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Introduction

1.1 Light

1.1.1 Ashorthistory of light

The science and understanding of light has gone through many stages through-
out the centuries, starting out as the study of vision before the development of
optical theories and then light as a separate, natural entity governed by laws of
physics [1-3]. Today light still captivates both laymen and scientists alike, fueling a
rapid expansion of fundamental research and applications.

We can begin the study of light with the Greek theories of vision, who regarded
sight as the product of rays traveling between objects and the observer. Intramis-
sionists such as Democritus believed that objects emanated rays while extramis-
sionists such as the Pythagoreans and Euclid believed on the contrary that it was the
eye that emitted rays that probed the surrounding world, as shown in Figure 1.1(a).
Euclid established the mathematical and geometrical groundwork to study light
rays, describing them as straight lines moving through space.

In the medieval period, the Arab scholar Ibn-al-Haitham (Alhacen) discarded
the Greek theories and set the foundations for modern optics. He described light
as a separate entity that illuminates items and then reflects away, carrying infor-
mation about the object, as shown in Figure 1.1(b). Light is composed of a multi-
tude of rectilinear rays moving through transparent materials, which allowed Ibn-
al-Haitham to examine processes such as reflection, refraction and the “camera
obscura”. Later, Johannes Kepler built on these principles to explain image forma-
tion, allowing him to explain the working principles of concave and convex lenses.
Willebrord Snellius and René Descartes both developed the law of refraction before
Francesco Grimaldi documented diffraction for the first time and defined light as a
fluid substance that moves with great speed, undulating with different frequencies
to produce different colors.
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1 Introduction

Figure 1.1 - (a) Image representing the Greek extramissionist theory, in which rays
come out of the eye to interact with objects. (b) Image showing the theory of Ibn-
al-Haitham, in which light hits an object and reflects in all directions, the rays are
then perceived by the eye. (Images from [4])

After this the battle over the interpretation of light as a particle or a wave
became more explicit, pitting Isaac Newton against Christiaan Huygens. Newton
described light as streams of particles of different sizes moving at high speeds in
straight lines. Huygens, on the other hand, interpreted light as a high-speed wave
or perturbation propagating through an aether that permeates the whole universe,
and described the concept of the wavefront for the first time.

Later in the 18™ century, experiments on electricity and magnetism by Michael
Faraday and others led to the development of new theories, which culminated
with James Clerk Maxwell describing electromagnetic fields with four now-famous
equations [5], establishing the direct relations between electricity and magnetism.
This led to the fundamental realization that light is an electromagnetic wave,
composed of rapidly oscillating electric and magnetic components. Many new
theoretical and experimental concepts followed, such as polarization, which
describes the direction of oscillation of the electric fields and plays an important
role in many phenomena.

Experiments on the photoelectric effect in the early 20 century posed
problems for Maxwell’s wave theory. Metals were shown to emit electrons when
irradiated by light, but only if the frequency of the light exceeded a material-
specific threshold which also determined the energy of the emitted electrons,
while Maxwell’s theory predicted a dependence on radiation intensity. Albert
Einstein resolved the issue by describing light as a particle with quantized energy,
later named the photon [6]. The word photon is derived from the Greek word for
light, @&¢ (phos). However, the wave-like properties of light remained, leading
to the development of quantum mechanics, which described the particle-wave
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1.1 Light

duality and a new realm of fascinating effects such as entanglement. During the
ensuing decades, research has improved the miniaturization of the objects being
used to control and manipulate light, down to the scale of light itself: the nanoscale.
At this small scale, light can no longer simply be described by ray optics, but one
has to account for different regimes, the near and far fields. Very close to an
emitter, within a (few) wavelength(s), the near field is dominant because of bound
or evanescent fields, which govern the close-range interactions with other objects
and emitters. At longer distances evanescent fields die out and only propagating
waves survive, determining how objects interact in the far field.

1.1.2 Nanophotonics

Nanophotonics, the study of light at the nanoscale, has become an important
and dynamic field of research in the last decade. At this deep-subwavelength scale,
light interacts with matter in complex ways, in which not only the material proper-
ties but also their size and shape play a role in determining the interaction. At the
nanoscale, one may use these interactions to mold and control different degrees
of freedom of light: the temporal and spatial frequencies as well as the phase and
polarization. Both fundamental new insights and a plethora of applications have
followed from these efforts, a few are described below [7].

To achieve these goals, metallic and dielectric nanoscale geometries are tai-
lored for specific applications. Photonic crystals started the rush, allowing light
waves to be guided, slowed down, and even trapped [12-16]. Plasmonics, using
(noble) metals to couple light to the oscillations of free electrons, permits even
higher degrees of confinement and often a broadband response, albeit in exchange
for greater losses [17-19]. Plasmonic structures have been used to great effect in an-
tennas, waveguides and metamaterials [20-25]. Antennas, which connect the elec-
tromagnetic near and far fields, have a broad range of applications and can also be
composed of dielectrics [26-31]. Although nanostructured materials interact most
strongly with the electric field of light, precise engineering allows the enhancement
of magnetic effects by using chirality and helicity of structures and/or fields [32—
35]. Combining these magnetically active building blocks into 2D metasurfaces or
3D metamaterials allows for even more tailored responses, such as negative refrac-
tion [8-10, 21, 36-39]. As the optical components shrink down further, one comes
into the quantum regime, opening up a host of new physics and possibilities such
as quantum tunneling and single-photon processes [40-45].

All of these nanophotonic architectures and strategies have been used to
develop a wide range of devices and applications. Communication/computation
technology [11, 46], lasers [23, 47], solid-state lighting [48], solar energy [49-53],
sensing and imaging [54-59], medical diagnostics and therapy [60-65], all of these
have benefited from the developments in nanophotonics.

These initial successes underlie a vibrant and expanding universe of nanoop-
tics, with exciting new prospects for coupling light to or tuning it with other degrees
of freedom, such as mechanical vibrations, electron spins or electron motion [66—

13



1 Introduction

Figure 1.2 — Image of an electrically tunable optical metasurface, an exciting new
nanophotonics application under development. Such a metasurface could be used
for wavelength multiplexing, creating orbital angular momentum and computing.
(Image taken from (7] and inspired by [8-11])

68]. This can be applied to quantum processes, nonreciprocal or topologically in-
sulated optical circuits [69-71], tunable graphene optoelectronic circuits [72, 73] or
tunable optical metasurfaces [9-11]. An example of such a possible future applica-
tion is shown in Figure 1.2. An electrically tunable metasurface could be modulated
to achieve a response dependent on wavelength and polarization, for high speed
communication and computation.

Light is an essential tool for characterizing the nanoscale world that controls it,
but even by using the advantages of the nanophotonic toolbox to shrink the “size”
of light, it often remains difficult to study these tiny structures in detail. Far field
imaging is limited by Ernst Abbe’s optical diffraction limit, which states that light
cannot be focused to a spot smaller than ~ 1¢/2 [74], where A1y = 400-800 nm in
the visible spectral range. While near field probes circumvent the Abbe limit, the
probe itself perturbs the nanophotonic environment [75-77]. Another cornerstone
of nanoscale engineering, the electron, offers an alternative.

1.2 The electron

Similarly to light, the electron has a storied history rife with the particle vs.
wave duality. The word comes from the Greek word fAextpov (elektron), meaning
“amber”, since the Greeks noticed that amber attracted small objects when rubbed
by cloth or fur (now known as static electricity). The centuries after the Greeks saw
many experiments related to electricity, until the discovery of the electron occurred

14



1.2 The electron

during research into electrical discharges in rarified gases during the 19 century.
When applying a potential between a cathode and anode in a vacuum tube, a glow
would appear from both the gas and the glass of the tube. Experiments by Johann
Hittorf, Eugen Goldstein and Sir William Crookes showed that there appeared to be
rays moving from the cathode to the anode, creating the glow [78-80]. Placing an
object in the path created a shadow, suggesting the rays moved in linear fashion,
similar to light, but they could be deflected by using a magnet. British and French
scientists viewed the cathode rays as streams of negatively charged particles, while
German physicists mostly explained them as wave-like processes in the ether. In
1897, J.J. Thomson performed several experiments that confirmed the existence
of negatively charged particles that could also be deflected by electric fields and
measured with high accuracy the mass to charge ratio (m/e) [81].

However the exact nature of the particles and their role with respect to atoms
was still unknown. Numerous experiments in the ensuing two decades by Ernest
Rutherford and others brought about the model of the atom as a positively charged
nucleus surrounded by the negatively charged electrons. Niels Bohr posited that
the electrons in this atomic model could only exist in quantized energy states, ex-
plaining atomic emission lines which tied into Einstein’s theory of the quantized
photon [82]. Quantum mechanics took hold of the electron, just as it had for the
photon, leading to measurements of wave-like behavior such as diffraction, the
discovery of spin and processes such as superconductivity or the (quantum) spin
Hall effect.

Both the photon and the electron are characterized by the particle-wave duality
but, since the electron has mass, it can reach much higher momenta and corre-
spondingly smaller wavelengths. This large energy and momentum allows for dif-
ferent interactions with materials and enables new light generation mechanisms.
As was mentioned earlier, the relatively large wavelength of light complicates de-
tailed studies of subwavelength nanophotonic structures. In contrast, the short
wavelength of the electron wave function allows for a much smaller probe: the
de Broglie wavelength is ~7 pm for a 30 keV electron (~ /lom,-ml/105). Electron
microscopy exploits this to great effect for imaging nanoscale objects.

Electrons were first used for imaging purposes in the 1930’s, by pioneers such as
Ernst Ruska, Max Knoll and Manfred von Ardenne. The first electron microscopes
used electrons transmitted through ultrathin samples, but the scanning electron
microscope (SEM) that could image solid samples soon followed [83-87]. In an
electron microscope, electrons have to be emitted, accelerated, focused and
scanned over the sample of interest [88-90]. Emission sources can either use
heat (thermionic emitter) or a large electrical potential gradient (field emitter) to
extract electrons from a filament and use them to form a beam. The electrons
are then accelerated by an anode; the acceleration voltage determines the energy
and velocity of the electrons and is typically in the 1-30 kV range for a SEM.
A higher electron energy corresponds to a shorter wavelength, thus affecting
the resolution. Electromagnetic lenses are used to generate magnetic fields to
focus the electron beam. In the final lens, coils deflect and scan the focused
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1 Introduction

electron beam over the sample surface in order to construct, point by point, an
image from emitted electrons. One can detect different electron-based signals,
but the most common are low-energy secondary electrons (< 50 eV) that carry
information about the surface topology (forming the typical SEM image) or
backscattered electrons that contain information about the atomic number and
thus the composition of the sample being studied. The high-energy electrons can
also generate electromagnetic radiation, which is our main point of interest: the
goal of this thesis is to use electrons as a probe to generate and study the radiative
properties of nanophotonic materials, structures, and devices, far below Abbe’s
optical diffraction limit.

1.3 Light from electrons: cathodoluminescence

Cathodoluminescence (CL), the optical radiation emitted into the far field by a
polarizable material upon excitation by a high-energy free electron, was observed
long before the electron itself was known. The glow in the vacuum tubes used
to study the cathode rays was the first example of CL, hence the name [91]. In
essence, the electron beam is a natural source for optical excitation [92]. Just as
for light, it creates a time-varying electric field that can interact with a medium, but
unlike continuous wave (CW) light where the field is varying at a fixed frequency,
the electron is a point charge with a field evolution that is tightly confined in space
and time. Additionally, while a plane wave has E and H fields perpendicular to
the trajectory of the light, the electron has an electric field component along the
trajectory (E)), and radially perpendicular to it (E ), with H being azimuthally ori-
ented. In vacuum, the electric fields of a moving electron correspond to a single
oscillation, corresponding to broadband frequency components spanning the UV,
visible and infrared spectral regimes. This is shown schematically in Figure 1.3. In
a given medium the electron-matter interaction will become more complex due
to dispersion and absorption, lengthening the time-evolution and reducing the
spread in frequency. Nonetheless, CL retains a broadband character, making it a
suitable candidate to study a wide selection of materials and structures.

Fast electrons carry large energies and momenta, allowing them to interact with
a sample through a multitude of mechanisms and leading to several different radi-
ation processes. We can divide these into coherent and incoherent categories [92].
Figure 1.4(a) shows a schematic of electron-sample interaction, with CL being emit-
ted to the far field carrying information about the radiative properties. Transmitted
electrons contain information about all loss mechanisms, both radiative and non-
radiative, which can be determined by electron energy loss spectroscopy (EELS). In
this thesis we will only discuss CL.
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1.3 Light from electrons: cathodoluminescence

CW Laser Electron

Normalized electric field

Time Time

Intensity

Frequency Frequency

Figure 1.3 — Schematic comparison of laser beam and electron excitation. The
electric field of light from a CW laser is constantly oscillating in time (top-left),
resulting in a narrow spectral range (bottom-left). The electric fields of a passing
electron in vacuum correspond to one optical cycle (top-right), and thus a broad
spectral range (bottom-right). The insets describe the field orientations for a
plane wave (bottom-left) and the electron (bottom-right). The electric field of the
electron has components both along the trajectory and perpendicular to it.

1.3.1 Cathodoluminescence processes
Coherent radiation

The evanescent electric fields of the moving electron can coherently couple to
far field radiation when interacting with a polarizable material. The main types of
coherent radiation are Cherenkov radiation (CR), diffraction radiation, transition
radiation (TR), and the generation of plasmons. The emission is called coherent
because it has a fixed phase relation with the fields of the impinging electron. The
different coherent mechanisms can also interfere with each other [92].

Cherenkov radiation occurs when the velocity of the electrons exceeds the
phase velocity of light in the medium, allowing the evanescent fields of the electron
to couple to far field emission [93, 94]. CR is emitted along the forward direction,
in a cone with a well defined angle determined by the electron velocity and the
refractive index of the material. This process is famous for causing the blue glow in
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1 Introduction

nuclear reactors and is also used to detect subatomic particles, e.g. neutrinos.

Diffraction radiation occurs when an electron passes close to a structured sur-
face without crossing it [95]. This is also named Smith-Purcell emission for the spe-
cial case of an electron moving parallel to a grating or row of (nano)particles [96].

Transition radiation is perhaps the most general of the processes, occurring
whenever an electron (or other charged particle) transits the interface between
two different media [92, 97, 98]. The moving charge polarizes the media near the
interface, leading to surface currents and charges that radiate into the far field. A
simplified explanation in the case of metals is that the electron produces an image
charge, as shown schematically in Figure 1.4(b). In all cases, the excitation corre-
sponds very closely to a time-varying vertical electric dipole radiating into the far
field, leading to a toroidal angular emission pattern (blue line in Figure 1.4(b)). Due
to the highly localized excitation of the electrons and their large momenta, they
can directly excite guided waves that require high in-plane momentum, such as
surface plasmon polaritons (SPPs) at metal interfaces [99] (in red in Figure 1.4(b))
or waveguide modes in dielectric/semiconductor waveguides.

Finally, the evanescent electric fields of the electron can couple to localized
electromagnetic modes, such as plasmon resonances [100-102] or Mie reso-
nances [103]. Only the (induced) field parallel to the electron trajectory, at the
position of the electron, can do work and produce losses such as light emission.
In this way, the electron will transfer most of its energy under the influence of
vertical electric fields (the electron beam is vertically oriented in the SEM). Because
of this, electron beam excitations are highly sensitive to vertically polarized or
oriented modes, such as SPPs, transverse magnetic (TM) waveguide modes and
localized modes with a strong vertical electric field component. Field components
perpendicular to the electron trajectory can also contribute however, as they can
polarize the sample or structure and induce fields parallel to the trajectory that can
then act back on the electron. The CL probability is, to first order, proportional to
the radiative local density of optical states (LDOS) integrated along the trajectory,
but it can be affected by other components and positions that act back on the
electron. In certain cases, such as a high quality waveguide for example, light
may be generated but not collected by the setup, leading to a dark CL signal
despite the presence of a high full LDOS. While EELS is proportional to the full
LDOS (both radiative and non-radiative parts), CL probes only the radiative
component [104, 105].

Incoherent radiation

Fast electrons can also excite incoherent radiation in a medium, for which there
is no fixed phase relation with the electric field of the incident electron. In this case,
the incoming electron excites valence electrons in the material to higher energy
levels through inelastic collisions [92, 106, 107]. This process can lead to x-ray emis-
sion and generates electron-hole pairs that radiatively recombine to emit lumines-
cence in the UV/visible/infrared spectral range. A broad range of excitations, both
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Figure 1.4 — (a) Schematic showing the electron beam spectroscopies that can
be used to study a sample when exciting it with a beam of fast electrons. The
energy lost by transmitted electrons is measured by EELS, while the generated
broadband electromagnetic radiation that is named CL can be measured by optical
detection techniques, and comprises different radiation processes. (b) Schematic
of coherent CL excitation mechanisms on a metallic sample. The electron can
generate transition radiation (blue) and SPPs (red) at the surface. (c) Schematic
of incoherent CL excitation in a semiconductor, where the electron can generate
electron-hole pairs that radiatively recombine. The random emission direction
inside the material combined with the narrow escape angle leads to a Lambertian
angular emission pattern.

above and inside the band gap can be probed in this way: band edge recombination
in semiconductors, exciton recombination, intermediate defect or donor/acceptor
states and traps as well as intra-4 f transitions in rare-earth ions can be probed by
CL [108-111]. CL s often used to study the dependence of these radiative processes
as a function of temperature, local environment, dopant or defect concentration,
stress and strain, among other quantities [107, 112-117].

The electron beam is a powerful method to provide nanoscale information
about the optical and electronic properties of luminescent materials. By choosing
the electron beam energy one can control the lateral extent of the beam as
well as the penetration depth, allowing for 3D characterization within certain
limits, and determining electronic properties such as carrier diffusion or surface
recombination velocities [107].

Figure 1.4(c) shows a schematic representation of electron-hole pair recombi-
nation in a semiconductor, with the radiation being emitted isotropically inside
the material. A majority of the light will be internally reflected, as only the portion
emitted within the critical angle can escape. The emitted intensity has a cosine
dependence on the zenithal angle due to refraction at the interface, resulting in a
Lambertian angular emission pattern (shown in green) (118, 119].

Due to the large momentum of the electron and its azimuthal symmetry, it can
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efficiently excite transitions that are symmetry- or momentum-forbidden for plane
wave excitation. In addition, the impact excitation cross sections for electrons are
often higher than corresponding optical excitation cross sections [107], and a single
incident electron can excite multiple electron-hole pairs, as the necessary ioniza-
tion/excitation energy is typically only a few times the band gap energy [120, 121].
For most materials the band gap is on the order of a few eV, while the incident
electron will usually have an energy of several keV. The large number of slower
secondary electrons created by the primary electrons are also usually energetic
enough to excite transitions in the optical range. All of these effects contribute to
an emission probability for incoherent radiation that is usually several orders of
magnitude higher than for coherent radiation.

1.3.2 Electron-matter interactions

Optical characterization of nanoscale samples using CL is advantageous for
several different reasons. The technique is contactless, usually damage-free and
broadly applicable to a wide range of materials. The only limitation for samples
is that they must be sufficiently conductive to carry away the charge from the
electron beam. Insulators can be prepared with thin conductive layers (e.g. carbon
or gold) in order to circumvent this issue. Next, the large number of coherent and
incoherent processes that take place over a broadband wavelength range allow
for studying a wide scale of radiative mechanisms and the interaction between
them. Additionally, measurements are usually performed inside an electron
microscope, allowing for great control in the electron beam energy, current, spot
size, positioning, and the possibility to correlate structural and optical properties.
Finally, perhaps the most important advantage is the high spatial excitation
resolution, which allows for deep-subwavelength characterization.

The achievable spatial resolution depends on multiple parameters. Both the
electron beam itself and the interaction with the sample play an important role.
For the beam, an obvious variable is the spot size of the focus at the sample surface,
which depends on the beam energy and current (increasing for larger current).
Typical diameters for the beam spot on the sample surface are 1-20 nm.

In addition, the evanescent electric field profile of the electron plays an im-
portant role, especially for coherent processes, as it extends away from the beam,
increasingly so for larger energies. The field amplitude diverges at the electron
position and falls off as a modified Bessel function of the second kind (0*"*-order for
the component parallel to the trajectory and 1%¢-order for the perpendicular com-
ponent) [92]. Due to the high gradient of the fields close to the electron trajectory,
there is a large contrast in the interaction strength in that region. For larger dis-
tances, we can use the asymptotic behavior of the Bessel functions for large values
and define a characteristic field extent: the Bohr cutoff (vy/w) [92]. Here v is the
electron velocity, v is the Lorentz factor and w is the frequency. The corresponding
distance for the intensity is vy/2w [123, 124]. From this formula we can determine
an “effective” diameter of the beam (twice the intensity cutoff), finding ~33 nm for
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Figure 1.5 — (a) Primary electron beam trajectories in different materials calculated
with the Monte Carlo simulation software Casino [122] for 104 30 keV electrons
impinging on Au, Si and PMMA. The superimposed partially transparent trajec-
tories give a representation of the electron-matter interaction volume, shape and
density. (b) Calculations as in (a), for Si at 5, 15 and 30 keV. (c) Histogram of the
average number of electrons per 2x2 nm bin as a function of depth and radius for
the 5 keV electron beam in Si. (d) Cross-cuts of (c) for different depths, showing
the average number of electrons per bin as a function of radius, normalized to the
same scale for comparison of the electron beam divergence (curves are multiplied
by the factors shown in the figure). Both the color bar of (c) and the vertical axis of
(d) correspond to the average number of electrons per bin.
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1 Introduction

a30keV electron and ~118 nm for a 300 keV electron, at a wavelength 1y = 600 nm.
Due to the divergence of the fields at the electron position, the resolution will be
higher than implied by the Bohr cutoff. The field extent can be used as an advantage
however, as it allows for aloof excitation of nanostructures without the electron
trajectory actually passing through the structure.

Once the beam enters the material, the interaction volume of the electrons with
matter will also affect the resolution, increasing the lateral and depth ranges from
which radiation is being emitted. The direct interaction region due to the primary
incident electrons only represents a lower bound to this volume, since both charge
carriers and photons from CL emission processes can diffuse and be recycled over
larger distances [107, 125]. Determining an exact spatial excitation resolution is a
complex affair necessitating a convolution of all these parameters, which is strongly
dependent on the beam and sample properties.

To exemplify the importance of electron-matter interactions on the resolution
and extent of CL emission, we use the Monte Carlo method based software
Casino [122] to calculate electron trajectories in different materials, as shown
in Figure 1.5. We simulate 10* electrons in each case, distributed as a 10 nm
wide Gaussian incident beam, and plot all of the primary electron trajectories for
different electron energies and materials. In (a) we compare Au, Si and polymethyl
methacrylate (PMMA, a low density polymer used in lithography) for 30 keV
electrons. We clearly see the interaction volume increasing in size by an order of
magnitude and changing in shape as we go from the metal to the polymer, due
to the lower material density and atomic number which both affect the electron
scattering. The pear shape we see for PMMA and Si is well-known for low-atomic-
number materials (Z < 15) while the hemisphere observed for Au is characteristic
of large atomic numbers (Z = 40) [107]. In between these two regimes a spherical
shape is expected.

In addition to the cloud formed by the primary electrons, the backscattered
electrons also play a role in the resolution, as they can cover a non-negligible area
when scattering out of the material. In the case of Au ~50 % of the electrons are
backscattered, for Si this is ~14 % and ~4 % for PMMA. This is in agreement with the
fact that materials with higher atomic number backscatter more primary electrons.
The cascade of secondary electrons generated by the incident beam can also affect
the interaction volume as they can diffuse through the material and excite inco-
herent processes, but typically they do not extend much further than the primary
electron cloud due to their low energy.

Figure 1.5(b) compares 5, 15 and 30 keV electron trajectories in Si. In this case
the shape of the interaction volume does not change strongly (we note a slight
change due to the saturation of the trajectories) while a tenfold increase in the
extent of the electron penetration is observed when comparing 5 and 30 keV.

In order to quantify the distribution of the electrons inside the material in more
detail, we study the case for Si at 5 keV more closely, binning horizontal planes
for each depth and then performing an azimuthal average to obtain the average
number of electrons as a function of depth and radius, in 2x2 nm bins. This is
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1.4 Outline of this thesis

shown in Figure 1.5(c), in which we clearly see that the majority of the electrons is
stopped in a small region very close to the impact position (50-100 nm depth and
25-50 nm radius), with a slower dropoff outside of this region, up to the maximum
extent of the interaction volume at ~400 nm depth and ~300 nm radius.

Figure 1.5(d) shows cross-cuts of (c) at different depths, in order to visualize the
divergence of the electron beam as it moves deeper into the sample. The curves are
noisy due to the relatively small number of electrons used. While the full width at
half maximum (FWHM) of the beam is ~10 nm at 10 nm depth (unchanged from
the input beam), it increases to ~20 nm at 50 nm depth and ~40 nm at 150 nm
depth. Therefore electron-matter interactions play an important role in determin-
ing the resolution and emission characteristics of CL.

1.4 Outline of this thesis

Cathodoluminescence is a powerful, versatile and high resolution tool for the
nanoscale characterization of optical and electronic properties of nanophotonic
materials. In this thesis we describe different CL spectroscopy techniques, adding
new functionalities to the angle-resolved CL imaging spectroscopy (ARCIS) setup
that has been developed previously. This allows us to study different properties of
the light emission from a variety of metallic and dielectric nanostructures, discern-
ing the behavior of these nanophotonic structures in even greater detail.

In Chapter 2, we describe the angle-resolved cathodoluminescence imaging
polarimetry and spectroscopy setup that is used throughout the thesis, giving an
overview of all the different detection schemes available.

In Chapter 3, we develop a theoretical framework to describe the time-
evolution of coherent CL processes that occur for an electron impinging on a single
planar interface between vacuum and a given material. We show how the incident
electron induces electric fields at the interface that can be emitted to the far field
as transition radiation or guided along the surface as surface plasmon polaritons.

Chapter 4 shows how angle-resolved measurements can be used to recognize
and separate coherent and incoherent CL emission. While metals display only
dipolar TR and most luminescent materials exhibit Lambertian luminescence
emission, Si shows both processes in a wavelength-dependent fashion that we can
quantify and separate.

Chapter 5 introduces angle-resolved CL imaging polarimetry as a new powerful
addition to the CL toolbox, allowing us to determine the full polarization state of
light being emitted from CL processes. As proof of concept we study plasmonic
bulls-eye and spiral antennas that exhibit strongly polarized emission as well as
bulk Si and GaAs samples in which we separate polarized and unpolarized contri-
butions.

In Chapter 6, we use CL polarimetry to study vertically grown InP nanowires of
different height. We determine that the angular emission is height dependent and is
dominated by azimuthally polarized rings. The emission is modeled as an incoher-
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ent sum of randomly oriented dipoles radiating above a substrate, indicating that
the CL luminescence emission scatters from the top of the wires. The sensitivity
of measurements and calculations to the extent of the emission region enables a
probe of the carrier diffusion length.

In Chapter 7, we apply CL polarimetry to horizontal GaAs nanowires of dif-
ferent diameter. Polarization-resolved measurements indicate that the emission
behavior is dominated by the TM01 waveguide mode for both wires. The difference
in diameter leads to a difference in modal dispersion, creating a subtle transition
between leaky behavior and guided behavior. This is demonstrated by a change in
directionality when exciting the nanowire end facets.

Chapter 8 describes CL spectroscopic tomography, a new technique that allows
the 3D characterization of optical properties at the nanoscale. We study a metal-
dielectric resonator, measuring 2D CL maps for different orientations and using the
method of filtered back projection to reconstruct a 3D image of the CL emission.
This allows us to discern material luminescence and plasmonic modes that are
spatially and spectrally separated.

Finally, in Chapter 9, the CL techniques previously used in (and near) the visible
spectral range are applied to the near-infrared spectral range and used to study
modal fields in Si photonic crystal waveguides. We discern sharp resonances that
are very strongly linearly polarized and exhibit distinct spatial distributions. The
dominant emission feature corresponds to the odd (antisymmetric) TE waveguide
mode of the system, demonstrating that we can couple to high-quality in-plane
modes.

This thesis provides fundamental new insights into electron-induced light
emission processes. It cements the status of CL spectroscopy as an essential tool
in the nanophotonic and materials characterization arsenal, able to elucidate
many important degrees of freedom of light at the nanoscale, for a wide range of
structures and applications.
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Angle-resolved cathodoluminescence imaging
polarimetry and spectroscopy

In this chapter we will discuss the setup that is used to perform
angle-resolved cathodoluminescence imaging polarimetry and spec-
troscopy. It combines different functionalities to determine spectrally
resolved spatial maps, angular emission patterns and the full polariza-
tion state of the emission, for different spectral ranges.

2.1 Cathodoluminescence in a scanning electron
microscope

Our cathodoluminescence microscope is based on a scanning electron micro-
scope (SEM, FEI XL-30) with a Schottky field emission gun (SFEG) electron source,
as shown in Figure 2.1(a). The inside of the SEM chamber can be seen in Fig-
ure 2.1(b). Beam energies are in the 1-30 keV range, and we typically use electron
currents in the 0.1-30 nA range. The primary light collection inside the microscope
is performed by an off-axis aluminium paraboloid mirror that is mounted on a
micromanipulation stage composed of piezoelectric stepper motors and a titanium
leaf spring system designed at AMOLF [123, 126, 127]. The mirror position above
the sample is shown in Figure 2.1(b), with the inset displaying the mirror in greater
detail. The mirror is composed of 6061 aluminium, has a parabola coefficient of
a=0.1, a 1.46m sr acceptance angle and a focal distance of 0.5 mm. The end facet is
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2 Angle-resolved cathodoluminescence imaging polarimetry and spectroscopy

Optical
Setup

Figure 2.1 - (a) Photograph of the cathodoluminescence setup with the FEI XL-
30 SFEG SEM and the box containing the optical components of the setup. (b)
Photograph of the piezoelectric mirror stage mounted inside the SEM, showing the
positions of the mirror, sample and holder, secondary electron (SE) detector and
pole piece of the SEM that emits the electron beam. The inset on the bottom-right
shows the parabolic mirror in greater detail (scale bar is 5 mm). (Design by Iliya
Cerjak and Hans Zeilemaker, photograph in (a) and inset in (b) by Henk-Jan Boluijt,
photograph in (b) by Mark Knight)

23 mm wide and 11 mm tall, which determines the size of the light beam traveling
to the optical setup. The mirror has a 600 um diameter hole above the focal point
for the electron beam to pass through. The mirror is aligned using the microma-
nipulation stage so that the focus of the electron beam and the mirror coincide and
the mirror reflects a parallel light beam. The stage moves in the horizontal plane (x
and y) and has two axes of rotation (tilt and yaw), while vertical positioning relative
to the sample is controlled by the height of the SEM stage, offering five degrees of
freedom for precise alignment (see [127] for more details). The emitted radiation
collected by the mirror is directed out of the microscope through a quartz vacuum
window into the box containing the optical setup (Figure 2.1(a)). This window is
the only fixed optical transmission element in the setup and is compatible with
a wavelength range of ~ Ag = 200-2500 nm. For measurements further in the in-
frared, alternative materials (such as ZnSe) could be used for the window.

2.2 Optical setup

The optical setup contains a variety of detection schemes, for different
spectral ranges. Figure 2.2(a) shows a photograph of the different components,
numbered according to the schematic representation in Figure 2.2(b). All of the
components along the optical beam path can be flipped in and out, allowing
for easy switching between detection methods, which are spectroscopic and/or
angle-resolved. Figure 2.3 provides a schematic overview of the different detection
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Figure 2.2 - (a) Photograph of the inside of the optics box. The main components
of the optical setup are numbered. (b) Schematic of the optical setup showing the
different detection methods available, with component numbers corresponding to
(a). (photograph in (a) by Mark Knight)

schemes to clarify which components are used in each case. For visible (VIS)
spectroscopy (Figure 2.3(a)), the CL emission is focused onto a 550 pm-diameter-
core multimode fiber (OZ Optics QMM]-55-IRVIS-550/600-3AS-2) with NA=0.22
using an achromatic lens (Edmund Optics 32-923, 40 mm diameter, 160 mm focal
length, MgF, coating): components 5 and 9 in Figure 2.2. The fiber feeds into a
Princeton Instruments (PI) Acton SP2300i spectrometer with a liquid-nitrogen-
cooled (LN) back-illuminated silicon CCD array (PI Spec-10 100B, 1340x100
pixels), which was used in Chapters 5-7. A front-illuminated array was used (PI
Spec-10 100F 1340x 100 pixels) for data in Chapters 4 and 8.

For spectroscopy in the near infrared (NIR) spectral range (Figure 2.3(b))
an achromatic lens (Edmund Optics, 47-318, 50 mm diameter, 150 mm focal
length, NIR-II coating) focuses light onto the fiber (same type as for the VIS
measurements): components 4 and 7. A PI Acton SP2300i type of spectrometer is
connected to a LN-cooled InGaAs photodiode array (P1 OMA V 1.7, 1x1024 pixels).
For the VIS and NIR spectroscopy modes we use protected silver flip mirrors
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2 Angle-resolved cathodoluminescence imaging polarimetry and spectroscopy
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Figure 2.3 — Schematics of the main detection schemes showing which components
are used for the different types of measurements. (a) Spectroscopic mode for
measurements in the VIS spectral range, with the possibility of adding the pinhole
scanner for angular-filtered collection. The coordinate system used throughout the
thesis is included. (b) Spectroscopic mode for measurements in the NIR spectral
range, again optionally adding the pinhole scanner. (c) Angle-resolved imaging
mode in which one projects the beam onto the 2D PIXIS camera. It is possible to
use color filters to select a certain wavelength and to add the QWP and polarizer to
perform polarimetry measurements.

(Thorlabs PF10-03-P01) to direct the beam onto the fibers: components 6 and 8.
For angle-resolved imaging, we use a 2D back-illuminated, Peltier-cooled, sil-
icon CCD array (PI, PIXIS 1024B, 1024 x1024 pixels, component 11). To align the
mirror we direct the entire beam untouched onto the PIXIS camera to be most
sensitive to misalignments, but for angle-resolved measurements we use the VIS
achromatic lens to demagnify the beam (Figure 2.3(c)), see Section 2.4 for more
details. To take angle-resolved data for specific wavelengths, we use 40 nm optical
bandpass filters covering the wavelength range A1y = 400-900 nm in steps of 50
nm (Andover Corporation P/N: xxxFS40-25, xxx corresponding to the center wave-
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2.3 Scanning cathodoluminescence spectroscopy

length: component 10). After component 10 in Figure 2.2(b) we show the effect
of a filter in the blue spectral range. To achieve a higher spectral resolution for
angle-resolved measurements we have developed a 2D pinhole scanner that filters
selected emission angles and can be combined with the spectrometers (component
3, see Section 2.6). Finally, we can use a quarter-wave plate and linear polarizer in
combination with any of the previous elements to perform polarization-resolved
measurements: components 1 and 2. This is especially useful when using the angle-
resolved imaging mode, as will be explained in Section 2.5. A commercial version
of the cathodoluminescence setup has been developed by DELMIC B.V,, including
a software package (ODEMIS) to control both the electron microscope and opti-
cal detectors for integrated measurements (see http://www.delmic.com for more
information).

2.3 Scanning cathodoluminescence spectroscopy

We perform measurements by using the ODEMIS software to raster-scan the
electron beam over a region of interest, simultaneously collecting spectra in a syn-
chronized fashion. In this way we obtain a 3D dataset with a full spectrum for each
excitation position. The SE detector can also be used during the scan to build up a
SEM image concurrently with the spectral scan, to compare the geometry and light
emission, similarly to correlative microscopy.

2.3.1 Visible spectral range

Measurements with the VIS achromatic lens and Si spectrometer are possible in
the 1p = 360-1100 nm range, with sensitivities of 10-15 % in the 1y = 400-950 nm
range (such values are expected given the losses in the optics, gratings and camera).
All measurements use hardware binning of the CCD pixels (full vertical binning
and 4 times horizontally, resulting in a 335x1 array) and a camera temperature
of T=—120 °C to improve the signal-to-noise ratio (SNR). Hardware binning both
reduces readout noise and increases readout speed. We use either a 150g/mm
grating with a 500 nm blaze or a 150g/mm grating with an 800 nm blaze. Typical
integration times of 0.1-1 s/pixel are used, allowing a 200x200 nm structure to be
scanned with 10 nm spatial resolution in under 7 minutes. Such measurements are
used in Chapters 4-8.

2.3.2 Near infrared (NIR) spectral range

The NIR achromatic lens and InGaAs array allows us to measure in the 1y = 800-
1600 nm range, but the sensitivities are lower than in the visible (0.1-0.01 %). This
is due in part to the inability to hardware bin and the smaller chip area, but there
is also a small misalignment of the spectrometer. As a result, measurements in the
NIR such as those shown in Chapter 9 are more time-consuming. We use either a
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Figure 2.4 - Normalized CL spectra at room temperature for different semiconduc-
tors and dielectrics emitting in the NIR regime. The GaAs, InP and Si spectra were
measured on bulk samples, while the SiO2:Er®* was a doped thin film on top of Si
and the SiO2:Nd3* was composed of doped colloids.

150g/mm grating with a 1250 nm blaze, a 150g/mm grating with an 2000 nm blaze
or a 600g/mm grating with an 1600 nm blaze. This wavelength regime allows for
studying a variety of materials, notably semiconductors and rare earths, that are
useful for applications such as telecommunication. Figure 2.4 shows normalized
CL spectra of GaAs, InP, Si, Si0,:Nd*', and SiO,:Er**, measured at room tempera-
ture. We see sharp emission peaks due to band edge electron-hole recombination
from the semiconductors and intra-4 f transitions in the rare-earth ions. Only the
spectrum from Si is broad, as a result of the indirect band gap of Si.

2.3.3 Systemresponse

For both spectroscopic detection schemes, it is necessary to take into account
the wavelength-dependent sensitivity of the system to correct the shape of mea-
sured spectra. We use transition radiation (TR) from aluminium (Al) to calibrate the
setup. TR is a reproducible source of CL that can be accurately modeled using the
dielectric function of the substrate. We use a smooth single-crystal wafer of (100)
Czochralski-grown Al, from which surface plasmon polaritons (SPPs) generated by
the electron beam are symmetry-forbidden from coupling out to free space, leaving
only TR to be emitted and measured.

Figure 2.5 (a) shows the calculated and measured Al TR spectrum (for 1y = 400-
900 nm). The calculated TR intensity is expressed in units of photon emission prob-
ability per incoming electron per unit bandwidth, and is based on the equations
described in section IV.C of Ref. 92. In this work, Maxwell’s equations are solved
for an electron incident perpendicularly to a planar substrate; the moving electron

30



2.3 Scanning cathodoluminescence spectroscopy

P~
QD
=
Ul

TR Aluminium | (b) 200

800 nm Grating 500 nm Grating

[
(o)
o

100

Raw
2 Measurement

Emission Probability
(10""photons/e /nm)
w
CL Intensity (103 counts/s)

System Response

(photons/count)

(o)

o

400 600 800 400 600 800 1000
Wavelength (nm) Wavelength (nm)

d

—
=
(&)
—
2
-

25[71250" nm Grating

TR Gold 10 &
K 2000 nm Grating
27 < = 20
= E 4 Corrected 3 85
So Measurement| > S 8
°B o £
as 3 2 25
= © 5 > 5
S 5 Raw 7 £ <
n ‘ L o
arn Measurement S Do
£EQ 2 € =t
w = Theory - =)
O
1 0 0
400 600 800 1000 1200 1400 1600
Wavelength (nm) Wavelength (nm)

Figure 2.5 - (a) Theoretical (blue) and measured (green) TR spectra for single
crystalline Al. These are used to determine the system response of the CL setup.
(b) System response (in photons per CCD count) as a function of wavelength for
the two gratings of the VIS spectrometer. The responses from different grating
positions overlap well and have been stitched together. (c) System response (in
photons per CCD count) as a function of wavelength for the two gratings of the
NIR spectrometer. Here we only show a specific center wavelength for each grating
(1100 nm for the 1250 nm blazed grating and 1400 nm for the 2000 nm blazed
grating). (d) Theoretical (blue), raw (yellow) and corrected (red) TR spectra for
single crystalline Au.

induces surface charges and currents that generate TR. The angle- and wavelength-
dependent TR intensity can be analytically calculated for a given electron energy
and material permittivity. We use Al because the permittivity (measured by ellip-
sometry) varies smoothly in the visible and NIR spectral ranges, leading to a smooth
TR spectrum. Other metals such as Au and Cu display stronger spectral features
due to intraband transitions that become dominant in the UV but also affect the
relevant visible spectral band.

The measurement was performed using the 500 nm blazed grating centered at
Ap = 650 nm with the VIS spectrometer, a beam energy of 30 keV and a current of
32 nA. Sample holders with integrated Faraday cups were developed to accurately
measure the current in sifu so that we can quantitatively compare measurements
at different beam currents. The measured spectral shape is very different from the
calculated one; it is dominated by the spectral response of the spectrometer and
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2 Angle-resolved cathodoluminescence imaging polarimetry and spectroscopy

CCD array. We divide the theoretical TR spectrum by the measured one to obtain
the system response, repeating the process for a wide set of center wavelengths for
the different gratings in both the VIS and NIR spectrometers.

Figure 2.5 (b,c) shows the system response derived in this way for the different
gratings of the two spectrometers. For the VIS case there is very good overlap of the
system response for different center wavelengths, so we can stitch and interpolate
the response over the whole wavelength range of interest (~ 19 = 360-1100 nm).
At the short wavelengths where the sensitivity of the camera drops off completely,
the system response increases up to ~700. For the NIR spectrometer, we show
the 1250 nm blazed grating for a center wavelength of 1100 nm and the 2000 nm
blazed grating for a center wavelength of 1400 nm (the measurable spectral range
is ~ 19 = 800-1600 nm). The system response values reach ~ 4 x 10° photons per
CCD count at the shortest wavelengths, due again to a cutoff in camera sensitivity.
As a results of the slight spectrometer misalignment mentioned earlier, different
grating positions do not result in an overlapping system response.

We can now multiply any measured spectrum by the system response to obtain
the absolute CL emission intensity given the measured beam current. We show
this for a smooth single-crystal wafer of (111) Czochralski-grown Au in Figure 2.5
(d), comparing the calculated TR spectrum to both the raw and system corrected
CL spectrum. The dips and peaks at 1y = 500 nm and Ay = 600 nm are well re-
produced in the measurement, but there is an intensity difference of ~20 % be-
tween measurement and calculation. The difference is mainly attributed to errors
in the determination of the current (~1-5 %) and variations in the optical alignment
(~10 %), so regular monitoring of the system alignment is required. Errors in the
dielectric function used for the calculations, the angular sensitivity and acceptance
angles of the mirror and SPP scattering from the surface can also contribute, but
are expected to be minor effects (~1 %). We conclude that we can obtain absolute
emission intensities to within ~20 %.

2.4 Angle-resolved cathodoluminescence imaging

The angular distribution of CL provides important information to characterize
the properties of nanophotonic materials and structures. The paraboloid mirror
emits a parallel beam that contains all of the information about the emission an-
gles, as in Fourier imaging. In our case, emitted CL is characterized by a zenithal
angle 6=0-90° (0° being normal to the sample surface) and an azimuthal angle ¢p=0-
360° (0° is the paraboloid vertex). Radiation at each emission angle will reach the
mirror at a unique point and be reflected to a unique path in the parallel beam.
We measure with the 2D PIXIS camera, using the VIS achromatic lens to demagnify
the beam by a factor of 2.16 so that the image fills the CCD chip, with every point
in the image corresponding to a unique path in the beam and thus to a specific
emission angle. This makes it possible to transform the measured image to an an-
gular emission profile. We hardware-bin the CCD pixels 4 times both horizontally
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2.5 Polarimetry

and vertically to improve the signal-to-noise ratio, obtaining images with 256 x256
pixels that are 52 um on each side. Optionally an iris can be used just before the
color filters to help remove extraneous contributions to the signal, including para-
sitic reflections from the optical elements. For more details about the alignment of
the mirror and the conversion to the angular patterns, see [127, 128].

2.5 Polarimetry

Polarization is an important degree of freedom in CL. Measuring the polar-
ization of the emitted light is not straightforward in our case, due to the curved
shape of the paraboloid mirror that modifies the polarization upon reflection. As
aresult, the polarization distribution in the beam emanating from the mirror does
not correspond to the distribution in the sample plane. In angle-resolved mode we
can correct for the effect of the reflection at each angle to retrieve the polarization
in the sample plane. Only the central part of the mirror conserves the polarization
direction, so using a slit is necessary for polarization contrast in spectral measure-
ments when all of the light is focused onto the fiber [129, 130]. To measure the full
polarization of the light, we combine a linear polarizer (LP) with a quarter-wave
plate (QWP) to form a rotating plate polarimeter. This allows us to measure the
Stokes parameters of the emitted radiation, which in turn determine all electric
field components, fully characterizing the polarization [131, 132]. In practice we
measure the intensities transmitted by six different positions of the QWP and LP
(horizontal, vertical, 45°, 135°, right- and left-handed circular) and use the Mueller
matrix formalism to fully correct for the geometrical and polarization distortions
of the mirror [132-134]. We give a full explanation of the polarimetry method with
its application to plasmonic structures and semiconductor bulk materials in Chap-
ter 5, and apply the technique to characterize semiconductor nanowires in Chap-
ters 6 and 7. We can apply the polarimetry measurements to the spectral detection
modes as well, if we use a slit as described above. To allow measurements over
a broad range of wavelengths, we combine an ultra-broadband linear polarizer
with achromatic QWPs appropriate for different spectral ranges (see the overview
in Table 2.1).

2.6 Pinhole scanner

The angle-resolved imaging described in Section 2.4 allows for good angular
resolution, but poor spectral resolution as a result of the limited number and band-
width of the optical filters. In order to combine high angular and spectral resolution
we have developed a 2D pinhole scanner that can spatially select a small portion
of the beam, effectively filtering momentum-space and then measuring the light
intensity with either spectrometer (design by Iliya Cerjak). This detection scheme
is similar to previous implementations in CL [135, 136] and is useful to study struc-
tures with complex dispersion relations that show strong angular variation with
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2 Angle-resolved cathodoluminescence imaging polarimetry and spectroscopy

Type Wavelength range | Diameter Part #

Polarizer 300-4000 nm 50 mm Moxtek PUBB01A50M
QWP 465-610 nm 30 mm Edmund Optics 48-497
QWP 610-850 nm 30 mm Edmund Optics 65-919
QWP 690-1200 nm 25 mm Thorlabs AQWP10M-980
QWP 1100-2000 nm 25mm | Thorlabs AQWP10M-1600

Table 2.1 - Details of the different components used for the rotating plate
polarimeter. A broadband polarizer can be used in conjunction with various QWPs
to cover the VIS and NIR spectral regimes.

wavelength, such as photonic or plasmonic crystals. Figure 2.6 (a) shows a pho-
tograph of the pinhole scanner. It is composed of an anodized Al frame containing
two motorized translation stages (Thorlabs MTS25/M-Z8E) with a range of 25 mm
and a minimum step size of 0.05 um, connected to a flippable blade with inter-
changeable pinholes. We can choose between pinholes with 100, 150, 290 and 500
pm diameter, depending on the angular resolution that is needed and the signal
intensity that can be reached. The effective pixel area used in the measurements
with the PIXIS camera corresponds to that of a 60 um pinhole. For structures with
low signal intensity, long integration times are needed, so measuring the full 2D an-
gular range will be very time-consuming. However, when studying structures with a
fixed emission symmetry, it is possible to use that symmetry to scan only a subset of
angular space, mitigating a long measurement duration. A further advantage is that
the pinhole scanner can be used to perform angle-resolved measurements in the
NIR regime, which is not possible with the PIXIS camera. The software necessary to
perform integrated pinhole scanning spectral measurements has been developed
at AMOLF by Sander van de Haar and Sjoerd Wouda.

We show an example of a pinhole scanner measurement in Figure 2.6(b) and
compare it to corresponding measurements with the PIXIS camera in Figure 2.6(c).
We observe the emission from a silicon-on-insulator sample with a 220 nm thick
Si layer on top of a 1 um thick SiO, layer on a Si substrate. The SiO, emits differ-
ent bright spectral peaks as a result of defect luminescence [115, 117], which can
interfere in the top Si layer, leading to the emission of different rings, their number
decreasing for longer wavelengths. We used a 290 pm diameter pinhole (compo-
nent 3 in Figure 2.2), placed just before the VIS lens and raster-scanned it in the
plane perpendicular to the optical beam, covering an area slightly larger than the
mirror. To distinguish the low intensity features in the pinhole data more precisely,
we show the intensity on a base 10 logarithmic scale. For the measurements with
the PIXIS camera a linear scale is used.

We compare the pinhole and PIXIS data for three different wavelengths: 1y =
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2.6 Pinhole scanner
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Figure 2.6 — (a) Photograph of the pinhole scanner showing the motor stages and
pinhole on the blade that can be flipped up out of the way of the optical beam. (b)
Pinhole scanner measurement of the emission from a silicon-on-insulator (SOI)
sample. A pinhole with 290 pm diameter was used to scan over the entire area of
the mirror and we show the normalized CL intensity (log scale) at 1o = 400, 650 and
900 nm. (c) Normalized emission intensity patterns from the SOI sample measured
with the 2D PIXIS camera using bandpass filters at the same wavelengths as in (b).
Each panel covers an area slightly larger than the beam area exiting the mirror.
(photograph in (a) by Mark Knight)

400, 650 and 900 nm. The pinhole data has been averaged over a 20 nm bandwidth,
half that of the filters, but this difference does not have a significant effect on the
data. We see qualitative agreement of the number of features and their positions.
However, in the PIXIS data we see smooth crescent shapes that gradually decrease
in intensity from the bottom center of the mirror outwards. In the pinhole data
that is not the case, the bottom center exhibits a large bright feature and we do
not resolve the different crescents as clearly. Moving outwards the intensity first
decreases slightly before increasing again so we recover the arms of the crescent
shapes. Transforming the data from both measurements to 6 and ¢ will thus not
give the same result. While the angles of the features are in the right ranges, the
pinhole data are not azimuthally symmetric, whereas they are symmetric for the
PIXIS data.

The discrepancy is due in part to the large pinhole size that prevents us from
resolving the features in as much detail. However, two other factors also contribute:
aberrations in the mirror and the difficulty in perfectly focusing the mirror. The
mirror has been polished by diamond turning, but still contains deviations from an
ideal parabolic shape (the curve accuracy is A/2), the effect of which is most severe
in the bottom center of the mirror where the curvature is the strongest. This causes
scattering and small deviations in reflection leading to diverging rays within the
reflected beam. In addition, the mirror alignment is not exact so the entire beam
will show a small amount of focusing or defocusing.
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2 Angle-resolved cathodoluminescence imaging polarimetry and spectroscopy

When imaging with the PIXIS, these effects are corrected by employing the
achromatic lens to make an image of the mirror, focusing the diverging rays back
together at the plane of the CCD. With the pinhole however we filter in momentum
space before using the lens, in a different plane, so we are more sensitive to
these small discrepancies. Both the angular distribution and the intensity contrast
between different parts of the mirror are affected, due to the dependence of the
aberrations on the mirror curvature.

A smaller pinhole will help mitigate the problem in angular resolution (at the
cost of signal-to-noise ratio), while placing the pinhole scanner in the same plane
as the PIXIS camera or scanning the fiber can solve the problem of the diverg-
ing/aberrated beam. A more flexible solution is to combine the pinhole scanner
with lenses to scan the same conjugate plane imaged by the PIXIS.

Even though detailed measurements over the full 2D angular range of the mirror
are not feasible yet, important emission features can be recognized and structures
with specific directional emission symmetry can be differentiated. Angular resolu-
tion in the NIR is now also possible, so the pinhole scanner is already a powerful
addition to the capabilities of the CL setup. Further improvements are expected to
unlock its full potential.
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Femtosecond plasmon and photon wave
packets excited by a high-energy electron on a
metal or dielectric surface

Swift electrons generate coherent transition radiation (TR) when
crossing a material surface, as well as surface plasmon polaritons
(SPPs) when the material is metallic. In this chapter we present
analytical and numerical calculations that describe the time- and
space-dependent electric fields of TR and SPPs induced by 30-
300 keV electrons on a Drude metal surface. The generated SPPs
form wave packets a few hundred femtoseconds in duration. High-
frequency components close to the plasmon resonance are strongly
damped, causing the wave packets to shift to lower frequencies as
they propagate further. TR is emitted to the far field as ultrashort wave
packets consisting of just a few optical cycles, with an intensity and
angle dependence that is strongly related to the material permittivity.
The excitation reaches its peak amplitude within a few femtoseconds
and then drops off strongly for longer times. From a correlation
between material permittivity and the calculated emission behavior,
we determine qualitative predictions of the TR evolution for any given
material. The results presented here provide key insights into the
mechanisms enabling swift electrons to serve as nanoscale optical
excitation sources.
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3 Femtosecond plasmon and photon wave packets

3.1 Introduction

Electron beam spectroscopies such as cathodoluminescence (CL) spectroscopy
and electron energy-loss spectroscopy (EELS) have gained much attention in
nanophotonics research because of their ability to resolve optical excitations with
nanometer precision. Just like photons, electrons carry electromagnetic fields,
allowing them to optically excite polarizable matter. In fact, due to their short de
Broglie wavelengths and correspondingly high momenta, electrons can be used as
a highly localized optical excitation source with a spatial resolution unattainable
using optical excitation techniques [92, 102, 124, 137-140]. Many advances have
been made in the theoretical descriptions of the interactions between electrons
and matter that generate radiation [92, 105, 141-145]. These electron-light-matter
interactions occur on the femtosecond time scale, and have only recently been
studied in the time domain, in an indirect way using adapted electron microscopes
that combine EELS with synchronized ultrafast optical excitations [146, 147]. Most
work thus far has focused on exploring the frequency and momentum domains,
measuring and simulating spectral responses. Accordingly, analytical theory and
simulation techniques have not been applied to investigate the time evolution
of CL processes in detail, although time-domain simulation methods have been
gaining traction [148, 149].

In this chapter, we develop a theoretical framework to study the temporal, spa-
tial, and spectral evolution of radiation excited by swift electrons impinging on a
metallic or dielectric surface. We investigate in detail the time evolution of co-
herent excitation and emission of transition radiation (TR) and surface plasmon
polaritons (SPPs). We examine the space, time, and frequency dependence of the
electric fields of the moving electron and how they interact with matter to generate
radiation. We start by deriving the external fields of an electron in a homogeneous
medium, showing the time and position-dependent behavior of the electric field
components. We then examine an electron impinging on a planar surface, inter-
acting with the medium to induce fields that produce radiation emitted into the
far field. The general formalism is derived in frequency and momentum space,
after which the time and space dependence is obtained by Fourier-transforming
the fields. First, we investigate SPPs and study the generation and propagation of
these excitations on the femtosecond time scale, for metals described by a Drude
dielectric response. We determine the evolution of the SPP wave packet as it propa-
gates away from the point of excitation. We then explore TR, which is composed of
far field emission characterized by ultrashort wave packets that strongly depend on
the emission direction. We study both the time and frequency dependence of TR
and elucidate the interrelation between the material permittivity and TR emission.
This allows us to formulate qualitative predictions of TR emission behavior.
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3.2 Electron external field

3.2 Electron external field

A point charge moving with constant velocity in vacuum possesses an electro-
magnetic field that represents an evanescent source of radiation. Inside a homo-
geneous medium the field can be described quite simply, allowing us to study both
the time and spectral dependence of the electron field components. We focus on
an electron traveling in a straight-line trajectory along the z-axis, with a constant
velocity vector v = vZ, passing by the origin R=z=0 at time #=0. The direction per-
pendicular to the trajectory is denoted as R=RR, with the position vector defined
as r=(R, z). The electron charge density is given by p(r, £)=—e & (r — vt). This can be
Fourier transformed to (q-w) space as p(q, w)=—2me §(w — q-Vv). In our derivations
we use Gaussian units and follow the notation used in Ref. 92, but focus only on the
electric fields E (the magnetic field H can be obtained using the Maxwell-Faraday
equation). The equations take into account retardation effects (c is finite and the
electron velocity can reach a sizable fraction of ¢). We also use linear response
theory, which assumes that the induced field is linear with the external field of the
electron, and consequently, the photon emission probability scales as the square
of the external charge (—e for the electron). Maxwell’s equations can be solved in
momentum-frequency space, leading to the following expression for the electric
field of the moving electron:

_ 8rnfie k_q 5

E(q,w)——m (;V—E) (w—q-v), (3].)
where € is the permittivity of the homogeneous medium and k=w/c is the free
space wave number. The momentum q of the electron can be decomposed as
q=(Q, g;), in components perpendicular (Q) and parallel (g;) to the trajectory, with
g, = w/v. The latter expression, which expresses energy conservation for transfers
of frequency and wave vector from the electron to the material, is the nonrecoil
approximation [92]. It holds for g?/m, < w, which is valid for photon-energy ex-
changes liw <« 1 MeV, as is usually the case in the study of photonic nanostructures.

Integrating E(q, w) over the z component of q results in

4dmie q—vkelc

EQ z,0) = el walv, (3.2)

ve q*-k

The electron dispersion w=qv lies outside the light cone in free space w=kc,
so the electron does not radiate and the electric field decays exponentially away
from the trajectory. In contrast, the electron velocity can exceed the speed of light
inside a material, so the electron can couple to excitations in the medium, leading
to the emission of Cherenkov radiation; we will not study this here. Performing the
Fourier transform over Q to obtain the electric field in real space, we obtain [150]

i wR)\ . wR) .
—K()( )Z—Kl( )R], (3.3)
Ye UYe VYe

2ew
E(r,w) = -
V=Y e€

iwzlv
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3 Femtosecond plasmon and photon wave packets

where y.=1/v'1—€v?/c? is the Lorentz contraction factor and K, are modified
Bessel functions of the second kind [151]. The fields diverge at the origin, so close
to the trajectory there is a large contrast in the field strength. Further away from
the trajectory, the field amplitude decays with the Bohr cutoff (vy./w) as a char-
acteristic decay length [92, 124]. Using Eq. (3.3) we can determine the spectral
components of the electric field at different points in space. To determine the
electric field as a function of time, we Fourier-transform Eq. (3.3) as

E(r, t):f;i—: E(r,w) e” /¢!, (3.4)

Direct numerical integration is used below for the fields produced when the
electron crosses an interface. For the swift electron moving in vacuum (y, — 7),
the E(r, 1) fields can be determined directly from p(r, ) and the Liénard-Wiechert
potentials [150], leading to

Y

_(R2+}/2(Z—Ut)2)3/2 RR+ (z—vD)z|. 3.5)

E(r, 1) =

For illustration, we study an electron traveling through vacuum, with an energy
of 30 keV, corresponding to a velocity of v = 0.328 ¢ = 98.45 nm/fs. The results are
displayed in Figure 3.1, with a schematic of the electron, the coordinate system,
and the field orientations as an inset in (a). We show the evanescent decay of the
field away from the trajectory of the electron in Figure 3.1(a), calculating the total
electric field intensity (time-integrated over the entire pulse) as a function of radial
distance R, for the two field components Er and E,. The asymptotic behavior
of the fields is clear, with a difference of 8 orders of magnitude in the intensity
between R=1 nm and R=100 nm. The Er field component, perpendicular to the
trajectory, has a higher intensity than the E; component. The strong gradient in the
field intensity observed here is responsible for the very high excitation resolution of
electron beam spectroscopies.

Figure 3.1(b) shows the electric field components as a function of time, for dis-
tances R=10 nm and R=100 nm away from the electron trajectory. The E; com-
ponent is asymmetric while the Er component is symmetric, both displaying a
single oscillation. For a distance of R=10 nm, the field transient occurs within ~2
fs, highlighting the extremely short pulse felt by an observer close to the moving
electron. At R=100 nm, the field amplitudes have decayed by a factor 100 and the
transient spreads out in time by a factor 10. This is due to the fact that further away
from the trajectory, the distance between moving electron and observer varies more
slowly with time.

Figure 3.1(c) displays the electric field in the frequency domain. Spectra for
the two field components are shown for R=10 nm and the total intensity for R=10
nm and R=100 nm. The different field components display characteristic spectral
shapes, with E, vanishing for small frequencies while Er has a maximum. At R=10
nm, the spectral range extends well beyond 10 eV; at R=100 nm the intensity has
decayed by a factor 100 and the spectrum is confined to ~1 eV.
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Figure 3.1 - Electric field produced by a 30 keV electron in vacuum. (a) Total (time-
integrated) electric field intensity of the radial (ER, in blue) and vertical (Ez, in red)
components, as a function of radial distance to the electron trajectory R, showing
the diverging intensity close to the electron trajectory at R=0 nm. The inset shows
a schematic of the moving electron with the coordinate system and orientation of
the field components. We evaluate the electric fields for a given radial distance
R, height z, and time ¢ or frequency w. (b) Electric field amplitudes of the Ep
(blue) and E; (red) components as a function of time, for distances of R=10 nm
(thick lines) and R=100 nm (thin lines, amplitudes multiplied by 100), and with
the minimum electron-observer distance at #=0. (c) Electric field intensity in the
frequency domain, as a function of frequency and corresponding energy, for the Eg
(blue), E; (red), and Eyot (black) components at a distance of R=10 nm, compared
to the total intensity for R=100 nm (gray, multiplied by a factor of 100).
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Figure 3.2 — Schematic of the electron traversing the interface between two media,
showing the coordinate system, as well as the permittivities € ; and surface currents
h; on either side of the interface.

These calculations show that an electron moving through vacuum generates
ultrashort electric field pulses, with energies extending beyond 10 eV close to its
trajectory. The field strength and spectral content decays when moving further
away. Since these fields are evanescent, they cannot couple directly to far field
radiation. Next, we study an electron impinging on a dielectric medium, leading
to processes that can emit radiation.

3.3 An electron impinging on a planar surface

When an electron reaches and traverses the interface between two media it
generates transition radiation (TR), as well as surface plasmon polaritons (SPPs) in
the case of a metal. In general, the electric field can be described by separating the
contributions of the external field of the electron in each medium (as if it were an
infinite homogeneous medium) and the field that is induced at the surface. The in-
duced field is created by surface charges and currents induced by the approaching
electron

_ pext ind
E—Ej +Ej .

Figure 3.2 shows a schematic of the geometry studied here. The induced field
can be expressed in terms of the surface currents h; as [92, 143, 152]

. 2 o 1
EM(Q, 7,0) = 2 ket [hf ~ 2 (@siena 4:7)((Q sign()gz) -hf)] :

qzj
(3.6)
where q.;=y/k?¢; — Q2. From the boundary conditions (i.e. the continuity of

the E and H components parallel to the surface), it follows that the currents only
have components of parallel momentum Q and can be written as hj=Du jQ. The
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3.3 An electron impinging on a planar surface

induced electric field takes the form

. 2 ; . .
EMQ z0) = % D eS8M @iz _ g Rt sign(2)Qzl, 3.7)
J
where
2ieQ/
p=_2teQle (3.8)
€1qz2+€2qz21
€142 —€10/V  €1qz —€w/v
= - 3.9
M= ke 77 - K%er 9
and
{1y = €2(qz1 +€1(U/U_€2qzl +ewlv (3.10)

q* - ke, q* - ke,

We can now combine the external and reflected fields together to obtain the
complete expressions for the electron electric fields on both sides of the interface,
for both field components. Recall from Eq. (3.2) that the external field contains

components q — vke/c, with q=(Q,w/v). We obtain the following expressions for
EQ, z,w):

Er= 4:;16 q? _Qk2€1 ettt - lf_:l a1 D py €197 Q, z<0, (3.11a)

2= 4:}26 —%67(21:]5_2:) elw=Iv 2—2 QD py e 19212 3, z<0, (3.11b)
Er= 4:;29 q? _Qk2€2 elFIV /i_zz Gz2 D pp €927 Q, z>0, 3.11¢)
B, = 4:_61'; %{;21:5—5;2) RO ]i_:z QD €927 3, z>0. 3.11d)

In order to obtain the fields as a function of space and time, we Fourier-
transform back from (Q-w) space:

_ d*Q iQR dw iy
Er 1) = We fge EQ, z,w). (3.12)

The integral over Q can be partially simplified by removing the azimuthal com-
ponent of Q to leave only the radial part, so that we obtain a single integral over
Q. This approach differs between the two field components, since E, contains no
vectorial component of Q but Er does. We find for E, that

d?Q

(27[)2 eiQ.R :[) % dQ ]O(QR);
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3 Femtosecond plasmon and photon wave packets

while for Eg

S etq= [T L aginen.

We apply these identities to Eq. (3.12), and integrate from 0 to co both over Q
and w. We further use causality (E(w)=E"* (—w)) to reduce the fields to

E;(r, 1) =f Q dQ ]o(QR)f do Refe "' E,(Q, z, )} 2, (3.13a)
Egr(r, 1) = f 2 dQ ]l(QR)/ = Im{-e “'ER(Q,z,0)} R, (3.13b)

where E,(Q, z,w) and Eg(Q, z,w) are given by Eq. (3.11) (replacing Q by Q). Now
that we have derived this general formalism, these integrals can be solved numeri-
cally to study SPP and TR generation. From these equations, we can derive analyt-
ical expressions for the electric field components in the far field. We demonstrate
this in the following sections.

3.4 Surface plasmon polaritons

The excitation of surface plasmon polaritons by fast electrons was discovered
several decades ago [153, 154] and has since been demonstrated in a broad variety
of experiments [99, 137, 155, 156]. In studying the excitation of SPPs, we can ig-
nore the external electric field as it decays evanescently and thus does not generate
radiation. In our formalism, plasmons are revealed by the induced electric fields
[Eq. (3.7)] and more specifically, they originate in the pole of the denominator of
D: €14z +€2q,1=0. This equation leads to the plasmon dispersion relation

€€
Qspp=k\/—1 z (3.14)
€1 t+€

We now use the plasmon-pole approximation [92, 143, 157], retaining only the
contribution of the plasmon pole at Q=Qspp. For large distances (R > 1), one
can perform the integral over Q from Eq. (3.13), allowing us to derive analytical
expressions for the fields of the SPPs. Using this method, D becomes

C
D ——, (3.15)
Q- Qspp

where the denominator arises from a Taylor expansion around the plasmon
pole

€ € (= )
e1qz2+€zqz1:—Qspp(q—12+q_21)(Q_QSPP): Q ISSPP’
Z. z

leading to
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3.4 Surface plasmon polaritons

2eiQA
C:ﬂ'

c

To determine the SPP electric fields in space as a function of frequency, we can
rewrite the frequency domain part of Eq. (3.13), making the plasmon pole explicit,
and perform the integral over Q

f(Q,z,w)

i
~2m - ,z,w) H (QsppR),  (3.16
0-0wp ~ 3 f(Qspp, z2,w) Hy, ' (QsppR),  (3.16)

Espp(r,w) = fo dQ Jn(QR)

where Hf,l,) is a Hankel function of the first kind. By combining Eq. (3.16) with

Eq. (3.11), we can consolidate an expression for the frequency-dependent SPP fields
in a relatively compact way, and find

2mei AQ? o _ . .
T.SPP pj eSEN@19:1% | sign (2)i Qspp HY (Qspp R)Z+4; HV (Qspp RIR|.
J

(3.17)

This equation is applicable on both sides of the interface that the electron tra-
verses. As in the previous section, the final step to obtain the time-dependent

electric fields is to Fourier transform over the frequency domain

Espp(r,w) =

©dw —iwt
Espp(r, 1) = f - Re{Espp(r,w) "™} (3.18)
0

We calculate the time- and frequency-dependent SPP electric fields for a 30 keV
electron impinging on a Drude metal under normal incidence, with a permittivity
described by e(w)=€y - w5/ (@* + inw). The Fourier transform is performed numer-
ically by summing over energies in the range Aw=[10"% — 100] eV, divided into 105
steps. We choose iiwp=1 eV and /in=0.05 eV. The corresponding plasmon dispersion
relation is shown in Figure 3.3(a), the SPPs being excited for frequencies w < wspp.

Figure 3.3(b) shows the time evolution of an SPP wave packet, as observed for
a height z=—10 nm above the metal surface, at a radial distance R=10 pm from the
electron trajectory (R > A). After ~30 fs we clearly observe an increase in amplitude
and an oscillating wave packet that then decays, for both field components. As ex-
pected for the TM polarized SPPs, E; > Egr. The wave packet has a duration of a few
hundred femtoseconds, and considering the distance R and the time of the onset, is
propagating close to the speed of light. This is to be expected at large distances, as
the lowest frequency components close to the light line propagate with the lowest
loss and the slower, high-frequency components are strongly damped, see Im{kgspp}
in Figure 3.3(a). In Figure 3.7 of the Supporting information we show the full time
evolution and spectral behavior over a 60 pm range.

In Figure 3.3(c) we compare the time evolution of the SPP wave packet at R=1,
10, and 100 pm, as is shown in Figure 3.3(c). The period of the oscillations in the
wave packet increases for further distances, corresponding to the shift to lower
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Figure 3.3 - Electric field of surface plasmon polaritons (SPPs) excited by a 30 keV
electron, propagating along the surface of a Drude metal. (a) Dispersion relation of
the SPPs for a Drude metal with iwp=1 eV and /i7=0.05 eV, showing the energy as a
function of the real and imaginary parts of the SPP wave vector kspp. The diagonal
dashed line denotes the light cone and the horizontal one the SPP resonance
frequency wgpp. The inset shows the permittivity e of the Drude metal as a function
of energy. (b) Electric field amplitudes of the SPP wave packet, showing the Ep
(blue) and E; (red) components as a function of time, evaluated for a height 10 nm
above the metal surface and a distance R=10 um away from the electron impact
position (see inset). The time =0 corresponds to the electron crossing the interface.
(c) Comparison of the E; SPP amplitude as a function of time for a fixed height
z=—10 nm at different distances of 1 ym (red), 10 um (blue, multiplied by 20), and
100 um (green, multiplied by 400). (d) Comparison of the intensities of the E; SPP
field component in the frequency domain, each normalized to the maximum value
at the same distances as in (c). Data for R=0.1 um (in black) are also shown. The
SPP resonance frequency wspp is indicated.

frequencies. The wave packet reaches its maximum amplitude within a single op-
tical cycle, as expected for the single-cycle excitation (Figure 3.1(b)). It then decays
within ~200 fs after the initial onset, the duration determined by the damping rate
1. In Figure 3.8 of the Supporting information we compare the SPP wave packet
evolution for different material parameters and electron energies.

To compare the time evolution to the spectral behavior, we calculate the fre-
quency dependent fields in Figure 3.3(d). Data for a distance of R=100 nm are
also shown in Figure 3.3(c). All spectra have been normalized to their maximum:
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3.5 Transition radiation

5.1 x 1012, 5.7 x 109, 7.4 x 105, and 2.3 x 10* (V/m/eV)? for R=0.1, 1, 10, and 100
um, respectively. Close to the electron trajectory, for R=100 nm, the SPP spectrum
is very sharp and peaks at wspp. For larger distances, the spectrum broadens and
shifts to lower frequencies, as expected from the frequency-dependent damping
discussed above.

3.5 Transition radiation

Transition radiation (TR) is the most general form of radiation excited by an
electron interacting with matter, as it occurs for any swift electron (or charged par-
ticle) crossing the boundary between two different media [94, 97, 98, 158, 159]. The
most simple and intuitive way to view TR is that the electromagnetic fields of the
electron are “in equilibrium” with their environment, obeying the equations for a
homogeneous medium outlined above. If the two media are different however, the
fields of the electron must have adjusted to the new electromagnetic properties
of the second material. This modification of the fields as the electron transitions
between the media is then accompanied by radiation. Jackson describes TR as
portions of the electromagnetic field that must shake it off as radiation [150, 160].
An alternate intuitive explanation is provided by the method of image charges. The
negatively charged electron produces a positive image charge below the surface, in-
ducing an effective dipole normal to the surface which vanishes and radiates when
the electron passes through the interface. This problem can be treated by describ-
ing the field lines of two moving charges of opposite sign that instantaneously stop
(at the interface) or start (moving away from the interface) [161-163]. More gener-
ally, the approaching electron induces surface charges and currents which polarize
the atoms in the material close to the trajectory. These polarization charges react
and create an induced field which can radiate out to the far field as transition radi-
ation.

The emission actually must originate from the induced field, just as for SPPs,
since the homogeneous fields decay evanescently away from the trajectory of the
moving electron and do not couple directly to far field radiation, so we can discount
them in the derivation of the TR fields. Using the general formalism derived for the
single interface, we can write the E(r, ) fields, taking only the integral over Q from
Eq. (3.12) applied to the components of Eq. (3.11):

E(r,w) = f —dQ]m(QR)—Du e'=1¥l (sign(2)Qz—iq.;R). (3.19)

TR is emitted to the far field, so taking the limit for large distances, kr — oo,
we can evaluate the integral over Q for the two different field components. Here we
examine only the upper hemisphere (z < 0, see Figure 3.2), taken to be vacuum:
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oo 1.2l Gz eikr A

fo dQ Jo(QR) e"=i1%l £(Q) =~ —i 0 f(Q)z, (3.20a)
oo i qzj eikr .

fo dQ J1(QR) e'%=1"¥ f(Q) = — 0 f(QR. (3.20b)

Applying this approximation to Eq. (3.19) leads to a compact expression for the
spectral components of the TR electric field:

ikr

.qzl e
E Lw)=i—D
TR(r, W) =1 k 1 -

The fields for the lower hemisphere can be obtained by analogy, using the cor-
responding components from Eq. (3.11). Making use of the geometrical relations
between R, zand r aswell as Q, g;; and k, we can define an angle 8 that determines
the emission direction with respect to the surface normal: cos6 = g,;/k = z/r and
sinf = Q/k = R/r. Making use of these relations, we can rewrite the vectorial part
of Eq. (3.21) as

(Qz+ q.;R). (3.21)

. R N N
(Q2+q:/R) = k(=2 + ;R) = k6.
This helps to further simplify Eq. (3.21), which reduces to

ikr
0. (3.22)
r

Err(r,w) =iq;1 Dy

We can rewrite this with a more explicit dependence on 6, finding a result very
similar to that for the magnetic field as derived in Ref. 92:
ikr

Err(r,0,0) = ik cosf D er 0. (3.23)

We can evaluate this expression for Q = k sinf. The asymptotic part f(Q) of
Eq. (3.20) can be used to obtain the TR emission probability by integrating over the
upper hemisphere, leading to

1 /2 . ) 2
I'tr(w) = ﬁfo sinf do ’zk cosO Dy | . (3.24)

Finally, Eq. (3.23) can also be used to determine the TR electric field as a func-
tion of time by performing the Fourier transform over frequency,

00 d . n
ETR(r,H,t):f 7‘” Im{Ers (1,0, w) e~ 4. (3.25)
0

For a non-dispersive medium, this can be simplified even further, since there
are no longer any frequency-dependent components except for the e '*? term. The
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integral over w then results in a 6 (r — ct) term. In particular, for a perfect electric
conductor, the TR electric field in space and time reduces to [162]

2evsin@  6(r—ct) .
re  1-(¥)2cos?6

Err(r,0,t) = (3.26)

We evaluate Eq. (3.25) numerically, since it is generally applicable for any mate-
rial. We use a fixed distance ro=+/2 um from the origin (so that -z=R=1 um for 6=45°)
for different combinations of R and z to obtain a suitable distributions of angles
6. We use a 30 keV electron impinging on the same Drude metal as for the SPP
calculation, with Ziwp=1 eV and /7n=0.05 eV, summing over frequencies in the range
w=[1e7®—100] eV/#, divided into 10° steps. We find a large range of frequencies are
necessary to obtain good convergence (w ~ 100 eV/#), although the main features
are resolved even with a smaller range (w ~ 10 eV/%). These values are, however,
related to the frequency dependence of the material permittivity. The larger the
range in frequencies over which e displays features, the larger the range needed in
the calculation for good convergence.

Figure 3.4 displays the results of these time-resolved calculations. Figure 3.4(a)
shows the TR electric field intensity (on a log scale) as a function of the emission
angle 0 and normalized time T=t — ry/c. We find a sharp intensity feature for T=0,
corresponding to the moment the electron traverses the interface. For all angles
we observe the highest intensity just after T=0, following which it decays for larger
times. Just as for the SPPs, TR forms a very short wave packet of electromagnetic
field that travels through space. Comparing different angles, we clearly observe dif-
ferent regimes. For angles up to ~60° there are distinct oscillations in the intensity,
which propagate longer at lower angles. For angles above ~60° we no longer see
these oscillations, but instead a uniform decay in intensity.

To study the time evolution in more detail, we directly compare the time trace
for different angles (denoted by the horizontal white dashed lines), showing the
TR electric field amplitude on a linear scale, in Figure 3.4(b). The inset shows a
schematic of the process, with the simple model of the negative electron inducing
a positive mirror charge that creates a vertical dipole. Indeed, the angular emission
pattern of TR displays two lobes (representing a cross cut through a toroidal three-
dimensional pattern), similar to the emission from a vertical point dipole above
the interface. Examining the TR wave packets, it is obvious that for all angles there
is no discernible emission before T=0. The radiation only begins at T=0, rising
rapidly to a maximum within a few femtoseconds, before decaying within ~30 fs
(for the material parameters used here). TR thus consists of extremely short-lived
wave packets. Comparing the different emission angles, we notice a variation in the
maximum amplitude, with the smallest and largest angles showing a lower intensity
than those in between (by a factor ~2-5). This agrees with the expected dipolar
emission pattern that also exhibits low intensity for small and large angles with
a maximum in between. At small angles of emission, 6=5° and 30°, we observe
clear oscillations in time, that have a similar initial period before becoming out of
phase after the second optical cycle. For higher emission angles, 6=60° and 80°,
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Figure 3.4 - Electric field of transition radiation (TR) excited by a 30 keV electron,
propagating away from the same Drude metal as in Figure 3.3, as a function of time.
(a) The TR electric field intensity, shown on a logarithmic scale, as a function of
the emission angle  and of the normalized time T = f — ro/c, with rg=v/2 um the
position at which the field is calculated for each angle (see inset schematic in (b)).
(b) Comparison of the TR electric field amplitude as a function of the normalized
time for four different emission angles, corresponding to the dashed lines in (a).
The inset shows a schematic of the TR excitation and emission process.

the oscillations are critically damped and the time evolution displays a single slow
decay from the initial amplitude maximum.

In order to gain insight into this strong angle-dependent, short-lived behavior,
we calculate the TR electric field as a function of frequency. Figure 3.5(a) shows
the TR intensity as a function of frequency and emission angle. The intensity is
limited to certain sections of 6 —w space. For the Drude metal with fiwp=1 €V, the
permittivity approaches unity above an energy of several eV, so the electron will
not perceive a transition in that energy range. The intensity is also depleted at the
smallest and largest angles for most of the frequency range. Examining Eq. (3.23),
we find that it contains a cosf term and a sinf term (due to Q), so Erp is expected
to go to 0 for angles close to 0 and 7/2. Physically, these angles correspond to either
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Figure 3.5 - Electric field of TR in the frequency domain, excited by a 30 keV
electron impinging on the same Drude metal as in Figures 3.3 and 3.4, evaluated
at the same distance rg=v2 um as in Figure 3.4. (a) TR electric field intensity
as a function of emission angle 8 and frequency/energy. (b) Comparison of the
TR electric field spectra for different emission angles, denoted by the horizontal
dashed lines in (a). The inset shows a schematic of the TR excitation and emission
geometry. (c) Normalized TR electric field intensity as a function of emission angle,
for the total integrated intensity (gray) and for different frequencies, denoted by the
vertical dashed lines in (a).
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very small Q or g, indicating that the light modes are more delocalized (in space)
and the coupling between the electrons and the impact region is smaller, leading to
lower TR intensity.

At low frequencies and large angles (grazing to the surface) there is a broad
and intense feature that occurs when the real and imaginary parts of €, reach very
large magnitudes (ex=€p of the Drude metal). At small angles (close to the surface
normal) there is a sharp, bright peak that starts at w=wp, and then bends off to higher
frequencies and larger angles before disappearing around 6=40°. This feature oc-
curs when |ep| displays a sharp kink and can be a result of an accumulation effect
comparable to Van Hove singularities [164, 165]. The kink in |ep| bears resemblance
to divergences in the density of states that lead to anomalies in optical absorption
spectra. An additional explanation, described by Ferrell[166] and Stern[167] for
metal foils, is that the incoming electron drives plasma oscillations of electrons at
the surface, which radiate at the plasma frequency wy,. This emission is only ex-
pected when Imf{e} is much smaller than 1, which is the case here. In the Supporting
information we show that the effect indeed disappears for increasing loss.

We attribute the sudden depletion of the TR intensity of this feature for w > wp
to the coupling strength between the electron and the material becoming focused
in the forward direction, into the metal. The dispersion relation of the light inside
the metal is given by g = k/ep while the parallel wave vector of the emitted radi-
ation is Q < g. The boundary for coupling the energy into the metal instead of the
far field of the upper hemisphere should thus be determined by sinf = Q/k = \/ep,
so 8 = arcsin(y/ep). We find excellent agreement with the data, shown later on
in Figure 3.6 and Figure 3.11 of the Supporting information. This explanation is
consistent with the behavior of the p; term (Eq. (3.9)) that appears in Eq. (3.23):
the first denominator g — k?ep goes to 0 for g = k+/ep, leading to the divergent
behavior that we observe.

These results indicate that the frequency dependent permittivity of the Drude
metal leaves a strong imprint on the TR emission. We will study this dependence on
permittivity in more detail in Figure 3.6. Additionally, we study the effect of differ-
ent material parameters and electron energies on the TR emission explicitly in both
the time and frequency domains in Figures 3.9, 3.10, and 3.11 of the Supporting
information.

In Figure 3.5(b) we examine the corresponding spectra for the same angles as
shown in Figure 3.4(b) (denoted by the horizontal white dashed lines). For 6=5°,
we note a low intensity but a clear peak in the spectrum at the plasma frequency
wp. For 0=30° the spectrum is still dominated by this peak that has moved to slightly
higher frequencies, but there is a noticeable increase at lower frequencies as well.
We can now say that the oscillations in time from Figure 3.4 for small angles corre-
spond roughly to the plasma frequency. For larger angles the frequency of oscilla-
tions increases. For 8=60° a broad, decreasing spectral band is observed up to ~2
eV. At =80°, a narrower spectral band is distinguished, falling off well below 1 eV.
These data correspond to the time evolution that is observed at large angles, which
does not exhibit clear oscillations but instead a strongly decaying signal.
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Examining the frequency extent of the spectra more closely, they are most con-
fined for the largest and smallest angles (Figures 3.5(a,b)) where the fields are more
delocalized. Correspondingly, the TR is more spread out in time. For angles around
0=50-70°, the fields extend over a much wider range of frequencies and are very
localized in time, corresponding to stronger coupling between the electrons and
the impact region.

In addition to studying the spectra for given angles, we can determine the angu-
lar profile at different frequencies, which can also be measured in experiments [119,
128]. Figure 3.5(c) shows the normalized intensity as a function of 8 for the frequen-
cies corresponding to the vertical white dashed lines in Figure 3.5(a), as well as the
total intensity summed over all frequencies. We clearly observe the characteristic
dipolar lobes, which vary in orientation and width for different frequencies. As
expected there are broader lobes at grazing angles for low frequencies and narrower
lobes close to the surface normal at w=w;,. For higher frequencies the distribution
moves back to higher angles and becomes sharper.

Figure 3.6 examines the relation between TR emission and material permittivity
by comparing the absolute value of € to the total intensity (summed over all angles)
and to the angle of maximum intensity 6,4y, as a function of frequency/energy.
The incoming medium is vacuum. We first study the Drude metal with Zw,=1
eV and 7in=0.05 eV for a 30 keV electron (Figure 3.6(a)). For low frequencies, |epl|
and the total intensity show the same decreasing trend when approaching wy; the
two then show opposite behavior in the frequency range where lep| < 1. 4%,
meanwhile, displays the same trend as ep across the whole frequency range, de-
creasing and increasing in lockstep. We examine the angle 6 = arcsin(y/ep) for
frequencies w > wp, indicated by the gray dashed line. As discussed above, this
should indicate the boundary between regions where the radiation is coupled in the
backward (upper hemisphere) or forward (into the metal) directions. The resulting
angle exhibits excellent agreement with 0,4, indicating that the sudden depletion
of TR can indeed be attributed to coupling into the metal. This is dependent on
the specific material permittivity; we show there is good agreement for different
parameters in Figure 3.11 of the Supporting information.

In order to further explore these trends, we examine the same variables for
silicon in Figure 3.6(b), again using a 30 keV electron. In the 7iw=[0-20] eV range, the
permittivity eg; of silicon displays a strong double peak around 4 eV and Re{eg;} <0
from 4 eV to 16 eV. |eg;| and 0,45 follow the same trend over the entire frequency
range, while the total TR intensity again exhibits the same trend as |eg;| for frequen-
cies where |eg;| > 1 and an opposite trend for frequencies where |eg;| < 1. As for the
Drude model, the minimum of |eg;| and 6,,4, corresponds to a peak in the total
intensity.

Determining a direct relation between € and all aspects of the TR emission is
difficult because € appears multiple times in the equations, but it is possible to get
an intuitive understanding of the behavior. Looking back at the definition of TR,
it is essentially a “reflected” field induced by the approaching electron that has to
adapt to its new electromagnetic environment. The term yu; from the equations
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Figure 3.6 - Dependence of TR on the material permittivity €. (a) Absolute value
of the permittivity of the Drude metal (iwp=1 eV and /n=0.05 eV), as a function
of frequency/energy (in blue) compared to the normalized total TR electric field
intensity (integrated over all angles, in red) and the angle of maximum emission
intensity 8;,4x (in green). The TR intensity spectrum is normalized to the same
maximum as |e|, the vertical dashed line denotes the plasma frequency, and the
horizontal dashed line indicates |e|=1. The gray dashed line corresponds to 8 =
arcsin(Q/ k) ~ arcsin(y/€). (b) Same as for (a), but now for silicon, with a permittivity
that displays typical features of a dielectric but also contains a metallic region.

even bears some resemblance to the Fresnel equations. Just as for reflection of
light, one can understand that the higher the contrast between the two media, the
more the field of the electron will have to “shake off” components and induce a
strong response [168]. The ratio between the permittivities of the two materials can
go both ways however. What we observe in Figure 3.6 is that for both |e¢| > 1 and
le] << 1 the TR intensity is high due to the large contrast from 1. The angle of max-
imum emission 6, consistently follows the same trend as |¢|. In the Supporting
information we study this in more detail.
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3.6 Conclusions

We have shown that transition radiation and surface plasmon polaritons ex-
cited by swift electrons are composed of ultrashort, femtosecond time-scale wave
packets. We have studied the time, space, and frequency dependence of the electric
fields of the electron, both in vacuum and when traversing a metallic or dielectric
surface, providing intuitive physical insight into these ultrafast processes. The ex-
ternal field of the swift electron in vacuum comprises a single oscillation, similar
to a single optical cycle, and thus represents an ultrabroadband optical excitation
spectrum. In vacuum the fields evanescently decay away from the electron tra-
jectory and cannot directly couple to radiation. When impinging on a polarizable
material however, the electron induces fields at the surface that can radiate out to
the far field.

We first studied the surface plasmon polaritons propagating along the surface
of a Drude metal, finding that the plasmon wave packets are several hundred fem-
toseconds in duration (depending on the material parameters). The SPPs decay
strongly and red-shift in frequency as they propagate away from the point of exci-
tation. This redshift is due to the fact that high-frequency components close to the
plasmon resonance are strongly damped.

We have also examined transition radiation, the far-field emission which occurs
when a charged particle traverses the interface between two different media. Using
the Drude metal as an example, we find that TR wave packets are strongly depen-
dent on the emission angle and ultrashort in duration, lasting only a few tens of
femtoseconds (again depending on the material parameters). The TR intensity and
emission angle dependence is correlated with well-defined trends in the permittiv-
ity of the material. Given the frequency dependence of ¢ for a certain dielectric, the
TR emission can be qualitatively predicted.

The theoretical insights and predictions presented here further our knowledge
and understanding of electron-light-matter interactions at the nanoscale and can
be applied to study fundamental physical processes occurring at the femtosecond
time scale.

3.7 Supporting information

3.7.1 Full time, frequency and material dependence of SPPs

In Section 3.4 of the main text, we discuss how a fast electron impinging on a
metal surface can excite surface plasmon polaritons (SPPs). These propagate along
the surface as femtosecond-scale wave packets, decaying in intensity with gradu-
ally decreasing frequencies as they travel further away from the excitation position.
We have shown the time evolution and spectral behavior of the SPP electric fields
for a selection of distances in Figure 3.3.

In order to give a more complete overview of the traveling waves, we display
a full range of distances here in Figure 3.7. We first examine the intensity of the E,
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Figure 3.7 — Electric field E; of surface plasmon polaritons (SPPs) excited by a
30 keV electron, propagating over the surface of a Drude metal (Awp=1 eV and
hn=0.05 eV), calculated at a distance z=—10 nm from the surface, as in Figure 3.3.
(a) Intensity of the SPP E; field component multiplied by the radial distance R, as a
function of time ¢ and radial distance R away from the electron trajectory. The color
scale is saturated in order to distinguish the oscillations of the SPP wave packet
over the entire range, the maximum intensity (at the origin) is 2.4 x 101! (V/m)zA
The diagonal white dashed line represents the light cone. The inset shows a 2D R-
z snapshot at =50 fs of the E; intensity multiplied by R. (b) The corresponding
intensity of the SPP E; field component in the frequency domain multiplied by the
radial distance R, as a function of the frequency and radial distance R. We again
saturate the color scale to distinguish the redshift of the frequencies over the entire
range, the maximum intensity (at the origin) is 5.5 x 1014 (V/m/eV)?2.
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component as a function of time # (up to 200 fs) and radial distance R (up to 60 um),
in Figure 3.7(a). We multiply the intensity by the radial distance R to compensate
for its 1/R dependence. The color scale is saturated in order to view the features
over the entire range. Since the SPP travels as a wave packet over the surface, it
displays oscillations both as a function of time and of the distance R, moving at a
speed given by the slope in the figure. We observe clear waves oriented diagonally,
with slopes corresponding to velocities close to but slower than the speed of light
(white dashed line). Very close to the origin, the oscillations in time are much
faster and the slopes are smaller (corresponding to lower velocities) than for further
distances. This is in agreement with the expected behavior of the SPPs given their
dispersion, as discussed in the description of Figure 3.3.

The inset of Figure 3.7(a) exhibits a snapshot of the SPP E, intensity (multiplied
by R) at =50 fs, as a function of R and z. We observe, as can be expected, that the
field intensity decays for increasing R and |z| and that there is more intensity at the
incoming vacuum side (z < 0). The period of the oscillations also increases with R,
in accordance with the damping that leads to smaller Qspp (longer wavelengths) as
the SPPs propagate further away from the point of excitation.

Figure 3.7(b) displays the corresponding information in the frequency domain,
with the intensity of the E; component (multiplied by R) plotted as a function
of frequency and the same radial distance range. For small R we find that the
spectrum extends up to the plasmon resonance wspp ~0.7 eV (see Figure 3.3(d)).
For increasing distance, the spectrum gradually shifts to lower frequencies, peaking
near ~0.25 eV for R=60 um.

To gain a better understanding of the SPP dependence on material properties
and the energy of the exciting electron, we compare the time evolution of four
different cases in Figure 3.8(a) and the corresponding frequency response in Fig-
ure 3.8(b). The calculations use the same radial distance R=10 um and height z=—10
nm. We start with the same properties used before throughout the main text and
in Figure 3.7: hwp=1 eV and hn=0.05 eV, E.-=30 keV (blue lines). We then double
the plasma frequency to iwp=2 eV (gray lines), or increase the electron energy to
E.-=300 keV (green lines), or increase the loss to n=0.25 eV (red lines).

Examining the decay duration of the SPP wave packets in Figure 3.8(a), it ap-
pears that changing the plasma frequency and electron energy does not have a
strong effect. Increasing the damping n (by a factor of 5), however, noticeably
shortens the wave packet duration to ~50 fs and also decreases the maximum field
amplitude. Examining the frequency response in Figure 3.8(b) we find a corre-
spondingly lower intensity, combined with a redshift. This is to be expected, since
governs the absorption or damping in the Drude metal. Calculations for other com-
binations of wp and 1 (not shown here) demonstrate that the wave packet duration
does not decrease linearly with an increase in n. Using a higher plasma frequency
results in a slight reduction in the decay duration.

Increasing the electron energy tenfold only has a significant effect on the field
amplitude, which grows by roughly a factor of 2. The period of the oscillations
also slightly increases. Both of these differences are also observed in the frequency
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Figure 3.8 — Comparison of the SPP electric field for different Drude metals and
electron energies, all for the same radial distance R=10 pm and fixed height z=—10
nm. We compare the parameters used in main text (Awp=1 eV and /n=0.05 eV,
Ee~=30 keV, in blue) to a more energetic exciting electron (Fwp=1 eV and /n=0.05
eV, Ee-=300 keV; in green), a Drude metal with more losses (hwpzl eV and /n=0.25
eV, Ee~=30 keV, in red) and a Drude metal with a higher plasma frequency (hwp=2
eV and /in=0.05 eV, Ee-=30 keV, in gray). We show the time dependence of the E;
SPP amplitude as a function of time ¢ (a) as well as the E; SPP intensity as a function
of frequency (b). The inset in (b) shows a simplified schematic of the SPP excitation
and emission process.

domain, with a higher intensity and small redshift for the 300 keV electron. The
field strength enhancement results from the fact that at higher velocities, the fields
extend further (as determined by the Bohr cutoff vy./w). This increases the volume
of polarized material, which leads to a stronger induced field and a higher genera-
tion rate of SPPs. The very slight difference in the time evolution and corresponding
frequency can be related to a different degree of retardation.

Increasing the plasma frequency by a factor of two leads to a clear increase in
the field amplitude and corresponding intensity in the spectra. A higher number
of conduction electrons are involved for higher plasma frequencies (wlz, o« Ng) and
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according to the f-sum rule, light extinction (the sum of absorption and scattering)
generally scales with N, [169-171]. The interaction strength and SPP generation
thus increases with plasma frequency. Overall, we find that changing the material
properties has a much stronger effect on the SPP behavior than varying the energy
of the incident electron. We will now examine if the same holds true for TR.

3.7.2 Full comparison of TR for different material/electron
parameters

Section 3.5 of the main text describes how a fast electron impinging on a sec-
ond medium (a Drude metal) will generate transition radiation (TR) as it transits
through the interface and the electric fields change to adapt to their new environ-
ment. TR takes the form of ultrashort wave packets a few tens of femtoseconds in
duration, that are highly dependent on the emission angles and material permit-
tivity. Here in Figures 3.9, 3.10 and 3.11 we study the effect of different material
properties and electron energy on the TR emission behavior.

In the main text, we have examined the time, angle and frequency dependence
of TR emission for one specific instance (Fwp=1 eV and 2n=0.05 eV, E.-=30 keV).
Figure 3.9 compares the time evolution and spectra for those parameters, at
0=5° and 6=60°, to three additional cases. We either change the electron energy
to 300 keV, or increase the loss in the Drude metal tenfold to #n=0.5 eV, or double
the plasma frequency to fiwp=2 eV. For completeness, Figures 3.10 and 3.11 display
the field intensity in the time and frequency domains, for all emission angles.
First examining the time-dependent behavior in Figures 3.9(a,b), we find that for
increased damping, the field amplitude oscillations die out more rapidly, while for
the higher plasma frequency the field amplitude is increased and oscillates about
twice as fast. For the higher electron energy, we observe an increase in amplitude,
accompanied with a slight change in the frequency of the oscillations. The increase
in field strength can be intuitively understood for the same reason as for the SPPs:
the electron fields extend further away, polarizing a larger volume of material.
The wave packet decay duration and the frequency of oscillations are also directly
related to 7 and w, respectively, as we saw for the SPPs in Figure 3.8.

Figures 3.9(c,d) show the corresponding data for §=5° and 60° in the frequency
domain. For the increased 7 the spectra are less intense, especially for 6=5°, where
the peak close to w=wp has broadened and red shifted slightly. For fiw,=2 eV the
peak at 8=5° has increased in intensity and blue shifted to twice the frequency,
as expected. The same trend holds for 8=60°. As for the SPPs, the increase in
intensity can be related to the higher conduction electron density and the f-sum
rule. The calculation with 300 keV electron energy shows the same general spectral
behavior as for 30 keV, with a higher intensity and a stronger contribution from
low frequencies, for both angles. This agrees well with the time evolution, where
we observe that the wave packet for 300 keV lags very slightly and oscillates a little
slower than for 30 keV (by ~0.2 fs). Overall, we find that the dependence of TR on
material parameters and electron energy is very similar to that of the SPPs.
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Figure 3.9 - Comparison of the TR electric field for different Drude metals and
electron energies. We compare the parameters used in the main text (iwp=1 eV
and /n=0.05 eV, Ee~=30 keV; in blue) to a more energetic exciting electron (iwp=1
eV and /1=0.05 eV, Ee~=300 keV, in black), a Drude metal with more losses (hwpzl
eV and /n=0.5 eV, Ee~=30 keV, in red) and a Drude metal with a higher plasma
frequency (Fwp=2 eV and in=0.05 eV, Ee~=30 keV] in green). We show the time
dependence of the TR electric field amplitude as a function of normalized time
(T=t — ro/c) for an emission angle of 6=5° (a) and 6=60° (b). We also show the
TR electric field intensity in the frequency domain, as a function of frequency for
these same angles (c,d). The red spectrum in (c) has been multiplied by a factor of
10, while the black spectrum in (d) has been multiplied by a factor 0.2. The inset in
(b) shows a simplified schematic of the TR excitation and emission process.

Figure 3.10 displays the TR electric field intensity as a function of the emission
angle 0 and the normalized time T=t —ro/c. As expected, a higher loss factor n
leads to TR oscillations that are much more damped, over all emission angles. A
higher plasma frequency leads to faster oscillations, except for the most grazing
angles where the emission is still critically damped. The faster electron with 300
keV energy mostly leads to an increase in intensity, relatively more noticeable for
the higher emission angles.

Figure 3.11 shows the corresponding information in the frequency domain,
with panels (a-d) corresponding to the same parameters as in Figure 3.10.
The calculation for higher loss displays a much weaker overall intensity and a
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Figure 3.10 — Comparison of the full time evolution of the TR electric fields for
the different Drude metals and electron energies from Figures 3.9. We show the
TR electric field intensity on a logarithmic scale, as a function of normalized time
(T=t - ro/c) and emission angle 6. (a) TR intensity for iwp=1 eV and /n=0.05 eV,
Ee-=30 keV. (b) A more lossy Drude metal, hwpzl eV and 7n=0.5 eV, Ee-=30 keV.
(c) A more energetic exciting electron, fiwp=1 eV and in=0.05 eV, Ee-=300 keV. (d)
A Drude metal with a higher plasma frequency, iwp=2 eV and iin=0.05 eV, E¢-=30
keV.

disappearance of the feature at w=wp, explaining the absence of a well-defined
peak for this case in Figure 3.9(c). For the higher electron energy (Figure 3.11(c))
the bright feature at low angles close to wy, is well-preserved, but we notice a clear
relative increase of the intensity at low frequencies, over a wide angular range.
The doubled plasma frequency (Figure 3.11(d)) shows a shift of the sharp bright
feature at low angles to the new plasma frequency, which is now relatively more
intense than the feature at high angles and low frequencies. This change is quite
opposite to that observed for the increased electron energy. We discussed in the
main text that the TR emission should be depleted when the electron couples its
energy into the material instead of radiation into the upper hemisphere. The angle

61



3 Femtosecond plasmon and photon wave packets

hwp=1 eV, hn=0.05 eV, E-=30 keV hwp=1 eV, hn=0.5 eV, E-=30 keV
(a) 0 I1Energy (eV) ) (b) Energy (eV)
10 10
80
8 NA NA
3 3
60 2 2
IS £
> 6 s < S
@ %S @ “©
40 o~ o~
S s
o o
uf uf
20 2 = =
0 0 ;
0 200 400 600 200 400
Frequency (THz) Frequency (THz)
hwp=1 eV, hn=0.05 eV, E-=300 keV hw,=2 eV, hn=0.05 eV, E-=30 keV
© 0 I1Energy (eV) ) (d) 0 I;nergy (eV)
60 15
80 80
NA NA
2 2
60 40 g 60 10 €
C 2 D =
[er] (DO fer} (DC)
40 o~ 40 o~
< £
20 % 5 &
uf ur
20 = 20 =
0 0 0 0
0 200 400 600 0 400 800 1200
Frequency (THz) Frequency (THz)

Figure 3.11 — Comparison of the full spectral behavior of the TR electric fields for
the different Drude metals and electron energies from Figure 3.9. We show the
TR electric field intensity as a function of frequency and emission angle 6. (a) TR
intensity for iwp=1 eV and /n=0.05 eV, E¢-=30 keV. (b) A more lossy Drude metal,
hwpzl eV and /n=0.5 eV, Ee-=30 keV. (c) A more energetic exciting electron, hwpzl
eV and 7n=0.05 eV, Ee-=300 keV. (d) A Drude metal with a higher plasma frequency,
hwp=2 eV and iin=0.05 eV, Ee-=30 keV. The white dashed lines correspond to 6 =
arcsin(Q/ k) ~ arcsin(y/€), with € given by the Drude parameters. We note that (a)
and (b) are shown on the same scale, but (c) and (d) have different scales.

determining this boundary, 6 = arcsin(y/€), is shown as a white dashed line in all
four panels and exhibits excellent agreement with the trend of the TR intensity as
it transitions between bright and dark regions for w > wy,. Since we only use the
real part of € to determine this angle, we do not account for the strong damping
in Figure 3.11(c), which causes the feature to disappear. This is in agreement with
Stern[167], who predicts a peak in TR at the plasma frequency when the imaginary
part of € is much smaller than 1, which does not apply for the larger n used here. As
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for the SPPs, the material parameters have a stronger influence than the electron
energy.

3.7.3 Dependence of TR on material permittivity

Figure 3.6 from Section 3.5 describes how the emission behavior of TR corre-
lates with the permittivity of the medium onto which the electron impinges (now
denoted as ¢, the incoming medium always being vacuum). Here we study this
relation in more detail. Figure 3.12 displays the results for an artificial frequency-
dependent € with specific features, to determine the underlying principles behind
the behavior observed in Figure 3.6.

First, Figure 3.12(a) shows the real (¢, in blue) and imaginary (¢”, in red) parts
of the artificial permittivity, as a function of frequency. We note such a permittivity
does not necessarily satisfy the Kramers-Kronig relations, but is meant to serve as
an illustration. €’ traces out a positive and then a negative peak before becoming
positive again, for €”’=0, before repeating the same features with ¢”=1, finishing
with a peak in €¢” for ¢’=1. Figure 3.12(b) displays the TR intensity as a function
of the frequency and the emission angle. We can observe several features. First, it
is clear that the peaks in negative €’ lead to more intense TR intensity than peaks
in positive €, with a factor ~2 difference. Next, the peak in €” shows a similar
intensity to the comparable peak in positive €’. All of the regions where € is close
to that of vacuum are very dark, since there is no longer any contrast between the
two media. The most noticeable features in Figure 3.12(b) however, are the bright
and sharp lobes that occur on both sides of the first negative peak of ¢, which
are very similar to those seen for the Drude metal in Figure 3.5(a). We can now
see that these bright regions correspond to ranges in frequency where 1 > ¢’> 0
and €”=0, so that |¢|] < 1. The feature becomes brighter (not visible on this color
scale) and sharper at the smallest emission angles as €’ approaches 0, but stops
quite abruptly once €’ becomes negative, even when |e| is still below 1. Although
not shown here, the edges of these features do correspond to 6 = arcsin(y/e), as
was the case for the Drude metal. In the second cycle where €”=1, this feature has
completely disappeared, which we attribute to |e| no longer being smaller than 1
at any point, even when €’< 0. This again agrees with predictions by Stern[167], as
discussed in Figure 3.11 and in the main text.

We examine the relation between |e|, the emission intensity and angle more ex-
plicitly in Figure 3.12(c), which is similar to Figure 3.6. We show |¢| (in blue), the to-
tal TR intensity summed over all angles (in red), normalized to the same maximum
value as |e|, and the angle of maximum emission intensity 8, (in green). Overall,
we find that 6,,,x and the total intensity follow the same behavior or trend as |e|.
The only difference occurs in the region of the bright features in Figure 3.12(b).
For |e| at or just below 1, 6,4, exhibits a maximum, but this occurs for vanishing
intensity, so this is not really significant. As |e¢| decreases and becomes closer to
0, 0,nax again shows the same behavior, also reaching a minimum close to 0. The
total intensity however displays the opposite behavior, reaching a maximum, just
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Figure 3.12 — Dependence of TR emission on the permittivity of an artificial
material. (a) Real (¢), in blue) and imaginary (¢”, in red) parts of the artificial
permittivity as a function of frequency. From left to right we use a positive and
a negative peak of €’ for €”=0 and repeat for €”=1, ending with a peak in €¢” for
e’=1. The horizontal dashed line denotes e=1. The vertical dashed lines denote
the transitions to/from regions in which the absolute value |e| < 1 but €’> 0. (b)
TR electric field intensity in the frequency domain, as a function of frequency and
emission angle 0 for the artificial € from (a). (c) Comparison of the absolute value of
the artificial permittivity |e| (in blue) to the normalized TR electric field intensity (in
red) and the angle of maximum emission intensity 8,4 (in green), all as a function
of frequency. The TR intensity is normalized to the same maximum as |¢|. We note
that 0,4x goes to 90° at the locations of the dashed lines, but here the intensity
goes to 0, so the emission angle is not well-defined.

as was observed in Figure 3.6. All of the observed behavior is consistent with the
notion that TR is sensitive to the contrast between the permittivities of the two
media, just as for reflection of light. An |e| much larger than 1 or much smaller than
1 (le] close to 0) both lead to very high contrast and correspondingly intense TR
emission. There are however additional subtleties, such as the higher intensities
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Figure 3.13 — Dependence of TR emission on material permittivity. (a) The TR
electric field intensity in the frequency domain normalized to its maximum, as a
function of €’ and the emission angle 0, for €”=0.1. The dashed line denotes ¢’=0.
(b) The same normalized TR intensity, now shown as a function of ¢’ and €” over
a larger range, for 6=60°. (c) The angle of maximum emission intensity 0,4, as a
function of €’ and €”. Note the reduced range of angles spanned by the color scale.
The color steps visible in the figure are due to the discrete 0.5° steps in 6 for which
the calculation is performed.

for negative € than for positive values, and the fact that the emission angles also
track the behavior of |e|.
Figure 3.13 shows the TR emission behavior plotted explicitly as a function of e,

65



3 Femtosecond plasmon and photon wave packets

at a single energy (iw=1 eV). Figure 3.13(a) displays the TR intensity normalized to
the maximum value, as a function of €’ and 6, for €”=0.1. The more intense TR for
negative ¢’ than for positive €’ is clearly observed. The now familiar sharp feature for
€’ positive but close to 0 is visible as well, but since €”> 0, it is relatively less bright
and occurs at higher angles than in Figure 3.12(b). We also observe the transition
region from this feature towards high intensities at higher angles for the negative
values of ¢’, as well as the disappearance of emission intensity around €’=1 when
we lose the contrast with vacuum. In Figure 3.13(b), we examine the normalized
TR intensity as a function of ¢’ and €”, for an emission angle §=60°. We again notice
the minimum in intensity around €¢’=1 and €”=0. From this minimum outwards,
the intensity increases for increasing |e|, with again the asymmetry of enhanced
emission for negative values of ¢’. Interestingly, for negative €’, a higher ¢” leads
to less intensity, while for positive €’ a higher ¢” leads to a very slight increase in
intensity. Finally, in Figure 3.13(c), we show the angle of maximum emission 0,
as a function of ¢’ and €” (note the reduced scale for the angles). The behavior of
smaller emission angles for small values of |e| close to 0 and increasing angles for
increasing |e| is confirmed. We notice that similarly to the trend in intensity, 0,4
is larger for negative €’ than for positive values.
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Quantifying coherent and incoherent
cathodoluminescence in semiconductors and

metals

In this chapter we present a method to separate coherent and in-
coherent contributions to cathodoluminescence from bulk materials
using angle-resolved cathodoluminescence spectroscopy. Using 5
and 30 keV electrons we measure the cathodoluminescence spectra
for Si, GaAs, Al, Ag, Au, and Cu. We then determine the angular
emission distributions for Al, GaAs, and Si. Aluminium shows a clear
dipolar radiation profile due to coherent transition radiation, while
GaAs shows incoherent luminescence characterized by a Lambertian
angular distribution. Silicon shows both transition radiation and
incoherent radiation. From the angular data we determine the ratio
between the two processes and decompose their spectra. This method
provides a powerful way to separate different radiative cathodolumi-
nescence processes, which is useful for material characterization and
in studies of electron-matter and light-matter interactions in metals
and semiconductors.

4.1 Introduction

Cathodoluminescence (CL), the radiation excited by a ray of fast electrons, was
first studied during the development of cathode tubes [80, 91]. More detailed stud-
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ies proliferated after the development of scanning electron microscopes (SEMs),
first with a focus on mineralogy and petrology to identify geological samples by
examining mineral-specific luminescence [172, 173], later encompassing materials
science in general [106, 107, 174]. One can study (band gap) luminescence and
other electron transitions across a broad range of energies [108, 175, 176]. The
luminescent properties can be used to examine often inaccessible details such as
variations in the local composition, local dopant concentration, stress and strain,
interfaces, and non-radiative recombination centers such as point or extended de-
fects [111-114]. One can also create and excite such defect states using electron
irradiation to study their nature and behavior [116, 117, 177, 178]. Cathodolumi-
nescence studies of nanoscale structures are on the increase as well [109, 110, 179,
180].

In the last decade, CL has gained attention among the nanophotonics com-
munity, mostly centered on studies of plasmonic systems, although studies on di-
electrics are proliferating. Measuring with a nanoscale excitation probe, especially
when combining spectral and angular data, turns CL into a very powerful tool.
Optical antennas [26, 101, 102, 130, 181-184], plasmonic nano-cavities [185, 186],
waveguides [187-189], and periodic crystals [124, 135, 136] among others have been
examined to study their dispersion, radiation profiles, and spatial modal distribu-
tions.

A high energy electron beam can generate radiation in a material through
a multitude of processes, which can be separated into coherent and incoherent
groups [92]. Coherent radiation, so-called because the emitted radiation has a fixed
phase relation with the electric field of the incident electron, comprises transition
radiation (TR) at the surface, generation of plasmons, and Cherenkov radiation
(when applicable). These processes can be used to probe the electromagnetic
behavior of nanoscale objects with great precision, but are often quite weak. In
metals, TR and plasmon generation are usually the dominant processes. Inco-
herent radiation such as luminescence generated by electron-hole recombination
in semiconductors is usually much stronger and does not interfere with coherent
radiation.

CL measurements for material science have generally consisted of spectral
measurements, which are very powerful in determining characteristic optical
resonances and transitions for a given material. If different radiative mechanisms
are at play, however, it is often not possible to separate them. Here, we present
the use of angle-resolved CL spectroscopy to separate fundamental CL processes
by their characteristic angular emission distributions. We investigate coherent TR
and incoherent luminescence that each have very distinctive emission patterns,
allowing us to discriminate between them and characterize them separately. We
study Al, Ag, Au, and Cu that show strong TR as well as GaAs which shows strong
incoherent luminescence. We then focus on partitioning TR and incoherent
emission in Si, where we find that both mechanisms strongly contribute to the CL
radiation.
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4.2 Experiment

We performed measurements on polished p-type (B doping level 10'° — 10'6
cm~3) and n-type (P doping level 10'> cm™3) single-crystal Si (100) wafers. No
significant differences were found in CL measurements for these two sample types.
A single-crystal wafer of Czochralski-grown Al was used to study TR and to char-
acterize the system response of our setup. Thermal evaporation was used to grow
layers of Au, Ag, and Cu on a silicon substrate. We used evaporation rates of 0.5
A/s at a chamber pressure of ~ 1075 mbar. In each case the metal layers are at
least 200 nm thick, such that they are optically thick. Finally, a single-crystal slab of
GaAs was used as a model for a strongly incoherent emitting material. The dielec-
tric functions of the metal films were measured using variable-angle spectroscopic
ellipsometry and compared to values from Palik [190] or Johnson & Christy [191].

The experiments are all performed at room temperature in our Angle-Resolved
Cathodoluminescence Imaging Spectroscopy (ARCIS) setup [128]. This consists
of a FEI XL-30 SFEG scanning electron microscope (SEM) in which we place an
aluminium paraboloid mirror that can be precisely positioned with a piezoelectric
micromanipulation stage. We use the focused electron beam to generate radiation
in our samples; the mirror collects the emission and directs it out of the microscope
to an optical detection system. For spectroscopy measurements we focus the light
onto a fiber connected to a spectrometer with a liquid-nitrogen-cooled Si CCD
photo-detector. Alternatively, we can image the parallel beam emanating from
the paraboloid mirror onto a 2D Si CCD camera, which allows us to determine the
angular emission profiles of the emitted radiation [128]. In this case each emission
direction from the sample will hit the mirror at a specific location and be directed
onto a specific point of the CCD camera. The 2D image is then transformed into
a far-field angular radiation pattern. For the angular measurements we use color
filters to select certain free-space wavelength ranges (40 nm bandwidth filters, from
Ao =400 —900 nm in 50 nm steps).

The spectral measurements on the single-crystal Al, evaporated Au, Ag, and Cu
were performed at a beam energy of 30 keV and a current of approximately 15 nA.
The integration time varied between 0.5 and 4 s. Measurements on single-crystal
Si were performed at 5 and 30 keV, with the same nominal current. Data from
GaAs was collected at 30 keV, but since the band gap luminescence is extremely
bright, we used a much lower current of roughly 0.15 nA. CL count rates were linear
with beam current in all cases. We subtract the dark spectrum measured with the
electron beam blanked to correct the spectral data, which accounts for thermal and
readout noise of the detector. During the measurement we scan the beam over a
200 x 200 nm square area, in 20 nm steps. A spectrum is measured for each pixel
and the data is then averaged. We find that measurements taken on different loca-
tions on the samples are very consistent. The correction to account for the spectral
sensitivity of the system is described further on. For angular measurements, the
same currents and energies were used as for the spectral measurements, while the
integration times were 60 s for Al and Si, and 1 s for GaAs. For the angular data
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Figure 4.1 - (a) Schematic angular emission profile for electron-beam induced
radiation from a metal, in which TR is dominant. The cartoon on the right sketches
this process, where the electron creates an image charge in the metal, giving rise to
a vertical dipole at the surface which emits radiation with a toroidal angular shape.
(b) Schematic angular emission profile for incoherent luminescence generated
inside the material with a Lambertian emission profile. The cartoon on the right
shows electron-hole recombination emitting light isotropically, only light emitted
within the critical angle escapes from the sample. (c) Schematic emission profile
for a combination of TR and luminescence, which is the case for Si. The profile is
an average of those from (a) and (b).



4.3 Results and discussion

we took 2-3 measurements for each filter wavelength in order to average them and
each measurement is corrected with a dark measurement.

4.3 Results and discussion

A beam of highly energetic electrons can transfer its energy to a material or
structure in different ways, leading to a variety of radiative and non-radiative
processes. Figure 4.1 provides an overview of radiation processes one commonly
encounters in most materials. The typical behavior of metals is shown in (a), where
coherent processes such as TR and generation of surface plasmons polaritons
(SPPs) are dominant [92, 99]. Due to fast non-radiative recombination of the free
electrons, the beam does not tend to excite incoherent luminescence in metals.
SPPs can be excited efficiently on a flat surface, but as they cannot radiate to the
far field for an unstructured planar surface, the only contribution to measured
radiation is from TR, which has a toroidal emission pattern similar to that of a
vertical point dipole at the surface as shown in Figure 4.1(a) [92, 99, 128]. The
cartoon on the right shows a simplified visualization of this process: the negatively
charged electron induces a positive mirror charge in the metal that disappears
when the electron transits the interface. The corresponding varying dipole
moment then leads to radiation into the far field with an angular emission profile
very similar to that of a radiating point dipole placed just above the metal surface.
For dielectrics TR generation occurs as well, a polarization charge replacing the
image charge, with the dielectric constant determining the magnitude [92].

In the case of many semiconductors and dielectrics, incoherent luminescence
is the main source of radiation as it is usually orders of magnitude stronger than
coherent emission such as TR. A schematic of such a luminescent material is shown
in Figure 4.1(b). The energetic electron can excite a material to a range of excited
states over a very broad spectral range. The impact excitation cross sections for
these transitions are higher than many optical excitation cross sections [107]. Be-
cause of the high incident energy and the formation of an electron cascade, a single
incident electron can lead to multiple material excitations. Creation of an electron-
hole pair by an incident electron typically requires a few times the energy of the
band gap [120, 121], so excitations in the visible and infrared can be generated by
both the primary and secondary electrons. The low-energy secondary electrons
and decelerated incident electrons have higher excitation cross sections than the
primary electrons, as their localized fields can couple more strongly to such exci-
tations than the more delocalized fields of fast electrons [92]. As this kind of CL
radiation is caused by spontaneous emission, it is not coherent with the electric
field of the incident electron and will not interfere with radiation that is coherent
such as TR. The emission is usually due to the radiative recombination of electron-
hole pairs and excitons which can recombine to the ground state or to intermediate
excited defect states, which then decay to the ground state through radiative or
non-radiative pathways. Incoherent emission typically occurs isotropically inside
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Figure 4.2 — (a) Measured cathodoluminescence spectra from bulk samples of
single crystalline Al, GaAs, and Si. Data was taken at 30 keV; for silicon also at 5 keV.
The beam current for Al and Si was 15 nA, for GaAs 0.15 nA. The GaAs spectrum
is divided by a factor of 20. (b) Calculated TR emission probability as a function
of wavelength for Al, GaAs, and Si. (c) The spectra of Al, GaAs, and Si corrected by
the system response using the TR data for Al as a reference. In this case the GaAs
spectrum is divided by a factor of 3000.

a material. The resulting CL emission distribution exiting the material is Lamber-
tian, with a cosine dependence on the zenithal angle, as shown in Figure 4.1(b).
The cosine dependence occurs due to the refraction of light and follows directly
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from Snell’s law [118]. The cartoon in Figure 4.1(b) illustrates these processes and
also indicates the critical angle beyond which radiation is fully reflected into the
substrate. Figure 4.1(c) shows a schematic of the emission pattern determined by
a combination of TR and Lambertian profiles. Next, we present the experimental
spectra and angular emission profiles for each of the three cases described here. We
use Al as a TR emitter, GaAs as a strong incoherent emitter and Si representing both
effects.

Figure 4.2(a) shows the CL spectra from bulk crystals of Al, GaAs, and Si at 30
keV. Data for Si at 5 keV is also shown. We observe that the Al and Si spectra show
similar, broadband spectral shapes while the GaAs spectrum is much sharper and
peaks at about Ay = 870 nm, corresponding to the band gap energy (~1.43 eV, or
~867 nm, at 300 K).

Figure 4.2(b) shows the calculated TR spectra for the same three materials,
where the TR intensity is expressed in units of photon emission probability
per incoming electron per unit bandwidth. The calculation is based on the
theoretical formalism described in section IV.C of Ref. [92]. In this approach
Maxwell’s equations are solved for a swift electron interacting with a material,
more specifically the case of an electron normally incident on a planar substrate.
The moving charge induces surface charges and currents that lead to a reflected
electromagnetic field at the surface that is the source of TR. The emitted TR is angle
and wavelength dependent, so one can obtain angular intensity distributions
and determine the total spectrum by performing the angular integral over the
upper hemisphere. The variables that are of importance for the wavelength and
amplitude dependence of TR are the electron energy, beam current and material
permittivity. The electron energy affects the TR amplitude because the electric field
of a higher energy electron extends further from its trajectory. As a result, a larger
volume of material is polarized, inducing more surface currents and increasing the
TR response. The TR intensity is given by an emission probability per electron,
so the signal increases linearly with the number of electrons. In this way the
beam current only affects the amplitude and does so in constant fashion for all
wavelengths leading to a fixed factor difference in the spectrum.

As far as the wavelength dependence is concerned, TR is an interface effect
based on the reflection of induced fields, so the equations contain information
about light dispersion in both media, in a way similar to that of the Fresnel equa-
tions. Since in our case one medium is vacuum, the material permittivity of the
sample determines the wavelength dependence of TR. Spectral features can be cor-
related with features in the permittivity. We use optical constants measured by
ellipsometry for Al and an average of tabulated values for Si and GaAs. The inset
in Figure 4.3 compares the real and imaginary part of the permittivity of Al that we
measured by ellipsometry with values from Palik [190]. The trends are similar, but
the absolute values of both real and imaginary parts of the permittivity differ; we
attribute this to differences between the density and crystallinity of our single crys-
tal compared to samples used by Palik. We can see that the calculated spectra for all
three materials follow the same trends as their dielectric function. The TR spectra
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of GaAs and Si are quite similar, in agreement with the similar permittivity. We also
note that using a lower electron energy leads to a lower TR emission probability for
Si.

As the CL signal from Al is purely due to TR, we now use it to calibrate our
setup and determine the (relative) system response due to the spectral sensitivity
of the setup. This will allow us to normalize the other experimental spectra. We
obtain this system response by dividing the theoretical TR spectrum by the mea-
sured spectrum from the single crystal Al. We can then multiply the other measured
spectra by this correction factor to obtain the emission probabilities for the other
materials.

Figure 4.2(c) shows the corrected CL spectra for Al, GaAs, and Si. Clearly, the
corrected Si spectrum at 30 keV does not correspond to the theoretical TR spectrum
in Figure 4.2(b) at all, as the spectral shape is quite different and the intensities are
2 —12 times higher than the TR spectrum. At 5 keV, the corrected spectrum for Si
also exceeds the TR spectrum. It is clear that the Si spectrum cannot be explained
as being only due to TR and since Si is a semiconductor, incoherent radiative pro-
cesses must play a role even if non-radiative recombination is dominant. We do
not expect Cherenkov radiation to play a role even though the refractive index is
high enough to satisfy the emission condition, because it is emitted in the forward
direction downwards into the substrate where it is fully absorbed.

In Figure 4.3, we examine the CL spectra of Au, Ag, and Cu, for which we expect
the spectrum to be dominated by TR. The measured spectra are corrected using
TR data from Al in the same way as above. Theoretical TR spectra of Au, Ag, and
Cu are also shown as comparison. Several trends can be observed. First of all,
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Figure 4.3 — Cathodoluminescence spectra of evaporated Au, Ag, and Cu that have
been corrected for the system response (solid curves), compared to the calculated
TR spectra (dashed curves), for an electron energy of 30 keV. The inset shows
the real and imaginary part of the permittivity of Al measured using ellipsometry
together with values from Palik [190].
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the experimental TR spectra for Au, Ag, and Cu have quite similar intensities, with
clear kinks in the spectra for Au and Cu at 1y = 500 and 550 nm respectively. The
theoretical spectra show similar trends, the kinks for Au and Cu occur at the same
wavelengths as for the experimental spectra. The absolute emission probabilities
do not agree well between experiment and theory; they differ by up to ~30 %. We
attribute this to variations between measurement sessions of the beam current,
as explained in the description of Figure 4.2(b), as well as changes in the system
alignment that affect the collection efficiency and thus the intensity. Repeated
measurements with the same sample and measurement conditions have shown
one can indeed obtain up to ~30 % variations in intensity. Because all of the data
is normalized to the intensity of Al, differences in current compared to that of the
reference measurement will lead to an offset factor in the spectrum. In this case the
current was higher for the measurements than for the reference, so the experimen-
tal spectra are a factor higher than the theoretical values. These results show that
overall, the experimental data well represent the theoretical spectral features.

Next, we study the angular emission profiles for Al, GaAs, and Si at 30 keV. We
find that the radiation profiles are azimuthally symmetric and average the data over
an azimuthal range to obtain the polar profiles shown in Figure 4.4. Averaging was
done over the azimuthal angle ranges ¢ = 60 — 120° and ¢ = 240 — 300°, where ¢
= 0/360° is the center of the mirror’s open end and ¢ = 180° corresponds to the
apex at the back of the mirror. We use these ranges to avoid the open end of the
mirror and the apex which contains more aberrations. To further decrease the
noise for Al and Si we average the data obtained from the two angular ranges. All
angular distributions are normalized to 1; no data is collected in the angular range
0 = £5°, corresponding to the hole in the parabolic mirror. The angular resolution
is affected by the curvature of the mirror which modifies the solid angle of the
emitted radiation compared to its distribution on the CCD camera. As described
in Ref. [128] (Fig 2.c), the solid angle per pixel varies between 2-10 x107° sr.

Figure 4.4(a) shows angular profiles for Al (at 1o = 400 nm) and GaAs (at Ao = 850
nm) together with theoretical curves for TR (Al) and a Lambertian emitter (GaAs).
For Al, the measured and calculated data agree very well, with the experimental one
being slightly broader, proving the emission from Al is well described by TR. The
emission pattern from GaAs corresponds well to the Lambertian profile, confirming
that CL from GaAs at the band gap energy is dominated by incoherent lumines-
cence.

Figures 4.4(b—d) show the experimental angular profiles for Si at 30 keV, mea-
sured at A = 400, 550, and 900 nm, respectively. Clearly, at 1y = 400 nm the emis-
sion pattern is more TR-like while it becomes more Lambertian-like and thus dom-
inated by luminescence for the longer wavelengths. The angular emission from
GaAs displays a similar trend (see Figure 4.6 of the Supporting information).

For the case of incoherent luminescence it is important to keep in mind that
carrier transport can play a role in determining the emission properties. Diffusion
as well as photon recycling can lead to recombination well outside the area of initial
generation by the electron beam. Additionally, carrier transport can be anisotropic,
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4 Quantifying coherent and incoherent cathodoluminescence

Figure 4.4 — (a) Measured normalized emission patterns as a function of polar angle
6 for Al and GaAs (solid lines, measured at 400 and 850 nm, respectively). The
theoretical TR pattern for Al and a Lambertian pattern for GaAs are also shown
(dashed lines). (b-d) Measured emission patterns of Si at 30 keV for 400, 550,
and 900 nm (blue lines) shown together with fits consisting of a combination
of Lambertian and TR patterns (red lines). All measurements shown here were
performed with a 30 keV electron energy and the resulting data is azimuthally
averaged.

further impacting the distribution of recombination and thus affecting the resulting
spatial and angular CL profiles [125]. In our case there is very good agreement with
the Lambertian profile, so we expect that these effects play a minor role.

To determine the relative contributions of the two processes and separate them,
we model the emission pattern as a linear combination of TR and Lambertian pro-
files for the given wavelengths, with the relative contributions as fit parameters
in a least squares fitting routine. The fitted angular profiles are shown in red in
Figures 4.4(b-d) and agree well with the measured data. Next, we extend this anal-
ysis to the full 400 — 900 nm spectral range in steps of 50 nm, both for 30 and 5
keV electron energies. The relative contributions of TR and incoherent radiation
are then determined from the fits for each wavelength; the result is shown in Fig-
ure 4.5(a). TR dominates at shorter wavelengths, while incoherent emission dom-
inates at longer wavelengths. Similar trends are observed for 5 and 30 keV. The
transition in dominance between the two radiative mechanisms is due to a com-
bination of effects. TR has an increased intensity at shorter wavelengths as one
can see from the calculation in Figure 4.2(b), while luminescence which is emitted
inside the material will be absorbed much more strongly for short wavelengths than
for long wavelengths, so more “red” luminescence will escape the Si. GaAs exhibits
similar behavior, but with stronger relative contributions for both processes at ei-
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Figure 4.5 — (a) Relative contributions of TR and luminescence derived from fits
to the Si emission patterns as in Figure 4.4, both for 5 and 30 keV electron energy
(circles). The drawn lines are a guide to the eye. (b) The CL spectrum from
Figure 4.2(c) (black) together with TR (blue) and incoherent luminescence (red)
contributions for Si at 30 keV derived using the fractions from (a). The theoretical
TR spectrum for Si at 30 keV is shown as well (blue dashed line).

ther end of the spectral range, as we demonstrate in Figure 4.7 of the Supporting
information.

Now that we have determined the relative contributions of these two radiative
processes in Si, we can use this information to decompose the TR and incoher-
ent luminescence spectra. We fit a smooth curve through the data points in Fig-
ure 4.5(a) and use this to partition the experimental spectrum for Si at 30 keV from
Figure 4.2(c). The total spectrum for Si at 30 keV as well as the separated TR and in-
coherent contributions are shown in Figure 4.5(b). Comparing the experimentally
determined TR contribution with the calculation, the overall behavior as a function
of wavelength is well reproduced, while the absolute intensities differ by a factor
~1.5 which we attribute to a difference in beam current, as was discussed earlier.

Figure 4.5(b) shows that the incoherent Si spectrum is spectrally broad, peaks
for Ap > 750 nm and extends above the TR spectrum for A9 > 470 nm. We at-
tribute this incoherent spectrum to transitions between defect states in the direct

7



4 Quantifying coherent and incoherent cathodoluminescence

band gap. Since n-type and p-type samples gave similar results, doping-related
luminescence is insignificant. We note that light emission is strongly absorbed in
Si, especially in the blue, so the collected spectrum does not directly reflect the
emitted incoherent spectrum. Correcting for this effect the relative contribution
emitted in the blue spectral range is larger than what is observed in the measured
spectrum.

Our data can be compared with experiments at 200 keV performed by
Yamamoto et. al. [192] at 200 keV in which the CL spectrum from Si closely
follows the calculated TR spectrum, with no discernible incoherent radiation. This
is due to the fact that the TR intensity is ~6 times stronger at 200 keV than at 30
keV. Moreover, at 200 keV the penetration depth of the electrons is much larger
than at 30 keV (up to ~200 um versus ~10 um, as determined using Casino) [193].
Since the incoherent radiation is generated more efficiently as the electrons have
decelerated deeper inside the material, it will be strongly absorbed inside the Si for
higher electron energies.

4.4 Conclusions

We demonstrated a method to distinguish coherent and incoherent cathodolu-
minescence processes induced by a beam of fast electrons. We have shown that
Al exhibits coherent transition radiation, while GaAs exhibits mainly incoherent
band gap luminescence. Si cathodoluminescence is composed of both transition
radiation and incoherent radiation. We distinguish the two processes by their char-
acteristic angular profiles, namely dipolar-like lobes for transition radiation and a
Lambertian angular distribution for incoherent luminescence. For silicon at 5 and
30 keV, transition radiation dominates around Ay = 400 nm, making up ~70 % of
the signal while incoherent luminescence becomes increasingly stronger for longer
wavelengths, consisting of ~85 % of the signal at 1y = 900 nm. Determining the
relative strengths of these two effects allows us to decompose the experimental Si
cathodoluminescence spectrum to retrieve the spectrum due to transition radia-
tion, which agrees with calculations and the spectrum due to luminescence, which
is very broadband.

Using angle-resolved cathodoluminescence to identify, separate and character-
ize different coherent and incoherent radiative processes is a powerful way to quan-
tify such different forms of radiation in a multitude of materials such as metals and
semiconductors. The technique is quite flexible in separating different radiative
mechanisms, so long as one measures processes that do not interfere with each
other (or do so in a way that can easily be deconvoluted) and have differing an-
gular distributions. The use of antennas, (nano)structured surfaces or non-planar
surfaces can all modify the coherent or incoherent distributions, but often in ways
that are predictable by calculation or simulation. One can then use the modified
angular patterns to separate the processes. For example, a luminescent sample
with a hemispherical surface will not display a Lambertian but a hemispherical
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angular distribution due to incoherent luminescence. Alternatively, one could sep-
arate the coherent emission of an antenna from the luminescence of the substrate.
The presented results are relevant for material characterization and for studies of
electron-matter and light-matter interaction in general.

4.5 Supporting information

Transition radiation (TR) occurs for electrons impinging on any material, so
long as there is a contrast in the permittivity e. Examining the calculated TR emis-
sion probability in Figure 4.2(b), we note that the theoretical spectra for Si and GaAs
are very similar. It is thus to be expected that GaAs exhibits TR in a similar way to
Si. Angle-resolved measurements on GaAs for an electron energy of 30 keV indeed
display the characteristic dipolar angular emission distribution of TR, as shown in
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Figure 4.6 - Measured normalized emission patterns as a function of polar angle 6
for GaAs (blue lines) and Si (red lines), for wavelengths of 400 (a), 550 (b), and 900
nm (c). Measurements were performed with a 30 keV electron energy and the data
is azimuthally averaged. The black lines close to 8=0 denote the angles for which
we do not collect any emission with the mirror.
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4 Quantifying coherent and incoherent cathodoluminescence

Figure 4.6. Here we compare the normalized emission intensity of GaAs and Si,
averaging over the same azimuthal range used for Figure 4.4 (¢ =60 -120° and ¢ =
240 - 300°). The two materials follow similar emission trends, being dominated by
TR at short wavelengths (1o = 400 nm in Figure 4.6(a)) and by luminescence at long
wavelengths (19 = 900 nm in Figure 4.6(c)), with a transition in between (1¢ = 550
nm in Figure 4.6(b)). We notice, however, that GaAs exhibits stronger extremes for
both short and long wavelengths. The angular emission distribution is more dipolar
in shape than for Si at both 1p =400 nm and Ay = 550 nm, while it is more rounded
and Lambertian than for Si at 1o =900 nm.

This difference between the two materials can be viewed more explicitly in Fig-
ure 4.7, which shows the relative contribution of TR and luminescence to the total
angular emission distribution, determined from fits as described for Figures 4.4
and 4.5. We observe that GaAs has a ~15 % higher relative contribution from TR
than Si, for wavelengths up to 1o = 700 nm, after which GaAs has a higher con-
tribution from luminescence instead. These differences can explained quite intu-
itively. The strong dominance of the Lambertian angular profiles at these longer
wavelengths is to be expected, since this matches with the spectral range of the
band gap emission peak (see Figures 4.2(a,c)). In this range GaAs emits lumines-
cence that is much more intense than TR by several orders of magnitude, whereas
for Si the difference in intensity is much smaller. The luminescence of Si is quite
broadband, however, contributing over the entire visible spectral range studied
here. In contrast, the luminescence from GaAs is much more spectrally confined
to the band gap wavelength, so at shorter wavelengths there is less competition for
TR and it will play a relatively stronger role.
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Figure 4.7 — Relative contributions of TR and luminescence as a function of
wavelength, derived from fits to the GaAs and Si emission patterns as in Figures 4.4
and 4.6 (circles). The drawn lines are a guide to the eye.
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Angle-resolved cathodoluminescence imaging
polarimetry

Cathodoluminescence spectroscopy (CL) allows characterizing light
emission in bulk and nanostructured materials and is a key tool in
fields ranging from materials science to nanophotonics. Previously, CL
measurements focused on the spectral content and angular distribu-
tion of emission, while the polarization was not fully determined. In
this chapter we demonstrate a technique to access the full polarization
state of the cathodoluminescence emission: the Stokes parameters as
a function of the emission angle. Using this technique, we measure the
emission of metallic bullseye and spiral nanostructures, showing that
handedness as well as nanoscale changes in excitation position induce
large changes in polarization ellipticity and helicity. Furthermore, by
exploiting the ability of polarimetry to distinguish polarized from
unpolarized light, we quantify the contributions of different types of
coherent and incoherent radiation to the emission of a gold surface,
silicon and gallium arsenide bulk semiconductors. This technique
paves the way for in-depth analysis of the emission mechanisms of
nanostructured devices as well as macroscopic media.
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5 Angle-resolved cathodoluminescence imaging polarimetry

5.1 Introduction

Among many recent developments in microscopy, optical electron-beam spec-
troscopy techniques such as cathodoluminescence imaging (CL) have emerged as
powerful probes to characterize materials and nanophotonic structures and de-
vices. In one mode of operation of CL, one collects light emitted in response to
a beam of energetic electrons (0.1 — 30 keV), for example in a scanning electron
microscope (SEM). The time-varying evanescent electric field around the electron
beam interacts with polarizable matter creating coherent emission, such as surface
plasmon polaritons (SPPs) and transition radiation (TR) [92, 139, 194]. The spot
size of the focused electron beam and the extent of the evanescent field about the
electron trajectory define the interaction resolution to be ~30 nm. A broadband
excitation results from the interaction time (approximately 1 fs) set by the high
velocity of each electron as a result of its high energy. Aside from coherent emission,
incoherent emission can also be generated by both the primary beam and slower
secondary electrons, which excite electronic transitions in matter [92, 107]. The
relative importance of the coherent and incoherent contributions provides infor-
mation about the material composition and electronic structure.

Spectral analysis of the cathodoluminescence as a function of the electron
beam position allows the local characterization of the structure and defects of
semiconductors [108, 113, 116], the functioning of nanophotonic devices [179], and
the mapping of optical resonances in plasmonic and metamaterial structures [185].
Recently developed techniques for angle-resolved detection of CL enable the
identification of the band structure and Bloch modes of photonic crystals [124,
135, 136, 194, 195], the dispersion of surface plasmons [139, 156], and the directivity
and Purcell enhancement of plasmonic nano-antennas [183, 196].

Besides frequency and linear momentum, the vectorial nature of light provides
a third degree of freedom rich in information about the physics of light generation
and scattering, encoded in the polarization of emitted light. In materials charac-
terization, for instance, polarization provides direct access to the local orientation
of emission centers and anisotropies in the host material. In nanophotonics, po-
larization plays a fundamental role (together with directionality) in determining
the interaction between emitters and nanostructures. Furthermore, it is increas-
ingly recognized that mapping and controlling the polarization of light is key to
harnessing the wide range of opportunities offered by metamaterials and metasur-
faces. Recent breakthroughs in chirality-enhanced antennas [197], photonic topo-
logical insulators [198], and the photonic equivalent of the spin-Hall effect [199-
202], indicate the emerging importance of mapping the full polarization properties
of nanophotonic structures. Polarization measurements of CL emission, however,
have been limited to fully polarized emission and in particular to linearly polarized
signals [102, 129].

In this chapter we introduce a novel technique to access full polarization in-
formation in cathodoluminescence spectroscopy. Based on a polarization analysis
method previously demonstrated in optical microscopes [203-206], we integrate
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Figure 5.1 — (a) Schematic overview of the cathodoluminescence polarimetry
setup. The structure is excited by the electron beam after which the resulting
light emission is collected by a parabolic mirror. The light is directed towards
a polarimeter composed of a QWP and linear polarizer set at angles a and S
respectively. The filtered beam profile is measured by the CCD camera. The CCD
image shows data corresponding to a measurement on a bullseye structure with a =
B = 45°. For reference we also show the coordinate system that is used throughout
the manuscript. (b) Six measurements with different settings of the polarimeter are
required to retrieve the full angle-resolved polarization state of the collected light.
In addition to transforming from Cartesian (y, z) coordinates in the detection plane
to polar coordinates (zenithal angle 6, azimuthal angle ¢) in the emission plane, we
corrected for the effect of the mirror on the polarization. Using the retrieved Stokes
parameters it is possible to determine any figure of merit for polarization including
the total (DOP), linear (DOLP) and circular (DOCP) degrees of polarization, as
well as the electric field components | E;|.
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5 Angle-resolved cathodoluminescence imaging polarimetry

a rotating-plate polarimeter in the detection path of the angle-resolved CL setup.
Using the Mueller matrix formalism for the light collection system, we determine
the Stokes parameters for CL emission, that is, all parameters required to com-
pletely describe the polarization state of the light, which can be polarized, par-
tially polarized or totally unpolarized. We demonstrate the great potential of this
new measurement technique by analyzing the angle-resolved polarization state of
directional plasmonic bullseye and spiral antennas. Furthermore, exploiting the
unique capabilities of CL excitation, we measured the emission from metals and
semiconductors. For these materials, we can separate coherent and incoherent
emission mechanisms, with further applications in nanoscale materials science.

5.2 CL polarimetry

In our measurements, the 30 keV electron beam from a scanning electron mi-
croscope (SEM) excites the sample. An aluminum paraboloid mirror collects and
redirects the resulting CL emission out of the SEM. The outcoming beam is focused
onto a fiber-coupled spectrometer or projected onto a 2D CCD array [124, 128, 183],
as shown in Figure 5.1(a). The wave-vector distribution of the CL emission can be
retrieved from the CCD image, as every transverse point in the beam corresponds
to a unique emission angle, in a procedure analogous to other Fourier imaging
techniques [27, 207-211].

Measuring polarization for all emission angles of CL presents several chal-
lenges. First, it requires determining the relative phase difference between field
components, a task not achievable with only linear polarizers as in Ref. [129].
Second, the paraboloid mirror performs a non-trivial transformation on the signal
as it propagates from the sample to the detector plane. The shape of the mirror
introduces a rotation of the vector components of light due to the coordinate
transformation and, consequently, a change in the main polarization axes. In
addition, the angle and polarization-dependent Fresnel coefficients of the mirror
modify the polarization of the light upon reflection [133, 134]. As a function of the
angle of incidence, the mirror partially polarizes unpolarized light and transforms
linearly to elliptically polarized light in the detection plane.

To address these challenges, we included a rotating-plate polarimeter in the
beam path of our CL system, composed of a quarter-wave plate (QWP) and a linear
polarizer [131, 212, 213]. Figure 5.1(a) shows the polarizing elements in a schematic
of the setup. Depending on their orientation, these two elements act either as a
linear polarizer or as a right- or left-handed circular polarizer. As schematically
shown in Figure 5.1(b), we measure the intensities I; transmitted by six different
settings of the polarimeter (horizontal, vertical, 45°, 135°, right- and left-handed
circular) in order to determine the Stokes parameters of the light:
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So = Ig+l1y

S1 = Ig-1Iy

S2 = Iss—Iiss

S§3 = Ippc—ILHC- (5.1)

These four parameters are the most general representation of polarization and can
be used to retrieve any polarization-related quantity [131]. The raw polarization-
filtered CCD images are projected onto [0, ¢]-space as indicated in Figure 5.1(b)
using a ray-tracing analysis of the mirror, after which the Stokes parameters in
the detection plane are determined. To transform these to Stokes parameters in
the sample plane, we determine the Mueller matrix of the light collection system
that accounts for the effects of the mirror on the polarization. In addition to the
geometrical transformation, the analysis takes into account the Fresnel coefficients
of the mirror for s- and p- polarized light. As a results of the 3D shape of the mirror,
each element of the Mueller matrix is a function of the emission angle, i.e., there
is a Mueller matrix for each emission angle. The Supporting information describes
in more detail how the Mueller matrix was calculated. To benchmark these calcu-
lations, we use fully polarized transition radiation (TR) which occurs whenever an
electron traverses an interface between two dielectric media. The electron locally
polarizes the material close to the interface, giving rise to a well-defined broadband
vertically-oriented point-dipole-like source [92, 128, 129], which is perfectly suited
to calibrate our CL polarimeter (see Figure 5.6).

The Stokes parameters in the sample plane allow determining any figure of
merit for polarization. Given that both incoherent and coherent radiation may
be generated in CL, the degree of polarization (DOP), and the degrees of linear
(DOLP) and circular polarization (DOCP) will be especially relevant. Defined as
the ratios of polarized, linearly or circularly polarized light to total intensity, they

are given by DOP = \/S% +S§ +S§/So, DOLP = \/Sf +S§/So and DOCP = S3/8y.
Equivalently, the ratio of unpolarized light to total intensity is given by 1 — DOP so
a DOP smaller than 1 corresponds to partially polarized light.

5.3 CL polarimetry on plasmonic structures

To demonstrate the full potential of angle-resolved CL polarimetry we investi-
gate the emission of a plasmonic bullseye structure with a pitch d = 600 nm, milled
into a single-crystal gold substrate. Bullseyes are well-known for their ability to
strongly direct light scattered by nanoscale apertures [214], generated by fluores-
cence [209, 215] or thermal emission [216]. Figure 5.2(a) shows a scanning electron
micrograph of the structure indicating the excitation position. The electron beam
launches a circular surface plasmon polariton (SPP) wave which radiates outwards
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Figure 5.2 — (a) Scanning electron micrograph of a bullseye structure with d = 600
nm. The blue dot indicates the central electron beam excitation position. The red
dashed circle indicates which part of the bullseye is shown in detail in Figure 5.3.
The scale bar corresponds to 2 um. (b) Polarization filtered angular CL patterns for
different analyzer settings as indicated by the white arrows, measured at 1¢g = 750
nm. (c) Stokes parameters in the detection plane as a function of angle. The Sy,
82, and S3 patterns are normalized to Sy to better show the overall polarization
distribution. (d) Spherical and Cartesian absolute field amplitude distributions as
a function of angle, retrieved from the experimental data in (b). In all figures, the
intensities are given in 10° ADUsr~!s™! (analog-to-digital units, the equivalent of

counts). Amplitudes are in units of 102/ ADUsr~1s71.
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and scatters coherently from the grooves of the bullseye. The scattered fields in-
terfere to give rise to directional emission. In our measurements, the emission is
spectrally filtered by a 40 nm bandwidth bandpass filter centered at 1y = 750 nm
(see Figure 5.5 in the Supporting information for full spatial and spectral mapping).

Figures 5.2(b-d) represent the main steps of our polarimetric analysis for CL.
Figure 5.2(b) shows the angular intensity patterns measured for the six settings
of the polarimeter (indicated by the arrows) after a coordinate transformation of
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the raw intensity data. Figure 5.2(c) shows the Stokes parameters in the detection
plane calculated using Eq. 5.1 from the patterns in Figure 5.2(b). The leftmost panel
corresponds to the total intensity distribution, Sg. The bullseye emits in a narrow
doughnut pattern without any azimuthal variations, consistent with the azimuthal
symmetry of both excitation position and bullseye structure. The polar angle at
which most of the CL is emitted, 8 = 15°, corresponds to the grating equation 8 =
sin™!(kspp — m2n/d)/ky. In this spectral regime, the grating order m =1 is the only
relevant order, kg = 27/ and kspp is the SPP wave-vector, calculated using the
optical constants for gold from spectroscopic ellipsometry. The other panels in
Figure 5.2(c) show the Stokes parameters S, S», and Ss in the detection plane (yz-
plane in Figure 5.1) normalized to Sy, such that it is possible to see polarization
features outside the areas of very bright emission.

Next, we transform the data collected by the detector to the polarization state
of the emitted light in the sample plane, by multiplying the Stokes parameters at
the detection plane with the mirror’s inverse Mueller matrix. Among the quantities
that the Stokes parameters allow retrieving, here we will focus on the electric field
components. Figure 5.2(d) shows the reconstructed spherical field vector ampli-
tudes |Eg| and |Ep| that constitute the natural s- and p- polarization basis relevant
to map the far-field generated by a localized radiating object. The figure shows that
the | Eg| distribution is strong and azimuthally symmetric while | E,| is close to zero.
Therefore, the measured emission of the bullseye is a narrow doughnut beam with
a fully linear, radial polarization. Radial polarization is expected for the bulls-eye
radiation as SPPs scatter out while maintaining their p-polarized character at the
grooves. Additionally, no tangential polarization is allowed for coherent radiation
generated by an azimuthally symmetric excitation in an azimuthally symmetric
structure.

The polarization can alternatively be cast into Cartesian components. Fig-
ure 5.2(d) shows the double-lobe patterns of |Ex| and |Ey|, which are rotated 90°
relative to each other. The |E;| component is azimuthally symmetric and shows
several emission rings. The outer rings correspond to transition radiation (TR)
from the excitation position, which is modulated to yield a fringe pattern due
to interference with SPPs scattered off the bullseye grooves. This interference in
the far field results from the fact that both TR and SPPs are coherent radiation
excited by the same source (same electron) [92, 99]. Since the electric field must
be transverse to the propagation direction, the |E;| component vanishes at near-
normal angles and therefore the main SPP emission beam from the bullseye (the
narrow ring) appears relatively weak in |E;|. While the emission in the sample
plane is completely linearly polarized, a nonzero circularly polarized signal is
measured in the detection plane (S3 in Figure 5.2(c)), which indicates the effect of
the mirror and the importance of using the Mueller matrix analysis to correct for it.

We continue by exploring CL polarimetry in a geometry with a different symme-
try by launching an off-center circular SPP wave on a bullseye structure. Figure 5.3
shows measurements for electron beam excitation in the center, halfway between
the center and the edge, and at the edge of the central bullseye plateau, as indicated
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Figure 5.3 - (a) |Eg| and |Ey| field amplitudes for central, halfway, and edge
excitation on the bullseye plateau. The excitation positions are indicated as blue
circles in the SEM micrographs on top, which show the area enclosed by the red
dashed circle in Figure 5.2(a). (b) DOLP and DOCP of the bullseye emission as a
function of emission angle for the same excitation positions as in (a).
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5.4 CL polarimetry applied to incoherent emitters

in the SEM micrographs on top of the figure. Figure 5.3(a) shows |Eg| and |Ey| for
the three excitation positions. For off-center excitation, the zenithal field distri-
bution |Ep| is no longer symmetric, being stronger towards the left than towards
the right of the image. This type of asymmetric beaming has also been observed
in angular intensity measurements on asymmetric gratings [215], spirals [217], and
asymmetrically excited (patch) antennas [102, 218]. Besides the asymmetry, the off-
center excitation also leads to a non-zero azimuthal field contribution, |E,|, which
is similar in strength to the zenithal field contribution. The excitation position and
the center of the bullseye defines a mirror symmetry that expresses itself as a nodal
line for |E,| at ¢ = 90° and ¢ = 270°. At far off-center excitation, the azimuthal and
zenithal field distributions are very rich in structure and for certain angular ranges
the emission becomes elliptically or circularly polarized.

The effect of off-center excitation is most clearly seen in Figure 5.3(b), which
shows the degree of linear (DOLP) and circular (DOCP) polarization. Owing to
the mirror symmetry of sample and excitation, the DOCP remains close to zero
along the axis of the electron beam displacement. Yet, away from this axis the
emission becomes elliptical with opposite handedness on either side of the axis as
dictated by mirror symmetry. For edge excitation, the complementary multi-lobe
|Eg| and |E,| patterns lead to a rich behavior, where the emission transitions from
fully linear to almost fully circular polarization several times. Rather than breaking
symmetry by changing the excitation position, it is also possible to study scattering
and emission by intrinsic asymmetry and handedness of structures. In Figure 5.7
of the Supporting information we show an extensive analysis of the emission of
Archimedean spirals and demonstrate how CL polarimetry can be employed to
study the conversion of structural chirality to handed scattering.

The data shown in this section proves that polarimetry analysis of CL, in com-
bination with precise electron beam positioning, provides direct insight into the
complex emission behavior of nanophotonic structures. Measuring directionality
and polarization of the emission from emitters coupled to single nanostructures is
of paramount importance when designing and testing the performance of struc-
tures like optical antennas, plasmonic resonators, and metasurfaces.

5.4 CL polarimetry applied to incoherent emitters

In addition to characterizing fully coherent radiation, CL polarimetry allows us
to determine whether the measured radiation contains an unpolarized contribu-
tion such as in the case of incoherent luminescence from bulk or nanostructured
materials. This is shown in Figure 5.4, where we compare azimuthally averaged
zenithal cross cuts of the polarized (Sy x DOP) and unpolarized (Sg x (1 — DOP))
emission intensities for single-crystal, unpatterned Au, Si and GaAs and compare
them to calculations.

The emission from Au is dominated by TR, which is fully coherent and polar-
ized radiation. Figure 5.4(a) shows a measurement at 1y = 850 nm, which com-
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Silicon

Figure 5.4 — Zenithal cross cuts comparing unpolarized and polarized emission
for bulk single crystals of Au at 1¢g = 850 nm (a), GaAs at 19 = 850 nm (b) and Si
at Agp = 650 nm (c). In all cases we compare the unpolarized (red) and polarized
(blue) emission from measurements to the unpolarized (black) and polarized (gray)
emission determined from calculations. The data is obtained by averaging over
an azimuthal range ¢ = 270° — 90° to improve signal-to-noise ratio, and we scale
the angular distributions by the overall emission intensity. For Au, the unpolarized
emission component is so small that it is not visible in the plot.

pletely overlaps with a calculated TR emission distribution (see also Figure 5.6 in
the Supporting information). In the case of GaAs in Figure 5.4(b), the emission is
dominated by very bright incoherent radiative band gap recombination measured
at Ay = 850 nm. This luminescence is fully isotropic and unpolarized inside the
material, but large differences between s- and p- Fresnel transmission coefficients
for the semiconductor-vacuum interface partially polarize the emission as seen in
the data. Figure 5.4(b) shows that unpolarized light is indeed dominant. The weak
polarized emission has a very different angular emission distribution, that agrees
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very well with Fresnel calculations (see Figure 5.8 in the Supporting information).
Lastly, Si is a material that displays such weak luminescence that it is compara-
ble in intensity to TR [119]. Indeed, the polarized intensity for Si at 1y = 650 nm
shown in Figure 5.4(c) constitutes ~32 % of the total emission, which is much more
significant than for GaAs, although unpolarized emission remains the dominating
contribution.

These examples show that angle-resolved polarimetry measurements provide
quantitative and precise information about the origin of emission of different mate-
rials. This technique enables the separation of polarized and unpolarized emission,
and therefore it can be used to determine the different mechanisms that simul-
taneously contribute to cathodoluminescence (see Figure 5.8 in the Supporting
information for a quantitative analysis of TR). Moreover, for the polarized part of
the emission we can map the electric field components and their relative phase.
Since it does not require any prior knowledge of the sample (unlike the method
described in Ref. [119]), this method is very general and can be applied to any
(nanostructured) material.

5.5 Conclusions

We have demonstrated ‘angle-resolved cathodoluminescence imaging po-
larimetry’ as a new microscopy tool to map the vectorial electromagnetic scattering
properties of nanostructured and bulk materials. We determine the complete
polarization state of emitted light as a function of angle from six CL intensity
measurements in the detection plane, in combination with a mathematical
transformation that corrects for the polarizing effect of the CL mirror. As a
result of the high resolution of the electron beam excitation, the wave-vector
resolved polarization properties of locally excited plasmonic nano-antennas can be
extracted with a spatial resolution for the excitation of 20 nm. The angle-resolved
polarization measurements of the emission of bullseye and spiral nanoantennas
demonstrate how structural symmetry and handedness translate into the helicity
of emitted light. These results show that angle-resolved cathodoluminescence
polarimetry can be extremely valuable for the development of metallic and
dielectric antennas for spin-resolved and chiral spectroscopy as well as for the
study of photon spin Hall effects.

Besides its relevance for nanophotonics, we demonstrate that our technique
opens new perspectives for materials science not accessible with optical micro-
scopes. Measuring the Stokes parameters generally enables the separation of in-
coherent and coherent CL generation, as we demonstrated for direct and indirect
semiconductor materials. Our measurements on relatively simple samples of Au,
GaAs and Si show the potential of the technique for the analysis of bulk materials
which could be useful for many material inspection tasks. For optoeletronics, the
nanoscale characterization of emission polarization from inorganic LEDs stacks,
nanowires and quantum dots stands out in particular. The technique also intro-
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duces the possibility of locally studying material anisotropy, birefringence and op-
tical activity.

5.6 Methods

Sample fabrication. We fabricated bullseye and spiral structures by patterning a
single-crystal Czochralski-grown Au (100) pellet which was mechanically polished
to obtain a sub-10 nm RMS roughness. The patterning was done by using a 30
keV Ga* ion beam in a FEI Helios NanoLab dual beam system at 9.7 pA beam
current and a dwell time of 10 us per pixel. In the bullseye design the central
plateau has a diameter of 1.2 pm (2 times the pitch, 600 nm) and the duty cycle
of the circular grating consisting of 8 grooves is 50%. The spiral design is based
on an Archimedean spiral where the first half period of the spiral is omitted. For
the spiral we show data both for 600 and 440 nm pitches. Both for the spirals and
the bullseyes the groove depth was ~110 nm. The measurements on silicon were
performed on a polished p-type (boron doping level 10'°~10'6 cm~3) single-crystal
(100) wafer. The measurements on GaAs were done on a polished single-crystal
(100) wafer.

Measurements. The measurements were performed in a FEI XL-30 SFEG (30 keV
electron beam, 30 nA current) equipped with a home-built CL system [124, 128,
183]. To obtain the polarization state of the emission, we perform a series of six
measurement of the angular CL pattern using a 2D back-illuminated CCD array.
Each measurement was taken with a different setting of the polarimeter, defined
by a specific combination of QWP and polarizer angles. Handedness of circularly
polarized light was defined from the point of the view of the source, following the
IEEE standard. In this case, right-handed circularly polarized light rotates anti-
clockwise and left-handed circularly polarized light rotates clockwise. We use the
known transition radiation pattern from an Au surface to calibrate the optical de-
tection system. A 40 nm bandpass color filter spectrally selected the measured
emission. For the bullseye and spiral measurements we used 30 s integration time,
which is a good compromise between a small spatial drift of the electron beam and
a good signal-to-noise in CL. For the TR emission from single-crystal gold and the
measurements on silicon we used 120 s integration time since TR emission and
luminescence are position independent and the measurement is not affected by
spatial drift of the electron beam. For the measurements on GaAs we used a much
lower current (0.9 nA) and integration time (1 s) due to the very bright band gap
luminescence. For every setting of the polarimeter, we collected a dark reference
measurement where we blank the electron beam (with the same integration time as
the CL measurement), which was subtracted from the data in the post-processing
stage. Possible sources of errors on the measurements include e-beam drift (in
the case of position dependent samples), bleaching/contamination during mea-
surements leading to a reduction in CL signal, fluctuations in current and mirror
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alignment.

5.7 Supporting information

5.7.1 Spectral measurements on bullseye

To study the spectral response of the bullseye from Figure 5.2, we raster scan
the electron beam over the central part of the structure in 15 nm steps, and col-
lect a CL spectrum for every pixel using a visible/NIR fiber-coupled Czerny-Turner
spectrometer [183]. The scan includes the central plateau, the first groove, and
part of the first ridge. The spectra are corrected for the system response using the
TR emission of the unstructured gold substrate [99]. We then radially average the
spectrum to obtain a map showing emitted intensity as a function of wavelength
and radius, taking into account the proper Jacobian so we can directly compare
the intensities (shown in Figure 5.5(a)). Figure 5.5(b) shows individual spectra for
specific radial distances as indicated in (a) by the white dashed lines.

We observe several features in the scan. On the plateau, the emission is quite
broadband except for a strong dip in intensity around 1y = 650 nm. The CL in-
tensity increases towards the edge of the plateau, then drops in the groove, and
becomes bright on the first ridge again. The observed spectral features can be
attributed to a mix of resonant and diffractive effects.

Because the groove is wide enough, it supports a zero-th order standing wave
mode on the bottom of the groove around Ay = 580 nm, which is cut-off for longer
wavelengths leading to a low intensity in the red [219, 220]. The dip at A9 = 650 nm
can be attributed to an interesting experimental artifact related to the diffraction of
SPPs. Consistent with the grating equation mentioned in the main text, the bullseye
emits very close to the normal at this wavelength. Because the bullseye structure is
highly directional, a major part of this diffracted beam is lost through the 600 um
hole in the mirror right above the sample. In fact, one could use this dip to find
the wavelength and spatial position at which such a structure attains maximum
directionality in the normal direction. In this case, the effect is strongest for the
central positions in the bullseye because the beam is exactly normal to the sample
as is visible in Figure 5.3(a) for 1o = 750 nm. Even though the dip is strongest in
the center of the plateau, it is visible for every radial excitation position in this map
(even within the groove), indicating that the extended bullseye geometry always
causes a significant fraction of CL emission to be in the normal direction.

5.7.2 Calculation of the Mueller matrices

The Mueller matrix of an optical element accounts for the effect of the element
on the polarization state of an incident field [131]. The Mueller matrices of a linear
polarizer and a QWP are well-known for example. We use the Mueller formalism to
relate the Stokes vector in the detection plane to the Stokes vector describing the
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Figure 5.5 — (a) CL intensity as a function of wavelength and radial position from
the center of the bullseye. The spectra are corrected for dark noise and the spectral
response of the detection system. (b) CL spectra at selected radial positions
corresponding to the center, halfway, and the edge of the bullseye plateau. We also
show a spectrum for excitation in the center of the first groove. The positions are
indicated by the white dashed lines in (a). Notice that the color bar in (a) and the
vertical axis in (b) both correspond to emission probability.

sample emission polarization. The resulting Mueller matrix of the mirror contains
both geometric and polarizing effects of the mirror in the emission polarization.

To retrieve the Mueller matrix of our light collection system, we calculate how
the electric field components Ey and E,, in the emission plane transform to E) and
E, in the detection plane [133, 134]. To that end we calculate how fully isotropic
p-polarized and s-polarized emission is projected onto the detection plane by
the parabolic mirror. We use the geometrical methods described in section 3 of
Ref. [129] to account for the parabolic reflector and we use the full complex Fresnel
reflection coefficients to accurately describe the light reflection on the mirror.
These coefficients were calculated using tabulated optical constants [190] for the
central frequency of the collection bandwidth. Since the reflection angle at the
mirror is different for every wave-vector emanating from the sample, each element
of the Mueller matrix is a function of the emission angle [133, 134]. Instead of
calculating the Mueller matrix, one could also envision experimentally retrieving
it. This requires a precisely controlled radial and azimuthal polarization source
as standard. While transition radiation could serve as a fully radial source, a fully
azimuthal source is not readily available.

The Mueller matrices can be used in two directions. Either one can invert mea-
sured data from the detector plane to sample coordinates, or in the opposite direc-
tion, one can predict how a given source will appear on the detector plane. For our
analysis of TR emission in Figure 5.6, we apply Mueller matrices to theoretical TR
emission to predict the measured data for each setting of the polarimeter. In this
case, we combine the mirror Mueller matrix with the Mueller matrices of a linear
polarizer and a QWP which are a function of the selected analyzer angles a¢ and
B [213]. We note that for fully polarized sources this is analogous to the approach
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in Ref. [129] where the Jones matrix of the polarizing element operates on the Jones
electric field vector.

5.7.3 Polarimetry of transition radiation emission

Transition radiation (TR) emission occurs whenever an electron traverses an
interface between two dielectric media. The electron locally polarizes the material
close to the interface, giving rise to a well-defined broadband vertically-oriented
point-dipole-like source [92, 128, 129]. This makes it a useful source to test our
CL polarimetry technique. Here we perform polarimetry measurements on an un-
structured part of the single-crystal Au substrate from which only TR emission is
expected, using the same technique used for the bullseye. Figure 5.6(a) shows the
TR data at 1y = 850 nm for every polarimeter setting. The top left panel includes
the angular coordinate system for reference.

In addition to the TR measurements, we calculated the emission pattern for
a z-oriented dipole on top of an Au substrate and its polarization components.
The dipolar far-field for 1o = 850 nm was calculated from the asymptotic far-field
expressions [221] using ellipsometry data for the optical constants of the gold
substrate. We then calculate the expected filtered pattern using the appropriate
Mueller matrices for the paraboloid mirror and the polarimeter components.
Figure 5.6(b) shows the result of this calculation including the angular acceptance
of the mirror, in order to allow a good comparison with the data. The excellent
agreement of both angular distributions and relative intensities between data
and calculation indicates that TR emission is indeed dipolar and that the mirror
correction works well. The fringes in the data are an experimental artifact, probably
due to interference between multiple reflections of the optical elements on the
detector.

We can use the measurements from Figure 5.6(a) to determine the Stokes pa-
rameters in the detection plane of the CCD and then use the Mueller matrix for-
malism to correct for the effects of the mirror. This allows us to retrieve the Stokes
parameters in the sample plane from which we can determine the different field
amplitudes. Figure 5.6(c) shows the Stokes parameters in both the detection and
sample planes, where S;, S» and S3 have been normalized by Sy so that we can
clearly observe the polarization distortions due to the mirror. In the detection
plane the Stokes parameters display complex patterns that are very similar to those
shown earlier for the bullseye in Figure 5.2(c), since both cases are dominated by
purely radial polarization. In the sample plane the behavior of the Stokes param-
eters is much simpler, Sy has barely changed and S; is close to 1 while S, and S3
are very small. Again, TR is expected to be fully radially polarized, so there should
be no diagonal (S,) or circular (S3) components. The striking difference between
the Stokes parameters in the two planes underscores the importance of the Mueller
matrix correction to provide accurate results.

Figure 5.6(d) shows the spherical and Cartesian field amplitudes that have been
retrieved from the Stokes parameters in sample space. The fields nicely reveal
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Figure 5.6 — (a) Polarization-filtered angular CL patterns of TR emission for a
Au single crystal for different analyzer settings as indicated by the white arrows,
measured at g = 850 nm. (b) Calculated polarization-filtered patterns for a
vertically oriented point-dipole source on top of a gold substrate (at Ag = 850
nm). (c) Stokes parameters as a function of angle in the CCD plane as well as
in the sample plane, after the mirror correction. The S7, Sz, and S3 patterns are
normalized to Sy to better show the overall polarization distribution. (d) Spherical
and Cartesian field amplitude distributions as a function of angle, retrieved from
the experimental data in (a). (e) Calculated field amplitudes for a vertical dipole.
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the expected radially polarized nature of the emission. The amplitudes have been
plotted using a single color scale to allow a quantitative comparison between the
different components. Both the relative amplitudes and amplitude distributions
match very well with the calculated dipolar fields shown in Figure 5.6(e). These
results demonstrate that cathodoluminescence polarimetry can reliably be used
as a quantitative tool for deducing the far-field polarization distribution of a
nanoscale emitter.

5.7.4 Spirals

Rather than breaking symmetry by changing the position of excitation, breaking
symmetry in scattering and emission by intrinsic asymmetry and handedness of
structures is of large current interest. Handed plasmonic structures have been pro-
posed in the study of (inverse) photon spin Hall effects and spin-orbit coupling, the
enhancement of enantioselective spectroscopies, and the generation of nanoscale
light sources of definite orbital and spin angular momentum inherited from the
surrounding structure. We fabricated Archimedean spiral gratings with clockwise
(CW) and anti-clockwise (ACW) orientation, shown in Figures 5.7(a,b), which enjoy
a growing interest since it was shown that spirals can enhance the extraordinary
transmission of single nanoapertures for particular helicities [222], and that spirals
transfer polarization and orbital angular momentum to scattered photons [217,
223]. This can result in a polarization-dependent directional beaming [224] and
demonstrates strong photon spin-orbit coupling effects [197].

We use CL polarimetry to study the effect of spiral asymmetry and handedness
on the far-field polarization, again taking a pitch d = 600 nm and 1y = 750 nm. We
excite the spirals in their origin as indicated in Figure 5.7. Figures 5.7(c,d) show the
Cartesian components of the far-field emission of the spirals, which better reflect
the handedness than the spherical fields. Since the groove pitch is the same for
spirals and bullseyes, the angular spread of these patterns is similar, however they
no longer have a minimum at the surface normal (6 = 0) and the s-like shape in | E|
and | Ey | clearly reflects the handedness of the spiral.

In contrast with bullseyes excited at their center, the spirals can induce ellip-
ticity in the polarization of the light even when excited in their origin, as shown
in Figures 5.7(e,f). This is particularly evident in the region of higher intensity in
the vicinity of the normal, where the DOCP is close to +1. Thereby, the spirals
are highly directional sources of circularly polarized light. Mirrored spirals simply
exhibit mirrored patterns (where the y-axis defines the mirror symmetry), con-
serving intensities and field strengths, while the sign of the DOCP changes. This
result indicates that swapping spiral handedness flips the helicity of the output
field, in addition to mirroring the distribution of intensity over angle. For spirals
with smaller pitch we find similar but even stronger effects of handedness, aided by
the fact that their radiation pattern is more strongly off-normal (see Figures 5.7(g—
D). In that case the |E,| distribution is also clearly chiral.
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Figure 5.7 — Scanning electron micrographs of a clockwise (a) and anti-clockwise
(b) Archimedean spiral grating with d = 600 nm. Amplitude distributions of the
Cartesian fields for a CW spiral (c) and an ACW spiral (d). Degree of circular
polarization (DOCP) for a CW spiral (e) and an ACW spiral (f). Scanning electron
micrographs of a CW (g) and an ACW (h) spiral with d = 440 nm. Amplitude
distributions of the Cartesian fields for a CW spiral (i) and an ACW spiral (j). Degree
of circular polarization (DOCP) for a CW spiral (k) and an ACW spiral (1). All
measurements were performed at A9 = 750 nm. For reference we again indicate
the electron beam excitation position with a blue dot. Scale bars in the electron
micrographs correspond to 2 pm.

5.7.5 Silicon and GaAs polarimetry

Calculating the contributions of TR, polarized and unpolarized luminescence
to the total emission from Si or GaAs requires determining their angular profiles.
An essential part of this process are the transmission coefficients T, and T; at the
sample-vacuum interface, shown in Figure 5.8(a) for the case of Si at 1y = 650 nm.
The large contrast between the two coefficients at angles above ~ 20° leads to more
p-polarized light exiting the Si than s-polarized light, especially near the Brewster
angle where the intensity contrast exceeds 4 (see Figure 5.8(a)). This difference in
transmission coefficients results in a CL emission profile slightly different than the
expected Lambertian cos(0) profile (blue curve in Figure 5.8(b)). Although the po-
larizing effect of the interface does not noticeably affect the emission pattern of the
total luminescence, the unpolarized luminescence (consisting of equal amounts of
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Figure 5.8 - (a) Transmission coefficients T, and Ts at the sample-vacuum
interface at Ag = 650 nm for Si, as a function of the internal angle of emission. (b)
Calculated normalized angular emissions patterns of the different contributions to
Si CL emission. The total luminescence profile (blue) as well as the unpolarized
(red) and polarized (gray) luminescence contributions are shown together with the
theoretical TR profile (black dashed line). (c) |Eg| and |Epl field amplitudes of the

polarized emission from Si, in units of 102V ADUsr—1s71.

s- and p-polarized light) is markedly narrower. Accordingly, the polarized part of
the luminescence is stronger at higher angles and, interestingly, it follows a very
similar profile to that of TR for Si at A = 650 nm, which has been calculated using
formulas derived in Ref. [92]. The same formulas are used to calculate the gray line
describing TR from Au at A¢ = 850 nm in Figure 5.4(a).

Once the theoretical profiles for the different emission processes are calculated,
it is possible to determine their relative contributions to the total emission. The
fraction of polarized and unpolarized luminescence is fully specified by the Fresnel
equations. This provides enough information to compare calculations to data from
GaAs with very good agreement, as that is fully dominated by luminescence. The
case of Si is more complex as TR also plays a role, so the polarized emission is com-
prised of coherent TR as well as polarized luminescence. We determine the ratio
of TR and luminescence by fitting the total intensity (Sp) to a linear combination
of the two processes. Fresnel calculations predict the polarized and unpolarized
contributions to the luminescence so that we can combine all three components.
For both the calculations and the experiments we scale the angular distributions
by the overall (integrated) emission intensity, and find good (absolute) agreement,
as was shown in Figure 5.4(b). The polarized signal constitutes ~32 % of the total
emission. More explicitly, we find that TR contributes ~21 % of the total CL inten-
sity, so polarized luminescence contributes ~11 % and unpolarized luminescence
~68 %.

Both the TR and the polarized luminescence should be p-polarized, which we
verify from the experimental data using the Mueller analysis to remove the un-
polarized contribution and determine the radial and azimuthal field amplitudes
from the polarized emission. This is shown for Si in Figure 5.8(c), where we in-
deed observe that almost all of the amplitude is in the |Ey| component, i.e. for
p-polarization. This demonstrates that we can separate the unpolarized and po-
larized emission even from mostly incoherently radiating semiconductors and still
retrieve the correct electric fields for the polarized portion of the emission.
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Azimuthally polarized cathodoluminescence
from InP nanowires

In this chapter we determine the angle and polarization dependent
emission from 1.75 yum and 2.50 ym long InP nanowires by using
cathodoluminescence polarimetry. We excite the vertical wires using
a 5 keV electron beam, and find that the 880 nm band gap emis-
sion shows azimuthally polarized rings, with the number of rings
depending on the wire height. The data agree well with a model
in which spontaneous emission from the wire emitted into the far
field interferes with emission reflected off the substrate. The model
indicates that the depth range from which the emission is generated
is up to 400 nm below the top surface of the wires, well beyond the
extent of the primary electron cloud. This enables a probe of the carrier
diffusion length in the InP nanowires.

6.1 Introduction

The research field of semiconductor nanowires has grown tremendously in
the last two decades, due to the applications in optoelectronic devices such
as LEDs [225, 226], lasers [227], photovoltaics [50, 228], photodetectors [229] and
more. The electrical properties of nanowires as well as their optical properties, such
as the directionality and polarization of emitted radiation [229-234], can be tuned
by controlling the morphology, size, crystallinity, composition, and inclusions or
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junctions [235-239]. Among the nanowire materials, indium phosphide (InP) has
a band gap well-suited for photovoltaic applications, long carrier lifetime and low
surface recombination velocity [240].

The light emission properties of semiconductor nanowires have mostly been
studied using optical excitation techniques, which are limited in spatial resolu-
tion and therefore cannot access all details of the nanoscale emission mechanisms.
Cathodoluminescence (CL) spectroscopy is an alternative technique that uses an
electron beam as an excitation source, providing high excitation resolution and ac-
cessing a broad range of material transitions and defects [111, 113, 179]. Spatially-
resolved CL has shown that very thin (~20 nm diameter) InP nanowires exhibit
polarized emission [187]. However, the angular distribution of the emitted light,
which is crucial for many applications, was not resolved so far.

In this chapter, we characterize the angle- and polarization-dependent emis-
sion from InP nanowires by using angle-resolved cathodoluminescence imaging
polarimetry [132]. Previous studies of the directionality and polarization of semi-
conductor nanowires have focused on wires with high-aspect-ratio dimensions,
whose behavior is dominated by waveguide modes [230, 233, 234, 241]. In contrast,
here we will examine low-aspect-ratio wires. We find that the angular emission
from these short wires is dominated by azimuthally polarized rings that are not
related to waveguide modes, and demonstrate that the emission and the number of
rings are directly related to the wire height. The measurements are well-reproduced
by a point dipole scattering and interference model and provide a measure for the
carrier diffusion length in the wires.

6.2 Experiment

We measured undoped InP nanowires grown vertically on an InP (100) sub-
strate by a combination of vapor-liquid-solid (VLS) and vapor-solid (VS) meth-
ods [234]. Wires with an initial length of 8 pm were mechanically broken, resulting
in wires 1.75+0.05 um (NW1) and 2.50 £ 0.05 pum (NW2) in length. Figures 6.1(a,b)
show SEM images for both nanowires, taken for a tilt angle of 55°. We note that
both wires are tapered in shape due to the growth process of the base. NW1 and
NW2 are 450 and 350 nm wide at the top, respectively, and are both 1.3 um wide at
the bottom of the base. This tapering will cause waveguide modes, which can play
arole in short wires as well [242], to be ill-defined.

The spectra and polarization-resolved angular emission patterns of the wires
were measured using angle-resolved cathodoluminescence imaging spectroscopy
and polarimetry. The emission resulting from exciting the wires with an electron
beam from an SEM (5 keV, beam current ~0.4 nA) is collected by an aluminium
parabolic mirror and directed to an optical setup. We can measure either the spec-
trum using a liquid-nitrogen-cooled back-illuminated silicon CCD array (Princeton
Instruments Spec-10 100B), or the angular emission profile using a Peltier-cooled
back-illuminated 2D silicon CCD array (Princeton Instruments PIXIS 1024B) [128,
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Figure 6.1 — Scanning electron micrographs of the InP nanowires NW1 (a) and NW2
(b), measured at a tilt angle of 55° (scale bar is 1 um for horizontal dimensions
and 1.2 pm for vertical dimensions). NWI1 is 1.75 ym tall and 450 nm wide at
the top; NW2 is 2.50 um tall and 350 nm wide at the top; both wires are clearly
tapered. (c) Schematic overview of the cathodoluminescence polarimetry setup.
The electron beam excites the nanowires, the emitted radiation is collected by a
parabolic mirror and sent through a quarter-wave plate (QWP) and linear polarizer.
Bandpass filters can be used to select a certain wavelength range and the resulting
beam profile is measured by the CCD camera. (d) Measured CL emission spectra
of NW2 (green) and substrate (red). The spectrum of NW1 (not shown) does not
differ noticeably from that of NW2. The black dashed line at 1o = 850 nm indicates
the transmittance maximum of the 40 nm bandwidth bandpass filter used for the
angular measurements.

183]. The angular imaging mode, shown schematically in Figure 6.1(c), includes
a quarter-wave plate (QWP) and a linear polarizer (Pol.). These allow us to deter-
mine the Stokes parameters and therefore the polarization of the emitted radiation,
including all electric field components [131]. To achieve this we measure the in-
tensities transmitted by six different combinations of QWP and polarizer positions
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6 Azimuthally polarized cathodoluminescence from InP nanowires

(horizontal, vertical, 45°, 135°, right- and left-handed circular) and fully take into
account the geometrical and polarization dependent effect of the parabolic mirror
on the measured emission [132].

6.3 Results and discussion

The CL spectra of the InP nanowires peak at 1o = 880 nm, while the spectrum
of the InP substrate is centered at 1y = 920 nm, as we show in Figure 6.1(d). This
blueshift in the emission spectrum is due to a difference in crystal structure be-
tween the wires (mixed wurtzite-zinc blende) and the substrate (zinc blende) [234].
The spectral shape of the nanowire spectrum indicates that the signal from the
substrate is minimal for this measurement. This is due to the relatively shallow
penetration depth of the 5 keV electrons, as shown in Figure 6.2(a). The super-
imposed trajectories of 10* electrons hitting the center of a 350 nm diameter InP
wire are displayed, which were calculated using the Monte Carlo based software
Casino [122]. The full interaction volume covers the entire diameter of the wire
and reaches a depth of ~250 nm, generating electron-hole pairs in this region until
the electrons fully relax. The large majority of excitations will take place in the first
200 nm however, as shown by the dense region in Figure 6.2(a). The energy of the
incident electrons decreases as they move further into the material, reducing the
energy of the carriers that can be excited.

The angular emission patterns of the wires exhibit a series of rings, as we show
in Figures 6.3(a—d), which display the measured angular emission patterns at 1o =
850 nm as a function of azimuthal (¢) and zenithal (8) angles. The dark blue regions
in the measurement correspond to the angles at which no light is collected by the
mirror. Figure 6.3(a) shows the total intensity (I;,;) for NW1, while Figures 6.3(b,c)
compare the intensity of the radially polarized field component (Iy) to that of the
azimuthally polarized field component (I,) for NW1. Figure 6.3(d) shows I, for
NW2. These figures show that the emission is dominated by azimuthally polarized
rings and that the taller NW2 exhibits more rings than NW1. The intensity trends
are similar to those in previous work on the angular emission profiles of plasmonic
nanoantennas, which, for a fixed wavelength, exhibit an increasing number of rings
for increasing antenna height [243]. The polarization was not resolved in this case
however.

In order to analyze the emission patterns, we model the spontaneous emission
of the wires as an incoherent sum of point dipoles radiating in free space above
a substrate, as shown schematically in Figure 6.2(b). We implement the Green’s
function formalism and asymptotic far field approximations from Ref. [221] as they
are applied in Ref. [244]; the measured far field radiation results from a super-
position of the emission of the dipole and its image. We calculate the far field
radiation patterns for separate X, Y and Z oriented point dipoles at 1y = 850 nm
(corresponding to the bandpass filter center wavelength) in vacuum, at a height
h above an InP substrate and incoherently add the intensities for different field
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Figure 6.2 — (a) Monte Carlo simulation of 104 electrons with 5 keV energy
impinging the middle of an InP nanowire, using Casino [122]. All the electron
trajectories are shown as superimposed partially transparent lines forming a blue
cloud, indicating the interaction density and volume of the primary electrons
with the wire. (b) Schematic of the dipole calculation. Separate X, Y and Z
oriented dipoles are placed in vacuum at a height / above an InP surface. The
direct emission interferes with light reflected off the substrate and the calculation
produces the resulting far field radiation patterns for all field components. The field
intensities for the three orthogonal dipoles are incoherently added to simulate the
behavior of randomly oriented dipoles.

components. We neglect the dielectric body of the nanowire itself, placing the
dipoles in vacuum, in order to keep the model simple. We find this to be a valid
approach as the emission only overlaps with the nanowire body for a small portion
of angular space, namely downwards where it will be guided into the substrate and
absorbed. We use equal dipole amplitudes for the three orientations. The angular
patterns result from the interference between the directly emitted radiation and the
reflection from the substrate, and are therefore sensitive to the dipole height. The
overall behavior is dominated by the X and Y dipoles, which combine to produce
a strong azimuthal intensity distribution, while the Z dipole has a minor effect.
To reflect the electron excitation volume we have averaged the dipole positions
over a range of heights, performing a calculation every 10 nm. Measurements and
calculations agree best when using a height range of 350 nm, 65-415 nm below
the top edge for both nanowires. The calculations accurately reproduce all major
features of the measurements such as the number of rings, zenithal emission an-
gles, relative intensities and polarization for both wires, as shown in Figures 6.3(e—
h). We find that the averaged calculation is quite sensitive to the chosen height
range: moving the range up or down will shift the zenithal position of the rings,
while increasing the range will decrease the amplitude of the intensity oscillations.
A change of 10 nm or more already results in a noticeably larger difference with the
measurement.

Examining I;,; for NW1 (Figures 6.3(a,e)), we see in both measurement and
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Figure 6.3 - Measured (a, b, ¢, d) and calculated (e, f, g, h) angular CL polarimetry
emission intensities at A9 = 850 nm. The patterns were measured for central
excitation of the nanowire, and the calculations averaged over a range of heights
(65-415 nm below the surface, in steps of 10 nm, for both wires). (a) and (e) show
the total intensity I;or, (b) and (f) the radially polarized intensity Iy, (c) and (g)
the azimuthally polarized intensity Iy, all for NW1. (d) and (h) show I, for NW2.
The 6 and ¢ polarized intensities for NW1 are shown on the same color scale. The
calculations have been normalized to 1, while the measured intensities are given in
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Figure 6.4 — Azimuthally averaged intensities from Figure 6.3, comparing the
measurements (blue for NW1, green for NW2) to the averaged calculations (red).
All measured and calculated intensities are normalized to their respective total
intensity. (a), (b) and (c) show I;o¢, Ig and Iy respectively for NW1, while (d) shows
Iy for NW2. In (a), the black dashed line indicates the calculation for a single height
best matched to the measured data (1.52 um). The gray areas represent the angular
range not collected by the mirror.
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calculation aregion of higher intensity in the center and three rings of increasing in-
tensity for increasing zenithal angle. For Iy in NW1 (Figures 6.3(b,f)) the features are
less pronounced but we notice a thin ring at the outer edge of both measurement
and calculation. Figures 6.3(c,g) show the center disk and three rings of increasing
intensity for Iy, as for I;o, confirming the total emission is dominated by the az-
imuthally polarized contribution. We note that the measured data for Iy and I, are
plotted with the same color scale. Finally, for I, in NW2 (Figures 6.3(d,h)) five rings
are observed, two more than in NW1. In this case we also find good agreement of
both zenithal emission angles and relative intensities between measurement and
calculation. A full set of measured and calculated angular emission patterns for
NW2 can be found in Figure 6.5 of the Supporting information.

To quantitatively compare the measurements and calculations, we azimuthally
average the data from Figure 6.3 (taking into account only the angles that are col-
lected by the mirror) and show the result in Figure 6.4. The measured and cal-
culated intensities are normalized to their corresponding total intensity. In Fig-
ure 6.4(a) we also show the calculation for a single dipole height for NW1 that most
closely reproduces the intensity oscillations. We observe that in the case of a single
height, the oscillations at small values of 6 have a much larger amplitude than in the
data, while there is a very good match for the calculation that averages over a height
range. The height range that best fits the data for both nanowires is larger than
the extent of the primary electron cloud (~400 nm vs ~200 nm below the top edge
of the wires). It is known that carrier diffusion and photon recycling can enlarge
the volume of light emission [125]. Carrier diffusion lengths of 160 nm have been
measured in doped InP nanowires [245], for our undoped wires a larger diffusion
length, on the order of a few hundred nanometers, is expected. Rather than using
a simple model in which the carrier generation and light emission is fixed over a
depth range, one could take a depth profile of carrier diffusion and recombination
in the wires into account. This will allow the CL polarimetry presented here to
directly determine the carrier diffusion length. Due to the high sensitivity to height
changes of our simple model, on the order of 10 nm, we expect that the diffusion
length can be resolved with a similar precision. Measurements using a range of
electron beam energies and thus penetration depths could be used to study the
diffusion more accurately.

The features of Iy in Figure 6.4(b) are much less pronounced than those of I, in
Figure 6.4(c), but in both cases there is very good agreement of the oscillations and
the relative intensities, which is also the case for I, for NW2 in Figure 6.4(d). A full
set of averaged measurements and calculations for NW2 can be found in Figure 6.6
of the Supporting information. A similar background level is observed for both
polarizations Ip and I, indicating that the emission also contains an unpolarized
contribution.
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6.4 Conclusions

In conclusion, we have demonstrated that InP nanowires, excited by a 5 keV
electron beam at their top, display very distinctive angular emission rings that are
strongly azimuthally polarized and dependent on wire height. The radiation is
not dominated by the intrinsic angular emission of the nanowire itself, due to the
tapering and low-aspect-ratio, but by interference of the luminescence with the
substrate reflection. A dipolar interference model that calculates the interference
between the directly emitted light and light reflected off the substrate reproduces
the data well. The luminescence originates from a several hundred nanometer wide
range near the top of the wire. The depth range is the same for both wires we stud-
ied and is larger than the primary electron cloud, providing a measure for carrier
diffusion in the wires. The capability to resolve the spectral, angular and polar-
ization properties of nanoscale excitation processes shows the power of cathodo-
luminescence polarimetry as a technique to study the highly tunable optical and
electrical properties of semiconducting nanostructures with features much smaller
than the optical diffraction limit.

6.5 Supporting information

A complete set of angular intensity distribution patterns for NW2 are shown in
Figure 6.5, comparing measurements to calculations for I, Iy and I,. We find
good agreement of both zenithal emission angles and relative intensities between
measurement and calculation, just as for NW1. Note for instance the thin ring
of high intensities at large angles for Iy. Here the emission is dominated by az-
imuthally polarized rings as well, but with five rings instead of the three that are
observed for NW1. The azimuthally averaged data from Figure 6.5 are shown in
Figure 6.6, again comparing measurement to calculation for Ir¢, Iy and I,,. Fig-
ure 6.6(a) shows both the calculation averaged over the height range discussed
earlier as well as a calculation for a single dipole height that most closely reproduces
the intensity oscillations. We find that for a single height, the oscillations at small
values of 6 have a much larger amplitude than in the data, while there is a good
match for the calculation that averages over a height range. This agrees with the
trend observed in Figure 6.4(a). There is also good correspondence of the relative
intensities and angular oscillations for I, and Iy, although there are some discrep-
ancies for Iy. Measurement errors can play a role here, as the intensity oscillations
in this case are very weak, and thus difficult to resolve in detail. Overall there is good
agreement in reproducing the experimental results with the simple dipole model.
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Figure 6.5 — Measured (a, b, ¢) and calculated (d, e, f) angular CL polarimetry
emission intensities at 19 = 850 nm for NW2. The patterns were measured for
central excitation of the nanowire, and the calculations averaged over a range of
heights (65-415 nm below the surface, in steps of 10 nm, for both wires). (a) and
(d) show the total intensity I;o¢, (b) and (e) the azimuthally polarized intensity Iy,
(c) and (f) the radially polarized intensity Iy. The 6 and ¢ polarized intensities for
NWT1 are shown on the same color scale. The calculations have been normalized to

1, while the measured intensities are given in 10° countssr—!s7L,
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Figure 6.6 — Azimuthally averaged intensities for NW2 from Figure 6.5, comparing
the measurements (green) to the averaged calculations (red). All measured and
calculated intensities are normalized to their respective total intensity. (a), (b) and
(c) show Io¢, Iy and I respectively. In (a), the black dashed line indicates the
calculation for a single height best matched to the measured data (2.27 um). The
gray areas represent the angular range not collected by the mirror.
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Directional emission from leaky and guided
modes in GaAs nanowires measured by
cathodoluminescence

We measure the polarization-resolved angular emission distribution
from thin and thick GaAs nanowires (diameters ~110 and ~180
nm) with cathodoluminescence polarimetry. The nanowires, which
horizontally rest on a thin carbon film, are excited by a 5 keV electron
beam and emit band gap luminescence at a central wavelength of
870 nm. The emission can couple to different waveguide modes
that propagate along the wire, are dependent on the wire diameter,
and determine the directionality and polarization of the emission.
Although each measured nanowire can support different modes, the
polarized emission is dominated by the TM01 waveguide mode in all
cases, independently of wire diameter. When exciting the nanowires
close to the end facets, the thin and thick wires exhibit opposite
directional emission. The emission from thin nanowires is dominated
by a leaky TM01 mode that leads to emission toward the opposite end
facet (emission to the right when exciting the left-side edge). For the
thick wires, however, the TM01 mode is guided but also lossy due to
absorption in the substrate. In such a case, the wires emit toward the
excited end facet (to the left when exciting the left-side edge). The
emission directionality switches for nanowire diameters in the range
of 145-170 nm. We show that the measurements agree well with both
a simple 1D current model and numerical simulations.
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7 Directional emission from leaky and guided modes in GaAs nanowires

7.1 Introduction

Semiconductor nanowires have fueled a growing field of integrated nanoscale
optoelectronic devices, such as lasers [227, 246, 247], light emitting diodes [225,
226], photovoltaics[50, 228, 248, 249], single-photon detectors [239, 250-252],
photodetectors [229], and metamaterials [253, 254]. Both the electrical and
optical properties of nanowires are eminently tunable by controlling their size,
geometry, or composition, among others [235-237, 255]. The directionality and
polarization of emitted radiation from nanowires have been examined in previous
studies [229, 232-234] and result from the coupling to leaky and guided waveguide
modes [230, 231, 241, 256-258], which can also be described by Mie and Fabry-
Pérot resonances [242, 258]. All modes are highly dependent on nanowire diameter.

Most previous studies of semiconductor nanowire emission properties have
employed optical excitation methods. While powerful, such techniques lack the
nanoscale spatial resolution to uncover all the features of the radiative processes
from these nanostructures. Here we use cathodoluminescence (CL) spectroscopy,
in which an electron beam acts as a highly localized excitation source and the
emitted light is detected [92, 124, 194]. The high spatial excitation resolution of
CL is typically determined by the electron beam spot size and the evanescent field
extent about the beam path (~10-30 nm) [124], which enables the study of the
nanoscale modal behavior of light [103, 136, 139, 185]. In general, CL also allows
the characterization of a wide range of material properties [107, 111, 113]. Recently,
the ability to measure both the angular and polarization distribution in CL has
been demonstrated [132, 259].

In this chapter, we use these new CL features to investigate the angle- and
polarization-dependent emission from horizontal GaAs nanowires [132]. We study
nanowires of different lengths and diameters that support both leaky and guided
modes. Exciting the nanowires along their length, we find that the TM01 mode
dominates the polarization-resolved emission for all excited wires, but depending
on the diameter, the mode is either leaky or guided. We observe a distinct change
of the directionality of the CL emission when exciting the nanowires close to their
end facets, which correlates with the nanowire diameter and the nature of the
mode. Thinner, leaky wires emit in the opposite direction from thicker, guided
wires. The measurements exhibit good agreement with both a simple 1D current
model and numerical simulations, which show that the substrate also plays a role
in the emission directionality.

7.2 Experiment

GaAs nanowires were grown by self-catalyzed molecular beam epitaxy on sil-
icon [260, 261] and were subsequently mechanically broken and deposited on a
holey carbon TEM grid (see Methods7.7). Scanning electron micrographs of the
two GaAs nanowires studied here are shown in Figure 7.1(a). The thin NW1 has a
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Figure 7.1 — (a) Scanning electron micrographs of the GaAs nanowires NW1
(bottom) and NW2 (top), shown on the same scale. NW1 is 7.9 pm long and 100-120
nm thick; NW2 is 12 pm long and 175-195 nm thick. (b) Schematic overview of the
cathodoluminescence polarimetry setup. The electron beam excites the nanowires,
the emitted radiation is collected by a parabolic mirror and either focused onto
a fiber connected to a spectrometer or sent through a QWP linear polarizer, and
bandpass filter before being imaged onto a 2D CCD camera. (c) Dispersion relation
of leaky and guided modes for infinitely long cylinders, showing the real part of
the wavevector ky multiplied by the cylinder diameter d, as a function of d, for
GaAs at 1g = 850 nm (n = 3.6, kg = 7.39 pm’l). The vertical red dashed lines
indicate the average diameters of the two wires. The inset shows the measured CL
emission spectrum from NW2. The spectrum of NW1 (not shown) does not differ
noticeably except for alower intensity. The vertical black dashed line in the inset at
Ap =850 nm indicates the transmittance maximum of the bandpass filter used for
the angular measurements, while the gray area indicates the 40 nm bandwidth of
the filter.
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length of 7.9 ym and a diameter of 100-120 nm, while the thick NW2 has a length
of 12 ym and a diameter of 175-195 nm. Both wires are slightly tapered, the right-
hand side being thinner, although NW2 does thicken again slightly at the very edge.
The nanowires lie horizontally on the ~20 nm thick carbon layer. In the Supporting
information we show data for an additional thin and thick wire (SEM images shown
in Figure 7.5).

The cathodoluminescence spectroscopy and polarimetry setup [128, 132, 183]
is schematically shown in Figure 7.1(b). A parabolic mirror collects the radiation
from the nanowires and directs it onto a spectrometer or images it onto a 2D cam-
era to measure the angular intensity distribution for a given wavelength (using a
bandpass filter). Polarization-resolved measurements are obtained by using a po-
larimeter composed of a quarter-wave plate (QWP) and a linear polarizer (Pol.),
which determines the Stokes parameters of the emitted radiation. The full po-
larization can be detected in this way, obtaining information about the degree of
polarization and its orientation, ellipticity, and handedness. Essentially, this al-
lows the retrieval of any arbitrary polarization state, including the different electric
field components and the phase difference between them[131]. This is not possi-
ble using only a linear polarizer. We correct for the geometrical and polarization-
dependent transformations of the parabolic mirror on the measured emission [132]
(see Methods7.7 for more details about the CL measurements). For the measure-
ments, the nanowires are aligned along the y-axis, as defined by the coordinate sys-
tem shown in Figure 7.1(b). As we expect directional emission along the nanowire
axis, this is the preferred orientation for the mirror to collect the radiation symmet-
rically. The CL emission spectrum from NW2 is shown in the inset of Figure 7.1(c)
and is dominated by band gap recombination centered around 1y = 870 nm. This
emission can feed into waveguide modes supported by the nanowire, which de-
pend on its diameter and which can affect the polarization and directionality of the
emitted radiation [230, 233, 234, 241].

7.3 Nanowire waveguide modes

Figure 7.1(c) shows the dispersion relation of waveguide modes for infinitely
long cylinders [262], calculated for GaAs at Ao = 850 nm (n = 3.6, ky = 7.39 pm’l),
the wavelength at which we filter the angle-resolved measurements. We follow
the formalism used in Ref. 257 and determine the wavevector k, along the axis of
the nanowire. We show the real part of k, multiplied by the wire diameter d, as
a function of d. The dispersion curves denote transverse electric (TE), transverse
magnetic (TM), and magnetoelectric (HE) modes. These modes are characterized
as “leaky” if their dispersion lies below the light line of air (k, < ko), in which case
they also possess a non-negligible imaginary part of the wavevector ky [257]. If
the mode dispersion lies above the light line of air but below the light line in GaAs
(kKGaas > ky > ko), the waveguide mode is guided within the nanowire.

The vertical red dashed lines in Figure 7.1(c) display the average diameter of the
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two nanowires studied here. For the thin NW1 (and any nanowire with a diameter
below 150 nm), only the TM01 and the HE11 modes are supported. Both are very
close to the light line in air, but the TM01 mode is slightly below it and thus leaky
for these diameters. In the case of the thicker NW2, the TEO1, HE12, and TM02
also occur. The latter two are far below the light line in air and thus have a very
short propagation length along the nanowire, while the HE11 mode is very clearly
guided. The TEO1 and TMO01 modes are both very close to the light line of air in
this region, representing a transition region between a leaky and guided nature for
these modes. Which modes will dominate the emission depends on the coupling
efficiency between the excitation source and the mode.

The dispersion relation allows us to determine which modes can play a role in
the emission from these nanowires and to calculate the wavevector corresponding
to each mode for a given diameter. A 1D current model, developed in Ref. 257 and
applied in Ref. 234, uses the wavevectors to calculate far-field emission patterns for
all electromagnetic field components. The model describes the nanowire as a 1D
cavity in vacuum with length L; the emission is produced by a line current excited
by a dipole at a given position along the wire. This simple model allows us to re-
trieve the expected polarization-dependent angular emission patterns for different
modes at different wire diameters, which we can compare to measurements.

7.4 CL polarimetry

Measurements and calculations of the angle- and polarization-dependent
emission intensity distributions at Ao = 850 nm for central excitation of the two
nanowires clearly identify the TM01 mode as having the dominant contribution
to the emission, as shown in Figure 7.2. For NW1 we compare the measurements
(Figures 7.2(a—c)) to the 1D calculation for the TM01 mode (Figures 7.2(d-f)),
displaying the Cartesian electric field intensities | Ex|?, |Ey|* and |E.|? as a function
of azimuthal (¢) and zenithal (9) angles. The field orientations are indicated by
the coordinate system at the left, and the wires are oriented along the y-axis. A
wavevector of ky, =6.63+1 1.19 um~! was used for the calculation, as determined
from the dispersion relation and nanowire diameter. The dark blue regions around
the edges of each image correspond to the angles at which no light is collected by
the mirror. The intensity scale is chosen so as to maximize the contrast in the color
scale to better view the details of the features. In the case of the calculation, the
intensities are normalized to the overall maximum value for each wire. We observe
excellent qualitative agreement between measurement and calculation. For |E x|2
(Figures 7.2(a,d)) there are four bright features at large zenithal angles, while IEyI2
(Figures 7.2(b,e)) displays bright emission in the center of the mirror and | E; |2
(Figures 7.2(c,f)) exhibits two lobes to the left and right of the polar image, in the
directions of the end facets of the nanowire.

For NW2 we also observe very similar features for both measurements
(Figures 7.2(g-i))and calculations (Figures 7.2(j-1)). A wavevector of k, = 8.00 +
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Figure 7.2 — Measured (a-c, g-i) and calculated (d-f, j-1) angular emission
distributions of the Cartesian field intensities at Ao = 850 nm for NW1 (a—-f) and
NW?2 (g-1), as a function of azimuthal (¢) and zenithal (0) angles. The patterns
were measured and calculated for central excitation of the nanowires. (a, d, g, j)
Intensity of the Ey field component; (b, e, h, k) intensity of E 3 and (c, f, i, 1) intensity
of E; (the coordinate system is shown in the top left). The calculations for each
wire determine the far-field emission profiles for the TM01 mode. We use the full
range of the color scale for each panel, but the intensity scales for all three field
components of each nanowire are normalized to the maximum value (Ex and E;
are equal). The measured intensities are given in 10% counts s~ s71.

i 0.50 um™! was used for the calculation in this case. For |E,|? (Figures 7.2(g,j)) we
observe four features at slightly higher zenithal angles than for NW1, at the corners
of the angular range. |E), > (Figures 7.2(h,k)) shows the brightest intensity in the
center, as for NW1, but this time we can also see intensity fringes along the vertical
direction, which are due to interference between the emission from the nanowire
end facets. The fringes are clearly visible in the experiment, but with lower contrast

than in the calculations, which we attribute to imperfections in the mirror and the
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nanowire end facets and to limitations on the angular resolution. Finally, | E, |?
(Figures 7.2(i,])) again displays two lobes to the left and right, but at higher angles
than for NW1, similarly to the behavior of |Ex|?. In the experiment, the two lobes
are asymmetric, which we attribute to the slight tapering of the wire. The emission
is brighter in the direction of the thinner side. Comparing the relative intensities
of calculations and measurements for both nanowires, we find that |E,|? is weaker
in the measurements than in the calculations. We ascribe this discrepancy to a
lower collection efficiency at the edges of the mirror, where the |E 2 component is
strongest.

Even though the two nanowires have quite different diameters, in both cases
we can clearly recognize very similar polarized field distributions that show ex-
cellent qualitative agreement with calculations for the TM01 mode. From this we
conclude that the emission behavior of both NW1 and NW2 is dominated by the
TMO01 mode. The fundamental HE11 mode does not appear to play a major role
in our case. This has been observed previously[233] and is ascribed to the fact
that the fields are localized more outside of the wire for the HE11 mode than for
the TMO01 mode, which shows relatively more intensity in the center of the wire,
allowing it to couple more strongly. For comparison, we include calculations of the
far-field emission profiles of the HE11 mode for central excitation of the thin and
thick nanowires in Figure 7.8 of the Supporting information. Examining all field
components, we find there is much better agreement with the TM01 mode than
with the HE11 mode. This confirms that the CL emission couples most efficiently to
the TM01 mode. Differences between the two wires are expected, however, because
for NW1 the mode is leaky (Re(ky) = 6.63 < ko = 7.39 pm™1), while for NW2 it is
guided (Re(ky) = 8.00 > ko = 7.39 pm‘l). To support the data, we show polarization-
resolved measurements for an additional thin and thick nanowire in Figure 7.6 of
the Supporting information, which exhibit the same type of features for all three
field components as the results shown here.

7.5 Directional emission

Next, we study the directional behavior of the nanowire emission for excitation
off-center, near the end facets of the wires, observing a distinct difference in the
directionality of the emission between NW1 and NW2, as shown in Figure 7.3. We
compare the total intensity that both wires emit as a function of the azimuthal
and zenithal angles in the case of measurements, calculations and simulations, for
excitation at the left edge, center, and right edge. The edge excitation is always a
few hundred nanometers away from the end facet, with the exact positions shown
by the dashed lines in Figure 7.4. We compare the total intensity measurements to
calculations using the dominant TM01 mode. Polarimetry measurements for select
positions near the end facets (not shown here) display the same characteristic fea-
tures as in Figure 7.2, so we do not observe a transition to a different mode at the
edges. The measured intensities differ between the wires and excitation positions,
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7 Directional emission from leaky and guided modes in GaAs nanowires

which we attribute to variations in local material quality and size of the interaction
volume (due to tapering and different diameters). Here the total emission intensity
is brighter when exciting the thicker ends. For the measurements on NW1, central
excitation (Figure 7.3(b)) results in two symmetric lobes of higher intensity to the
left and right, while excitation at the left edge (Figure 7.3(a)) leads to directional
emission to the right side and excitation on the right (Figure 7.3(c)) leads to emis-
sion toward the left side. 1D calculations of the total emission intensity from the
leaky TM01 mode qualitatively reproduce the emission behavior for excitation in
the center and 300 nm from the end facets (Figures 7.3(d-f)). In the measurements,
the electron beam excitation at the edges was ~300-500 nm from the end facets.

We attribute the discrepancies in the shape of the emission patterns between
measurements and calculations to the fact that the excitation volume can be much
larger than the electron beam width (up to a few hundred nanometers). This is due
to electron scattering, secondary electron generation, carrier diffusion, and photon
recycling, which can play a large role in such a direct band gap material [122, 125,
259]. A large majority of excitations occur very close to the point of impact, but
light generation will cover a larger area. The overall spatial resolution is determined
by a convolution of all of these effects and will depend on the material properties.
For such strongly luminescent materials as GaAs the resolution is not as good as
the electron beam size but better than the full interaction volume. This is different
from the calculations, which assume a point-source. The presence of the thin holey
carbon substrate, which is not taken into account in the calculation, can also affect
the emission, as we will now show for NW2.

The measurements on the thicker NW2 (Figures 7.3(g-i)) show the opposite
directionality to that of NW1. Excitation at the left edge leads to emission toward
the left, while excitation at the right edge produces emission toward the right. The
excitation positions were 700 nm (left) and 400 nm (right) away from the end facets
(see also the dashed lines in Figure 7.4(b)). For central excitation we observe asym-
metrical emission, as was the case for Figure 7.2(i), which we again attribute to the
tapering of the wire that creates an inherent asymmetry in the wire and its emission
properties. The tapering affects the leaky mode in the thin wire less since radiation
is emitted continuously as the mode propagates along the wire. The thicker NW2,
on the other hand, supports a guided mode, so light mostly escapes from the end
facets and has a longer propagation length, traveling through the wire for multiple
round trips. Since the modal properties are very sensitive to the diameter, the
gradual variations along the length of the wire will affect the light more strongly.

We first compare the measurements to the 1D calculations of the (guided) TMO01
mode, which do not directly take the substrate into account (Figures 7.3(j-1)). We
represent absorption at the band edge and losses into the substrate by an imaginary
part of k, 0f0.50 i um~!; this leads to an effective absorption length of 2 um, much
larger than the TM01 wavelength (~220 nm), but shorter than the NW length, thus
limiting mode bouncing at the NW edges. We find that for excitation near the edges
(500 nm away from the end facet, similarly to the measurement)there is a maximum
in emission to the same side as in the measurements, with a weaker feature in
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Figure 7.3 - Measured (a—c, g-i), calculated (d-f, j-1) and simulated (m-o0) angular
emission distributions of the total intensity at Ag = 850 nm for NW1 (a—f) and NW2
(g—0). The patterns were measured and calculated for excitation at the left (a, d, g,
j, m), center (b, e, h, k, n), and right (c, f, i, 1, o) of the nanowires (see Figure 7.4 for
positions). The calculations and simulations for each wire have been normalized
to their maximum. The measured intensities are given in 10® counts st~ s71. The
1D calculation uses the same wire lengths as in the experiment (7.9 and 12 pm), but
due to computational constraints the simulated NW2 is shorter (5 pm).

the opposite direction. We note that in the measurements of NW2 there is also a
region of higher intensity to the opposite side of the dominant emission. For central
excitation, we observe quite good qualitative agreement between experiment and
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7 Directional emission from leaky and guided modes in GaAs nanowires

calculation, taking into account the asymmetry we attribute to tapering of the wire.
As shown in Figure 7.3(k), interference fringes from the emission of both facets are
expected for this long wire. These are also faintly visible in Figure 7.3(h).

To get a better measure for the effect of the substrate, we perform numerical
simulations using COMSOL (see Methods7.7 for more details) on a 180 nm thick
and 5 pm long wire on a semi-infinite carbon substrate (Figures 7.3(m-o0)). Due to
computational constraints, we did not simulate a 12 um long wire nor the extremely
thin substrate. The simulations, however, do show good qualitative agreement with
the experiment and provide insight into the role of the substrate on the emission
behavior. Central excitation leads to a symmetric emission profile with highest
intensity in the central region and interference fringes that are less distinct than
for the 1D calculation. Excitation at the edges (500 nm from the end facets) shows
emission profiles in good qualitative agreement with the measurements. There is
a bright feature on the same side at high angles and a weaker spot on the opposite
side. Both the 1D calculations and the simulations predict the measured direction-
ality, which is completely opposite to the behavior of NW1. The features measured
for edge excitation closely resemble the simulation, while there is better agreement
with the 1D calculation for central excitation. As the substrate is very thin, we
can expect it to have a smaller effect than in the simulation that was performed
for a semi-infinite substrate. The importance of the substrate as an additional
loss channel does not play a large role in the case of the leaky mode (k) < ko), as
there is already a strong inherent leakage. For the thicker wire, simulations with-
out substrate show an emission directionality that is more strongly dependent on
excitation position and near the edges becomes opposite to that observed in the
measurements (Figures 7.9 and 7.10 of the Supporting information). We conclude
that both the guided behavior of the TM01 mode and the additional loss channel
due to the substrate play a role in determining the directional emission behavior of
the thick nanowire.

The changing directionality observed in the measurements and calculations
may be understood in an intuitive manner, when examining the differences be-
tween leaky and guided modes. For the leaky mode, leakage of the light along
the nanowire dominates the emission. When exciting close to an end facet, light
propagating to the edge will partially reflect back, while light going to the opposite
side will propagate longer and thus leak out more, leading to a majority of the
emission into the opposite direction. For the guided mode, emission from the
end facets dominates, while there is loss to absorption into the substrate for light
propagating along the wire, so more light will scatter out from the closest edge than
from the far edge.

We can study the directional behavior of the emission as a function of the exci-
tation position more closely, taking advantage of the high spatial resolution of CL.
As discussed previously, the resolution is not limited to the electron beam size, but
still remains subwavelength. Figure 7.4 shows the emission directionality for both
wires when scanning the beam along their length. We determine a left-to-right ratio
(L-R)/(L+R) by averaging the total intensity over all zenithal angles in 60° azimuthal
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Figure 7.4 - Ratio of the left-to-right directional emission for NW1 (a) and NW2
(b), showing the ratio (L-R)/(L+R) as a function of the electron beam position as
it scans along the wire. The gray bands indicate positions that are not on the
wire, while the red dashed lines indicate the positions of the left, center, and
right measurements shown in Figure 7.3. The leftward and rightward directional
intensities were determined by averaging the total intensity over all zenithal angles
in 60° azimuthal wedges (¢=240-300° for left and ¢=60-120° for right).

wedges on the left and right sides, as these correspond to the regions of highest
intensity features. The gray bands correspond to positions that are outside the
wires and the dashed lines indicate the positions of the measurements in Figure 7.3.

Comparing NW1 (Figure 7.4(a)) to NW2 (Figure 7.4(b)), we observe that there
is no left/right directionality at the very edges for both wires, but that close to the
edges the left-to-right ratio reaches a maximum that is reversed for the two wires,
as expected from Figure 7.3. Figure 7.10 in the Supporting information shows the
left-to-right ratio for simulations of a thick wire, which also exhibit a maximum
close to the end facet. Additionally, the simulations with substrate show better
agreement with the measurements than the simulations without. The direction-
ality we observe results from interference of waves propagating back and forth in
the nanowire, which is dependent on the reflection at the end facets, absorption
and leakage during propagation, and also on the excitation position. This peak in
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7 Directional emission from leaky and guided modes in GaAs nanowires

emission close to the end facet is convoluted with the interaction volume of the
electrons with the material. At the very edge we do not excite as large a region,
which contributes to the decrease in intensity and directionality we observe.

The change in emission directionality observed here is consistent with the ad-
ditional thin and thick nanowires examined in the Supporting information (Fig-
ure 7.7). Comparing all nanowires, the thickest diameter for the leaky behavior in
the thinner wires is 145 nm, while the thinnest diameter for the guided behavior in
the thicker wires is 170 nm. This indicates that the transition in emission direction-
ality should occur for nanowire diameters in the range of 145-170 nm.

7.6 Conclusions

In conclusion, we have demonstrated that cathodoluminescence emission
from GaAs nanowires is strongly directional and depends on the nanowire
diameter. The emission excited by the electron beam couples to waveguide
modes that determine the polarization and angular distribution of the outcoupled
radiation. These waveguide modes are very sensitive to wire diameter, especially
as they change in nature from leaky to guided when crossing the light line in
air. Polarization-resolved measurements show that the TM01 mode dominates
the emission from both nanowires. The thin wire supports a leaky TM01 mode,
which displays emission in the direction opposite to the excited edge, while the
thick wire supports a guided TM01 mode that exhibits emission in the same
direction. The emission directionality switches for nanowire diameters in the
range of 145-170 nm. Both the leaky/guided nature of the mode and the presence
of the substrate play an important role in determining the emission directionality.
Cathodoluminescence polarimetry proves to be a powerful technique to study
the angular- and polarization-dependent emission properties of semiconductor
nanowires or other nanostructures, with a subwavelength excitation resolution.

7.7 Methods

Sample fabrication. The GaAs nanowires were grown on a Si(111) undoped wafer
via a Ga-assisted method in a DCA P600 solid-source MBE machine [260, 261].
Typical growth parameters are as follows: a Ga rate of 0.3 A/s as flux of 2.5 x 1076
Torr, a substrate temperature of 640 °C, rotation of the substrate at 7 rpm, and a
V/III beam equivalent pressure ratio of 50. The nanowires were removed from the
silicon substrate in an isopropanol solution by ultrasonic bath for 1 min. A few
drops of the isopropanol solution containing nanowires were transferred to a holey
carbon TEM grid (Plano GmbH).

CL measurements. The measurements were performed in a FEI XL-30 SFEG (5 keV

electron beam, ~0.1 nA current) equipped with a home-built CL system [124, 128,
183]. The emission excited by the electron beam is collected by an aluminium
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paraboloid mirror and directed to an optical setup. We measure either the
spectrum using a liquid-nitrogen-cooled back-illuminated silicon CCD array
(Princeton Instruments Spec-10 100B) or the angular emission profile using a
Peltier-cooled back-illuminated 2D silicon CCD array (Princeton Instruments
PIXIS 1024B) [128, 183]. Using a series of six measurements of the angular CL
distribution with the 2D CCD array in conjunction with a quarter-wave plate
(QWP) and linear polarizer (LP) determines the full emission polarization. Each
measurement was taken for a different combination of QWP and LP settings
(horizontal, vertical, 45°, 135°, right- and left-handed circular). We correct for the
geometrical and polarization dependent response of the paraboloid mirror on the
CL emission that it redirects to the optical setup [132]. A 40 nm bandpass color filter
was used to spectrally select the measured emission at 1p = 850 nm. Integration
times of 0.1-1 s were used depending on sample brightness. For every setting
of the QWP and LB, we collected a dark reference measurement where we blank
the electron beam (using the same integration time as for the corresponding CL
measurement). This reference was subtracted from the data in the postprocessing
stage. Possible sources of measurement errors include drift of the electron beam,
bleaching/contamination which leads to a reduction in CL signal, and fluctuations
in the current and/or the alignment of the mirror.

FEM simulations. The finite-element-method (FEM) simulations of the far-field
emission profiles of finite nanowires were performed using the commercial soft-
ware package COMSOL Multiphysics v4.3b, using the same methods as in Ref. 257
and Ref. 234. For free-standing nanowires the simulation space consisted of a cir-
cular cylinder of length L and diameter d that represents the nanowire, enclosed in
three concentric spheres of diameter L+21¢, L+4A¢, and L+6A1, with their centers
coinciding with that of the cylinder. The innermost two spheres were set to be air
(n4ir), while the outermost layer was defined as a perfectly matched layer (PML)
to absorb all outgoing radiation and prevent reflections. The material constants of
GaAs for the cylinder were taken from Palik [263] (nG4as = 3.6 at Ao = 850 nm). A
tetrahedral mesh was used, with maximum element sizes (MES) of 25 nm in the
domain of the cylinder and 160 nm for the air domains. The maximum element
growth rate was set to 1.35 for all of the domains.

For nanowires on top of a carbon substrate the geometry is modified as fol-
lows. The three concentric spheres of the same diameter are divided into two semi-
spherical layered domains through a plane that contains the cylinder axis, and the
cylinder is then shifted by d/2 from its original position in order to be placed on
top of one of the new semispherical spaces, which we refer to as the substrate. The
substrate was set to be amorphous carbon (n¢ = 1.987+i 0.83 at Ao = 850 nm) [264],
and the rest was set to be air, except for the GaAs cylinder. As the space was divided
into two different media, the material properties of the outermost PML must be the
same as the adjacent medium. The MES of the tetrahedral mesh was 25 nm for the
cylinder, 160 nm for the air, and 90 nm for the substrate. The maximum element
growth rate was 1.35, the same as for the free-standing nanowires.
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7 Directional emission from leaky and guided modes in GaAs nanowires

Simulations were highly memory-demanding; in the case of the nanowires of
length L = 5 um on top of the substrate, the calculations need ~400 GB. Postpro-
cessing calculations were used to determine the total radiated power at the inner
spherical boundary }_;,,;, defined by:

p =f (S)-ndS (7.1)

int

where n is the outward normal unit-vector to the surface.

7.8 Supporting information

7.8.1 Additional nanowires

The polarization and directional behavior of the GaAs nanowires we have
studied is quite robust, including the differences between thinner and thicker
nanowires. Here we show data from an additional thin (NW3) and thick (NW4)
nanowire. Figure 7.5 shows scanning electron micrographs of these two wires:
NW3 has a length of 1.9 um, a diameter of 135-145 nm and is resting on the copper
support of the TEM grid, while NW4 has a length of 13.6 um, a diameter of 170-195
nm and is lying on the holey carbon film.

We perform polarimetry measurements [132, 259] on both of these nanowires,
as shown in Figures 7.6(a—c) for NW3 and (d-f) for NW4. We display the field in-
tensities IExlz, IEJ,I2 and IEZI2 as a function of the azimuthal (¢) and zenithal (0)
angles, measured at 19 = 850 nm with a 40 nm bandwidth bandpass filter. This is
identical to the measurements in the main text. The coordinate system at the left
indicates the field orientations, with the wires oriented along the y axis. The dark
blue regions around the edges of each image correspond to the angles at which no
light is collected by the mirror. Both wires display very similar intensity features,
which also resemble those in Figure 7.2 of the main text, showing good agreement
with the expected behavior for the TM01 mode. | E,|? exhibits 4 intense lobes in
the corners of the polar image, while IEyI2 displays vertical lines of high intensity,
and |E,|?> shows two bright lobes to the left and right. NW3 is much shorter than
the other wires, so there are fewer fringes from the interference between emission
from different regions of the wire, and the features are found at angles closer to
the surface normal. NW4 is very similar to NW2, showing clear interference fringes
for IEJ,I2 and having features at higher zenithal angles. All these results show that
for different GaAs nanowire lengths (1.9-13.6 um) and diameters (100-200 nm), the
TMO01 waveguide mode appears to be the dominant contribution with regards to
the emission behavior.

The change in directionality for off-center excitation of the thin and thick
nanowires is a quite robust phenomenon, which is also visible in thin NW3 and
thick NW4, as shown in Figure 7.7. We display the left-to-right ratio as a function
of the electron beam excitation position while scanning along the length of the
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Figure 7.5 - (a) Scanning electron micrographs of the GaAs nanowires NW3 (top)
and NW4 (bottom). NW3 is 1.9 um long, 135-145 nm thick and is lying on the
copper support from the TEM grid. NW4 is 13.6 um long, 170-195 nm thick and
is lying on the holey carbon from the TEM grid. The scale bars both represent 500
nm.
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Figure 7.6 — Measured angular emission distributions of the Cartesian field
intensities | Eyx |2, IEyI2 and | E;|? at Ao = 850 nm for NW3 (a-c) and NW4 (d-f).
The patterns were measured for central excitation of the nanowires. The intensities
are given in 108 counts sr 1 s71,

wire, in the same way as for Figure 7.4 of the main text. We observe that thin NW3
has the same behavior as NW1, emitting in the opposite direction to thick NW4,
which shows the same behavior as NW2. In all cases, when exciting close to the end
facets, the thin nanowires emit in the opposite direction while the thick nanowires
emit toward the same direction. Due to the tapering of the wires the directionality
is not symmetric around the center. Since NW3 is up to 145 nm thick and NW4
is down to 170 nm thick, it seems the transition from thin/“leaky” behavior to
thick/“guided” behavior occurs around a diameter of ~150-160 nm. For all wires
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Figure 7.7 — Ratio of the left-to-right directional emission for NW3 (a) and NW4
(b). We show the ratio (L-R)/(L+R) as a function of the electron beam position as
it scans along the wire. The gray bands indicate positions that are not on the wire.
The leftwards and rightwards directional intensities were determined by averaging
the total intensity over all zenithal angles in 60° azimuthal wedges (¢=240-300° for
left and ¢=60-120° for right).

we note that there is no left/right directionality when we reach the end facet of the
wire (the ratio becomes 0).

7.8.2 HE11 mode

The fundamental mode in the nanowires is the HE11 mode [234, 257, 258], so
it is to be expected that the CL emission also couples to it. In the main text we
found excellent agreement with the TM01 mode, however, indicating that mode
dominates the emission behavior. For comparison, we show the calculated angular
emission intensity distributions for the HE11 mode in Figure 7.8. The Cartesian
field intensities for the thin NW1 and thick NW2 exhibit the same characteristic
features. Comparing them to the measurements from Figure 7.2, we find that the
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Figure 7.8 - Calculated angular emission distributions of the Cartesian field
intensities of the HE11 mode at Ap = 850 nm for NW1 (a-c) and NW2 (d-f), as a
function of azimuthal (¢) and zenithal () angles. The patterns were calculated
for central excitation of the nanowires. (a, d) show the intensity of the Ej field
component, (b, ) the intensity of Ey, and (c, f) the intensity of Ez. The calculations
for each wire have been normalized to their maximum.
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maximum at 90° zenithal angle for the E, component is similar to the measure-
ments. However, the angular distribution has a slightly different shape and the
measurement is not as concentrated at 90° degrees as the calculation. The E,
and (especially) E;x components for the HE11 mode are very different from the
measurements. This confirms that the TM01 mode is the dominant contribution.
We cannot exclude however that the HE11 mode still plays a minor role in the
emission.

7.8.3 Influence of the substrate

Numerical FEM simulations with COMSOL [234, 257, 258] are used to
determine the influence of the substrate on the directionality of the thick
(guided) nanowires. Due to constraints on the numerical simulations, it was
impossible to calculate the behavior of very long wires such as NW2 and NW4.
Instead we compare 3 pm and 5 pm long nanowires with a diameter of 180
nm. Figure 7.9 compares the angular total intensity distribution at Ay = 850 nm
for dipole excitation in the center and 500 nm away from the right-hand edge
for these different nanowires with and without a substrate. The intensities are
normalized to the maximum for each wire, but we use different scales to show
better contrast between the features. For the 3 pm and 5 um long wires without a
substrate (Figures 7.9(a-d)), we observe crescent-shaped features of high intensity,
symmetrically for center excitation and off to the left side for excitation at the
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Figure 7.9 — Simulated angular emission distributions of the total intensity at 1¢ =
850 nm for a 3 pm long wire, without (a,b) and with (e,f) a semi-infinite substrate,
compared to a 5 um long wire without (c,d) and with (g,h) the substrate, in all cases
for a diameter of 180 nm. The patterns were measured and calculated for excitation
at the center (a,c,e,g) and right (b,d,f,h) of the nanowire (500 nm away from the
edge, see Figure 7.10 for positions on the 5 pm long wire). The simulations for each
wire have been normalized to their maximum.
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right-hand edge. For this wire the dominant mode is so close to the light line that
the behavior is not very different than for the leaky case in the thinner wire, the
wire emits in the opposite direction from the excitation position. For the longer
wire we observe more interference fringes, the bright features move outwards to
larger zenithal angles and there is a stronger intensity contrast between central and
edge excitation than for the shorter wire.

When taking a semi-infinite substrate into account (Figures 7.9(e-h)), we ob-
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Figure 7.10 - Ratio of the left-to-right directional emission for the simulated 5 um
long wire with 180 nm diameter, (a) without a substrate and (b) on the same semi-
infinite carbon substrate used in Figures 7.3(m-o) of the main text. We show the
ratio (L-R)/(L+R) as a function of the simulated excitation position as it scans along
the wire in steps of 100 nm. The blue crosses indicate the data points, the blue lines
are a guide to the eye. The red dashed lines indicate the center and right excitation
positions of the simulated angular emission patterns shown in Figure 7.9 (we also
show the symmetrically placed left-hand excitation position). The leftwards and
rightwards directional intensities were determined by averaging the total intensity
over all zenithal angles in 60° azimuthal wedges (¢=240-300° for left and ¢=60-
120° for right).

serve a distinct change in behavior. For excitation in the center, there is a high
intensity over a large angular range around the surface normal and interference
fringes are now less pronounced than in the wire without substrate. The main
difference is for the edge excitation however, where we clearly distinguish a flip in
the directionality, the wire now emits toward the same direction as the excitation
position. There is still a non-negligible contribution in the opposite direction, but
the dominant intensity is clearly emitted to the right-hand side. This shows that the
substrate plays an important role in the nanowire emission behavior, as it breaks
the symmetry of the environment of the wire and allows an extra loss channel for
light that cannot couple out directly to free space. Comparing the 3 and 5 um
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long wires, we can see that the directional behavior is preserved, so it is robust to
changes in the nanowire length. There are more intensity fringes in the long wire
for central excitation. In the case of edge excitation, the features move outwards to
larger zenithal angles and there is a stronger intensity contrast between central and
edge excitation for the long wire. This is the same without a substrate. Extrapolating
this behavior to the measured wires predicts good agreement, as we do observe
intensity fringes for central excitation and high intensity at the very highest zenithal
angles for edge excitation (Figures 7.3(g-i) of the main text). Even though the actual
substrate is not semi-infinite, it does play a role in the nanowire emission behavior,
which is qualitatively predicted here.

We can also determine the left-to-right ratio for the simulations. Figure 7.10
shows the directionality ratio for different dipole excitation positions along the 180
nm diameter and 5 um long wire without (a) and with (b) substrate also shown
in Figures 7.9. There is good qualitative agreement between the directional be-
havior of the simulation with substrate and that of the two thick nanowires (NW2
and NW4), with highest directionality when approaching the end facets. A notable
difference is a flip of the simulated results toward opposite directionality, similar to
the thin wires, for excitation very close to the end facet. This change is not observed
in the measurement, which we attribute to the large extent of the electron interac-
tion volume and thus of the excitation region. This will average out the behavior
over multiple positions, reducing these sharp changes at the nanowire edges. The
simulation without substrate displays a strong dependence on excitation position,
the emission directionality flipping frequently from one side to another, which is
different from the measured behavior. At the end facet of the substrate-less wire
the directionality is opposite to the excitation position, similarly to the behavior of
the simulated wire with substrate.
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Nanoscale optical tomography with
cathodoluminescence spectroscopy

Tomography has enabled characterization of the Earth’s interior,
visualization of the inner workings of the human brain, and three-
dimensional (3D) reconstruction of matter at the atomic scale. For
tomographic techniques that rely on optical excitation or detection,
diffraction generally limits the attainable resolution. In this chapter
we introduce a tomographic technique, cathodoluminescence (CL)
spectroscopic tomography, to probe optical properties in three di-
mensions with nanometer-scale spatial and spectral resolution. We
first obtain two-dimensional CL maps of a 3D nanostructure at
various orientations. Then, we use the method of filtered back
projection to reconstruct the CL intensity at each wavelength. The
resulting tomograms allow us to locate regions of efficient CL in
3D across visible and near-infrared wavelengths, with contributions
from material luminescence and radiative decay of electromagnetic
eigenmodes. The experimental signal can be further correlated with
the radiative local density of optical states in particular regions of the
reconstruction. We demonstrate how CL tomography can be used
to achieve nanoscale 3D visualization of light-matter interactions by
reconstructing a 3D metal-dielectric nanoresonator.
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8.1 Introduction

Tomography enables the determination of a three-dimensional (3D) function
from two-dimensional (2D) data. Originally driven by the need for a non-invasive
technique to peer inside the human body, the development and application of to-
mography has had a significant impact on a wide range of disciplines, from medical
diagnosis [265] to oceanography [266] and seismology [267]. While conventional
tomographic techniques yield 3D structural or chemical information with macro-
scopic resolution, recent advances in electron microscopy have enabled nanoscale
reconstruction of material geometries [268-271]. Notably, electron tomography has
been used to reconstruct nanoparticles with atomic-scale resolution [272, 273] and
to identify their different chemical constituents in three dimensions [274-277].

Still, optical tomography with subwavelength, nanometer-scale resolution re-
mains a significant challenge. For example, while super-resolution techniques can
yield 3D maps of molecular structure [278, 279], they rely on fluorescent tagging
and cannot probe intrinsic radiative optical properties of the nanostructure. Nearly
all other label-free techniques for probing nanoscale light-matter interactions are
inherently 2D: scanning a physical probe such as a nanoscale tip [76, 280-282] or
fluorescent emitter [283-287] over an object creates a planar map of the optical
modes or local density of optical states (LDOS). Similarly, a focused electron beam
can act as a spatially-localized but optically broadband impulse excitation to an
object [92, 124, 141, 142, 183, 288], but has historically been used to probe elec-
tromagnetic modes in 2D. Capturing the often complex 3D nature of light-matter
interactions with nanometer scale spatial and spectral resolution remains a signif-
icant challenge.

Recently, the first label-free 3D maps of nanoscale optical modes were obtained
by combining 2D electron-energy loss spectroscopy (EELS) with tomographic re-
construction methods [145, 289]. In this paper, we introduce a complementary
technique for nanoscale interrogation of optical properties in three dimensions:
cathodoluminescence (CL) tomography. While both EELS and CL rely on electron-
beam excitation of a sample, they are fundamentally distinct in their detection
mechanisms and signal interpretation. First, CL spectroscopy detects light emit-
ted by a sample rather than the energy lost by electrons transmitted through the
sample. This optical detection scheme currently allows higher spectral resolution
than is afforded by EELS. Second, CL selectively detects radiative optical processes,
whereas EELS indiscriminately probes both radiative and non-radiative processes.
Therefore, unlike EELS, CL enables direct visualization of material luminescence
and radiative decay of electromagnetic modes. Together, the high spectral resolu-
tion and selective detection of radiative processes of CL tomography could eluci-
date, for example, the regions of highest radiative rate enhancement near a nanos-
tructure or the distribution of radiative recombination sites in a semiconductor.

To demonstrate this new tomographic technique, we first obtain a series of
CL maps of a 3D metal-dielectric nanostructure at various orientations. Next, we
use the method of filtered back projection to reconstruct the CL intensity, which
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8.2 Cathodoluminescence spectroscopy and 2D imaging

we correlate with both material luminescence and the radiative local density of
optical states. Owing to the high spatial and spectral resolution afforded by CL, our
reconstruction provides detailed, 3D spectral maps of radiative optical properties
across visible and near-infrared wavelengths.

8.2 Cathodoluminescence spectroscopy and 2D
imaging

As an example of CL spectroscopic tomography, we consider a 3D metal-
dielectric crescent, or nanocup, shown schematically in Figure 8.1(a). It is
composed of a sub-wavelength dielectric core coated with a tapered metallic
shell. This structure is well-known for its ability to harvest light over a large
bandwidth [290-292], to confine light on the nanoscale [293-297], to support
electric and magnetic modes [298, 299], and to serve as the constituent of an
extremely broadband negative index metamaterial at optical frequencies [300].
The plasmonic nanocrescent derives many of its interesting optical properties
from the asymmetry of its core-shell geometry: the tapered metallic shell yields
a broadband optical response, while the metallic discontinuity across the tips
enables strong electric and magnetic resonances and field enhancements. Yet,
the crescent’s rotational symmetry imparts it with a degree of insensitivity to
polarization as well as relatively facile fabrication. Additionally, the complex 3D
structure of the crescent provides a powerful platform for demonstrating the
potential of CL tomography.

Nanocrescents are fabricated by evaporation of Au onto polystyrene spheres.
Bright-field transmission electron microscopy (TEM) images of Au-polystyrene
crescents are shown in Figures 8.1(b,c). The figures reveal the axial symmetry of
individual crescents, as well as their high degree of uniformity.

CL spectroscopy is performed in a scanning electron microscope (SEM) [124,
183]. Figure 8.2 depicts CL measurements of crescents with different orientations,
where 6 is the angle between the axis of symmetry of the crescent (the z axis) and
the incident beam direction. Note that this coordinate system co-rotates with the
crescent such that the z axis is always aligned with the axis of symmetry; this axis
of rotation is defined as the y axis. An angle of 0° corresponds to a crescent with
tips pointing toward the substrate. Figure 8.2(b) shows the result of scanning the
electron beam across the center of a crescent oriented at an angle of 90°. As the
electron beam passes through the tips of the crescent (darker colored lines), the CL
signal peaks at a wavelength of approximately 850 nm. This lowest-energy reso-
nance of the crescent is characterized by strong electric field enhancement near
the sharp tips of the structure [293, 297], as confirmed by finite difference time
domain (FDTD) simulations (see Figure 8.2(c) and Supporting Figure 8.7). The
spatial and spectral characteristics of this tip mode are also well reproduced by nu-
merical simulations of CL via the boundary element method (BEM) [301-303] (see
Supporting Figure 8.12). A discussion of the factors that influence the resolution
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Figure 8.1 - Metal-dielectric crescents (a) Schematic of a crescent consisting of a
polystyrene (PS) core (blue) and a Au shell (grey). (b) Bright-field TEM image of an
individual crescent. (c) Wide-field TEM image of crescents.

of the CL technique, including determination of electron-sample interactions via
Monte Carlo simulations, is provided along with Supporting Figure 8.13.

As the electron beam passes through the base of the crescent (lighter colored
lines in Figure 8.2(b)), the CL signal exhibits a broad peak between approximately
550 nm and 700 nm. This broad feature is understood by considering three con-
tributions: the high energy plasmonic resonance supported by the crescent, the
contribution of radiation from electron-hole pair recombination in the Au shell,
and luminescence from the polystyrene core of the crescent. The higher energy
plasmonic modes exhibit significant field intensity near and inside the base of the
crescent, as detailed in Supporting Figure 8.10. BEM CL simulations reveal, how-
ever, that radiative decay of the high energy modes alone cannot account for the
strong signal at short wavelengths observed in the experiments (see Supporting
Figure 8.12). By comparing CL spectra to photoluminescence (PL) spectra of both
crescents and polystyrene cores, we determine that a significant portion of the
CL signal at short wavelengths is due to Au [304-306] and polystyrene lumines-
cence [307] (see Supporting Figures 8.8 and 8.9).

Before tomographic reconstruction, we probe the effect of crescent angle on CL
excitation efficiency. CL line scans of various crescents at angles between 0° and
165°, in 15° increments, are collected. The normalized CL intensities at 850 nm
are used to form the sinogram shown in Figure 8.2(d). From this sinogram, it is
determined that the tip mode at a wavelength of 850 nm is excited for nearly all
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Figure 8.2 - Cathodoluminescence line scans (a) Schematic of the CL line scan,
with the beam passing through the central z-axis of the crescent. 6 is the angle
between the crescent’s axis of symmetry and the electron beam. (b) Experimental
CL line scan of a crescent oriented at 90°, with darker line colors corresponding
to higher beam positions, as indicated in (a). (c) Cross section of the scattered
electric field intensity calculated by FDTD simulations for excitation with an x-
polarized plane wave propagating in the —z direction at a wavelength of 874 nm,
the peak in the extinction efficiency. (d) Experimental sinogram of normalized CL
intensity line scans at a wavelength of 850 nm for crescents at various angles, where
the vertical axis corresponds to the excitation positions shown schematically in
Figure 8.2(a). As a result of the reflection symmetry of the crescent, data from 0°
to 165° are flipped and repeated for angles of 195° to 360°. A crescent at 180° was
not available. The dashed line overlay denotes the physical position of the center
of the gap between the tips of the crescent, derived from the crescent model.

crescent angles, except for the few angles near 0° and 180°. At these angles, the
orientation of the electron beam is perpendicular to the tip gap, which results in
inefficient excitation of this mode, as the electron beam preferentially couples to
out-of-plane electric field components while the tip mode has a strong field ori-
ented across the tips. A sinogram at 550 nm illustrates that CL is excited efficiently
near and in the base of the crescent over a broad range of angles, as expected (see
Supporting Figure 8.10).

By scanning the beam in the SEM and collecting a spectrum at each position,
2D CL maps are generated at all wavelengths concurrently. Figure 8.3 shows 2D CL
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a) c) 850nm
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Figure 8.3 — 2D cathodoluminescence maps (a) Schematics of crescents with
orientations of (i) 90°, (i) 120°, and (iii) 150°. (b) SEM images of crescents. (c)
2D maps of the normalized CL intensity of crescents at a wavelength of 850 nm.
The scale bar of 100 nm applies to all images.

maps at a wavelength of 850 nm for crescents at different orientations with respect
to the electron beam, along with schematic representations and SEM images of the
crescents. Note that this series of CL maps is the 2D extension of the 1D line-scans
compiled in the sinogram of Figure 8.2(d). They confirm that the various modes can
be excited for a wide-range of crescent angles, and allow 2D tracking of radiative
optical properties for wavelengths spanning the visible and near-infrared spectrum
(see also Supporting Figure 8.11).

8.3 3D reconstruction of monochromatic
cathodoluminescence

We now use tomography to map the CL signal from the crescent in three di-
mensions. The CL maps just discussed, as well as the TEM images, represent 2D

projections of a 3D function, and as such tomography can be used to reconstruct
the 3D functions. In the case of the bright field TEM image, the intensity of the
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8.3 3D reconstruction of monochromatic cathodoluminescence

signal is related to the integrated thickness and atomic number of the constituent
materials. In CL, the intensity of a given pixel in a 2D map (as in Figure 8.3) is
proportional to an integral of the CL along the electron’s path. In both cases, for
accurate reconstruction the generated images should satisfy the projection require-
ment for conventional tomography, which assumes that the signal must be linear
and monotonic with the property of interest.

We first reconstruct the 3D structure of the crescent from a transmission elec-
tron micrograph to assist in the interpretation of the CL tomograms. The intensity
of the TEM image is related to the integrated thickness and atomic number of the
constituent materials, and rigorously satisfies the projection requirement for our
non-crystalline samples. We carry out the reconstruction using a crescent oriented
at 90°, as in the TEM image of Figure 8.1(b). Note that with this orientation, the
crescent’s axis of rotational symmetry (z) is perpendicular to the incident electron
beam. Since the crescent is assumed to be rotationally symmetric, the single TEM
projection of Figure 8.1(b) can be used as a virtual tilt-series spanning the full 360°
of rotation [308]. To reconstruct the crescent’s structure we use the tomographic
method of filtered back projection, which forms a reconstructed image by summing
partial reconstructions at various angles [309-311].

Figure 8.4(a) shows the resulting TEM tomographic reconstruction. The black
portions of the reconstruction correspond to regions of high atomic number, i.e.
gold, whereas the dielectric core appears white, similar to the vacuum background
(see also Supporting Figure 8.14). In comparing this 3D tomogram to the original
TEM image in Figure 8.1(b), it is clear that reconstruction has resulted in a signifi-
cantly improved spatial representation of the structure.

To reconstruct the CL signal, we consider two different tilt-series: i) a virtual
tilt-series constructed from a single experimental projection utilizing the rotational
symmetry of a single crescent, and ii) the experimental tilt-series of crescents de-
scribed in Figures 8.2 and 8.3. We first use the 2D CL map of Figure 8.3(c)(i) as a
virtual tilt-series spanning the full 360° of rotation. For this crescent oriented at
90° with respect to the electron beam (z-axis parallel to the substrate) the excited
modes are identical for any angle of rotation of the crescent about the z-axis. While
modes that require a z-oriented electron beam are not excited in this configuration,
the trajectory dependency of the excitation of all other modes is eliminated, as they
will contribute uniformly to the CL signal across all tilt angles, allowing for a scalar
reconstruction. Note that this use of symmetry to simplify an otherwise complex
vector tomography problem is very similar to what was done in previous EELS
tomography work [289]. Furthermore, note that material luminescence is a scalar
quantity and thus trajectory independent (within the small particle assumption)
and thus strictly satisfies the projection requirement. In summary, we can use the
individual crescent oriented at 90° for a virtual tilt-series to directly reconstruct
all but the z-component of the CL signal using conventional scalar tomographic
methods. Note that this method assumes negligible particle-substrate interactions,
areasonable assumption for a crescent at #=90°, as shown by simulations provided
in Supporting Figures 8.15 and 8.16.
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Figure 8.4 - 3D TEM and CL reconstructions (a) TEM tomogram based on a
single projection. Panels (i-iv) correspond to different cross sections through the
reconstruction, as indicated by the colored outlines. Panel (i) shows an (x, z) cross-
section of the reconstruction at the midpoint of the crescent, where the metal shell
and the crescent geometry can be distinctly resolved. Panel (ii) shows an off-center
(x, z) cross-section of the reconstruction for comparison. Panel (iii) is a horizontal
(x,y) cross-section of the reconstruction at the z position where the crescent tips
come to a point, whereas panel (iv) is a (x, y) cross-section of the reconstruction at
the midpoint of the crescent, clearly showing the metal shell surrounding the inner
core. (b) CL tomogram at 850 nm based on a single CL map (reconstruction in (x, y)
planes). (c) CL tomogram at 850 nm based on experimental tilt-series consisting of
7 crescents (reconstruction in (x, z) planes).

Figure 8.4(b) shows the result of a 3D tomographic reconstruction of the CL
signal at a wavelength of 850 nm based on reconstructing individual (x, y) planes
for each value of z (for a step-by-step illustration of this technique, see Supporting
Figure 8.17). As shown by these figures, the highest CL signal is localized within the
gap region between the tips of the crescent panels (i) and (iii) in particular illustrate
the strong field enhancements that are spatially-localized in z near the tips, as
expected for this mode based on the FDTD simulations shown in Figure 8.2(c),
as well as the BEM simulations provided in Supporting Figure 8.12. Significant
CL intensities can also be observed near and around the metallic shell, stemming
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mostly from luminescence of the Au itself. A similarly detailed view of the CL re-
construction at a wavelength of 550 nm is provided in Supporting Figure 8.18 for
comparison.

To rigorously reconstruct the complete CL signal, including modes excited in all
three orthogonal directions, a fully vectorial reconstruction is needed. As no such
technique exists at this time, we can approximately reconstruct the full CL signal
by carefully considering a tilt-series in which the angle between the electron beam
and the z-axis of the crescent is varied. The angular dependence of the excitation of
the various modes strictly breaks the projection requirement, but by restricting the
range of angles considered we can minimize this effect. Furthermore, we normalize
the tilt-series prior to reconstruction at each wavelength to minimize the effect of
the variation in excitation efficiency on the reconstruction. Although the resulting
tomogram is thus not exact, it still provides useful information about the existence
and qualitative 3D distribution of all excitable modes in our structure.

We consider CL maps of crescents at different orientations, some of which were
shown in Figure 8.3. Note that this tilt-series is comprised of individual crescents at
different orientations with respect to the fixed substrate, similar to single-particle
analysis in TEM tomography [312], and thus provides information about a mean
object. For this tilt-series, we obtain 2D CL maps for crescents with angles between
75° and 165°, in 15° increments (which, as a result of the reflection symmetry of
the crescent, are equivalent to angles between 195° and 285°). We choose these
angles because particle-substrate interactions are negligible for these crescent ori-
entations (see Supporting Figures 8.15 and 8.16).

Reconstruction of the CL signal is then performed using the same filtered back
projection method as before, except that the reconstruction is done by 2D recon-
struction in the (x, z) plane for each value of y. Following the example set by pre-
vious work [289], we impose the symmetry of the particle during reconstruction
to enhance the quality of the tomogram. Figure 8.4(c) shows the result of the 3D
reconstruction of the CL signal at a wavelength of 850 nm based on reconstructing
individual (x, z) planes. This experimental multi-crescent reconstruction compares
well with the reconstruction from the single projection in Figure 8.4(b), with all of
the main features reproduced: the strong field enhancement near the tips in both
(i) and (iii), the reduced areal cross section in (ii), and the intensity in and around
the Au shell in (iv). The remarkable agreement between the two reconstruction
schemes, based on two very different sets of initial data, indicates both the validity
of the assumption of negligible particle-substrate interactions for the angles con-
sidered here, as well as the merits of the qualitative reconstruction scheme. The
quality of the multi-crescent reconstruction is also confirmed by comparing the
original CL maps to re-projections of the tomograms at the same angles as were
obtained in the experiment (see Supporting Figure 8.20).
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Figure 8.5 — Axial voxel cathodoluminescence spectra (a) Schematic of voxel
positions within the crescent along its central axis. Darker colors correspond to
higher z positions. (b) Total Purcell factor (average of x, y, and z components)
calculated with FDTD along right axis. Average photoluminescence (PL) spectra
of six individual crescents excited at 488 nm (blue curve, left axis). (c) Voxel
spectra from CL reconstruction based on single CL map (reconstruction in (x, y)
planes). (d) Voxel spectra from CL reconstruction based on experimental tilt-series
consisting of 7 crescents (reconstruction in (x, z) planes).

8.4 Spectroscopic cathodoluminescence tomography

Since CL is a spectroscopic technique, we can reconstruct the CL signal in three
dimensions at all wavelengths in the measured 475-950 nm range. Figure 8.5 plots
the reconstructed CL spectra at volumetric pixels, or voxels, along the central axis
of the crescent, as indicated in Figure 8.5(a). Figures 8.5(c,d) show the associated
spectra for the single- and multi-crescent reconstructions, respectively. By com-
paring these spectra with the colored voxels in the schematic, it is clear that the CL
spectra vary significantly with position. In the metallic base of the crescent (light
pink curves), the CL is strong and peaks broadly between 550 nm and 700 nm. In
the dielectric between the tips of the crescent (dark curves), the CL signal peaks
again, at approximately 800 nm to 850 nm. Aside from the discrepancy between the
spectra in the dielectric core of the crescent (red curves), which will be discussed
below, the main spectral trends are visible in both the single- and multi-crescent
reconstructions.

The spatially-dependent CL can be understood by considering two factors con-
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tributing to the intensity of the CL signal in this system: the radiative LDOS within
the crescent structure and luminescence from Au and polystyrene. To investigate
the radiative LDOS, which is a measure of the number of radiative decay path-
ways available to an emitter, we use a FDTD method to calculate the radiative rate
enhancement, or Purcell factor (PF), at each position along the crescent axis, as
shown in Figure 8.5(b). These spectra indicate that the radiative LDOS peaks in
the gap region between the tips of the crescent at a wavelength of 782 nm. This
calculated result is in very good agreement with the peak seen in this spatial region
in the reconstructed CL spectra of Figures 8.5(c,d). Notably, the rapid fall in signal
intensity for voxels farther away from the tips is remarkably similar between the
calculated PF spectra and the experimental CL spectra. An alternative visualization
of this data, along with individual components of the PE are provided in Supporting
Figure 8.21.

Near the metallic base of the crescent, the reconstructed CL signal exhibits a sig-
nificant and broad peak between 500 nm and 700 nm, which is not fully reproduced
in the calculated PF spectra. This feature is also absent from BEM CL calculations
shown in Supporting Figure 8.12. Like the BEM calculations, the PF calculations do
not account for material luminescence and indeed, PL measurements of individual
nanocrescents reveal significant electron-hole pair recombination in the Au shell,
as shown in Figure 8.5(b). The PL from the Au shell peaks at a wavelength of 593 nm,
with a spectral shape that closely resembles the reconstructed CL. The narrower
width of the PL spectrum may be due to the narrowband characteristic of the laser
used for PL experiments, compared to the broadband nature of the electron beam
as an excitation source in CL, or to the different temporal characteristics of the
excitation. Also, note that the sharp feature at 568 nm is related to the dominant
Raman line (-CH3 symmetric stretch, 2886 cm™ 1) of the PDMS substrate used in
this PL experiment [313].

In the dielectric core of the crescent, the multi-crescent reconstruction reveals a
peak at around 650 nm not present in the single-crescent reconstruction (compare
Figures 8.5(c,d). This peak is due to a mode that is not efficiently excited at 90°,
and thus does not show up in the single-crescent reconstruction, which ignores
modes that require a z-oriented electron beam for efficient excitation. This mode
is identified through plane wave extinction calculations, BEM CL simulations, as
well as Purcell factor calculations, which confirm the existence of a mode at ap-
proximately 600 nm excited in the center of the crescent for a z-oriented dipole,
but not for x- or y- oriented dipoles (see Supporting Figures 8.7 and 8.22). The
existence of this peak in the CL tomogram demonstrates the ability of the multi-
crescent reconstruction to probe all modes of the system. Lastly, it is interesting to
note that the spectra of both reconstruction methods show significant CL signal in
the dielectric core of the crescent below 500 nm, rising up to the edge of the spectral
window studied here. This signal stems from luminescence of the polystyrene bead
itself [307], which peaks at approximately 450 nm (see polystyrene PL spectrum in
Supporting Figure 8.9). Taken together, these results demonstrate the high spatial
and spectral resolution of the experimental CL reconstructions.
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Figure 8.6 — CL spectroscopic tomography Reconstructed CL signal based on a
single CL map (reconstruction in (x, y) planes) at wavelengths of (a) 470 nm, (b)
550 nm, (c) 650 nm, (d) 700 nm, (e) 750 nm, (f) 800 nm, (g) 850 nm, (h) 900 nm. The
reconstructed intensity corresponds to both the color scale and the transparency
of the figure. The scale bar of 100 nm applies to all images.

To obtain a complete sense of the spectral and spatial dependence of the CL
signal, three-dimensional reconstructions at wavelengths between 470 nm and
900 nm are shown in Figure 8.6. In these images, the crescent is oriented with its
tips at the top of the images. This figure contains tomograms generated from the
single crescent at 90°; tomograms generated from the experimental multi-crescent
tilt-series show excellent agreement and are provided in Supporting Figure 8.19.
These spectroscopic CL tomograms clearly demonstrate how different spectral
features contributing to the CL spectrum of a 3D nanostructure can be resolved
at a spatial resolution well below the diffraction limit. Videos illustrating these
reconstructions are provided online in the Supporting information of [314].

8.5 Conclusions

In conclusion, we have developed CL spectroscopic tomography as a novel
technique to probe deeply subwavelength radiative optical properties in three
dimensions. The technique allows spectral reconstruction of individual nanoscale
volumetric pixels, spanning visible and near-infrared frequencies. The resultant
tomograms reveal regions of efficient CL, with contributions from both material
luminescence and radiative decay of resonant electromagnetic modes. Looking
forward, we envision CL tomographic reconstructions that include momentum-
and polarization-resolved information with nanometer-scale voxel resolution.
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Additionally, application of CL tomography to systems beyond simple inorganic
specimens should be straightforward. For example, this tomographic technique
could be used to precisely locate radiative recombination centers in light emitting
diodes, probe the nanoscale distribution of defect states in organic photovoltaics,
and potentially provide new label-free avenues for biological imaging.

8.6 Methods

Crescent fabrication. Nanocrescents are fabricated by metal evaporation onto
dielectric beads. An aqueous solution of 200 nm diameter polystyrene beads
(Polysciences, Inc., coefficient of variance = 8%) is deposited onto a glass coverslip
coated with polydiallydimethylammonium chloride, a charged polymer used to
improve areal coverage. The coverslip is then mounted on a rotation stage that is
tilted at an angle of approximately 45 degrees and rotated at 45 rpm during the
e-beam evaporation. Au is evaporated at a rate of approximately one angstrom
per second until the thickness of the metal at the base of the dielectric beads
reaches about 70 nm. For TEM, the crescents are removed from the substrate with
a carbon grid coated with an ultra-thin layer of polydimethylsiloxane (PDMS).
For CL experiments, the crescents are removed from the original substrate with
a PDMS stamp and then transferred onto a clean Si wafer via a transfer printing
procedure that, importantly, does not preserve their orientation. The orientation
of each crescent is determined by taking SEM images at 0° and 40° stage tilt and
comparing the images to a computer-generated tilt-series.

TEM imaging. TEM images were obtained using a FEI Tecnai G2 F20 X-TWIN
transmission electron microscope at 200 keV in bright field imaging mode.

CL spectroscopy. CL measurements were performed in an FEI XL-30 SFEG SEM
with an aluminum paraboloid mirror attached to a piezoelectric positioning
system. The 30 keV electron beam passes through a 600 pm hole in the mirror
directly above its focal point. The beam spot diameter was approximately 10
nm, and the typical beam current used was approximately 1 nA. The emitted
radiation is collected by the mirror and directed outside the microscope into a
spectrometer outfitted with a liquid-nitrogen-cooled Si CCD detector. To generate
one-dimensional (1D) and 2D CL maps, the beam is incrementally scanned and a
spectrum is collected at each position. For all CL experiments, the electron beam
step size and corresponding pixel size, is 10 nm. The CL spectra and sinogram
in Figure 8.2, which represent line scans through crescents, are smoothed by
averaging the central 3 pixel lines (30 nm) of the 2D map, as well as by averaging
over wavelengths in a +#5 nm range. Spectral noise in CL. maps and tomograms is
reduced by averaging over wavelengths in a +5 nm range.
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Numerical simulations. Plane wave and dipole excitation of the crescent are
modeled using three-dimensional finite difference time domain methods, with the
software FDTD Solutions by Lumerical Solutions.

Electron-beam excitation is modeled using the boundary element method
(BEM) [301-303]. In all cases, the simulated crescent has the following geometrical
parameters: 270 nm diameter gold shell (permittivity from CRC Handbook of
Chemistry and Physics); 200 nm diameter dielectric core (index = 1.47), offset in
the +z direction by 32.5 nm; 145 nm diameter of the tip gap; 5.5 nm radius of
curvature of the tips; 1 nm mesh size. The extinction cross section under plane
wave excitation is calculated as the sum of the scattering and absorption cross
sections using a total-field-scattered-field source approach. The Purcell factor for
a given position and orientation is calculated as the ratio of the power emitted to
the far field by a dipole to the power emitted by a dipole in free space. The total
Purcell factor at a given position is calculated by averaging the contributions from
the three orthogonal orientations.

Tomographic reconstruction. The method of filtered back projection is used
to reconstruct 3D functions from 2D projections. A ramp filter multiplied by
a Hann window is used both to increase contrast and to decrease noise in the
reconstructions. Complete details are provided in the Supporting information
of [314].

Photoluminescence. PL spectra are collected from individual crescents on a PDMS
substrate, using a focused CW Ar-ion laser operated at 488 nm. The PL spectrum
shown in Figure 8.5(b) represents the average of six normalized single particle spec-
tra. Dark-field scattering spectra are collected before and after laser illumination to
guarantee that the crescents are not damaged during the experiment.

8.7 Supporting information

8.7.1 Nanocrescent mode simulations

The plasmonic modes of the crescent are determined by exciting the structure
with plane waves in finite difference time domain (FDTD) simulations. The ex-
tinction efficiency, the ratio of the extinction cross section to the geometrical cross
section, is calculated for various angles of incidence 8, where 8 is the angle between
the crescent’s axis of symmetry and the polarization of the electric field in the (x, 2)
plane. The extinction spectra for angles between 0° and 90° in 15° increments are
shown in Supporting Figure 8.7(a).

A number of different modes can be identified from the spectra. The lowest
energy mode at 874 nm, excited most efficiently at 90°, is characterized by strong
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Figure 8.7 - Plane wave excitation (a) The extinction efficiency, calculated using
FDTD, for plane waves at angles of incidence between 0° (light pink curve) and 90°
(black curve), in 15° increments. The scattered electric field intensity at 874 nm of
a crescent at 90° for cross sections of: (b) the central slice in the (x, z) plane, (c) the
central slice in the (y, z) plane, (d) a slice through the tips in the (x, y) plane, and
(e) a slice through the center in the (x, y) plane. The slices in (b—d) are color-coded
according to the schematic in (a). Scale bar of 100 nm applies to all field maps.

electric field enhancement between the sharp tips of the crescent. This mode peaks
at approximately 850 nm in the CL experiments, in excellent agreement with the
simple model. The nature of this mode is illustrated in Supporting Figures 8.7(b-
e), which plot the calculated intensity of the scattered electric field at 874 nm for a
crescent oriented at 90° at various slices, as indicated in the color-coded schematic
in Supporting Figure 8.7(a). Supporting Figure 8.7(b) plots the central cross section
in the (x, z) plane, as defined in the main text. Supporting Figure 8.7(c) plots the
central cross section in the (y, z) plane, orthogonal to the direction of electric field
polarization. Supporting Figures 8.7(d,e) plot cross sections in the (x, y) plane at the
position of the tip gap and at the center of the crescent, respectively. Note that these
cross sections correspond to the slices of the reconstruction provided in Figures 8.4
(i), (iii), and (iv) of the main text. It can be recognized from the simulated cross
sections shown here, that this mode is characterized by strong field enhancement
primarily between the tips of the crescent, which agrees well with the experimental
CL tomogram.

The mode at 740 nm is only efficiently excited at 0°, when the electric field is
oriented in the z-direction. This mode is also accessible with a z-oriented dipole or
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Figure 8.8 - Au luminescence. (a) TEM of crescent. (b) Axial line scans of both
TEM intensity (black curve) and CL intensity at 550 nm (green curve) for the region
identified by the green box in (a). (c) Average photoluminescence (PL) spectrum
of six individual crescents when excited at 488 nm (blue curve), as well as the CL
spectrum from inside the base of the crescent at the position identified by the red
dot in (a), derived from the CL tomogram.

an electron beam propagating along z, and is thus observed in the multi-crescent
tomogram, as described in detail in a later section. The next section describes
the highest energy mode, at 580 nm, which is most efficiently excited at 90° and
is characterized by an enhanced field near the base of the crescent.

8.7.2 Cathodoluminescence signal at high energies

To understand the peaks in the CL spectra at high energies, we must consider
not only the radiative decay of plasmonic modes, but also the luminescence from
Au and polystyrene. Radiation in Au occurs when an electron in the d band is
excited to an unoccupied state in the sp conduction band. Some fraction of these
excited electrons recombine radiatively with the holes in the d band, resulting in
emission of a visible photon. This interband transition process is typically stud-
ied by exciting the Au with light using photoluminescence (PL) spectroscopy. For
smooth Au films [304], the PL quantum yield is as low as 10719 and this source of
radiation is thus often ignored in many CL experiments [92]. It has been shown,
however, that nanoparticles of Au exhibit PL quantum yields as high as 0.04, more
than eight orders of magnitude higher than Au films [305, 306, 315-318].

To demonstrate that radiation from electron-hole pair recombination in Au
contributes to the CL signal of crescents, we consider both CL and PL from
crescents in Supporting Figure 8.8. A TEM image of a crescent is shown in
Supporting Figure 8.8(a), where, as a result of mass-thickness contrast, the intensity
corresponds to the amount of Au at each location. We plot a line scan of the TEM
intensity along the central axis in Supporting Figure 8.8(b), where it can be seen
that the Au density peaks in the base of the crescent, as expected for this geometry.
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Figure 8.9 — Polystyrene luminescence. (a) TEM of crescent. (b) Axial line
scans of both polystyrene (PS) density (from model, black curve) and CL intensity
at 470 nm (green curve) for the region identified by the green box in (a). (c)
Photoluminescence spectra of 200 nm diameter polystyrene beads (used as the
dielectric core of the crescent) when excited at a wavelength of 200 nm (blue
curve), as well as cathodoluminescence spectra from inside the polystyrene core
of the crescent at the position identified by the red dot in (a), derived from the CL
tomogram.

Overlaid in the figure is a line scan of the measured CL intensity along the central
axis at a wavelength of 550 nm, where Au is known to fluoresce. By comparing
these two curves, we see that the CL intensity at 550 nm tracks the Au density quite
well. The fact that this CL signal is correlated with the amount of Au the electron
interacts with suggests that luminescence from Au contributes significantly to the
CL signal at this wavelength.

To confirm this hypothesis, we measure the PL of individual crescents excited
at 488 nm with a CW Ar-ion laser. An average of six single crescent PL spectra is
shown in Supporting Figure 8.8(c). The sharp feature at 568 nm is a result of the
dominant Raman line (-CH3 symmetric stretch, 2886 cm™') of the polydimethyl-
siloxane (PDMS) substrate used in this experiment [313], which shows up as a dip
in the spectrum due to imperfect background subtraction. On top of this spectrum
we plot the CL spectrum at the axial position in the base of the crescent where the
peak Au density is found in Supporting Figure 8.8(b), as indicated by the red dot in
Supporting Figure 8.8(a). This CL spectrum is from the multi-crescent reconstruc-
tion, as explained in the text. Both the PL and the CL spectra peak near 595 nm,
and exhibit similar spectral shapes. The increased breadth of the CL spectrum may
be a result of the broadband nature of the electron beam as an excitation source,
as compared to the extremely narrowband characteristic of the laser used for PL
experiments, or due to the different temporal characteristics of the excitation.

The strong spatial agreement of Supporting Figure 8.8(b) and spectral agree-
ment of Supporting Figure 8.8(c) suggest that radiation due to electron-hole pair
recombination in Au is responsible for a significant portion of the crescent CL signal
at short wavelengths.
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Another source of CL at the shortest wavelengths probed in this experiment is
luminescence from the polystyrene core of the crescent, as shown in Supporting
Figure 8.9. A TEM image of a crescent is provided in Supporting Figure 8.9(a) for
reference. Once again focusing on the central axis of the crescent, we plot a line
scan of the density of polystyrene in Supporting Figure 8.9(b), calculated based
on the crescent geometry used in FDTD simulations. This is compared to a line
scan of the CL intensity along the central axis at a wavelength of 470 nm, at which
polystyrene is known to photoluminesce [307]. While some signal at this wave-
length is likely a result of Au luminescence and radiative decay of the high energy
plasmonic modes, the shape of the CL spectrum suggests that a portion of the
signal is originating from the dielectric core, especially in comparing Supporting
Figure 8.9(b) with Supporting Figure 8.8(b).

To confirm that the 200 nm diameter polystyrene beads used as the core of
the crescents exhibit PL in this spectral regime, we perform PL measurements
of polystyrene beads suspended in water using a Cary Eclipse fluorescence
spectrophotometer. The excitation is centered at a wavelength of 200 nm and the
emission is collected after a delay of one microsecond to avoid Raman scattering.
The PL spectrum, smoothed by averaging over neighboring wavelengths in a
+5 nm range, is provided in Supporting Figure 8.9(c), and is seen to peak at
450 nm, in good agreement with previous studies. Also plotted in this figure is
the CL spectrum from the single-crescent reconstruction, at the axial position at
the center of the polystyrene core of the crescent, as indicated by the red dot in
Supporting Figure 8.9(a). In comparing these spectra, it is important to keep in
mind that the luminescence of polystyrene will be modified by the presence of the
Au shell. Although the PL from polystyrene beads is relatively broad, CL signal is
only clearly observed within the dielectric bead in the 3D tomograms (Figure 8.6
of the main text) at the shortest wavelengths because radiation from the Au shell
becomes dominant beyond 500 nm.

Of course understanding the plasmonic resonances supported by the crescent
at these short wavelengths is also important when interpreting the CL signal, as
radiative decay of these modes will contribute to the overall CL signal. The nature
of the high energy crescent mode is elucidated by plotting the intensity of the scat-
tered electric field at 580 nm, the peak in the extinction efficiency at high energies,
when illuminated with a field polarized in the x-direction, as shown in Supporting
Figure 8.10(a). It can be seen that the field enhancement is localized to the base of
the crescent, both inside and outside of the metal shell. This is in contrast to the
lowest energy mode at 874 nm, which exhibits the highest field intensity between
the tips of the crescent. The high energy mode localized near the metallic base,
while also excited directly by the electron beam, most likely enhances the radiation
from Au near the base of the crescent.

The physical localization of this high energy CL signal is confirmed by examin-
ing the CL tilt series. CL line scans of crescents at angles between 0° and 165°, in
15° increments, are collected, and the normalized intensities at 550 nm are used
to form the sinogram shown in Supporting Figure 8.10(b). Here, the dashed sine
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Figure 8.10 - High energy crescent mode (a) Central cross-section of the intensity
of the scattered electric field for a plane wave incident along —z, polarized along x,
at a wavelength of 580 nm. The largest enhancement is concentrated near the base
of the crescent at this wavelength. (b) Sinogram of central CL scans at 550 nm. The
dashed line tracks the position of the center of the base of the crescent.

curve overlay denotes the physical position of the center of the base of the cres-
cent, derived from the crescent model, which roughly tracks the location of the
CL signal, as expected for the high energy crescent mode. The downward sloping
streak of low CL intensity in the middle of the sinogram corresponds to regions
where the electron passes through relatively little Au, and consequently where less
Au luminescence is emitted at this wavelength. This sinogram thus suggests that
the high energy CL signal is comprised of both radiative decay of the high energy
crescent mode as well as radiation from electron-hole pair recombination in Au.

CL maps of crescents with different orientations help illustrate this point more
completely. Supporting Figure 8.11 shows schematics, SEM images, and 2D CL
maps at 550 nm for crescents at angles of 90°, 120°, and 150°, respectively. The CL
maps allow us to visualize where the most efficient excitation occurs at this short
wavelength. As expected, across all crescent angles, the CL signal is highest towards
the base of the crescent and where the Au is thickest. Note that these maps are part
of a tilt-series of 7 crescents used to reconstruct the CL signal in three dimensions
via tomography.

Another way to understand the spatial and spectral dependence of crescent CL
is to compare CL line scans of crescents at different angles, as provided in Support-
ing Figure 8.11(d) for angles of 90°, 120°, and 150°. Here, the color of the different
spectra correspond to the different excitation positions indicated in Supporting
Figure 8.11(a). At short wavelengths, the CL peaks consistently near the base of the
crescent (light pink lines) where the high energy modes are excited and where the
metal shell is at its thickest. At longer wavelengths, the peak centered in the 800-
850 nm spectral range (dark brown curves) decreases in magnitude for increasing
crescent angle. This is a result of reduced coupling to this mode at 180° (or 0°)
when the electron beam is parallel to the crescent’s axis of symmetry. This mode is
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Figure 8.11 — Crescent CL tilt series (a) Schematics of crescents at various
orientations, where the angle between the crescent’s axis of symmetry and the
electron beam is (i) 90°, (i) 120°, and (iii) 150°. (b) SEM images of crescents. (c)
CL maps of crescents at a wavelength of 550 nm. Scale bar of 100 nm applies
to all images. (d) Experimental CL line scans of crescents where the line colors
correspond to the excitation positions indicated in (a).

excited at most angles, however, and the slight shift in spectral position is likely due
to small differences in the geometry of the sharp tips. The excitation of this mode
across nearly all crescent angles is most clearly seen in the CL sinogram at 850 nm
provided in the main text, which consists of 12 different crescent angles.

8.7.3 Boundary element method simulations of
cathodoluminescence

We simulate the CL experiments using the boundary element method
(BEM) [301-303]. This technique models the fields generated by the swiftly moving
electron and is used to simulate the coherent portion of the CL signal, including
radiative decay of electromagnetic eigenmodes and transition radiation. It is
important to note, however, that this technique does not reproduce the incoherent
portion of the CL signal, namely material luminescence.
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Figure 8.12 — Crescent CL simulations (a) Color map of the experimental CL line
scan through the center of a crescent oriented at 90°. (b) The same CL line scan
calculated via the boundary element method (BEM). (c) A line scan of the crescent
photoluminescence (PL) spectrum weighted by the density of Au as determined by
the TEM image. (d) 2D CL map of the crescent at a wavelength of 850 nm. (e) 2D
CL map of the crescent at 775 nm calculated via BEM.

00 nm

The crescent geometry used in the BEM simulations is the same as that used
for the FDTD simulations. As a result of geometrical constraints of the code, the
crescents are simulated in free space, ignoring the influence of the substrate, which
should be minimal as described in a subsequent section.

Supporting Figure 8.12 shows the results of the BEM CL simulations for a cres-
cent oriented at 90°. As a reference, Supporting Figure 8.12(a) is a color map of the
experimental CL spectra for electron beam positions along the crescent’s central
axis, as shown in the schematic. Supporting Figure 8.12(b) represents the same data
as calculated via BEM. Note that the bright feature at long wavelengths near the
tips of the crescent is present in both the experiments and the BEM CL simulations.
This signal is due to the radiative decay of the plasmonic mode of the crescent, il-
lustrated in Figure 8.2(c) in the main text, which is efficiently excited by the electron
beam. On the other hand, the feature at shorter wavelengths near the base of the
crescent in the CL experiments is absent in the BEM CL simulations. This discrep-
ancy indicates that the high-energy mode illustrated in Supporting Figure 8.10(a) is
not efficiently excited by the electron beam. Thus, the short wavelength CL signal
at the base of the crescent in the experiments must be due primarily to material
luminescence, as this type of signal is not accounted for in the BEM simulations.

The material luminescence at the base of the crescent is best understood by
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considering the photoluminescence (PL) of the crescents stemming from the Au
shell, as discussed above. Supporting Figure 8.12(c) shows a spatial line scan of the
PL spectrum weighted by the density of Au as determined by the TEM image, to
serve as a qualitative approximation of the strength of the Au luminescence as a
function of beam position in the CL experiment. From this comparison, the Au PL
strongly resembles the experimental CL signal at short wavelengths near the base of
the crescent. Recall that the increased spectral breadth of this CL signal compared
to the PL is most likely a result of the broadband nature of the electron beam as an
excitation source, as compared to the extremely narrowband character of the laser
used for PL experiments.

We also compare experimental 2D CL maps with maps generated with BEM.
The experimental CL map at a wavelength of 850 nm for a crescent oriented at 90° is
provided in Supporting Figure 8.12(d). Supporting Figure 8.12(e) shows the BEM CL
map at 775 nm, the peak wavelength in the simulations. These maps illustrate the
excellent agreement between experiment and theory for the plasmonic tip mode.
The weak signal in the metal shell in the experimental map is due to material lumi-
nescence, which is not accounted for in the simulations.

8.7.4 Electron-sample interaction simulations

Many factors influence the physical limits of resolution of the CL tomography
technique. Most importantly, the lateral resolution of CL imaging is limited by
the spot size of the electron beam and the radial extent of the evanescent field
associated with the swiftly moving electron. Using an accelerating voltage of 30 kV
and a beam spot diameter of approximately 10 nm, as in our case, previous work
has found a lateral resolution of 30-40 nm [124].

The resolution in the third dimension will depend on the complex interactions
of the electrons with the sample, and is thus highly dependent on the particular
sample. To estimate the effect of electron-sample interactions on resolution for
the crescents studied here, we have simulated electron trajectories using three-
dimensional Monte Carlo software [122]. As a result of constraints of the simulation
software, a simplified crescent-like object is considered. The crescent consists of a
270 nm diameter Au sphere with a 200 nm diameter polystyrene sphere enclosed
within it. The center of the polystyrene sphere is displaced by 69 nm with respect
to the center of the Au sphere, such that the Au shell has a thickness of 1 nm at its
thinnest point, which corresponds to the center of the tip gap in the real crescent.
A beam diameter of 1 nm is considered.

By tracking the trajectories of 10,000 electrons as they pass through the crescent
in a particular orientation, we are able to statistically determine the divergence
of the beam. Supporting Figure 8.13 depicts the electron-sample interactions for
two representative crescent orientations. This figure indicates that for a 30 keV
electron beam, 50% of the electrons deviate from their original path by less than
25 or 80 nm after passing through the entire structure, for vertically or horizontally
oriented crescents, respectively. In other words, the beam width averaged over the

154



8.7 Supporting information

a) 0 b) 0 >0.75
s}
C
3
= = 050 £
€ 100+ € 100 : o
£ £ <
= S ®
= . 3
& [a) 0.25 3
200} 200 &
E

0
0 50 100 150 0 50 100 150
Divergence (nm) Divergence (nm)

Figure 8.13 — Estimating electron trajectories Statistical analysis of Monte Carlo
simulations reveal the divergence of electrons as a function of depth as the 30 keV
beam passes through the crescent. A cumulative probability of 0.5 at a divergence
of 25 nm indicates that 50% of the electrons have deviated by less than 25 nm at the
given depth. A horizontally oriented crescent (a) and a vertically oriented crescent
(b) are considered.

entire thickness of the crescent is between 12 and 70 nm. This unavoidable beam
divergence will influence the effective lateral resolution of a 2D CL image, and thus
the resolution of the 3D tomograms as well. We note, however, that the 2D CL map
calculated with BEM in Supporting Figure 8.12, which assumes zero beam diver-
gence, matches the experimental map quite well. Furthermore, the CL voxel spec-
tra in Figures 8.5(c,d) in the main text correspond very well with the local density of
optical states (Figure 8.5(b)) calculated for discrete points using FDTD. Generally,
the agreement between experiments and theory indicate that beam divergence is
not a significant issue for CL tomography of the metal-dielectric crescent. It is
worth noting that the divergence of the beam is reduced by an order of magnitude
for 300 keV electrons, such as can be obtained in a TEM.

8.7.5 Reconstructed crescent geometry

To define the crescent geometry for modeling purposes, we more closely in-
vestigate the geometry of the TEM reconstruction. Based on the reconstruction,
we choose the model crescent to consist of a 200 nm diameter dielectric core and
a 270 nm diameter Au shell displaced by 32.5 nm. The gap in the tips is chosen
to be 145 nm, resulting in tips with a radius of curvature of 5.5 nm. A side-by-
side comparison of the central slice of the reconstruction to the central slice of the
model is provided in Supporting Figure 8.14. Visual inspection suggests that the
simulated geometry (red) is quite similar to the TEM reconstruction (black), aside
from the detailed geometry of the tips, which are sharper in the experiment.

To quantitatively compare the two geometries, we project the density of each
along two orthogonal axes. The plot at the top of Supporting Figure 8.14 depicts
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Figure 8.14 - Reconstructed crescent geometry Central slice of the TEM
reconstruction (black) and the model used in FDTD (red). Projected densities
along the vertical (top) and horizontal (right) directions show excellent agreement
between the two geometries.

the projection in the vertical direction, while the plot at the right of the figure de-
picts the projection in the horizontal direction. These projected densities illustrate
the excellent agreement between the model geometry and the experimental TEM
reconstruction.

8.7.6 Effect of substrate on crescent tilt-series

To construct a tilt-series of crescents for tomographic reconstruction, we must
rely on distinct crescents with different orientations relative to the substrate. This
is due to the inability to tilt the sample in the CL SEM. An important assumption of
this multi-particle tomography method is that the properties under study are not
significantly affected by the substrate. We justify this assumption by considering
two important dipole locations, as shown in Supporting Figures 8.16 and 8.15.

The first dipole is located in the metal base of the crescent, 55 nm from the outer
edge, as depicted in the schematic inset of Supporting Figure 8.15(a). This dipole lo-
cation is chosen because of the importance of metal luminescence in the CL signal.
The second dipole is located in the dielectric core of the crescent, 72.5 nm from the
outer edge along the crescent’s axis of symmetry, and oriented perpendicular to the
substrate (refractive index = 3.7), as depicted in the schematic inset of Supporting
Figure 8.16(a). This dipole location is chosen for its ability to excite both the low
energy gap mode at the tips of the crescent, as well as higher energy modes. The
angle between the crescent’s axis of symmetry and the substrate normal is defined
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Figure 8.15 — Substrate effects The Purcell factor (PF), or radiative rate enhance-
ment, for a dipole located inside the metal base of the crescent. The angle between
the crescent’s axis of symmetry and the substrate normal is defined as 6, as shown
in the schematic inset. (a-i) Data for angles of 0°, 30°, 60°, 75°, 90°, 105°, 120°,
150°, and 180° are shown. The PF with no substrate (black curves) are compared to
the PF with substrate (refractive index n=3.7) for each angle 0 (red curves).

as 0. Note that in the absence of particle-substrate interactions, angles of 6 and
180° — 8 would give the same response.

Supporting Figures 8.15(a—i) and 8.16(a—i) (red curves) plot the Purcell factor, or
radiative rate enhancement, spectra for angles of 0°, 30°, 60°, 75°, 90°, 105°, 120°,
150°, and 180°, respectively. The black curves represent the PF when no substrate
is present. Supporting Figure 8.15 demonstrates that the substrate has a negligible
effect on the LDOS within the base of the metal shell of the crescent. From Sup-
porting Figure 8.16, it can be seen that the substrate diminishes the intensity of the
peak near 800 nm for angles close to 0°. For angles of 75° and above, however, the
effect of the substrate is minimal, as the spectra with and without substrate agree
well. For these reasons, we perform the multi-crescent tomographic reconstruction
using a tilt-series composed of crescents at angles of 75° and above.
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Figure 8.16 — Substrate effects The Purcell factor (PF), or radiative rate enhance-
ment, for a dipole located inside the crescent’s dielectric core. The angle between
the crescent’s axis of symmetry and the substrate normal is defined as 6, as shown
in the schematic inset. (a—i) Data for angles of 0°, 30°, 60°, 75°, 90°, 105°, 120°,
150°, and 180° are shown. The PF with no substrate (black curves) are compared to
the PF with substrate (refractive index n=3.7) for each angle 6 (red curves).

8.7.7 Step-by-step cathodoluminescence reconstruction

To elucidate the reconstruction of the CL signal by the method of filtered back
projection, we illustrate the step-by-step process in Supporting Figure 8.17. For
simplicity, we explain the reconstruction based on a single CL image, but the
method is general and is used for the reconstruction based on the full tilt-series,
as well. Supporting Figure 8.17(a) shows the CL map at 850 nm for the crescent
oriented at 90°, with its axis of rotational symmetry perpendicular to the incident
electron beam. Assuming the crescent is rotationally symmetric and ignoring any
substrate effects, we can use this CL map as a virtual tilt-series spanning the full
360° of rotation.

As mentioned before, the 3D reconstruction is accomplished by carrying out
a 2D reconstruction in the (x, y) plane at each value of z. For this example, an
intermediate value of z is chosen, as highlighted by the blue box in Supporting
Figure 8.17(a). This data is a CL line scan through the crescent, perpendicular to its
axis of symmetry, as shown by the black curve in Supporting Figure 8.17(b), where
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Figure 8.17 - CL reconstruction method (a) 2D CL map at 850 nm of the crescent
at 90°. The blue box encloses the z height used in the reconstruction. (b) CL
line scan before (black) and after (red) filtering in the frequency domain. (c-f)
Reconstructions in the (x, y) plane made with the method of back projection using
1, 2, 4, and 360 angles, respectively.

data points beyond the boundaries of the scan have been set to zero. The red curve
in this plot is the CL signal after being filtered in the frequency domain by a ramp
filter multiplied by a Hann window (See Supporting information of [314]).

To illustrate the back projection method, reconstructions using an increasing
number of angles are provided in Supporting Figures 8.17(c—f). When only a single
angle, 0°, is used for the reconstruction (Supporting Figure 8.17(c)), it can be seen
that the filtered function is simply smeared across the reconstructed image plane
in the vertical direction. When two angles, 0° and 90°, are used (Supporting Fig-
ure 8.17(d)), the vertical and horizontal back projections sum to give a square-like
pattern. With the four angles 0°, 45°, 90° and 135° (Supporting Figure 8.17(e)), the
donut-like form begins to take shape. Supporting Figure 8.17(f) shows the complete
reconstruction using 360 angles, or a projection every degree. From these figures it
is clear that the accuracy of the reconstruction is dramatically improved through
the use of projections at multiple angles. It is also important to note, however,
that even with only 4 angles, the general shape of the reconstructed function is
apparent. This indicates that the tomogram based on the actual tilt-series data,
which makes use of 14 angles, should, in fact, capture the essence of the 3D CL
signal.
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Figure 8.18 - 3D TEM and CL reconstructions at 550 nm (a) TEM tomogram as
a visual aid for comparing structure to CL intensity. Panels (i-iv) correspond to
different cross sections through the reconstruction, as indicated by the colored
outlines. (b) CL tomogram at 550 nm based on a single CL map (reconstruction
in (x,y) planes). (c) CL tomogram at 550 nm based on experimental tilt-series

consisting of 7 crescents (reconstruction in (x, z) planes).
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8.7.8 Cathodoluminescence tomogram at high energy

As mentioned, the tomographic reconstruction of the CL signal is performed at
each wavelength. Supporting Figure 8.18 shows the CL tomogram at a wavelength
of 550 nm. Supporting Figure 8.18(b) is a tomogram based on a virtual tilt-series,
while Supporting Figure 8.18(c) is a tomogram based on an experimental tilt-series,
as described in the text and elaborated in the next section. At this wavelength, the
CL intensity is primarily localized to the regions of the crescent containing Au (in-
dicated by the black portions of Supporting Figure 8.18(a), a TEM tomogram). This
corroborates the assertion that the CL signal at shorter wavelengths is primarily a
result of luminescence from the Au shell.
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Figure 8.19 — 3D CL Spectroscopic Tomography Reconstructed CL signal based
on experimental tilt-series (reconstruction in (x, z) planes) at wavelengths of (a)
470 nm, (b) 550 nm, (c) 650 nm, (d) 700 nm, (e) 750 nm, (f) 800 nm, (g) 850 nm, and
(h) 900 nm. The reconstructed intensity corresponds to both the color scale and
the transparency of the figure.

8.7.9 Cathodoluminescence tilt-series reconstruction and
reprojection

As described in the text, while the rotational symmetry of the crescent allows
for a simple reconstruction of the CL signal from a single CL map, this symmetry
is not a requirement of the CL tomography method. We also reconstruct the CL
signal with the CL maps of crescents at different orientations. For this tilt-series, we
consider crescents with angles between 75° and 165°, in 15° increments, ignoring
angles between 0° and 60° for the reasons stated above. As a result of the reflection
symmetry of the crescent, crescents at angles between 75° and 165° are equivalent
to those at angles between 195° to 285°, and thus the tilt series is composed of 14
different angles. To reduce the effect of the angular dependence of the excitation of
the various modes, we normalize the intensities of the 2D maps in the tilt-series at
each wavelength prior to reconstruction. Thus, although the angular dependence
strictly breaks the projection requirement, we minimize the effect and the resulting
qualitative reconstruction still provides useful information about the existence and
3D distribution of all excitable modes in our structure. Finally, following the exam-
ple set by prior work [289], we impose the particles’ rotational symmetry during the
reconstruction process to enhance the tomograms.

Supporting Figure 8.19 shows the 3D CL tomograms at wavelengths between
470 nm and 950 nm. In these figures, the intensity of the reconstructed function
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8 Nanoscale optical tomography with cathodoluminescence spectroscopy
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Figure 8.20 — Reprojections of multi-crescent tomogram (a) Schematics of
crescents at various orientations, where the angle between the crescent’s axis of
symmetry and the electron beam is (i) 90°, (i) 120°, and (iii) 150°. (b) and (c)
original experimental CL maps of crescents (left columns) alongside reprojections
of the multi-crescent tomogram (right columns) at wavelengths of 550 nm and
850 nm, respectively. Scale bar of 100 nm applies to all images.

corresponds to both the color scale and the transparency of the figure. These CL
tomograms agree remarkably well with the CL tomograms shown in the main text,
generated from the single crescent virtual tilt series. Most importantly, for shorter
wavelengths we see that the CL signal is concentrated primarily in the metallic
shell of the crescent, as expected for radiation from the Au. At longer wavelengths,
efficient excitation of the gap mode can be seen clearly towards the top of the to-
mograms, near the tips of the crescent, as predicted by theory.

To confirm the quality of this multi-crescent reconstruction, we re-project the
reconstructed volumes at the same angles as were obtained in the experiment.
These reprojections, along with the original 2D CL maps of crescents at various an-
gles, are provided in Supporting Figure 8.20. The excellent agreement between the
original maps and the reprojections across all wavelengths and angles is indicative
of the high fidelity of the multi-crescent reconstruction. This comparison is also
useful in demonstrating the validity of generating a tomogram from many different
nearly identical particles. Recall that the tomograms and thus the reprojections are
based on 7 different crescents at 14 different angles. The strong agreement between
these reprojections and the 2D CL maps of individual crescents is an indication of
the similarity between the particles as well as the validity of the assumptions made.
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Figure 8.21 — CL reconstructions and Purcell factor calculations (a) Schematic of
voxel positions within the crescent along its central axis. Darker colors correspond
to higher z positions. (b) Voxel spectra from CL reconstruction based on single
CL map (reconstruction in (x, y) planes). (c) Voxel spectra from CL reconstruction
based on experimental tilt-series consisting of 7 crescents (reconstruction in (x, z)
planes). Purcell factor calculated with FDTD for (d) average of x, y, and z
components; (e) x or y component (equivalent due to symmetry); and (f) z
component.

8.7.10 Purcell factor calculations

A comparison of the single- and multi-crescent reconstructions to Purcell factor
(PF) calculations was provided in Figure 8.5 of the main text. A more detailed analy-
sis is provided in Supporting Figure 8.21. Reconstructed CL spectra at voxels along
the central axis of the crescent for the single- and multi-crescent reconstructions
are shown in Supporting Figures 8.21(b,c). The spectral color maps show excellent
agreement for the plasmonic tip mode at wavelengths around 850 nm, as well as for
the material luminescence in the base of the crescent at shorter wavelengths. In the
dielectric core of the crescent, however, the multi-crescent reconstruction reveals a
peak at around 650 nm not present in the single-crescent reconstruction.

To identify this feature, we calculate the Purcell factor (PF) within the crescent.
The average PF is shown in Supporting Figure 8.21(d). By comparing the PF for
x- or y-oriented dipoles in Supporting Figure 8.21(e) with the PF for a z-oriented
dipole in Supporting Figure 8.21(f), we determine that the peak in the center of
the dielectric core in the multi-crescent reconstruction is due to a mode that is
not efficiently excited at 90°, and thus does not show up in the single-crescent
reconstruction, which ignores modes that require a z-oriented electron beam for
efficient excitation. Recall that this mode is also excited by a plane wave, but only
when the electric field is oriented in the z direction.

163



8 Nanoscale optical tomography with cathodoluminescence spectroscopy

[EEN

Intensity (a.u.)

o

500 600 700 800 900
Wavelength (nm)

Figure 8.22 - Identification of the mode in the center of the crescent. Spectral
comparison of the BEM CL intensity at the center of a crescent oriented at 0° (blue
line), the z-component of the Purcell factor (PF;) at the center of the dielectric core
(green line), and the experimental CL intensity at the center of the dielectric core
from the multi-crescent reconstruction (red line).

Additional insight into this feature is provided by BEM CL simulations of a cres-
cent oriented at 0° (with the crescent’s axis of symmetry parallel to the electron
beam). Supporting Figure 8.22 shows a spectrum of the BEM CL intensity for an
electron beam at the center of the crescent, along with the experimental CL in-
tensity at the center of the dielectric core from the multi-crescent reconstruction.
For comparison, the figure also includes the z-component of the PF at the same
position. Note that the blue-shift of the simulated spectra with respect to the ex-
perimental spectrum is likely due to the substrate, which is not considered in the
simulations. The agreement between these three spectra confirms that the peak at
the center of the core of the crescent is, in fact, a mode that requires a z-oriented
source for efficient excitation. This comparison also demonstrates the ability of the
multi-crescent reconstruction to probe all modes of the system.
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Near-infrared spectroscopic
cathodoluminescence imaging polarimetry on
silicon photonic crystal waveguides

We measure polarization- and wavelength-resolved spectra and spa-
tial emission intensity distributions from silicon photonic crystal
waveguides in the near-infrared spectral range using spectroscopic
cathodoluminescence imaging polarimetry. A 30 keV electron beam
acts as an ultra-broadband and deeply subwavelength excitation
source. For a photonic crystal waveguide with a period of 420 nm and
a hole radius of 120 nm, we observe a dominant emission intensity
distribution that is confined to the waveguide for a wavelength of 1425
nm. The polarization-resolved measurements demonstrate that this
feature is fully linearly polarized along the waveguide axis. Both the
modal pattern and polarization correspond to the odd TE waveguide
mode of the system, which is confirmed by good qualitative agreement
with calculations of the modal field profiles. From the emission
directionality, we conclude that we sample a leaky portion of the odd
waveguide mode and that it is not fully guided within the photonic
crystal waveguide.
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9 NIR spectroscopic CL polarimetry on silicon photonic crystal waveguides

9.1 Introduction

Photonic crystals, materials with a periodically varying dielectric function, can
manipulate the propagation of light in a controlled way. They create a photonic
band gap that prevents light from propagating in certain directions for certain fre-
quencies [12, 16, 319-321]. Photonic crystal cavities can reach very high Q-factors
to achieve strong light-matter interactions [15, 322, 323] and can be used for low
threshold lasers [47, 324, 325]. Photonic crystal waveguides can serve as building
blocks in photonic integrated circuits, such as splitters, switches, and multiplex-
ers [326-328]. The modes is such waveguides are strongly dispersive and can slow
down light, enhancing light-matter interactions [13, 14, 328-333]. To fully exploit
the many applications of photonic crystal waveguides, it is essential to measure
the propagation and confinement of light at a subwavelength scale. This cannot
be achieved by conventional microscopy techniques. Near-field scanning optical
microscopy (NSOM), which uses subwavelength probes or apertures to detect or
scatter the near field of these structures [334-339], has enabled measurements of
the field components of the optical near field just above the waveguide [77, 340,
341].

Here, we use cathodoluminescence (CL) spectroscopy to study silicon photonic
crystal waveguides in the near-infrared (NIR) spectral range, coupling to and prob-
ing the field distributions inside the waveguide. In CL, a high-energy electron beam
is used as a nanoscale optical excitation source in which the time-varying field of
the electron couples to the local modes of the system as it traverses the sample [92,
124] (see Chapter 3). In CL, light scattered from these modes to the far field is then
detected. The short interaction time of the electron with the structure (a few fs)
results in a broadband excitation spectrum. The high excitation resolution of CL
is only limited by the extent of the electric field about the electron trajectory and
the spread of the beam in the sample. This allows one to explore the radiative local
density of states (LDOS) at deeply subwavelength scales [105, 124]. Recently, it has
become possible to measure the full polarization distribution of CL emission as
a function of angle by using polarimetry [132, 259]. These properties have made
CL a powerful, deeply subwavelength characterization technique [101, 102, 139,
179, 181, 182, 185, 194, 196], allowing measurements of the confinement and dis-
persion of plasmonic and dielectric photonic crystal cavities in the visible spectral
range (124, 136, 195, 342].

In this article, we apply spectroscopic cathodoluminescence imaging polarime-
try in the NIR spectral range to study the confinement and polarization of propa-
gating photonic crystal waveguide modes. These structures possess different band
structures for TE and TM polarization and support two modes for TE polariza-
tion, denoted as even and odd [321, 343, 344]. We demonstrate that CL imaging
polarimetry enables direct identification and spatial mapping of the modal field
distribution in the photonic crystal waveguides. The measurements show good
agreement with calculations of the modal field intensities. We find that the CL
emission is dominated by the odd TE waveguide mode. The results presented here
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9.2 Experiment

demonstrate the ability of CL to measure the spatial, spectral and polarization de-
pendence of emission from complex nanophotonic structures in the near-infrared
spectral range.

9.2 Experiment

Silicon photonic crystal waveguides (PCWGs) were fabricated on silicon-on-
insulator (SOI) wafers with a 220 nm thick silicon layer on top of a 1 um silica
layer on a silicon substrate. Electron beam lithography was used to pattern the
waveguides, followed by reactive ion etching to etch through the top silicon layer.
A wet HF etch was used to remove part of the silica layer and obtain a suspended
PCWG. Reference measurements in the visible and near-infrared spectral ranges
demonstrate that a residual silica layer remains, since we observe characteristic
silica defect-related emission peaks. Two different samples were studied; here we
only discuss sample 1, showing data for sample 2 in the Supporting information.
Figure 9.1(a) shows a SEM image of one of the PCWGs on sample 1 examined here,
with a length of 90 um and a total width of the photonic crystal section of 10 pm (25
periods). The PCWG is composed of a hexagonal array of holes with one missing
row of holes (W1 waveguide) [321, 344, 345]. Five waveguides were made on sample
1 with the same period a=420 nm and hole radii varying in the range ~105-125
nm. Figure 9.1(b) shows a close-up of the waveguide section for the most studied
structure (denoted as WG2), which has a period a=420 nm and a hole radius r=120
nm.

The TE band structure of WG2 is shown in Figure 9.1(c), calculated using the
MPB software [346]. TE polarization corresponds to electric fields that are oriented
in the plane of the waveguide slab at z=0. The gray bands represent modes that
make up a continuum below and above the photonic band gap, which opens up
between normalized frequencies of ~0.25-0.32, corresponding to free space wave-
lengths of ~21¢=1300-1700 nm. The discrete bands at the lower right are index-
guided bands [321]. These are confined by total internal reflection in the slab in
all directions since the waveguide itself has a higher average permittivity than the
surrounding environment. The band structure is very sensitive to the period, hole
size and slab thickness [347].

Removing rows of holes leads to allowed modes within this bandgap [343-345,
348], that are confined vertically by index-guiding (total internal reflection), but
horizontally by the band gap of the photonic crystal. For a single row of missing
holes there are two TE waveguide modes in the band gap: an even mode with a
symmetric field distribution and an odd mode with an anti-symmetric distribution
for the in-plane electric field component perpendicular to the propagation direc-
tion [329, 343]. The even mode has been studied intensely due to its anomalous
dispersion and vanishing group velocity at the edge of the Brillouin zone [13, 326,
328-330, 332]. The odd mode is less well studied, but also displays slow light over
a broad range of wavevectors. The dashed line in the figure represents the light
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Figure 9.1 - (a) Scanning electron micrograph of one of the silicon photonic crystal
waveguides on sample 1 studied here. A 90 um long, 10 um wide, and 220 nm thick
waveguide with a hexagonal lattice of holes is suspended above a substrate of silica
on silicon. (b) Close-up micrograph of waveguide WG2, with a period of a=420 nm
and a hole radius of r=120 nm. (c) Band diagram of the waveguide from (b), for
TE polarization, showing a selection of modes. The gray lines denote modes that
are in the continuum of available modes above and below the photonic band gap.
Within the band gap we distinguish an even (blue) and odd (red) waveguide mode.
The black dashed line corresponds to the light line of air. (d) Schematic of the
cathodoluminescence spectroscopy system. The 30 keV electron beam excites the
sample, a parabolic mirror collects the emitted radiation and directs it to an optical
setup where we can focus the light onto a fiber connected to a NIR spectrometer.
We can also filter the emitted beam with a slit and measure the full polarization
state using a QWP and linear polarizer. The coordinate system is also shown, with
the PCWGs oriented along the y-axis for all measurements in the main text.

line in air; modes to the left will be leaky and modes to the right are guided in the
waveguide slab.

In addition to TE modes, the photonic crystal possesses TM modes, with an
electric field perpendicular to the waveguide slab at z=0. Such modes are usually
excited efficiently by CL, since the moving electron acts as a vertically polarized
source. In Figure 9.9 of the Supporting information we show the band structure for
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9.3 Near-infrared spatially-resolved cathodoluminescence

TM polarization. We find that there is a small photonic band gap for wavelengths
in the range ~ 19p=1100-1200 nm with two waveguide modes within. In the spectral
range of the TE band gap, the TM band structure exhibits a continuum of modes.
Modes inside or near the band gap are usually localized to the waveguide, while
modes in the continuous bands are more delocalized over the photonic crystal [321,
343]. The PCWGs studied here are specifically designed for high quality TE modes
rather than TM modes. There are thus multiple possible sources of emission, for
both TE and TM polarization, when exciting these Si PCWGs with swift electrons.

Figure 9.1(d) shows a schematic representation of the CL setup [124, 128, 183].
The 30 keV electron beam excites the sample and a parabolic mirror collects the
subsequent emission and directs it onto a fiber connected to a NIR spectrometer.
The small size of the electron probe and precise scanning capabilities of the SEM
allow us to perform spectrally- and spatially-resolved scans of the PCWGs. We also
measure the spectrally-resolved polarization of the emission by adding a movable,
vertical slit to the optical path. In general, the polarization of the emitted radiation
can change as it reflects off the mirror, due to its curved shape. The slit selects the
central part of the mirror and thus conserves the emission polarization [129, 130],
integrating over zenithal angles for a narrow range of azimuthal angles. We perform
measurements for different positions of the slit and orientations of the waveguide
with respect to the mirror to determine the polarization state and emission direc-
tionality (see Supporting information). We combine a quarter-wave plate (QWP)
and linear polarizer (Pol.) to determine the Stokes parameters, which fully describe
the polarization state of the emitted light [131, 132]. This allows for the separation
of polarized and unpolarized light, as well as the retrieval of different field compo-
nents and the relative phase difference between them [131]. The Methods Section
describes the experimental setup and measurement protocol in more detail. For
the measurements described in the main text, all waveguides are oriented along
the y-axis, as defined by the coordinate system in Figure 9.1(d).

9.3 Near-infrared spatially-resolved
cathodoluminescence

Figure 9.2 shows 2D spatial CL intensity maps from WG2, at wavelengths of
Ap=1170nm (a), 1p=1185 nm (b), Ap=1400 nm (c), and A¢=1425 nm (d), all averaged
over a 20 nm bandwidth. Combining the raw data with the spectral response of
the system and in-situ beam current measurements allow us to determine the CL
emission probability (number of photons emitted per incoming electron, per unit
bandwidth of nm™1) [119]. We additionally correct the data for the dark response of
the detector as well as for signal from the remaining silica and the silicon substrate,
which contributes a broadband response and a peak at 1p=1275 nm. To do so, we
use a reference spectrum measured in one of the holes, which has no contribution
from the waveguide or photonic crystal modes. In the Supporting information, we
show additional measurements for a sample with a different period (Figure 9.6),
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Figure 9.2 - Measured CL emission probability of WG2, as a function of wavelength
and excitation position, for center wavelengths of 19=1170 nm (a), 19=1185 nm (b),
A0=1400 nm (c), and 1p=1425 nm (d) (20 nm bandwidth). Black crosses denote the
two locations for which we show spectra in Figure 9.4.

for the input section of WG2 (Figure 9.7) and for WG2 in the visible spectral range
(Figure 9.8).

The measurements at Ap=1170 nm and 1¢p=1185 nm (Figures 9.2(a,b)), exhibit
an overall similarity, with high intensity at the inner edges of the holes lining the
waveguide and darker spots along the waveguide at positions in between four
holes. These two positions are denoted as A and B in Figures 9.2(a,c). Figure 9.2(b)
exhibits a distinct enhanced intensity at the edges of the holes outside of the
waveguide, compared to Figure 9.2(a). Figures 9.2(c,d) show data at 1p=1400 nm
and 1¢p=1425 nm, displaying a high intensity at the inner edges of the holes lining
the waveguide, which wrap around the hole edges more than for the data at
shorter wavelengths. The center of the waveguide exhibits high intensity features
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9.3 Near-infrared spatially-resolved cathodoluminescence

at positions that were dark for 1p=1170 nm and 1p=1185 nm. At 1p=1425 nm these
peaks are most intense, while the region around the waveguide has a lower relative
intensity than for 1p=1400 nm. The fact that the signal for 1p=1425 nm is very
strongly confined to the waveguide suggests it is related to a waveguide mode.

The features at 1p=1170 nm and 1¢p=1185 nm occur in the upper band of the
TE band structure (see Figure 9.1(c)), that represent modes that are delocalized
over the waveguide and surrounding holes [321, 343], as seen in Figures 9.2(a,b).
In addition to the TE modes, the TM modes can also be responsible for this mea-
sured emission. As Figure 9.9 of the Supporting information shows, there is a small
TM photonic band gap for wavelengths in the range ~ 1p=1100-1200 nm with two
waveguide modes within. The emission patterns at 1p=1400 nm and 1p=1425 nm
occur in the middle of the TE photonic band gap, where the even and odd waveg-
uide modes are present. For TM polarization these wavelengths are in the con-
tinuum of modes below the band gap, where one expects modes that are more
delocalized from the waveguide, unlike the patterns observed here that are quite
strongly confined to the waveguide. In order to distinguish between TE and TM
modes, we perform polarization-resolved measurements and calculations of the
different electric field components.

Figure 9.3 shows calculations of the electric field intensity distributions
(summed over all w and k within the given frequency range) for the odd and
even TE polarized modes at 1p=1450 nm, using the MIT Photonics Band (MPB)
code. For more details about the calculation procedure, see the Methods Section.

Calculation at A,;=1450 nm
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Figure 9.3 — Calculation of the modal intensity distributions of the two waveguide
modes in the photonic band bap shown in the band structure diagram of Figure 9.1,
for Ap=1450 nm. (a) displays the odd mode and (b) the even mode. We calculate
the Ey, Ey and E, field components as a function of position and wavevector within
a small frequency range, then integrate over all k and field components to obtain
YI|E \2. The modal field intensities are normalized to the maximum intensity for all
polarizations and wavelengths (obtained for TE at 19=1500 nm, not shown here).
We note the strong difference in intensity between the two modes. The white circles
show the positions of the holes.

171



9 NIR spectroscopic CL polarimetry on silicon photonic crystal waveguides

Excellent agreement is observed between the data and the odd TE waveguide
mode. TM-polarized calculations in the range 1¢p=1430-1500 nm are shown in
Figure 9.9 of the Supporting information, but exhibit no sharp features such as
the ones on display in the measurements. Calculations in the range of the TM
band gap (19p=1100-1200 nm) were not possible due to computational constraints
related to higher order modes in the vertical direction.

The electron beam principally couples to field components that are parallel
to the electron trajectory. For electrons propagating along z, this should lead to
preferential coupling to the TM modes, yet we clearly observe TE modes. Our 2D
calculations for TE polarization are performed at z=0, where E, is strictly zero. The
membrane does have a finite thickness, however, so E; has nonzero components
for other heights [321]. We can, for example, expect vertical components at the
edges of the holes [77]. Considering the high intensity in the middle of the waveg-
uide, the even mode is symmetric with respect to the center, for the in-plane field
component perpendicular to the waveguide axis, so it is expected to remain in-
plane. The odd mode however is anti-symmetric, exhibiting a field gradient and
a pole at the very center where the field switches sign. This flip in the fields can
be accompanied by a nonzero E, component in the center for different heights,
explaining why we preferentially measure the odd mode.

Another source of coupling between the electrons and the TE modes is the
fact that scattering of the incident electrons inside the silicon membrane leads to
a spread in their propagation directions, allowing for direct coupling to in-plane
field components [124]. The scattering increases for lower electron energies, which
should result in stronger coupling to the in-plane components. We do indeed
observe higher intensities from the modal peaks using 10 keV instead of 30 keV
(not shown here), indicating that the broadening electron distribution increases
the coupling to TE modes.

9.4 Spectroscopic polarimetry

To further confirm the TE nature of the measured modes, we study the
polarization-filtered spectral response of the waveguide. First, we show in
Figure 9.4 the CL spectra at the inner edge of the hole lining the waveguide
(position A in Figure 9.2(a), in red) and in the center of the waveguide between
four holes (position B in Figure 9.2(c), in blue). Both positions are dominated
by a peak at Ap ~1425 nm. The spectrum for position A also exhibits smaller
peaks at 1p ~1225 nm and 1175 nm, for which the CL distribution was plotted in
Figures 9.2(a,b).

The modal structure of PCWGs is extremely sensitive to small changes in the
geometry, which is demonstrated in Figure 9.4(b), where we have measured the
spectra for five different waveguides (WG1-WG5) with increasing hole sizes, all
measured for excitation position A. We observe a clear redshift of the spectral fea-
tures for decreasing hole size. We note a variability in the intensity as well as an
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Figure 9.4 - (a) CL emission probability as a function of wavelength, measured
on WG2, comparing the spectra obtained for two different excitations positions A
(red) and B (blue) indicated in Figure 9.2. (b) CL spectra obtained for excitation
position A on five different waveguides (WG1-WG5) with different hole size. The
inset shows the wavelength of the dominant peak as a function of hole radius.
(c) Polarization-filtered spectra measured on WG2 for excitation position A. We
determine the Stokes parameters S0 (black), S1 (turquoise), S2 (blue) and S3 (green)
and use them to separate the polarized contribution (red) from the unpolarized
contribution that is due to the background luminescence from the substrate (gray).

We note that S1 and the polarized contribution overlap at 1p ~1425 nm. (d) CL

spectra for excitation position A on WG2 for different detection schemes: without
a slit (blue), with a 3 mm wide slit filtering the emitted radiation (green), and the
polarized spectrum measured with the slit, QWP and linear polarizer. We note there
is a certain variability in the exact excitation position and thus on the measured
intensity.

increasing contribution of a second peak on the blue side of the main emission
peak, for decreasing hole size. The inset of Figure 9.4(b) shows the main peak
resonance wavelength as a function of the hole radius, as determined from SEM
images. A ~20 nm change in hole radius leads to a ~80 nm shift in the resonance
wavelength, underlining the extreme sensitivity of the modal fields to geometrical
parameters [347].

To measure the polarization-resolved spectra, we first place the movable slit

with a width of 3 mm in the optical path. We find that both peaks at Ag ~1175 nm
and Ay ~1425 nm in the spectra from Figure 9.4(a) exhibit maximum intensity in the
middle of the mirror, for orthogonal orientations of the waveguide relative to the
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mirror, indicating that the emission direction is close to the surface normal. We can
now use polarimetry to determine the polarization state of the emitted radiation.
More details on the implementation can be found in the Methods Section and the
Supporting information.

We display the Stokes parameters for excitation position A on WG2 oriented
along the y-axis in Figure 9.4(c). SO corresponds to the total intensity, where we
have not corrected for the emission from the substrate. S3 determines the ellipticity
and handedness of the polarization and we find that S3=0 for all wavelengths. This
demonstrates that the slit is well-aligned to the center of the parabolic mirror since
we expect that only the curvature of the mirror will contribute to that component.
S2, which indicates the orientation of the principal axes of linearly polarized light,
is also close to 0 over all wavelengths. All of the polarized contribution is contained
in S1, meaning that the polarization is fully linear and either horizontal (S1>0) or
vertical (§1<0). Horizontal polarization corresponds to emission polarized along
the y-axis and vertical polarization corresponds to emission polarized along either
the z-axis or the x-axis of the coordinate system (see Figure 9.1). We find that the
dominant peak at 1p=1425 nm is polarized along the waveguide orientation (y-axis
for data shown here). In fact, measurements using different orientations of the
waveguide (see Figure 9.10 of the Supporting information) demonstrate that all of
the measured peaks are fully polarized in-plane rather than along the z-axis. This
indicates that none of them are due to TM modes, since those are polarized out-of-
plane.

Using polarimetry allows us to separate the polarized (in red) and unpolarized
(in gray) contributions to the spectra from Figure 9.4(c). Compared to the total
intensity SO we can clearly see that a majority of the signal, including the small
peak at 1y ~1275 nm, is unpolarized. We can ascribe this unpolarized emission to
the luminescence from the substrate. The peaks in the polarized contribution all
correspond to modal features in Figure 9.2 (for both excitation positions A and B).

Figure 9.4(d) compares spectra without the slit (blue), with the slit (green),
and the polarization-filtered spectra (red). The main peaks at Ay ~1175 nm and
Ay ~1425 nm are well-preserved in all cases, only decreasing in intensity by up
to a factor of two. Given that we only collect emission from the 3 mm wide slit,
compared to the 23 mm width of the mirror, this implies that the emitted radiation
is relatively directional towards the surface normal.

Figures 9.5(a,b) show measurements of the polarization-filtered CL emission
intensity distributions from WG2, at 1p=1425 nm, for x and y polarization. Clearly,
the emission is polarized along the waveguide axis y. Figures 9.5(c,d) show the
calculated modal field intensity distributions (summed over k) at 1p=1450 nm for
the Ey (c) and Ex (d) components. We observe good qualitative agreement be-
tween the calculations and the measurements, especially for the E), component,
while the calculated E, intensity is more intense than the x-polarized data. At
this wavelength the mode is very close to the light line, but is still guided. The
emission directionality towards the surface normal (k ~ 0) suggests that there is
a contribution from the leaky part of the odd mode that can radiate out.
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Figure 9.5 — Polarization-filtered 2D excitation maps of WG2, showing the CL
emission probability as a function of the electron beam position for a center
wavelength of 1p=1425 nm, averaged over a 20 nm bandwidth. Only a linear
polarizer was used here. The polarization is horizontal along the waveguide (along
y) for (a) and vertical (along x) for (b) and the two are shown on the same intensity
scale. (c) Calculation of the Ey field intensity for the odd waveguide mode at
A0=1450 nm and the corresponding calculation for Ey (d), integrated over k within
the frequency range, both shown on the same scale normalized to the overall total
maximum intensity for all the calculations. We show Ey, (e) and E (f) on the same
scale for the odd mode calculated at Ag=1500 nm, integrated (within the frequency
range) over a range of k close to 0, above the light line. The distributions for k below
the light line can be seen in Figure 9.11 of the Supporting information.
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For this reason we also calculate the field profiles at 1g=1500 nm, where the
dispersion relation of odd mode intersects the frequency window of the calcula-
tion for regions of k both above the light line (close to k=0) and below the light
line. The modal intensity distributions for k above the light line show very good
agreement with the data, as we can observe in Figure 9.5(e) for the E, intensity
and in Figure 9.5(f) for the Ej intensity. The intensity profiles for k below the
light line differ more from the measured emission profiles (see Figure 9.11 of the
Supporting information). Comparing the measurements to the calculations, we
find that the intensity distributions and relative intensities (for both polarizations)
show agreement for both calculations, but there is clearly a better match with the
leaky distributions at 19p=1500 nm. The discrepancy in wavelength between mea-
surement and calculation can be attributed to variations between the measured
and calculated geometrical parameters, which we have shown to very strongly im-
pact the resonance wavelength. We note that the calculations are not designed to
determine field profiles in the leaky region above the light line, since they do not
take into account nonzero values of k;, which necessarily exist for leaky modes that
radiate out of the waveguide to free space. Calculations in other systems that do
fully take leaky contributions into account have shown that the mode can retain its
overall field profile, even if it does becomes more lossy [257, 258]. In our case this is
advantageous, as the mode is radiating out of the structure more freely, allowing us
to measure it directly.

9.5 Conclusions

In conclusion, we have applied spectroscopic cathodoluminescence imaging
polarimetry in the near-infrared spectral range to identify waveguide modes in sil-
icon photonic crystal waveguides. These waveguides are designed to have highly
confined modes inside the photonic band gap for TE polarization. Accordingly,
the most striking feature that we observe is the odd TE waveguide mode of the
structure, which exhibits a highly localized emission intensity distribution. Using
spectroscopic polarimetry we demonstrate that this mode is fully linearly polar-
ized along the direction of the waveguide. This is supported by calculations of
the electric field intensities which show good qualitative agreement with both the
measured intensity distributions and polarization. The vertically-polarized elec-
tron beam can couple to this in-plane mode as a result of nonzero contributions
from the out-of-plane field component at different heights within the waveguide.
A redistribution of the electron trajectories due to scattering also plays a role. The
emission peak corresponding to the odd waveguide mode is directional towards
the surface normal, indicating that we sample a leaky part of the waveguide mode
that radiates out of the structure. Overall, we have demonstrated that spectroscopic
cathodoluminescence imaging polarimetry is a powerful tool to measure light con-
finement and propagation in photonic crystal waveguides.
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9.6 Methods

Cathodoluminescence measurements: The measurements were performed in a
FEI XL-30 SFEG (10-30 keV electron beam, ~30-46 nA current) equipped with a
home-built CL system [124, 128, 183]. An aluminium parabolic mirror collects
the emitted light and directs it outside of the microscope to an optical setup. We
can measure the spectrum in the 1¢=350-1000 nm spectral range with a liquid-
nitrogen-cooled back-illuminated silicon CCD array (Princeton Instruments
Spec-10 100B) and in the 1p=900-1600 nm spectral range with a liquid-nitrogen-
cooled InGaAs photodiode array (Princeton Instruments OMA V). Due to the
readout noise of the individual pixels, we smooth the spectra with a moving filter
over a 2 nm bandwidth. We correct for the system response of the setup by using
transition radiation from single crystal aluminium as a reference [119]. A Faraday
cup integrated in the sample holder measures the current of the electron beam,
which in combination with the system response allows us to determine the CL
emission probability. A quarter-wave plate (QWP, Thorlabs AQWP10M-1600) and
linear polarizer (Pol., Moxtek PUBB01A50M) are used together to measure the full
polarization state of the emitted radiation [132]. To measure the polarization we
place a 3 mm wide slit in the beam path followed by the QWP and Pol., which
offers a good balance between signal intensity and polarization contrast [129, 130].
Because we focus all of the light passing through the slit onto the spectrometer,
the measured polarization is momentum averaged over the zenithal angles that
are collected. A series of six measurements for different combinations of the QWP
and Pol. (horizontal/90°, vertical/0°, 45°, 135°, right- and left-handed circular)
determine the Stokes parameters, which fully describe the polarization state of the
light. For all spectral measurements we collect a dark reference spectrum where
we blank the electron beam, subtracting this from the data in the post-processing
stage. Measurement errors can occur due to drift of the electron beam across
the sample, bleaching or contamination leading to a reduction in the measured
intensity, as well as fluctuations in the current and optical alignment of the mirror.

Calculations: To calculate the modal fields of the photonic crystal waveguide, we
calculated the eigenfrequencies and complex field amplitudes E(r) using the MIT
Photonics Band (MPB) code [346], which is a plane-wave method that uses peri-
odic boundary conditions to calculate the eigenfrequencies and eigenmodes of our
PCWGs. The band structure diagrams were calculated with the full 3D version. In
order to conserve computational resources, we implemented a 2D version of the
calculation using an effective index approximation to determine the field profiles.
The effective index of the slab was chosen to be that of a 220 nm thick slab of silicon
with the refractive index appropriate for each frequency range considered (for ex-
ample for wavelengths around 1¢=1450 nm, we used 3.484). This procedure yields
an effective index of 2.873 for TE modes and 1.831 for TM modes at A¢=1450 nm. We
determine the eigenvalues between 99 % and 101 % of the desired frequency. The
Ey, Ey, and E, field profiles (or eigenmodes) are calculated on a rectangular grid of
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points separated by a/16, ensuring that the eigenfrequencies are converged to bet-
ter than 0.1 %. The modes are normalized such that [, .on €(r) * |[E(r)[>dr = 1. The
calculations are performed for wavevectors in the first irreducible Brillouin zone,
after which we use symmetry arguments to add the fields for different wavevectors
with the correct weighting factor, over the full first Brillouin zone. Essentially, we
sum the field intensities over all wavevectors of the modes that occur within the
frequency range of the calculation. The total field intensity is then determined by
summing over all three field components. All of the resulting field intensity distri-
butions are normalized to the maximum total intensity value for all wavelengths
and polarizations (TE at 1g=1500 nm).

9.7 Supporting information

9.7.1 Reproducibility for different geometrical parameters

The measurements in the main text were all performed on sample 1, containing
waveguides with a 420 nm pitch and slightly different hole sizes, which shifted the
resonance by ~4 nm per nanometer change in hole radius. To study how robust
the measured features are to other changes in the geometry, we examine a second
sample with a much smaller period, a=300 nm instead of 420 nm. The hole size
is variable again, with a radius between 94 nm and 107 nm. Figure 9.6 shows the
experimental results in the NIR for sample 2. We first examine 2D spatial scans
of the PCWG with a hole radius of r=94 nm, finding distinct emission patterns for
wavelengths much shorter than for the previous sample, namely 1p=925 nm for
Figure 9.6(a) and 1¢p=1140 nm for Figure 9.6(b). The double row of bright spots
at 1p=925 nm is very different from any pattern measured on the other sample,
which can be related to different dispersion, especially since there are more pos-
sible modes in the vertical direction of the slab at these short wavelengths. This
measurement highlights the deeply subwavelength resolution of CL, since we can
resolve this pattern so clearly at this scale. For a wavelength of 1y=1140 nm we find
the same emission distribution as the dominant mode at 1y=1425 nm for WG2. The
resonance wavelength of this peak shifts with hole size as in the previous sample,
reaching 1p=1080 nm for a hole radius of r=107 nm. This demonstrates that the
main features of these PCWGs scale with both period and hole size, as expected.

Figure 9.6(c) shows spectra for three characteristic positions of bright features
in the spatial maps, denoted by C, D and E. We observe the same peaks at
Ap=1140 nm, 1p=1100 nm and 1¢p=925 nm for all three positions, but with varying
relative intensities, as was already clear from the emission patterns. We can
examine the polarization behavior for this waveguide in the same fashion as in
the main text, finding similar behavior. When orienting the waveguide along the
y-axis and measuring the Stokes parameters for excitation position E, we obtain
the spectra shown in Figure 9.6(d). Similarly to Figure 9.4(c), S2 and S3 are close
to 0, while S1 dominates the polarized intensity, with the main emission peak
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Sample2: a=300 nm, r=94 nm
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Figure 9.6 - CL emission probability as a function of excitation position for a
center wavelength of 19=925 nm (a) and 19p=1140 nm (b), averaged over a 20
nm bandwidth, measured on sample 2. Here the period is much smaller (a=300
nm) with a slightly smaller hole size (r=94 nm), leading to a significant blue shift
of same type of mode profile measured on sample 1 in Figures 9.1-9.5. (c) CL
spectra for different excitation positions C (blue), D (green), and E (red), denoted
by the black crosses in (a) and (b). (d) Polarization-filtered spectra for excitation
position E, showing the Stokes parameters SO (black), S1 (turquoise), S2 (blue) and
S3 (green) as well as the polarized (red) and unpolarized (gray) contributions, as for
Figure 9.4(c). We note that S1 and the polarized contribution almost fully overlap.

corresponding to the modal pattern of the odd mode being strongly linearly
(horizontally) polarized. The majority of the CL emission is due to an unpolarized
contribution from the background, leaving a very clean polarized spectrum with
an excellent signal-to-noise ratio. These measurements show that the PCWGs
reproducibly possess highly localized waveguide modes that are very strongly
polarized and exhibit distinct emission profiles, both of which we can measure
accurately with infrared spectroscopic CL imaging polarimetry.

9.7.2 Input waveguide and short NIR-wavelength measurements

The majority of the PCWG exhibits a periodically repeating response, but at
the interface with the input waveguide, the symmetry of the periodicity is broken,
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Figure 9.7 - CL emission probability as a function of excitation position on the
input section of WG2 (sample 1), for a center wavelength of 19p=1305 nm (a),
10=1440 nm (b), and 1¢p=1480 nm (c). The emission probability is averaged over
a 20 nm bandwidth.

strongly modifying the band structure. Figure 9.7 displays a 2D spatial intensity
distribution measurement on the input section of WG2, the structure most studied
in the main text, with a period of 420 nm and a hole radius of 120 nm. We show
the CL emission probability for 1g=1305 nm (a), 1p=1440 nm (b), and 1p=1480 nm
(c), averaged over a 20 nm bandwidth. At 1p=1440 nm we clearly recognize the
emission distribution of the odd mode measured at 1p=1425 nm in Figure 9.2(d).
The wavelength is slightly different here because the holes are a little smaller at the
edges of the structure, which redshifts the resonances. For 1y=1305 nm we distin-
guish a different modal pattern from the previous cases, with this time a bright fea-
ture along the middle of the waveguide directly between two holes. At 1p=1480 nm
we observe a pattern slightly similar to that at 1p=1440 nm, but now there are alter-
nating bright and dark spots along the center of the waveguide, with much rounder
bright features. This last emission pattern actually resembles the calculated electric
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field profile at 1p=1500 nm for the high k values shown in Figure 9.11(a).

In addition to the spectral measurements in the 1p=900-1600 nm range pre-
sented above, we also measure in the 1p=400-1000 nm range. Figure 9.8 shows
the CL emission probability averaged over a 20 nm bandwidth, as a function of
electron beam excitation position, for wavelengths of 1y=865 nm (a), 1p=920 nm
(b), 1p=935 nm (c), and 1p=990 nm (d). We observe complex and distinct emission
distributions even for wavelengths only 15 nm apart. At these shorter wavelengths
there appear to be many higher order modes with very intricate modal patterns.
These are beyond the scope of the research presented here, but the data attest
to the high resolution attainable with CL as well as the broadband excitation and
detection capabilities.

VIS Measurements on Samplel WG2 (a=420 nm, r=120 nm)
) )\0:8651nm A=920 nm

@ © = ® ° 8
. L,

. A T
£ 04 4 E £ 04 6 €
& (= 3 =

" N
190w d
k] 4 2 4
'g 0.8 g 'g 0.8 48
= 2 D_ £ 0‘
s £ o =
212 TR - w
2 1. o w1 2
BEAL AL N N I °

3 0 1.6 0

0 0.5 1 15
e-beam position (um) e-beam position (um)
Ap=935 nm Ap=990 nm
©) 8 (d) 6
= kR P N
IS 6 € € 0.4 €
= c 3 c
=~ w =~ 4
c o o o
] 4 8 a2
g_ 48 g 0.8 g
5 e § ¥
2 oW 212 w
[ o o o
0 1.6 0
0 0.5 1 15 0 0.5 1 15
e-beam position (um) e-beam position (um)

Figure 9.8 — CL emission probability as a function of excitation position on WG2
(sample 1), measured for a center wavelength of 19p=865 nm (a), 1p=920 nm (b),
210=935 nm (c), and 1p=990 nm (d). The emission probability is averaged over a 20
nm bandwidth.
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9.7.3 TM polarized calculations

The measurements and calculations in the main text have focused on TE polar-
ization, since the waveguides are specifically designed to have well-defined, high-
quality modes for that polarization. The TM modes can also contribute to the
emission properties however, so they should not be ignored. Figure 9.9(a) displays
the band structure for TM polarization with the geometrical parameters used in the
main text (period a=420 nm and hole radius r=120 nm). As in Figure 9.1(c), we show
the normalized frequency w x a/2m ¢ as a function of the normalized wavevector k x
al2n along the propagation direction of the waveguide. The dashed line indicates
the light line in air. The continuum of modes dominates nearly the entire band

Calculations for TM polarization Ap=1430 nm
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Figure 9.9 - (a) Band structure diagram for a waveguide with a=420 nm and r=120
nm, corresponding to sample 1, WG2, for TM polarization. The frequency w and
the wavevector k are shown in normalized units using the period a. The gray lines
denote modes that are in the continuum of available modes above and below the
photonic band gap, which display two waveguide modes close to 19g=1150 nm. The
black dashed line indicates the light line in air. We calculate the total |E 12 field
profiles, integrating over all available modes and k for 19=1430 nm (b), 1g=1450 nm
(c), and A¢p=1500 nm (d). The intensities are normalized to the overall maximum
intensity of all the calculations (as in the main text).
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diagram. Just below the continuum at high values of k there is a discrete band
related to total internal reflection inside the slab. Unlike the TE polarization, there
is no large photonic band gap here that extends across a broad range of frequencies
and wavevectors, but only a small gap between ~1080-1170 nm for high values of
k below the light line. Within this small gap we can distinguish two waveguide
modes. These waveguide modes and band edges are in the same spectral range
as the modal features observed in Figures 9.2(a,b), so those could be due to TM
modes, but we cannot determine the field profiles in that spectral range to confirm
this.

Instead we calculate in Figure 9.9 the total electric field intensities for wave-
lengths of 1p=1430 nm (b), 1p=1450 nm (c), and 1¢p=1500 nm (d). The intensities are
normalized to the maximum total intensity for all wavelengths and polarizations,
as in the main text, so that we can compare the values of the color scale. We find
that for all wavelengths the field profiles do not show the high confinement and
localization in or near the waveguide that is present in the TE calculations at these
wavelengths. Indeed the intensities are actually lowest inside the waveguide. This
is logical because in the band structure we are deep in the continuum of modes,
which are typically delocalized over the entire photonic crystal and not confined
to the waveguide. We can conclude that the measured emission patterns in this
wavelength range agree with the TE calculations and not with the TM ones.

9.7.4 Implementation of spectroscopic polarimetry

Using polarimetry to measure spectra proves to be a powerful way to determine
which spectral features are (strongly) polarized, what their polarization state is,
and to separate them from unpolarized background contributions. This allows
detailed analysis of the resulting polarized spectra which provides strong insight
into the processes generating the radiation. Figure 9.10 describes in more detail
how the spectroscopic polarimetry is implemented. The method is based on us-
ing a rotating-plate polarimeter composed of a quarter-wave plate (QWP) and lin-
ear polarizer (Pol.), taking six measurements for different settings of the polarime-
ter (horizontal/90°, vertical/0°, 45°, 135°, right- and left-handed circular). These
can then be combined to determine the Stokes parameters (S0=Iy + Iy, S1=1y —
Iy, S2=1I45 + I 35, and S3=Igyc — Irgc). Figure 9.10(a) displays these six measure-
ments when exciting WG2 (aligned along the y-axis) at excitation position B (in the
middle of the waveguide). We observe that below 19=1400 nm there is no differ-
ence between the six spectra, indicating the emission is unpolarized. The peak at
10=1425 nm however is very strongly horizontally polarized, being entirely visible
for 90° and absent for 0° (so S1 is large). The left- and right-handed measurements
have very similar intensity (§3~0), demonstrating there is no circular polarization,
while the similarity between 45° and 135° (§2~0) indicates that the orientation of
the polarization is indeed fully horizontal.

To determine how polarized or unpolarized the emission is in an intuitive way;,
we can use the Stokes parameters to determine the different degrees of polariza-
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Polarimetry measurements on Samplel WG2 (a=420 nm, r=120 nm)
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Figure 9.10 - (a) CL emission probability for polarization-filtered spectra excited at
position B (in the middle of the waveguide) on WG2, with the waveguide oriented
along the y-axis. We show the six spectra corresponding to all the combinations
of QWP and linear polarizer settings needed to determine the Stokes parameters
(vertical/0°, horizontal/90°, 45°, 135°, left-handed circular and right-handed
circular). (b) Degree of polarization as a function of wavelength determined
from the spectra shown in (a). The degree of linear polarization (DOLP, red) is
nearly indistinguishable from the total degree of polarization (DOP, black). (c) CL
spectra excited at position B on sample 1, WG2 for vertical/0°/x polarization and
horizontal/90°/y polarization for two different orientations of the waveguide, along
x or y as defined by the coordinate system shown in Figure 9.1(d) of the main text.
(d) Polarization-filtered spectra for excitation position A on sample 1 WG2 oriented
along the x-axis. We show the Stokes parameters SO (black), S1 (turquoise), S2 (blue)
and S3 (green) as well as the polarized (red) and unpolarized (gray) contributions,
as for Figure 9.4(c) of the main text. We note that S1 and the polarized contribution
overlap for the shorter wavelengths.

tion, which are defined as the ratios of polarized, linearly or circularly polarized
light to the total intensity. The degree of polarization (DOP = S% + S% + Sg/ So),
degree of linear polarization (DOLP = v/ S% + Sg/ So), and degree of circular polar-
ization (DOCP = S3/§p) are most commonly used. We can also define a ratio of
unpolarized light to total intensity as the “degree of unpolarized light” DOUP =
1-DOP. We show all of these ratios in Figure 9.10(b), determined from the spectra
in Figure 9.10(a). As expected from the comparison of the spectra, the DOUP is
close to 1 for most of the wavelength range, the DOCP is close to 0, and the DOP
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and DOLP are nearly identical. Only the emission peak at Ag=1425 nm and a broad
feature for the highest wavelengths are strongly polarized. We are not certain about
the nature of the polarized contribution at these highest wavelengths, but it can
be related to polarized modes in the continuum of the upper band in the band
structure which are not clearly separated.

These measurements for the waveguide oriented along the y-axis, exhibiting
horizontal polarization for the main emission peak at 1p=1425 nm, indicate that
it is in any case not a TM contribution with electric fields normal to the sample
surface (along the z-axis). Additionally, polarization along the x-axis should, upon
reflection by the mirror, become vertically polarized, which we do not observe.
This leads us to conclude that the emission process we measure here is polarized
along the waveguide axis (here the y-axis). To confirm this, we also perform mea-
surements after rotating the waveguide by 90° so it is aligned with the x-axis of
the coordinate system. Figure 9.10(c) compares spectra measured for horizontal
and vertical polarization for the two waveguide orientations, when exciting WG2 at
position B. We observe that when the waveguide is oriented along the x-axis, the
polarization flips, as expected. In this case no peak is observed at 1p=1425 nm
for horizontal polarization (along y, 90°), instead a peak is clearly observed for
vertical polarization (0°) which corresponds to polarization along x. This confirms
that this emission peak is entirely polarized along the propagation direction of the
waveguide, which agrees with the odd waveguide mode as shown in Figure 9.5 of
the main text.

Figure 9.10(d) shows the Stokes parameters as well as the polarized and unpo-
larized intensities for excitation position A on WG2 oriented along the x-axis, which
we can compare to the same measurement for the waveguide oriented along the y-
axis (Figure 9.4(c)). As in the previous cases, we observe that the majority of the
emission is unpolarized, S2 and S3 are close to 0 so that the polarized intensity
very closely follows S1. The only difference is the sign of S1, which is positive
for horizontal polarization and negative for vertical polarization. Comparing the
peaks at 1p=1175 nm and 1¢=1425 nm, we note that the first one is positive and the
second one in negative. This is exactly the opposite in Figure 9.4(c), confirming the
flip in polarization expected from the different orientation that was just discussed
for Figure 9.10(c). It also confirms that the emission peaks at these two wavelengths
indeed display an opposite polarization. Since the peak at 1p=1175 nm does not
exhibit vertical polarization for both waveguide orientations, it makes it less likely
that it is caused by TM modes, which are dominated by the E field component.

9.7.5 Polarization of the even and odd waveguide modes

In Figure 9.5 of the main text, we compared the polarization-filtered measure-
ments to electric field profiles of the odd waveguide mode for TE polarization. For
A0=1500 nm, we found that two separate regions of wavevectors k contribute and
that there is good agreement for the range of small k above the light line, where
the mode is leaky. For comparison, we show here the normalized field intensi-
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Pol. Y /E, xr’Y Pol. X/ Ey

Calculation Odd mode at A,=1500 nm (high k)

@ — — . ~—— S - ®)

Normalized XlEy,><|2

Figure 9.11 - Calculation of the Ey (a) and Ey (b) field intensities for the odd
waveguide mode from Figure 9.1(c) of the main text, for 19p=1500 nm. Here we
show the field profiles, on the same scale, obtained after integrating over the range
of k values below the light line, as opposed to the range above the light line shown
in Figures 9.5(e,f). We also show the field profiles of the even mode, summed over
all contributing k, with Ey (c) and Ex (d) on the same scale, at A9=1500 nm. As
before, the intensities are all normalized to the maximum total intensity of all the
calculations.

ties summed over the range of k below the light line, for the E, component (Fig-
ure 9.11(a)) and the E, component (Figure 9.11(b)). Similarly to the previous cal-
culations, we show the two components on the same intensity scale, normalized to
the maximum overall intensity obtained for all wavelengths and polarizations. We
find bright features in the middle of the waveguide separated by dark sections for
|E y|2 and enhanced intensity at the inner edges of the holes for |E 2. Compared to
the measurements in Figures 9.5(a,b), the qualitative agreement is not as good as
for the field profiles in the leaky region, even though the latter are less accurate. The
brightness in the center of the waveguide for IEyI2 is much more continuous than
that shown here and |E,|? is much darker than what we observe here. The total in-
tensity (summed over all field components) does, however, show strong similarities
with the measured emission profile at Ap=1480 nm in Figure 9.7(c), suggesting the
guided portion of the mode can play a role at slightly different wavelengths from
those dominated by the leaky portion.

186



9.7 Supporting information

We found the same polarization and field profiles for the measurements and
the odd waveguide mode, leading us to discount the even waveguide mode. Veri-
fying the expected opposite symmetry and polarization of the modes allows us to
confirm this. We show in Figures 9.11(c,d) that the even mode is dominated by
|Ex|? (d) while IE},I2 (c) is dark, completely opposite to the measurements and the
calculations of the odd mode. We only display the modal intensity distributions at
Ap=1500 nm, but find that for wavelengths of 1430, 1450 and 1550 nm there is very
little difference in the field profiles and intensities.
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Scientific summary

Light is ubiquitous, both in everyday life (sunlight, lamps, laser pointers) and in
scientific research. Whether in biology, medicine, chemistry or physics, it is an
essential tool to probe and characterize different structures and processes. Light
allows us to better understand the world around us and improve or invent useful
applications. Throughout the last decades, science has been probing both the bi-
ological and physical worlds in ever greater detail, delving deeper and deeper to
the smallest length scales. Improvements in microscopy have played a major role
in these advances, with each successive increase in resolution revealing previously
hidden features. Nanophotonics, the study of light at the nanoscale, is a vibrant
field of research with a wide variety of important applications, such as new solar
cells, LEDs, sensors, and integrated optical chips. To mold and control light at
the nanoscale, it is essential to measure and characterize nanostructures and their
interaction with light at that scale. For this reason, techniques which allow us to
determine optical properties at subwavelength length scales are critical to advances
in the field.

Electrons prove to be useful to achieve this goal, because they can attain much
higher momenta and correspondingly smaller wavelengths than photons in the
optical spectral range. Electron microscopes have already been used for decades
to determine the size or morphology of nanostructures, but high-energy electrons
can also generate electromagnetic radiation. As a result, electron-light-matter in-
teractions can be studied at deep subwavelength scales by using electron spec-
troscopy techniques. We focus on one such method, cathodoluminescence (CL)
spectroscopy. This thesis describes a variety of CL techniques, adding new capa-
bilities to the existing angle-resolved CL imaging spectroscopy (ARCIS) setup. Inte-
grating optical and electron microscopy allows us to reach an excitation resolution
on the order of 10 nm. The spectral, angular and polarization properties of light
emitted by nanophotonic structures as well as bulk materials can all be measured.
Chapter 2 describes the different detection methods used throughout this thesis to
measure all of these degrees of freedom of light.
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In Chapter 3, we develop a theoretical framework which allows us to determine
the time evolution of electron-matter interactions. A moving electron has an elec-
tric field that varies with time and space. Studying these dependencies is critical
to understanding how electrons can interact with matter to create electromagnetic
radiation. We first examine the fields of a moving electron in vacuum. Next, we
study the coherent CL processes that occur when a swift electron penetrates a metal
surface. Surface plasmon polaritons (SPPs) can be excited and guided along the
surface, forming wave packets a few hundred femtoseconds in duration. High-
frequency components close to the plasmon resonance are strongly damped, so
lower frequencies dominate as the wave packets propagate further from the point
of excitation. Transition radiation (TR) is emitted to the far field — as ultrashort wave
packets a few tens of femtoseconds in duration — which are strongly dependent on
the emission angle and the material properties.

With the theoretical framework in place, we can now move on to experiments
using these new CL methods to explore nanoscale light-matter interactions. Chap-
ter 4 demonstrates how angle-resolved cathodoluminescence measurements can
be used to separate coherent and incoherent radiation processes. Metals such as
aluminium display a dipolar angular radiation profile due to coherent transition
radiation. The emission from luminescent materials such as gallium arsenide is
dominated (at the band gap energy) by incoherent radiation with a Lambertian
angular distribution. In silicon, transition radiation and incoherent luminescence
are similar in magnitude, but the exact ratio depends on wavelength. The angular
data can be fitted to determine the ratio between these processes to separate their
spectral contributions. Using polarization, however, could provide a more general
method to separate these different mechanisms in more complex structures and
geometries.

Chapter 5 introduces angle-resolved CL imaging polarimetry as a new method
to determine the full polarization state of CL emission. Combining 6 measure-
ments for different settings of a quarter-wave plate and linear polarizer establishes
the Stokes parameters, which fully characterize the polarization of light. The tech-
nique is benchmarked using transition radiation, after which we apply it to metallic
bullseye and spiral nanostructures. Both nanoscale changes in excitation position
and structure handedness lead to significant modifications in the ellipticity and
helicity of the polarization. Polarimetry distinguishes polarized from unpolarized
light, allowing us to separate coherent (polarized) from incoherent (unpolarized)
emission from gold, gallium arsenide and silicon surfaces, in greater detail than
was achieved through the method described in Chapter 4.

Chapter 6 describes how the CL polarimetry developed in Chapter 5 can mea-
sure the angle- and polarization-dependent emission from vertically grown indium
phosphide nanowires of different heights. The electron beam excites band gap
emission from the wires, which in turn displays azimuthally polarized rings, with
the number of rings depending on the nanowire height. These results are well-
described by a model in which emission from the top of the nanowire interferes
with the reflection off of the substrate. The measurements and calculations deter-
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mine the size of the emission region, enabling an assessment of the carrier diffusion
length.

Chapter 7 presents the use of CL polarimetry to study horizontal gallium ar-
senide nanowires of different diameters. Band gap luminescence excited by the
electron beam couples to waveguide modes that depend on nanowire diameter
and determine the directionality and polarization of the emission. Polarimetry
measurements demonstrate that the emission behavior is dominated by the TM01
waveguide mode for all wires. However, thin and thick nanowires exhibit opposite
emission directionality when exciting them close to their end facets. This results
from a transition in the waveguide mode from leaky behavior for the thin nanowire
to guided behavior for the thick one, in agreement with a simple line current model
and numerical simulations.

The measurements in the previous chapters provide only spatial information
about light emission in 2D. Chapter 8 introduces spectroscopic CL tomography,
a new method to characterize the 3D optical properties of structures at the
nanoscale. We measure 2D CL intensity maps of a metal-dielectric resonator
for various orientations and use the method of filtered back projection to
reconstruct a 3D image of the CL emission. Studying this spectrally-resolved
3D CL distribution allows us to recognize and distinguish material luminescence
from electromagnetic eigenmodes that correlate with the radiative local density of
optical states, as they are separated both spatially and spectrally.

All chapters thus far have discussed experiments performed in and close to the
visible spectral range (19p=400-1000 nm). Finally, in Chapter 9, we measure CL
spectroscopy in the near-infrared spectral range (1p=1000-1600 nm) to examine
silicon photonic crystal waveguides. 2D CL intensity scans display sharp spectral
resonances with distinct spatial distributions and a strong linear polarization along
the waveguide propagation direction. The dominant resonance correlates with
calculations for the odd TE waveguide mode in the structure. CL usually couples
most strongly to out-of-plane (TM) modes. Our findings demonstrate that it is also
possible to couple to TE modes that govern the measured emission.

This thesis demonstrates that cathodoluminescence spectroscopy is a powerful
and innovative nanoscale characterization technique, able to determine a wide
variety of optical properties of nanophotonic structures. The broad range of ex-
periments and novel theoretical ideas presented in this thesis provide several new
fundamental insights into electron-light-matter interactions and the behavior of
light at the nanoscale.
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Wetenschappelijke samenvatting

Licht is alomtegenwoordig, in het dagelijks leven (denk aan zonlicht, lampen of
laser pointers) alsook in wetenschappelijk onderzoek. Zij het in de biologie, genees-
kunde, scheikunde of natuurkunde, licht is een essentieel deel van meetmethodes
om verschillende structuren en processen te karakteriseren. Dankzij licht kunnen
wij de wereld om ons heen beter begrijpen en toepassingen die nuttig zijn voor de
samenleving ontdekken of verbeteren. In de laatste decennia heeft de wetenschap
de biologische en fysische werelden in steeds meer detail onderzocht, steeds weer
de grenzen verleggend naar kleinere lengteschalen. Verbeteringen in de microsco-
pie hebben een grote rol gespeeld in deze ontwikkelingen; elke toename in resolutie
gaat gepaard met het ontrafelen van eerder onbekende kenmerken. Nanofotonica,
het bestuderen van licht op de nanoschaal, is een levendig onderzoeksgebied met
veel belangrijke toepassingen, zoals nieuwe zonnecellen, LEDs, gevoeligere senso-
ren en geintegreerde optische chips. Om licht op nanoschaal te kunnen controleren
en manipuleren, is het van essentieel belang om nanostructuren, en hun interactie
met licht, op diezelfde schaal te meten en te karakteriseren. Om deze reden zijn
technieken nodig die optische eigenschappen kunnen bepalen op een lengteschaal
kleiner dan de golflengte van licht.

Elektronen zijn nuttige handlangers om dit doel te bereiken, omdat ze een veel
hogere kinetische energie en veel kleinere golflengtes kunnen hebben dan fotonen
in het optische spectrale gebied. Elektronenmicroscopen zijn al decennia in ge-
bruik om de afmeting en vorm van nanostructuren te bepalen, maar hoogenerge-
tische elektronen kunnen ook worden gebruikt om elektromagnetische straling te
genereren. Hierdoor kan men de interacties tussen elektronen, licht en materie
onderzoeken op lengteschalen veel kleiner dan de golflengte van licht, met behulp
van elektronenspectroscopietechnieken. In dit proefschrift wordt gebruik gemaakt
van een van deze methodes, kathodeluminescentie (CL) spectroscopie. We be-
schrijven verschillende CL technieken en voegen nieuwe meetmethodes toe aan de
bestaande hoekopgeloste CL beeldvorming spectroscopie opstelling (ARCIS). Door
elektronenmicroscopie te integreren met optische microscopie kunnen we een ex-
citatie resolutie halen in de orde van 10 nm. De spectrale-, hoekafthankelijke- en
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polarisatie-eigenschappen van licht dat is uitgezonden door nanofotonische struc-
turen of macroscopische materialen kunnen worden gemeten. Hoofdstuk 2 be-
schrijft de verschillende detectiemethodes die in dit proefschrift worden gebruikt
om alle vrijheidsgraden van licht te meten.

In Hoofdstuk 3 ontwikkelen we een theoretisch model om de tijdsathankelijk-
heid van elektron-materie interacties te ontrafelen. Een bewegend elektron heeft
een elektrisch veld dat verandert in tijd en ruimte. Het bestuderen van deze ei-
genschappen is van cruciaal belang om te begrijpen hoe de interactie tussen elek-
tronen en materie kan leiden tot elektromagnetische straling. Om dit te bereiken
bekijken we eerst de velden van een bewegend elektron in vacutim. Vervolgens
bestuderen we coherente CL processen die plaatsvinden als een elektron door een
metaaloppervlak indringt. Oppervlakteplasmonpolaritonen (SPPs) worden aange-
maakt en propageren over het oppervlak, als golfpakketten die maar een paar hon-
derd femtosecondes lang duren. Hoogfrequente componenten dichtbij de plas-
mon resonantie worden sterk gedempt, dus lagere frequenties domineren wan-
neer de golfpakketten verder van de excitatiepositie komen. Transitiestraling (TR)
is een ander proces, dat uitstraalt naar het verre veld, in de vorm van ultrasnelle
golfpakketten die maar een paar tientallen femtosecondes lang duren, en die sterk
afhankelijk zijn van de emissiehoek en de permitiviteit van het medium.

Met dit theoretisch kader kunnen we nu experimenten uitvoeren die gebruik
maken van nieuwe CL methodes om nanoschaal-licht-materie interacties te bestu-
deren. Hoofdstuk 4 toont aan dat hoekopgeloste kathodeluminescentiemetingen
gebruikt kunnen worden om coherente en incoherente stralingsprocessen van el-
kaar te scheiden. Metalen zoals aluminium vertonen hetzelfde hoekafhankelijke
emissiepatroon als een verticale dipool, als gevolg van transitiestraling. De emissie
van luminescerende materialen zoals galliumarseen (GaAs) wordt (bij de bandgap-
energie) gedomineerd door incoherente straling met een Lambertiaans hoekpro-
fiel. Voor silicium zijn transitiestraling en luminescentie vergelijkbaar in sterkte,
maar de precieze verhouding tussen de twee is afhankelijk van de golflengte. We
kunnen de hoekopgeloste metingen fitten om de verhouding van deze processen
te bepalen, en op die manier kunnen we hun bijdrage aan het gemeten spectrum
van elkaar scheiden. Polarisatie gebruiken zou echter een meer algemene manier
opleveren om deze verschillende stralingsprocessen te scheiden.

In Hoofdstuk 5 introduceren we hoekopgeloste CL-beeldvormingpolarimetrie
als een nieuwe methode om de volledige polarisatietoestand van CL emissie te
bepalen. Het combineren van 6 metingen voor verschillende instellingen van een
kwart-lambda faseplaat en een lineaire polarisator leidt tot het vaststellen van de
Stokes parameters, die volledig de polarisatie van licht karakteriseren. We testen de
techniek met transitiestraling, en passen het daarna toe op metallische “bullseye”-
en spiraalantennes. We laten zien dat nanoschaalveranderingen in de excitatie-
positie en de draairichting van de structuren leiden tot grote veranderingen in de
ellipticiteit en heliciteit van de polarisatie. Polarimetrie maakt het ook mogelijk om
gepolariseerd en ongepolariseerd licht van elkaar te scheiden. Hierdoor kunnen
we met meer detail dan in Hoofdstuk 4 coherente (gepolariseerde) en incoherente
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(ongepolariseerde) emissie onderscheiden, voor oppervlaktes van goud, gallium-
arseen en silicium.

Hoofdstuk 6 gebruikt de CL-polarimetrietechniek die ontwikkeld is in Hoofd-
stuk 5 om de hoek- en polarisatieathankelijke emissie te meten van verticale
indiumfosfidenanodraden met verschillende lengtes. De elektronenbundel exci-
teert bandgapluminescentie in de nanodraden, en de resulterende emissie naar
het verre veld vertoont azimutaal gepolariseerde ringen, waarbij het aantal ringen
afhangt van de hoogte van de draad. We vinden een goede overeenkomst tussen
de metingen en een model waarin de emissie van de bovenkant van de draad
interfereert met de reflectie vanaf het substraat. De metingen en berekeningen
geven een schatting van de grootte van de emissieregio, wat tot een nieuwe manier
leidt om de diffusielengte van ladingsdragers te bepalen.

In Hoofdstuk 7 gebruiken we CL polarimetrie om horizontale galliumarseen-
nanodraden met verschillende diameters te bestuderen. Bandgapluminescentie,
die geéxciteerd wordt door de elektronenbundel, koppelt met golfgeleidermodes
die afthankelijk zijn van de diameter van de nanodraad en die de directionaliteit en
polarisatie van de emissie bepalen. De polarimetriemetingen tonen aan dat voor
alle draden de TMO01 golfgeleidermode het emissiegedrag domineert. Er is echter
wel een duidelijk verschil in directionaliteit tussen dikke en dunne nanodraden als
we ze dicht bij de uiteinden exciteren. Dit komt door een overgang in de golfgelei-
dermode van een gedrag dat licht lekt voor de dunne draad tot een gedrag dat licht
geleid voor de dikke draad, wat overeenkomt met een simpel lijnstroommodel en
numerieke simulaties.

De metingen in de voorgaande hoofdstukken geven alleen ruimtelijke
informatie over lichtemissie in 2D. Hoofdstuk 8 introduceert spectroscopische CL-
tomografie, een nieuwe methode om de 3D optische eigenschappen van structuren
op de nanoschaal te karakteriseren. We meten 2D CL intensiteitsverdelingen
van een metaal-diélektrische nanostructuur voor verschillende oriéntaties en
gebruiken daarna de methode van “gefilterde terugprojectie” om een 3D beeld
van de CL emissie te reconstrueren. Door de 3D CL distributie te bestuderen voor
meerdere golflengtes kunnen we materiaalluminescentie en elektromagnetische
eigentoestanden herkennen en onderscheiden, omdat ze ruimtelijk en spectraal
van elkaar verschillen.

Tot nu toe hebben we experimenten beschreven die in of dichtbij het zichtbare
spectrale gebied zijn uitgevoerd (1¢p=400-1000 nm). In Hoofdstuk 9 voeren we CL
spectroscopie uit in het nabij-infrarood spectrale gebied (1p=1000-1600 nm) om si-
licium fotonische kristal golfgeleiders te bestuderen. 2D CL intensiteitsverdelingen
vertonen scherpe resonanties met gedetailleerde ruimtelijke verdelingen en een
sterke lineaire polarisatie. De dominante resonantie correleert met berekeningen
voor een oneven TE golfgeleidermode in de structuur. CL koppelt het meest effici-
ént aan verticale (TM) modes, maar onze metingen tonen aan dat het ook mogelijk
is om aan TE modes te koppelen, zodanig dat deze de gemeten emissie domineren.
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Dit proefschrift toont aan dat kathodeluminescentiespectroscopie een krach-
tige nanoschaal karakterisatietechniek is waarmee een grote verscheidenheid aan
optische eigenschappen van nanofotonische structuren kan worden bepaald. Het
brede scala van experimenten en nieuwe theoretische ideeén die gepresenteerd
worden in dit proefschrift verschaffen nieuwe fundamentele inzichten in de inter-
acties tussen elektronen, materie en licht, alsmede in het gedrag van licht op de
nanoschaal.
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La lumieére est omniprésente dans la vie quotidienne (le soleil, lampes, pointeurs
laser). Que cela ne soit en biologie, médecine, chimie ou en physique, la lumiére
fournit un outil essentiel pour examiner et caractériser différentes structures et
différents processus. Elle nous permet de mieux comprendre le monde qui nous
entoure, de réaliser des inventions technologiques ou d’améliorer des technologies
existantes. Au cours des dernieres décennies, la science n’a cessé de chercher a
comprendre plus en détail la biologie et la physique, en atteignant les meilleurs
niveaux de résolution possibles. Les innovations dans le domaine de la microsco-
pie ont notamment joué un role important; chaque raffinement de la résolution
révélant des caractéristiques et informations invisibles voire inconnus auparavant
concernant la matiere. La nanophotonique, I'étude de la lumiere a 1’échelle du na-
nometre, est un domaine de recherche en pleine expansion, donnant naissance a
de nombreuses améliorations technologiques essentielles a notre société. On peut
citer les panneaux solaires, les diodes électroluminescentes (DELSs), les capteurs, et
les circuits photoniques intégrés parmi ceux-ci. Pour controler la lumiére a1’échelle
du nanometre, il est essentiel de fabriquer et caractériser des nanostructures, afin
de dévoiler leurs interactions avec la lumiere a cette méme échelle. Il est donc
indispensable d’avoir a notre disposition des techniques permettant de déterminer
les propriétés optiques de ces structures avec une meilleure précision que celle de
lalongueur d’onde de la lumiére.

Les électrons permettent d’atteindre ce but. Grace a leur masse, les électrons
ont une quantit¢é de mouvement bien supérieure aux photons du spectre
visible. Ils sont donc beaucoup plus énergétiques et ont une longueur d’onde
associée plus courte. Les microscopes électroniques sont utilisés depuis des
décennies afin de quantifier la taille et la morphologie de nanostructures.
Mais ces électrons a hautes énergies sont aussi exploités parce qu’ils peuvent
eux-mémes générer un rayonnement électromagnétique. Par conséquent, les
interactions électron-lumiere-matieére peuvent étre étudiées a des échelles
beaucoup plus petites que les longueurs d’onde lumineuses en utilisant des
techniques de spectroscopies a base d’électrons. Nous allons nous intéresser
tout particulierement a 'une de ces méthodes, la cathodoluminescence (CL).
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Cette these présente différentes techniques reposant sur la CL, obtenues en
incorporant de nouvelles fonctionnalités a un dispositif expérimental déja existant
(imagerie hyperspectrale de cathodoluminescence résolue angulairement). Grace
a cette combinaison d'une excitation électronique et d'un dispositif de détection
optique efficace, nous sommes capables de caractériser les propriétés optiques
des matériaux avec une précision de I'ordre de 10 nm. Les propriétés spectrales,
angulaires ainsi que la polarisation de la lumiére émise peuvent étre mesurées. Le
Chapitre 2 décrit les différentes méthodes de détection utilisées tout au long de la
these afin de déterminer toutes ces propriétés de la lumiere.

Dans le Chapitre 3, nous développons un modeéle théorique qui nous permet
de déterminer 1'évolution temporelle des interactions entre les électrons et la
matiere. En effet, un électron en mouvement induit un champ électromagnétique
qui varie dans 'espace et le temps. Il est essentiel d’étudier ces variations afin
de comprendre comment les électrons peuvent interagir avec la matiére pour
générer un rayonnement. Dans un premier temps, nous étudions les champs
électromagnétiques induits par un électron en mouvement dans le vide. Ensuite
nous examinons les processus de CL dits cohérents qui se produisent lorsqu'un
électron de haute énergie traverse une interface entre le vide et un métal. Des
plasmons de surface peuvent étre excités et guidés a cette interface, formant des
paquets d’ondes d’'une durée de vie de quelques centaines de femtosecondes. Les
composantes de hautes fréquences proches de la résonance plasmonique sont
fortement amorties, par conséquent ce sont les composantes de basses fréquences
qui dominent lorsque les paquets d’ondes s’éloignent du point d’origine de
I'excitation. Ensuite nous étudions le rayonnement de transition, qui est émis
dans le champ lointain, sous forme de paquets d’ondes d'une durée de quelques
dizaines de femtosecondes. Ces paquets dépendent trés fortement de l'angle
d’émission et des propriétés du matériau pénétré par les électrons.

Apres cette étude théorique, nous allons, tout au long des chapitres suivants,
étudier expérimentalement comment les nouvelles méthodes de spectroscopie
mises en ceuvre permettent d’explorer les interactions entre la lumiere et la
matiere a 1’échelle du nanometre. Le Chapitre 4 montre comment des mesures
angulaires peuvent étre utilisées pour séparer des processus de radiation cohérente
et incohérente. Les métaux, comme l'’aluminium, émettent principalement le
rayonnement de transition. Celui-ci est cohérent et possede une distribution
angulaire toroidale, similaire a celle d'un dip6le vertical. Par contre, I'émission de
semiconducteurs comme 'arséniure de gallium est dominée par une luminescence
incohérente (principalement dii a la recombinaison de paires électron-trou proche
de I'énergie du gap) avec une distribution orthotrope ou Lambertienne. Pour
le silicium, les intensités du rayonnement de transition et de la luminescence
incohérente ont une amplitude similaire, mais le rapport entre les deux dépend
de la longueur d’onde. Nous utilisons les données expérimentales collectées pour
extraire cette proportion entre les deux processus et séparer leurs contributions
spectrales. Utiliser la polarisation de la lumiere permettrait de surcroit de séparer
ces mécanismes de radiation d'une facon plus générale, dans des structures et
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géométries plus complexes.

Dans le Chapitre 5 nous introduisons I'imagerie de polarimétrie de CL résolue
angulairement, une nouvelle méthode pour déterminer I'état complet de la pola-
risation du signal de CL. La combinaison de six mesures pour différentes orienta-
tions d’'une lame quart d’onde et d'un polariseur permet d’établir les parametres
de Stokes, qui caractérisent completement la polarisation de la lumiere. On utilise
le rayonnement de transition comme référence pour tester cette technique. Nous
appliquons ensuite cette méthode sur des nanostructures métalliques en forme
de “bullseye” et de spirales. Des modifications de la chiralité de la structure ou
de la position d’excitation a I’échelle du nanomeétre engendrent des changements
importants dans l'ellipticité et I'helicité de la polarisation. La polarimétrie permet
de distinguer la lumiére polarisée et non-polarisée, pour séparer I'émission cohé-
rente (polarisée) et incohérente (non-polarisée) de surfaces en or, en arséniure de
gallium ou en silicium. Grace a cette méthode on peut alors augmenter la sélection
de la mesure par rapport a la méthode exposée dans le Chapitre 4.

Dans le Chapitre 6 nous décrivons comment la méthode de polarimétrie dé-
veloppée dans le Chapitre 5 peut étre utilisée pour mesurer la polarisation et la
distribution angulaire de la lumiére émise par des nanofils de phosphure d’indium
orthogonaux au substrat, de longueurs différentes. Le faisceau d’électrons excite
des paires électron-trou a I'énergie du gap, qui en se recombinant émettent une
lumiere ayant une distribution angulaire annulaire avec une forte polarisation azi-
mutale. Le nombre d’anneaux visibles dépend de la hauteur des nanofils. Ces résul-
tats corroborent un modele dans lequel I'émission du sommet du fil interfere avec
la réflexion du substrat de I’échantillon. Les expériences, associées a des calculs
numériques, donnent acces a la taille de la zone d’excitation associée a I'émission,
ce qui permet d’évaluer la longueur de diffusion des porteurs de charge.

Le Chapitre 7 présente I'utilisation de la polarimétrie de CL pour étudier des
nanofils d’arséniure de gallium avec des diametres différents, qui reposent hori-
zontalement sur le substrat. La luminescence a I'énergie du gap qui est excitée par
le faisceau d’électrons peut se coupler a des modes de guide d’onde. Ces modes
dépendent du diametre du nanofil et déterminent la directionnalité et la polarisa-
tion de I’émission. Les mesures de polarimétrie prouvent que le comportement de
I'émission est dominé par le mode de guide d’'onde TMO1 pour tous les nanofils.
Cependant nous observons que, lorsqu’ils sont excités a proximité de leurs termi-
naisons, les nanofils minces et épais ont une directionnalité de I'émission opposée.
Ceci est dii a une transition d'un comportement de mode a fuite pour le nanofil
mince vers un comportement de mode guidé pour le nanofil épais. Nous montrons
que cela peut étre expliqué avec un simple modéle de courant linéique associé a
des simulations numériques.

Les mesures présentées dans les chapitres précédents fournissent seulement
des informations spatiales en deux dimensions (2D) sur I'émission de la lumiere.
Dans le Chapitre 8 nous introduisons la tomographie spectroscopique de CL,
une nouvelle méthode permettant de caractériser en 3D les propriétés optiques
de structures a l'échelle du nanometre. Pour cela, on mesure la carte (2D) de
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la distribution d’intensité du signal de CL émis par un résonateur meétallo-
diélectrique, et ce, pour différentes orientations du résonateur. Nous utilisons
ensuite la méthode de “rétroprojection filtrée” pour reconstruire par tomographie
I'image de I'émission en 3D. En étudiant ces distributions de la CL en 3D en
fonction des longueurs d’onde de la lumiére, nous pouvons reconnaitre et
distinguer la luminescence du matériau et les modes propres électromagnétiques
du résonateur, qui sont en corrélation avec la partie radiative de la densité locale
d’état. Cette distinction est possible parce que les deux sources d’émissions sont
séparées spectralement et spatialement.

Tous les chapitres précédents ont traité d’expériences réalisées dans, ou proche
du spectre visible (1p=400-1000 nm). Dans le Chapitre 9 en revanche, nous éten-
dons les mesures de CL a la lumiere proche infrarouge (19=1000-1600 nm), afin
d’étudier les guides d’onde a cristaux photoniques en silicium. La distribution spa-
tiale de l'intensité de I'’émission montre des pics qui sont bien définis spectrale-
ment et spatialement, avec une forte polarisation linéaire. La résonance principale
est associée, grace a des calculs, au mode guidé TE antisymétrique. L'émission de
CL est habituellement dominée par des modes perpendiculaires a la surface (TM).
Nos mesures prouvent que c’est aussi possible de mesurer les modes TE de ces
guides d’onde a cristaux photoniques.

Nous montrons tout au long de cette thése que les méthodes de spectroscopies
basées sur la CL sont des techniques de caractérisation puissantes, capables de
déterminer une grande partie des propriétés optiques de nanostructures adaptées
ala photonique. Les nombreuses expériences et nouvelles idées théoriques présen-
tées dans cette these ont permis d’atteindre un nouveau niveau de compréhension
sur les interactions électron-lumiere-matiere et le comportement de la lumiere a
I'échelle du nanometre.
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Light is everywhere around us and allows for many essential everyday applications.
Lasers in our pointers and DVD players, lamps that free us to work or have fun any-
time and anywhere, solar cells that produce electricity, optical fibers that transport
digital information — these are but a few examples of the many ways light plays an
important role in our daily lives. Scientific research has made great advances in the
last decades to better understand how light works and how to manipulate it to our
advantage.

Light is a complex phenomenon; it is both a particle (a photon) and a wave
(an electromagnetic field). We can describe a beam of light as separate photons
traveling through space, but also as a wave of electric and magnetic fields that os-
cillate through space. This light wave has many similarities with other waves such
as water waves in the sea, moving up and down in a regular fashion, repeating over a
distance we call the wavelength. For light, the wavelength corresponds to color: the
longest visible wavelengths (650750 nanometers) are perceived as red, the shortest
(400-450 nanometers) are blue, and light with intermediate wavelengths fills the
rainbow with green, yellow, and orange. One nanometer is a billionth (107%) of a
meter. For comparison, a human hair is roughly 100,000 nanometers thick while
most cells and bacteria are 1,000 to 10,000 nanometers in size.

Strange and interesting things begin to happen when light, or any wave, inter-
acts with objects that are similar in size to the wave itself. For light, this means we
need to make structures that are several hundred nanometers in size or smaller (the
nanoscale) and since they are smaller than the wavelength, we speak of subwave-
length dimensions. The study of light at the nanoscale is called nanophotonics and
has developed tremendously in the last decades due to developments in the ability
to make and measure such small objects.

As we improve our ability to characterize and understand the interaction be-
tween light and nanostructures, we enhance our ability to engineer such structures
for specific applications. Since light is usually “larger” than these objects, we can-
not use light directly to study these structures with high resolution. Scientists have
developed optical (light-based) tricks and techniques to get around this problem,
but in this thesis we take a different approach.

219



Layperson’s summary

Instead of using light to probe the structures of interest we use electrons, the
negatively charged elementary particles that fly around the nucleus of each atom
and which are the fundamental elements of electricity. An electrical current is
simply a moving “train” of electrons. It so happens that electrons have a much
smaller wavelength than photons. As a result, we can “see” much smaller things by
using electrons in an electron microscope than with light in a conventional optical
microscope. Additionally, electrons can also generate light inside materials and
structures, through several different processes.

The light produced by electrons — called “cathodoluminescence” —is the corner-
stone of the work presented in this thesis. We have used electrons to generate this
cathodoluminescence (referred to below as “CL” for short) and built a setup with
different functionalities to measure various properties of the light that is emitted
by nanostructures. The main components of the setup are an electron microscope
that excites the nanostructures of interest and a rounded (parabolic) metal mir-
ror that we place inside the microscope to collect the emitted light and send it to
various detectors. When we hit a structure with an electron, the matter becomes
“excited” and can “relax” by emitting light, which we collect and measure. Because
of the small wavelength of the electron we can excite objects with a much higher
resolution than is possible with traditional light-based methods: typically 10 to
30 nanometers instead of several hundreds of nanometers. This is the primary
advantage of cathodoluminescence: it allows us to measure the light radiated by
objects at the nanoscale, inspiring the title of this thesis: “Probing light emission at
the nanoscale with cathodoluminescence”.

When a fast electron hits a material, different light-emitting processes can
take place. Just like a photon, an electron is accompanied by an electric field that
changes in time and space, with some differences due to the mass and charge of
the electron. The electron can, for example, generate a type of light which “sticks”
to the surface in the case of a metal and is known as a surface plasmon polariton.
At the same time, the electron has to adapt to its new environment after it transits
into a material. This change leads to light that is called transition radiation. We
theoretically study the time-dependence of these processes and they turn out to
be very fast, disappearing in less than a trillionth (< 107'2) of a second (roughly
equivalent to a minute relative to the age of the universe).

We then perform different CL experiments that study the interactions between
matter and light at the nanoscale. We can for example measure the direction in
which light is emitted, the angular distribution pattern or “shape” of the emitted
light. It turns out that different materials can exhibit various types of CL emission,
which have a different shape, like a doughnut or ball for instance. Measuring the
shape of the light allows you to tell which processes have occurred and in what
ratio.

A new addition to the setup is a method called polarimetry, which measures the
polarization of CL emission. Polarization describes the orientation of the electric
field of light as it oscillates through space. It can, for example, move up and down
vertically, or it can move horizontally, or it can even move in a circular fashion.
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We measure this orientation of light emitted by different nanostructures. In metal
nanoantennas we find that even small changes in the exact location where the
electron beam strikes can lead to large differences in the polarization. We also
measure on vertically-grown nanoscale wires (nanowires) made of a material called
indium phosphide, which is used in many applications that combine light and
electronics. We find that they emit light in the shape of multiple rings and that the
number of rings depends on the nanowire height. Horizontal nanowires of another
much-used material (gallium arsenide) also show interesting behavior. We find that
thin and thick wires behave differently; they emit light in opposite directions when
we hit them near one of the end facets.

Another new technique, CL tomography, allows us to visualize the optical prop-
erties of nanostructures in three dimensions (3D). The method consists of com-
bining many 2D measurements of the same structure for different orientations to
reconstruct a 3D image of the light emission, giving more information about the
object of interest.

Finally, we study photonic crystal waveguides, channels that can confine light
very efficiently. They are made of silicon, the same material used in many electronic
chips and solar cells. We measure a specific state of light which travels through the
waveguide at infrared wavelengths. The human eye cannot see these wavelengths
but they are important due to their use in telecommunications traffic.

This thesis shows that we can expand the previously demonstrated capabilities
of cathodoluminescence microscopy to observe new properties of the light emitted
by nanostructures. The experiments and theoretical ideas provide new insights into
the interactions between electrons, matter and light at the nanoscale. Cathodolu-
minescence has provided us with an improved understanding oflight that will allow
more targeted engineering of applications. Structures such as the ones studied here
can be used to improve solar cells and LED lamps, develop new sensitive sensors
for all sorts of measurements (including medical tests), or to develop optical chips
that use light to achieve faster computers. Thanks to nanophotonics and cathodo-
luminescence, there are still many exciting discoveries to be made and uses of light
to be explored.
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Licht bevindt zich overal om ons heen en maakt veel essentiéle, alledaagse toe-
passingen mogelijk. Lampen die altijd en overal voor verlichting zorgen, lasers in
laserpennen en in DVD-spelers, zonnecellen die elektriciteit produceren en op-
tische fibers die digitale informatie over de hele wereld geleiden. Dit zijn maar
een paar van de vele toepassingen waarin licht een belangrijke rol speelt en ons
leven verrijkt. In de laatste decennia hebben wetenschappelijk onderzoekers grote
vorderingen gemaakt in het doorgronden van het subtiele gedrag van licht en van
de manier waarop het met materie reageert. Hoe beter we licht begrijpen, des te
beter we het kunnen manipuleren om er optimaal gebruik van te maken.

Licht is een complex fenomeen: het is zowel een deeltje (een foton) als een
golf (een elektromagnetisch veld). We kunnen een lichtbundel beschrijven als een
groep fotonen die door de ruimte vliegt, maar ook als een golf van elektrische en
magnetische velden die snel door de ruimte oscilleren (trillen). De lichtgolf deelt
veel karakteristieke eigenschappen met andere soorten golven zoals watergolven:
hij deint op en neer terwijl hij zich voortbeweegt, zich steeds opnieuw herhalend
over een afstand die we de golflengte noemen. Voor zichtbaar licht kunnen we
de golflengte koppelen aan een bepaalde kleur. De kortste zichtbare golflengtes
(400-450 nanometer) komen overeen met blauw licht, terwijl de langste (650-750
nanometer) overeenkomen met rood licht, en de golflengtes ertussenin de andere
kleuren van de regenboog (groen, geel en oranje) vertegenwoordigen. Een nano-
meter is een miljardste van een meter. Ter vergelijking: een haar is ruwweg 100.000
nanometers dik, terwijl de meeste cellen en bacterién tussen 1000 en 10.000 nano-
meters groot zijn.

Bijzonder en interessant gedrag kan plaatsvinden wanneer een golf interactie
heeft met objecten die even groot of kleiner zijn dan de golf zelf. In het geval van
licht betekent dit dat structuren maximaal een paar honderd nanometers groot
moeten zijn. We noemen deze lengteschaal de nanoschaal en het bestuderen van
licht op deze schaal heet nanofotonica. Dit onderzoeksveld heeft een grote ontwik-
keling doorgemaakt in de afgelopen decennia, door verbeteringen in de technieken
die ons in staat stellen om zulke kleine nanostructuren te maken en te meten. Hoe
beter het samenspel tussen licht en materie op de nanoschaal gekarakteriseerd en
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begrepen kan worden, des te beter kunnen we gerichte toepassingen ontwikkelen
om de eigenschappen van licht optimaal te benutten. Aangezien de golflengte van
licht meestal groter is dan de nanostructuren, kunnen we licht zelf niet gebrui-
ken om deze objecten met hoge resolutie te bestuderen. Wetenschappers hebben
verschillende optische technieken en trucjes ontwikkeld om dit probleem aan te
pakken, maar in dit proefschrift gebruiken we een andere aanpak.

In plaats van licht gebruiken we elektronen om nanostructuren te onderzoeken.
Elektronen zijn de negatief geladen elementaire deeltjes die rond de kern van een
atoom vliegen. Het zijn ook de bestanddelen van elektriciteit, die simpelweg uit
een “treintje” van elektronen bestaat. Elektronen hebben een veel kleinere golf-
lengte dan fotonen. Hierdoor kunnen we met behulp van elektronen in een elek-
tronenmicroscoop veel kleinere objecten zien dan met licht in een gewone optische
microscoop. Een extra voordeel is dat elektronen op verschillende manieren licht
kunnen opwekken in allerlei materialen en structuren.

Met behulp van energetische elektronen kan licht geproduceerd worden; dit
heet “kathodeluminescentie” en dit proces ligt aan de basis van het onderzoek in
dit proefschrift. We hebben een opstelling verbeterd om met allerlei technieken
van kathodeluminescentie (afgekort CL) de verschillende eigenschappen van de
lichtemissie van nanostructuren te meten. Wanneer we een structuur aanslaan met
elektronen, raakt de materie “geéxciteerd” en kan deze vervolgens “vervallen” door
licht uit te sturen; dit vangen wij op en meten we. De belangrijkste componenten
van de CL-opstelling zijn een elektronenmicroscoop die de nanostructuren aan-
slaat en een metalen spiegel met een afgeronde (parabolische) vorm die we in de
microscoop plaatsen om het licht op te vangen en naar verschillende detectoren
te sturen. Door de veel kleinere golflengte van elektronen kunnen we objecten
exciteren met een veel hogere resolutie dan met gewone optische technieken: on-
geveer 10 tot 30 nanometers in plaats van een paar honderd nanometers. Dit is het
grootste voordeel van CL: het stelt ons in staat om op de nanoschaal licht te meten
dat uitgestraald is door nanostructuren. Dat is ook de inspiratie voor de titel van
dit proefschrift: “Meten van lichtemissie op de nanoschaal met kathodelumines-
centie”.

Wanneer een hoogenergetisch elektron neerslaat op een materiaaloppervlak
kunnen verschillende processen plaatsvinden die licht uitstralen. Evenals een fo-
ton heeft een elektron een elektrisch veld dat oscilleert in de tijd en de ruimte,
met een paar verschillen die worden veroorzaakt door de massa en de lading van
het elektron. Het inkomende elektron kan een speciale straling genereren die aan
het materiaaloppervlak blijft plakken in het geval van een metaal. Dit noemen we
een oppervlakteplasmonpolariton. Tegelijkertijd moet het elektron zich aanpassen
aan zijn nieuwe omgeving wanneer het doordringt in een materiaal. Deze veran-
dering leidt tot een lichtemissie die we transitiestraling noemen. We bestuderen
deze processen theoretisch en tonen aan dat beiden heel snel verlopen (binnen
een duizendmiljardste van een seconde).

Nu kunnen we verschillende CL experimenten uitvoeren om de interacties tus-
sen licht en materie te onderzoeken op nanoschaal. We kunnen bijvoorbeeld me-
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ten in welke richting licht uitstraalt: het hoekafthankelijke emissiepatroon of sim-
pelweg de “vorm” van het uitstralende licht. Het blijkt dat verschillende materialen
verschillende soorten lichtemissie kunnen vertonen, die elk een unieke vorm heb-
ben, zoals een donut of een bal. Door de vorm van het licht te meten kunnen we
bepalen welke processen plaatsvinden en in welke verhouding dat geschiedt.

We hebben ook een nieuwe methode ontwikkeld om de volledige polarisatie-
toestand van CL emissie te bepalen: CL polarimetrie. Polarisatie beschrijft de be-
wegingsrichting van het elektrisch veld van licht terwijl het door de ruimte golft.
Het kan bijvoorbeeld verticaal op en neer bewegen, maar ook horizontaal, onder
elke willekeurige hoek, of zelfs in cirkels ronddraaien. We meten deze richting van
licht voor verschillende nanostructuren. In metalen nanoantennes vinden we dat
heel kleine veranderingen in de locatie waar we ze aanslaan tot grote verschillen
in de polarisatie kunnen leiden. We bestuderen ook verticale nanoschaal draden
(nanodraden) van het materiaal indiumfosfide, dat veel wordt gebruikt in toepas-
singen die licht en elektronica combineren. We meten lichtemissie in de vorm van
meerdere ringen, waarbij het aantal ringen afthangt van de hoogte van de draad.
Ook horizontaal liggende nanodraden van het materiaal galliumarseen vertonen
interessant gedrag. Dikke en dunne draden zijn namelijk erg verschillend: ze sturen
licht uit in tegengestelde richting als we ze bij de uiteinden aanslaan.

Een andere, nieuwe techniek, CL tomografie, maakt het mogelijk om de op-
tische eigenschappen van nanostructuren in drie dimensies (3D) te meten. De
methode combineert een groot aantal tweedimensionale (2D) metingen voor ver-
schillende oriéntaties van een structuur om een 3D beeld van de lichtemissie te re-
construeren. Dit levert extra informatie op over de eigenschappen van het gemeten
object.

Tot slot bestuderen we fotonische kristal golfgeleiders: kanalen die heel effi-
ciént licht kunnen opsluiten. Ze zijn gemaakt van silicium, hetzelfde materiaal dat
gebruikt wordt in veel elektronische chips en zonnecellen. We meten een specifieke
toestand van licht dat door de golfgeleider voortbeweegt voor infrarood golflengtes.
Het menselijk oog kan deze golflengtes niet waarnemen; ze worden gebruikt voor
telecommunicatie.

Dit proefschrift toont aan dat we de krachtige kathodeluminescentietechniek
hebben kunnen uitbreiden om veel verschillende eigenschappen van de lichte-
missie van nanostructuren te bepalen. De experimenten en theoretische ideeén
verschaffen nieuwe fundamentele inzichten in de interacties tussen elektronen,
materie en licht op nanoschaal. Geholpen door CL kunnen we doelgerichter en effi-
ciénter toepassingen ontwikkelen. Nanostructuren kunnen op veel manieren wor-
den gebruikt, bijvoorbeeld: het verbeteren van zonnecellen en LED-verlichting, het
ontwerpen van gevoeligere sensoren voor allerlei metingen (onder andere voor me-
dische tests), en het ontwikkelen van optische chips die licht gebruiken om com-
puters sneller te maken. Dankzij de nanofotonica en kathodeluminescentie valt er
nog veel te leren en ontdekken om licht beter te kunnen benutten.
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La lumiere fait partie de notre quotidien, on s’en sert pour de nombreuses ap-
plications. Outre l'utilisation basique qui est I’éclairage, nous pouvons citer par
exemple I'application des lasers comme sonde dans les lecteurs DVD, la lumiére
comme source d’énergie par le biais des panneaux solaires qui la transforment en
électricité, ou encore un moyen de communiquer l'information grace aux fibres
optiques. C’est depuis plusieurs décennies, au moyen d'une étude approfondie de
son fonctionnement et de la meilleure facon de la manipuler, que nous pouvons
aujourd’hui utiliser la lumiére de maniére si efficace et variée.

En elle-méme, la lumiére est un concept intéressant et complexe ; c’est a la fois
une particule (un photon) et une onde (un champ électromagnétique). C’est-a-
dire que I'on peut décrire un rayon lumineux soit comme un groupe de photons
en mouvement, soit comme une propagation d'une onde de champs électriques et
magnétiques. Cette onde lumineuse a beaucoup de similitudes avec d’autres types
d’ondes comme les vagues a la surface de 'eau; elles se propagent toutes par os-
cillations. La distance sur laquelle une onde se répéte s’appelle la longueur d’onde.
Pour la lumiere, a chaque longueur d’onde correspond une couleur. Par exemple
650 nanometres est per¢cu comme rouge, alors que 450 nanometres serait bleu (un
nanometre représente un milliardieme de meétre), et les longueurs d’onde entre
les deux correspondent aux autres couleurs de ’arc-en-ciel (vert, jaune et orange).
Par comparaison, un cheveu a une épaisseur de 100 000 nanometres, alors que la
plupart des cellules et bactéries ont une taille entre 1000 et 10 000 nanometres.

Des phénomenes intéressants et étranges peuvent se produire lorsqu'une onde
interagit avec des objets de la taille de sa longueur d’onde, voire méme plus pe-
tits. Dans le cas de la lumiere, pour observer ces effets, il nous faut construire des
structures aux dimensions ne dépassant pas quelques centaines de nanometres.
Létude de la lumiere a cette échelle est le domaine de la “nano-optique” ou “nano-
photonique”. Depuis plusieurs dizaines d’années, ce domaine de recherche est en
pleine expansion, grace au développement de nouvelles technologies permettant
de fabriquer et de mesurer des objets toujours plus petits.

L'amélioration de notre compréhension des interactions entre la lumiére et les
nanostructures permet de mieux optimiser ces structures pour des applications
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spécifiques. Puisque la longueur d’'onde de la lumieére est plus grande que ces
objets, il n'est pas possible d’utiliser la lumiére elle-méme pour les étudier.
Malgré cette limitation, les scientifiques ont trouvé des solutions pour améliorer
la meilleure résolution atteignable avec des mesures optiques. Néanmoins, on
peut également utiliser d‘autres outils que la lumiere pour s’affranchir de cette
limite; c’est dans ce cadre que s’inscrit cette these. En effet, au lieu d’utiliser la
lumiere pour caractériser les nanostructures qui nous intéressent, nous utilisons
des électrons qui sont des particules élémentaires qui gravitent autour du noyau de
I’atome. Les électrons sont aussi a I'origine de I’électricité, qui est simplement un
“train” d’électrons en mouvement. Il se trouve que les électrons ont une longueur
d’onde bien inférieure a celle de la lumiére. Par conséquent, il est possible de “voir”
des objets beaucoup plus petits avec un microscope spécial utilisant les électrons
qu’avec un microscope traditionnel qui utilise la lumiére. Les électrons peuvent
exciter certaines structures qui, tout comme le filament d'une lampe, émettent de
la lumiere pour se désexciter.

Cette lumiere émise par la matiére grace aux électrons est appelée “la cathodo-
luminescence”, et elle constitue la base de la recherche présentée dans cette these.
Nous avons apporté des améliorations a un dispositif de cathodoluminescence
(CL) préexistant en y ajoutant de multiples fonctionnalités afin de mesurer les
différentes propriétés de la lumiere émise par les nanostructures. Les principales
composantes de ce systeme sont un microscope électronique pour exciter les
nanostructures étudiées et un miroir métallique parabolique (courbé) placé a
I'intérieur du microscope pour capter la lumiére émise et ensuite 1’'envoyer sur
les différents détecteurs. Grace a la courte longueur d’onde des électrons, il est
possible d’exciter des objets avec une meilleure résolution que celle atteinte
avec les techniques optiques traditionnelles : environ 10 a 30 nanomeétres contre
quelques centaines de nanometres. C’est le plus grand avantage de la CL; elle nous
permet de caractériser la lumiere émise a I’échelle des nanostructures, d’ou le titre
de la these : “Mesurer 'émission de la lumiére a ’échelle du nanomeétre avec la
cathodoluminescence”.

Lorsqu’un électron a haute énergie traverse la surface d’'un matériau, différents
types de rayonnements lumineux peuvent étre produits. Tout comme le photon,
I’électron est associé a un champ électrique qui varie dans le temps et I’espace, et
qui est déterminé en grande partie par la masse et la charge électrique de I'électron.
Lélectron peut générer un type de rayonnement particulier en traversant I'inter-
face entre I'air et un métal, ou la lumiere reste “collée” a la surface du métal. La
particule associée a ce rayonnement est appelée un plasmon de surface. Une fois
dans un matériau, I’électron doit s’adapter au nouvel environnement en modifiant
son champ électromagnétique, ce qui engendre un rayonnement lumineux que
I'on appelle le rayonnement de transition. Nous étudions a travers une recherche
théorique le comportement temporel de ces rayonnements et trouvons qu’ils ont
une évolution trés rapide (un millieme de milliardiéme de seconde).

Dans la suite nous examinons des expériences qui tirent parti des différentes
fonctionnalités du dispositif de CL afin d’étudier les interactions entre la matiere et
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la lumiere a I’échelle du nanomeétre. Nous pouvons par exemple mesurer les direc-
tions dans lesquelles la lumiere est émise, ce qui nous donne la distribution angu-
laire (ou la “forme”) de la lumiere. Différents matériaux peuvent manifester diffé-
rents types de signaux de CL, chacun pouvant avoir une direction d’émission diffé-
rente, en forme toroidale (comme un donut) ou en forme sphérique par exemple.
Mesurer ces formes nous permet de déterminer quels genres de processus sont
responsables de I'’émission, et dans quelles proportions.

Nous introduisons une nouvelle technique, “polarimétrie de CL", qui permet de
mesurer la polarisation compleéte du signal de CL émit par I'échantillon. La polari-
sation décrit I'orientation de la lumiere, plus précisément I'orientation du champ
électrique de la lumiere pendant qu’elle se propage a travers I'espace. Cette orien-
tation peut, par exemple, étre verticale, horizontale, ou bien méme tourner d’'une
facon circulaire. Nous avons mesuré cette orientation de la lumiere émise par dif-
férentes nanostructures. Dans le cas de nanoantennes métalliques, la polarisation
dépend tres fortement de la position d’excitation. Nous utilisons aussi la polarimé-
trie de CL afin d’étudier des fils a I’échelle du nanometre (des nanofils) orientés ver-
ticalement et constitués de phosphure d'indium, un matériau qui est trés utile pour
les applications mélant lumieére et électronique. Nous trouvons que la lumieére est
émise en forme d’anneaux et que le nombre d’anneaux augmente avec la hauteur
du fil. Des nanofils différents orientés horizontalement et composés d’arséniure de
gallium ont aussi un comportement intéressant. Des fils minces ou épais agissent
différemment : ils émettent la lumiere dans des directions opposées lorsqu’ils sont
excités a proximité de leurs extrémités.

Une autre nouvelle technique que nous avons développée, la “tomographie de
CL’, permet de visualiser les propriétés optiques de nanostructures en trois dimen-
sions (3D). Cette méthode consiste a collecter des données via la visualisation en
2D d’une structure pour un grand nombre de points de vue différents. La tomogra-
phie permet alors de combiner toutes ces données afin de reconstruire une image
en 3D de I'’émission de la lumiére a 1'échelle du nanomeétre, ce qui nous donne
encore d’avantage d'informations sur les propriétés de I'objet.

Enfin, nous étudions des guides d’onde a cristaux photoniques, des objets qui
agissent comme des tubes pour guider la lumiére et la piéger tres efficacement. Ils
sont constitués de silicium, le méme matériau que celui utilisé dans beaucoup de
circuits électroniques et panneaux solaires. Nous mesurons un état spécifique de
la lumiere qui se déplace a travers le guide d’onde, avec une longueur d’onde dans
le domaine infrarouge que I'ceil humain ne peut pas percevoir, mais qui est certes
tres utilisée dans les télécommunications.

Cette these prouve que la cathodoluminescence est une technique puissante
qui permet de déterminer de nombreuses propriétés de la lumiere émise par des
nanostructures. Les expériences et idées théoriques qui y sont présentées ont per-
mis d’atteindre un meilleur niveau de compréhension sur les interactions entre les
électrons, la matiere et la lumiere a 1’échelle du nanometre. Cette meilleure com-
préhension nous permettra de développer des applications d'une maniere plus
efficace. Les nanostructures étudiées ici peuvent par exemple étre utilisées pour
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améliorer les panneaux solaires et les LEDs, développer de nouveaux capteurs sen-
sibles pour toutes sortes de mesures (y compris des tests médicaux), ou bien de dé-
velopper des circuits photoniques qui utilisent la lumiere a la place de I'électricité
pour rendre nos ordinateurs et calculateurs encore plus rapides.

Lalumiére est étudiée par '’humanité depuis des millénaires, mais grace ala na-
nophotonique et a la cathodoluminescence, elle dévoile de nouvelles potentialités
et ouvre ainsi une ére ou beaucoup de découvertes restent a faire.
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