold substrate. (a)
Effective modes index as a function of nanowire diameter. Two new eigenmodes
arise due to the generation of surface plasmons (SPP1, SPP2), which have a
smaller cut-oft diameter and a larger effective index compared to the photonic
modes, which points out a large optical confinement that is not restricted by the
diffraction limit of light. (b) Electric field intensity profile for the four propagating
modes in a wire with d = 220 nm (left side) with the electric and magnetic field
components (Ey, Ey) and (By, By) as red and blue arrows, respectively. The
field profiles show how the HE11y y modes are influenced by the metal as a large
part of the field is pushed to the metal boundary. This influence weakens at larger
wire diameters, as the field distribution of the photonic modes, here exemplarily
shown for d = 400 nm (right side), strongly resembles those of a nanowire lying
on SiO,. The color scale is not the same in the different images.
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12.3 y-PL characterization of nanowires on gold

12.3.1 Sample preparation

As presented in Sec. 12.2, the coupling of optical modes to surface plasmons concentrates
a high fraction of the energy into propagation at the interface of the optical cavity and
the metal surface. In order to ensure a long propagation distance of the coupled SPP
modes, metal substrates with an atomically flat surface are desired: A large surface
roughness or many grain boundaries would lead to high scattering of SPPs, accompanied
by high propagation losses and thus impractically high lasing thresholds [158]. To avoid
the problem of polycrystalline Au films, that are for example provided by deposition
methods like sputtering or thermal evaporation, we produce our plasmonic devices using
molecular-beam epitaxy. For the basis substrate, we use commercial GaAs(001) wafers.
These wafers are initially transferred into the I1II-V MBE chamber to grow an atomically
flat GaAs buffer. After the GaAs deposition, the wafers are in-situ transferred into the
metal/oxide-MBE chamber. First, a thin 1 nm iron (Fe) layer is grown, before depositing
Au onto the substrate. The thin Fe layer acts as diffusion barrier and prevents the gold
from interacting with GaAs. As shown in Fig. 12.3 (a) and (b), the presence of the
thin Fe layer makes a great difference in surface roughness. The upper panels show the
atomic force micrographs (AFM) of a structure without an Fe barrier layer (a) and with
an inserted Fe layer (b). The evaluation of the micrographs yield root mean square (rms)
values of rms = 0.22 nm without and rms = 0.11 nm with a Fe barrier layer. Hence,
the average surface roughness has halved through the integration of a 1 nm thin Fe layer
between the GaAs substrate and the Au. The improvement of surface roughness is also
seen in the respective SEM images (lower panel) of the two structures. In (a), there are
clear irregularities on the gold surface, while the gold surface in (b) is very smooth. The
scratches in the upper left part of the SEM images were intentionally added to allow the
adjustment of the focus of the microscope. The atomically smooth surface of the structure
in Fig. 12.3 (b) makes it the perfect substrate for plasmonic waveguiding and is therefore
applied as the substrate for our nanowires. The final device layout with the NW on top is
illustrated in Fig. 12.3 (¢).

12.3.2 Lasing characteristics and analysis

We now present the power-dependent p-PL studies performed on individual nanowires
lying on a MBE-grown Au substrate. An exemplary power series is shown in Fig. 12.4
(a), recorded under pulsed excitation at 40 MHz repetition frequency and a non-resonant
excitation wavelength of 690 nm. The nanowire stems from the same MBE growth run
as the wire presented in Fig.11.1 (c) on SiO,. It has a total diameter of d = 230 nm
and a length of L = 5.73 pm. At the lowest pump pulse fluence of p = 38 pJ/cm?, the
spectrum consists of a single, broad spontaneous emission peak (light brown curve),
centered around A = 819 nm. The periodic modulation of the spectrum with increasing
excitation furthermore reflects the manifestation of longitudinal Fabry-Pérot modes inside
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Figure 12.3: Sample preparation for plasmonic experiments. (a) AFM (upper
panel) and SEM (lower panel) images of the metal substrate when the Au was
directly deposited onto the GaAs substrate. The gold reacts with the underlying
GaAs, which causes a higher surface roughness. (b) By inserting a thin Fe layer
between the GaAs and the Au layer, the surface roughness can be significantly
improved. (c) Final device structure that is used for plasmonic experiments.

the nanowire cavity, as discussed in Sec. 11.1. In contrast to the excitation dependence
of the wires in SiO; (see Fig. 11.1 (¢)), we now observe a sudden increase in emission
intensity of one of the FP resonances centered around A = 813 nm, which we interpret as
lasing of this single NW. At the highest chosen excitation of p = 458 pJ/cm? (dark blue),
the peak intensity is almost two orders of magnitude higher than the spontaneous emission
background (note the logarithmic scale on the y-axis). This indicates that the cavity gain
now exceeds all cavity losses and all emitted photons emit into this one lasing mode,
while the gain for the remaining frequencies is clamped. The clamping is evident at higher
pump intensities, where the spontaneous emission background does not significantly
change anymore over a wide range of excitation power (note the little differences in the
SE background between the turquoise and the dark-blue spectra). Another indication of
our excitation of coherent laser emission is given by the appearance of an interference
pattern of the emitted light at high excitations, as seen in the real-space emission profile
of a lasing wire from the same substrate in the inset of Fig. 12.4 (a). The interference
pattern emerges as the scattered light at the nanowire end facets behaves as two point
sources, which emit the coherent light that is amplified inside the nanowire cavity [18,
159, 160].

For a further analysis of the lasing behavior of this particular wire, we now investigate
the input-output (I-O) characteristic that was introduced in Sec. 10.5. Technically, the
I-O characteristic, from which essential lasing parameters like the lasing threshold or the
B-factor are commonly determined, is strongly influenced by how the output power is
defined. We demonstrate this by the analysis shown in Fig. 12.4 (b). Here, the output
intensity was extracted from the power-dependent emission spectra, shown in (a), in three
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different ways: The squares feature the global intensity maximum as a function of pump
intensity ("max. intensity"), the circles represent the output power when the spectra are
integrated over the entire energy range, and the triangles the integrated area underneath
the lasing peak only (integrated in the spectral range from 811 nm — 819 nm), without the
spontaneous emission background. In order to compare these three output-curves, each of
them was normalized to their maximum intensity. We recognize the following: The output
characteristic of the maximal intensity and the integrated lasing peak follow almost the
same dependence. They exhibit a smooth, but still obvious kink, or "knee-like" behavior,
which marks the transition from the spontaneous emission to the lasing regime. However,
the I-O characteristic is substantially different when we integrate over the entire spectrum
and thus take the spontaneous emission background into account. In that case, there is
no obvious transition from the SE to the lasing regime and the output intensity follows
a roughly linear dependence on the input power. We attribute the lack of visible lasing
transition in the "full spectrum" curve to an overestimation of the spontaneous emission
intensity as compared to the collected laser emission from the NW. As the spontaneous
emission homogeneously radiates into all spatial directions, the collection efficiency into
the objective is larger than for the laser light, which mainly radiates away from the NW
in axial direction [19, 143]. This becomes evident when we compare the integrated
intensity of the full spectrum, the integrated intensity of the SE background (integrated
spectrum without the lasing peak) and the integrated intensity of the lasing peak only,
which are plotted in Fig. 12.4 (c) on a double-logarithmic scale. Until an excitation of
100 pJ/cm?, the total intensity is dominated by the spontaneous emission, which saturates
for higher pump powers due to gain clamping, but is still by a factor of ten stronger than
the lasing peak intensity. The lasing peak, on the other hand, increases by almost two
orders of magnitude between p = 100 pJ/cm? and p = 458 pJ/cm?, and clearly displays
the transition from the super-linearly increasing ASE regime to the linearly increasing
lasing regime. The two linear regions are traced by the red lines to guide the eye. Hence,
by calculating the light output through integration of the full spectrum, the overestimation
of spontaneous emission intensity may lead to an incorrect evaluation of the spontaneous
emission factor S as well as of the lasing threshold [143]. However, when we only take
the lasing peak into account, the spontaneous emission is completely neglected and the
data do not reveal the typical "S"-shape. For a consistent evaluation of all our lasing
nanowires, we therefore take the maximum intensity of the emission spectra as lasing
output.

The corresponding, final I-O characteristic of this wire together with the FWHM is
presented in Fig. 12.4 (d). The light output now exhibits the characteristic, non-linear
"S"-shape (blue curve), and the line width (red curve) promptly drops from 10nm to
1 nm, which is a clear indication of the onset of lasing. The lasing threshold pump power
is marked by the gray dashed line in the graph. The high S-factors of such nanolasers
makes the transition to the lasing regime and thus a distinct threshold less obvious (cf.
Fig. 10.6 (a)). Hence, we determine the threshold by linearly fitting the output curve (on a
linear scale) at high pump intensities, where the x-axis intercept of this straight line then
denotes the threshold pump power, as shown in panel (b). For the presented nanowire,
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we determine a lasing threshold of pg, = 190 pJ/cm?. To ensure a consistent threshold
evaluation, this procedure was applied for all lasing nanowires throughout this thesis.

12.3.3 Mode identification

In the previous section, a stable lasing behavior of a nanowire on gold was demonstrated.
However, we only observe lasing properties for a small share of nanowires lying on the
gold substrate, which implies that the majority of the measured nanowires does not form
a cavity with high enough quality to ensure low-loss optical waveguiding and sufficient
positive optical feedback. For the optimal design of nanolasers, it is crucial to understand
the internal mechanisms that lead to lasing, including the knowledge of which optical
mode is amplified in the nanocavity, as well as geometrical factors that affect the resonator
quality. We have already discussed in Sec. 11.2, that the end facet tapering plays a major
role in resonator quality, since we found a long, conical tip to significantly diminish
the mirror reflectivity. The total wire diameter also is a key parameter, as it defines the
presence of optical modes that can be amplified. Hence, we experimentally investigated
how the shape of the nanowires affects their lasing capability: A total of 45 nanowires
were examined in terms of their lasing performance using p-PL spectroscopy, before
their dimensions were determined via SEM. The presented nanowires have a diameter of
d = 200(+30) nm. In Fig. 12.5 (a), we summarize all nanowires studied in this context
and plot their total diameter, as determined by SEM, as a function of their tip length.
The wires that exhibited a clear lasing behavior are plotted as turquoise spheres, while
the black squares represent those wires for which the PL emission did not exceed the
ASE regime. It can be seen from this statistics that, among these data, no lasing was
observed for wires with diameters below a critical diameter d = 200nm. Moreover,
among the nanowires with d > 200 nm, lasing could only be observed in those where the
tip length did not exceed 1.5 pm, with the exception of the 230 nm wire. For the sake of
completeness, it should be mentioned here that we did not observe any dependence of the
lasing behavior on the total NW length, or resonator length L, respectively, which ranges
from L ~ 5 — 7 pm. Based on the results in Fig. 12.5 (a), we find it highly unlikely that
the dominant lasing mode is a plasmonic SPP mode. On the one hand, most of the SPP
mode’s energy propagates along the NW/gold interface and does not directly impinge
on the NW end facet, or tip, respectively. The reflectivity, and thus the corresponding
resonator quality, of an SPP mode should therefore not be dependent on the shape of the
NW end facet. On the other hand, the determined, critical lasing diameter coincides with
the mode cut-off of the photonic HE11 modes of d ~ 200 nm (cf. Fig. 12.2 (a)), which
underlines the assumption that only photonic modes are amplified.

To verify this, we numerically evaluate the group indices n, of the different modes for
various diameters and compare them with the experimentally determined group indices
of all measured NWs that showed at least FP resonances. To numerically evaluate the
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Figure 12.4: Lasing characteristic of a nanowire on gold with d = 230 nm and
L =5.73 pm. (a) Power dependent emission spectra with several FP resonances
and one amplified lasing peak. Inset: Emission profile of a lasing nanowire
showing clear interference fringes that are indicative of coherent radiation
generated inside the NW cavity. (b) Linear representation of the intput-output
curves evaluated by three different methods. (c) Comparison of the integrated
intensities of the entire spectrum with the SE background and the lasing peak.
The graph reveals how the SE is overestimated as a result of varying collection
efficiency of spontaneous emission and laser output. (d) I-O plot of the maximum
intensity value showing the characteristic, non-linear "S"-shape. The concomitant
line width drop is a strong indication of the onset of lasing.
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group index, we use Eq. 10.3:
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and simulate the frequency dependence of n.g in the range of 4 = 750 — 850 nm for the
first four modes and for various diameters. For each mode and each diameter, (dneg/dA)
was then obtained by a linear interpolation of n.g(1). The experimentally determined
group indices are determined according to Eq. 10.2 by using the measured, longitudinal

mode spacing A4 of the each investigated nanowire:
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We determined the group indices for a wavelength of 4 = 820 nm. For the resonator length
L, we took the length of the nanowire stem. The obtained theoretical and experimental
values are plotted together in Fig. 12.5 (b). Apparently, the plasmonic modes, SPP1 and
SPP2, have moderate and nearly constant group indices of n, = 5 for all diameters above
d = 150 nm. The measured nanowires, however, all exhibit very large group indices of
values between 6 and 9, depending on the diameter, which is in excellent agreement with
the calculated values of the HE11, and HE11y mode. This, together with our observation
from Fig. (a), confirms our suggestion that the photonic HE11 mode is the dominant
lasing mode.

Due to the high overlap of the two photonic HE11 modes, Fig. 12.5 (b) does not indicate
which polarization state is more likely to lase. To that end, the polarization analysis
presented in Figs. (¢) and (d) should provide further information on which of the two
modes is the dominant one. As outlined in Sec. 8.4, we expect a dominantly y-polarized
guided wave (polarization normal to the substrate) to show a far-field radiation intensity
which is dominantly polarized along the nanowire axis (z-direction). Hence, the dominant
polarization of the HE11y mode, analyzed in the far-field, is parallel to the wire axis
(z-polarization), while the polarization of the HE114 mode is predominantly polarized
perpendicular to the wire axis (x-polarization). This was also deduced in Ref. [139]
for photonic modes in single InP nanowires. Fig. 12.5 (c) shows the bimodal lasing
spectra of a typical lasing nanowire (d = 190nm, L = 5.1 pm), analyzed parallel (black)
and perpendicular (red) to the wire axis and the respective emission profiles (insets).
The emission profiles indicate strong optical waveguiding as almost no luminescence
radiates into the far-field until the light is scattered from the end facets. Additionally, the
perpendicularly (x-polarized) emission is much brighter than the parallel (z-polarized)
emission, which is also observed in the total PL intensity of the lasing spectra. The
angle-resolved PL intensity in a polar plot is shown in Fig. 12.5 (d) together with the SEM
image of this wire. The integrated intensity reveals a high degree of linear polarization,
regardless of whether we consider the entire spectrum or only one lasing peak (the
polarization analysis in Fig. (d) was performed for the longitudinal mode centered around
A =807 nm). Both curves reveal the same angular dependence. We extract high degrees
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of linear polarization of DLP = 0.86 for the full spectrum and DLP = 0.74 for the lasing
peak. Hence, all data shown in Figs. 12.5 (¢) and (d) strongly suggest that the HE11
mode is the dominant transverse lasing mode.

Summarizing, we have systematically evaluated the lasing behavior of our GaAs nanowire
lying on gold in terms of their geometrical shape and morphology. Moreover we have
identified the dominant lasing mode by comparing the experimentally and theoretically
determined group indices combined with a detailed polarization analysis. To probe the
cause of our observation, we will further analyze the confinement factor and modal
threshold of nanowires on gold in Sec. 12.4. Before that, we will briefly discuss the main
differences between lasing operation in cw and pulsed mode in the next section.

12.3.4 Continuous wave and pulsed operation

So far, we have focused on the analysis of nanowire lasers that are optically pumped
using pulsed laser excitation. Pulsed excitation benefits from a lower risk of heat-induced
damage to the crystal, since optically induced heat can easily dissipate to the surrounding
or the substrate between the excitation pulses [161]. Furthermore, the concentration of
the laser energy to short pulses raises the peak intensity of the exciting laser light and
consequently facilitates population inversion. We find our nanowires, however, also to
operate in the cw mode, which may be required for some practical applications, but is often
difficult to achieve as the high optical, time-integrated power necessary to obtain lasing
can induce strong heating effects (see Sec. 11.3). In this section, we therefore concisely
summarize the main differences in emission between pulsed and cw excitation.

In Fig. 12.6, the pulsed (a) and cw (b) mode of a lasing wire are compared. In Fig. 12.6 (a),
the power-dependent emission spectra of the wire under pulsed excitation are shown. The
multiple longitudinal modes clearly feature a strong blue-shift with increasing excitation
and the individual peaks exhibit a broad low-energy tail. By contrast, the blue-shift of
the peaks in cw mode is less prominent and all peaks are homogeneously broadened.
The spectral blue-shift of the peaks can be explained by the effect of band filling, which
increases with pump power and shifts the emission to higher energies [162]. The stronger
shift under pulsed excitation compared with the cw excitation indicates that the higher peak
intensity of the excitation pulses generates more charge carriers, which is accompanied
by a more efficient band filling. The generated carrier density, however, is not steady
during one excitation cycle, but degrades after the excitation is terminated (which is
after the duration of our excitation pulse laser of ~ 50 ps). Hence, population inversion
is not guaranteed for all times. After the initial, fast depopulation through stimulated
emission, the emission afterwards is affected by parasitic ASE and SE, which are lower in
energy. As a result, the time-integrated spectra under pulsed excitation feature various
states of band filling which leads to the low energy tail of the individual peaks. In cw
mode, however, a steady-state condition for gain and losses is established, resulting in a
homogeneous broadening of the resonance peaks [161].
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Figure 12.5: Mode identification of nanowires lying on gold. (a) Summary of
in total 45 nanowires, investigated with regard to their lasing capability. The
occurrence of lasing is dependent on the total nanowire diameter and the length
of the tapered end facet. (b) Group indices as a function of nanowire diameter.
The comparison between the theoretically and experimentally determined group
indices shows a high agreement of the measured values with the photonic HE1 1
or HE11y mode. (c) Polarization resolved lasing spectra of an exemplary lasing
nanowire (d = 190nm, L = 5.1 pm), which clearly shows a dominant linear
polarization perpendicular to the wire axis. The respective emission profile
(insets) further indicate strong optical waveguiding. (d) Polar plot of the PL
intensity integrated over the full spectrum (turquoise spheres) and over the lasing
peak only (red spheres), both showing the same angular dependence and high
DLP values of DLP = 0.86 and DLP = 0.74, respectively. From the observations
made in Figs. (a)-(d), it can be concluded, that the HE114 mode is the dominant
mode in our GaAs nanowires on gold.
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Figure 12.6: Spectral differences between a nanowire laser operating in pulsed
and cw mode. (a) Power-dependent spectra under pulsed excitation. With
increasing excitation intensity, a strong blue-shift of the longitudinal modes is
observed. The amplified peaks furthermore reveal an asymmetrical shape. (b)
The peaks of the longitudinal modes of the nanolaser operating in cw mode are
homogeneously broadened and the blue-shift is less pronounced as compared to
the pulsed mode shown in (a).

12.4 Confinement factor and modal threshold of
nanowires on gold

After the systematic experimental analysis on the lasing behavior of GaAs nanowires lying
on gold, presented in the previous sections, we now want to gain a better understanding of
the underlying mechanisms. In this section, we therefore further analyze the key factors
that can be extracted from the numerical FEM simulations, as it was already presented
in Sec. 10.4 for nanowires on SiO,. The calculated, diameter-dependent confinement
factor I' is shown in Fig. 12.7 for the SPP1, SPP2, HE11y y and TEO1 mode. Though the
optical energy of plasmonic modes is strongly localized at the NW/metal interface and
thus tightly confined within an infinitely small region, the confinement factor, calculated
according to Eq. 10.6, is much smaller than for the photonic modes. This is because the
overlap of the electric energy with the gain medium - the GaAs core - is small for the
SPP1 and SPP2 mode compared to the total transported energy. On gold, we find the
confinement factor of the photonic modes to be even larger than that of their counterparts
in the case of a SiO; substrate (cf. Fig. 10.5 (a)). Here, the HE11; mode reaches a
maximum value of I' = 1.8 at d = 225 nm.

The propagation losses a), of the plasmonic modes (SPP1 and SPP2), shown in Fig. 12.7
(b), exceed those of the photonic modes nearly over the entire diameter range, which
directly reflects the ohmic damping caused by a high field overlap of the waveguide
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modes with the metal substrate. We can again estimate the diameter-dependent, modal
threshold of a nanowire laser, now on gold, represented by the relation a,, /I" in Fig. 12.7
(c). Over the entire diameter range, the plasmonic SPP1 mode has a very high and almost
constant modal threshold gain value of @, /" > 12 x 10° cm™!, suggesting that lasing
from the SPP1 mode is more difficult to achieve as it requires higher pump intensities.
Experimentally, we solely observe lasing in GaAs nanowires that exhibit a total diameter
larger than d = 200 nm. At this diameter, the modal threshold gain is lowest for the HE11,
mode, closely followed by the HE114 mode. This result is in contrast to the experimental
findings (Sec. 12.3.3), where we evaluated the HE114 mode to be the dominant lasing
mode and therefore the mode with the lowest threshold. The reason for this discrepancy
has yet to be established, but it is likely that the critical parameter here is the modal
reflectivity on the end facets, which can be different for the HE11; and HE11y mode,
especially when the degeneracy between these two modes is lifted [18, 111].

For comparison, we added the diameter-dependent threshold of the fundamental HE11
mode of a nanowire on SiO; (cf. Fig. 10.5 (a)) to the graph (dashed line). For all
diameters above d = 170 nm, our simulations reveal, that the modal threshold of the
purely photonic HE11 mode of a NW on SiO; is lower than for all waveguide modes in a
NW lying on gold. From only the simulations, one could assume that lasing in nanowires
is easier to achieve when they are lying on a dielectric SiO, substrate. However, this is in
contrast to our experimental results, since only the nanowires on gold exhibited lasing.
One hypothesis may be the more efficient reflection of the excitation laser on the gold
surface, as we discuss in the next section.
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Figure 12.7: Modal threshold gain of a nanowire lying on a gold substrate. (a)
Calculated confinement factor as a function of total nanowire diameter of the
SPP1, SPP2, HE1 1y and TEO1 mode. (b) Respective mode propagation loss
«,. The high propagation losses of the plasmonic modes are caused by ohmic
damping and a large overlap of the optical field with the metal. (c) Threshold
gain estimate @, /I". The high damping results in much higher threshold values
for the plasmonic modes as compared to the photonic modes, which makes it
more difficult to achieve lasing of the plasmonic modes. The dashed line is the

modal threshold of the fundamental HE11 mode on SiO, (cf. Fig. 10.5 (b)) and
serves as reference.



12.5 Conclusion

12.5 Conclusion

In contrast to nanowires lying on a dielectric substrate, nanowires on a gold substrate are
capable of lasing with the optical pumping available in the present study. In this chapter,
we have systematically investigated the lasing characteristic of our GaAs nanowires and
identified the dominant lasing mode with the support of numerical FEM simulations. We
showed that through the presence of surface plasmons, two new waveguide eigenmodes
(SPP1 and SPP2) appear, which are based on surface plasmon propagation and therefore
tightly confined to the NW/metal interface. Though both of these modes have a smaller
mode cut-off diameter than the photonic modes, no lasing was experimentally achieved in
nanowires with diameters smaller than the photonic mode cut-off of d ~ 200 nm. Based
on this, we have identified the photonic-like HE114 mode as the dominant experimental
lasing mode in all studied lasing NWs. Furthermore, our numerical simulations have
revealed a significantly higher modal threshold for the SPP modes than for the photonic
modes, as a result of damping.

Our simulations have also shown a lower modal threshold for the HE11 mode on SiO,
than for the respective mode one the gold substrate. This is in contrast to our experimental
results, as no lasing was observed in nanowires on a SiO; substrate. The specific cause
for the improved lasing performance of the investigated nanowires on the gold substrate,
as compared to the SiO; substrate, is to be the subject of future studies. Nonetheless, we
want to propose three effects that may lead - alone or in combination - to an enhanced
lasing efficiency when the nanowires are lying on a metal substrate. These effects mainly
result from an increased light-matter interaction of the charge carriers with the enhanced
field close to the metal: (1) A SPP enhanced emission rate into the lasing mode can lower
the threshold [80]. This emission rate enhancement is for example also used in surface
plasmon-enhanced luminescence, fluorescence or Raman spectroscopy [153, 163, 164].
(2) The energy transfer from SPPs to the excitons in the gain material modulates the
carrier concentration and improves the efficiency of band filling, which is also referred
to as SPP-enhanced Burstein-Moss effect [165]. (3) Another reason for the improved
lasing performance may simply be the better reflection of the excitation laser light on the
metal substrate than compared to a dielectric substrate. The enhanced reflection increases
the net power with which the nanowire is stimulated and thus makes the provided pump
power of our excitation laser sufficient to induce lasing.

To further study the role that photonic-plasmonic coupling may play in connection with
lasing in nanowires, we experimentally investigate the hybridized plasmonic waveguide
design in the next chapter.
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Hybrid-plasmonic waveguides
and lasers

The idea of hybrid-plasmonic waveguides aims to reach a trade-off between advantages
(optical confinement) and limitations (propagation length, plasmonic damping) of plasmon
lasers [154]. In this chapter, we realize this concept and examine it in terms of the lasing
performance of our GaAs nanowires. First, the general concept of mode hybridization
is introduced with respect to the change in mode propagation in comparison with the
previous structures, presented in Chs. 11 and 12. We will further present how the mode
dispersion changes in the photonic limit when we increase the dielectric spacer thickness.
Afterwards, similar to Sec. 12.3.3, we identify the dominant lasing mode in our NW
waveguides and finally evaluate how the integration of the insulating gap affects the lasing
performance.

13.1 Concept of a hybrid-plasmonic waveguide
with a nanoscale dielectric layer

In photonic devices, the light confinement is diffraction limited, while in devices coupled
to surface plasmons, the overlap of an optical mode with the metal results in ohmic
damping. Subsequently, the latter suffer from high losses, which induce high lasing
threshold values. An auspicious concept is the so-called hybridized plasmonic waveguide
structure, where a few nanometer thick, low-index dielectric layer is sandwiched between
the high-index, semiconductor NW and the plasmonic metal substrate. This design is
meant to overcome the limitations of the purely photonic and purely plasmonic concepts
and in addition combine their advantages [166]. The concept was first theoretically
proposed by Oulton et al. in 2008 [141] and subsequently experimentally verified by the
same group in 2009 [127]. They demonstrated lasing from a hybridized mode in a CdS
nanowire, which was separated by a nanometer thin, insulating MgF, gap from a silver
surface. In the following, we present the realization and the concept of a hybrid-plasmonic
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Figure 13.1: Device structure of the hybridized waveguide design. The substrate
fabrication is equal to the one presented in Sec. 12.3.1, but now a thin, dielectric
AlOx-layer was deposited on top. This layer serves as low-index, dielectric
spacer between the NWs and the metal substrate.

waveguide with our wurtzite GaAs core-shell nanowires, placed on a metallic Au-substrate
that is coated with an insulating aluminum oxide layer of variable thickness.

13.1.1 Sample design

The samples, which we will present in this chapter, are similar to those presented in
Sec. 12.3.1, but the atomically flat gold layer is covered with a thin, dielectric layer. As
dielectric material, we use thin layers of aluminum oxide (AlOx), which were deposited on
top of the gold either by an atomic layer deposition (ALD) process, or in-situ after the gold
deposition in the metal/oxide MBE chamber. In the following sections, we will investigate
and compare the lasing behavior of nanowires, which are dispersed on substrates coated
with different AIOx layer thicknesses of # = 5nm, 2 =7nm, 4 = 10nm, 2 = 15 nm and
h = 20nm. These AlOx layers will serve as a low-index, dielectric spacer between the
nanowires and the metal substrate. The final structure is sketched in Fig. 13.1.

13.1.2 Hybridized waveguide modes

The integration of a thin, low-index dielectric spacer between the nanowire and the
gold substrate significantly changes the way of how an electromagnetic wave propagates
along the waveguide. In analogy to the structures described in the previous chapters,
we simulate the mode dispersion with an integrated, thin AlOx layer between the gold
substrate and the nanowire. We approximate the refractive index of the AlOx layer
by assuming a mono-crystalline Al,O3 material with naj,0, = 1.76 [167]. The other
numerical parameters are the same as in Secs. 10.3 and 12.2, respectively. The effective
indices of the first four modes are shown in Fig. 13.2 (a). The coupling of the photonic
modes to the surface-plasmon field generates new eigenmodes, here referred to as hybrid
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surface plasmon (HSP) modes. We identify two of these strongly coupled modes, the
fundamental HSP1 mode (dark brown curve) and a higher order, HSP2 mode (green
curve). The HSP1 mode exhibits the highest effective index over the entire diameter
range and has a small cut-off diameter of d = 75 nm. Similar to what we observe for the
purely plasmonic SPP modes of a nanowire lying on gold (cf. Fig. 12.2 (a)), the lower
limit of the mode indices of the HSP modes is n. = 1. However, in contrast to the SPP
modes, the mode index of the HSP1 mode does not exceed ngaas = 3.67, which reflects
the plasmonic/photonic hybrid nature of the HSP modes.

We will now discuss the calculated mode profiles in Fig. 13.2 (b) in more detail: Regardless
of the NW diameter, the HSP1 mode is strongly confined within the thin AlOx layer
(see HSP1 profile at d = 190 nm and d = 400 nm) and neither displays characteristics
of a pure SPP mode nor that of a pure photonic mode. However, the presence of SPPs
and the continuity of the displacement field lead to a strong enhancement of the normal
electric field component inside the thin AlOx layer (note the red arrows, which denote the
E-field polarization). Additionally, the dielectric discontinuity of the NW/AIOx interface
produces polarization charges, which interact with the SPPs at the Au/AlOx interface
and thus create a "capacitor-like", subwavelength energy storage in the small gap region
[141].

We can also see, that the coupling between the higher order SPP2 mode with photonic
modes can significantly change the mode profile for comparatively small wire diameters.
This is exemplarily shown for the HE11 mode at a diameter of d = 190 nm in Fig. 13.2
(b). The coupling leads to the same capacitive energy storage, now with the formation
of two oppositely, normal (y-)polarized maxima within the gap region. The resulting,
main polarization inside the nanowire region is still along the x-direction. For this mode,
the coupling to the SPPs ceases with increasing wire diameter: As an example, at a
diameter of d = 400 nm, the HE11 mode displays its purely photonic characteristic with
the entire energy being stored inside the NW. The HSP2 and TEO1 mode, on the other
hand, still exhibit a strong plasmonic coupling, even at a comparatively large diameter of
d =400 nm. It can be seen that modes with a high share of y-polarized field components
couple much stronger to SPPs due to the congruence in mode symmetry with electric
field components of the surface plasmons. The HSP2 mode shows similar features as the
HSP1 mode, but a much larger cut-off diameter at d ~ 200 nm and much lower effective
mode indices, indicative for the weaker optical confinement. This weaker confinement
can directly be seen in the intensity distribution in Fig. 13.2 (b), as, in contrast to the HSP1
mode, a considerable amount of the HSP2 mode’s electromagnetic energy propagates
inside the NW, instead of being bound to the metal surface [168].

To gain a better understanding of the origin of the presented modes, we will further
investigate the mode development in the photonic limit by increasing the AlOx spacer
thickness in the next section.
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Figure 13.2: Waveguide modes emerging from the hybrid-plasmonic design with
an integrated AlOx layer of 7 = 5 nm between the NW and the Au substrate. (a)
Effective mode indices as a function of NW diameter for the first four modes. We
identify two strongly coupled hybridized surface plasmon (HSP) modes, HSP1
(brown) and HSP2 (green). (b) Corresponding field profiles of the waveguide
modes in (a) for two different diameters of d = 190nm and d = 400 nm. The
arrows mark the in-plane polarization of the E-field (red) and the H-field (blue).
The color scale is not the same for different images.
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13.1.3 Mode hybridization in the photonic limit

In order to understand the origin of the hybridized surface plasmon modes HSP1 and
HSP2, we now analyze the mode dispersion in dependence of the dielectric spacer
thickness h. The dispersion curves of the first four modes are shown in Fig. 13.3 for
spacer thicknesses between 4 = 5nm and 4 = 200 nm.

While the dispersion curves of the HE114 and the TEO1 mode stay nearly constant when
the spacer thickness increases, the dispersion curves of the hybridized modes change
significantly. Already at 4 = 20 nm, the HSP1 and HE11 mode are almost degenerate at
the highest diameter, while for small NW diameters the hybridization is apparent from the
high effective index in the range of d = 70 — 180 nm. Following the evolution of the HSP1
mode for continuously increasing spacer thicknesses, the mode dispersion progressively
approaches that of the HE114 mode. At 4 = 200 nm, the plasmonic coupling is entirely
suppressed and the hybridized HSP1 mode fully converts to the photonic HE11y mode.
The transition from the SPP-like to the photonic nature can be traced in the images 1 — 3 at
the right-hand side of Fig. 13.3. The images show the intensity distribution at # = 50 nm
for the diameters (1) d = 140nm, (2) d = 240nm and (3) d = 340 nm (also marked in
the plot for 2~ = 50nm). For the comparatively small NW diameter of (1) d = 140 nm,
the waveguide mode features a SPP-like behavior with the electric field intensity being
stored within the gap region and strongly bound to the metal/dielectric interface. At the
intermediate, 240 nm wire diameter, the energy is distributed over both the NW and the
adjacent metal/dielectric interface. At the high NW diameter of d = 340 nm, the mode is
fully converted to the photonic HE11y mode.

A similar behavior can be observed for the higher order, HSP2 mode. With increasing A1Ox
layer thickness and hence decreasing plasmonic coupling, the HSP2 mode approaches
more and more the photonic mode branch of the HE21y mode. At 4 = 200 nm, the mode
dispersion then fully resembles that of a NW lying on a dielectric SiO; substrate (cf.
Sec. 10.3) with an effective mode index cut-off of neg = naj,0, = 1.76. Thus, we conclude,
that the field generated by surface plasmons affects the photonic modes, which exhibit a
dominant polarization normal to the metal surface (y-polarization), much stronger than
the modes with dominant polarization parallel to the metal surface (x-polarization). This
strong coupling with the SPP field then successively leads to a hybridization of the modes,
which becomes stronger with a decreasing distance to the metal.
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Figure 13.3: Mode dispersion of the hybrid-plasmonic waveguide design in the
photonic limit. The effective indices of the first four waveguide modes are shown
for different AIOx layer thicknesses between 4 = 5nm and # = 200 nm. With
increasing spacer thickness, the HSP1 mode approaches the mode branch of the
HE11y mode, and the HSP2 mode that of the higher order HE21y mode. The
dispersion with the highest AlOx layer thickness (A = 200 nm) resembles that of
a NW lying on a dielectric SiO, substrate (see Sec. 10.3). The images on the
right-hand side show the transition from the SPP-like HSP1 to the photonic-like
HE11y mode with increasing diameter. The positions from where the images
were extracted are marked in the mode dispersion for # = 50 nm. The color scale
is equal for the images 1 — 3.
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13.2 Mode identification

We have just shown how new eigenmodes develop in the hybrid-plasmonic waveguide
design. In the present section, we now systematically investigate the lasing behavior
of NWs that are lying on a Au/AlOx substrate with 2 = Snm. The applied evaluation
method is similar to the one presented in Sec. 12.3.3 for NWs lying on a Au substrate.
The dependence of the lasing capability on the NW morphology is presented in Fig. 13.4
(a). On this sample, we have examined over 70 NWs with respect to their ability to
lase. After they were spectroscopically analyzed, their dimensions were determined via
SEM. The diameters and the tip lengths of the measured NWs are plotted in Fig. 13.4 (a).
Again, we distinguish between nanowires that showed a proper lasing behavior, plotted
as turquoise spheres, and those, which did not show lasing, but at most FP resonances
(black squares). We observe a similar trend as for the NWs lying on gold: Only above a
diameter of d = 197 nm, NWs with lasing capability are found. Additionally, Fig. 13.4
(a) reveals that a pronounced and long tip is obstructive for lasing, as no lasing was
observed in nanowires with a tip longer than 1.1 pm. This can be explained by a strong
reduction in end facet reflectivity due to the pronounced tapering (cf. Sec. 11.2). We
therefore exclude the HSP1 mode to be the dominant lasing mode in these nanowires for
two reasons: The minimum diameter of d = 197 nm suggests that the amplified mode has
a mode cut-off diameter at this point. This is not the case for the HSP1 mode, which has a
mode cut-off at d * 75 nm. Secondly, we presume that the tip formation should not have
a great influence on the lasing performance of the HSP1 mode, as most of the mode’s
energy propagates within the AIOx layer. Hence, as the wave does not directly impinge
on the end facet, the tip shape should not significantly reduce the reflectance and thus not
have a great influence on the cavity quality.

We further confirm our assumptions by comparing the experimentally determined group
indices with the simulated values in Fig. 13.4 (b). The procedure of the group index
calculation is the same as described in Sec. 12.3.3. The measured NWs exhibit group
indices between ng, = 6.3 and ng = 7.2, which strongly deviate from the simulated values
of the hybrid-plasmonic HSP1 mode. Above a NW diameter of d = 150 nm, the group
index of the HSP1 mode stays almost constant at a comparatively low value of around
ng = 3.6. Compared to the HSP1 mode, the simulated group indices for the HE11 and
HSP2 mode are very high in the diameter range of d = 180 — 250 nm and coincide very
well with the experimentally determined values of the measured nanowires. Concerning
the emission polarization, the investigated lasing wires showed a similar behavior to the
one presented in Fig. 12.2 (c) and (d), namely a dominant linear polarization perpendicular
to the nanowire axis (not shown here). This lets us assume that the photonic HE11; is the
dominant lasing mode. Note, that not all of the measured wires shown in Fig. 13.4 (b)
were able to lase, but exhibited at least FP resonances, which allowed us to determine the
mode spacing AA. The differences between the experimentally and theoretically evaluated
group indices may be due to a slight refractive index deviation between the deposited,
poly-crystalline AIOx layer and the literature value of a mono-crystalline Al,O3 material,
which was assumed in the simulations.
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Figure 13.4: Mode identification of NWs lying on an Au/AlOx substrate with
h = 5nm. (a) Statistic of the measured nanowires: The total diameter is plotted
against the tip length. No lasing was observed in nanowires with d < 197 nm
and tip lengths exceeding 1.1 pm. (b) Experimentally determined group indices
of the measured nanowires, which showed at least FP resonances, compared
with the group indices of the first four modes, determined by the numerical
simulations. The group indices of the measured wires are in good agreement
with the HE114 and the HSP2 mode.
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13.3 Threshold characteristics

We now study the influence of the dielectric spacer thickness on the lasing performance.
To this end, we have analyzed several nanowires regarding their lasing threshold on
the substrates with different AlOx spacer thicknesses of 7 = 0,5,7,10, 15 and 20 nm.
The investigated wires are measured under similar conditions: They were excited with
a 690 nm laser under pulsed operation. The exciting laser was focused onto the wires
through a 20x objective (NA = 0.45) and the laser repetition frequency was set between
10 — 80 MHz. Note that, as we represent the excitation pump power in energy density per
pump pulse (pJ/cm?), the repetition rate does not influence the threshold determination.
Furthermore, at least three orders of magnitude of the carrier density decays within the
first 10 ns after excitation, which is still below the time between two excitation pulses of
12.5 ns at the highest repetition frequency of 80 MHz. We can therefore assume that the
the system is restored to equilibrium before the subsequent pump pulse arrives.

The results of this study are summarized in Fig. 13.5 (a): Each sphere represents the
determined threshold value of one lasing nanowire on the respective substrate (x-axis)
and the orange circles indicate the average threshold value among all nanowires on the
respective substrate. Though the threshold values scatter up to +100 pJ/cm? within
one substrate, which is due to the differences in NW morphology, a clear trend can be
observed: The nanowires directly lying on the gold surface (2 = 0 nm) exhibit the highest
average threshold. The threshold is then significantly reduced for the nanowires on the
substrates with a thin A1Ox spacer of 5 and 7 nm, respectively. The lowest absolute lasing
threshold value amounts to py, = 76 pJ/cm? on the substrate with 2 = 5nm. This trend
reverses for increasing spacer thicknesses, for which we observe a higher average lasing
threshold again.

We further compare the input-output characteristic of representative lasing nanowires
from the different devices in Fig. 13.5 (b). In order to get comparable results, we took
the data from the wires with lowest threshold from the devices with # = Onm, 2 = 7 nm,
h =15nm and & = 20nm. The samples 7 = 5nm and 4 = 10 nm are omitted, because
for the particular wires, not enough data points around the lasing threshold were recorded.
The output intensity of each curve in (b) was normalized to the intensity at pg,, such
that /(pw) = 1, and the threshold pump power for each laser is marked by the dashed
line in the respective color. The nanowires for which we compare the I-O characteristics
are furthermore encircled in Fig. 13.5 (a). The reduction in lasing threshold obviously
leads to an increase in the spontaneous emission factor 5, which can be seen by the
differences in the "S"-shape of the curves in (b). This becomes evident when comparing
the curves with comparatively high threshold, as for # = Onm or 2 = 20 nm, with the
I-O curves of the lasers with lower threshold (4 = 15nm and /2 = 7nm). The "S"-shape
continuously flattens with decreasing lasing threshold, which in turn indicates a higher
B-factor (cf. Sec. 10.5). Hence, in our samples, the reduction in lasing threshold is
directly correlated to a higher S-factor. Vice versa, we here demonstrate for our core/shell
wires, that an increase of the S-factor is achieved when integrating a sufficiently thin,
low-index dielectric spacer between the NW and the metal substrate.
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Figure 13.5: Threshold characteristics of lasing nanowires on substrates with
different AlOx spacer thicknesses. (a) Summary of threshold values determined
from several nanowires on each sample. Each green sphere represents one
nanowire laser and the orange circles indicate the calculated average threshold
from all nanowires on the respective substrate. (b) I-O characteristic of some
representative lasing nanowires from the different devices. The nanowires to
which the curves belong are encircled in (a).

13.4 Conclusion

In this chapter, we have tested the concept of the hybrid-plasmonic waveguide design
based on the integration of a nanometer-scale, low-index dielectric layer between the
metal substrate and the nanowire. Experimentally, this concept was realized by applying
a thin AlOx layer onto the MBE-grown GaAs/Au substrate. Our numerical eigenmode
analysis predicted two new eigenmodes that substantially differ from purely photonic or
purely plasmonic modes. As these states are a result of mode hybridization, we refer
to them as hybridized surface plasmon mode, HSP1 and HSP2. We have furthermore
demonstrated that these modes convert to the photonic HE11y and HE21y modes in the
photonic limit, when increasing the thickness of the dielectric: We have shown this by
numerically simulating the diameter-dependent mode dispersion for various AIOx spacer
thicknesses from 4 = 5nm up to 2 = 200 nm. This leads us to the assumption that the
y-polarized modes exhibit a much stronger coupling to SPP-fields due to the correlation
in mode symmetry.

Despite the predicted, simultaneous existence of these strongly coupled, hybridized
waveguide modes on substrates with thin dielectric spacer, we identified the HE114 mode,
having mainly photonic character, to be the dominant mode of the observed lasing. This is
similar to what was determined for the nanowires in direct contact with the gold substrate
(h = Onm) in the previous chapter (Ch. 12). Concerning the lasing performance of the
HE114 mode, our tested, hybrid-plasmonic devices are attractive when the dielectric
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spacer is very thin: We observe a measurable reduction in average lasing threshold from
the nanowires on a substrate with 5 nm and 7 nm AlOx spacer as compared to the NWs
that are in direct contact with the gold surface. The threshold then increases again with
increasing spacer thickness. An attempt to interpret the presented results by summarizing
and comparing all of our findings from Chs. 11 to 13 is given in the following chapter.
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Nanowire waveguides and lasers
on various substrates - summary
and analysis

We now conclude the insights on the lasing behavior of our nanowires, gained from the
previous chapters, and summarize the results of this part.

In Ch. 11, we investigated wurtzite GaAs nanowires with diameters of d = 200(+30) nm,
lying on a dielectric SiO; substrate, regarding their lasing capability. We were able to
drive some of these NWs into the ASE regime as they featured distinct FP resonances
in their emission spectrum under high excitation intensity. However, no lasing behavior
was observed from nanowires on a SiO, substrate. By contrast, a clear lasing behavior
was observed from the same nanowires when they are deposited onto a Au or Au/AlOx
substrate (Chs. 12 and 13). A statistical evaluation on the nanowire geometry furthermore
revealed, that a minimum diameter of d = 200 nm is necessary for our GaAs core/shell
wires to achieve lasing. We thereby find the lasing performance to be strongly dependent
on the nanowire morphology. In particular, we found the shape of the end facet to
constitute a major practical challenge, as a long conical tip, which - up to a certain length
- can not be avoided in core/shell NW MBE, severely reduces the cavity quality.

To identify the dominant lasing mode, we evaluated the group indices and analyzed the
polarization of the nanowire emission. We thereby found the photonic-like HE114 mode
to be the dominant transverse mode in all our investigated lasing nanowires, both on Au
and Au/AlOx. This is in line with numerical simulations, which predict a mode cut-off
diameter of d ~ 200 nm for the HE11 mode in all our investigated structures. We did not
observe lasing from the newly forming optical modes, resulting from strong coupling to
surface plasmons, neither from the SPP modes on the Au substrate, nor from the HSP
modes on the Au/AlOx substrate. These modes are predicted to dominate lasing at wire
diameters below 200 nm. A technical reason for the absence of observation of lasing
might be that the excitation lasers available in this thesis do not provide sufficient power to
stimulate these new modes in the narrowest NWs. This could be tested in the future with
higher power lasers. Nevertheless, concerning the photonic modes, such as the HE11y, it
is noteworthy that the presence of a metal substrate is apparently a necessary condition to
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attain lasing in our GaAs nanowires.

In literature, there are many examples of single NW-based photonic lasers [18, 139,
169—-177], based on various semiconductor materials, operating in the visible to the IR
range. None of these reports, however, studies the impact of the NW environment, or
substrate, respectively, on the lasing performance and the threshold. On the other hand,
all reports about plasmonic [20, 178, 179] and hybrid-plasmonic lasers [124, 127, 158,
180—182], so far only focus on the possibility subwavelength waveguiding and lasing of
optical modes, which are strongly coupled to surface plasmons (SPP1, SPP2 or HSP1),
by using NWs with diameters below the photonic mode cut-off. For the first time, we
compare GaAs/AlGaAs NWs with diameters close to the photonic mode cut-off within
these three different waveguide designs with respect to the lasing performance. Indeed,
we have found the photonic HE11, mode to be the dominant one that is amplified in all
structures. What has also not yet been discussed: At diameters close to the mode cut-off,
the coupling to surface plasmons also modifies the HE114 mode, which is particularly well
demonstrated by the simulated electric field distribution in Figs. 12.2 and 13.2. Hence,
we also observe decisive differences in the lasing behavior between the nanowires on a
Au and those on a Au/AlOx substrate: The integration of a thin dielectric AIOx layer
allows to reduce the lasing threshold of the photonic-like HE114 mode, which we have
experimentally shown in Sec. 13.3.

We now want to confirm these findings by comparing the different waveguide designs with
respect to their modal threshold gain «,/I", determined from our numerical simulations,
in Fig. 14.1. Panel (a) displays the calculated values in the case of a NW lying on a Au
substrate and panel (b) the same analysis in the case of a NW on a Au/AlOx substrate
with & = 7 nm, for which we determined the lowest average threshold (Sec. 13.3). The
diameter range of the nanowires investigated in Chs. 11, 12 and 13 is shaded in gray. For
comparison, the threshold of the fundamental HE11 mode of a NW placed on SiO; is
plotted as dashed line in both graphs. The threshold calculation of the structure with the
7nm thin AlOx spacer (Fig. 14.1 (b)) reveals some intriguing results: Over the entire
diameter range, the modal threshold values of the hybridized modes (HSP1 and HSP2)
are indeed lower than those of the purely plasmonic SPP modes in (a). This is in line with
the observations in various reports on hybrid-plasmonic waveguides and lasers [124, 127,
158, 180-182]. Secondly, the modal threshold for the HSP1 mode (Fig. 14.1 (b)), below
the photonic mode cut-off, is clearly higher than for the HE114 mode, which supports our
hypothesis that stronger excitation is required to induce lasing in NWs with d < 200 nm.
The most striking result to emerge from Fig. 14.1 (b), however, is the low threshold of
the HE114 mode on the Au/AlOx substrate, which is similar to the purely photonic case
(HE11 mode on Si0O,), and therefore lower than the threshold of the HE11; mode on a
pure Au substrate (Fig. 14.1 (a)). This approves our experimental observation of threshold
reduction of NW lasers when a thin, dielectric AlOx spacer is integrated between the NW
and the gold substrate, even for the photonic-like HE114 mode.

Our analysis also leaves some open questions: In the investigated diameter range, Fig. 14.1
predicts the modal threshold of the HE11 mode on SiO, to be as low as of the HE11
mode on the Au/AlOx substrate with 7 nm spacer. The lasing threshold for nanowires
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Figure 14.1: Comparison of the modal threshold between the plasmonic and
hybrid-plasmonic waveguide design. (a) Modal lasing threshold as a function of
nanowire diameter for the first five waveguiding modes in a nanowire lying on
an Au substrate (also shown in Fig. 12.7 (¢)). (b) Same graph as in (a) for the
first four modes of the hybrid-plasmonic waveguide design (NW on Au + 7 nm
AlOx spacer). As stated in literature [124, 127, 158, 180-182], the HSP modes
exhibit a lower threshold than the SPP modes as a result of reduced plasmonic
damping. More intriguingly, also the threshold of the HE114 mode is reduced
in the structure with a 7 nm thin A1Ox spacer and is comparable to the purely
photonic case (dashed curves in (a) and (b)). This underlines our experimental
results of threshold reduction in the hybrid-plasmonic design.

on SiO, should therefore be lower than for the nanowires on a bare Au substrate. In
our experiments, however, we could not drive the nanowires on SiO; into the lasing
regime, while this was indeed possible on the Au substrate and even more efficient with
an integrated, thin AIOx layer. At this point, it should be mentioned, that the numerical
simulations presented in this thesis are solely based on Maxwell’s equations, which only
include the dielectric constants of the materials. Any effects on excited charge carriers or
carrier dynamics inside the GaAs nanowires are not included. In Sec. 12.5, we discussed
some possible reasons why lasing on a metallic Au substrate might be more efficient than
on a dielectric Si0, substrate.

In summary, we have shown that the hybrid-plasmonic waveguide design indeed combines
the "best of both worlds" [166]. Not only concerning the possibility of subwavelength
confinement to newly plasmonic modes, but also in terms of the lasing performance of
dominant photonic modes. Hence, a Au substrate covered with a thin dielectric AlIOx
spacer of 5 — 7 nm is very promising for future studies on single-wire lasing.
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B

In this thesis, we have studied single, direct-bandgap GaAs nanowires under various
aspects. The unique ability to synthesize nanowires in the meta-stable wurtzite crystal
phase, combined with their dielectrically peculiar, elongated shape, has led us to focus
on two main areas: On the one hand, the tunability of the core diameter and the shell
thickness in our advanced MBE growth process offers a unique access to spectroscopy in
the 1D quantum regime in semiconductors. Our combined spectral-, polarization- and
time-resolved experiments complement previous studies on the band alignment and the
peculiar optical properties of wurtzite GaAs. Secondly, we have exploited the inherent
dual functionality of semiconductor nanowires to simultaneously act as both, optical gain
medium and photonic cavity. Inspired by previous studies on plasmonic and hybridized
plasmonic waveguides and lasers, we have investigated our own material system, based
on GaAs/AlGaAs core/shell nanowires, with respect to their lasing behavior in different
waveguide designs.

In particular, photoluminescence studies on semiconductor nanowires always involve the
subtle interplay between electronic and dielectric properties. As such, both parts of this
work require a detailed study of the light-matter interaction between the emitting material
and the photonic effects inherent to semiconducting nanostructures, which are strongly
dependent on the wire dimensions. We provide the essential tools for understanding the
physics and operation of our GaAs nanowires acting as nanophotonic structures. Keeping
this in mind, we will now summarize the essential results of this work:

In part II, we focused on the 1D physical properties of phase-pure wurtzite GaAs/AlGaAs
core/shell quantum wires. A thorough analysis of the excitation power dependency
demonstrated that our ultrathin GaAs cores provide large confinement energies of up to
several tens of meV, allowing us to resolve up to four subband transitions in the PL spectrum
of a single wire for the first time. Furthermore, we experimentally elucidated the peculiar
polarization selection rules of wurtzite wires in the 1D quantum regime. Similar to bulk
wurtzite GaAs, dipole transitions including valence subbands with dominant hh character
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are much stronger for polarizations perpendicular to the wire axis, while subbands with lh
character do not favor a particular polarization. These polarization selection rules, as
well as the 1/VE dependence of the joint density of states, characteristic for 1D quantum
regimes, were consolidated by k-p-based calculations, which were contributed to us by
Dr. Paulo E. Faria Junior as part of our collaboration.

Motivated by these findings, we further experimentally disentangled the wurtzite quantum
wire structure through a polarization-resolved analysis. The key finding was that the
polarization behavior of our wurtzite quantum wire is not only dependent on the internal
electronic structure of the involved valence bands, but also significantly affected by
external, photonic effects. We systematically studied the influence of these external
photonic polarization anisotropies by varying the thickness of the AlGaAs shell around
the ultrathin GaAs cores. This allowed us to modify the dielectric diameter and thus
tune the photonic properties of our nanowires, while the ultrathin GaAs cores, exhibiting
strong spatial quantum confinement, were still maintained. Together with numerical FEM
simulations, we demonstrated that the electronic polarization selection rules in wires with
dielectrically thin diameters are superimposed by the dielectric mismatch effect. This
photonic effect strongly suppresses light with perpendicular polarization inside wires
with dielectric diameters below d = 200 nm, and thus selectively reduces the probability
of hh transitions. In quantum wires with larger diameter than 200 nm, purely electronic
polarization selection rules, which are predicted by the band structure, can be observed.
In this diameter range, the emission into optical waveguide modes has to be taken into
account at the same time.

A detailed study on optical waveguiding and lasing was then conducted throughout part
III of this thesis. The investigated core/shell nanowires have comparatively thick core
diameters of around d = 200 nm and are passivated with only a thin AlGaAs shell of
nominally 15 nm. Hence, the cores do not exhibit size quantization effects, but the large
core diameter provides sufficient gain to amplify light inside the nanowire resonator: The
emitted light is guided along the wire axis and reflected at the end facets, which enables
the single nanowire to act as standalone Fabry-Pérot type cavity.

On Si0O,, stimulated emission was observed through the emergence of FP resonances
in the emission spectrum of these nanowires. However, none of the investigated wires
could be driven into the lasing regime with the provided optical power of our excitation
laser. Hence, we shifted our perspective towards metallic substrates, with the objective to
explore possible coupling of our nanowires to the surface plasmon polaritons of a metal
surface. Intriguingly, the same nanowires are capable of lasing when they are deposited
onto a Au substrate with atomically flat surface. To further explore the role that plasmonic
coupling plays in connection with lasing nanowires, we investigated the hybridized
plasmonic waveguide design by placing our GaAs nanowires onto a Au substrate coated
with thin dielectric AlOx layers. By varying the spacer thickness between the nanowires
and the gold surface, we found a significant reduction in lasing threshold when the
AlOx layer is sufficiently thin of 5 — 7nm. At the same time, the lasing performance
of the wires on the Au/AlOx substrates is thereby strongly dependent on the nanowire
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morphology, i.e. the shape of the end facet and the total wire diameter. No lasing could
be achieved in nanowires, which exhibited a long conical tip or a total diameter smaller
than d = 200 nm.

Together with a comprehensive experimental study, we use numerical FEM simulations
to identify the transverse waveguide modes inside each of the structures. Despite the
presence of plasmonic modes in the investigated diameter range, the photonic-like HE11
mode was found to be the dominant lasing mode. However, we were able to show that even
waveguide modes with dominant photonic character are modified through the coupling
to surface plasmons. In this sense, the integration of a thin dielectric spacer between
the lasing nanowires and the metal substrate could reduce ohmic losses - also for the
photonic-like HE11x mode - and therefore lower the lasing threshold of our GaAs wires.
While commonly being eminent through the ability of subwavelength confinement, we
have shown that the hybridized waveguide design is very promising with respect to the
lasing efficiency in general. We found the lowest threshold for the photonic-like HE114
mode on a Au substrate with a 7 nm thin AIOx spacer.

No lasing emission was observed that emerges from purely plasmonic, or hybridized
plasmonic modes.

At the end of this thesis, by combining both parts of this work, the way is paved for the
development and realization of quantum wire lasers in GaAs. Such lasers are predicted to
have the maximum allowable performance and operate under extremely low excitation,
a property that has, to the best of our knowledge, never been reported in bottom-up
fabricated single GaAs quantum wires. Through their larger density of states at the bottom
of the subbands, quantum wire lasers exhibit larger differential gain than compared to
bulk or quantum well lasers [183—185]. This can result in a significant reduction of the
lasing threshold, making them promising candidates to outperform existing nanolaser
structures.

Our results provide insights into the design of such lasers, including the optimization of
the overlap between the targeted electronic subband transition and the photonic cavity
mode. We have already proven the one-dimensional quantum nature of our wurtzite
GaAs wires and furthermore demonstrated how to optimize the waveguide design with
respect to the lasing efficiency. So far, optical waveguiding in bottom-up fabricated
quantum wires has not been addressed, as their diameters commonly fall below the mode
cut-off. However, we were able to show that a dielectric diameter suitable for optical
waveguiding can be achieved by radially overgrowing the GaAs quantum wire cores
with a thick AlGaAs shell, while the 1D size quantization effects are still maintained.
Admittedly we have not observed lasing from our dielectrically thick quantum wires so
far. We believe, that the major obstacle thereby is the undesirable conical tip of the NW
top facet, the formation of which we observe during shell growth. As the pronounced
tapering significantly reduces the reflectivity, we believe that quality of the quantum wire
cavity is not yet sufficient to create positive optical feedback. In Sec. 3.3.3, we have
already established the starting point for future studies on the synthesis of quantum wire
waveguides without this tip formation.
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15 Final conclusion and outlook

Overall, the technical capabilities and deep understanding of the optical properties of
wurtzite quantum wires and nanolasers developed throughout this work provide an ideal
and solid basis for future investigations in the field of nanophotonics. Furthermore, we
are closing in on establishing the full potential of quantum wire lasers.
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Spectroscopy on quantum wires
B |

A.1 Effects of high excitation - pulsed and cw

In Sec. 6.1, we discuss the subband filling of our GaAs quantum wires under high
excitation. The investigated quantum wires are excited with a pulsed laser light. Here, we
want to show the difference of the subband PL spectra when the wires are excited under cw
mode. Fig. A.1 (a) and (b) show the power series of a representative quantum wire with a
core diameter of approximately 30 nm and a total, dielectric diameter of d = 230 nm. In
panel (a), the wire is excited with 1.8 eV laser pulses and 40 MHz repetition frequency.
The spectrum exhibits three distinct subband transition peaks, which do barely shift in
energy with increasing excitation intensity.

When the same quantum wire is excited with the same laser diode in cw mode, a significant
shift of the subband peaks to lower energies is observed. From the lowest to the highest
excitation power, the ground state peak shifts over a 100meV from E = 1.532¢eV to
E =1.482¢eV. Additionally, the line width broadening of each individual peak is much
more pronounced than in the power series under pulsed excitation in panel (a).

We attribute these difference to two main effects: Under cw excitation, the carrier density
is constantly kept high, which promotes many-body interactions that induce bandgap
renormalization and hence a red-shift of the PL spectrum [186, 187]. Secondly, phonon
emission due to carrier relaxation may increase the lattice temperature of the nanowire and
thus reduce the bandgap energy. This effect is less pronounced under pulsed excitation,
as optically induced heat can easily dissipate to the surrounding between the excitation
pulses [161].
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Figure A.1: Differences in quantum wire luminescence between pulsed and cw
excitation. (a) Power series of a quantum wire PL spectrum, excited by a pulsed
laser with an energy of 1.8 eV and 40 MHz repetition frequency. (b) Same wire
excited with the same laser diode, operating in cw mode. The gray shaded area
indicates the range above which the spectrum is blocked by an optical edgepass
filter.

A.2 Electric field evaluation from numerical
simulations

Numerical methods offer possibilities where classical, theoretical analyses come to the
limits of their capabilities. One advantage is, once the simulation has run, one can easily
integrate a resulting value over the desired surface or area.

We want to demonstrate this by the example shown in Fig. A.2. The simulations are
conducted in the same way as described in Sec. 7.2. For simplicity, the nanowire exhibits a
cylindrical cross section and the substrate is omitted, so that the wire is solely surrounded
by air. In Fig. A.2 (a) the diameter dependent electric fields, |E | and |E I |, in the
center-point of the nanowire (point evaluation) are plotted as a function of unit free n*d /A,
where 4 = 800 nm is the wavelength at which the simulation is conducted. While for
n*d/A < 1, |E,|and |E ||| strongly deviate from each other, they assimilate at larger values
and oscillate around 1. These results are similar to the theoretical model proposed by Ruda
et al. [108], who calculated the polarization anisotropies of the NW luminescence by
considering an effective dipole in the center of the NW. In reality, however, luminescence
occurs throughout the whole NW volume, which requires an integration over the entire
cross-section and can only be performed numerically.

When the electric field values |E |, | and |E ||| are integrated over the entire cross-section in
our simulation, the results are significantly different, as can be seen in Fig. A.2 (b). The
resulting, diameter dependent values still feature strong oscillations, but with a higher
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Figure A.2: Electric field determination from numerical FEM simulations. (a)
|E,| and |E||| as a function of n*d/A determined by point evaluation at the
nanowire center. (b) Corresponding curves when the electric field is determined
by surface integration over the entire nanowire cross section. (c) Example of
|E ||| at the resonance n*d /A = 1.26, labelled in (a), with field maximum in the
nanowire center. (d) Exemplary resonance of |E ||| at n*d/A = 1.17 with field
minimum in the nanowire center, labelled in (b).

frequency than the electric field values in the center of the NW, shown in panel (a). The
peaks in both graphs arise from field enhancements when the incident light is reflected at
the NW/air boundary. At certain diameters, the reflection causes constructive interference
and thus leads to resonance phenomena. These resonances appear more frequently in the
evaluation shown in (b) than in the one shown in panel (a). The reason for this will now
be explained with the help of Figs. A.2 (c) and (d), showing the field distribution of |E |||
around the nanowire at the values marked in panels (a) and (b). While the point evaluation
in (a) only "detects" resonances that exhibit a field maximum in the nanowire center, like
the one shown in panel (c), all appearing resonances inside the NW are identified when
the field is integrated over the entire cross-section. An exemplary resonance, with a field
minimum in the center, is shown in Fig. A.2 (d). The shown field distribution would not
result in a peak of |E ||» when their values were taken only from the NW center. Hence,
the evaluation method of surface integration comprises more information than the point
evaluation. In conclusion, due to the possibility of surface integration, numerical methods
can have advantages over analytical approaches and lead to more precise results.
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