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Abstract

Dielectric resonators at the nanoscale are of increasing importance for novel light
managing techniques. Such resonant structures can exhibit complex interactions with
light, controlling the wavelength, momentum and polarization of emission. Resolving
all these three degrees of freedom at the nanoscale is not feasible for optical excitation
techniques due to the intrinsic diffraction limit. Here we apply cathodoluminescence
imaging polarimetry, which uses an electron beam as excitation source, to achieve
subwavelength spatial resolution. The characterization of the emission from nanoscale
silicon disc resonators by spatially and angularly resolved spectroscopic polarimetry
enables us to filter the non-polarized incoherent background. By comparing the
results to the calculated emission of eigenmodes in these resonators, we can identify
characteristics of electric and magnetic modes in resonators of different size. This
knowledge is important for dielectric nanophotonic designs based on the precisely
tailored coupling between multiple resonators.
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1 Introduction

Light manipulating nanostructures have recently become an important focus of
optical research, opening new fields of applications such as metasurfaces, optical
antennas!»? and nanophotovoltaics>4. Understanding and developing such nanos-
tructures requires high resolution characterization techniques. Cathodoluminescence
(CL) imaging nanoscopy is one of these techniques, combining the advantages of
electron microscopy and optical measurements. In this research, optical polarimetry
measurements on CL are presented as a method to fully characterize the optical
response of dielectric nanoresonators.

1.1 Dielectric Nanostructures

Nanosized particles are smaller than the wavelength of visible light, inducing com-
pletely different interactions from those between bulk objects and light. In contrast
to bulk materials, determined only by material parameters, the geometry of nanopar-
ticles is a key parameter determining the interaction with light, along with their
wavelength dependent dielectric response €,(\). Due to their small size about a
wavelength, the dipolar electromagnetic field of light can drive optical resonances in
nanostructures. These resonances often induce an increased local density of optical
states in the vicinity of the nanoparticle, leading to enhanced scattering cross sections
much larger than the physical cross sections. Since the resonances in nanoparticles
can be described by Mie theory, they are called Mie resonances or Mie modes and
scattering of these modes is referred to as Mie scattering. Originally, Mie theory
has been applied to metal nanospheres, but it also holds for dielectric nanoparticles,
characterized by significantly lower losses in the optical frequency regime. These so
called Mie resonators are the subject of this research.

Beside the enlarged interaction cross section, dielectric nanoresonators can have a
magnetic moment different from one due to the response of some modes to both
electric and magnetic fields. These modes are magnetic in nature and based on the
induced magnetic moment of one or more current loops within the structure. Electric
modes are created by linearly oscillating displacement charges in the resonator,
inducing magnetic loops. Figure 1.1 shows the three modes of a cylindrical resonator
which are expected to be most relevant for this study Bl an electric dipole mode
in (a), a magnetic dipole mode in (b) and a magnetic quadrupole mode in (c).
Note that due to symmetry the threefold degeneracy of the cylinder is broken in
one dimension such that the presented modes can exist at two different frequencies
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with 90° rotation respective to each other. Despite the well-known theory, the
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Figure1l.1: The electric dipole ED (a), magnetic dipole MD (b) and magnetic
quadrupole MQ mode (c¢). (a) shows the electrical dipole as oscillating displacement
charge (ED, green arrow) and the induced magnetic field loop (red loop). In (b) an
circulating current (green loop) induces a magnetic dipole (MD, red arrow). The green
arrows indicate the vertical electrical field components of the current loop. In (¢) two
current loops (green) induce a magnetic quadrupole (MQ, 2 red arrows). The orientation
of the presented modes matches those most efficiently measured by CL.

experimental characterization of nanostructures and their intrinsic resonances is of
major importance to obtain full control over new designs of resonant structures at the
nanoscale. As a model geometry, cylindrical high index resonators made from silicon
on a low index substrate will be investigated in this study.

1.2 Measurements at the Nanoscale

Multiple optical measurement techniques are used to investigate nanoparticles. How-
ever, most of them are limited by the Abbe diffraction limit and cannot resolve
structures smaller than A\/2 6], Thus it is not possible to look at well-defined posi-
tions on a nanostructure. Common transmission and reflection measurements only
probe an effective bulk medium by measuring a large amount of nanoparticles in an ar-
ray. One approach to circumvent this limitation is near-field probe microscopy, which
brings a nanometer scale probe into the near-field regime of the sample for excitation
and detection!”. The perturbation of the system by the probe is a major disadvantage
of this approach together with the impossibility to measure the far-field emission of the
resonator. Here, polarization- and angle-resolved cathodoluminescence imaging spec-
troscopy is applied to investigate the far-field radiation from resonant nanostructures
with nanometer spatial resolution. Cathodoluminescence is radiation which is emitted
upon the polarization of matter by swift electrons. Electron microscopes provide the
ideal platform for creating and measuring cathodoluminescence.

Scanning electron microscopy uses an electron-beam of high energy (100eV to 30keV)
to image features which are below the diffraction limit of light and thus cannot be
resolved by any optical means. Electron microscopes are capable of this imaging
since the de Broglie wavelength of an electron is much smaller than the wavelength
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of light ¥, hence the diffraction limit for a 30keV electron becomes only about
7.1pm. In reality this limit is not reached because amongst others the electron
optics restrict the resolution. The most common method for electron imaging is
to collect secondary (SE) and back scattered electrons (BSE), the former created
by inelastic collisions within the sample, the latter deflected back by collisions
with the nuclei of the material. Since the spot size of the electron beam is of the
order of a few nanometers, those signals are sensitive to nanometer scale variations
of the investigated structure. Cathodoluminescence imaging microscopy draws a
bridge between electron microscopy and optical measurements, as it combines the
advantages of the highly spatially confined electron beam with the flexibility of optical
measurements. Describing the underlying mechanisms of CL precisely pertains to a
whole field of theoretical research [¥) since the interaction between a single electron and
matter happens at the boundary between electrodynamics and quantum mechanics.
For a simplified description, the electron beam is regarded as series of single moving
point charges. When a charge encounters the sample, the local observer measures a
single electric field oscillation as the electron approaches, passes the interface and
moves away again. This event is short in time, and hence broad in frequency space.
Thus, for a short time, a broad range of frequencies covering the full visible spectrum
is present in the sample and can couple to available optical states. This coupling
happens preferentially if the field polarization supported by the optical state is parallel
to the electron trajectory .

In this study, dielectric resonators on insulating substrates are subject to cathodolumi-
nescence measurements. The optical processes in these structures are the modes of the
dielectric resonators on one hand and electron-hole pair creation and recombination
on the other. Radiation from resonant modes can be described as coherent since the
direction, phase and polarization of the emitted light are determined only by the
mode which is excited by direct electromagnetic coupling to the electric field of the
electron. Radiation from recombination centers originates from transitions between
quantum-mechanical states and has a random direction, phase and polarization.
Thus, luminescence from interband transitions or excited defect states is incoher-
ent. Figure1.2a shows a sketch of secondary/back-scattered electron emission and
light emission when the electron beam encounters the sample. Figure 1.2b sketches
examples of the directionality of the emission with incoherent radiation having a
Lambertian emission profile only determined by Snellius’s law of refraction (green
dashed line) and coherent radiation emitting in two lobes towards larger angles (red
and blue lines).

In the measurement, the emission from resonant modes is detected and its wavelength,
directionality and polarization are determined. Since the unique field distribution for
each mode of a resonant particle results in a distinct emission pattern, measuring
these parameters allows one to identify the excited modes. Figure 1.2b,c shows the
angular emission of a possible dielectric mode in the investigated disc resonators. Here
an angle of 6 = (0° corresponds to emission normal to the substrate. The symmetry
in Figure 1.2¢ results from the circular shape of the disc resonator. However, due to
the presence of the substrate and the large penetration depth of the electron beam of
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Figure 1.2: (a) Schematic sketch of the signal created by an incident electron beam.
Shown are secondary (SE) and back-scattered electrons (BSE) as well as coherent
radiation (red arrows) from the sample (bright blue rectangle) and incoherent radiation
(green) from electron-hole recombination in the substrate. (b) Polar plot of incoherent
radiation (green dashed line), which has a Lambertian emission pattern and coherent
radiation (red and blue lines), emitting into lobes at certain angles. (¢) Corresponding
2D angular emission pattern similar to that measured with the CL system. The center
represents emission normal to the substrate.

several micrometers, a significant part of the detected CL signal is expected to originate
from incoherent electron-hole pair recombination at defects in the substrate. This is
one motivation for applying optical polarimetry, which is a measurement technique
capable of discriminating between different polarization states and determining
orientation, ellipticity and handedness of the electric field components. Additionally,
the degrees of polarized and unpolarized light can be measured. Thus, in applying
optical polarimetry, the incoherent background signal can be filtered from the coherent
radiation emitted by resonant modes. Combining polarization resolved measurements
of these far-field emission patterns with spectral analysis of the cathodoluminescence
signal from multiple nanometer-sized locations on the sample provides all necessary
information to characterize the modes of a nanoscale resonator.

In the course of this thesis, the experimental setup is discussed in Chapter 2, followed
by a description of polarimetry measurements and its interpretations. Chapter 3
covers the investigation of dielectric modes in cylindrical disc resonators made from
silicon on a silicon oxide substrate. Fabrication, simulated and measured results are
presented here. Due to an unexpectedly significant perturbation from recombination
luminescence at defects in the silicon oxide substrate, a second sample design based
on silicon resonators on a silicon nitride layer is realized (Chapter4). Its fabrication
and the experimental outcome is discussed in chapter four. Finally, Chapter 5 draws
conclusions from this research by outlining the unique achievements of the study and
discussing the possibilities offered by the technique.
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The combination of nanometer resolution electron microscopy with tunable optical
measurements allows to characterize the interaction of light with nanophotonic
structures. Here, the light’s wavelength, propagation direction and polarization are
measured as a function of the excitation position of the electron beam. The available
CL setup has been specially developed for nanophotonic studies ') which require
a high detection efficiency and is subject of continuous improvement 123!, In this
section, the different measurement configurations are introduced and subsequently,
the important role of polarimetry is discussed.

2.1 The Cathodoluminescence Setup

All described measurements were performed in a FEI X130 field emission gun (FEG)
scanning electron microscope. Luminescence from the sample is collected by a
paraboloidal mirror, mounted on a piezoelectrically movable stage to ensure correct
alignment of the mirror relative to the sample in the focus of the parabola and the
optical setup. The electron beam hits the sample after passing through a 600 um
hole in the mirror presented in Figure2.1a,b. Due to the small size of the emission
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Figure 2.1: a) Sketch of the side view into the mirror (black curve). The electron
beam (dotted line) passes through the hole and hits the sample (blue rectangle) where it
induces the emission of secondary and back scattered electrons indicated by two dotted
lines with arrows away from the sample. Additionally the electron beam stimulates
emission of cathodoluminescence (red and green lines), which is reflected into a parallel
beam by the paraboloidal mirror. b Photograph taken from the mirror’s front. The hole
is visible in the center of the image.

region being on the order of one wavelength (100 nm to 1 um) for most nanophotonic
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structures, it can be considered an optical point source which emits radiation in the
form of spherical waves. The paraboloidal mirror subsequently reflects this spherical
wave as a parallel beam with the diameter of the mirror opening. After being reflected,
the light is free-space coupled to an optical setup through a quartz window in the
vacuum chamber wall. Figure?2.2 gives an overview of the optical elements in the
experiment, which is assembled in an opaque black-box to protect the measurement
from ambient light.

Spectrograph+
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Mirror 3"
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Figure 2.2: The optical setup for CL measurements (top view). Light emitted from the
sample is reflected in a parallel beam. For purely angle resolved CL measurements
all elements within the dashed rectangles are retracted from the beam path. The lens
images the mirror’s front view onto a 2D Si-CCD camera. The bandpass filter allows for
selection of a certain wavelength of the emitted light. For filtering parasitic reflections
a pinhole is positioned at the focal spot of the lens. For spectrally resolved CL, a
flip mirror (red dashed box) reflects the focused light onto an optical fibre which is
connected to a spectrometer with a liquid-nitrogen-cooled CCD camera. Polarimetry
measurements require the insertion of a quarter wave plate (QWP) and a linear polarizer
(olive dashed box) in the beam path to select a certain polarization state. A slit (purple
dashed box) is added for spectral polarimetry measurements in order to select only the
central part of the mirror where the mirror is not curved azimuthally (¢ close to 0°).

For the basic CL measurements without polarization analysis, the first element
encountered by the reflected light is a lens focusing the light either onto an optical
fiber via a flip-mirror or imaging the mirror’s front view onto a cooled 2D PIXIS-CCD
camera. Since each angle of emission (6,¢) translates into a unique point (z,y) in
the beam cross section projected on the 2D-CCD, each pixel of the camera can
be translated to a certain emission angle and the angular emission pattern can be
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calculated from that data. To gain an insight into the spectral dependence of the
angular emission, a bandpass filter is inserted in the beam path. The selection of
available filters covers the range from 400 to 900 nm in 50 nm steps, each with 40 nm
bandwidth. Since the optical elements also cause parasitic reflections, a pinhole in
the focus of the lens is used to block most of it by filtering in k-space. During angular
measurements, the position of the electron beam is fixed by the experimenter.

By focusing the radiation onto the optical using the flip-mirror after the lens (red
dashed box in Figure 2.2), the light is guided into a spectrograph with a set of three
different adjustable gratings and subsequently detected by a liquid-nitrogen-cooled
CCD camera. Thus, for each beam position a full spectrum is acquired for spatially
resolved CL measurements.

In order to perform polarimetry measurements, a quarter-wave plate (QWP) and a
linear polarizer are added to the setup, allowing the individual measurement of any
projection of the polarization state. By choosing the right angles of the QWP and
polarizer the projections on six polarization configurations (vertical, horizontal, £
45°, left /right circular) comprising the full information about the polarization of the
emitted radiation are measured. Due to the different angles of incidence at distinct
points on the paraboloidal mirror, s- and p-polarized light will be reflected differently
caused by the angle dependent Fresnel coefficients. By using a complete Mueller
matrix formalism, these geometrical polarization transformations on the mirror can
be corrected for angular measurements. In case of spectrally and spatially resolved
polarimetry, all light emitted into different angles is collected by the optical fiber
which makes it impossible to apply the correction routine since all information about
the location on the mirror from where the light is reflected is lost. Hence, a slit
is used to filter out the central part of the mirror, which is approximately flat in
the horizontal direction, meaning that it has the least influence on the emission’s
polarization. However, it covers part of the reflected light and decreases the total
collection efficiency. A slit width of 3 mm has proven to induce only small losses since
the solid angle of the mirror is largest for the central part not covered by the slit, and at
the same time only reduces the polarization contrast slightly 4.

2.2 Polarimetry

In order to retrieve the full polarization information from the emitted light, which con-
sists of three orthogonal parameters, the intensities of six different polarizations need
to be measured experimentally. These are vertical (ver), horizontal (hor), £45°nd
left /right handed circularly (LHC, RHC) polarized. Together with a reference mea-
surement for the total emitted intensity (tot) obtained without QWP and polarizer,
this results in the following set of intensity measurements:

Itota Ivera Ihor) I+45a 1745, ILHC’a IRHC



8 2 Cathodoluminescence Polarimetry

A convenient way for describing the polarization state of light is the four element
Stokes vector S with

So = Lot = Thor + Tyer (2.1)
S1 = Thor — Lyer (2.2)
So = Ii450 — 1450 (2.3)
S3s =Irgc — Igc . (2.4)

For fixed intensity I;,; all possible polarizations S lie on a sphere with radius Sy
and Sp, S2, S3 as orthogonal base vectors. Normalizing S by the total intensity
puts all polarization states into a sphere with radius one, the so called Poincaré
sphere which is presented in Figure 2.3. The normalized stokes vector is described
by

S’ = (S1/So, S2/So, S3/S0). (2.5)

A possible measurement outcome S’ is shown as a blue arrow with a length varying
from 0 (completely unpolarized) to 1 (fully polarized), called degree of polarization
DOP. Most modes in the investigated dielectric disc resonators are expected to emit
linearly polarized light as emitted by electric and magnetic dipole and quadrupole
modes. Thus, it is beneficial to separate S’ into a linearly and circularly polarized
part (green and orange arrow respectively in Figure2.3). The length of these vec-
tors is called degree of linear/circular polarization (DOLP/DOC P) following the

convention
\/S?+ 534 53
DOP = (2.6)

So
\/SE+ 52
porp=Y"1L "2 (2.7)
So
S3
pocp =2 (2.8)
So
DOUP =1— DOP, (2.9)

where DOU P is the degree of unpolarized light.

In the analysis of a measurement, splitting the measured polarization into a polarized
and unpolarized part is expected to reduce the incoherent background signal from
defect states and interband transitions in the substrate emitting primarily unpolarized
light. Separating the linearly and circularly polarized fraction allows to distinguish
and identify dielectric modes in spectrally and angularly resolved CL measurements.
Furthermore, the knowledge of the polarization of the light allows for calculation
of the orthogonal electric field components E}, and F, respectively, and their phase
relation A. The field amplitudes and the relative phase of the polarized light can be
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Figure 2.3: The Poincaré sphere (inner sphere) and the sphere on which the unnor-
malized Stokes vector S lives (outer sphere). The latter sphere has the radius Sy, the
Poincaré sphere itself radius one. The intersections with the coordinate axes represent
each a state of fully linearly or circularly polarized light on the equator plane, respec-
tively the poles. All other points on the sphere represent elliptically polarized light. An
unnormalized S is drawn as blue dashed line, its normalized representation is the blue
arrow which can be decomposed into the components S7, S5, S;. The projections of
this normalized state on the equator plane (green arrow) and the rotation axis (orange
arrow) are then the linearly and circularly polarized parts. The length of the colored
vectors is called degree of (linear/circular) polarization.

determined by

So x DOP + S
uEhn:J e (2.10)
So x DOP — S
HEUn:\/ SR (2.11)
A = arctan (%> (2.12)
Sa

where Sy x DOP is the intensity of the polarized light. Note that in the experiment
this entity suffers from parasitic absorption in the QWP and polarizer. This needs to
be considered for an absolute quantitative interpretation. However, the absorption in
the optical elements is a systematic error which does not influence the measurement
results presented in this thesis.



3 Silicon Mie Resonators on a Silicon Oxide
Substrate

The investigated structures are cylindrical silicon disc resonators on an insulating
substrate. The sample geometry is a 100 nm thick Si device layer on a 300 nm thick
SiO9 layer on top of a Si handle wafer. The combination of a high refractive index
of the Si in the device layer and the lower index of the SiOy substrate reduces the
coupling efficiency between resonators and substrate leading to a decrease of the
optical loss and an enhancement of the resonator quality. Thanks to good control of the
fabrication process a precisely adjusted sample design is possible. After a description
of the fabrication process, finite-difference time-domain (FDTD) calculations provide
an indication of the expected resonances in the investigated samples, followed by a
discussion of the experiment and its results.

3.1 Fabrication

Cylindrical resonators of different sizes are fabricated on a Si-SiO»-Si wafer with a
100 nm single crystalline Si device layer on a 300 nm silica layer. The fabrication
procedure is sketched in Figure3.1. First, the substrate is cleaned in acetone,
subsequently rinsed with isopropanol (IPA) and ultrasonicated in HoO for 10 min to
remove a protective resist coating from the device layer. Additionally, further residues
of organics are removed by a 10 min clean in a mixture of HoO, NOHs and HsO9
(5:1:1) at 75°C (base piranha). Subsequently, the sample is dipped twice in HyO
for 155, rinsed with IPA and blow-dried with nitrogen. To remove condensed water
from the sample, it is heated on a hotplate at 110°C. After cooling with nitrogen,
between 50 nm and 60 nm of the electron-beam lithography (EBL) resist hydrogen
silsesquioxane (HSQ) (1:2 diluted with methylisobutylketon (MIBK)) are spincoated
at 4000 rpm (revolutions per minute) for 45s with an acceleration of 1500 rpm/s.
Next, the resist is baked for 2min at 180°C. A solution with Au nanoparticles is
dropcast in the sample corner and baked for one more minute at 180° C in order to
achieve a better alignment in the EBL system. A Raith e-LINE system is used to
write the desired structures in the HSQ resist with a 10 um aperture and 30 keV beam
current. Best results were achieved with doses between 1 mAs/cm? and 1.2mAs/cm?
in area exposure mode. Next, the exposed resist is developed in MF-319 Microposit
developer for 70s at 50°C. To stop the development, the sample is rinsed twice in
deionized HyO for 15s each. Since the sample could not be etched immediately after
the lithography step, it is cleaned before the etching by 10 min ultrasonication in

10
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water and subsequent rinse in IPA to remove dust particles. The reactive ion etching
(RIE) step is performed at 60°C in an Ozford PlasmaPro 100 Cobra device with a
short (15s) Clp based etch (7 mTorr base pressure, 30 W forward power, 750 W ICP
power, 50 sccm CLg flow) to remove native oxide from the silicon followed by the
main HBr/O2 based Si etch (7mTorr base pressure, 30 W forward power, 750 W ICP
power, 48 sccm HBR flow, 2sccm Og flow) for a duration of 60s. The fabrication
process is completed with a 3min dip in 1% hydrofluoric acid (diluted with HoO) and
a subsequent rinse in water. Figure 3.2 shows a secondary electron (SEM) image for

Cleanlng and E-beam Lithography
——
Spm Coating & Development

. cSi
mmm Si02
mmm  HSQ Resist

HBr - Plasma Etch ‘

HF - Clean

Figure 3.1: The fabrication workflow, showing the sample in the most important
intermediate states after cleaning and spin-coating, after lithography, etching and finally
after the HF clean.

one of the measured Mie resonators (a) and a focused ion beam (FIB) cross section
of another resonator of the same size. The resulting Mie resonators are of good
circular shape and have a wall angle of 86° to 88°. Secondary electron images on
whole structures and FIB cross sections as well as AFM measurements show different
resonator heights. On average, a height of (120 + 10) nm can be measured. This
difference with the expected height can be explained by spatial deviations of the
device layer thickness as well as by an etch of the silica substrate during the HF
clean, increasing the effective resonator height. Besides the bare silica substrate,
large pads of silicon with micrometer-sized dimensions act as reference for later CL
measurements to provide information about possible radiation from the silicon layer
and the influence of the thin high index material.
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sio,

Si

Figure 3.2: (a) SEM image of a resonator taken under a tilt of 45°. The circular shape
of the resonator as well as its uniform flat walls are clearly visible. (b) Focused ion
beam cross section of a resonator with same dimensions. The bright grainy top layer
is platinum, deposited to protect the surface from the ion beam. The wall angle of the
resonators lies between 86° and 88°. Beneath the resonator, the substrate layout with
300nm of silica and the silicon handle layer is recognizable.

3.2 Theoretical Spectral Response

Finite-difference time-domain (FDTD) calculations are performed using the Lumerical
software to simulate the coupling between dipole excitation and dielectric modes
in cylindrical disc resonators, matching the geometries of the measured ones. The
calculated emission indicates the expected resonance wavelengths of the dielectric
modes. A broadband z-oriented dipole source in the resonator is used to model
the excitation with an electron-beam. This approach originates from the similarity
between the incident electron and its induced image charge, and a dipole. A more
sophisticated source design consisting of multiple dipoles along the trajectory 15,
each with a different time delay, has not proven to lead to very different results in this
study [5.16] Hence, a good qualitative representation of the electron-beam by a dipole
source is assumed for the performed simulations. Figure 3.3 displays the simulation
geometry with the silicon resonator in the central region and the dipole source within
the resonator. For detection of the emitted light, a transmission monitor is placed
above the resonator to collect all light vertically propagating. Convergence tests
were performed to optimize the simulation, which uses a non-uniform mesh with
maximum mesh steps of 5nm to discretize the geometry. The calculation results
for eight resonator diameters are presented in Figure 3.4. For each diameter two
simulations are performed, once with the source being located in the center of the
particle and once close to its edge (dashed lines) in order to probe various modes with
dissimilar spatial field profiles and thus different coupling probability depending on
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Figure 3.3: Geometry of the 3d FDTD simulations (cross-cut) as it is implemented in
Lumerical. The resonator is located on top of the silica layer in the center of the image.
The blue arrows indicate the position of the dipole source for this specific simulation.
The transmission monitor (yellow line) is placed above the resonator, sticking through
the perfectly matched layers (orange).

the excitation location. In the spectra for smaller diameters from 155 nm to 238 nm
some peaks are only present at central or edge excitation. This is due to the intrinsic
field profile of different modes. For instance in Figure 3.4a, the peaks (emphasized by
vertical dashed lines) for excitation at the edges at 600 nm (red dashed curve) and
650 nm (blue dashed curve) suggest a magnetic dipole mode with large z-component
of the electric field close to the resonator edges and none in the center. Thus, the
z-dipole source can only couple to this mode off-center. Other modes, for instance
the central pair of peaks in plots Figure 3.4a,b can be excited at both positions,
whereas the peaks at smallest wavelength are only present under central excitation.
For increasing diameters, a red shift of the peaks can be observed while higher orders
enter the spectrum at short wavelength. As more modes appear, the correlation
between peaks and excitation position becomes less well defined since the field profile
for higher order modes is more complicated than for dipole modes. Especially for the
largest resonators in Figure 3.4d, the modes of central and edge excitation are close
together, making it difficult to measure them independently from each other. Note
that the peaks’ height does not necessarily provide information about the measured
CL intensity since excitation by an electron-beam is different from the simulated
source due to the fact that it moves through the material and thus represents only
one field oscillation at all points on the trajectory whereas the FDTD dipole source
can have multiple oscillations but only at a single point. Additionally, the FDTD
simulations do not take into account incoherent emission from the substrate, which
can couple to the dielectric modes as well.

In the preliminary FDTD simulations, various peaks across the VIS regime (400 nm-
700nm) that shift with resonator size and excitation position can be observed. In
the following step, they can be compared to the measurements to determine whether
there are consistent similarities or differences.
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Figure 3.4: The simulated transmission spectra for eight resonators with 155 nm and
187 nm diameter (a), 210nm and 238 nm diameter (b), 264nm and 319 nm diameter (c),
and 392 nm and 482nm diameter (d). The dashed curves are results from simulations
where the exciting dipole source is placed close to the edge of the particle. Peaks which
only show up in the continuous or dashed line result from different field profiles in the
resonator. Increasing particle size leads to red-shifting peaks and higher order modes
appearing from the blue side of the spectrum.

3.3 Cathodoluminescence Measurements

The first wavelength resolved CL scans for multiple resonators were performed using
a beam voltage of 30keV at a beam current of about 0.9nA. A dark reference
quantifying the noise signal when the electron-beam is blanked is subtracted from
the data and the wavelength-dependent system response is taken into account in the
correction. The measured CL maps for a 210 nm diameter Mie resonator are presented
in Figure 3.5a,c for 450 nm and 650 nm. Both maps show a strong background from
the substrate around the particle, which has a brighter signal due to more efficient
scattering to the far-field of light created in or beneath the resonator. The signal
from the substrate in Figure 3.5a has a spatial dependence as it changes from top
to bottom of the CL map, corresponding to the scan direction of the electron-beam.
This behavior can be attributed to the electron-beam induced creation and excitation
of defects in the silicon-dioxide layer, matching the peaks in the background spectrum,
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and has been investigated extensively in the past 1719, The increasing background
makes it difficult to correct for it using simple reference spectra. Thus, a background
reference is calculated with a triangulation routine, interpolating a smoothly changing
background to 16 spots along the edges of the acquisition frame (squares in Figure 3.5a)
and subsequently subtracted from the data. The resulting corrected CL maps are
presented in (b) and (d) of Figure 3.5. After correction, the intensity distribution of
the particle in the 450 nm map is much more symmetric, showing less CL intensity
in the particle center than at the edges. A clear feature is observable in the particle
center in the CL map at 600 nm together with a bright ring at the particle rim.
This matches the simulated peak positions in Figure 3.4-b where central and edge
excitation induce transmission at similar wavelengths. The secondary electron images
in Figure 3.5e,f display an taken before the measurement (e) and an image taken
during the CL measurement (f), having lower resolution. The lines in Figure 3.5f
originate from drift during the spatial CL scan.

Next, spectral polarimetry measurements as described in Section 2.2 are performed
in order to resolve the spectral position of dielectric modes. For this, it is convenient
to plot the wavelength dependent degree of polarization and analyze it with respect
to peaks in the polarized parts. Figure 3.6 shows this data averaged over the area of
a 210nm large particle neglecting the surrounding substrate. The QWP wavelength
range is 450 nm to 700 nm, thus any data taken from this range needs to be considered
with care. First, the high degree of unpolarized light (DOUP) suggests a strong
unpolarized background matching the observations from the previous measurements.
The degree of linear polarization shows some sharp peaks around 450 nm and a strong
peak at 570 nm. At both locations a distinct feature in the degree of circular polarized
light can be observed as well. This stands in contrast to the expectations since the
targeted modes that are electric and magnetic dipole and quadrupole modes should
not emit circularly polarized light, as examined later in Section4.3. Thus, a flat
DOCP curve is anticipated if light is emitted mainly from those resonances. An error
source which can induce deviations from this expectation is the background intensity
change between polarimetry measurements. This change induces an error which is
different for each of the six polarization measurements and translates into wrong
Stokes parameters and a wrong degree of (circularly, linearly) polarized light. The
position of the peaks in DOLP at the maxima of the background signal is another
hint that further investigation of the background is required.
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Figure 3.5: Images (a) and (c) present the measured CL intensity at 450 nm and 650 nm,
respectively, with applied correction for the dark background and the system response.
The colormap scales to the maximum of the according dataset. The squares in (a)
indicate the areas which are used to interpolate the background which is consequently
subtracted from the data to create the plots in (b) and (d) showing the corrected data.
Images (e) and (f) show a survey SEM image acquired previous to the measurement
and a SEM image recorded at the same time as the CL experiment respectively. The
secondary electrons are more likely to escape from the particle edges, increasing the
brightness in the SEM image, comparing the edges to the darker particle centers.
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Figure 3.6: The spatially averaged degree of polarization is shown for a 210 nm diameter
resonator. As expected, the degree of unpolarized light (DOUP) is high, representing
a mainly unpolarized background. Features in the degree of linearly polarized light
(DOLP) can hint to dielectric modes in the sample whereas the degree of circularly
polarized light (DOCP) is expected to be flat. Note that the DOCP is the only quantity
which can tbe smaller than zero, representing left hand circular polarization.

3.3.1 Evaluation of the Background Radiation

Reference spectra on the silica substrate and on large silicon pads on top of the
silica are taken together with a dark reference (Figure 3.7a) to quantize the spectral
shape of the background radiation. The dark background (blue) is small and does
not show any spectral features. Both reference measurements on silica substrate
and silicon pad show a high peak at approximately 460 nm and a smaller peak at
650 nm while the relative change between the measurements of the two peaks is of
different sign. Furthermore, the 460 nm peak is significantly higher and sharper in
the silicon reference than on the silica substrate, which is attributed to the enclosed
low index silica layer, supporting Fabry Pérot modes with influence on the emission’s
linewidth.

The peaks in Figure 3.7a can be attributed to electron-hole pair recombinations and
hence do not emit polarized light. However, due different reflection coefficients for
normal and parallel polarized light at the SiOs/air interface, a small fraction of less
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Figure 3.7: (a) The reference spectra averaged over 10 by 10 pixel taken with blanked
beam (dark) as well as references from the silica substrate and from a micrometer sized
silicon pad. All spectra are not corrected for the system response. The narrower peak
in the silicon spectrum can be explained by internal reflections in the silica slab, which
lead to Fabry Pérot resonances. In image (b) the time dependent relative CL intensity
change is presented. The data is normalized to the average of the first four spectra. It
can be observed that the signal varies between a decrease of about 5% to an increase
of more than 30%. The measurements were conducted under same voltage and beam
current as the ones in Section 3.3.

than 10% of the light is expected to be polarized for certain angles of emission. See
Section A.1 for the calculation. The Fabry Pérot resonances (red curve) leads to
polarization of the light, as well. However, due to the small particle sizes compared
to the large reference pads, this effect is expected to be minor.

To quantize the change of the background during the measurements we acquire a
sequence of spectra while the beam remains positioned at the same spot. The relative
intensity change over time is obtained by normalizing the data with a mean of the
first four acquired spectra. It is plotted in Figure 3.7b. Most apparently, the signal
changes by more than 30% over a broad part of the visible spectral range during a
timescale of several minutes. The region of the stronger of the two background peaks
from 450 nm to 490 nm only shows a slight decrease in signal during the first three
minutes, whereas the peak intensity between 600 nm to 700 nm increases by 20%
already in the first minute. The signal between the two peaks rises significantly with
advancing time as well. All those changes have been studied in the past and can be
matched to about five different types of defect centers 17191, Measurements after a
20 min to 30 min period of continuous exposure of an area to the electron-beam have
shown that the signal from those defect centers stabilizes. A stable background is
essential for success of the CL polarimetry routine because it relies on the assumption
that the total intensity is the same for each of the six consequent measurements. For
the measurements, this means each polarimetry measurement requires a preceding
irradiation step in order to reach an equilibrium between defect creation/excitation
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and decaying defect centers.

3.3.2 Polarimetry Measurements

The performed polarization resolved cathodoluminescence measurements comprises
two steps, which are spectrally resolved polarimetry to identify the position of
resonances and subsequent angle-resolved polarimetry to investigate their far-field
emission pattern. These steps are discussed in this section.

Spatially Resolved Spectral Polarimetry

By scanning the electron-beam over the selected particle for half an hour previous to
the measurements, the variation in substrate background signal can be reduced to
an acceptable minimum. Figure 3.8a presents the measured degree of polarization
for a Si disc with 240 nm diameter, obtained by averaging the CL spectrum over
the whole particle. Again, most of the light is unpolarized which is represented by
the high DOUP. In contrast to the previous measurements, the circular part of the
DOP is relatively flat and close to zero which matches the expectations. The linearly
polarized part (red curve in Figure 3.8a) shows some prominent peaks in the region of
interest between 450 nm and 700 nm. Spectral polarimetry was performed on eight
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Figure 3.8: (a) The results from spectral CL polarimetry measurements on a 240 nm
diameter resonator. To get the displayed spectra we averaged all CL pixels of the
resonator, neglecting the surrounding substrate. (b) The different curves show the degree
of linearly polarized light for resonators of different diameter. For increasing diameter
there seem to be at least two features shifting towards larger wavelengths.

particles of different sizes. For all of them a flat DOCP curve as well as the expected
strong and highly unpolarized background was observed. Comparing the differences
of the linearly polarized components (Figure 3.8b) indicates that some of the features
in the curves are consistent for all presented particles. The first is the broad linearly



20 3 Silicon Mie Resonators on a Silicon Oxide Substrate

polarized part around 700 nm which is present in all measurements and lies at the
edge of detection sensitivity. Second is the feature which starts as a peak at 580 nm
in the 240 nm resonator and shifts to larger wavelengths becoming a shoulder of the
700 nm feature as particle size increases. A similar behavior is observed for the third
feature which peaks at 485 nm, 500 nm, 530 nm and 565 nm, for increasing diameters
240nm, 265 nm, 320nm and 390 nm respectively. The fact that the peaks shift as
diameter increases can be attributed to particle size dependent resonator modes.
This proves that area pre-irradiation of the substrate solves the issue of irradiation
dependent background signal from defect radiation in CL measurements. To apply
this method in a general way, the measurement’s sensitivity to carbon deposition has
to be small since the electron irradiation procedure induces carbon deposition on the
sample. Possible candidates for more detailed investigation by angular measurements
can be identified in Figure 3.8b. These features of interest are determined by the
restricted wavelength selection in angular CL measurements. Thus, the peaks at
500 nm and 600 nm for the 265 nm particle and those at 560 nm and 600 nm for the
390 nm particle are promising candidates. This selection is also supported by an
analysis of the polarized intensities which are the products of the total emission
spectrum Sy and the different degrees of polarization. These graphs are displayed in
Figure A.2.

Angular Polarimetry

Angular polarimetry measurements were performed for resonators of eight different
diameters using band-pass filters at 50 nm increments between 400 nm and 700 nm and
40 nm bandwidth, partly with multiple excitation spots on the resonators, resulting
in a set of more than 90 full polarimetry measurements, each comprising of seven
single measurements (total intensity plus six polarization states). A full overview of
the investigated resonators is given in Table A.1. Note that sample destruction and
carbon deposition during the measurements required to switch to a new particle of
the same dimensions after angular CL polarimetry measurements at approximately
four different wavelengths (see Section A.4). In the following, the 265 nm and 390 nm
resonators shall be discussed as examples. As before, the degree of linearly polarized
light is the measure which provides most information about the source of radiation and
distinct features in the angular DOLP profile allow for reliable identification of different
radiating modes by comparison to simulated far-field patterns.

The measured angular DOLP for the selected resonators under central excitation at
500 nm and 600 nm wavelength for the 240 nm large resonator, respectively 550 nm
and 600nm wavelength for the 390 nm large resonator is plotted in Figure 3.9a,c.
Figure 3.9b shows the degree of circularly polarized light for the 240 nm particle and
Figure 3.9d presents the DOLP for the 390 nm resonator with the excitation spot
close to the right edge of the particle. The DOCP plot in Figure 3.9b represents the
results for all measured combinations since in none of them the DOCP deviates much
from zero, which supports the expectation that no sources of circularly polarized light
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are present. The small features in DOCP of a magnitude of less than 0.2 have been
observed before 29 and can be explained by the mirror’s influence on the polarization
and non perfect correction for these effects.
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Figure 3.9: Selected results from angular polarimetry measurements on a 240 nm and
a 390 nm large resonator. A value 8 = 0 means upward emission whereas 8 —90° are
grazing angles parallel to the sample surface. ¢ is the azimuthal angle with ¢ = 180°
as the direction towards the CCD detector. Figures (a) and (b) show the DOLP (the
DOCP respectively) at 500 nm and 600 nm wavelength for the smaller resonator. All
measured results are similar to the presented DOCP. (c) and (d) plot the DOLP of the
larger resonator, which is excited in the center (c) as well as at the right edge (d).
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A general behavior observable in all three DOLP plots is the relatively high linearly
polarized fraction at large angles 6 corresponding to emission nearly parallel to
the x,y plane. At the shorter of the chosen wavelengths, this phenomenon is more
pronounced than at the longer wavelength. Taking into account the angular profile of
the total emitted intensity Sp slightly alters the amplitudes but does not qualitatively
change the observed behavior (see Section A.2.3). The region with 8 — 90° is the
area where the least signal is collected since the unpolarized main part of the light
is emitted upwards. This can lead to a speckle pattern as observed for 550 nm in
Figure 3.9c and d, if the measured intensity is close to the background level in the
measurements determining the DOLP. The higher degree of polarization can either
result from the emission of dielectric modes or be related to the small intensity of the
unpolarized background which is described by a Lambertian pattern (see Figure 1.2).
Additionally, the silicon oxide/air interface induces a small ratio of polarized light
at angles around 60° (see Section A.1). However, this is a minor effect and does
not explain the observed behavior at high angles. As a result of the non-symmetric
excitation in Figure 3.9d, the bright features at the right side of the plot are slightly
more pronounced than at the left. Furthermore, the emission at 600 nm from the
390 nm large resonator has additional regions of linear polarization at angles between
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30° and 60°.

Cathodoluminescence measurements on cylindrical silicon resonators allowed to resolve
the spatial mode profiles and their spectral location by analyzing the DOLP. In the
angular measurements clearly distinguishable features are required associate angular
emission patterns with the nature of the modes. One reason for their absence could
be an underestimation of the influence of the background on the measurement. The
strong luminescence from the silica layer quickly leads to saturation of the detector
so that insufficient radiation from the photonic modes can be collected. Thus, an
improved sample design with silicon nitride, known to possess less radiating defects
than SiO», is investigated in the following section.



4 Silicon Mie Resonators on Silicon Nitride
Substrate

In order to achieve a better contrast to resolve the signal from the dielectric photonic
modes, reducing the background luminescence seems crucial. In changing the substrate
from SiO9 to SizNy, a large fraction of defect luminescence can be avoided and hence
a smaller and more stable unpolarized background signal is anticipated. After the
description of the fabrication process and a discussion of the experimental results from
selected resonators, the measurement will be related to theoretical calculations of the
dielectric resonances from finite-element eigenfunction studies.

4.1 Fabrication

The transition to another substrate requires an adjusted fabrication procedure since
a commercial c-Si on nitride wafer was unavailable. Thus, a single side polished
single crystalline silicon wafer, coated with 319 nm of SigNy by liquid phase chem-
ical vapor deposition (LPCVD) was used as substrate for the fabrication. The
thickness of the nitride layer has been determined by an optical ellipsometry measure-
ment, which in addition provides the optical constants of the layer (see Figure4.1).

After a 10min base piranha clean (H2O, NOHs and HyO2 (5:1:1)) at 75°C and
succeeding rinse in HsO, a silicon layer is deposited by electron beam induced
evaporation at room temperature under a vacuum of 1.9 x 10~% mbar. Subsequently,
the silicon layer was annealed in order to reduce defects and create larger crystalline
domains. Different annealing methods were available. Tube-oven annealing under
vacuum at 800 °C for 1h resulted in the largest connected Si domains and lead to
crystalline silicon resembling ellipsometry results. The thickness of the annealed layer
was determined to be 140 nm by ellipsometry measurements and from focused ion
beam cross sections. After these preparation steps the same lithography procedure as
in Section 3.1 was applied, with the difference that the reactive ion etching time was
increased to 90s. Figure4.2 sketches the fabrication process.

The resulting resonators are 140 nm high and have different diameters. Figure4.3
shows the secondary electron image of a 260 nm large particle (a) and the FIB cross
section through a 600 nm large resonator (b). The walls are less straight than after
the previous fabrication and some residue is present on the SigN4 surface after the
etch. It is attributed to nanograss formation in which sputtered material from debris

23
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Figure 4.1: The real (n) and imaginary (k) part of the complex refractive index of the

LPCVD silicon nitride layer determined by optical ellipsometry.
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Figure 4.2: Sketch of the fabrication workflow of silicon resonators on SizNy4, showing
the sample after the most important steps.

on the sample such as carbon decontaminations redeposits during the etch and acts
as a mask for the RIE process. The grains proved resistant against longer etch times
and cleaning with 1% HF, which suggests that nitrogen diffused into the evaporated
silicon during the annealing step, making some of the silicon resistant against the
etches. However, due to their size these particles are not expected to affect the
CL emission from the resonator. The observed roughness of the resonator walls is
slightly higher than what was found for the previous set of samples based on silicon
oxide. The insulating nitride layer is visible as a bright area beneath the resonator in
Figure 4.3-b. Despite the reduced geometrical quality, the fabricated particles can
still be expected to support the same fundamental modes as a perfect cylindrical
resonator. This, together with the limited time frame for this project, motivates
the decision to perform CL measurements on the fabricated structures instead of
optimizing the fabrication process.
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Si

Figure 4.3: (a) High resolution secondary electron image of a 260 nm Si resonator on
silicon nitride under a tilt of 45°. The small particles on the substrate are non-removable
residues from the fabrication process and are not supposed to interfere with the CL
measurement. (b) Focused ion beam cross section through a 600 nm resonator. The
bright top layer is the protective platinum, deposited prior to the cross section. The
resonator rests on the visible SigNy layer.

4.2 Cathodoluminescence Measurements

In the following, the measurement results are discussed, beginning with an investiga-
tion of the background signal’s time dependence and continuing with the spatially and
spectrally resolved polarimetry measurements before coming to angular examination
of the far-field.

4.2.1 Evaluation of Background Signal

Before performing polarimetry measurements on the newly fabricated sample, it
is important to evaluate the level and the stability of the background radiation.
The spectral shape of the silicon nitride reference is plotted in Figure4.4a. It is
determined by one main feature at 580 nm and two side peaks at 450 nm and 750 nm.
The silicon layer on top reduces the emission of the 580 nm peak and adds another
peak around 685 nm. Except for the top of this peak, the silicon reference is below
the nitride reference, suggesting that the background signal is mainly emitted from
within the SizNy4 layer and significantly reduced by absorption in the covering silicon
layer. The peak at 685 nm is attributed to a second order Fabry Pérot mode in the
SigNy4 layer, since the refractive index of ~ 2.18 of the LPCVD SizgN4 leads to 312nm
wavelength in the nitride, which is close to the measured layer thickness. The 7nm
difference to the measured thickness of 319 nm can be explained by a change of the
layer composition during the annealing process, influencing the optical constants.
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Besides the standard reference measurements on a silicon pad and the bare nitride
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Figure4.4: (a) background signal measured on the silicon nitride substrate as well
as on a large silicon pad on the nitride layer, together with the dark reference. The
system response is not taken into account. (b) Time dependent relative change of the
background intensity measured on a single spot on the silicon nitride layer. The initial
spectrum was calculated as the mean of the first four spectra which is an average over
1.6s. The data was acquired using a beam voltage of 30keV and a current between 9nA
and 10nA.

layer, a CL spectrum is recorded every 0.4s while the electron beam is focused at a
single spot on the silicon nitride substrate. A 2D-plot (Figure4.4b) of the spectra
then provides the time dependence of the background radiation. The presented
spectra in Figure4.4 are normalized to the initial intensity I(w) measured at the
beginning of the measurement. The emission at wavelengths above 500 nm seems
quite stable after a small intensity loss of about 5% during the first minute. The
feature between 400 nm and 500 nm is more stable for the first 10 min of irradiation,
but then loses about 15% of its intensity. Both results promise advantages over the
SiO9 based sample design. Firstly, even with 10 times higher current compared to the
measurements in Section 3.3, the total measured intensity is three times smaller than
the highest background intensities of the old sample design. Secondly, the change of
intensity with time is much less severe and a pre-irradiation of about 15 min promises
to be sufficient to stabilize the emission.

4.2.2 Polarimetry Measurements

Polarimetry measurements using the same beam settings were performed on multiple
resonators of which the two examples of 200 nm and 260 nm diameter are discussed in
the following. This selection is motivated by the need for a limited number of modes
being separately addressable as an upper size limit. The lower size limit is determined
by the desired spatial resolution in both spectral and angular measurements, which
is affected by the electric field extent of the beam and beam drift due to charging of
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the sample.

Spatially Resolved Spectral Polarimetry

Spectral polarimetry is performed to obtain an impression of the existing modes in the
resonator. As most important measures the DOLP and DOCP for both investigated
resonators are presented in Figure4.5. For spatial analysis, the cylindrical resonators
are divided into circles with a specific central radius and fixed width. Subsequently,
the CL spectra from the pixel within each circle are averaged for each of the six
polarimetry measurements (see inset in Figure4.5¢). Thus, it is possible to correlate
the data for a certain radius in all six measurements. The results are plotted as
2D images with wavelengths on the vertical axis and radius on the horizontal axis.

Comparing the results for both resonators reveals similarities above 650 nm and below
450 nm where the DOLP has clearly distinguishable features which are strongest
in the center of the resonator. The 200 nm particle shows another feature between
54nm and 90 nm radius emitting around 500 nm. At the same spatial region a small
DOLP is visible for shorter wavelengths. As the particle size increases to 260 nm the
feature at 500 nm emission wavelength shifts spectrally and spatially, represented by
the feature around 100 nm radius at A = 600 nm in image Figure 4.5b, which matches
the relative position within the particle. Furthermore, additional features show up or
are at least more clearly separated by dark regions of small DOLP. These are located
at 450 nm and 525 nm close to the particle edge and around 550 nm in its center.
For the DOCP in Figure4.5c¢,d a value close to zero is expected due to the nature
of the electric and magnetic dipole and quadrupole modes. The measured DOCP
takes absolute values below 0.05 for most regions in the plot, which is a reasonable
value since the background signal is not perfectly stable. Below 450 nm the DOCP
shows a significant right handedness, however these wavelengths are at the edge of
the working bandwidth of the QWP and additionally the absolute detected intensity
(see Section A.3.1) is close to the dark reference and thus more sensitive to small
variations. The discussed characteristics of the emission are confirmed regarding the
linearly polarized intensity, which takes into account the spectral shape of the total
intensity and is plotted in Figure A.4.

The spatially and wavelength resolved polarimetry measurements show that different
definite features distribute to the DOLP at wavelength dependent on resonator size
and excitation position. For the following angular analysis three candidates matching
available bandpass filters are identified from the spectral data. Firstly, the feature
around 500nm at the edge of the 200nm particle and secondly and thirdly the
wavelengths 550 nm and 600 nm for measurements at the edge and center of the larger
particle.
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Figure4.5: The spectrally resolved DOLP (a,b) and DOCP (b,c) for the 200 nm
diameter (left) and the 260 nm resonator (right). The rotational symmetry of the particle
motivates averaging of the 2d CL map along circles with different radius to demonstrate
the spatial dependence of measured resonances. The areas for these averages are sketched
as colored regions on the 200 nm particle in the inset of (c). (a) and (b) show consistent
features at the limits of sensitivity below 400 nm and above 700 nm. Different features
are visible close to the particle edges at larger radii for both particle sizes. On the larger
particle multiple resonances become visible, distributed over the whole particle. The
DOCEP in (c) and (d) is close to zero except for a region below 450 nm which is at the
edge of the regime where the QWP works reliably. The corresponding total and linearly
polarized intensities are shown in Figure A.4
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Angular Polarimetry

For the angular polarimetry measurements a current of 10 nA has been chosen allowing
for an integration time of 60s. Again, a change of the particle under study was
necessary after three to four full polarimetry measurements at different wavelengths
to prevent effects from sample degradation as discussed in Section A.4. Before
any measurements, each region was irradiated once for 15 min to 20 min with the
same beam current. The results of the polarimetry measurements are compared in
Figure4.6. The DOCP is not shown because of its small absolute values and the
absence of directional features (see Section A.3.2). In all measured DOLP datasets,
higher values at angles 8 close to 90° are observable as for the previous sample design
(Figure 3.9). For their interpretation the same considerations as in Section 3.3.2 need
to be taken into account. Due to the Lambertian emission pattern of the incoherent
background radiation, the collected intensities at grazing angles are small, leading
to higher uncertainties and a larger polarized component. The polarizing effect of
the substrate/air interface discussed in Section A.1 is small and centered at different
wavelengths, hence it is neglected for the interpretation. The emission at central
excitation of the 260 nm diameter particle is characterized by a Sy emitting mainly
in vertical direction whereas the DOLP is highest at grazing angles. Thus, the small
DOLP in the center have an effect on the polarized intensity DOLP x Sy which
is shown in Figure A.6. This indicates some similarities to a combination of modes
measured previously 16,

While exciting the center of the particle, the emission pattern is highly symmetric
towards large 6 with less polarized upwards emission for both particles at most
wavelengths. Moving the electron beam to the right edge of a particle induces
a higher DOLP for upwards oriented radiation while the polarization at large 6
undergoes only small changes. Due to the non symmetric excitation, directional
beaming can be observed for the presented wavelengths, which does not appear for
every detection wavelength. It manifests as a higher DOLP at one or the other
side of the central hole in the bottom plots of Figure4.6. Interestingly, radiation is
steered in the forward direction at 500 nm and 550 nm for the small, respectively the
large resonator, but backwards at 600 nm (large resonator). A corresponding flip in
directionality could not be observed on the 200 nm particle. Directional scattering
in dielectric and plasmonic nano particles is well known and commonly referred to
as Kerker scattering[2 24, Tt is based on the interference of overlapping modes. An
example of a magnetic and electric dipole is sketched in Figure4.7. In case the modes
spectrally overlap each other, the resonances will either be in phase or out of phase,
depending on the spectral positions of the resonance. This phase relation can lead to
constructive interference towards one direction and destructive interference towards
the other as sketched in Figure 4.7 by the parallel and anti-parallel green arrows of the
electric fields in the MD and ED mode. For wavelengths away from the resonance,
the polarized emission has the same directivity as the total emitted intensity. In
Figure 4.6, this shows up as flip in the direction of emission for linearly polarized
light.
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Figure 4.6: Angular emission profile of linearly polarized light components for both
particles at 500 nm for the 200 nm diameter resonator and 550 nm and 600 nm for the
600 nm diameter resonator. The two top rows plot the emission as the particle is excited
in the center whereas for the images in the two bottom rows the resonators have been
excited close to their right edge. All DOLP plots show strong linear polarization at
large angles 8 whereas only the off center excited particles exhibit polarized emission
with upward components. The total intensity is dominated by Lambertian like emission
upwards at small angles 6.
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Figure 4.7: The fields of a magnetic and electric dipole mode in vicinity of the emitting
particle are sketched. If both are in phase, the fields can only interfere constructively
towards one direction.

Additional information about the orientation of the linearly polarized light can be
obtained from the electric field components. For each point in the angular dataset,
the horizontal and vertical field is calculated according to equations (2.10) to (2.12)
and subsequently translated to the spherical components Fy and E, which are parallel
to the corresponding unit vectors of the 6 and ¢ directions and perpendicular to the
propagation direction. Figure 4.8 presents the detected field amplitudes of polarized
light at 550 nm and 600 nm emission wavelength for both excitation positions. In case

a 120 C 160
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40 20
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b -
150
600 nm 100
50
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Figure 4.8: The obtained field amplitudes for 550 nm (a,c) and 600 nm (b,d) emission
from the 260 nm resonator for both excitation positions at center (a,b) and edge (c,d) of
the resonator. The components ¢ and 6 of the electric field are perpendicular to each
other and the direction of the emitted radiation.

of central excitation, the smaller amplitude of F, attracts attention. The two plots
of |Ey| at the left of Figure4.8 exhibit a fourfold symmetry, which can be attributed
to the imperfect correction routine for the mirror’s effect on the polarization. Similar
behavior has been observed before2?). The downward shift which can be observed
from 550 nm to 600 nm suggests a difference in |Ey| between the measurements but
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due to the artificial perturbation from the mirror this difference cannot be analyzed
thoroughly. Most of the polarized emission is parallel to the 6 direction. At central
excitation, the 6 field component at 600 nm is slightly more confined into a ring at large
0 than at 550 nm. In vicinity of the center, two dark spots at the left and right side of
the hole as well as two bright features above and below the hole are visible. Changing
to antisymmetric excitation close to the particle edge leads to higher amplitudes of
the polarized fields. In |Ey|, the effect of the mirror imperfectness vanishes under the
larger measured amplitudes, which for both wavelengths show a symmetric pattern
above and below a vertical symmetry line through the image centers. This symmetry
corresponds to the vertical move from central to edge excitation. The observed
increase in polarization originates from the higher probability to couple to in plane
modes, oscillating perpendicular to the z direction. Again, |Ey| exhibits a feature with
two regions of lower intensity and two of higher intensity, this time relatively rotated
by 90° compared to the result for central excitation. At 550 nm, the 6 component
has a stronger amplitude towards the left as could be expected from the previous
results whereas at 600 nm, the amplitude of the fields in both directions is more
symmetric. The ring in |Eg| at 600 nm, appearing at large angles 6 is thinner under
antisymmetric excitation than in case of central excitation.

The angular polarimetry measurements show consistent behavior at large 6 compared
to the previous sample design. Additionally, the flip in directionality of the emission
of linearly polarized light between 550 nm and 600 nm on the larger resonator (Fig-
ure4.6) as well as the wavelength and excitation position dependent field amplitudes
(Figure 4.8) indicate the detection of dielectric modes. As a next step, the calculated
fields are compared to simulated far-field emission patterns of different dielectric
modes in the disc Mie resonators.

4.3 Eigenmode Simulations

Finite-element frequency-domain eigenfrequency studies were performed in COMSOL
Multiphysics, providing the electromagnetic field of an isolated eigenmode of the
geometry at any point in the simulated space. The far-field is subsequently calculated
from the known field on a closed interface around the resonator particle. The
eigenfrequencies are determined by searching in a given frequency band for those
frequencies which overcome a fixed loss limit. Due to time constraints, the simulation
parameters were optimized for performance more than for accuracy. Thus, parasitic
results such as resonances which are only supported by boundary layers or sharp
edges in the geometry can appear in the output and need to be filtered manually by
discarding all modes which have high losses or an unphysical field distribution within
the sample. For the selected real eigenmodes the far-field projection is calculated and
translated into a 6 and ¢ dependent dataset. Due to the rotation symmetry of the
Mie resonators, the calculated far-field pattern needs to be averaged azimuthally to
be comparable to the experimental CL results.
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First, the simulated absolute electric field amplitude in the far-field is investigated.
Since the radiation from the simulated eigenmodes of the resonator is linearly polarized,
the electric field amplitude corresponds to the measured linearly polarized intensity,
given by DOLP x Sy (see Figure4.6 and Figure A.6). Figure4.9 displays the field
amplitudes for eight resonances located around 570nm (row a) and 490nm (row
b). The exact spectral location of the modes depends on the simulation’s geometry
and settings and is thus only a qualitative entity. The far-field radiation pattern is
obtained by a projection of the simulated fields on a defined closed surface around the
resonator onto a sphere with 1m radius. Thus, all calculated fields in the simulation
are consistent. However, since in the experiment the electron beam excites each mode
in a unique way, the simulated intensities do not directly indicate the probability
with which a certain mode is detected and hence the relative intensities of different
modes cannot be related to measured intensities. All plots in Figure 4.9 show a high
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Figure 4.9: Amplitude of the total electric field for four calculated resonances around
570nm (a) and 490nm (b). The amplitudes are comparable since all were obtained using
the same calculation routine.
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intensity towards grazing angles, matching the measurement outcome in Figure4.6
and Figure 3.9 where the DOLP is high at large 8. Since the calculated modes are
spectrally close to each other and can propagate through the same 40 nm bandwidth
bandpass-filter, it is likely that a superposition of them is measured in the experiment,
which leads to high intensity at grazing angles and an overlap of features in the
central region.

Next, by comparing the calculated fields E, and Ey separately, all available infor-
mation is used to compare simulation and experiment. Most of the calculated Ei
far-field patterns are dominated by bright features at large 6 which are not present
in the experimental results in Figure 4.8. From the measured results in Figure 4.8,
an F, which is dominated by upward emission and an Eg with high intensity at
larger 6 are expected. Additionally, the modes are expected to have a significant
z-component of the electrical field in the resonator, which promotes efficient excitation
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with the electron beam. For two calculated modes which show similar behavior to this,
and match the measured wavelengths of (550 + 20) nm and (600 + 20) nm, the field
amplitudes for Ey and E, are plotted in Figure 4.10a,b. For the 552 nm resonance, F,
shows highest intensity at small 6 and small intensity at larger angles corresponding
to the trend observed in Figure4.8c. Also the fact that Fj is strongest at non grazing
angles in the simulation appears in the experiment. At 600 nm the large amplitude
of Ey at grazing angles in the calculation can be found as the high intensity ring in
the experiment (Figure4.8b,d). However, the ring patterns and low intensities at
small 0 in all simulated far-fields are not well represented in the experimental result.
Therefore it is not possible to prove that the simulated modes correspond to the
measured emission patterns.

A=552nm

a

Nl [Ez|

Figure 4.10: (a),(b) The calculated far-field amplitudes of E, and E, for eigenmodes
at 552nm and 613 nm calculated for a resonator with 260 nm diameter. (c-f) The field
distribution of |E,| and |E| in the resonator and its vicinity. The green/blue lines
correspond to the location of the cross sections beneath/above the plot. The white circle
(¢,d) and rectangle (e,f) indicate the resonator on the substrate (white dashed line).

A horizontal cross section of the field profile of |E,| and |E| within the particle and
its surroundings is plotted in Figure 4.10c,d and a vertical cross section is displayed in
e and f in the same figure. The green and blue lines in the cross sections indicate the
positions of the other respective cross section. Comparing the amplitude of |E,| with
the total field amplitude | E'| shows that the mode is dominated by a field in z-direction
in certain regions in the particle. Thus, excitation with the electron beam is feasible.
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The field profiles of both modes exhibit a higher amplitude of |E,| at regions closer
to the edge of the resonator (Figure4.10c,e), which indicates an increased probability
to excite the particle. This matches the appearing linearly polarized features at
smaller 6 when the electron beam is incident close to the right edge of the particle in
Figure 4.6c,d. However, this result can also be explained by more efficient outcoupling
of light if the particle is excited at its edge.

Combining theoretical and experimental results provides valuable details. helping
to understand the system better even though the calculated modes could not be
matched to the experimental result with a high degree of certainty. Firstly, the
presence of a strongly linearly polarized part at grazing angles in measurement and
simulation shows that the modes in the investigated dielectric resonators tend to
emit a significant part of their energy in the radial direction when excited by electron
beam irradiation. The directionality towards those angles (Figure A.6) is even more
pronounced than in transition radiation on metals[2®.

Secondly, it is possible to use the experimentally determined field amplitudes to
restrict the number of theoretically calculated modes, which can be responsible for
the measured emission patterns. This approach is insensitive to uncertainties in the
calculated eigenfrequencies and thus to small mismatches between simulation and
experimental geometry since the wavelength of the modes does only depend on the
dimensions of the resonator.

Thirdly, a study of the field distribution in the particles also helps discard some of the
simulated modes since successful excitation is more probable if the z-component of the
electric field is large at the excitation position. Fourthly, there is available information
about the different modes in the directionality of emission. This information has not
been fully exploited since the calculated modes are eigenmodes of the geometry, but are
affected by the excitation manner and position in the experiment, for instance because
the most efficient excitation positions are off-center, which breaks the symmetry of
the particle and of the emission (see measurements in Figures 4.6, 4.8 and A.6). In
order to investigate the influence of excitation position on the far-field radiation
pattern, the knowledge of the calculated eigenmodes could be used to modify the
driving source in FDTD simulations to only couple to a specific mode. The far-
field emission pattern from the FDTD simulation could then be compared to the
measurement.

The experimental and theoretical investigation of silicon resonators on silicon nitride
substrates has provided detailed information about the spectral and spatial position
of resonances in the particles. The linearly polarized part, the polarized intensity and
the orthogonal fields of the angular emission have been compared to simulated results
and consistent behavior has been identified. In order to draw reliable connections
from the measured emission pattern to individual calculated modes, the spectral
resolution of the angular measurement needs to be increased or the overlap between
different modes needs to be reduced by geometry adjustment.
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Nanostructures for optics and photonics create a great wealth of possibilities for
research and engineering in the field of light. This thesis combines two key elements of
research in nanophotonics. Firstly, fundamental research on dielectric nanostructures
is required to understand the different ongoing processes. In particular Mie resonators
are of interest due to their low intrinsic losses in the regime of visible light and their
tunable electric and magnetic resonances, which enable novel optical applications such
as metasurfaces [13523] The investigation of these structures at the nanoscale plays a
key issue in nanophotonics. Secondly, new experimental methods need to be developed
in order to investigate samples which interact with light at the nanoscale. One of
these techniques, cathodoluminescence imaging spectroscopy has yielded outstanding
results in recent years 121326271 This technique benefits from the high spatial
resolution of electron microscopy and from the versatility of optical measurements.
By introducing optical polarimetry to cathodoluminescence measurements, the full
polarization state of light can be determined. Together with measuring the wavelength
and propagation direction, all major degrees of freedom of the emitted light from a
nanostructure can be characterized 2%, In this research it enabled the detection of
light emitted by dielectric modes even though these are covered by a large incoherent
background, originating from electron-hole pair recombination luminescence in the
substrate.

For performing this research, high quality silicon Mie resonators on a silicon oxide layer
were fabricated by electron-beam lithography and reactive-ion-etching. The electron-
beam induced radiation from the resonators has been measured in a wavelength-,
polarization- and angle-resolved way with ~20 nm resolution of the excitation position.
Spatially and spectrally resolved CL maps provided information about the mode
profile in the resonator after application of a background correction routine which
takes a time dependent change of the background into account. This time dependent
variation of background intensity could be attributed to electron-beam induced defect
excitation and creation in the underlying silicon oxide layer. It was identified as a
major source of error in polarimetry measurements, which depend on the identical
total intensity for the measurements of six polarization configurations. A preceding
30 min electron beam irradiation was applied to create an equilibrium of the defect
excitation such that the polarimetry measurements were conducted with a stable
background signal.

The measurements discussed in Section 3.3.2 and Section 3.3.2 could discriminate the
linearly polarized coherent signal from the dielectric resonators from the unpolarized
incoherent background signal. The fact that distinct circularly polarized features

36



37

have not been observed matches the expectation for the emission from electric and
magnetic dipole and quadrupole modes. The comparison of the retrieved signal
with finite-difference time-domain simulations (Section 3.2) shows good agreement in
the position of the excited resonances and their red-shift as particle size increases.
Angle-resolved polarimetry measurements show some linearly polarized features in
the measured far-field, but due to the large background radiation their contrast was
too low to identify distinct patterns which could have been used to draw a connection
to simulated emission patterns. For this reason, an improved sample design based
on silicon nitride substrate, known to have less defects and thus less CL background
signal is introduced.

Spatially resolved polarimetry measurements on the new set of silicon resonators
exhibit clearly visible linearly polarized features, which depend on excitation position
and shift spectrally as particle size increases. Angular polarimetry measurements were
performed to further investigate these features. In the case of asymmetric excitation,
an inversion of emission direction for different wavelengths was observed as an effect
of the interference of two overlapping dielectric modes of the resonator. The discussed
angle resolved polarimetry measurements exhibit a linearly polarized feature at high
angles 0. In order to use the full information provided by polarimetry, the perpendicu-
lar fields Fy and E, are determined. Most intensity of the emitted radiation is carried
by Ep whereas the amplitude of F, becomes significant when the particle is excited
at the edge, as could be expected from breaking the symmetry.

Finite-element frequency-domain eigenmode simulations were performed to obtain the
field distribution in the particle and the far-field emission pattern of the individual
eigenmodes. A comparison of the total amplitude in the calculated far-field with the
experiment shows that the bright intensity at grazing angles is characteristic for the
emission of several dielectric resonances. The wavelength differences between most of
the calculated eigenmodes is smaller than the bandwidth of the bandpass filter used
in angular measurements and hence it is likely that a superposition of the radiation of
different modes is measured in the experiment. This is in agreement with the presence
of broad features without a distinctive shape in the angle range up to 6 = 70° in the
experimental results (Figure4.6 and Figure A.6). Due to the difference between the
eigenmode calculations, which do not require a source, and the experiment where
the electron beam is a spatially confined source, it is not possible to compare the
calculated far-field patterns one-to-one to the measured fields, especially in the case
of asymmetrical excitation. However, the main features of the excited modes can be
found in both simulation and experiment. Combining the far-field calculations from
finite-element eigenmode simulations with those from finite-differential time-domain
simulations can provide the necessary information, since the latter requires a source,
adjustable to individually drive the calculated eigenmodes.

In summary, this research has validated the approach of using polarimetry to dis-
criminate between incoherent background radiation and coherent emission from
dielectric modes when the signal is dominated by the background. Possible ways to
correct for a changing background due to defect creation were applied and discussed,
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which is a valuable contribution to the arsenal of CL measurements. The capability
of cathodoluminescence polarimetry to fully characterize dielectric eigenmodes in
nanoscale resonators has been evaluated. Although definitive one-to-one attributions
of measurements to specific modes were not possible, the selection could be narrowed
down to a few modes. In addition, several lessons and guidelines were distilled to aid
in future research. Firstly, the background of the samples needs to be stable within
a timescale of several minutes depending on the integration time. Secondly, the
degrees of polarization can be used as an indicator for the presence of modes, however
in order to compare measurements and simulations quantitatively, the intensity of
the polarized light (DOLP x Sy; DOP x Sy) needs to be regarded. Thirdly, the
investigated resonances should have only little spatial and spectral overlap to ensure
separate excitation and detection respectively. This can be achieved by a careful
sample design. Lastly, eigenmode calculations in COMSOL Multiphysics can be
used to determine the characteristics of the resonances. The calculated resonances
can then be addressed in FDTD simulations which are capable of reproducing the
dependence of excitation location.

Despite the fact that perfect modal recognition could not be achieved, the knowledge
about the modes and the capabilities of cathodoluminescence polarimetry to measure
them has been improved. Thanks to this thesis, there is a clear way forward for
future research on the topic.
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A Appendix

A.1 Polarization of Background Luminescence from the Substrate
Interface

Although the radiation from electron-hole pair recombination at defect centers
and inter-band transitions in the silicon oxide substrate is random in phase and
polarization, the polarization dependent transmission and reflection coefficients of
the substrate/air can polarize the transmitted light. The transmission for s- and
p-polarized light is given by 2%

2
T o1 nq cos 8;, — nav/1 — sin? 6; (A1)
° N1 €os 0, + noy/1 — sin? 6; .
2
T 1 nav/1 — sin 0; — ny cos 0;, (A2)
P N9V 1 — sin? 6; + nq cos 0;, .
with  0;, = sin™* (712 sin 6t> . (A.3)
ni

The inset of Figure A.la sketches the geometry.

The plots in Figure A.la,d show the transmission for both polarizations through a
SiOg(n1 = 1.458) /air(ne = 1) (plot a) and a SizN4(n; = 2.15 and 2.25)/air (plot d)
interface. The refractive index n for silicon oxide is assumed constant for the visible
range, the n of silicon nitride was determined by optical ellipsometry as discussed
in Section4.1, Figure4.1. Since the recombination centers are located within the
substrate, the angular dependence of the emitted intensity is of Lambertian shape
(I o cos 6;) 29 as follows from Snell’s law of diffraction. Consequently, the emitted
normalized intensity of s- and p-polarized light becomes I ,(6;) = T ,(8;) cos 6.
Figure A.1 shows the angle dependent transmitted intensity for the SiOg based (plots
b,c) and the SizN4 based (plots e,f) sample geometry as normal plots and in polar
representation. The polarized part of the emission is determined by the difference
I,_s = I, — I, which is plotted as purple curves in Figure A.1.

The polarizing effect of the different transmission of s- and p-polarized light is
strongest between angles between 50° and 75°, and peaks to ~10% for the SiOs
geometry and ~20% for the SisN4 geometry. Thus its contribution is negligible
for nearly all angles for the silicon oxide based sample but significant for angles
larger than 60° for the nitride based sample. However, the effect is too small and
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Figure A.1: The transmission coefficients of s- and p-polarized light for a silicon oxide
(silicon nitride) /air interface (a,d). (b,c,e,f) Transmitted s- and p-polarized intensity (red,
blue lines respectively) as normal plots (b,e) and polar plots (c,f) for both interfaces. The
purple lines represent the degree of polarized emission. The intensity takes into account
the Lambertian emission pattern of random radiation centers within the substrate. The
black dotted line in (c,f) describes a perfect Lambertian emitter.
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at the wrong angles to explain the observed polarized intensity at large angles in
Section 4.2.2.

A.2 Si Resonators on SiOy Substrate

A.2.1 Comparison of Intensity Spectra for Polarized Components
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Figure A.2: (a) Product of the intensity Sy and the different degrees of polarization
plotted in Figure 3.8a for the spectral polarimetry measurement on a 240 nm resonator.
(b) The product on Sy and the DOLP for measurements on resonators with different
diameter (240 nm, 265 nm, 320 nm and 390 nm)

The discussion in Section 3.3.2 is based on the identification of features in the DOLP.
Since the degree of polarization is only a relative entity, the intensity spectrum Sp(\)
needs to be taken into account if the real height of the features in Figure 3.8 shall be
discussed. Doing this does not lead to different outcome than that in Section 3.3.2.
To show this Figure 3.8 displays the differently polarized intensities for a 240 nm
diameter resonator (a) and the linearly polarized intensity for resonators of different
sizes in (b). The same features as in Section 3.3.2 can be identified and a red-shift
as particle size increases can be observed. The spectral shape of Sy has the greatest
effect on the graphs at wavelengths <420 nm since here the measured intensities fall
rapidly. Additionally, peaks at the location of the strongest emission around 470 nm
are increased more than the others.

A.2.2 Overview of Linearly Polarized Features in the Measured Resonators

The whole set of the measurements described in Section 3.3.2 is listed in Table A.1
where the linearly polarized features from polarimetry measurements on different
resonators are listed. Both wavelength- and angle-resolved polarimetry measurements
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were performed on all listed resonators. The results from the measurements are

discussed by the representative examples in Section 3.3.2.

Central Wavelength of Bandpass Filters (nm)

400 | 450 500 550 600 | 650 | 700

155¢ . 550 620 . .

. 187c - - § 550 620 - -
g 210c ; - 600 ; ;
= 238c - - - 580 - -
3 264c - - 490 530 | 610/600 . -
g 2641 - | 440 - - - - -
& 264r _ | 440 . - § . .
A 319¢c | 426 - | 525/530/560 - - | 660 -
8 319r _ | 465 470 544 - § -
g 392c | 400 - 520/520 | 550/550/570 610 - | 680
S 3921 | 400 - § - § § -
©  392r | 400 - - - - - -
482c | 400 - 511 540 611 § -
482r | 400 | 450 § - 611 - | 680

Table A.1: The identified features in spectral and angular polarimetry measurements
for resonators of different diameters (rows). The found candidates are sorted according
to the available bandpass filters for angular measurements (columns) and their central

wavelengths are listed in the table .

The labels ¢, 1 and r of the resonator diameters

indicate excitation in the center, at the left or at the right edge respectively. Features
with bold printed wavelengths were found in both experiment and FDTD simulations.
Ttalic numbers indicate weakly pronounced features. Blue printed wavelengths were
identified in spatial 2D plots of the DOLP, the rest results from spatially averaged spectra
of the DOLP (smaller particles). No full angular polarimetry measurements are available
for cells with a red background.

A.2.3 Linearly Polarized Intensity in Angular Measurements

Figure A.3 shows complementary information to Figure 3.9, taking into account the
total emitted intensity Sp. The observations are consistent with the discussed features

in Section 3.3.2.
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d=240 nm d=390 nm
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Figure A.3: Top row: Total intensity Sy of the two resonators investigated in Sec-
tion 3.3.2 at the discussed wavelengths. Bottom row: Linearly polarized intensity
DOLP x Sy for both resonators at the same wavelengths. (e,f) plot the data from
measurements with excitation at the edge of a particle. All plots are normalized to the
maximum intensity.
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A.3 Si Resonators on SisN, Substrate

A.3.1 Linearly Polarized Intensity and Total Intensity in Spectral Measurements

To take the spectral shape of the total intensity into account and to get information
about the energy distribution in the different polarized features the Stokes parameter
So (total intensity) and the linearly polarized intensity (DOLP x Sy) are plotted in
Figure A.4 correspondingly to Figure4.5.
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Figure A.4: The total emitted intensity (So = Inor + Iyer) for the 200nm (a) and
260nm (b) diameter resonators and the linearly polarized emitted intensity for both
resonators (c,d).
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A.3.2 Degree of Circularly Polarization

Figure A.5 displays the DOCP detected at the discussed wavelengths of the 200 nm
diameter and 260 nm diameter particle measured at both excitation positions. In all
cases the DOCP is relatively small in amplitude and thus matches the expectations.
The patterns for symmetric excitation resemble expected effects from the paraboloidal
mirror and an insufficient correction. The asymmetric excitation breaks the pattern.
However, no directional features are present, which could indicate emission from
resonant modes.
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Figure A.5: The degree of circularly polarized light corresponding to the data shown
in Figure4.6.
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A.3.3 Linearly Polarized Intensity in Angular Measurements

For a better comparison of measurement results (Figure4.6) and simulation (Fig-
ure4.9) the intensity of the linearly polarized light is plotted in Figure A.6. It is the
product of the measured DOLP and the total intensity Sp. The 600 nm emission
pattern of the centrally excited 260 nm diameter particle exhibits some similarities to
a combination of modes measured in previous studies 1. Compared to the DOLP
in Figure 4.6, the features in the center of the plot are more pronounced in addition
to weaker features at grazing angles. This corresponds to the general trend of DOLP
(low in center, high at large 6) and Sy (concentrated around center) in Figure 4.6.
However, the high intensity feature at large 6 is still dominant (Figure A.6a,b,e) and
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Figure A.6: The linearly polarized part of light emitted at 500 nm for the smaller 200 nm
diameter resonator (a,b) and at 550 nm and 600 nm for the 260 nm diameter resonator
(c-f). The top row displays the result from measurements with central excitation and
the bottom row those from edge excitation.

located at angles which are larger than those expected from other effects such as
transition radiation 291

A.4 Sample Destruction by Electron-Beam Irradiation

The angle resolved polarimetry measurements in Section 3.3.2 and Section 4.2.2 lead
to long exposure times of the sample since one polarimetry measurement consists of
six individual polarization measurements plus one total intensity measurement each
about 1min long. During these measurement the electron beam is positioned on the
same spot on the sample. Since each measurement requires a pre-irradiation step to
stabilize the background radiation it is preferable to perform multiple measurements
on the same structure which enables a better comparison as well. However, a non
trivial effect of the electron-beam on the sample could be observed at the chosen
beam and measurement parameters which leads to destruction of the sample during
the measurement. Figure A.7 shows the influence of the electron-beam in SEM images
taken before and after angular CL measurements. The two excitation positions in
the center and at the edge are clearly visible in Figure A.7d,f. Due to this effect, not
more than three to four angular polarimetry measurements were performed on the
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same resonator.

before
angular CL

200 nm
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Figure A.7: Effect of the electron-beam on the sample during angular measurements.
Figures (a) and (b) show a particle on the silicon dioxide based sample before and after
five subsequent CL polarimetry measurements. Figures (c¢) and (e) show a particle on
the silicon nitride based sample before, figures (d) and (f) a particle of the same size
after three angular polarimetry measurements.
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