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Abstract

Microdisk resonators offer small mode volumes due to their size. This is paired with
strong containment of light in whispering gallery modes by total internal reflection at
the disk edge. Therefore, they are commonly investigated as platforms for low-threshold
lasing emission. Additionally, microdisks can be applied in technologies like quantum
cryptography and quantum computing, as they have been shown to support single-photon
emission, and spins embedded in them might be used as qubit storage. In all these
applications, it is advantageous that the disks can be integrated into chip structures, e.g.,
for photonic circuitry.

The improvement of resonator quality, i.e., the minimization of losses reducing the intensity
of propagating modes, is an important factor determining the device performance. For
this purpose, the roughness of the microdisk edge is a central element, as modes propagate
near the edge of the disk and are contained by total internal reflection at this boundary.
In this thesis, microdisks containing a quantum well /barrier structure from II-VI semi-
conductors are analyzed. The resonators are fabricated in two different geometries:
Free-standing microdisks that are partly under-etched, and supported microdisks that are
in contact with the substrate over their whole bottom facet.

Stimulated emission into whispering gallery modes is observed in free-standing microdisks
with different diameters between 2.8 and 3.8 um. The optical quality and the edge rough-
ness of the same microdisk are correlated to show the influence of imperfect boundaries
on the modes propagating in the resonator. The optical quality of the resonators is
assessed based on the quality factor of the modes observed in micro-photoluminescence
measurements. For the evaluation of the edge roughness, their deformation function r(¢p)
is extracted from scanning electron microscopy images in a process developed in this thesis.
Theoretical calculations of resonances in the deformed microdisks, based on the boundary
element method and using the deformation functions as input, confirm the experimental
results. Both, the use of experimentally obtained deformation functions in theoretical
calculations and the correlation of a structural and optical characterization of the same
microdisk, have not been reported before.

In order to reduce the degradation of the mode intensity under continuous excitation
that is observed in free-standing microdisks, supported resonators with a large range of
diameters (from 1.0 up to 5.0 um) are fabricated using a technique that is new to the
[1-VI material system. The resulting microdisks show an improved structural quality.
Whispering gallery resonances can be observed on their deep-level emission band. This
serves as a proof of principle that microresonators fabricated with this technique satisfy

the prerequisites for applications in lasing and the quantum technologies mentioned above.
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Introduction

1. Introduction

[I-VI semiconductors are commonly analyzed as emitters in the blue-green spectral range
due to their large bandgap energies. Moreover, they exhibit large oscillator strengths and
exciton binding energies and can be grown on commercially available GaAs substrates.
Research on these materials led to the development of ZnSe-based LEDs [1]. The first
semiconductor laser diode with blue-green emission has been presented in 1991 [2]. How-
ever, such emitters often suffered from degradation when in operation, as nonradiative
recombination heats the structure, causing the formation and growth of dislocations, which
in turn increase the fraction of nonradiative recombination. This effect limits the device
lifetime to a maximum of a few hundred hours [3].

Today, lasing semiconductor structures are commercially available across the whole spectral
range, the short-wavelength region is usually covered by III-nitride semiconductors [4].
Given these developments, research interest on ZnSe-based emitters has shifted towards
effects like strong light-matter interaction [5], single photon emission and their entangle-
ment, which can be employed for secure communication in quantum cryptography [6] or
quantum information processing [7].

A basic building block for the realization and analysis of such effects are microcavities,
which are used to trap light on a small scale. They can - for example - provide the
containment needed to reach the strong-coupling regime between the cavity photons and
the excitation of the active region [8]. This is defined by the observation that a distinction
between the excitons and photons is not possible, quasi-particles called polaritons arise.
In the weak-coupling regime, microcavities can enhance or suppress the emission from
the active region in dependence on its wavelength, this is known as the Purcell effect [9].
Furthermore, such resonators can be used to amplify nonlinear optical processes, including
second-harmonic generation or parametric down-conversion of photons [10,11].
Microcavities can be fabricated based on distributed Bragg reflectors that provide high
reflectivity and therefore enable the creation of resonators with small dimensions and
cavity volumes [12]. Similarly, high reflectivities for wavelengths in a small interval can be
realized by a periodic variation of the refractive index in photonic crystals [13].

In comparison to those cavities, microdisks, i.e., disks with a diameter in the order of a
few micrometers, are easy to fabricate. Light can travel continuously along the border of
these structures in so-called whispering gallery modes (WGMs), which is why microdisks
are described as traveling-wave resonators. The photons are contained by total internal
reflection; the small dimension of the microdisk results in low mode volumes. Additionally,
microdisk resonators offer in-plane emission, which is usually parallel to the surface of the

substrate. This is useful for the integration of the resonators into chip structures.
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ZnSe-based microdisks have been reported to support low-threshold lasing [14] and single-
photon emission [15]. Furthermore, a system employing the spin of a single atom bound
to a fluorine donor in a ZnSe-based microdisk was shown to be a promising candidate for
the storage of qubits [16].

The containment of light in microdisks strongly relies on their smooth edges, as roughness
can cause scattering of the propagating waves outside the resonator and disturb the total
internal reflection. This is observable in experiments when the optical properties of samples
grown and structured by different fabrication techniques - resulting in different roughnesses
- are compared [17,18].

Microdisks are commonly fabricated in the ‘free-standing’ geometry, where the central
region of the disk is resting on a pedestal and its outer parts, in which the resonant modes
mainly propagate, are suspended in air or vacuum. Such structures often suffer from
thermal problems due to the limited heat sink into the substrate [19]. To circumvent this
issue, microdisks can be fabricated in a ‘supported’ geometry. Here, the whole bottom
facet of the disk is in contact with the substrate. A problem that can arise in these
resonators is the coupling of light into the substrate, as the refractive index contrast at
the bottom facet is reduced. This is especially true in the outer disk regions that contain

fields with high intensities when modes are propagating in the disk [19].

In this work, microdisk resonators that were fabricated based on ZnSe and doped with
halogen atoms in the group of Alexander Pawlis, Forschungszentrum Jiilich, are optically
characterized by micro-photoluminescence (uPL) and structurally by scanning electron
microscopy (SEM). For the latter analysis, an algorithm extracting the disk boundary
from microscopy images was developed. This, for the first time, enables an assessment
of edge roughness and optical quality of the same resonator and therefore allows a direct
comparison of different microdisks fabricated in the same process. As expected from the
discussion above, a correlation between the edge roughness and optical quality of the
resonators, based on the quality factor of the observed WGMs, is found. Theoretical
calculations of the resonances in the deformed microdisks, done by Jan Wiersig, Universitat
Magdeburg, confirm the experimental results.

Additionally, an introduction and first characterization of microdisks in the above men-
tioned supported geometry is presented. These disks were fabricated with a technique new
to the II-VI material system that promises better thermal contact to the substrate and
enhanced integratability into chip structures. Reproducible whispering gallery resonances
are observed on the deep level emission, showing a high quality of the fabricated resonators.
The structural quality of the microdisks is confirmed by the analysis of SEM images.

Therefore, this work presents a new method to assess the edge roughness of microdisk
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resonators (in both free-standing and supported geometries) and analyses the effect of
edge roughness on the optical properties of microdisk resonators.

The thesis is structured as follows:

In section 2, the basic physics behind the analyzed structures is discussed, including an
introduction to the ZnSe material system and microdisk resonators.

Section 3 is a summary and review of previous work by other researchers on microdisks
and their applications. This provides the context to the results presented here and explains
how this work advances the understanding of microdisk resonators.

In section 4, the fabrication of the analyzed microdisks and the methods used for their
analysis are presented in detail.

This is followed by section 5, in which the obtained results are shown and discussed. Each
of the three subsections is dedicated to the discussion of a different microdisk structure.

Finally, in section 6 all results and are summarized and conclusions are drawn. Additionally,
an outlook on further experimental work is given that could continue the analysis discussed

in section 5.
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2. Background

This section provides a description of the basic physical principals needed to understand
the discussion of the results presented in this work.

It starts with the properties of II-VI semiconductors, with a special emphasis on ZnSe and
ternary compounds derived from it. These materials are the basis for the fabrication of
the analyzed samples and microdisks. In the second part, an introduction of the microdisk
structures that are analyzed in this work and the underlying physics of their emission
is given. Special focus is put on the formation of WGMs. The section closes with the
description of the basics of different methods for the calculation of WGM resonances in

microdisks employed in this work.

2.1. 1I-VI Semiconductors

[I-VI Semiconductors consist of elements from the 2nd and 6th group (including subgroups)
of the periodic table of elements, e.g., ZnSe or CdS. These materials are applied as
emitters in the blue spectral range due to their large exciton binding energy and oscillator
strength [1,2], as will be discussed in more detail in Section 3.1. Here, their basic material
properties are introduced, which need to be understood for the growth of the ZnSe-based

structures with tailored emission properties analyzed in this work.

2.1.1. Crystal Structure and Growth

[1-VI semiconductors can crystallize in both the zinc-blende and the wurtzite structure,
some compounds form in the rock-salt crystal structure.

In both the zinc-blende and the rock-salt structure, the two different elements each form
a face-centered cubic (fcc) sublattice. Therefore, the whole crystal can be described as
a fcc structure with a diatomic base and a side length a of the unit cell. The difference
of the two structures is found in the way the atoms are coordinated, for zinc-blende the
sublattices are shifted diagonally into the fcc unit cell by ¢. The shift is § along one of
the crystal axes for rock-salt, resulting in a three-dimensional checker board pattern.

A wurtzite II-VI crystal consists of two interpenetrating hexagonal close-packed sublattices.
Here, each atom has four nearest neighbors of the opposite type, identical to the zinc-
blende structure; six nearest neighbors of opposing atom type can be found in the rock-salt
structure. The main difference between the zinc-blende and the wurtzite structures is
found in the stacking order of the atomic layers, which is repeated every two layers for
wurtzite and every three layers for zinc-blende.

For the semiconductors that are most relevant to the structures analyzed in this work, it
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is found that zinc-blende is the thermodynamically stable phase of ZnSe, for CdSe this
is the wurtzite structure, and MgSe usually grows in the rock-salt structure. Different
crystal structures are possible for II-VI materials when growth parameters are chosen
accordingly, e.g., ZnSe can be grown in the wurtzite structure at growth temperatures
T > 1425°C [20].

In the fabrication of semiconductor structures for light emission, often ternary alloys
are used, an example being Zn(,_,)Mg,Se, denoting an alloy where the group II metal
atoms are a mixture of Zn (with a fraction of 1 — ) and Mg atoms. Since these materials
typically need to be combined in a layered growth, all materials should grow in the same
crystal structure and with similar lattice constant a. The samples analyzed in this work
are fabricated in the zinc-blende structure. Ternary Zn(;_,)Mg,Se can be fabricated with
a magnesium fraction of up to 40 % (x = 0.4) [21]. In ternary Zng_,)Cd,Se, the wurtzite
structure can be found even for low values of y [22]. This needs to be avoided in the
fabrication of the samples discussed in this work.

The lattice constants of ternary alloys can be calculated using Vegard’s law [23], this shows

a linear variation of a with x, as can be seen for Zn_;)Mg,Se in Equation 2.1:

aZn(l_x)Mnge<x> - xaMgSe + (1 - x)aZnSe- (21)

As mentioned above, the growth of layered materials, e.g., using molecular beam epitaxy
(see Section 4.1), requires low differences Aa in their lattice constants to ensure defect-free
two-dimensional growth. This can be seen in the fact that with lattice mismatches as low
as Aa = 5%, the resulting strain can lead to island growth on a wetting layer (so-called
Stranski-Krastanov-type growth) [24].

As an overview, Figure 2.1 shows the bandgap energies F, of different II-VI materials that
are used in the structures analyzed in this work as a function of their lattice constant
a. The bandgap energies will be discussed in the following section. GaAs, which is
commonly used as growth substrate for zinc-blende ZnSe-based materials due to its low

lattice mismatch with ZnSe (Aa = 0.25%), is included in this figure as a reference.

2.1.2. Band Structure and Light Emission

Light emission from semiconductors is usually due to radiative recombination, where,
in the most simple case, an excited electron directly recombines from the conduction
band into the valence band. The excess energy is emitted as a photon. Therefore, the
main factor determining the wavelength of light that is emitted from a semiconductor
under optical or electrical excitation is the energetic difference between the valence band

maximum and conduction band minimum (bandgap energy) of the material. As discussed
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Figure 2.1: Lattice constant and bandgap energy for II-VI materials used in this work and
GaAs at room temperature. Data from [25-27].

above, these energies are given in Figure 2.1 for different II-VI semiconductors.

It is important to note that the bandgap is direct for ZnSe and CdSe as well as for ZnMgSe
in the zinc-blende crystal structure [21]. This means that the momentum for holes at the
valence band maximum and electrons at the conduction band minimum is equal. In the
case of the materials mentioned above, this is found at the I'-point (E = 0). In direct-
bandgap materials, the rate of radiative recombinations is significantly higher opposed to
indirect-bandgap materials, since the transition of the electron from the conduction band
to the valence band does conserve momentum without the need for additional phonons.
Optical excitation of these materials is more effective because of the same reason.

The bandgap energy of ternary alloys can be calculated using Vegard’s law [23], but a
bowing parameter b must be introduced [26,27]. This is shown in Equation 2.2 for a

n(_ Mg, Se alloy:
By ovig,se(1) = Egngse + (1 — 2) By znge — (1 — )b (2.2)

Experimentally, a bowing parameter of 0.4 eV was observed for Zng_, Mg,Se [26], and
b=0.47eV for Zny_,Cd,Se [27].

Using this information, a combination of two ternary alloys can be found with similar
lattice parameters (leading to high growth quality) but different bandgap energy. This is
useful for so-called double heterostructures, which are the basis for efficient emission from

semiconductor structures and will be introduced in Section 2.2.1.

When an electron is excited into the conduction band, it can bind to the hole created

in the valence band due to their Coulomb interaction. The resulting quasi-particle (a
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bound electron-hole-pair) is called exciton. In inorganic semiconductors, these excitons
are usually weakly bound (Wannier excitons) and can freely move through the crystal.

A comparably high binding energy E% between the electron and hole is observed in I1I-VI
materials due to their strong Coulomb interaction, e.g., 20meV in ZnSe [28]. This is
favorable for emitting semiconductor structures, as the excitons have a higher chance of
recombining (radiatively) instead of disispating. The emission energy of a material can
be further influenced by restricting the charge carriers or excitons in one or more spacial

dimensions, this will be discussed in Section 2.2.1.

Additionally, the emission of light from a semiconductor can be influenced by defects in the
crystal lattice creating electronic states in the bandgap of the material. If these states are
close to the center of the gap (deep states), recombination across them leads to emission
of photons with energies significantly below the bandgap energy, the deep-level emission
(DLE).

Shallow states in the bandgap, separated into donors (states near the conduction band
edge being filled at 7' = 0) and acceptors (states near the valence band edge being empty
at T'= 0), are usually introduced intentionally during the growth process (doping). This
is done because these states will lead to a larger amount of free charge carriers in the
material at room temperature, improving its conductivity.

Excitons can bind to these impurities of the crystal, resulting in a reduction of their
recombination energy by the binding energy to that specific defect.

In this work, the optically active regions of the used microdisk structures are doped with
halogen (fluorine and chlorine) atoms. They can not only be used to provide shallow donor
states and trap excitons, but can additionally be applied in the storage of qubits, as will

be discussed in Section 3.1.

The bandgap of semiconductors usually decreases with rising temperatures, since the
increased movement of atoms leads to a higher average distance between them, thus, the

binding energy is reduced. This can be described using the Varshni equation [29]:

T2

(2.3)

E,(T = 0) is the bandgap at zero temperature and « and [ are empirical fit parameters.
[ correlates with the material-specific Debye temperature, a measure for the phonon
frequencies occurring in the material, which can be used to estimate the heat capacity

and electrical conductivity of a crystal.
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2.2. Microdisk Resonators and Whispering Gallery Modes

Here, the so-called double heterostructure, which is the base for emission from the
structures analyzed in this work, is introduced. This is followed by a discussion of the
working principals for optical resonators in general. Total internal reflection, the basic
physical process for the microdisk resonator, and the formation of whispering gallery

modes will be detailed at the end of this section.

2.2.1. Semiconductor Heterostructures

For efficiently emitting semiconductor structures the exciting (optical or electrical) energy
should be converted into light by recombination of free carriers or excitons in a relatively
small volume. A ‘trapping’ or injection of the electrons and holes into a region of interest
can be achieved using a double heterostructure. In this architecture, two semiconductors
with different bandgap energies are combined by epitaxial growth [30], e.g., ZnCdSe
and ZnMgSe. For efficient emission, the semiconductor with the smaller bandgap is
encapsulated between two layers of the second material. The resulting course of the
valence and conduction bands is schematically shown in Figure 2.2. Free electrons and
holes or excitons ‘created’ by excitation of the barriers made from material A (larger
bandgap) will move to the energetically favorable position in the center region made from

material B (smaller bandgap) and recombine there.

material A B A
CB

Eg,B(bulk) Eg,B(QW) E A

VB

Z

Figure 2.2: Sketch of the course of valence band maximum (VB) and conduction band
minimum (CB) as a function of position along the growth direction in a double
heterostructure. The black arrow indicates the bandgap energy for the barrier
material A (E, 4); the blue arrows indicate bandgap energies in the central
region in bulk (Eg gpbuk)) and including the confinement energy found in a QW
structure (Egpqw))-
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If the width of the central region is on the order of the de-Broglie wavelength of the carriers
(typically up to a few tens of nanometers [31]), the central region is a so-called quantum
well (QW). Due to the quantum mechanical confinement effect, the energies of carriers in
the QW are increased by a confinement energy which is larger for QWs with lower width.
This can be used to tune the emission energy of the QW by varying its width [32].

In this work, ZnMgSe barriers are used to encapsulate QWs fabricated from ZnCdSe or
ZnSe. This results in efficient emission from the analyzed structures, the difference in
bandgap energy additionally reduces the reabsoption of emitted photons, which plays an
important role for the generation of laser light in the structure, as will be seen in the

discussion of optical resonators below.

2.2.2. Optical (Micro-)Resonators

The simplest possible form of an optical resonator is the so-called Fabry-Pérot structure
that consists of two opposing mirrors between which light can be reflected back-and-forth,
effectively ‘trapping’ the photons. Here, standing waves, the so-called modes of the
resonator, can form. For this, the wavelength A must be a multiple of the halved resonator
length L. If the resonator is filled with a medium with a refractive index n,, its m-th
mode can therefore be calculated as

n.Lm

A = T (2.4)

Such resonating structures are employed in the generation of light by stimulated emission,
i.e., in lasers. This requires an ‘active medium’ in the resonator from which light can be
emitted, usually using the transition between two electronic states in the material. The
electrons are excited into a higher-energetic state by an external energy source (pump),
and upon relaxation to their ground state the energetic difference is emitted as a photon.
This light travels trough the resonator and can stimulate the relaxation of other excited
electrons, sending out further photons with identical wavelength, propagation direction,
and phase. This process of stimulated emission competes with the absorption of photons by
electrons in the ground state. This is why ‘population inversion’, i.e., a larger population
of the excited state then the ground state, is needed for the generation of laser light. To
achieve this, a three- or four-level system is needed, because sustained population inversion
is not possible in a two-level system (if both states are populated equally, stimulated
emission and absorption occur with equal probabilities). This can be provided by the
double heterostructure, electrons are absorbed in the barriers and relax to the QW before
recombining. In order to obtain a good coupling to the resonant photons, the active

material should be placed in a maximum of the field of the standing waves.

10
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In this work, the QW in ZnSe-based double heterostructures will be used as active materials.
A laser will excite electrons across the bandgap (mostly) in the barrier, relaxation to and
subsequent recombination in the QW leads to the emission of light from the sample. A
good overlap between the field of the resonator mode and the active region is ensured by
the use of symmetrical heterostructures: With identical barrier thicknesses on both sides,
the QW is positioned close to the center of the structure along the z axis.

In the emission spectrum of a resonator, modes will appear at the resonant wavelengths
Am, as photons of this wavelength can travel trough the resonator several times and thus
stimulate further emission. If the pumping power is increased, the system can switch from
predominantly spontaneous to stimulated emission, this takes place at the lasing threshold.
This change is accompanied by a drop of the linewidth of the observable modes due to the
monochromacy of stimulated emission. Additionally, the onset of lasing can be observed
in the emission intensity. In the regime of spontaneous emission, a linear correlation
between the excitation power and the light output can be observed. This is because the
number of excited electrons is proportional to the number of emitted photons. At the
lasing threshold, a sharp increase of the emission intensity as a function of the pumping
power is found, caused by the increase in efficiency. If the pumping power is increased
further, this input-output characteristic returns to its previous linear slope, forming an
‘s-shape’. This happens when the transition to stimulated emission is complete and the
efficiency of light emission is independent of pumping power again.

Resonators with sizes in the order of the wavelength of light are called microresonators or
microcavities, this includes the microdisks analyzed in this work. These types of structures
are interesting for various applications, as their small volume leads to low energy require-
ments in operation. Furthermore, the free spectral range between two modes is inversely
proportional to L, making single modes more easily distinguishable and addressable in

microresonators.

The optical quality of resonators is usually assessed based on the losses that are ob-
served for resonating modes. In Fabry-Pérot structures, these can be due to imperfect
mirrors through which a part of the light can be transmitted. Generally, scattering of light
out of the resonator, absorption, and leakage of mode intensity into surrounding materials
are the main contributions to losses.

This can be quantified if an exponential decrease of the oscillating electric field £ over

time with an attenuation constant I' is assumed:

E(t) x cos(wt)e’%rt. (2.5)

11
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In this case the energy density u is given by
2
u(t) = (E(t))? x (e—%”) =T, (2.6)

The reduction of the energy density over time in the structure can be calculated:

- = Tu(t). (2.7)

This can be used to define the quality factor (@Q-factor) of the resonator as the ratio

between the energy density in the structure and the losses per optical period of length T

QZQW_L(;;) = =

w
ly (2.8)
0. p T-T T

A Fourier transformation shows that this is equivalent to a definition of ) as the ratio
between the resonant wavelength A, and the full width at half-maximum (FWHM, §,,,)

of this mode.

_ A
=50

Q (2.9)

This additionally shows that losses in the resonator lead to a broadening of the emission

line.

2.2.3. Total Internal Reflection

When light reaches an interface between two media with different refractive indicies
ny > ng, transmission and reflection of the light can occur. The law of reflection states
that the reflection angle o, is equal to the incident angle a;. The transmission angle oy is

larger if the light is transmitted into a medium with lower n, according to Snell’s law:

1y Sin o = ng Sin oy (2.10)

This situation is illustrated in Figure 2.3.

Since the angles «; and oy have a fixed interrelation, an increase of a; will result in an
increase of . At a certain value of a; = ayer, o Will be 90 °, meaning that no transmission
is possible for a; < a44t; this phenomenon is known as total internal reflection.

Here, the complete intensity of the light is reflected, only a small field whose intensity

decays exponentially with the distance from the interface is found in the medium with

12
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Figure 2.3: Reflection (direction of propagation /Zr) and transmission (Et) of an incidenting

—

beam of light (k;) at an interface between different refractive indicies n; > ns.
Angles (to the interface normal) are given for all three beams using the same
subscripts.

lower refractive index. This so-called evanescent field can be coupled into a material with
sufficiently high n that is brought in close proximity to the interface. This is known as the
optical tunneling effect ‘frustrating’ the total internal reflection.

Total internal reflection can be used to fabricate optical resonators by bending their walls,
curving the path of the light until it describes a circle. Optical tunneling provides a
possible way of coupling light into and out of these resonators via waveguides in their

vicinity. These type of resonators will be discussed in the following section.

2.2.4. Whispering Gallery Mode Resonators

The so-called Whispering Gallery Modes (WGMs) are named after the 34 m-diameter
‘whispering gallery” in St. Paul’s cathedral in London, England. The namesake of this
dome is an interesting acoustical effect that can be observed in it: A whisper of a person
standing in the gallery can be heard by a person on the opposite side, if the whispering
person does not speak in the diagonal direction of the listening person, but turns their
mouth in parallel to the wall. In this case, the whisper undergoes total reflection along

the wall and eventually reaches the listener with strongly reduced losses. Similar ‘acoustic
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whispering galleries’ can be observed in other round structures as well, e.g., in the Temple
of Heaven in Beijing.

This phenomenon was first explained by Lord Rayleigh, who observed that the sound
mainly travels close to the border of the gallery. He assumed that the sound waves W are
characterized by Bessel functions J,, in the radial direction and an azimuthal oscillation
which is shown in Equation 2.11 for polar coordinates (r,¢) with propagation velocity
a and wave vector k = 27” [33]. The distribution of the sound waves can be measured

experimentally [34].
U,, = J,(kr) cos(kat — ny) (2.11)

Optical WGMs can be observed in round (circular or spherical) resonators. This was
demonstrated in microspheres [35] as well as 2D structures, like the microdisks analyzed

in this work [36], as well as in microrings [37].

(a) Ray-optical representation of the formation (b) Electric field corresponding to a WGM in a
of a WGM. microdisk resonator.

Figure 2.4: Whispering Gallery Mode resonances in a microdisk resonator in ray- and
wave-optics.

The above-mentioned total internal reflection acts as the mechanism of the containment of
light in these structures. This can be illustrated using ray optics, as seen for a microdisk
in Figure 2.4a. Analogous to the acoustic waves discussed above, the fields in the disk
that correspond to a resonance are described by radial Bessel functions and an oscillation
in the azimuthal direction. This is observable in experiments. Especially the azimuthal

oscillation can be imaged using a measurement of the near-field emission of the disk [38,39].
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An exemplary field distribution for a mode in a microdisk can be seen in Figure 2.4b. In
this image, a mode of higher radial order is shown. The occurrence of such resonances
is usually interpreted as a sign of high quality of the microdisk [40]. It is notable that
ray-optics (compare Figure 2.4a) cannot explain the different radial orders of modes that

are experimentally observable.

Roughness of the microdisk edge, sometimes denoted as its side facet, can play an important
role for these types of resonators, because scattering at an imperfect boundary can lead
to scattering losses [18,41]. It is important to note that random edge roughness lifts the
degeneracy of modes propagating in the resonator in clockwise and counter-clockwise
direction [42]. This results in two modes which occur at very similar spectral positions,
which can lead to an increase in the width of the mode if the two modes are too close to be
observed individually. As this influences the @)-factor, this effect is known as ‘Q-spoiling’.
A further discussion of the influence of random edge roughness of microdisks - including

previous experimental and theoretical results - can be found in Section 3.2.3.

2.3. Theoretical Calculation of Resonances in Microdisk Resonators

The spectral position, i.e., the wavelength or photon energy, of WGMs in microdisks can
be calculated using different approaches. Two methods were used to obtain the results
presented in this work. The author himself calculated resonances in perfectly circular
microdisks using a finite-difference time-domain (FDTD) formalism. Further theoretical
calculations were performed by professor Jan Wiersig at the University of Magdeburg.
These are based on the boundary element method and take the roughness of the disk edges
into account.

Generally, the propagation of light in microdisks is often treated as a two-dimensional
problem, as their thickness is on the order of (few) 100 nm. An effective refractive index
is often assumed for the structure, as the thickness of individual layers in z-direction is
much smaller than the analyzed wavelengths.

WGMs can be calculated with a range of other methods, an introduction to them with a

focus on random surface roughness can be found in Section 3.2.3.

2.3.1. Finite-Difference Time-Domain Method

The open-source software package Meep [43] was used in this work for FDTD simulations
of microdisks.
In this method, space and time are discretion to a grid and time steps. The evolution of

the electric £ and magnetic H field in a given volume is calculated based on Maxwell’s
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equations. Note that Maxwell’s equations in 2.12 are shown in dimensionless units

(€0, tto, ¢ = 1), as Meep works in this system.

dB

E:—VXE—JB—O'BB

B=uH

o (2.12)
%:VXH—J—O’DD

D =¢cFE

Here, D denotes the electric displacement field, and B the magnetic flux density. These
variables are affected by the rotation of the magnetic or electric field, respectively, and
by electric and magnetic-charge currents .J/Jg as well as a reduction proportional to the
electric / magnetic conductivity op/op.

The calculation of E' and H is performed by using the ‘Yee method’ [44]: The values of
the strength of the two fields are stored in slightly different grids (E at the corners, H in
the centers of a two-dimensional grid of squares). Each grid spot then alternates between
the calculation of new values for F and H as described by Equation 2.12 above.

FDTD calculations are typically limited by their computational expense. Thus, the
resolution (pixels per unit length) and size of the analyzed system should be chosen to be
as coarse as possible without reducing the accuracy of the simulation. Different options can
be used for the boundary of the simulated area. This includes periodic boundary conditions
or perfectly reflecting metallic borders with zero absorption, at which the fields are forced
to be zero. In order to simulate the open boundary in this work, ‘perfectly matched layers’
(PMLs) are used as boundary condition, which perfectly absorb all incidenting fields.
In order to avoid backscattering artifacts, the PMLs need to have a nonzero thickness.
These PML boundary conditions are used to ensure that light which is emitted from the
microdisk does not interfere with the resonating modes.

These simulations can be used to calculate resonant frequencies in microdisks, if the
propagation of a short spectrally broad pulse in the resonator is analyzed. This is sketched

in Figure 2.5.

Figure 2.5a illustrates the electric field in the resonator when the microdisk is excited by a
pulse near the top. The field travels along the edge of the disk on both sides (clockwise
and counter-clockwise propagation), interference patterns can be observed when both
waves meet at the bottom of the resonator (Figure 2.5b). The further development of this
system results in more complex patterns, as is indicated by Figure 2.5c. This is due to the
fact that only fields that match resonances of the microdisk can continuously propagate

in it. Other wavelengths that were included in the exciting pulse are emitted from the
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(a) Initial excitation pulse. (b) 6ns after excitation.

(c) 30ns after excitation. (d) 360ns after excitation.

Figure 2.5: Exemplary illustration of the calculation of resonant modes in a microdisk
(dgisk = 2.86 pm) using an FDTD simulation. The z-component of the electric
field is shown for different time steps, as denoted in the individual captions.

resonator. Figure 2.5d shows the resulting simultaneous propagation of are all modes that
can be excited by the initial pulse.

At the point of excitation, the strength of the F field is recorded as a function of time. A
Fourier transformation of this data then reveals the spectral position of the resonating
modes as well as their spectral width that can be used to calculate the Q)-factor. However,
the width is not used in this work, as absorption in the resonator and edge roughness are
both neglected in the FDTD calculations.
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2.3.2. Boundary-Element Method

The boundary-element method was developed by Jan Wiersig for the calculation of
resonances in cavities of arbitrary shape [45], it is therefore well suited for the analysis of
deformed microdisks.

This ansatz replaces the two-dimensional Maxwell’s equation problem (see Equation
2.12) known from the FDTD calculation above by a one-dimensional boundary integral
equation using the Green’s function formalism [46]. The boundary of the microdisk is
then discretized.

In order to find resonances, the plane-wave scattering cross section ¢ of the structure is
calculated. If o is analyzed as a function of the wave number £, the modes can be seen as
peaks. Both the spectral position and the width of the peaks are accessible in this method.
Peaks with very thin or broad widths (very high or very low @Q-factor) might not be
detected with this method, as they might be located between two consecutive grid points
or covered by noise, respectively. However, such resonances are not important in the
analysis of lasing structures, as low-() modes have a too low lifetime, and high-) modes
do not provide sufficient output power [45]. However, the assumption that very-high-Q
WGMs are of no interest for lasing applications is under debate [47].

Spurious solutions can occur from these boundary integral equations, they assume a
perfectly conducting boundary and equal material parameters on both sides of it [47,48].
The number of these erroneous solutions can be reduced if the discretization of the boundary

and k are selected appropriately [45].

18



State of the Art

3. State of the Art

In this section, previous research on emitters fabricated from ZnSe-based semiconductors
and microdisk resonators in general will be presented and discussed. This starts with a
discussion of possible applications of the ZnSe material system with a focus on microdisk
resonators. Subsequently, the fabrication of microdisks is reviewed for different material
systems and geometries. Finally, special focus is put on previous work regarding the
influence of edge roughness on the optical properties of microdisks, which is one of the

main topics of this work.

3.1. Applications of ZnSe-based Epitaxial Semiconductor Structures

ZnSe-based semiconductor structures are well suited for applications as emitters in the
blue-green spectral region due to their large bandgap, high oscillator strength and large
exciton binding energies, as discussed in Section 2.1. Light emitting diodes (LEDs) with
luminescence in this spectral range were first reported in 1987 [1,49] after epitaxial growth
of p-type ZnSe was realized, about four years before the first LED based on GaN was
demonstrated [50]. The first semiconductor lasing diode in the blue-green spectral range
was fabricated based on a ZnSe QW structure reported by Haase et al. in 1991 [2], which
further emphasized the suitability of this material system for emission at these wavelengths.
However, these and similar devices showed significant degradation when in operation,
limiting the device lifetime to a maximum of a few days [3]. This degradation was revealed
to originate from point defects native to the material, nonradiative emission at them heats
the lattice, which leads to the growth of dislocations, further reducing the emission from
the structure [3,51,52].

From this it is evident that ZnSe is often not suited for applications that require high
powers, e.g., conventional (edge emitting or VCSEL) laser diodes. Nonetheless, the good
emission properties of this material class can still be applied in devices that do not require
large operating powers or currents, e.g., for the emission of single photons. Single photon
emission has been reported from excitons bound to nitrogen acceptors in ZnSe/ZnMgSSe
QW structures [15]. This was also found for recombination of excitons bound to isolated
fluorine donors in ZnSe/ZnMgSe QWs [53], these structures are similar to those analyzed in
this work. Photons emitted from two (spatially) separate structures were entangled [54,55],
this process is the basis for secure communication via quantum cryptography [6]. Similar
experiments have shown that the spin of a single electron bound to such a donor can
function as an optically accessible qubit [16,53,56]. This opens the door for the application

of these structures in quantum computing.
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As both of these applications require a high optical quantum efficiency, placing these
structures into resonators with low losses is necessary [53]. These should be integratable
into chip structures, which is why ZnSe-based microdisks resonators appear well suited for

these devices. Microdisks and their applications will be discussed in the following.

3.2. Microdisk Resonators

As discussed in Section 2.2.4, microdisks are easy to fabricate in both the ‘free-standing’,
i.e., underetched and resting on a pedestal, and ‘supported’, i.e., in complete contact with
the substrate, geometry. Additionally, they provide resonances with low losses due to the
confinement by total internal reflection. Because of this, microdisk resonators have been
explored in many different material systems, mainly as a platform for low threshold lasers.
This research is discussed in the following, with an emphasis on the ZnSe material system

used in the experiments presented in this work.

3.2.1. ZnSe-based Microdisk Resonators

The first observation of lasing in a microdisk fabricated from II-VI semiconductors was
reported by Hovinen et al. in 1993 [57]. In their work, three ZnggCdg2Se quantum wells
were grown embedded in ZnSg g7Seq.93 barriers and underetched to form a free-standing
resonator. Under optical pumping a threshold excitation density of 100 % was presented

for a disk with a diameter of 7 um at room temperature.

A significant reduction of the laser threshold was achieved using fluorine-doped ZnSe
quantum wells embedded in Zngo¢Mgq 1 Se barriers. At 5K, a lasing threshold of 15 % was
reported for a disk with a diameter of 3 pm [14], while a similar disk with dgig = 6 pm
exhibited a slightly higher threshold of 100 % [58]. PL spectra with rising excitation
density of the latter disk can be seen in Figure 3.1. As noted in the figure, high Q-factors
were observed for these disks (2500 for dgix = 3 pm, 3100 for dgix = 6 pm), indicating
low losses which contribute to the reduction of lasing threshold. Raman analysis of
the free-standing disks used in these experiments showed that they are free of extended
defects [59] and that the strain exerted on the ZnSe:F QW by the ZnMgSe barriers and
the GaAs post remaining from the substrate is released homogeneously along the radius of
the microdisk [60].

A different ZnSe-based design of the active region is used in [61] where a CdSe QW was
embedded in thin layers of ZnSe. By varying the thickness of the QW between 1 and
6 monolayers, the emission wavelength of this structure could be tuned over the whole

spectral range. The formation of quantum dots via island growth due to the different
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Figure 3.1: PL spectra of a free-standing microdisk with a diameter of 6 um at different
excitation densities. Lasing WGMs labeled M1, M2 and M3 are seen growing
from the background emission. From [58].

lattice constants of QW and barrier was avoided by an additional ZnMgSe cladding whose
composition was adjusted depending on the thickness of the CdSe layer [32]. WGMs with
a (Q-factor of about 700 were observed in the emission from disks in this configuration.
However, lasing was not observed, this is likely due to the low volume of the gain material
(few monolayers).

In [62], it was shown that the light emitted from ZnSe-based free-standing microdisks can
couple into a partly-underetched adjacent ZnSe-based waveguide fabricated together with
the resonator in the same process. This opens a possible path towards the integration of
microdisks as optical elements into electronic chip structures.

Renner et al. noted that the underetching of free-standing microdisks can introduce
additional edge roughness, and that free-standing disks can bend out of plane [63,64].
Both processes reduce the optical quality of the resonators. To avoid this, they introduced
a different fabrication technique: Instead of the underetching step in the fabrication of

free-standing disks, the microdisks were glued onto glass plates, and the whole substrate
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was removed. This process was performed with microdisks containing CdSe quantum
dots grown in a ZnSe barrier and Zngg3Mgp 0750.145€0.86 cladding [63-65]. WGMs with
Q)-factors exceeding 2000 were observed at room temperature [63]. At 4K, lasing was
shown with a threshold of 640 % in a disk with a diameter of 3 um [65]. The analysis
of the disks on a transparent glass substrate allowed for a measurement of the emission
spectra as a function of the angle between the disk plane and the direction of detection.
This revealed that WGMs can be observed with higher intensity when the detection is
parallel to the disk plane [63]. An alteration of the resonator, namely cutting the disk into
a ring, led to strong coupling between the cavity mode photon and quantum dot exciton
with a Rabi splitting of 0.7meV [8]. WGMs with Q-factors of 2000 were observed in these
altered resonators, too.

Recently, a different fabrication technique for microdisks in direct contact with a substrate
was suggested, based on colloidal CdSe/CdZnSeS quantum dots. These were deposited
layer-by-layer via spin-coating onto a substrate pre-patternd with a mask which was later
used to remove quantum dots outside of the disk perimeters. WGMs with Q-factors
between 1300 and 1700 were reported for relatively large disks (diameters between 10 and
55 pm) [66].

This shows that ‘supported’ resonators allow the formation of WGMs with low losses and
high fields in the resonator. However, the removal from the substrate after growth in the
method of Renner et al. [63] means that their fabrication process is not suitable for the
integration of the microdisks into chip structures. The second process described above,
the fabrication of disks by spin-coating, is applicable to a wide range of substrates, but
the resulting disks exhibit very rough sidewalls and inhomogeneous top facets [66]. In this
work, supported microdisks fabricated using a different process - grown epitaxially and
remaining on their original substrate - will be analyzed. The details of this fabrication

process are discussed in Section 4.1.

3.2.2. Semiconductor Microdisk Resonators Based on other Materials

Microdisk resonators have been fabricated not only based on ZnSe, but other semiconduc-
tors as well. In this section, the results obtained using those semiconductor microdisk are
presented. Since much research has been done on these resonators in the past 30 years,
the discussion in this section is limited to results relevant for the experiments that will
be discussed in Section 5 of this work. This means that, for example, electrically driven
microdisk emitters are not discussed here, for this and similar topics the reader is referred

to the review articles mentioned below.
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IlI-nitride Semiconductors

[TI-nitride semiconductors, i.e., compounds of a metal from the third main group in the
periodic table (Al, In, Ga) and nitrogen, are of interest in research on emitters in the
blue-green spectral region [40]. Currently, commercially available blue and white LEDs and
laser diodes are often based on this material class; the Nobel Prize in 2014 was awarded
for contributions to the development of these devices [4].

Consequently, a lot of research has been done on the fabrication of microdisk resonators
from these materials. Therefore, the discussion in this section is limited to results relevant
to the results presented in this thesis, i.e., to reports of optically pumped free-standing and
supported microdisks and their edge roughness. For further details, an extensive review of
[II-nitride microdisk resonators can be found in [40].

GaN-based disks can be grown on sapphire (crystalline Al;O3), but the polarity of the
wurtzite structure of IIl-nitrides leads to high anisotropy in wet etching processes [67].
Because of this, undercutting the structures is difficult. Supported microdisks fabricated
by dry etching of the GaN-based material showed WGMs, but no lasing was observed.
This is explained by the low refractive index contrast between the disk and substrate
material, which causes losses by coupling of light into the substrate [68].

The introduction of a ‘sacrificial layer’ of InGaN that could be selectively etched led
to an undercut of Ing14GaggeN/GaN multi-QW structures. These free-standing disks
exhibited @Q-factors up to 4650 [67] and lasing at room temperature with a threshold of
about 300 - [69].

These disks can be grown on Si substrates as well [70], enabling the integration of the
microdisks with other Si-based chip structures. However, the large lattice mismatch and
differences in the thermal expansion between Si and GaN are difficult to overcome, and the
small silicon post is not sufficient to dissipate heat created in nonradiative recombination
processes [40]. Additionally, mask erosion in the photolithograpy used for the fabrication
of these structures led to rough sidewalls, a combination of these drawbacks prevents lasing
at room temperature [70]. However, room temperature lasing was reached in microdisks
fabricated using microsphere lithography which yields significantly smoother disk edges.
In this process aluminum [71] or silica [71-73] spheres were deposited on the III-nitride
material after growth and acted as masks for the etching of the microdisks. A lasing
threshold of about 10 %5 was observed under pulsed excitation [71]. The influence of
edge roughness on the optical properties of GaN-on-Si microdisks was studied in detail
in [17,18]; this is discussed in depth in Section 3.2.3. The use of quantum dots as gain
medium - instead of (one or multiple) quantum wells - lead to a record Q-factor of 7300 and
a low lasing threshold (60 ) [74]. This is due to the narrow linewidth of the quantum

dot emission and the reduced reabsorption of photons in the resonator [40].

23



State of the Art

GaN can be grown self-assembled in hexagonal microdisks, from which WGMs and lasing
can be observed [75-77]. These disks are not underetched, and @Q-factors around 700 and
a lasing threshold of 300 C% were observed [75]. A major disadvantage of this ‘bottom-up’
synthesis (in contrast to the ‘top-down’ structuring of semiconductors grown epitaxially)

is that the geometry and location of the resonators is hard to control [40].

Other 111-V Semiconductors

The first experimental demonstration of a semiconductor microdisk laser in 1992 showed
emission in the infrared spectral region from an InP/InGaAsP disk [36].

Based on Ill-arsenides [78,79] and -phosphides [80], microdisk emitters in the infrared
can be fabricated with applications in telecommunication networks. @-factors above
10° were reported in such systems, commonly employing InAs quantum dots as active
materials [78,79]. The @Q-factors are higher in these infrared systems because of their larger
wavelengths, leading to a strong or complete reduction of reabsorption in the resonator [81].
A review of infrared lasers fabricated using III-V semiconductors can be found in [82].
In the context of this work, it is interesting to note that the influence of edge roughness
on the properties of the emission has been studied in this material system [83], this is

discussed in more detail in Section 3.2.3.

Zinc Oxide (Zn0O)

Zn0O is commonly researched as a material for UV optoelectronic applications due to
its wide and direct bandgap and large exciton binding energy. Similar to the III-nitride
materials discussed above, it grows in the hexagonal wurtzite crystal structure. Therefore,
ZnO-based microdisks can be fabricated by both self-assembled bottom-up growth and
top-down structuring; a review of resonators of both types can be found in [84].

Similar to III-nitrides, top-down structuring of ZnO is difficult due to a lack of selective
etching processes for this material, especially in sub-micrometer dimensions [85]. Direct
top-down structuring of ZnO thin films into microdisks has been reported, but no undercut
was performed. The measured Q-factors were very low (125), and the patterned sample
only showed a 17 % reduction of lasing threshold compared to the as-grown ZnO film [86].
Liu et al. [87] proposed to grow a thin layer of ZnO on pre-patterned SiO, microdisks.
They demonstrated lasing from such samples at a threshold of 0.3 % for a large disk
(dgisk = 10 pm). In ZnO disks grown on SiOq, Q-factors as high as 4700 were observed [88].
The deposition of a SiO, capping layer, ‘sandwiching’ the ZnO film, improved the overlap
between the gain material and the field of the mode, which led to enhanced emission [89].

Self-assembled hexagonal ZnO microdisks can be grown on different substrates, e.g., Si [90],
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SiOq [91] or sapphire [92-94]. In these hexagonal structures the angles between the the
surface normal and propagating light cannot become arbitrarily large for continuous total
internal reflection. Because of this, the WGMs in these structures exhibit greater mode
loss. Additionally, the disks are not free-standing which leads to a higher scattering loss
into the substrate material [91]. This reduces the @-factor in comparison to free-standing
disks. Only a few publications, which achieved highly symmetric resonator shapes with
low surface roughness, reported @Q-factors in excess of 1000 [90,92-94].

For applications of these resonators, it is notable that in some experiments the ZnO was
excited via two photon absorption which proves that IR light sources can be used to
optically pump ZnO disks [90,95].

Silicon-based (Si, SiO, and Si3N,)

Si microdisks are usually fabricated as ‘cold’ cavities, i.e., without gain material, measured
in transmission. This leads to high Q-factors on the order of 10° to 10° [96], because there
is no absorbing material in the resonator. The losses in such resonators have been revealed
to be dominated by scattering at the edge roughness [17,18] which will be discussed
in more detail in Section 3.2.3. Furthermore, it was reported that Si disks that were
not underetched and therefore are in contact with the SiO, underlayer over their whole
bottom region exhibited less thermal problems while maintaining a comparably high
Q-factor [19,97]. This can be explained with the large refractive index contrast between Si
(n = 5.30 [98]) and SiOy (n = 1.46 [99], both at 500 nm). However, Si shows losses in the
visible spectral range; this can be avoided by fabricating microdisks from silicon nitride
(SizNy), such disks support Q-factors above 10 [100, 101].

These microdisks can be combined with emitters as ‘active’ material, this is commonly
done by encapsulating colloidal quantum dots in SizN, [102-104] or SiO, [105]. Q-
factors in excess of 4000 have been reported in such systems for disks with diameters of
15 pm [103,104]. Smaller disks exhibited lower values (¢ = 1150 for dggx = 7 pm) [103].
SiOs has demonstrated a higher stability when lasing in cw operation is reached in the
resonator [105]. For these structures, embedding the emitters between a bottom layer and
a cap of the Si-based material improves their emission, since a better optical confinement

and overlap between the cavity mode and the position of the emitters is achieved [105].

3.2.3. Theoretical Analysis of non-ideal Microdisk Resonators and the Role of

Edge Roughness

Roughness of the edges of microdisks has been shown to lead to scattering losses which
reduce the Q-factor [68,106,107] and increase the lasing threshold [41]. In this section,
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theoretical calculations of the spectral positions and ()-factors of modes in resonators
affected by edge roughness are discussed. Experimental work that contributed to the
analysis, e.g., by providing statistical information on the deformation of the microdisks,
is included in this section as well. Here, the term ‘non-ideal’ microdisks is used to de-
scribe microdisks that are not ideally circular but deformed, as all ‘real’ microdisks are,
e.g., due to imperfections on the sidewalls introduced by etching steps in the fabrication
process. Only unintentionally deformed microdisks are discussed here, experimental and
theoretical work has also been done on intentionally deformed disks to achieve directional
emission [108]. This is not relevant for the results presented in this work, a review of this
can be found in [47].

The theoretical calculation of resonances in microdisks is usually reduced to a two-
dimensional problem by assuming an effective refractive index for the microdisk which can
be justified by the small thickness of the disk along the z-axis [47]. This 2D problem can
then be solved numerically using FDTD methods (see Section 2.3.1). Calculations based
on this showed that both the resonant wavelengths and the Q-factors of WGMs scatter
around the values found for ideally circular disks [109]. An important role in the reduction
of the Q-factor for non-ideal microdisks is played by the splitting of the spectral position
of clockwise and anti-clockwise propagating modes [42]. This leads to a ‘Q spoiling’,
where the two modes overlap and form one broader mode with a lower Q-factor. It was
shown that the strength of this splitting strongly varies with the azimuthal order of the
WGMs [110]. Other numerical calculations based on the scattering matrix technique found
that surface roughnesses Ar < % can lead to a strong reduction of the Q)-factor, especially
for resonances with high Q)-factors in the ideal case.

Deformed microdisks can also be studied using full-wave integral equation analyses which
can be divided into volume and boundary integral-equations. The former is more computa-
tionally demanding, but has the advantage that refractive index changes of the microdisk
along its radius (e.g., due to the post of free-standing disks) can be taken into account.
These volume integral-equations were used to calculate the QQ-factors and strength of split-
ting AX between the clockwise and counter-clockwise propagating modes for free-standing
microdisks fabricated from silicon [17]. A side-view SEM image of such a resonator can be
seen in Figure 3.2a. For the calculation, the roughness of fabricated disks was extracted
from SEM images as seen in Figure 3.2: The contrast in a top-view image (Figure 3.2b/c)
was used to determine the deformation function r(¢) (Figure 3.2d). Its autocorrelation
was calculated and fitted with a Gaussian (Figure 3.2e). From that, the correlation length
and standard deviation of the edge roughness were calculated which were then used as
input parameters for the simulation. It was found that the Q-factor in these disks (4.7-10°

for a ‘cold” disk with dgix = 5 pm) is limited by surface roughness. It was shown that an
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improved fabrication process could mitigate this and increase the ()-factor by one order of

magnitude [18].

Ar (nm)
-
Nno 0o

correlation (nm2)
S ON DO

00 0 200
displacement (nm)

Figure 3.2: SEM analysis of a Si microdisk with a diameter of 5 um. (a) side-view and
(b) top-view images of the disk, (c¢) zoom into the top-view image with the
extracted disk edge shown in white. (d) Plot of the extracted deformation
function, (e) autocorrelation of the data in (d) and Gaussian fit. From [17].

A similar analysis process was applied for very smooth GaAs disks, whose edge roughness
was too low to be observable in SEM [83]. Therefore, higher-resolution transmission
electron microscopy (TEM) was used to extract the correlation length and amplitude
of the edge roughness. The microdisks had to be removed from the substrate for this
measurement, since samples need to be transparent to electrons in order to be suitable for
TEM analysis. The mechanical removal of the disks from the substrate means that an
optical and structural characterization of the same disk is not possible.

Boundary integral equations, like the boundary element method described in [45] which
is used in this work (see Section 2.3.2), are less computationally demanding, but can
only be applied to resonators with a uniform (effective) refractive index along their radial
direction [47]. This method can be used to calculate resonances in deformed microdisks

or the effect of the deformation on the mode propagation [111]. However, it is limited to
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modes with low and middle Q-factors, because defect frequencies occur in the analysis
along the ‘real’ resonances of the microdisk [47,48]. These are eigenvalues of the 2D
problem in which the border is assumed to be perfectly electrically conducting and the
material parameters inside and outside are equal.

Recently, a perturbative approach for the calculation of resonances in deformed microdisks
was introduced by Wiersig et al. [42]. Results obtained using this method agreed with the
experimental data from the deformed Si disks analyzed in [17] (see Figure 3.2).

In this work, the edge roughness of free-standing and supported microdisks will be extracted
from SEM images (for experimental details see Section 4.2.2). The deformation functions
will be used as input parameters for theoretical calculations based on the boundary element
method described in [45]. This is the first time that the deformation function measured for
a disk is directly used as input for modeling of the WGMs that can propagate in this disk.
This allows for a direct comparison of the theoretical calculations and the experimental
characterization of the disk, including its ‘individual” edge roughness. Additionally, these
results will show that the boundary element method is sufficient to calculate WGMs in the

microdisks analyzed here and is not impeded by the defect frequencies mentioned above.
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4. Experimental Methods

In this section, the experimental setup and techniques needed to obtain the results presented
in Section 5 will be presented and explained.

The section starts with the fabrication of microdisk resonators, which consists of a
layerd growth and subsequent processing of the layers into microdisks. Both of these
steps were performed in the group of Alexander Pawlis at the Peter-Griinberg-Institut,
Forschungszentrum Jiilich.

This is followed by the description of the structural characterization of microdisks via
SEM. Special focus is put on the extraction of deformation functions of disks from SEM
images.

The optical characterization of resonators was conducted using uPL. The setups used for
measurements at cryogenic and room temperatures are introduced here.

The main theoretical aspects of this work stem from calculations done by Jan Wiersig
at the Universitat Magdeburg with the boundary element method described in Section
2.3.2. Additional calculations were made by the author using a FDTD formalism via the
open-source Meep software. Therefore, the use of this software is described at the end of

this section.

4.1. Growth and Processing of Microdisks

All samples analyzed in this work were fabricated in the group of Alexander Pawlis at the
Peter-Griinberg-Institute, Forschungszentrum Jiilich.

The fabrication process starts with the growth of layers by molecular beam epitaxy (MBE),
before the samples are structured into resonators of different geometries. For MBE growth,
atoms or molecules are evaporated in an ultra high vacuum chamber. Due to the vacuum,
the resulting material beams have a long mean free path and can travel to the substrate
at which their effusion chambers are directed, without interaction with other species. The
particles are then adsorbed on the substrate and can move on it. Finally, growth takes
place when the adsorbates chemically bond to the substrate or other materials already
deposited there. Using this growth method, a high control over the sample composition
and layer thickness can be achieved, as the effusion cells can be opened and closed by
shutters in a fraction of a second. Additionally, growth rates can be precisely monitored
in situ, e.g., by electron scattering (RHEED). Besides that, low defect concentrations due
to the slow growth in vacuum and a good crystal quality can be achieved.
Heteroepitaxial growth, i.e., the growth of a material on a substrate from a different

material, is strongly influenced by the difference Aa between the lattice parameters of the
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substrate and the growth material. This difference induces strain into the grown epilayer,
which leads to island growth (as for example used in the fabrication of quantum dots),
dislocations, or makes growth impossible, depending on the size of Aa.

The microdisks discussed in this work were grown on (100)-GaAs substrates. At first,
an additional layer of GaAs was deposited, followed by a 10 nm-thick ZnSe buffer layer;
these layers are introduced in order to improve the growth quality of the following layers.
For microdisks in the supported geometry, an AlAs interlayer (dajas = 200nm) is added
between the GaAs and ZnSe. On top of these layers two 30 — 40 nm-thick Zn; ,Mg,Se
barriers which embed a 4 nm-thick Zn,_,Cd,Se QW (for supported disks y = 0) are
fabricated. The QW was doped with halogens, fluorine was used in free-standing and C1
in supported microdisks. In some samples the doping profile is -type, meaning that only
a small amount of halogen atoms were incorporated into the structure in the center of the

QW by opening the respective shutter for a short amount of time. The growth parameters

of all samples can be found in Table 4.1.

AlAs

(a)

(b) (c) (d)

Figure 4.1: Tllustration of the fabrication of free-standing (top row) and supported (bottom
row) microdisks from MBE grown layerd structures. (a) as-grown layers (b)
after e-beam lithography (c) after reactive ion etching of the ZnSe-based mate-
rial (d) free-standing disks: after mask removal and underetching, supported
disks: after oxidation of the AlAs layer.
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The MBE grown layers are structured into microdisks of either the free-standing or
supported geometry in a ‘top-down’ approach as illustrated in Figure 4.1. Starting from
the as grown material (4.1a) the positions and diameters of microdisks were defined by
masks fabricated using electron beam lithography (4.1b). A negative resist is used to form
the mask for free-standing samples; this is transferred to an Al;O3 mark for microdisks
to be fabricated in the supported geometry. This is done to ‘sandwich’ the ZnSe-based
structure in Al,Oj3 after fabrication. Reactive ion etching was used to remove the excess
ZnSe-based material and form the actual microdisks (4.1c). In the final fabrication step,
free-standing disks were undercut by a wet-chemical etch of the GaAs substrate. For
supported disks, the AlAs interlayer was oxidized to Al,O3 [112] (4.1d). This increases
the refractive index contrast between the microdisk and the ITI-V semiconductor material
below it, which increases the confinement of light in the structure due to lower scattering
losses into the substrate [68,113]. Additionally, the aforementioned ‘sandwich’ is completed,
from which an improvement of the overlap between the gain medium (QW) and the field
of the resonating modes is expected [89,105].

The oxidation of an AlAs underlayer is a new approach to the fabrication of microdisks.
A similar process has been used to control the growth position of quantum dots in I1I-V
materials, knows as the ‘buried stressor approach’ [114]. There, the strain induced by the
partial underoxidation of a mesa structure ensures growth of a quantum dot in the middle
of the mesa. Given that a uniform strain and refractive index contrast are desirable for
our microdisks, they are fully underoxidzed.

In this work, results obtained from the analysis of three different samples, named A, B,
and C, are discussed in Sections 5.1, 5.2, and 5.3, respectively. Their geometries and

compositions can be found in Table 4.1.

’ sample ‘ geometry ‘ dbarrier ‘ z (Mg) ‘ y (Cd) ‘ QW dopant, concentration

A free-standing | 32nm | 16 % 21 % F,3-10® cm™3
B free-standing | 30nm | 18% 15% | F (6-type), 3—4-10%cm™3
C supported | 36nm | 9% 0% | Cl (6-type), 3 —4-10%cm™

Table 4.1: Growth and fabrication parameters of the samples analyzed in this work, in-
cluding barrier thickness dpaier and Mg/Cd content in the barrier/QW.

4.2. Structural characterization using Scanning Electron Microscopy

A scanning electron microscope (SEM) was used by the author to take images of the

analyzed samples in order to judge the success of various processing steps as well as to
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obtain information about the structural properties of the disks (e.g., their radius r and

deformation function r(y)).

4.2.1. Operational Principles of the SEM

The SEM of a dual system scanning electron microscope with focused ion beam Nova
NanoSEM from manufacturer FEI situated at the Institute of Solid State Physics at the
University of Bremen was used for the structural characterization of the samples presented
in this work. The operating principle of this setup is shown in Figure 4.2a. Electrons are
emitted from a Schottky-type field emission gun (FEG) and accelerated in the field of an
anode with a voltage of 2kV. Electromagnetic lenses focus the electron beam into the

deflection system and onto the sample surface, over which the beam is scanned.

em-lens em-lens - 2

FoTo oo anode

3 sample _ 4 : /\ deflection system /\ FEG - -

‘ ‘ T e [

| da ‘ b e

Y = A
(@) (b)

Figure 4.2: Sketch of (a) the setup and operating principle of a scanning electron micro-
scope, illustrating the electron beam in light gray. Electromagnetic lenses
are depicted here by classical lenses. Secondary electrons are collected in
detector d1, backscattered electrons in detector d2. (b): Detailed sketch of
the detection process. Backscattered electrons are shown in blue, high energy
and therefore velocity brings them directly into the detector d2. Secondary
electrons (green) have lower energy and are emitted in more directions. To
increase the signal-to-noise ratio, an additional field can be applied to funnel
secondary electrons into the detector d1 (indicated by dashed arrows).

sample

The signal, which is used to create a gray-scale image of the sample, can be obtained by
detecting either secondary or backscattered electrons as a function of the position of the
beam on the sample. The two detection mechanisms are shown in Figure 4.2b.

Secondary electrons are generated when the incidenting ‘primary’ electrons transfer a part
of their energy to electrons in the sample either by direct scattering or indirectly via the
Auger process. During the latter, a tightly bound electron is removed from its orbital
after scattering with a primary electron. The free orbital site is then filled by an electron

stemming from a higher shell. The excess energy is transferred to a third electron (the
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Auger electron) in the sample, which then has sufficient energy to escape from the crystal.
The energy of secondary electrons is in the order of up to 50 eV which gives them a mean
free path of only a few tenths of nanometers in the sample material. Therefore, secondary
electrons can only escape the sample when they originate from an atom near the surface
and images based on the detection of secondary electrons are very surface sensitive. This
shows that the contrast of such images is mainly given by the morphology of the sample.
Opposed to that, backscattered electrons are primary electrons that interact with the
sample and are scattered back towards their origin. These electrons have significantly
higher energy compared to secondary electrons (up to the primary electron energy of
2keV). Because of that, this detection method is less sensitive to the morphology of the
sample, the amount of backscattered electrons is more strongly dependent on the number
of electrons in the sample. This gives this method a strong material contrast.

In this work, the SEM is used to analyze the morphology of samples and gather information
on the structure of the examined resonators. Special focus was put on the roughness of
the microdisk’s edges which was determined in the form of a deformation function r(¢) of
the disk as described in Section 4.2.2. For these applications, the detection of secondary
electrons was used and enabled the resolution of layers with a thickness below 100 nm
as well as the extraction of structural parameters of resonators from the images with an

estimated error of 0.2 nm.

4.2.2. Extraction of deformation functions from SEM images

An algorithm was developed by the author to extract the deformation function r(y) of
microdisks from top-view SEM images for both free-standing and supported structures.
These deformation functions are then used as input parameters to model the WGMs
propagating in the microdisks with the boundary element method. This represents the
first time that microscopy of a microdisk resonator is used to extract the full deformation
function, which is later used for theoretical calculations. Previous studies only extracted
statistical information on the deformation of resonators from microscopic images [17,83].
Additionally, information on disk roughness is for the first time correlated with optical
measurements of the resonator quality of the same microdisk in this work.

The processes developed to extract r(y) are similar for both microdisk geometries, but

require some adjustments, as the disks appear slightly different in the SEM images.

Figure 4.3a shows a typical top-view SEM image of a free-standing microdisk with a
diameter of 3.8 um. The scale bar is not given in this image since it illustrates the raw
SEM data with which the algorithm explained below works. However, the width of each

pixel is known from the output of the SEM. In the secondary electron image, the edge
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(a) Typical SEM image of a free-standing (b) Binary image created by thresholding.
microdisk.

(c) Disk edge selected from the binary im- (d) Disk edge and fit with an ideal circle
age. (red).

Figure 4.3: Illustration of the process of extracting the deformation function from a SEM
image for a free-standing microdisk with a diameter of 3.8 um.

of the free-standing disk appears bright in comparison to the central region of the disk
and the substrate, because more secondary electrons can escape from the sample where
its local surface-to-volume ratio is high. This strong morphology contrast of secondary
electron imaging was explained in Section 4.2.1, it plays a central role in the determination
of the deformation function.

The first step of this process is to select a brightness threshold th and create a binary
image based on pixel value (px > th (possibly disk edge) or pz < th (not disk edge)). th is
selected such that the edge of the disk visible in the binary image forms a complete circle,
but is chosen to be as low as possible in order to avoid wrongly labeling parts of the disk
or background as ‘possibly disk edge’. The binary image created from Figure 4.3a can be
seen in Figure 4.3b. As can be seen in the bottom-right corner of this image, irregularities

on the sample can be wrongly labeled as ‘possibly disk edge’. To circumvent this problem,
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the largest connected area of ‘possibly disk edge’ pixels is defined as the disk edge and
the other pixels are discarded (Figure 4.3c). In the final step, the disk edge is then fitted
with an ideal circle as depicted in red in Figure 4.3d. The radius of this fitted circle is the
average radius 7 of the disk. The actual disk edge can be extracted from the image based
on the scale given by the SEM and converted into the deformation function as described

below.

1.74 - raw data
. —— smoothed
1.72 3 . 4 average

1.7
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Figure 4.4: Deformation data extracted from the free-standing microdisk in Figure 4.3.
The image shows the raw data (blue dots) as well as smoothed data (orange
line) used as input for modeling with the boundary element method. The
average radius of the disk is marked in black for comparison.

Figure 4.4 displays the raw data points of the disk edge extracted from the SEM image
(Figure 4.3) in blue and the data after averaging into non-overlapping bins with a width of
0.01rad (orange line) in polar coordinates (r(y)). The average radius is marked in black
for orientation but is not relevant for the calculation of ().

The raw data scatters strongly, because the edge of the free-standing microdisk cannot be
clearly extracted from the top-view SEM data. This is why the data was smoothed by
averaging into non-overlapping bins before it was used as input parameter for theoretical
calculations with the boundary-element method (Section 2.3.2). From Figure 4.4 it can be
seen that this smoothing step is justified, since all the features visible in the raw data are
reproduced, e.g., the two close and narrow maxima of the radius between 7 and %’r.

For the quantification of the microdisk’s edge roughness and deviation from an ideal
circular shape, this data does not need to be smoothed. Therefore, the raw data was used
in order to achieve the highest possible accuracy in these calculations.

Given that the raw data appears in several parallel running ‘lines’, it is obvious that not

just one but several rows of pixels were labeled as ‘disk edge’ in the process described
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above. Averaging the data was chosen over the selection of one of the pixel rows (e.g., the
outer- or innermost), since it is not clear from the SEM image where exactly the edge of
the microdisk is positioned. Consequently, using only the outer or inner row of pixels could
lead to a over- or underestimation of the radius, while also reducing the accuracy with
which edge roughness is detected. Using the central row of this ‘disk edge’ labeled pixels
would lead to similar results like the smoothing described above, but this likewise would
reduce the accuracy of the process as only a single row of datapoints is more susceptible

to noise. Additionally, the center row might be hard to determine.

(a) Typical SEM image of a supported mi- (b) Binary image created by thresholding.
crodisk.

(c¢) Image of the disk selected from the bi- (d) Disk edge extracted from the selected
nary image. image.

Figure 4.5: Illustration of the process of extracting the deformation function from a SEM
image for a supported microdisk with a diameter of 4.0 ym.

The process of finding the disk edge in top-view SEM images of supported disks is similar
to the process for free-standing disks shown in Figure 4.3, but requires some changes due
to the different SEM depiction of these disks:
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A typical SEM image of a supported disk can be seen in Figure 4.5a. The disk appears
bright against the darker background of the oxidized AlAs underlayer. This contrast cannot
be explained by the morphology of the sample, as the disk rests flat on the substrate. It is
therefore based on the material, the ZnSe-based disk produces a higher number of secondary
electrons compared to the Al;O3. As described above, a material contrast is usually better
observed in the backscattered electron detection setup. However, the secondary electron
detection has a higher surface sensitivity, which is why it leads to a higher contrast for thin
films like the disks analyzed here. Similar to the extraction algorithm for free-standing
disks described above, a binary image is created via thresholding. Here th is chosen to
be as low (dark) as possible, without mislabeling part of the disk as background. This
leads to a binary background / disk image as seen in Figure 4.5b. Again, a selection step
is necessary to separate the actual disk from noise in the image caused by irregularities on
the substrate. For this, all ‘disk’-like pixels which are not part of the largest connected
area of ‘disk’ pixels are eliminated. The result of this step is shown in Figure 4.5¢. The
edge of the disk is then found by deleting all the ‘disk’ labeled pixels whose 4 nearest
neighbors and 4 diagonal next-nearest neighbors are ‘disk’ pixels, too. The result of this
step is presented in Figure 4.5d. The extracted disk edge is very narrow and a distinction
between a fit with an ideal circle and the measured disk edge data would not be possible

in many parts of the image. Due to this, the fit is not included there.
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Figure 4.6: Deformation data extracted from the supported microdisk in Figure 4.5. The
image shows the raw data (blue dots) as well as smoothed data (orange line),
the average radius of the disk is marked in black for comparison.

Figure 4.6 displays raw data extracted from Figure 4.5d along with data smoothed by
an averaging into non-overlapping bins with a width of 0.01rad. Since the disk edge

extracted from SEM images is narrower for supported disks in comparison to free-standing
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resonators, the raw data scatters less. However, smoothing the data still leads to a clearer

-

2
and 0, while features of the deformation data are preserved. Since no boundary-element

image of the edge of the disk and reduces the influence of noise, as can be seen near

method calculations were performed on supported resonators, all roughness data presented

for disks in this geometry was calculated based on the raw data (blue dots in Figure 4.6).

4.3. Micro-Photoluminescence Measurements

Micro-photoluminescence (uPL) measurements are used in this work to gain information
on the optical properties of the microdisks. The light emitted from them provides an
insight into the optically excitable states in the materials. Additionally, the measurement
of the WGMs that occur in the spectrum yields information on the optical properties of
the fabricated microdisks. The uPL measurements will reveal which modes of the disks
exist in the emission range of their quantum well and measure their spectral, i.e., energetic,
position and line width. The former can be used to determine the exact modes which travel
inside the resonator by comparison with theoretical calculations. The latter is a measure
for the optical quality of the resonator, determining how large losses in the resonators are.
For uPL experiments the sample is optically excited, typically with a laser with a small
wavelength, i.e., a high photon energy. Exciting photons can be absorbed by electrons
in the sample material, enabling them to jump to higher energy levels from their ground
state. In semiconductor materials this typically means excitation across the bandgap.
The exciting light source is usually not in resonance with the excitable states, excess
energy is dissipated as heat. The free charge carriers created by this (electrons in the
conduction band and holes in the valence band) can then move through the material,
usually to energetically favorable spaces (e.g., the material with a smaller bandgap in a
double heterostructure as described in Section 2.2.1), form excitons and/or be trapped
at defects. When the electrons and holes recombine, the energetic difference can be
emitted as a photon, the ‘luminescence’ of the sample. The energy of the emitted photon
corresponds to the energetic difference between the excited and ground states. Therefore,
this measurement can be used to obtain information on the bandgap as well as exciton
or trapped carrier binding energies. Because the luminescence is detected after optical
excitation of the sample, it is called photoluminescence. If the exciting light is focused
onto a small spot on the sample in order to analyze small structures on it, this method is

called micro-photoluminescence.

The pPL setup used for low-temperature measurements in the working group of professor
Jirgen Gutwoski at the University of Bremen is schematically shown in Figure 4.7. The

setup that is employed in uPL experiments at room temperature will be described at
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Figure 4.7: Schematic setup of the puPL setup operated for the low-temperature pPL
measurements presented in this work. Filter (ND) denotes a neutral density
filter wheel.

the end of this section. These experiments were conducted in the group of professor
Martin Eickhoff, likewise at the University of Bremen, the setup was operated by Christan
Tessarek, instructions for the measurements were given by author.

The low-temperature setup utilizes a Spectra Physics Tsunami Ti:Sa laser system, in
which the Millennia green diode laser acts as the pump. The pulses emitted by the
Ti:Sa laser are frequency-doubled using a BBO crystal, which is also part of the laser
system. This leads to short (100fs) pulses with a high repetition rate (81 MHz) in the
blue to ultraviolet spectral region (usually with a central wavelength of about 380 nm and
a FWHM of about 15nm). These short pulses excite the sample. The intensity of the
exciting laser is regulated by means of a neutral density filter wheel and measured using
an Ophir Orion-PD powermeter.

A Beck Optronic reflective microscope objective with a 36-fold magnification, a numerical
aperture of 0.5 and a working distance of 8.6 mm (Model No 5004 ) focuses the light onto
the sample surface. A spot diameter of 5 um is technically feasible. The sample is placed
inside a CryoVac KONTI He-flow cryostat, where it is kept in a vacuum and can be cooled
to the boiling point of helium (4 K). The cryostat is mounted on piezoelectric stages from
manufacturer P/ that can be moved in increments of about 100 nm to allow for an exact
positioning of the laser spot on the sample. Due to the fact that WGMs emit in-plane
with the sample surface [36], more of their intensity can be observed if the sample is placed

on a sample holder at an angle of 32° as shown in Figure 4.7. This angle is limited by the
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working distance of the microscope objective, as it must be possible for the whole sample
to be in focus during measurements.

The luminescence of the sample is collected by the microscope objective and reflected
towards the detection setup by the dichronic BrightLine FF409 beam splitter fabricated
by Semrock. This beam splitter only reflects light with wavelengths above its transmission
edge at 409 nm and therefore filters the backscattered laser light to allow for a better
detection of the luminescence. Behind the beam splitter, the light is focused into the
HORIBA HRS320 grating-based spectrometer, which is operated to obtain a wavelength-
resolved image of the luminescence on a Princeton Instruments (Model 7524-0003) CCD
sensor. This sensor has 2048 x 512 pixels, with a size of 13.5 um x 13.5 um each. It is
cooled to —120°C by liquid nitrogen in order to reduce the noise caused by dark current.
The combination of a grating with 1200 grooves per mm in the monochrometer and the
dimensions of the CCD array yield a resolution of about 0.02 nm.

Additionally, it is possible to insert a mirror into the beam path, deflecting the light
onto a CCD array camera (Basler aCA1300-20um). A magnified image of the sample
is obtained in this path that can be employed to control and adjust the position of the
laser spot on the sample. Furthermore, with the use of a halogen lamp as a white light
source illuminating the sample in the cryostat via a gooseneck, it is possible to navigate
the sample with this image. The white light is not integrated into the beam path of the
laser, but enters the cryostat at an angle, as this leads to a better illumination of the tilted
sample.

For room temperature yPL measurements of supported microdisks presented in this work,
the sample was excited using the 325 nm emission line of a 3552RG He-Cd laser from
KIMMON. This measurement is based on the same operation principle like the setup
shown above, differences being that the sample was not placed in a cryostat under an
angle, but was oriented perpendicular to the exciting laser beam under ambient conditions
(room temperature and pressure). The positioning of the sample and detection of emission
was performed utilizing the Horbia LabRAM FEvolution optical spectroscopy setup which
allows for measurements over a large spectral range (325 to 660 nm) with a resolution of
0.4 nm.

4.4. FDTD simulations using Meep

As discussed in Section 2.3.1, FDTD simulations to calculate the frequency of a mode
propagating in a resonator rely on a broad excitation pulse. After the excitation has
faded, the signal at a fixed point in the resonator is recorded and transformed into the

frequency domain, where harmonics can be identified. In a second step, the electric field
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corresponding to a single mode can be imaged. For this, a narrow excitation peak is
created, which only excites the mode to be analyzed. After the excitation has faded, the
remaining oscillating field can be recorded.

In this work, the open-source FDTD implementation Meep Version 1.17 was used by
the author in order to calculate the spectral positions of modes in an ideally circular
microdisk and image their fields for a comparison with calculations performed by Jan
Wiersig (Universitdt Magdeburg) that included the surface roughness of the analyzed
resonators.

In order to obtain reliable results, a number of simulation parameters need to be chosen
carefully. This includes the length of the space outside of the microdisk that is included in
the simulations, as well as the depth of the absorbing boundary (to avoid artifacts from
backscattering of fields emitted from the resonator, compare Section 2.3.1) around the
simulated area. The spacing was chosen to be 1 um followed by perfectly matched layers
(PML) with a thickness of 0.5 um; these relatively small values were chosen in order to
minimize the area that is simulated and therefore reduce the run time of the calculation.
A series of calculations with larger spacing and PML thickness resulted in no change of
the calculated mode energies.

Choosing the resolution of the simulation is a trade-off between accuracy and computa-
tional expense. 200 pixels per pm was used in the simulations presented in this work,
corresponding to about 400 pixels per wavelength.

The spot of the excitation pulse and subsequent frequency extraction analysis should not
be in a node of the field of a resonating mode. To avoid this, simulations were run with
excitation and detection at different distances from the disk edge (due to the rotational
symmetry of the disk, only the radial axis needs to be taken into account). The results
presented in this work were obtained with excitation and detection at rgig — 0.25 pm.
Good results were observed from the frequency analysis if it ran over 500 time units,
corresponding to about 1000 periods of the calculated WGM frequencies.

The average radius of the analyzed microdisk extracted from SEM images (see Section
4.2.2) was used as rqgx in this analysis. The (effective) refractive index of the microdisk
was set to n = 2.61, which is the same value used in the calculations performed by Jan

Wiersig.
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5. Results and Discussion

In this section, the results obtained from the characterization of microdisk resonators with
the methods described in Section 4 are presented and discussed.

The section starts with the analysis of free-standing microdisks with a fluorine-doped
QW /barrier structure (sample A). These resonators enable stimulated emission into
WGMs; the modes are theoretically confirmed by calculations mainly performed by Jan
Wiersig from the Universitat Magdeburg. Our analysis finds that the optical quality of
the resonator correlates to its edge roughness.

Subsequently, the fluorine-dopant concentration is reduced to d-type doping in the QW
(sample B), which is interesting for several applications detailed in Section 3.1. The
resulting disks are then characterized in micro-photoluminescence. In addition to WGMs
that are similar to those observed for disks with high dopant concentrations, modes at low
excitation densities appear on the low-energy side of the emission. For WGMs at high
excitation densities, mode intensity degrades under continuous excitation.

In the final part of this section, microdisk resonators in the supported geometry (sample C)
are discussed. Similar to free-standing d-doped disks on sample B, modes are observed on
the low-energy side of the emission at low excitation densities. A large number of WGMs
is observed on the defect emission band at room temperature. The structural analysis

based on SEM images demonstrates a good structural quality of the supported microdisks.

5.1. Free-standing Microdisk Resonators

Here, the results obtained from sample A (for an overview of all samples used for mea-
surements in this work see Table 4.1 on page 31) are analyzed. Microdisks with a 4 nm
7mg 79Cdg o1 5e:F QW embedded in 34 nm thick ZnggsMgg 165€e barriers as optically active
materials were fabricated. The concentration of the fluorine embedded in the QW as
dopant is 3 - 10*® cm~3. Under optical excitation, strong modes can be observed in their
emission spectra, theoretical calculations confirm that these modes are WGMs. The
analysis of SEM images reveals that microdisks with a lower edge roughness show higher
Q-factors.

5.1.1. Experimental Observation of Stimulated Emission into Whispering Gallery
Modes

Figure 5.1 shows a series of uPL spectra taken at cryogenic temperature (8 K) from a

free-standing microdisk with a diameter of 3.8 um. The spectra were recorded while rising
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the power of the exciting laser, the excitation density is given in the legend. A more

saturated color in the plot corresponds to a higher excitation density.
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— 3310
—— 3060
—— 2800
—— 2550
Q = 2300 — 2290
—— 2040
1780
1530
1270

intensity (arb. units)

2.52 2.53 254 255 256 2.57 2.58 2.59
energy (eV)

Figure 5.1: Series of uPL spectra with rising excitation density of a free-standing microdisk
with a diameter of 3.8 yum. The Q-factor of the mode with highest () is indicated
in the figure.

These puPL spectra exhibit a broad emission from the QW embedded in the microdisk
between 2.53eV and 2.59eV. With rising excitation (above 2000 C%), a single mode
appears on the background band at about 2.557eV.

The apparently strong increase of the intensity of the mode could be an indicator for the
onset of lasing in the resonator. In order to get a better insight into the properties of
the mode, it was fitted with a Gaussian to which a linear background was added, this
evaluation provided values for the mode’s intensity, spectral position, and width as a
function of excitation density. From its width, the ()-factor of the mode was calculated for
all measured spectra. The highest value that was obtained in this analysis is annotated
in Figure 5.1, i.e., ) = 2300 for an excitation density of 2800 % Figure 5.2 shows the

integrated intensity of the mode plotted against the excitation density.

The integrated intensity of the mode in Figure 5.1 is very low at excitation densities lower
than 2000 % After that, a linear increase up to about 2800 % can be seen. For this
excitation density the highest (Q-factor has been observed, as noted in the annotation in
Figure 5.1. At excitation powers above this, the mode’s intensity continues to increase
with a greater slope compared to the linear increase found below 2800 C%

Such a threshold in the emission intensity can be a sign for the onset of lasing in the
structure. For excitation densities higher than measured in this experiment, a reduction
of the rate of intensity growth back to the linear increase would be expected, forming a
‘

s-shape’ in the input/output power characteristic. This could not be measured for this

microdisk, because of degradation under strong and prolonged optical excitation. This
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mode intensity (arb. units)

1200 1600 2000 2400 2800 3200
excitation density (W/cm?)

Figure 5.2: Integrated intensity of the mode observed in Figure 5.1 as a function of
excitation density. The color scheme of the dots is identical to the scheme in
Figure 5.1.

problem will be addressed in more detail in Section 5.2.2.
The nonlinear increase of intensity at the lasing threshold is also typically accompanied by
a decrease in line width as stimulated emission outweighs spontaneous emission. Figure

5.3 shows the spectral position and FWHM of the mode as a function of excitation density.
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Figure 5.3: Spectral position (circles, left axis) and FWHM (crosses, right axis) of the
mode observed in Figure 5.1 as a function of excitation density. The color
scheme of the markers is identical to the scheme in Figure 5.1.

In Figure 5.3, a smaller range of excitation densities is shown compared to Figure 5.2.

W

This is because the mode is practically non-existent below 2000 %5 (compare the low

integrated intensities in Figure 5.2), which is why the fitting algorithm cannot determine
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reliable values for the position and width of the Gaussian above the background.

A continuous blue-shift of the mode with rising excitation density can be seen. In total,
the mode shifts by about 1.1 meV between 2000 C% and 3400 C% The full width at
half-maximum of the mode continuously decreases between 2000 % and 2800 % This is
the range of excitation that shows a linear increase of mode intensity in Figure 5.2. At
higher excitation densities the mode width strongly increases.

The blue-shift of the mode could be caused by a carrier induced change of the refractive
index, which has been observed in ZnSe-based QW structures [115] and microdisks [65].
Similar effects have been reported in microdisks fabricated from other materials [86,116].
The reduction of the FWHM and simultaneous increase of the mode intensity between
2000 % and 2800 % are a clear sign for the onset of stimulated emission into the mode.
The strong increase in the FWHM of the disk above 2800 % might be a first sign of
the aforementioned degradation that the free-standing resonators exhibit under optical

excitation with high power densities as will be discussed in detail in Section 5.2.2.

Similar modes to the one discussed here were observed in other measurements of disks of
several sizes. In some measurements more than one mode could be observed at the same
time. As an example for this, Figure 5.4 shows a yPL spectrum of another disk with a

diameter of 3.8 um under excitation with the highest excitation density used in Figure 5.1.

T=10K
1 ddgisk = 3.8 um
3310 W/cm?

intensity (arb. units)

2.52 2.53 2.54 2.55 2.56 2.57
energy (eV)

Figure 5.4: uPL spectrum of a free-standing microdisk with a diameter of 3.8 um. The
excitation density is the same as the highest value used in 5.1, but a different
disk is analyzed in this figure.

The spectrum is comparable to what can be observed in Figure 5.1 at the same excitation

density (the size of the analyzed disk is the same). This spectrum is dominated by a
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central mode between 2.55 and 2.56 eV, too. Additionally, a less intense mode can be seen

on the low-energy side of the QW emission at about 2.538eV.

In the following, measurements on disks of other sizes will be presented, starting with a

diameter of 3.3 um, see Figure 5.5.

excitation density
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energy (eV)

Figure 5.5: Series of uPL spectra with rising excitation density of a free-standing microdisk
with a diameter of 3.3 um. The Q-factor of the mode with highest () is indicated
in the figure.

A total of four modes can be found on the low-energy side of the QW emission. The mode
closest to the center of the background QW emission (near 2.55eV) shows clear growth.
However, in contrast to Figure 5.1, the intensity of the mode is maximal at an excitation
density of 1920 %, at higher excitation the intensity is reduced. Additional smaller modes
can be seen at 2.51eV, 2.53¢eV, and 2.54¢eV.

In comparison to the microdisk with a diameter of 3.8 um analyzed above, the smaller
disk might exhibit stimulated emission at lower excitation densities, as less material needs
to be excited. On the other hand, degradation could occur at lower excitation densities
for the same reason. For the three modes that do not show a strong increase of intensity
in this measurement, the material gain probably is too low at their spectral positions to
support stimulated emission. In order to analyze this further, the mode near 2.55eV was
fitted with a Gaussian, as done for the analyses in Figures 5.2 and 5.3. The results can be

seen in Figures 5.6 and 5.7.

Figure 5.6 shows the integrated mode intensity as a function of excitation density. A

continuous increase of the intensity can be seen over the whole measurement range up to

the maximum near 2000 C%, which was already mentioned in the discussion of the spectra

above. After the mode intensity reaches its maximum, a clear reduction can be observed,

followed by stagnation.
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mode intensity (arb. units)
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Figure 5.6: Integrated intensity of the most intense mode observed in Figure 5.5 as a
function of excitation density. The color scheme of the dots is identical to the
scheme in Figure 5.5.

This figure clearly demonstrates that modes can form in smaller disk resonators at lower
excitation densities, as in Figure 5.1 (3.8 um diameter) the mode appears at 2000 % while
here (dgisk = 3.3 pm) the mode intensity reaches its maximum at this excitation density

and degradation starts to set in.
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Figure 5.7: Spectral position (circles, left axis) and FWHM (crosses, right axis) of the
most intense mode observed in Figure 5.5 as a function of excitation density.
The color scheme of the markers is identical to the scheme in Figure 5.5.

Figure 5.7 shows the spectral position and FWHM of the strong mode seen in Figure 5.5.
As for the disk with a larger diameter, a blue-shift over the whole measurement range can
be seen here. However, the shift is more pronounced in this measurement, a total difference

of about 4meV in the spectral position between 500 % and 2500 % is observed.
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The width of the mode displays a similar trend to what was seen in Figure 5.3, continuously
lowering until 1920 % and significantly increasing afterwards.

These results lead to a similar conclusion as for the disk characterized above (Figure 5.3):
The onset of stimulated emission can be observed in this resonator, however, lasing does
not occur, because the microdisk cannot withstand the required excitation densities and
degrades above 2000 C%

Modes were observed in measurements on disks with a diameter of 2.8 um as well, an

example of that is shown in Figure 5.8.
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Figure 5.8: Series of uPL spectra with rising excitation density of a free-standing microdisk
with a diameter of 2.8 yum. The Q-factor of the mode with highest () is indicated
in the figure.

Two modes appear near the center of the QW emission. In comparison to the spectra
in Figures 5.1 and 5.5 (dgisk = 3.8 um and 3.3 um, respectively) the modes do not ‘grow
out’ of the QW emission, but do exhibit degradation similar to the most intense mode in
Figure 5.5. Therefore, no clear sign of strong stimulated emission in the resonator is found
in this measurement.

The highest @-factor observed in this measurement is 850, which is significantly lower
than the () values found in experiments on larger disks. In general, the spectra analyzed
in this section reveal a trend of lower ()-factors for smaller disks. This will be discussed

further in Section 5.1.3 in context with the edge roughness of the microdisks.

As an interim conclusion, modes were measured from microdisk resonators of differ-
ent sizes. This allows for a comparison that can be seen in Figure 5.9, where spectral
positions of modes from several pPL measurements are depicted. This figure also shows

theoretical mode positions calculated by Jan Wiersig, which are discussed in Section 5.1.2.
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Every row of datapoints represents a measurement of uPL spectra as seen above, e.g., in
Figure 5.1, and the corresponding theoretical data. Different disk sizes (diameters 3.8,
3.3, and 2.8 um) are separated by black lines and marked by annotations on the left. It is
apparent that, although the QW emission typically was present between 2.5eV and 2.6 eV,
modes were found only between 2.5eV and 2.57¢V, i.e., mainly on the low-energy side of
the emission. A large number of modes occurs in the range between 2.54 eV and 2.56 eV.
The mode spacing varies between the disk sizes without a clear trend, as the spacing is
smallest for the disks with a diameter of 3.3 um. Additionally, the measured spectral
positions are not always equidistant, this can be seen most clearly in the data from the
disk with a diameter of 3.3 um, which corresponds to the spectra shown in Figure 5.5.
The fact that modes can only be observed on a part of the background emission is explained
by two factors: Firstly, the modes can only form if there are sufficient emitters at or near
their spectral position who can contribute to stimulated emission. This leads to the higher
number of modes, and especially modes from which signs of stimulated emission can be
observed, towards the center of the QW emission. The second factor is reabsorption in
the resonator, which reduces the number of photons that can stimulate emission. Since
photons with a higher energy are more easily absorbed, modes form preferably on the
low-energy side of the spectrum.

The irregular mode spacing can be explained with the fact that the observed WGMs are of
different radial order. WGMs of the same radial order would be evenly spaced. However,
in the spectra analyzed here, WGMs of different orders ‘overlap’ to form a complex mode

spectrum. This will be confirmed by the theoretical analysis in the following section.

5.1.2. Theoretical Confirmation

Theoretical calculations of the spectral position, width, and field of WGMs in the optically
analyzed microdisks based on the boundary element method (see Section 2.3.2) were
performed by Jan Wiersig (Universitdt Magdeburg). The deformation functions extracted
from SEM measurements were used as input for these calculations in order to take the
deformation of the resonators into account. The effective refractive index of the microdisks
was calculated independently from the vertical structure of the resonator and the dispersion
of the individual materials. Absorption in the material is taken into account by adding an
imaginary part of 107* to the refractive index.

In deformed microdisks, the spectral position of clockwise and counter-clockwise propagat-
ing modes is not degenerate, as would be the case in ideally circular disks [42]. However,
the calculations showed that in the resonators analyzed here, this difference is too small to

be resolved experimentally, it is masked by the width of the modes. Because of this, the
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Figure 5.9: Comparison of spectral positions of modes observed experimentally (dots) and
calculated theoretically by Jan Wiersig (Universitdt Magdeburg) (triangles).
Different rows show data from different disks, the color of the markers indicates
the disk diameter which is also annotated on the left-hand side.

width of the experimentally observed mode can be significantly larger than the individual
width of the two differently propagating modes, an effect known as ‘@) spoiling’. To take
this into account, the theoretical estimate of the position and Q-factor of the modes were

calculated from the overlapping clockwise and counter-clockwise propagating modes.

Figure 5.9 shows a comparison of the experimentally obtained and theoretically cal-
culated spectral positions of WGMs. Every row of datapoints corresponds to results from
a single microdisk, different disk diameters are separated by black lines and marked by
annotations on the left-hand side of the figure. The experimental results were discussed in
the conclusion of the previous section. It is apparent that the calculated mode positions
agree with the experimental results in most cases if the uncertainties are taken into account.
The non-equidistant modes observed experimentally from the disk with a diameter of
3.3 um are reproduced by the theoretical calculations. As discussed above, the mode
spacing is explained by the fact that the observed modes are of different radial order; the
observation of these different ‘families’ shows a high quality of the resonators [40]. However,
the mode spacing seems to be larger in the theoretical results compared to the experiment.
Since the size of the resonator is known through the deformation functions extracted from

SEM images, this probably due to the calculated effective refractive index of the microdisks.

The theoretically obtained ()-factor is on the same order of magnitude as the experi-

mentally observed values for () for all measurements, the largest deviations are smaller
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than a factor of two. This agreement might in part be caused by the aforementioned imag-
inary part of the refractive index that is set to 10~* as a ‘fitting parameter’ to reproduce
the experimental values. However, the agreement for all individual disks shows that similar
losses can be assumed for all modes. These are well reproduced by the theoretical model.
In further calculations, it was found that having an ideal circular disk with smooth edges
would approximately double the Q)-factor observed in the experiments.

The generally good reproduction of the experimental results by the theoretical calculations

supports the assumption that the modes observed in ¢PL measurements are WGMs.
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Figure 5.10: Comparison of theoretically calculated electric fields of the modes shown in
Figure 5.5. Top two rows show calculations performed by Jan Wiersig (Uni-
versitit Magdeburg) based on the deformation function of the disk (top row
shows clockwise, middle row counter-clockwise propagating modes). Bottom
row shows MEFEP calculations ignoring the deformation of the disks, i.e.,
assuming ideal circular disks.

The electric field in the resonator corresponding to each of the four modes observed in
Figure 5.5 (dgisx = 3.3 pm) was calculated using the boundary element method for the
clockwise and counter-clockwise propagating modes. The results are displayed in the top
(clockwise) and middle (counter-clockwise) row of Figure 5.10. The modes are sorted
by their spectral position from 2.51eV (left) to 2.55eV (right). These calculations were
performed by Jan Wiersig (Universitat Magdeburg).

Additionally, FDTD simulations of an ideal circular disk with the same (average) radius
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were performed by the author himself using the MEEP software, as described in Section
4.4. The results from these calculations are used to analyze the influence of the edge
roughness on the spectral position of resonating modes and their fields. Images of the
electric field corresponding to modes in the same spectral region as the experimentally
observed modes are shown in the bottom row of Figure 5.10. Note that for ideal circular
disks clockwise and counter-clockwise propagating modes are degenerate in their field and
spectral position.

The fields in each column of Figure 5.10, corresponding to an experimentally observed
WGM, appear similar. The same is true for the calculated spectral position of the modes.
Table 5.1 compares the number of nodes in radial and azimuthal direction as well as the

spectral positions for both calculations.

boundary element method MFEFEP software
number of nodes number of nodes
position (eV) | radial | azimuthal || position (V) | radial | azimuthal
2.5115 0 82 2.5104 0 84
2.5365 3 58 2.5418 3 60
2.5425 5 46 2.5540 5 48
2.5495 4 52 2.5556 4 54

Table 5.1: Comparison of the spectral position and electric field of the modes observed
in the spectra in Figure 5.5 as calculated using the boundary element method
(based on deformed microdisks, performed by Jan Wiersig) and MEEP software
(neglecting edge roughness).

In this table, a good agreement between both theoretical models can be seen, with deviations
in the mode position averaging 6.0 meV. The fields that were calculated corresponding to
the WGMs also show similarities, as the number of radial nodes is equal for all analyzed
modes and the number of azimuthal nodes that can be observed in the MEEP calculation
is equal to the number of azimuthal nodes found using the boundary element method plus
two in all cases. However, the number of nodes is not a good quantum number for WGMs
in deformed microdisks. Therefore, it cannot be used to identify the resonating modes
and can only give an insight into how the field qualitatively compares with the simulation
of an ideal microdisk. This can be seen in Figure 5.10, as it can be hard to define the
number of nodes close to the edge in the top two rows.

The changes in the fields caused by edge roughness in the top two rows in Figure 5.10
are clearly visible and evident even towards the middle of the disk, far away from the
deformed edge. This demonstrates that the deformation has an effect on the field inside
the microdisk. However, the spectral position of the resonances is not strongly influenced

by the edge roughness, as both models produce similar values for it. This is in agreement
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with theoretical studies on resonances in randomly deformed microdisks [109].

5.1.3. Deformation of the Resonators

The deformation functions of several free-standing microdisks were extracted from SEM
images as described in Section 4.2.2 in order to analyze the structural quality of the
resonators. This included all disks that were discussed in the previous sections and which
are included in the comparison in Figure 5.9, as their data is needed for the theoretical
analysis described above.

The resulting deformation functions () were fitted with a circle of radius 7. This is the
average of the deformation function and was assumed to be the radius of the disk if its
edge was an ideal circle.

The deviation of the disk edge from its ideal radius 7 was calculated based on the deviation

of all n datapoints r; of r(¢) from 7. Averaging gives the standard deviation
1
Ar ==Y " /(F—r) (5.1)
n =

From this absolute deviation, a relative deviation of the disk from its ideal radius can

be calculated as %. This ratio is important, because deviations from the ideal radius

with the same absolute value Ar lead to a stronger change of the curvature of the disk

edge if the radius 7 is smaller. Therefore, A? is used as a measure of how strongly the

deformation of the edge disturbs a mode propagating in the microdisk.
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Figure 5.11: Relative deviation of the disk edge from the ideal radius for several free-
standing disks as a function of its average diameter.

Figure 5.11 shows the relative deviation from the ideal radius as a function of the diameter
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(d =2 - 7) for eleven disks of three different sizes. From the figure it is obvious that the
relative deviation from 7 is lower for larger disks, ranging between 1 and 0.5 % for all
analyzed resonators. It can also be seen that the diameters of the disks that were measured
in SEM are lower than the ones given in the legend. The latter are the values that were
intended during growth and processing of the disks.

These differences between the observed and intended diameters point to a systematic
error in the fabrication process. This seems to only affect the size of the disks and not
to cause edge roughness, as the deviation % is below 1% for all disks. The systematic
error furthermore does not impact the theoretical calculations in Section 5.1.2, as they
are based on the values extracted from SEM images and do not depend on the diameters
intended during processing.

The absolute values of Ar are displayed in Figure 5.12 as a function of the diameter. In
this figure it is evident that Ar ranges from 9 to 13 nm for all disk sizes, no correlation
between Ar and d can be found. This shows that % is reduced for larger diameters simply

because the denominator grows, while the numerator does not change.
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Figure 5.12: Absolute deviation of the disk edge from the ideal radius for several free-
standing disks as a function of their average diameter.

Figure 5.12 shows that the fabrication process of the disks, especially the e-beam lithog-
raphy and reactive ion etching that define the disk edges (see Section 4.1), has a finite
accuracy, being the same for all disk sizes and governing the edge roughness of the
free-standing resonators analyzed here. The Ar observed here appear relatively small in
comparison to the diameters of the analyzed disks, but it has been reported that roughness
on this order of magnitude can have a strong influence on the optical quality of the

resonator [117], as will be seen in the following.
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As explained above, the relative deviation % can be used as a measure of how strongly a

propagating mode is disturbed by the edge roughness. The optical quality of a microdisk

resonator is measured by Quax, the maximum @)-factor observed in a series of uPL spectra

similar to Figures 5.1, 5.5 and 5.8. Therefore, Figure 5.13 shows a plot of Quax vs. &I,

7

correlating edge roughness and optical quality.
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Figure 5.13: Highest experimentally observed Q-factor as a function of relative deviation
from the ideal radius for free-standing disks of different diameters.

The image reveals that Q.x is higher for disks with lower relative deviation. This inverse
correlation is expected, because the edge roughness disturbs the propagating modes and
reduces their lifetime and @Q-factor. This has been previously observed experimentally
when fabrication techniques that reduce edge roughness were compared to previous
results [17,18,106,118]. Here it is shown for disks with different roughnesses that were
fabricated in the same process. FDTD simulations have shown that random edge roughness
does not substantially reduce the Q-factor of the clockwise and anti-clockwise propagating
mode individually [109]. Therefore, the increase of the experimentally observed Qax
might be caused by the reduction of ‘() spoiling’ due to the splitting of clockwise and
counter-clockwise propagating modes discussed above.

Given the dependence of % on the disk diameter, Figure 5.13 also shows that higher ().«
are observed for larger disks. Here the disk diameter could be a hidden variable, since
the edge of a larger disk is curved less and the disk therefore supports modes with higher
Q)-factors. However, a theoretical study on InGaAsP/InP quantum dot microdisks came
to the conclusion that the reduction of the ()-factor when the disk diameter is reduced
from 2.5 um to 1.0 pum is lower than 2 %, assuming a wavelength of 1.55 ym [119]. The
reduction of the Q-factor is even lower for larger diameters. In the experiment presented

here, the wavelength is lower than the radius so it can be assumed that the disk size has an
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even smaller influence on the Q-factor of the modes studied. In an experimental analysis
of InGaN hexagonal wires it was found that above a diameter of 2.8 um the @Q-factors are
not affected by resonator size [120]. Because of their hexagonal shape, these structures
do not compare well to our microdisks, but the standing wave is contained in a resonator

with dimensions just slightly larger than the wavelength in these structures as well.

5.2. Free-standing Microdisk Resonators with /-type Halogen
Impurities

In this subsection, results obtained from the optical characterization of microdisks on
sample B are discussed. The density of the halogen impurities incorporated as dopants in
the QW was reduced by about two orders of magnitude in the fabrication of sample B
compared to sample A (for an overview of all samples used for measurements in this work
see Table 4.1 on page 31). As dopants are only included in the center of the QW and not
homogeneously along the z-axis, this results in a so-called d-type doping. A F density of
about 3 — 4 - 10'® cm ™3 is reached in the Zngg5Cdg.1559¢:F QW, embedded in 30 nm-thick
Zmg goMgg 185e barriers. This sample was fabricated in order to test the suitability of
free-standing microdisks for applications as single-photon emitters or in qubit storage as
discussed in Section 2.2.4. Here, the influence of the low dopant concentration on the
optical properties of the microdisk resonators will be analyzed.

At low excitation densities, modes are found on the low-energy side of the QW emission,
which do not show signatures of stimulated emission. When the disks are excited with
higher excitation densities, WGMs similar to those shown in the previous section are
observed. The degradation of these modes under prolonged excitation is discussed in more

detail at the end of this subsection.

5.2.1. Modes under Optical Excitation

The disks were excited for uPL experiments as in the experiments on sample A described
in section 5.1.1. Smaller modes were observed at low excitation densities, Figure 5.14 gives
an overview of the emission from a disk with a diameter of 3.8 um at excitation densities
significantly lower than those used in the previously described experiments for this disk
size (50 — 510 25).

It is obvious that the emission of the microdisks analyzed in this section is blue-shifted
compared to the spectra of disks on sample A (Section 5.1). The emission is now found
between 2.6 and 2.67eV, compared to 2.53 — 2.59eV; it still consists of a single broad
band.
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Figure 5.14: Series of 4PL spectra with rising excitation density of a free-standing microdisk
with a diameter of 3.8 um. The black rectangle marks the part of the spectrum
that is shown in detail in Figure 5.15.

The shift of the luminescence can be explained by the reduction of the Cd concentration
in the QW, which leads to an increase of the bandgap.

The spectra exhibit small modes on the low-energy end of the spectrum in the region
highlighted by the black rectangle, of which a zoom-in is shown in Figure 5.15 for a more
detailed analysis. These modes might be resonances (WGMs) of the microdisks, whose
intensity is limited due to the low gain at their spectral position. Alternatively, the maxima
might be explained as emission from a single halogen impurity that is amplified in the

microcavity due to the Purcell effect.
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Figure 5.15: Zoom of the series of puPL spectra with rising excitation density of a free-
standing microdisk with a diameter of 3.8 um shown in Figure 5.14. The
maximum ()-factor for each of the observable modes is indicated in the figure.

Three small sharp modes appear on the background emission, labeled M1, M2, and

M3. With rising excitation density, the modes become less visible and disappear in the
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background, this can be seen most clearly for mode M3. The maximum @-factors observed
for each mode are given in the figure, high values (between 6600 and 9000) are recorded.
For mode M3 it stands out that the spectrum with the highest Q)-factor was measured
under an excitation density of just 150 % For modes M1 and M2, the highest Q)-factor
was found under significantly larger excitation densities.

The small modes can be explained by the emission of the QW being superimposed with
resonances of the microdisk. The modes appear at the edge of the emission band (on the
low-energy side), where the luminescence is not very intense at low excitation density.
When the excitation density is increased, the background intensity increases and the gain
of the active material is too low to sustain mode activity. The modes were fitted similarly

to the modes discussed above; the results are displayed in Figures 5.16 and 5.17.
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Figure 5.16: Integrated intensity of the modes observed in Figure 5.15 as a function of
excitation density. The colors of the markers correspond to the colored
columns marking the modes in Figure 5.15.

All modes have in common that their intensity, displayed in Figure 5.16, increases linearly
after they appear in the measurement. For the highest excitation densities used here, the
intensity saturates and starts to decrease (opposed to the background intensity which
increases over the whole course of the measurement).

As the modes do not show a super-linear growth of intensity, and their intensity even starts
to decrease at relatively low excitation densities compared to the modes in the previous
sections, it can surely be assumed that no lasing is occurring in these experiments. The
saturation of intensity is probably due to the low gain of the active material near the
low-energy edge of the broad emission band. If the halogen impurities are the source of the

emission forming these modes, their intensity might be limited by the low concentration of
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Figure 5.17: Spectral position (circles, left axis) and FWHM (crosses, right axis) of the
modes observed in Figure 5.15 as a function of excitation density. The colors
of the markers correspond to the colored columns marking the modes in
Figure 5.15. Data for each mode was plotted in a separate subplot for better
visibility.

emission centers.

Figure 5.17 shows the width and position of the three modes as a function of excitation
density. No tendency for either quantity can be observed for all modes. Modes M2 and M3
exhibit a slight red-shift with rising excitation density (0.2 — 0.3 meV) while the position
of mode M1 does not seem to change. The FWHM of mode M3 continuously increases

with excitation density, the width of the other modes do not change.
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The red-shift observed for modes M2 and M3 can be explained by an increase of the
temperature in the microdisk due to the excitation. For mode M1 this change is masked by
the overall scattering of the fit results due to the low mode intensity. The increase of the
width of mode M3 recorded here is due to a spreading of the mode by an uneven increase
of the background emission. The QW emission intensity increases more strongly on the
high-energy side of the mode. Clearly, there are no indications of stimulated emission into

or lasing of these modes.

T=10K
ddisk = 4.3 um

excitation density
in W/cm?
— 178
— 153
— 127
— 102
— 76
— 51
— 25
13
6

intensity (arb. units)

2.6 2.605 2.61 2.615 2.62
energy (eV)

Figure 5.18: Zoom of a series of uPL spectra with rising excitation density of a free-
standing microdisk with a diameter of 4.3 ym. The maximum @-factor found
is indicated in the figure.

Similar modes were observed for disks of other sizes. Figure 5.18 shows a series of spectra
with rising excitation power taken on a disk with a diameter of dgic = 4.3 pm. Similar to
the measurement above (dgigx = 3.8 pm), a small mode appears on the low energy side of
the emission at low excitation densities. Likewise, a high @Q-factor (4700) is observed. The
course of mode intensity with rising excitation density is similar to that of the small modes
analyzed above, as this mode is eventually masked by the rising background intensity,
too. No trend in either position or width of the mode was observed over the course of the

measurement.

In order to analyze how the modes form, a yPL map scan of a disk with a diameter of
4.3 pm was performed to provide spatial analysis. For this, the exciting laser was scanned
across the disk and a pPL spectrum was recorded at each point. The total integrated
intensity as a function of excitation position is shown in Figure 5.19.

The map scan shows the highest intensity in the middle of the disk, which is located at
a x position of 6.5 um and a y position of 4.5 um. In the four central spectra recorded
there, small modes can be observed, similar to those discussed above. These positions are

marked by four differently colored rectangles in the map scan and will be discussed in

61



Results and Discussion

N

8 -

S

o

—_ >
c =
1]

3 6 c
= 9]
-

o £
S =
G4 bS]
o o©
o)

N 3
> S
©

)

S)

S

0 2 4 6 8
X position (um)

Figure 5.19: uPL map scan of a free-standing microdisk with a diameter of 4.3 ym. Color
coded is the total integrated intensity of the emission under excitation with
50 C% at each spot. Emission from a waveguide fabricated near the disk can
be seen in the top-left corner of the image. Colored rectangles indicate four
spots measured near the center of the disk, the corresponding spectra are
shown in Figure 5.20.

more detail later.

Since the laser spot has a diameter of about 3 um, it will excite larger regions than the
1 pum x 1 pm squares depicted in Figure 5.19. This can be seen in the apparent diameter
of the disk of about 6 — 7 ym, compared to the actual diameter of the disk (4.3 um). This
means that if the excitation is centered in the middle of the disk, it will find the most
excitable active material. On the other hand, if the excitation spot is moved towards the
edge of the resonator, part of the laser beam will miss it. That explains why the highest
intensities can only be observed in a relatively small region in the center of the disk. Given
that the modes are strongest in the spectra recorded near the center of the disk, it is
apparent that the modes need the excitation of a large area of the microdisk to form. This
contradicts the assumption that the small modes might be connected to a single or a small
number of the halogen impurities. A detailed analysis of the spectra marked by colored

rectangles in Figure 5.19 is given in Figure 5.20.

The four ‘central” spectra from the map scan show that four small modes form in the
spectral range from 2.617 to 2.623 eV. However, not all of these modes can be seen in all
spectra; this is only true for the two ‘outer’ modes (i.e., the modes with highest and lowest
energy). The other two modes appear in two spectra each, with the mode near 2.6195eV
being visible in the spectra plotted in blue and yellow and the mode near 2.6205eV being

visible in the red and green spectra. It is notable that the spectra in which the same
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Figure 5.20: Zoom of puPL spectra which are part of the map scan shown in Figure 5.19.
The colors of the labels correspond to the rectangular markers in that plot.

modes appear are neighboring.

In Section 5.1.2 it was seen that each resonator mode corresponds to a different field in
the microdisk. The images in that section show that these fields can differ significantly for
different modes. Based on this, it is apparent that different excitation spots might not
excite the same field distributions.

The modes analyzed in this section up to now do only occur under low excitation energies,
since the active material does not provide enough gain for stimulated emission or lasing.
Based on the results from the map scan in Figure 5.19, it is unlikely that these modes are

caused by the d-type fluorine dopants. They are resonances of the microdisks.

Modes at spectral positions closer to the center of the disk’s emission band were ob-
served at higher excitation densities. These resonances are similar to the WGMs found for

sample A above and will be analyzed in the following.

In Figure 5.21, spectra recorded on the same disk that already showed small modes for
low excitation densities (Figure 5.15) are shown. With rising excitation density, a central
strong mode appears from the emission. This behavior is similar to modes observed in
microdisks of the same diameter on sample A (higher dopant concentration, compare
Section 5.1.1, Figure 5.1). This includes the maximum Q-factor observed being around
2000 (1800 for the measurement shown here, 2300 in Figure 5.1). Note that the small
modes discussed above are not visible in this figure due to their low intensity in comparison
to the main emission from the disk. In Figure 5.15 a zoom into the spectra was needed to

visualize the spectra. The intensities found in the measurements displayed in Figure 5.21
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Figure 5.21: Series of 4PL spectra with rising excitation density of a free-standing microdisk
with a diameter of 3.8 um. The Q-factor of the mode with the highest @ is
indicated in the figure.

are even higher, as this measurement was taken with a slightly different distance between
microscope objective and sample, resulting in a different focus.

The observed mode will be analyzed similarly to previous modes. This means that the
following figures show the intensity, width and position of the mode as a function of
excitation density. The fit results displayed there will be used to analyze if lasing is

occurring in the measurement.

mode intensity (arb. units)

200 300 400 500 600 700 800 900
excitation density (W/cm?)

Figure 5.22: Integrated intensity of the mode observed in Figure 5.21 as a function of
excitation density. The color scheme of the dots is identical to the scheme in
Figure 5.21.

At very low excitation densities (below 300 %), the intensity of the mode slightly decreases

with a rise in excitation density. This is likely due to the fact that a low mode intensity
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will lead to a larger error in the fitting process. In fact, the mode is not observable above
the background in Figure 5.21 at excitations below 300 % The gradient with which
the mode intensity grows as a function of excitation density in Figure 5.22 significantly
changes at 500 %, similar to results observed from disks of the same size on sample A
(compare Figure 5.2). The excitation density at which this change occurs is lower compared
to results from disks with a larger halogen dopant concentration, where a threshold at
2800 % was found.

The lower threshold excitation density is partly explained by fluctuations of the excitation
spot and focus quality. This is supported by the observation that for a different excitation
spot on the same disks other modes appeared only at an excitation density of about 2000 C%
However, the reduced concentration of shallow donors might reduce the absorption of
photons propagating in the microdisk, enabling a lower lasing threshold.

The changes in the gradient can be a sign for the onset of lasing if the width of the mode is

reduced simultaneously. This will be analyzed based on the results shown in Figure 5.23.
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Figure 5.23: Spectral position (circles, left axis) and FWHM (crosses, right axis) of the
mode observed in Figure 5.21 as a function of excitation density. The color
scheme of the markers is identical to the scheme in Figure 5.21.

The FWHM of the observed mode is reduced over the course of the measurement in two
steps corresponding to the changes in mode intensity discussed above (300 and 500 %)
Above an excitation density of about 300 %, the mode position increases linearly up to a
total shift of 2meV at 900 C%

Similar to the results discussed from disks with higher dopant concentrations in the QW
(sample A), lasing is not clearly observed in this measurement since the measurement had
to be stopped at relatively low excitation densities due to degradation. This prevents
the observation of the typical s-shape expected in Figure 5.22. However, the occurrence

of stimulated emission can certainly be assumed based on the reduction of mode width
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combined with the threshold behavior of its intensity.

The blue-shift of modes with rising excitation densities has been observed in measurements
of sample A as well and was attributed to a carrier induced change of the refractive index.
There, modes which shifted strongly also showed a strong intensity degradation, probably
connected to the large number of carriers created by the strong optical excitation.
Further modes observed from different disks will be analyzed in order to gain more

information about their formation and possible stimulated emission in the disks.
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Figure 5.24: Series of 4PL spectra with rising excitation density of a free-standing microdisk
with a diameter of 3.8 yum. The @Q-factor of the mode with the highest @ is
indicated in the figure.

Figure 5.24 shows a series of spectra taken from a disk with a diameter of 3.8 ym, which
features a clear mode with a high @-factor (3200) growing on the background. This is a
measurement on a disk with the same size as that depicted in Figure 5.21, but the mode
is clearly more intense compared to the background. Because of this, more information
on the emission and degradation of the mode above threshold can be expected from the

analysis of these spectra.

The integrated intensity of this mode is plotted as a function of excitation density in
Figure 5.25. It increases strongly at excitation densities above 1200 % This threshold
corresponds well to the spectra shown in Figure 5.24, where the mode is starting to become
visible at an excitation density of 810 %

The width of this mode, shown in Figure 5.26, is reduced around the aforementioned
threshold of 1200 %, but quickly starts to rise again at about 1300 % The position of
the mode shifts towards higher energies, but stabilizes after the threshold; in total the
mode position changes by only 1 meV.

The results shown here are similar to previously analyzed modes of microdisks on both

sample A and B, as a similar course of the FWHM has been observed in Figures 5.3 and
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Figure 5.25: Integrated intensity of the mode observed in Figure 5.24 as a function of
excitation density. The color scheme of the dots is identical to the scheme in
Figure 5.24.

5.7 (sample A, dgigx = 3.8 um and 3.3 um, respectively). The changes observed in the
intensity of the mode resemble the results shown in Figure 5.2 (sample A, dgisx = 3.8 pm).
From that it can again be assumed that an onset of stimulated emission is observed, but
the mode starts to degrade if the disk is excited above the threshold.
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Figure 5.26: Spectral position (circles, left axis) and FWHM (crosses, right axis) of the
mode observed in Figure 5.24 as a function of excitation density. The color
scheme of the dots is identical to the scheme in Figure 5.24.

The measurements presented in this section seem to indicate that the shift of the mode
position observed for large modes is smaller for disks with a lower dopant concentration.
Additionally, the microdisks on sample B appear to degrade more quickly with rising

excitation density compared to their counterparts with fluorine concentrations on the order
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of 3-10"® cm™? (sample A).

As was already discussed for sample A above, the blue-shift of the WGMs is likely explained
by a change in refractive index of the microdisk. Calculations based on the boundary-
element method (see Section 5.1.2) revealed that to cause these shifts a change of n by
2-1072 would be sufficient. This also explains the reduction of the blue shift for microdisks
with a lower concentration of halogen impurities, as a lower dopant concentration leads to
a reduction of the number of excited charge carriers.

A second explanation of the shift could be an increase of the disk diameter caused by heat-
ing of the sample due to the exciting laser or energy dissipated during mode propagation.
However, an analysis in Section 5.2.2 will show that a temperature increase leads to a
red-shift of the WGMs.

Publications on similar disks attribute a blue-shift of emission to strain relaxation in the
QW via the formation of dislocations as the ZnSe QW is tensilely strained due to the larger
lattice constant of the ZnMgSe barriers [14]. This cannot be applied to the microdisks
analyzed in this work as the lattice constant of the ZnCdSe QWs are larger than those of
the ZnMgSe barriers for both sample A and B.

A possible explanation of the observed degradation of WGMs is that the halogen impuri-
ties degrade and are transformed to nonradiative recombination centers. In disks with a
lower number of impurities less emission centers can be converted, resulting in a faster
degradation of the structures on sample B. Since the background QW emission of the
microdisks does not change during the degradation, it is obvious that not all halogen
impurities are affected by the degradation, but only a small fraction of them. These might
be located in sites with a high electric field under mode propagation. This is in agreement
with investigations of the degradation of ZnSe-based emitters, which concluded that the

intensity reduction often starts at point defects [52].

As an interim conclusion of the optical characterization, free-standing microdisks with
0-type doping show modes with similar properties to the WGMs yielding stimulated
emission that were observed from free-standing disks with a higher dopant concentration
in the QW.

Additionally, modes with low intensity can be observed on the low-energy side of the
emission at low excitation densities. These modes exhibit high quality factors (5000 —9000),
but occur at low excitation densities only, as they are masked by the background QW
emission at higher excitation.

The degradation of intense modes in disks with a low halogen concentration will be
analyzed in more detail in the following section in order to gain more insight into its cause

and influence on the emission.
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5.2.2. Degradation of Mode Intensity under Continuous Excitation

For a better analysis of the degradation observed in previous chapters, disks on sample B
are excited continuously with a fixed excitation density and uPL spectra are recorded in
regular intervals. Two microdisks, with a diameter of 3.3 um each, that displayed modes
with a comparable threshold of about 750 % were used for this experiment, their spectra
can be seen in Figure 5.27. The experiment ran until the modes observed at the beginning
were no longer visible on the background emission. One measurement was performed just
slightly above the threshold at an excitation density of 780 5 (Figure 5.27a), for the

cm?

second measurement the excitation density was doubled.
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Figure 5.27: Two time series of uPL spectra of free-standing microdisks with a diameter of
3.3 pm recorded under continuous excitation of the microdisks. The excitation
intensity is given in the caption of the subfigures. Note the different timescales
in the legends of (a) and (b).

In Figure 5.27a, a single mode can be seen at the beginning of the experiment (0min).
After 4min of excitation, the intensity of the mode has increased. However, it decreases
with each following step until the mode is no longer visible after 20 min. A blue-shift of
the mode by 4 meV is observed over the course of this experiment.

The mode spectrum shown in Figure 5.27b is more complex at 0 min, as two overlapping
modes can be observed near 2.638 eV and a third mode near 2.648 eV. Over the course of
the measurement, the intensity of the overlapping modes is quickly reduced, after 4 min
the modes are barely visible. It is notable that the higher-energy mode of the overlapping
structure appears to be more resistant against degradation, as the structure of two peaks
changes to a single mode in favor of it during the degradation. The behavior of the third
mode near 2.648¢eV is similar to the mode seen in Figure 5.27a, its intensity increases in

the beginning of the experiment, a maximum is found at 3 min. After 7min, all modes are
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hardly visible in the spectrum. For both analyzed disks, no modes were observed after the
measurements shown in Figure 5.27 concluded. This was also tested several days after the
degradation occurred, which shows that the damage to the disks is not easily reversible.
It is notable that the background emission intensity is not affected by the degradation
and remains constant. Spontaneous emission is commonly still observed from ZnSe-based
laser structures after modes degraded [121], this indicates that only a limited part of the
microdisk resonator (and possibly only a limited number of halogen impurities) is affected
by the degradation.

The comparison of the two experiments in Figure 5.27 shows that the starting mode
intensity is higher in the measurement with doubled excitation density. However, the
degradation of the modes also happens faster (by about a factor of 3) under increased
excitation. A blue-shift of the modes is observed in both measurements, additionally
Figure 5.27b indicates that modes with higher energies degrade more slowly.

The increase of the mode intensity at the beginning of the experiment can be explained by
desorption of molecules from the disk edge. These have been adsorbed before the experi-
ment, especially in the cooling process preceding measurements at cryogenic temperatures.
Their desorption when the exciting laser heats the sample improves the optical quality of
the resonator, thereby increasing its ability to form modes. This was previously described
for I1I-nitride disks [122].

The shift of the modes can be explained by slight changes of the refractive index of the
microdisk due to the excited carriers, as was discussed above. The shift observed in Figure
5.27a under excitation with 780 % is comparable to the shift observed in Figure 5.5 where
a microdisk on sample A (dgix = 3.3 um) was excited with up to 2420 C% In the latter
measurement, the microdisk is not excited continuously, but only for a short time while
the spectra are recorded. Due to this, the average concentration of excited carriers is lower
at the same excitation density. This explains why the shift is comparable even though the
excitation density is larger.

The ‘favoring’ of higher energy modes in the degradation process can be explained by a
slight blue-shift of the QW emission due to the loss of some of the halogen impurities as

they are converted to nonradiative recombination centers.

The effect of an increase of temperature on the modes can be seen in Figure 5.28. Here, a
disk with a diameter of 4.3 um was excited with the same excitation density at different
temperatures. The experiment is confined to the temperature range from 11 to 36 K,

because no modes were observed at higher temperatures.

The spectra show two modes at about 2.63 and 2.645eV. With rising temperature, these

modes shift to lower energies. The intensity of the mode at 2.63 eV increases, while the
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Figure 5.28: uPL spectra of a free-standing microdisk with a diameter of 4.3 ym taken at
different temperatures between 11 and 36 K. All measurements were recorded
with the same excitation density of 3820 % Spectra are normalized to their
maximum and vertically shifted for better visibility.

intensity of the other mode decreases.

This is in stark contrast to the spectra recorded under continuous excitation shown in
Figure 5.27, which showed a blue-shift of modes and a ‘favoring’ of higher energy modes.
The red-shift of emission leading to said ‘favoring’ of low energy modes in Figure 5.28 is
expected for rising temperatures, as the increased movement of the atoms leads to a larger
average lattice constant, which decreases the bonding strength.

Due to the described differences, the results in Figure 5.28 show that the observed blue-shift
of mode positions under continuous excitation cannot be explained by a change of the disk
diameter due to heating. From that, it can be concluded that the degradation of disks
discussed in this section cannot be explained by a general increase of their temperature.
The conversion of halogen impurities into nonradiative recombination centers, as discussed

above, better explains this phenomenon.

In conclusion, this section provided a more in-depth analysis of the degradation of intensity
that is observed for WGMs growing on the QW emission of free-standing microdisks due
to stimulated emission. It is plausible that the intensity loss is caused by the formation of
local defects at sites where the mode propagation leads to strong fields in the resonator.
The different degradation times observed for strongly doped and d-doped ZnCdSe QWs
suggest that the formation of these defects is connected to the halogen impurities. The
observed blue-shift of the modes can be explained by a change of the refractive index of

the sample induced by excited charge carriers.
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The direct contact to the substrate of the supported microdisks analyzed in the following
section should lead to a better mechanical stability and thermal contact. This could reduce
the degradation, due to an improved dissipation of heat generated at the disk boundary

and a uniform strain of the QW across the microdisk.

5.3. Supported Microdisk Resonators with /-type Halogen Impurities

In this section, microdisks in the supported geometry on sample C (for an overview of all
samples used for measurements in this work see Table 4.1 on page 31) are introduced. A
ZnSe:Cl QW with a thickness of 4nm and a dopant concentration of 3 — 4 - 10 cm=3 was
fabricated embedded in 36 nm-thick Zng g Mg g9Se barriers. This structure was grown
on a layer of AlAs which was later oxidized to Al;O3, as described in Section 4.1. This
process has not been applied to ZnSe-based materials before.

The fabrication parameters and details important to the analysis discussed here are
recounted in the next section. In the following analysis of these disks, the optical char-
acterization via puPL will play a large role. At first, an analysis of the emission near
the band edge at low temperatures will allow for a comparison with the measurements
of free-standing disks described above. This is followed by a broader analysis of the
luminescence at room temperature, which reveals that WGMs can be observed on the
defect emission. The analysis of these disks ends with an assessment of their structural

quality based on their deformation functions that are extracted from SEM images.

5.3.1. Advantages and Drawbacks of the Supported Geometry

The enhanced contact of the supported microdisks to their substrate could reduce thermal
problems, which are often observed in free-standing microdisks [19,40,97] and thus lead
to a lower degradation of the resonators under excitation. A possible downside of this
resonator structure is the reduced refractive index contrast at the bottom of the microdisk,
as the refractive index of bulk Aly03 is about 1.78 at 2.7eV [123], although it can be lower
for Aly03 at lower densities, e.g., after ALD growth [124]. This is significantly closer to the
refractive index of the ZnSe-based material (about 2.5, based on the simulations in Section
5.1.2) than the vacuum that is found under the edge of the free-standing disks (n = 1).
This will lead to a higher leakage of modes into the substrate and higher losses which
will reduce the observable Q-factors. Previous works estimate a reduction of the Q)-factor
between 20 % [91] and 33 % [19], depending on the refractive index contrast. However, the
increased mechanical stability of the resonators could counteract these losses in optical

quality and lead to an increase of the Q)-factor by preventing bending of the microdisk out
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of plane and providing a more uniform strain across the disk.

For a better orientation on the sample so-called ‘markers’ are fabricated along with the
microdisks in the processing of the MBE grown layers as described in Section 4.1. These
markers are typically oval with a width of about 40 um and 20 ym along the symmetry
axes. These (for the purpose of uPL measurements) large and non-round (i.e., not easily
supporting WGMs) areas of the ZnSe-based material can be used to characterize the
emission from the QW without the influence of the resonator structure.

Because of their size, the markers are not fully underoxidized, which allows for a comparison
between the emission of the QW on an AlAs and an Al;O3 substrate. This incomplete
underoxidation can be confirmed by SEM images which show a change in contrast at a

distance of about 10 ym from the edge of the marker.

5.3.2. Near Band Edge Emission at Low Temperatures
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Figure 5.29: Series of uPL spectra with rising excitation density of a ZnSe:Cl QW in
7Zmg goMgg ggSe barriers on an AlAs substrate.

Figure 5.29 shows a series of spectra recorded at different excitation densities in the middle
of a marker, i.e., on an AlAs substrate that was not affected by the oxidation process. Two
clear maxima can be observed between 2.82eV and 2.84 eV, a comparably faint maximum
is seen near 2.91eV. The emission does not seem to change with the change in excitation
density, except for a general increase of intensity. Specifically, the ratio of intensity of the
two intense maxima does not change over the course of this measurement.

The main emission maxima correspond to the recombination of free excitons (FX, 2.84¢V)
and excitons trapped at the Cl impurities (DX, 2.82eV) in the QW [14]. The fact that
their intensity ratio does not change, although the amount of Cl impurities trapping
excitons is limited, reveals that the emission at these defects must be very efficient, i.e.,

the excitons recombine quickly after being trapped. The emission at 2.91eV corresponds
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to recombination in the ZngggMgp goSe barriers [125]. The emission is significantly weaker
compared to the QW emission, since many excited charge carriers move to the energetically
favorable QW before recombination.

Additionally, the layer below the ZnSe-based structure has an influence on the emission, as

is demonstrated by a line scan measurement over the longer symmetry axis of a marker.
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Figure 5.30: Two uPL spectra recorded by exciting different positions on a marker with an

excitation density of 350 C%, normalized to the intensity of the D°X emission

line. The spectra are separated into three sections for analysis, marked by
the vertical black lines.

Figure 5.30 shows two spectra which are part of this line scan measurement. The blue
spectrum was recorded while exciting near the edge of the marker, for the orange spectrum
its center was excited. As the marker is not completely underoxidized, the orange spectrum
corresponds to the emission of the ZnSe-based QW structure on an AlAs layer while the
blue spectrum stems from a QW on Al,O3. Both spectra are normalized to the maximum
of their intensity for better comparison, as the spectrum from the center of the marker is
more intense. The spectrum recorded on AlAs is similar to the spectra observed in Figure
5.29.

The emission can be separated into three spectral areas marked by black lines in the figure:
Emission from the ZnMgSe barriers (2.95—2.84 eV), emission from the QW (2.84—2.81eV),
and side band emission (2.81 — 2.725eV) of the QW. The side bands can only be observed
in the spectrum recorded for QWs on Al;Os.

This means that these side bands either occur because of the Aly,O3 underlayer, or their
intensity saturates at a low values and is eclipsed by the QW emission in the more intense
spectrum in Figure 5.30. Figure 5.31 illustrates the integrated intensity of the three areas

for all spectra recorded in the line scan as a function of position. Because of the differences
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in intensity between the three regions, they were normalized to their respective maximum.
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Figure 5.31: Integrated intensity of the three areas of the uPL spectra defined in Figure
5.30 as a function of the position of the excitation spot on the analyzed
marker. Data for each section is normalized to the respective maximum.

The barrier and the main emission intensity show a similar trend over the whole measure-
ment with a maximum at the center of the line scan. The slope of this intensity growth
is reduced about halfway between the center and edge of the marker which can be seen
well near 35 um. The side band emission intensity is low at the edge of the marker as well,
but then shows stronger increase compared to the other areas. It drops at the position at
which the slope of the main and barrier emission intensities is reduced and then grows
again, as it follows their trend in the central 10 ym of the marker.

The barrier and main emission intensities are mostly dependent on how much material
can be excited by the laser, which is maximal in the center of the marker. Their reduced
intensity growth coincides with the border between the unoxidized AlAs and the Al;Oj
in the layer below the ZnSe-based material, the intensity loss might therefore be due to
nonradiative recombination at defects that occur at this interface.

The side band emission is only visible in areas where the QW structure is on Al;O3. On
AlAs (in the central region of the marker), only the tail of the main QW emission is
measured in the spectral region labeled ‘side bands’, which is why the intensities correlate.
This can be better seen in Figure 5.32 where the ratio of the side band to the ‘main’

emission intensity is plotted as a function of position in the line scan.

For spectra recorded very close to the edge of the marker no meaningful ratios could be

computed due to the low intensity of the emission.
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Figure 5.32: Ratio of the integrated intensity of the side bands to the ‘main” QW emission
as a function of the position of the excitation spot on the analyzed marker.

Near the boundary of the marker the ratio grows to > 0.5 and then quickly drops to about
0.06, which is reached at the positions where the main intensity grows with a smaller slope
(compare Figure 5.31). The ratio is constant in the middle of the marker.

This data shows that the side bands are visible only on Al,Os3, their visibility reduces
when the QW emission increases, since the tail of the QW emission on its low energy side
masks the side bands. Based on this, the side bands might be explained as a multilayer
interference effect that occurs on Al,O3 because of the different refractive index compared
to AlAs. However, maxima occurring due to such an interference effect would usually be
more symmetric in the spectrum. Another possible source of this side band emission could
be the occurrence of phonon replica. In this effect, the excess energy in the recombination
process is emitted not only as a photon, but one or more phonons are created as well.
Accordingly, the energy of the emitted photon is reduced by one or multiple phonon
energies of the material. The spacing of the side bands observed here (about 30 meV) fits
well to the energy of the LO phonon of ZnSe at the I'-point [126], emphasizing that these
bands might be phonon replica. A further characterization of this side band emission
based on the spectra of microdisks with different diameters and measurements at various

temperatures will be given at the end of this section.

In SEM images of microdisks, it can be noticed that they are fully underoxidized for all
sizes. Therefore, the QW structure is on top of Al,O3 and side band emission is observed
for all disks, as will be seen in the following.

Figure 5.33 depicts an overview spectrum of a disk with a diameter of 4.5 um at different

excitation densities, comparable to the spectra from the center of a marker given in Figure
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Figure 5.33: Series of uPL spectra with rising excitation density of a supported microdisk
with a diameter of 4.5 um, similar to the measurement of the emission from a
marker in Figure 5.29.

In the spectra recorded on disks, the same features can be found that were discussed for
the spectra of the ZnSe-based marker, namely the two QW emission maxima between
2.82 (DX) and 2.84eV (FX) and the faint barrier emission near 2.91eV. Concerning
the changes of the spectra with rising excitation density, the DX emission maximum
exhibits a clearly stronger growth than the FX emission. From that it is obvious that
(non-radiative) surface recombination of the free excitons occurs in the microdisks [14].
This was not observed on the center of the marker, due to the large distance between the
excitation spot and any edges (i.e., exposed side facets of the QW) of the ZnSe-material.
As discussed above, side band emission can be observed on the low-energy side of the QW

emission of microdisks.

Figure 5.34 shows spectra taken by exciting the same disk as for Figure 5.33, but here
lower excitation densities were used and a slightly different part of the spectrum was
measured in order to analyze the low-energy side of the QW emission. The broad side
emission bands are found around 2.77 and 2.8 eV. This emission is more clearly visible
when the disk is excited with lower excitation densities. Additionally, two small modes
can be observed in this emission region, only little growth on the background emission is
registered from them. Figure 5.35 shows a zoom of the spectra with emphasis on these
modes.

Two modes can be seen on the low-energy side of the 2.80eV side emission band at
about 2.79eV (MI) and 2.798 eV (MII); these names were assigned to them for a better
distinction. This appears to be similar to the free-standing disks with J-type impurities

(sample B) that showed modes occurring on the low-energy side of the emission at low
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Figure 5.34: Series of uPL spectra with rising excitation density of a supported microdisk
with a diameter of 4.5 um. These spectra were taken on the same disk as
the spectra in Figure 5.33, but with significantly lower excitation density. A
slightly different part of the spectrum is given. The black rectangle marks
the part of the spectrum that is shown in detail in Figure 5.35.

excitation densities in the previous section. The maximum @-factors observed for the
modes are very high (> 7900). This is slightly higher than the Q) observed for modes at
comparable positions in free-standing disks on sample B (Figure 5.15). This proves that
resonances with low losses are possible in the supported disks, although the refractive

index contrast at the bottom of the disk is reduced.
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Figure 5.35: Zoom of the series of uPL spectra with rising excitation density of a supported
microdisk with a diameter of 4.5 um given in Figure 5.34. The maximum
@-factor for each of the observable modes is indicated in the figure.

Figure 5.36 shows the intensity of the two modes as a function of excitation density. For
both the intensity grows linearly at low excitation followed by saturation. This saturation
sets in at about 60% for MI and 20% for MII.

78



Results and Discussion

e mode MI °
w mode MI| « °
=
c e ©
S o o ® °
P °
-

[ ]

& % o
B [ ] ..
= L P8
@ * %
= °
= .
S

[ ]
€%

%.

0O 20 40 60 80 100 120 140 160 180
excitation density (W/cm?)

Figure 5.36: Integrated intensity of the modes observed in Figure 5.35 as a function of
excitation density. The color of the markers corresponds to the colored
columns marking the modes in Figure 5.35.

This is again similar to the modes observed for free-standing disks. The reduction of the
mode intensity when the background emission starts to grow faster than the mode is likely
not observed here, because it occurs at higher excitation densities. This assumption is
supported by the observation that the modes seen in this measurement do not occur at
high excitation densities, compare Figure 5.33.

No stimulated emission is found for these modes due to the low gain of the active region
of the microdisk resonator at their spectral position, but the presence of the modes

demonstrates that it is possible for WGMs to form in the supported microdisks.

Figure 5.37 plots the spectral position and width of the modes as a function of excitation
density. Both the position and FWHM of MI are stable after the initial phase of low
intensity, where the parameters scatter strongly. MII shows a scattering of both parameters
in the beginning as well, towards higher excitation densities both the position and width
of this mode decrease slightly.

These plots reveal the limitations of the detection and subsequent fit of the modes, which
yields inconsistent results at very low intensities. This is why the parameters extracted for
excitation densities just above the value at which the modes appear on the background
emission cannot be used for further analysis. Mode MI is more intense compared to the
background in the spectra in Figure 5.35 which is why the fitting results scatter less.

In conclusion, probable WGMs were detected for this disk, similar to the small modes
observed for d-type doped free-standing disks on sample B in Section 5.2.1. Their high

@-factors show the good optical quality of the resonator.
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Figure 5.37: Spectral position (circles, left axis) and FWHM (crosses, right axis) of the
modes observed in Figure 5.35 as a function of excitation density. The color
of the markers corresponds to the colored columns marking the modes in
Figure 5.35. Data for each mode was plotted in a separate subplot for better
visibility.

A different disk of the same size (dpigx = 4.5 um) was analyzed to confirm the detec-
tion of the modes shown above. For this measurement, the exciting laser system producing
100 fs pulses (see Section 4.3) was exchanged for a 409 nm laser diode in cw operation.
This reduces the maximal energy that excites the microdisk at the same excitation density,
because it eliminates the intense laser pulses. However, the time between the exciting
pulses, which could lead to the diffusion of accumulated heat, is no longer present under
cw excitation. This might be less important for the supported disks due to their improved
thermal contact to the substrate. Excitation with a cw laser source is tested in order
to see if this influences the spectra of the microdisks. This is especially important here,
because the setup used to measure the overview spectra of these supported disks seen in
Section 5.3.3 is limited to excitation with a cw source.

A series of uPL spectra of a microdisk, with the same diameter that was analyzed under

pulsed excitation in Figure 5.33, was recorded under cw excitation. The resulting spectra

80



Results and Discussion

are very similar to those under pulsed excitation, although the excitation density needed
to record the spectra is higher for cw excitation. The FX and DX emission lines can be
observed as well as the side bands. Modes are found below the QW emission, especially
on the low-energy side of the first side band. A zoom into the region where modes are
observed is depicted in Figure 5.38. Seven probable modes can be seen in the spectra at
about 2.790eV (two close modes), 2.798¢eV, 2.801 eV, 2.806¢eV, 2.812¢eV, and 2.817eV.
The two most intense modes show a significant growth on the background. They are
labeled MI’ (2.790eV) and MII’ (2.798 ¢V), analogous to modes MI and MII observed in

the emission spectra of a microdisk with the same diameter under pulsed excitation.
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Figure 5.38: Zoom of a series of uPL spectra with rising excitation density of a supported
microdisk with a diameter of 4.5 ym under cw excitation. A disk with the
same diameter was investigated under pulsed excitation in Figure 5.35. The
maximum -factor for the two most intense modes is indicated in the figure.

The intensity, position and width of these modes will be analyzed more closely in the
following, analogous to previous modes. For this, it is important to note that while MII’
is visible in all measurements, MI’ only occurs at excitation densities above 300 % and is
harder to fit because of its proximity to the neighboring mode. Again, high Q-factors are
observed, which are, however, lower than the Q)-factors of the disk under pulsed excitation

(compare Figure 5.35).

The intensity of both modes is displayed as a function of excitation density in Figure
5.39. Mode MI’ shows a slow growth with rising excitation density and two ‘jumps’ near
1300 % and 2000 % For MII’, the intensity demonstrates a linear growth over a large
range up to about 1400 % and a tendency towards saturation at the highest excitation
densities in this measurement.

These results are comparable to the integrated intensity of similar modes observed under

pulsed excitation. The spectral position of these modes does not support lasing due to the
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Figure 5.39: Integrated intensity of the modes observed in Figure 5.38 as a function of
excitation density. The color of the markers corresponds to the colored
columns marking the modes in Figure 5.38.

low gain, but the low intensity of the side band emission allows them to become visible.

Regarding their position and width (Figure 5.40), both modes show an initial scattering
of both parameters as seen for other modes above, followed by stabilization with a slight
red-shift of the mode position (< 0.1 meV in both cases).

The modes appear to be stable, the slight red-shift might be due to heating of the sample,
which is better observable in this measurement because of the higher excitation density
and continuous excitation as described above. Given that excitation densities above
2500 % are used in this measurement, it is notable that no blue-shift of the modes is
seen, as was the case for WGMs on samples A and B. This could be a hint towards an
increased stability of the resonators in the supported geometry. However, the excitation
for free-standing disks was pulsed and the analyzed modes showed significant growth via
stimulated emission, which makes a comparison between these measurements difficult.
The spectral positions of the modes are similar to the positions of the modes MI and MII
in Figure 5.35, where a disk of the same size is analyzed. This shows the high quality of the
fabrication process of the disks, as modes can be reproduced between different disks, which
was not the case for free-standing resonators (compare Figure 5.9). This reproducability
will be further analyzed with regard to resonances on the defect luminescence in Section

5.3.3.

The stability of the modes against continuous excitation with a pulsed or cw laser source
is analyzed in measurements on the same disk with a diameter of 3.5 um. Figure 5.41

shows a series of uPL spectra taken at different excitation densities while exciting the disk
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Figure 5.40: Spectral position (circles, left axis) and FWHM (crosses, right axis) of the
modes observed in Figure 5.38 as a function of excitation density. The color
of the markers corresponds to the colored columns marking the modes in
Figure 5.38. Data for each mode was plotted in a separate subplot for better
visibility.

with a pulsed laser source. Two small modes can be observed at 2.80eV and 2.81eV.
These spectra reveal that the mode positions, which could previously be reproduced for
two disks with dgisx = 4.5 pm, change with the disk’s radius. This is a clear sign that these
modes might be WGMs. The stability of the mode in the minimum between the DX
emission and the first side band near 2.81 ym is analyzed in the measurement shown in
Figure 5.42.

The spectra look fairly unchanged over the whole 20 min measurement, no decrease of
intensity or shifts of modes can be observed. It should be noted that the excitation density
used for this measurement is lower than the excitation density in the same experiment on
sample B (Figure 5.27), as the small mode analyzed here occurs at lower excitation. A
more detailed analysis of the parameters of the observed mode was performed by fitting it
with a Gaussian and extracting its intensity, position and width.

No changes of these parameters are observed over the 20 min measurement, they appear to

be stable. The average Q-factor of the mode in all recorded spectra is 5400. As discussed
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Figure 5.41: Series of uPL spectra with rising excitation density of a supported microdisk

with a diameter of 3.5 um.

before, the disk shows no sign of degradation, this stability might be aided by the low

excitation density.
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Figure 5.42: Series of uPL spectra of the supported microdisk with a diameter of 3.5 ym
analyzed in Figure 5.41. The spectra were taken at different times while
continuously exciting the microdisk with an excitation density of 13 %

For a further analysis of stability, the sample was warmed up to room temperature
and cooled down to cryogenic temperatures for a second measurement under continuous
excitation. In this second stability assessment a 409 nm cw laser diode was run as exciting
light source.

As observed for the measurements of disks with a diameter of 4.5 ym above, the spectra
under cw excitation (of which a zoom can be seen in Figure 5.43) are similar to the spectra

observed under pulsed excitation (Figure 5.41). The same modes can be seen, one in
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the minimum near 2.81eV (labeled Mj) and an additional mode at 2.80eV (Ma) that
was visible in the previous experiment, but is more intense here. As the modes are more
pronounced under cw excitation, their properties are determined by a fit with a Gaussian
to allow for a comparison to the modes MI’ and MII’, which were observed from a disk

with a larger diameter.

T=9K Ma MB
ddisk = 3.5um
excitation density
in W/cm?
—— 2550
—— 1530
— 1270
— 890
— 630
380
250
120

intensity (arb. units)

-

S,

2.79 2.795 2.8 2.805 2.81 2.815 2.82
energy (eV)

Figure 5.43: Zoom of a series of uPL spectra with rising cw excitation density of the
supported microdisk with a diameter of 3.5 um analyzed in Figure 5.41 under
pulsed excitation. The maximum (-factor for each of the observable modes
is indicated in the figure.

Both modes show a high Q-factor (around 5000) that is lower than the Q-factors observed
from supported microdisks with a diameter of 4.5 um. The quality factors are comparable
to the @ of 5400 that was observed from a mode at the same spectral position as Mj
for the measurement under continuous pulsed excitation on the same disk. The mode’s
intensities are plotted as a function of excitation density in Figure 5.44. Mode Ma« is
only included in this analysis after it appears in the measurement and can be fitted by a

Gaussian at excitation densities above 1000 %

In Figure 5.44, both modes show a linear growth of their intensity with rising excitation
density, M saturates at high excitation.

This disk (dgisk = 3.5 um) shows the same behavior of the small modes as was previously
observed for larger disks, this can also be seen in Figure 5.45, where the position and
FWHM of Ma and Mg are plotted as a function of excitation density.

The position and width of mode Ma scatter at lower excitation densities, where the
mode starts to appear on the background band, at higher excitation densities the mode’s
parameters stabilize. Mode Mg shows a slight red-shift of its position with a stable FWHM.
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Figure 5.44: Integrated intensity of the modes observed in Figure 5.43 as a function of
excitation density. The color of the markers corresponds to the colored
columns marking the modes in Figure 5.43.

As mentioned above and observed for disks with a diameter of 4.5um, the cw excitation
does not seem to affect the small modes observed in the spectra except for a slight red-shift
that can be explained with the heating of the sample by the exciting laser. No signs of
degradation can be observed in this measurement, the stability of the mode Mg under

continuous cw excitation for 20 min is analyzed in the measurement shown in Figure 5.46.

This measurement is comparable to Figure 5.42. Here the same disk was analyzed, but
excited with a cw laser diode at 130 %, the higher excitation density is needed because
of the cw excitation. The spectra and especially the mode in the minimum near 2.81 eV
appear to be stable, as no shifts or changes in intensity, width, or position of the mode
can be observed over the course of the 20 min measurement. This shows that the mode
is stable over a second measurement with continuous excitation, however, the excitation
density that was used here is still relatively low compared to the excitation densities
used for the measurement under continuous excitation on sample B (Figure 5.27). No
stimulated emission occurs here.

The average )-factor in this measurement is 4900, is slightly lower compared to the
stability test of this resonator with pulsed excitation, which showed an average Q)-factor
of 5400 over 20 min. This appears to be consistent with the observation that the small
modes have a slightly higher Q)-factor under pulsed excitation compared to cw excitation,
but it should be noted that the disk was subject to heating to room temperature and

cooling as well as several measurements between the two stability evaluations.
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Figure 5.45: Spectral position (circles, left axis) and FWHM (crosses, right axis) of the
modes observed in Figure 5.43 as a function of excitation density. The color
of the markers corresponds to the colored columns marking the modes in
Figure 5.43. Data for each mode was plotted in a separate subplot for better
visibility.

As an interim conclusion, exciting the microdisk resonators with a cw laser diode does
not seem to significantly alter the observed puPL spectra compared to pulsed excitation.
The same modes with similar stability and properties can be observed. However, the cw
excitation requires higher excitation densities (averaged over time) and slightly reduces the
Q-factors observed in the measurement, which might be connected to a stronger heating
of the sample when the excitation is continuous. This reveals that uPL spectra recorded
under pulsed and cw excitation can be compared for these structures, which is especially
important for the room temperature analysis presented in Section 5.3.3, as the setup used

there is limited to cw excitation.

Changes of the QW (measured on a marker) and disk emission with temperature will be
analyzed next, before overview spectra of the emission measured at room temperature
are presented. The measurements discussed below were recorded with cw excitation of

the material, since this reduces the experimental complexity and, as described above, the

87



Results and Discussion

T=9K
ddisk = 3.5um
1130 W/cm?

exposure time (min)

intensity (arb. units)

277 279 2581 2.83 2585 287
energy (eV)

Figure 5.46: Series of uPL spectra of the supported microdisk with a diameter of 3.5 ym
analyzed in Figure 5.42, here excited with a cw laser diode. The spectra were
taken at different times while continuously exciting the microdisk with an
excitation density of 130 %

overview spectra at room temperature need to be recorded with cw excitation due to

limitations of the setup.

Figure 5.47 shows spectra of the near-band-edge emission of the QW at the center of a
marker, i.e., on AlAs, at different temperatures from cryogenic (10 K) to room temperature
(300K). A clear red-shift of the emission can be observed. This is expected, the bandgaps
of the materials shrink due to the increase of the average interatomic distances, which
decreases the Coulomb interaction of the lattice atoms.

Some oscillations can be observed on the two emission lines of the quantum well, most
prominently in the FX emission line in the measurements at 25 and 50 K. These artifacts
occur because more than one spectrum had to be recorded in the uPL setup described
in Section 4.3 in order to record the whole spectral region displayed in Figure 5.47. The
averaging of overlapping spectra introduces these oscillations.

At temperatures above 50 K, only one emission line of the QW emission can be seen,
because the intensity of the DX emission line is reduced. This reduction develops when
the thermal energy of the excitons is higher than the binding energy. At 200 K and above,
another maximum at higher energy than the QW emission is found. This is the bandgap
emission from the barrier, which is more prominent at room temperature since carrier
mobility is reduced and less excitons reach the QW before recombination.

An artifact near 2.85eV stems from the exciting laser diode and not the sample and can

be neglected.
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Figure 5.47: uPL spectra of the center of a marker taken at different temperatures between
10 and 300 K. All measurements were recorded under the same excitation
density of 2250 % The spectra are normalized to their maximum and
vertically shifted for better visibility.

In Figure 5.48 pPL spectra of a supported microdisk with a diameter of 4.5 um are
plotted, similar to the spectra recorded while exciting a marker in Figure 5.47. Here the
measurement was performed only up to a temperature of 250 K, because the emission
intensity is very low at 300 K. The side emission bands can be observed in the measurement
at 50 K, but no longer at 100 K and beyond, they will be analyzed in more detail in Figure
5.50. In accordance with the spectra recorded on the marker, the DX emission line
is not visible at temperatures above 50 K. Barrier emission can be observed at higher
temperatures. This emission band is less pronounced in these spectra, since no measurement
at 300 K is plotted.

Increasing temperature seems to have the same effect on the QW emission bands of
both the marker and microdisk. The width of the bandgap energy £, as a function of
temperature 7' can be modeled with the so-called Varshni equation [29], as discussed in
Section 2.1.2:

T2

By(T) = Ey(T = 0) — az—.

(5.2)

a and [ are fit parameters, [ correlates with the Debye temperature. The emission line
of the FX, which is the only QW emission line visible at higher temperatures, was fitted
with Equation 5.2 for both measurements. The datapoints and fit can be seen in Figure
5.49, the extracted values for «, 8, and E4(T = 0) are given in Table 5.2. There literature

values for a relaxed ZnSe layer grown on GaAs [127] are given for comparison.
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Figure 5.48: uPL spectra of a supported microdisk with a diameter of 4.5 um taken at
different temperatures between 10 and 250 K. All measurements were recorded
under the same excitation density of 2250 % The spectra are normalized to
their maximum and vertically shifted for better visibility.

| E(T=0)(eV) | a (%) | B(K) |

marker 2.836 £0.002 | 0.61 £0.08 | 199 £ 64

4.5 pm disk 2.8337 £ 0.0005 | 0.89 +£0.10 | 372 £ 68
bulk ZnSe [127] 2.800 £0.005 | 0.73+0.04 | 295+ 35

Table 5.2: Parameters estimated from the fits of the FX emission line position on AlAs
(marker) and AlyOj3 (disk) with Equation 5.2 shown in Figure 5.49 and compar-
ison with literature values for bulk ZnSe.

Compared to the reference, the emission at 7' = 0 is blue-shifted in the spectra presented
here. This increase of E (7 = 0) in comparison to the literature values is explained by
the confinement effect. This increases the energy of an exciton that is confined to a small
space in one or more dimensions, as is the case for excitons in the QWs in the analyzed
structures. a and [ are different for both measurements, the given literature values are
between the two results from the marker and disk presented here.

The differences observed between the marker (ZnSe-based material on AlAs) and the disk
(ZnSe-based material on Al;O3) might be explained by strain induced by the underlayer

having an effect on the lattice parameters and especially their change with temperature.

In order to better understand the source of this part of the luminescence, the side emission
bands on a supported disk with a diameter of 5 um are depicted for different temperatures
in Figure 5.50. The side bands are visible up to a temperature of about 60 K. As is

observed for the QW emission lines, a slight red-shift of the side band position can be

90



Results and Discussion

e 4.5um (data)
—— 4.5um (fit)
e Marker (data)
—— Marker (fit)

N
o8]
o

emission energy (eV)
_I\J N
~ ~
0‘\ oo

0 50 100 150 200 250 300
temperature (K)

Figure 5.49: Varshni plot (spectral position of emission lines as a function of temperature)
of the measurements shown in Figures 5.47 and 5.48. For low temperatures
the position of the FX emission line was used, as the DX emission band
is not observable at elevated temperatures. Points show the data extracted
from measurements, lines show fits with the Varshni Equation 5.2.
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Figure 5.50: uPL spectra of the side emission bands observed from a supported microdisk
with a diameter of 5.0 um at different temperatures between 5 and 80 K. The
spectra were recorded with an excitation density of 2250 %

observed with rising temperature.

This red-shift shows a connection of this emission to the bandgap and therefore makes
a phonon replica effect more plausible compared to the multilayer interference effect
mentioned earlier. The latter would not be dependent on temperature apart from the
expansion of the material, which is too small to cause the shifts observed here. Additionally,

the side bands seem to originate from some interaction between the material and the
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excitons that cannot exist beyond 60 K.
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Figure 5.51: uPL spectra of the side emission bands observed from supported microdisks
with varying diameters at 5 K. The spectra were recorded with an excitation
density of 2250 W

cm?*

In order to illustrate that the side bands are not connected to the disk size, they are
analyzed for disks of different diameters in Figure 5.51. This plot includes the three most
intense side bands for four different disk sizes, their position is similar for all diameters.
The side band intensity is lower for smaller disks, because less material can be excited,
which leads to a reduction of the overall emission intensity. This is especially pronounced
for side bands at a lower energy, which generally show a lower intensity. Because of this,
smaller disks might show fewer bands. A more detailed analysis of this can be seen in
Figure 5.52, a plot of the spectral position of the side band as a function of the disk
diameter for the four most intense side bands. The figure displays measurements from

disks with diameters between 1.5 and 5.0 ym in steps of 0.25 um.

The position of the side bands appears to be approximately constant for all analyzed disk
diameters, showing that the occurrence of side bands is a material property not connected
to the size of the microdisks or resonances that can form in them. Again, a spacing of
the bands of approximately 30 meV (between 30.4 and 31.9meV) can be observed, in
agreement with the energy of the LO phonon of ZnSe at the I'-point [126].

In conclusion, this section showed the formation of small modes on the low-energy side
of the QW emission in the supported disks. This is comparable to the small resonances
observed for free-standing microdisks with d-type doping of the QW (sample B), as de-

scribed in Section 5.2.1. The spectral position of these modes could be reproduced for
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Figure 5.52: Overview of the spectral positions of the side emission bands observed from
supported microdisks at 5 K under excitation with 2250 C% The positions
are plotted as a function of the disk diameter.

measurements on different disks of the same diameter and was observed under both pulsed
and cw excitation. The spectral position of these resonances is dependent on the disk size,
which is an indication that these modes could be WGM resonances. The Q-factors of the
modes were at least as high as those of comparable modes in free-standing disks, showing
that resonances with low losses can form in supported microdisks.

In general, the material can be optically excited by pulsed as well as cw lasers. Cw
operation requires a higher excitation density and leads to a stronger warming of the
samples, which slightly reduces the obtained Q-factors.

Side emission bands were observed on the low-energy side of the QW emission in areas
were the AlAs layer below the ZnSe-based material was oxidized to Al,O3. The spectral
position of these side bands is not dependent on disk size but changes along with the
excitonic emission when 7T is varied. They are most likely phonon-replica based on the LO
phonon of ZnSe.

The fact that resonances (likely WGMSs) with low intensities can be observed on the
low-energy side of the near-band-edge (NBE) emission, but no stimulated emission occurs,
can be explained by reabsorption of photons propagating in the microdisk. As absorption
is reduced at photon energies below the bandgap, this effect might not occur for the deep
level emission (DLE) of the material, which might therefore exhibit modes with higher
intensities. This will be analyzed in the following section, based on spectra of the complete

emission spectrum of the supported microdisks.
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5.3.3. Defect Emission Whispering Gallery Modes at Room Temperature

For the investigation of their DLE, the microdisks were analyzed at room temperature
and ambient pressure using the setup described in Section 4.3. This allowed the recording
and analysis of their whole emission spectrum.

Figure 5.53 shows spectra recorded when disks of different diameters were excited with an

excitation density of 70 %
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Figure 5.53: uPL spectra observed from supported microdisks with varying diameters at
room temperature. The spectra exhibit WGMs on the DLE which is further
analyzed in Figure 5.56.

The emission observed from the disks consists of two maxima between 2.7 and 2.85eV,
which appear at the same spectral position for each disk size, and a broad emission band
with a clear mode structure between 1.9 and 2.6eV. For the latter, the mode spacing
changes with the disk diameter, small disks show a larger mode spacing.

The NBE emission, consisting of QW and barrier emission, was already described in the
temperature dependent spectra above (Figures 5.47 and 5.50). The broad emission band
is the DLE of the ZnSe-based material, and is related to defects in the material forming
states deep in the bandgap. Recombination across these states results in the emission of
photons with a significantly reduced energy compared to the NBE emission (for a more
detailed explanation see Section 2.1.2). The modes observed on the DLE are WGMs,
similar to those reported on the defect emission of a ZnO disk in [128], this will be proven

by a theoretical calculation below.

In Figure 5.54, the uPL spectra of a supported microdisk with a diameter of 4.0 um can

be seen for different excitation densities. In order to show the strong influence of the
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Figure 5.54: Series of uPL spectra with rising excitation density of a supported microdisk
with a diameter of 4.0 ym at room temperature. The spectra are normalized
to the maximum of their NBE emission.

excitation density on the intensity of the DLE and especially the ratio of NBE emission
intensity to DLE intensity, all spectra are normalized to the maximum intensity of the
former.

The DLE is clearly more intense compared to the NBE emission for lower excitation
densities. This is the case, because the emitting defects (Zn-vacancy related complexes [129)])
have a very low density, but are very efficient at capturing charge carriers. Therefore,
the transitions via these defects are bright at low excitation densities, when only a small
number of charge carriers are excited in the system. However, a quick saturation of the
intensity is observed if more carriers are excited that cannot all be trapped at defects.
Compared to the measurements shown up to now, the excitation density needed to see
intense DLE here (< 100 %) is low, especially considering that excitation is in cw. The

WGMs that can be observed on the DLE are more clearly visible for spectra with high

relative DLE intensity, which is why an excitation density of 70 C% was used to further

analyze the mode structure.

The WGMs forming on the DLE could be reproduced very well, this is evident in Figure
5.55, where spectra of 18 supported microdisks with the same diameter (4.0 um) are
analyzed. The spectral positions of the most intense mode and the three modes next to it
on the lower-energy side are used for this analysis. These modes were chosen, because they
were most clearly visible in the measurement, this is probably due to self-absorption in
the high-energy part of the DLE. The measured mode positions are plotted as a function
of the average mode position over all 18 measurements.

This leads to a spread of the results in a vertical line (blue dots in Figure 5.55). In addition
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Figure 5.55: Variation of the spectral position of four modes observed from 18 different
supported disks with a diameter of 4.0 um. Data for each individual mea-
surement is marked by blue dots. The standard deviation (error bar and
annotation) is given to quantify the observed variation.

to that, the standard deviation of the positions is indicated (black error bar).

The standard deviation is between 2.23 and 2.79meV for all modes. The mode spacing for
this disk size is about 40 meV. This shows that the modes are well reproduced. Together
with the fact that all 18 analyzed microdisks exhibited modes on the DLE, this proves

that the fabrication process described in Section 4.1 yields highly reproducible resonators.
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Figure 5.56: Spacing of WGMs observed from supported microdisks with diameters (color
coded) between 1.5 and 5.0 um as a function of the spectral mode position.

Figure 5.56 presents the mode spacing observed in spectra of disks with different diameters

(shown in Figure 5.53) as a function of the mode position. The resulting structure resembles
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a hand-held fan, as the spacing is larger for smaller disks. At one position near 2.28 eV,
a mode can be observed for many different disk sizes. These modes are not of the same
order, but have different azimuthal mode numbers, as will be seen in the calculation of
mode positions below.

This structure can be theoretically reproduced using a plane wave model commonly used to
differentiate between WGMs and other resonances (e.g., Fabry-Pérot) in microdisks [128]:

A group index n, with a small dispersion n' is defined
n(A) =ng +n'A. (5.3)

The ansatz that the circumference of the disk, multiplied by the refractive index, must be

equal to a multiple of the wavelength for a resonant mode is employed:
deisk . n()\m) = m)\m (54)

This assumes a radial quantum number of 1. The wavelength of a WGM with azimuthal
quantum number m is then given by

ngﬂ-ddisk

A, = (5.5)

m — n'mdaisk
The ), calculated from Equation 5.5 with n, = 2.5 and n’ = 10™* and their spacing are
shown in Figure 5.57. The values of the azimuthal quantum number m of the modes

shown in this figure are between 21 and 90.
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Figure 5.57: (a) Theoretical reproduction of the structure of the experimentally observed
mode spacing for supported disks seen in Figure 5.56. (b) Excerpt from (a)
showing the azimuthal mode numbers m of the WGMs appearing at the
approximately same spectral position near 2.28 eV for all analyzed disk sizes.
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The theoretical reproduction of Figure 5.56 in Figure 5.57a exhibits the same hand-held
fan structure. The group index n, and dispersion n’ are fitting parameters, which will
move the fan structure along the energy axis (additionally n’ has a minor effect on the
mode spacing as a function of energy). They can therefore be approximated from the
position at which a mode appears at a fairly constant energy position for each disk size
(in this case near 2.28 V), which of course moves with the structure.

Figure 5.57b shows this ‘column’ of modes in more detail, as the dots marking a data-
point were replaced by annotations of the azimuthal quantum number m of the mode
corresponding to this datapoint. From this it is obvious that it is not the same mode that
appears at 2.28 eV for each disk size, the azimuthal quantum number m changes by 3 or 4
with each step of dgix. This is an aliasing effect due to the ‘sampling’ of dgic with a rate
of 0.25 um, the size steps in which disks were fabricated.

The qualitative agreement between this simple theoretical model and the experimental

results shows that the observed mode structure on the DLE of the microdisk emission is
caused by WGM resonances.
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Figure 5.58: uPL map scans of a supported microdisk with a diameter of 4.0 ym measured
at room temperature. Intensities are plotted as a function of the excitation
position. (a) Map of the total integrated uPL intensity. (b) Map of the
intensity of the WGMs observed on the DLE.

A map scan (i.e., a series of uPL spectra taken with varying excitation position) of a
supported microdisk with a diameter of 4.0 um was performed in order to see where the
WGMs can be excited. As they travel around the border of the disk, excitation in these
places might be favorable for mode formation. The results of the map scan measurement

are presented in Figure 5.58.
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Figure 5.58a displays the puPL intensity (color coded) as a function of the excitation
spot. The intensity is high in the center of the disk and drops uniformly in all directions.
A similar behavior was already observed from the line scan of a marker at cryogenic
temperatures (compare Figure 5.31). The largest amount of material can be excited in
the middle of the disk, this drops uniformly in all directions, as the disk is round and the
emission intensity is directly proportional to the amount of material being excited.
Figure 5.58b shows the intensity of the WGMs (color coded) as a function of the excitation
spot. The WGM intensity was calculated as the ratio of the intensity of the most intense
DLE mode observed to the minimum of intensity in the neighboring dip. This yields a
measure of how well modes can be observed against the DLE background in the spectra.
The mode intensity is highest where total intensity is highest and exhibits the same uniform
drop of intensity.

This correlation of the total and mode intensity can be observed, because the modes
can only form if there is sufficient emission. At least at the low excitation densities/-

light intensities used in this experiment, this is only given if the center of the disk is excited.

In conclusion, the room temperature DLE of supported microdisks exhibits a broad
mode spectrum, these modes are confirmed to be WGMs by a simple model. The spectral
positions of the WGMs are highly reproducible, highlighting the consistency of the fabrica-
tion process described in Section 4.1. The intensity of the DLE is strongly dependent on
the excitation density, experiments and applications based on the mode structure found
on this emission band can therefore only be realized in the low excitation regime. Because
of this, lasing is not possible on the DLE due to the low relative gain at higher excitation.
The WGM intensity is found to be highest when the total intensity emitted from the disk

is highest, i.e., if the center of the microdisk is excited.

5.3.4. Deformation of the Resonators

For sample A, it was already seen in Section 5.1.3 that the deformation of the resonators
has an impact on their optical quality. For the analysis of supported microdisks, their
deformation functions were extracted from SEM images as described in Section 4.2.2. As
shown there, the extraction process is different for supported disks compared to their
free-standing counterparts. The calculated roughness Ar is expected to be smaller, since
only a single row of pixels is used for the calculation of this standard deviation of the disk

edge from an ideal circle.

Figure 5.59 shows the relative deviation of the disks from their ideal radii for supported

disks (sample C, blue points) and the free-standing disks (sample A, orange points), whose
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Figure 5.59: Relative deviation of the disk edge from the ideal radius for free-standing
(sample A) and supported (sample C) microdisks as a function of their average
diameter.

data is shown in Figure 5.11, being added for comparison. It can be noted that a large
number of supported disks was analyzed with diameters between 1.0 and 5.0 um. These
disks can be fabricated in close proximity to other resonators, as they do not need to be
underetched. This leads to an increase of the number of disks per unit of sample space.
Many resonators can therefore be fabricated and analyzed.

A larger % is observed for disks with smaller diameters. The supported disks show a
lower relative deviation from the ideal radius than free-standing disks of comparable
diameters, the difference is close to a factor of 2. A comparison of the values found for %
for supported and free-standing disks is nontrivial, due to the differences in the extraction
techniques discussed in Section 4.2.2. However, the Q)-factors observed from the small
modes on the low energy side of the NBE emission were comparable for supported and
free-standing disks. Given that a reduction of () is expected for supported disks due to
leakage into the substrate, a better structural quality of the supported disks appears likely.
The increase of % for small 7 could be caused by a finite fabrication accuracy, as was
seen for free-standing disks in Section 5.1.3. For an analysis of this, Figure 5.60 shows the
absolute values for Ar as a function of dg for all datapoints (supported and free-standing

microdisks) seen in Figure 5.59.

The absolute values for Ar show a very small increase with the disk diameter, the values
found for dgigx = 1.0 pm scatter around 6 nm and the average Ar of disks with a diameter
of 5.0 um is about 9nm. This was not observed for free-standing disks, but from the data
plotted in Figure 5.60 it seems plausible that this could be due to the low number of disks

and radii analyzed.
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Figure 5.60: Absolute deviation of the disk edge from the ideal radius for free-standing
(sample A) and supported (sample C) microdisks as a function of their average
diameter.

The e-beam lithography process defining the supported microdisks seems to yield a high
structural quality. The slight increase of Ar with a rise in dgg might be explained by
a larger area of the mask material being inadvertently illuminated, as the illumination
of a larger disk area needs more time. An advantage of the supported disks over their
free-standing counterparts might be that they cannot bend out of plane, as observed for
the latter [63], reducing the optical quality of the free-standing resonators and increasing

the Ar extracted from top-view SEM images.

In conclusion, supported microdisk resonators exhibit a high structural quality, as was
expected because of the high Q-factors that were observed in Section 5.3.2. The meaning-
fulness of a comparison of the values for Ar presented here to the free-standing disks is
limited due to the different extraction methods. However, in conjunction with the com-
parison of Q-factors between the disk types, a higher structural quality of the supported

disks can be assumed.
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6. Conclusion and Outlook

In the first part of ‘Results and Discussion’, Section 5.1, free-standing microdisks with a
Zng79Cdg215e QW doped with fluorine embedded in Zng g4 Mgq 165e barriers were discussed.
Strong WGMs were observed from disks of different sizes (between 2.8 pm and 3.8 ym in
diameter), the analysis of their intensity as a function of excitation density showed that
the intensity of these modes was enhanced by stimulated emission. However, lasing could
not be observed from these disks, since a degradation of the mode intensity was observed
at excitation densities above the threshold. This degradation is marked by an increase of
the FWHM of the mode (lowering the Q)-factor) and accompanied by a blue-shift of its
spectral position, which is likely caused by a change in refractive index.

Modes observed in the emission of disks with different diameters allowed for a comparison
of their spacing with a variation in disk size. From this, no clear trend was observed,
because the WGM spectra are non trivial, as the modes show different radial quantum
numbers. This is known from the results of a theoretical calculation of the WGM reso-
nances in the disks based on the boundary element method which used the deformation
function r(y), that was extracted from SEM images for each analyzed disk, as an input
parameter. This calculations were performed by Jan Wiersig at the Universitat Magdeburg
and mark the first time that such simulations were performed based on the complete
deformation data of actual resonators that could be analyzed experimentally and not based
on statistical information on their roughness or numerical models which were deformed
by a random variable. Both the spectral mode position and the observed Q)-factors were
in good agreement between experiment and theory. A FDTD simulation of ideal circular
disks yielded similar results for the spectral position and field distribution of the modes
and therefore shows that the influence of edge roughness on the modes that form and
propagate in the resonators is low.

However, an influence on the optical quality can be seen from a correlation between the
experimentally observed ()-factors and the relative deviation of the microdisks extracted
from SEM images that showed smaller () for disks with higher values of %. The process of
obtaining this deformation data was developed in this work and is extensively described in
Section 4.2.2. The analysis of the data shows that the absolute roughness of the resonators
does not change in the range of radii analyzed for free-standing disks in this work, the

roughness of the microdisks is therefore limited by the accuracy of their production process.

In Section 5.2, results obtained from free-standing microdisks with a Zngg5Cdg 155¢:F
QW (6-doped with fluorine) embedded in ZnggsMgg 18Se barriers are presented. Small

modes were observed on the low-energy side of the emission at low temperatures and low
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excitation densities, however, the gain of the material was not sufficient at these spectral
positions to support stimulated emission. A scan of the excitation spot over the disk
revealed that the excited modes change as a function of the position at which the disk is
excited, as the modes correspond to different field distributions in the microdisk. Since
some modes occur at a large range of excitation positions, it can be concluded that they
are not the result of the emission of a single halogen impurity but rather resonances of the
microdisk.

At higher excitation densities, the resonators exhibited modes growing by stimulated
emission, comparable to those described above. The aforementioned degradation and
FWHM increase were strong in these disks, they are accompanied by a smaller blue-shift
of the emission. This leads to the conclusion that the degradation is due to a change
of the halogen impurities to nonradiative recombination centers at points that show a
high field intensity when the modes propagate in the disk. The blue-shift is reduced
due to the lower concentration of free charge carriers in structures with a low dopant
concentration. A measurement of modes enhanced by stimulated emission at varying
temperatures shows that the resonances red-shift with rising temperatures, proving that

heating of the structure is not the cause of the blue-shift or degradation.

In the third section of the discussion of the results (5.3), microdisks in the novel supported
geometry are introduced, based on experimental results obtained from microdisks with
a ZnSe:Cl QW (0-doped with chlorine) embedded in Zng g1 Mgg goSe barriers. Similar to
those observed from the J-doped free-standing microdisks in Section 5.2, small modes can
be found on the low-energy side of the QW emission for microdisks. The Q-factors of the
modes are comparable for both structures, despite the fact that the supported geometry
will result in leakage of the mode into the substrate. The position of these modes could
be reproduced in measurements of two different disks with the same nominal size. They
are not influenced by degradation and stable under continuous excitation. A comparison
of yPL measurements under excitation with pulsed and cw laser sources provides similar
results with slightly lower Q-factors of the modes under cw excitation. This shows that
supported microdisks can be used in applications with cw excitation.

Side bands of the QW emission were found for ZnSe-based material on the Al,O3, these
are likely phonon replica caused by the LO phonon of ZnSe, as this fits the spacing of
those bands. Additionally, their spectral position is independent of disk size and shifts
with the excitonic emission lines for rising temperatures.

A characterization of the defect emission band of the supported microdisks at room
temperature reveals a large number of WGMs which too could be well reproduced in

measurements of different disks with the same nominal size. Their mode spacing can
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be theoretically reproduced with a simple model assuming a radial quantum number of
1; this shows that the mode spectrum is less complex than the ones observed on the
QW emission for free-standing disks. The intensity of the defect emission was found to
be strongly dependent on the excitation density, it saturates at low excitation densities,
since the number of defects in the QW is limited. Because of this limitation of gain, the
modes on the DLE cannot show stimulated emission or lasing. A yPL map scan showed
that the modes were most prominent in the spectrum when the overall intensity of the
defect emission was high, the resonances of the microdisks require a sufficient background
intensity to become visible. The deformation of these resonators was extracted from
SEM images, as for the free-standing disks in Section 5.1. As described in Section 4.2.2,
the process that was developed for supported disks in order to extract their deformation
functions r(p) is slightly different from the process for free-standing disks. Because of

this, a comparison of the results obtained for the different disk types is nontrivial. It was
Ar

found that the relative deviation <* is lower for supported disks by about a factor of 2.
Despite the unclear comparability of the two values, the similar optical quality, regardless
of the leakage into the substrate mentioned above, makes a better structural quality of
the supported disks seem reasonable. Notably, the edge roughness Ar was found to rise

slightly with the disk diameter for the supported disks.

The first introduction of ZnSe-based microdisks in the supported geometry in this work
looks promising, as their optical quality appears to be comparable to that of free-standing
disks, and it was shown that the resonators support the formation of WGMs. In future
experiments, the effect of the oxidation on the microdisks needs to be better understood,
as it could lead to nonradiative recombination as seen in the analysis of markers in Section
5.3.3. Raman scattering measurements can provide an insight into the strain of the
ZmSe-based material at different positions and could be used to see changes of the lattice
constant between the AlAs and Al;O3 regions. Furthermore, it could be analyzed if the
strain in the microdisk is uniform at all positions due to the homogeneous underlayer or if
the underoxidation causes a strain gradient in radial direction.

In order to quantify the increase of the thermal contact of the microdisk to the substrate
in the supported geometry, a two laser Raman thermometry study of both free-standing
and supported mircodisks could be used. In this experiment, a Raman signal of the
structure is recorded as a function of position while a heating laser is focused on the
structure. The shift of the Raman lines shows the local lattice temperature and can
therefore be used to quantify how much heat is accumulated in the microdisk at a given
excitation. Such experiments would enable a comparison between the free-standing and

supported microdisks analyzed in this work without requiring further processing steps. If
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the supported microdisks still exhibit thermal problems, a thin layer of ZnSe (similar to
the ‘wetting layer’ found for Stranski-Krastanov grown quantum dots) connecting them
might lead to a significant increase of thermal dissipation while not reducing resonator
quality [97]. Additionally, an analysis of oxidized and non-oxidized parts of the material
could lead to further insights into the structure after the oxidation process.

Lasing can be expected from ZnSe-based microdisks in supported geometries if self- and
reabsorption in the structure are reduced [65]. This is why lasing or stimulated emission
near the band edge emission could likely be observed from a microdisk processed from a
ZnCdSe QW embedded in ZnMgSe barriers, as the bandgap difference between the two
materials is higher. This would also increase the comparability of the measurements on
supported microdisks to the results obtained from free-standing disks in this work. An
additional improvement of the emission properties might be achieved if the top ZnMgSe
barrier is slightly thicker than the bottom barrier. This would place the QW in the middle
of the ZnSe-based structure, taking the ZnSe buffer layer into account, resulting in a
stronger overlap between the field of the resonating mode and the emitting region. In
future experiments analyzing lasing from supported microdisks, the reduced edge roughness
of these disks might play an important role, as a strong correlation between the sidewall

roughness and lasing threshold of microdisks has been reported recently [41].
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