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1
Introduction

The perception of our surroundings is governed by the interaction between light
and matter. In the visible range of the electromagnetic spectrum, with wavelengths
between approximately 380 nm and 750 nm, this interaction gives rise to the optical
phenomena we observe in daily life, from the transparency of glass to the red line
on a positive COVID test. To understand these phenomena, it is useful to distin-
guish three regimes of light–matter interaction. At the macroscopic scale, ray op-
tics dominates, and light propagation can be described by Fermat’s principle. At the
opposite extreme lies the subwavelength regime, where objects are much smaller
than the wavelength of light. In this limit, the optical response of a heterogeneous
medium can often be captured by an effective refractive index, determined by the
weighted contributions of its constituents.

Between these two extremes lies an intermediate, regime where the characteristic
dimensions of the structures are comparable to the wavelength of light. Here, nei-
ther the ray picture nor the effective-medium approximations are applicable: light
and matter interact in complex ways that sometimes give rise to resonant effects[1].
Optical fields can become strongly confined within or around nanoparticles lead-
ing to distinct resonant peaks in the scattering spectrum, which are highly sensitive
to the particle’s size, geometry, and refractive-index[2]. The ability to harness these
resonant interactions has opened many technological opportunities. They are ex-
ploited to capture energy in photovoltaic devices[3–5], drive chemical reactions us-
ing plasmonic nanostructures [6–10], and are the basis of analog computations in
the optical domain [11–13], to mention just a few examples. In all of these applica-
tions, precise control over light–matter interactions across length scales is essential.

1
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1.1. Nanophotonics
To control of light at the nanoscale, with top-down (nanostructuring) and bottom-
up (colloid synthesis of nanoparticles) approaches. Plasmonic nanoparticles have
been extensively studied, as they support collective oscillations of free electrons,
localized surface plasmon resonances (LSPRs), that concentrate electromagnetic
energy into subwavelength volumes. In addition, plasmonic surfaces can sustain
surface plasmon polaritons (SPPs), electromagnetic waves confined to the inter-
face and capable of propagating over relatively long distances. Plasmonic struc-
tures have enabled light confinement in nanoscale geometries[14, 15], the realiza-
tion of plasmonic nanolasers[16], and the development of plasmonic antennas that
efficiently couple light to and from nanostructures[17, 18].

Additionally, dielectric nanostructures exhibit a strongly geometry- and size depen-
dent optical response arising from the Mie resonances supported by the material.
Compared to plasmonic systems, dielectric structures feature significantly reduced
losses and can sustain both electric and magnetic resonances, enabling high field
enhancement without substantial absorption. The interplay and spectral overlap of
these modes can give rise to Fano resonances and pronounced directional scatter-
ing, phenomena that are exploited in applications such as anti-reflection coatings
[19]. Moreover, advances in design and fabrication now allow dielectric metasur-
faces to replicate the functionality of some bulk optical components [20].

1.2. Electron microscopy
The need to control light-matter interactions has also stimulated the development
of instruments capable of probing the structure and optical properties with nano-
scale precision. Among these, the electron microscope stands out as a powerful

tool. From the first prototype that used 50 keV electrons to achieve a magnification
of only 17.4× [21], to today’s transmission electron microscope (TEM) capable of
resolving individual atoms at 200 keV with sub-ångstrom resolution [22], the evolu-
tion of electron optics has continuously expanded the limits of what can be visual-
ized. The small de Broglie wavelength of high-energy electrons (2.5 pm at 200 keV)
enables spatial resolutions far beyond the optical diffraction limit, while their wave
nature provides additional opportunities to probe matter at the atomic scale.

The first TEM was developed in 1931 by Rushka and Knoll[21, 23], with the goal
of surpassing the spatial resolution limits of the optical microscope, a milestone
achieved only one year after the initial proof of concept[24]. Following this, the de-
velopment of electron microscopy progressed rapidly. Initially, electron microscopy
was used in material science to investigate the atomic ordering and defects of thin
metallic foils. Soon after, its use expanded to biological application, where it en-
ables the visualization of viruses and bacteria[25, 26]. After five decades of techno-
logical developments, the accessible space-time resolution of TEM now spans the
picometer (pm) spatial scale to the femtosecond (fs) temporal scale, using an ultra-
fast TEM [27]. This evolution of electron microscopy was rewarded with the Nobel
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30 keV

10 nm

Figure 1.1: Real part of the radial (ER ) and axial (Ez ) component of the electric field of a 30 keV electron at
10 nm distance from the e-beam trajectory (a) in time and (b) in frequency. The top axis in (b) shows the
corresponding photon energy, with the red window indicating the visible energy range. Figure created
on basis of Ref. [31].

prize in 2017[28] for the development of cryo-EM as a technique for high-resolution
structural imaging of biological specimen[29].

In addition to their particle-like nature, electrons exhibit wave-like properties, which
can be exploited to extract complementary structural information. In 1937, G. P.
Thomson first observed electron diffraction from crystalline lattices[30], establish-
ing the wave nature of electrons. This gave rise to the development of a range
of diffraction-based techniques such as selected-area electron diffraction (SAED),
electron backscatter diffraction (EBSD), and convergent-beam electron diffraction
(CBED), each providing unique insights into the crystallographic structure of ma-
terials.

1.3. Electron spectroscopy techniques
Electron microscopy is an ideal tool for determining the structural properties of a
specimen. However, secondary or transmitted electrons alone do not provide in-
formation on how the specimen interacts with light. To probe these interactions,
the energy exchange between the electron and the material has to be measured
and understood. Due to its electric charge, an electron carries an accompanying
electric near field. Figure 1.1a illustrates the real part of the radial and axial com-
ponents of this near field as a function of time, at a distance of 10 nm from the
trajectory of a 30 keV electron. Due to the high velocity of the electron, the total
duration of the electric-field pulse is only about a femtosecond. Taking the Fourier
transform yields the corresponding frequency spectrum, shown in Figure 1.1b. The
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broad spectrum, which extends from 0 to over 20 eV, reveals that a passing electron
can act as a broadband source of optical excitation while simultaneously providing
the nanoscale spatial resolution characteristic of electron microscopy. This dual
capacity makes the electron beam (e-beam) a powerful tool to probe electric near
fields at the nanoscale.

1.3.1. Electron energy-loss spectroscopy
Several techniques have been developed to exploit this property of the e-beam, one
of which is electron energy loss spectroscopy (EELS). In this technique, typically
performed in the TEM, the energy spectrum of the electron is measured after it
passed through or near a thin specimen. The induced electric field in the speci-
men acts back on the electron, slowing it down. The resulting electron-energy loss
provides a measure of the strength and spatial distribution of the electron-induced
electric near fields at the nanoscale. EELS has been widely used to map plasmonic
or dielectric resonances[32–36]. Furthermore, the development of momentum-
resolved EELS has enabled the measurement of phonon dispersion[37, 38]. More
recently, a combined energy loss and momentum transfer measurement technique
has been demonstrated[39].

1.3.2. Cathodoluminescence
A complementary approach to probe light-matter interaction in the electron mi-
croscope is to measure light emitted due to electron excitation, termed cathodolu-
minescence (CL). CL can be categorized into incoherent and coherent CL. In inco-
herent CL, the electron excites bandgap transition or other excited states in a ma-
terial, which then relax via spontaneous photon emission[40, 41]. Due to the sta-
tistical nature of the process in time, the emitted photons bear no temporal phase
relation to the incidence of the electron. In coherent CL, however, the phase re-
lation between the electron and the emitted photon is preserved. As the electron
polarizes the material, it excites optical resonances in the specimen that can decay
radiatively, emitting photons that carry phase information of the excitation. By ana-
lyzing the spectrum, angular distribution and polarization of the light, the underly-
ing resonances can be identified. The coherent nature of this emission also enables
interference effects when a single electron sequentially excites multiple scatterers,
as demonstrated for example by the Smith-Purcell effect[42], which is the result of
constructive interference of multiple excited scatterers, creating broadband light
emission[43, 44].

1.3.3. Ultrafast electron microscopy
In recent years, electron microscopy has started to further explore the quantum
nature of the interaction between electrons, matter, and light[45]. In free space, an
electron cannot directly exchange energy with light due to momentum mismatch.
However, in the vicinity of a nanostructure illuminated by an external light field,
the induced optical near field carry a broad range of spatial frequencies that en-
able overcoming this mismatch. Using an external laser, it is possible to perform
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photon-induced near-field electron microscopy (PINEM)[46], in which the elec-
tron loses or gains an integer multiples of the photon energy (ħω). This process
enables manipulation of the energy spectrum of a single electron, providing a pow-
erful means to shape the electron wave function in space and time[47–49]. This
control over the electron wave function enables the generation of attosecond elec-
tron pulses[50, 51], spatial shaping of the electron wave packet[52], and acceler-
ation of the electron[53, 54]. Such quantum-mechanical shaping of the electron
may enable new forms of ultrafast spectroscopy, or even aberration correction in
the electron optics of the electron microscope[55, 56].

These tailored electrons can be used to investigate nanophotonic structures at high
temporal and spatial resolution. By varying the time delay between the electron
and the laser field, Gaida et al. reconstructed the phase of optical electric near fields
at the nanoscale[57]. Nabben et al. used an electron shaped into a train of ultra-
short pulses to produce a movie of the electric near fields in time[58]. These devel-
opments open up a wide range of possibilities and has inspired numerous theoret-
ical proposals exploring new regimes of electron-light-matter interactions[45, 59–
61].

Coincidence techniques reveal additional information that is often lost in conven-
tional CL or EELS measurements that integrate data from multiple excitations. Stud-
ies of coincidence between the primary electron and the generation of an X-ray[62]
or a visible photon [63] has been explored. Such measurements provide effective
background subtraction[64] and have been used to identify the nature of electron
excitations[65], and to measure excited-state lifetimes[66].

Beyond the classical correlations, coincidence measurements also open the door
towards studying entanglement between electrons and photons, as first proposed
theoretically[67–70]. Electron-photon entanglement has recently been experimen-
tally demonstrated by Henke et al.[71]. Bogdanov et al. achieved ghost imaging
using electron-photon pairs[72]. Treating the electron as a quantum object thus
paves the way for exploring the quantum properties of materials.

1.4. Scanning electron microscope
Most of the techniques discussed above are performed in a TEM operating at en-
ergies in the range 80-300 keV. This is primarily due to two factors. First, the more
advanced electron optics, including aberration correction in the TEM, provides the
best spatial resolution. Second, since most techniques rely on analyzing trans-
mitted electrons, sufficiently high energies are required for the electrons to travel
through the specimen. The highly advanced electromagnetic lenses in modern
TEMs enable the formation of high-quality images, better energy resolution in EELS
and higher angular resolution (on the order of µrad) in diffraction. However, TEMs
also have significant limitations. The small size of the specimen chamber makes it
technologically challenging to implement techniques that require additional opti-
cal components, as are needed for advanced CL spectroscopy. Furthermore, TEMs
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Figure 1.2: Characteristic of the electron microscope. (a) Abbe resolution limit as a function of semi-
convergent angle for a 30 keV (blue), or 300 keV (red) electron. (b) Normalized spatial frequency (q/k =
c/v) as function of electron energy.

are expensive, and their operation demands highly trained people and precise con-
trol of the environment.

In this respect, the scanning electron microscope (SEM) offers several advantages.
The specimen chamber is more spacious, allowing for the integration of CL col-
lection system[73], optical in-coupling systems, and larger custom sample holders.
SEMs are also more affordable and easier to operate. Furthermore, as we will also
show in this thesis for certain geometries, the electron-matter coupling strength
is higher at lower energies. However, the SEM electron energies (1-30 keV) result
in poorer spatial resolution. Figure 1.2a shows the diffraction-limited spatial res-
olution as a function of semi-convergence angle for 30 keV and 300 keV electrons
showing the difference in resolution for typical TEM and SEM conditions. Never-
theless, for many applications the resolution reached in the SEM is sufficient.

In experiments of electron-light-matter interaction, it is useful to define the spa-
tial frequency caried by the electron, q = ω/v , with v the velocity of the electron,
ω the frequency of the light. When q is matched to the excited mode, the interac-
tion between the electron and the mode can be optimized. Figure 1.2b shows that
the wider range of spatial frequencies accessible in the SEM is much higher than
that in the TEM. This is the result of the fact that the electron velocity converges to
the speed of light at high electron energies. The large range of spatial frequencies
offered by electrons with energy in the range of 1 and 30 keV makes the SEM more
suitable for phase-matching conditions, where the velocity of the electron matches
the temporal field evolution of the excited optical mode.

In recent years, performing scanning transmission electron microscopy (STEM) in
the SEM has become increasingly popular[74, 75]. The increasing scattering cross
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section with decreasing electron energy proves to be both beneficial and disadvan-
tageous. For thin samples, such as van der Waals materials, it yields higher im-
age contrast. For thicker specimens, however, multiple scattering events become
more prominent, complicating data interpretation. Finally, the use of lower elec-
tron energies reduces knock-on damage, where lattice atoms are displaced by inci-
dent electrons[76].

1.5. Motivation for this work and outline
In this thesis we investigate the use of scanning electron microscopy to study op-
tical properties of nanomaterials at the nanoscale. We explore how we can use CL
spectroscopy in an SEM to reconstruct electric near fields in three dimensions (3D).
In Chapter 2 we control the coupling between the e-beam and a dipolar plasmon
mode in a Au nanoparticle by varying the electron velocity. We demonstrate how we
maximize the coupling, and thus the CL emission, by phase-matching the electron
velocity to the time evolution of the dipolar mode. The electron-energy dependent
coupling strength directly represents the Fourier transform of the electric near field
along the electron trajectory at spatial frequency q determined by the velocity of
the electron. In non-aloof geometries, the phase-matching model does not fit due
to inelastic scattering and we develop a recoil model that fits the experiments well.

To further investigate the phase-matching and electric near-field reconstruction,
we study Mie resonances in Si nanoparticles. These particles offer two main ad-
vantages over plasmonic particles made of noble metals: (1) the lighter atoms have
a smaller inelastic scattering cross section, and (2) Mie modes show many reso-
nances over the entire spectrum that can be tuned by changing the particle’s diam-
eter, creating control over the near field distribution. In Chapter 3, we show that
we can reconstruct the impact-parameter-dependent path length inside the parti-
cle by analyzing the coupling strength of the electron to the electric dipole mode.
Moreover, by systematically varying the electron energy and impact parameter, we
can selectively excite specific Mie modes. Since the resonances are coherently ex-
cited, they interfere in the far field, allowing us to control the angular emission dis-
tribution. By controlling constructive and destructive interference between electric
dipole and magnetic dipole modes we achieve directional emission, similar to the
Kerker effect used for optical metasurfaces[77].

Next, in Chapter 4 we expand our perspective towards using CL as a metrology
technique. Earlier research has shown that if an electron excites a plasmonic sur-
face, it simultaneously creates free-space transition radiation (TR) and launches
guided surface plasmon polaritons (SPPs). If the SPP encounters a scattering de-
fect or particle on the surface, light can scatter out and interfere with the TR[78].
In this thesis, we investigate CL interference from scatterers that are sequentially
excited by the same electron. Since the excitation of both scatterers have a well-
defined phase relation with passing of the electron, their CL emission also has a
mutual phase relation, producing spectral and angular interferences in the far field.
Analyzing the interferograms through Fourier transformations allows us to extract
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the spacing between the sources, the time-of-flight of the electron to travel from
one scatterer to the next, and the decay time of the resonant optical modes. Our
experiments match very well with an analytical model that we further corroborate
by performing polarization-resolved measurements.

In Chapter 5, we explore conditions under which the wave-nature of the electron
may affect the interaction that leads to CL by studying the lateral coherence prop-
erties of the e-beam. We demonstrate that, when the e-beam extends laterally far
enough to interact with several scatterers at once, the resulting emission arises from
an incoherent superposition of the individual excitation contributions. This indi-
cates that in these experiments, the CL emission is insensitive to the transverse
structure of the e-beam. Further experiments are required to clarify whether this
is due to the finite lateral coherence of the e-beam or that this represents a more
fundamental limitation of coherent free-electron plasmon excitation.

To prepare for such investigations we study diffraction of electrons in a STEM ge-
ometry in the SEM at 30 keV. In Chapter 6, we use single-crystalline Au flakes and
monolayers of graphene, to show SAED, and CBED, respectively. We develop a
method, adapted from techniques used in TEMs, to measure the degree of spa-
tial coherence. We measure CBED patterns of a twisted bilayer of graphene and
find a degree of spatial coherence of 60 % between two wave vectors separated by
0.031 Å−1.

Overall, this thesis studies fundamental aspects of the coupling between high-
energy electrons and resonant optical modes in nanostructured geometries. It
gives insight into the retrieval of 3D distribution of optical near fields in individual
nanostructures and multiple spatially separated structures. Furthermore, it intro-
duces the first step toward measuring spatial coherence in an SEM and explores
how it affects coherent CL emission of resonant and non-resonant nanostructures.
This thesis presents the first steps towards the use of coherent CL in 3D metrology
and reports the first explorations towards the study of quantum-coherent measure-
ments using CL in the SEM.



2
Free electron-plasmon coupling

strength

In this chapter, we use electron-energy-dependent CL spectroscopy to study the tightly
confined dipolar mode in plasmonic Au nanoparticles. Tightly confined optical near
fields play a pivotal role in important applications ranging from optical sensing to
light harvesting. To measure the optical near fields, energetic electrons are ideally
suited by collecting the resulting cathodoluminescence (CL) light emission. Intrigu-
ingly, the CL intensity strongly depends on the near-field profile along the electron
trajectory and the optimum coupling strongly depends on such fields. These mecha-
nisms remain experimentally unexplored.

By systematically scrutinizing Au nanoparticles with diameters in the range of 20-
100 nm, using electron energies from 6-30 keV, we determine how the coupling be-
tween swift electrons and optical near fields depends on the energy of the incom-
ing electron. The strongest coupling is achieved when the electron speed equals the
mode’s phase velocity, meeting the so-called phase-matching condition.

In aloof experiments, the measured data are well reproduced by electromagnetic sim-
ulations, which explain that larger particles and faster electrons favor a stronger
electron-near-field coupling. For penetrating electron trajectories, scattering at the
particle produces severe corrections of the trajectory that defy existing theories based
on the assumption of non-recoil condition. Therefore, we develop a first-order recoil
correction model that allows us to account for inelastic electron scattering, rendering
better agreement with measured data. Finally, we consider the albedo of the parti-
cles and find that, to approach unity coupling, a highly confined electric field and
very slow electrons are needed, both representing experimental challenges. Our data
paves the way towards unity-order coupling between free electrons and confined ex-
citations, helping us to understand fundamental aspects of light-matter interaction
on the nanoscale.

9
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2.1. Introduction
Understanding the nanoscale distribution of light fields in the optical spectral
range is of great importance in many technologies. For example, in photovoltaics,
nanoscale near-field scattering determines the light trapping efficiency[3, 5], in
photochemistry the strength of surface modes determines the efficiency of gen-
erating chemical fuels[10, 79], and in integrated optics near-field coupling deter-
mines the propagation and coupling of optical signals[80]. Noble-metal and dielec-
tric nanostructures support strong plasmonic and Mie resonances that can be ge-
ometrically tailored to better trap light, or more effectively capture heat[81]. Their
optical near fields are tightly confined to the nanoparticle surface within a typi-
cal range of 10-50 nm[82]. To design these nanostructures, it is crucial to have a
method to probe the electric near-field distributions at the nanoscale. However,
probing the amplitude and phase of the electric near field is proven to be chal-
lenging with optical techniques because it displays small features, far below the
optical diffraction limit. In recent years, high-energy (1−200 keV) electron beams
(e-beams) have emerged as unique probes of optical near fields[83–85]. Energetic
electrons act as a broadband excitation source, which, due to their small de Broglie
wavelength (39−2.5 pm for 1−200 keV electrons) and the numerical aperture of
an electron microscope, can be spatially positioned with far better resolution than
light[82].

Although the absorption or emission of a net number of photons by an electron is
kinematically forbidden in free space, an energetic electron passing near or through
a polarizable structure can efficiently couple to the near-field components of elec-
tromagnetic modes which, in turn, can radiate to the far field. The interaction of the
electron with the induced optical near field can be sensitively probed by measuring
the electron energy in electron energy-loss spectroscopy (EELS)[86], while cathodo-
luminescence (CL) spectroscopy relies on the study of the emitted radiation, which
is collected in the far field[40]. The inverse process (far-field photons illuminat-
ing a structure and coupling to the electron through the induced near fields) has
emerged as an exciting approach to gain control over electron-light-matter interac-
tion in the so-called photon-induced near-field electron microscopy (PINEM) tech-
nique, which leverages the near field created by an intense external laser to dramat-
ically enhance the interaction strength[46]. Such strong coupling then reshapes the
electron wave function into a superposition state observed with an electron spec-
trometer as a set of energy-loss and -gain sidebands corresponding to the emission
or absorption of one or more photons. In this context, control of the optical near-
field distribution provides a unique way to tailor the electron wave function[56, 87].

In all three techniques, EELS, CL, and PINEM, the electron-near-field interaction
strength for an electron moving along the z direction is determined by the spatial
distribution of the z-component of the electric field Ez (z) that is probed. Yet, so far,
a detailed experimental study of the electric near field along the electron trajectory
and its associated coupling strength have remained missing. EELS, CL, and PINEM
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investigations of near fields have focused mostly on acquiring maps of the near-
field strength in the x-y plane (i.e., perpendicular to the incident electron direction),
integrating the electron-near-field interactions along the z axis. For example, EELS
and CL measurements showed x-y maps of the resonant modes of plasmonic nano-
triangles and nanowires with ultra-high spatial resolution[34, 88]. Likewise, CL and
PINEM measurements have revealed x-y maps of the transverse-electric modes in
photonic crystal cavities[89, 90]. In 3D reconstruction techniques, like electron to-
mography, information about the third dimension can be obtained by rotating the
sample and subsequent numerical processing[91], as exemplified by Nicoletti et
al.,[92] who visualized the 3D distribution of localized surface plasmon resonances
in Au nanocubes using EELS, and also by Atre et al.[93], who demonstrated the 3D
and spectral reconstruction of nanocrescents using CL. However, the reconstruc-
tion of the actual electric field is not a trivial task and has only been tackled partially
with these different techniques. The near field has three spatial components, each
of them complex for each optical frequency. In addition, the electron only couples
to the field component along the e-beam direction.

In this chapter, we leverage the electron-energy dependence of CL spectra to exper-
imentally study tightly confined plasmonic optical near fields in Au nanoparticles.
Specifically, we investigate spherical plasmonic Au nanoparticles with diameters
in the 20−100 nm range. We address the question of how the coupling strength
depends on electron energy, the induced near-field distribution, and the depen-
dence on e-beam position (impact parameter). From this, we derive previously
inaccessible spatial information on the induced electric near field along the z di-
rection (i.e., the e-beam direction). We study the coupling strength between Au
nanoparticles and electrons with energies in the range of 6−30 keV in two different
configurations: aloof excitation, in which the electron passes close to the particle
(grazing with respect to the surface); and penetrating excitation, where the elec-
tron passes through the center of the particle. In agreement with theory, we find
that faster electrons couple better to optical near fields described by lower spatial
frequencies. Additionally, we introduce a first-order recoil correction to the cou-
pling strength for penetrating electrons, accounting for the strong effect of elas-
tic and inelastic electron scattering inside the particle. Finally, by correcting for
the plasmonic scattering efficiency of the nanoparticles, we extract absolute val-
ues for the electron-to-near-field coupling. Overall, the data provide insight into
the electron-energy dependence and optimization of electron-plasmon coupling,
the near-field distribution, and the subsequent CL emission. Our data are relevant
to tailor electron-light-matter interactions in CL, EELS, and PINEM experiments,
especially when specific conditions of strong coupling are sought.

2.2. Theory
Fundamentally, EELS, CL, and, PINEM signals are governed by the coupling dy-
namics between individual free electrons and the induced electric field by the bare
field of the moving electron (EELS, CL) or by an external laser pulse (PINEM). In
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(a)

(b) (c)

(d)

Figure 2.1: (a-b) Electric field of a z-oriented plasmonic dipole induced by a plane wave at 530 nm in (a)
a 100 nm and (b) a 50 nm diameter Au spherical particle, calculated using BEM[94, 95]. (c) Real (solid)
and imaginary (dashed) parts of the z-component of the electric field along the z axis for x, y = 0 in
particles of 100 nm (blue) and 50 nm (red) diameter. (d) Square modulus of the spatial Fourier transform
of the complex z component of the electric field in panel (c), which is proportional to the CL emission
probability.

the non-recoil approximation (i.e., assuming the electron velocity vector remain
unchanged during the time of interaction), the CL emission probability (ΓCL) for a
single mode excited by an electron moving at a constant speed v along the z direc-
tion is proportional to the work done by the electron on the optical modes of the
system along its trajectory [83, 84, 96, 97],

ΓCL(R,ω) = 2e2ω3

3πħc3 A| f (ω)|2
∣∣∣∣∫ d zEz (R, z)e−i ωv z

∣∣∣∣2

, (2.1)

with Ez denoting the z-component of the induced electric near field along the e-
beam trajectory, R = (x, y) the impact parameter of the electron, ω the resonance
frequency of the excited mode (ω = 2πc

λ ), e is the electron charge, f (ω) is the fre-
quency dependent polarization function, and A entails the radiative efficiency of
the mode (A = 1 for a dipolar mode). From a classical perspective, this expression
can be understood as the effect of an alternating acceleration and deceleration of
the electron as it passes through traverses the induced electric near field, with a net
deceleration resulting in energy loss and subsequent emission of radiation. Equa-
tion 2.1 shows how ΓC L directly represents the Fourier transform of Ez at a spatial
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frequency q = ω
v . This implies that a near-field distribution that is phase-matched

with the passing electron (i.e., fields characterized by a central wave vector centered
near ω

v ) leads to the strongest CL intensity. Consequently, slow electrons (high q)
induce CL mostly for near-field distributions with large spatial frequencies, cor-
responding to small spatial features, while fast electrons couple best to near-field
components with small spatial frequencies. So far, no CL experiments have sys-
tematically studied these trends.

We start by examining the theory for the excitation of a dipolar plasmonic mode in
a Au spherical nanoparticle. Figure 2.1 shows the amplitude of the real part of Ez for
a dipolar mode in Au nanospheres of (a) 100 nm and (b) 50 nm diameter placed in
vacuum and excited by a light plane wave at the resonance wavelength of 530 nm.
The electric fields are computed through a robust numerical solution of Maxwell’s
equations based on the Boundary Element Method (BEM)[94, 98]. We consider the
excitation of this dipolar mode by a fast electron penetrating the particle along the
central particle axis (dashed line). The dipolar field profile that is induced by the
electron, and acting back on it, along the trajectory is shown in Figure 2.1c, for
both particle sizes. Both cases show a homogeneous field inside the particle and
a strong, highly confined near field at the edge of the particle. Following eq. 2.1,
we take the Fourier transform of the Ez profiles in Figure 2.1c to calculate the CL
emission probability as a function of the spatial frequency q carried by the electron
(Figure 2.1d). The corresponding electron energy is shown on the top axis. For reso-
nances in the optical range, we corroborate that fast electrons (30− 40 keV) induce
CL mostly for near-field distributions with small spatial frequencies, correspond-
ing to the larger features in the 100 nm diameter particle. In contrast, slower elec-
trons couple best to near-field components with higher spatial frequencies (small
features). Figure 2.1d also reveals that, to achieve a maximum of CL emission for
a dipolar mode, the spatial electron frequency q should match the excited mode,
such that q ≈ (2n+1)π/D , with n an integer and D the diameter of the particle. For
a 100 nm particle, the dipolar mode is optimally excited with an electron carrying a
spatial frequency q = 0.03 nm−1 (30 keV for λ=530 nm), while q = 0.06 nm−1 (8 keV)
is best for a 50 nm diameter particle. We stress that these electron energies are all
accessible in a standard scanning electron microscope (SEM).

To experimentally study the strength of the coupling between electrons and plas-
monic nanoparticles, we perform CL measurements in a SEM operating at accel-
eration voltages of 4− 30 keV. The SEM is equipped with a CL collection system
consisting of a half-parabolic mirror and an optical spectrometer. The mirror is
positioned between the electron column and the sample plane. Using a micro-
actuation stage, the focal point of the mirror is aligned with the e-beam and the
emitted light is directed through a vacuum port onto an optical spectrometer. To
minimize the influence of the substrate, single-crystalline Au nanospheres are drop-
casted on a 15 nm thin Si3N4 membrane and cleaned using an oxygen plasma to
remove the PEG carboxyl ligands (see section 2.5.5). We measured the CL spec-
trum for particles of 20 nm to 100 nm diameter in two configurations: a penetrating
e-beam configuration, described above, and an aloof configuration in which the
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(a)

(b) (c)

Figure 2.2: Measured CL emission probability for Au spheres of (a) 100 nm, (b) 50 nm, and (c) 30 nm
diameter, excited by 6−30 keV electrons (dark red to blue, respectively), which graze the particle at a
distance of 5±2.5 nm.

electron is passing near the particle at a distance of 5 ± 2.5 nm from its surface. For
every particle diameter, the electron energy is decreased from 30 to 6 keV, and ev-
ery measurement is repeated five times on an unexposed particle. Additionally, we
measured the angular emission profile of the dipolar mode and observed the char-
acteristic emission for a dipole mode (data not shown). To complement our data,
we use BEM simulations and the analytical dipole model.

2.3. Results
2.3.1. Aloof configuration
Figure 2.2 shows the measured CL spectra for aloof excitation of Au particles with
diameters of (a) 100 nm, (b) 50 nm, and (c) 30 nm for electron energies in the 4 to
30 keV range. We refer to section 2.5.6 for details on the spread in the measure-
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(a)

Figure 2.3: Measured (dots) and simulated (solid) CL emission probability for aloof excitation of Au
nanospheres with a diameter of 100 nm (green), 50 nm (purple), and 30 nm (red). The emission proba-
bility from Figure 2.2 is integrated over a bandwidth of 60 nm around the peak wavelength in the spectra
of Figure 2.2. The bandwidth around the solid line shows the uncertainty of the impact parameter, which
is estimated as b = 5±2.5nm. Figure 2.9 shows the same data on a logarithmic scale to reveal details in
the lower-signal data.

ments and comparison to BEM simulations. All spectra exhibit a strong dipolar res-
onance at an emission wavelength of 550 nm, varying in intensity with electron en-
ergy. While the intensity for the largest particle monotonically increases with elec-
tron energy up to 30 keV, we observe a maximum for the 50 nm diameter particle
at 26 keV electron energy. For the smallest particle, no clear trend can be observed
because of the large relative error in the measured spectra (note the difference in
vertical scale for the three different particle sizes). Furthermore, the spectrum first
shows a slight redshift with decreasing electron energy and then a blueshift. This is
due to the small irregularities in particle shape that cause the peak to shift. In some
measurements for slow electrons and small particles, we observe a spectral feature
around 650 nm superimposed on the plasmon spectrum. We ascribe this feature,
which does not depend on particle size, to emission from carbon deposited as a
result of exposure to the e-beam.

To compare the trends in Figure 2.2 to theory, we integrate the plasmon peak over
a 60 nm bandwidth around the peak wavelength. We plot the resulting emission
probability versus the spatial frequency q carried by the electron, for the three par-
ticle sizes in Figure 2.3 together with BEM simulations for the same geometries.
Overall, the decreasing trend of CL emission with spatial frequency is well rep-
resented by the data for the 100 nm diameter particles. However, if we compare
the absolute values measured in the experiments with the BEM simulations, we
see that, for the 100 nm diameter particles, this is half of the value that BEM pre-
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(a) (b)

Figure 2.4: Measured (dots) and simulated (solid) CL emission probability for electrons passing through
the center of Au nanospheres with a diameter of 100 nm (green) and 50 nm (purple) in (a), and 30 nm
(red) and 20 nm (blue) in (b). The emission probability is integrated over a 60 nm bandwidth around the
peak wavelength. The dashed curves show the CL emission probability calculated using a recoil correc-
tion on Eq 2.1, taking into account the penetration depth of the electron, normalized to the analytical
non-recoil calculation (see section 2.5.2).

dicts. We attribute this discrepancy to the interaction with the substrate, which is
not incorporated in the BEM simulations. A substrate can cause a large part of the
light to be emitted into the substrate, reducing the intensity that is collected by the
parabolic mirror. In the 50 nm diameter particles, a maximum coupling strength
is found at q = 0.04 nm−1, representing the fact that these particles have display a
more tightly confined near field with less prominent low-q components. No clear
trend is observable for the 30 nm diameter particles.

2.3.2. Penetrating configuration
Next, we investigate the coupling strength of electrons to plasmonic modes for ex-
citation along the particle axis. Figures 2.4a,b show the CL measurements versus
electron energy for particles of 100 nm (green) and 50 nm (purple) diameter, and
30 nm (red) and 20 nm (blue), respectively (see Figure 2.10 for the spectral data).
BEM simulations show the same behavior predicted from the analytical descrip-
tion above, with maximum CL emission probability where the spatial frequency
matches the excited mode such that q = π

D . However, in contrast to the data for
aloof excitation in Figure 2.3, we observe significant differences between experi-
ments and simulations: firstly, for the largest particle, BEM simulations show an
emission probability that is roughly twice larger than the one measured for high
electron energies; and secondly, for the 50 nm diameter particles, the recorded spec-
tra show a reduced coupling with increasing q , while the simulations predict an in-
crease up to q =0.07 nm−1. Most notably, the upward trend in the calculations for
the 30 nm diameter particles is not seen in the experiments. We argue again that,
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for the smallest particles (Figure 2.4b), the data do not reveal a clear trend due to
the higher signal-to-noise ratio.

BEM simulations are based on the assumption that an electron maintains its ve-
locity and momentum during the entire time of interaction — the so-called “non-
recoil” approximation. Here, this assumption proves to be invalid because the elec-
trons have a high probability to of undergoing elastic and inelastic collisions within
the nanoparticle. We ascribe the discrepancy between the measured CL emission
probability and the numerical predictions to the effect of such scattering. As a first-
order correction to the model to take these recoil effects into account, we mod-
ify the integration boundaries in Eq 2.1 to include only the range of the electron
trajectory inside the nanoparticle. We use Monte-Carlo simulations[99] to obtain
statistics of on the penetration depth for a given electron energy. We then evaluate
the integral in Eq 2.1 and normalize it to the maximum coupling efficiency found
for the simulated non-recoil scenario. The data derived using this recoil-corrected
model is plotted in Figure 2.4 (dotted lines) for the four particle diameters under
consideration.

The recoil calculation shows a lower emission probability due to the termination of
the integral, bringing the model closer to the data for the particles of 100 nm, 50 nm,
and 30 nm diameter. While the BEM simulation shows a vanishing emission prob-
ability at q = 0.07 nm−1 for the 100 nm particle because the near field does not have
a component at this spatial frequency, the recoil-corrected model produces a fi-
nite probability, consistent with the measurement. This is a direct result of electron
recoil, associated with the fact that the electron trajectory ends inside the particle
and, therefore, does not probe the full Fourier integral through the entire particle.

This analysis shows the importance of accounting for electron recoil effects in quan-
tifying absolute CL emission probabilities. Furthermore, it provides insight into the
best conditions for coupling free electrons and nanoparticle plasmons. In brief,
for the larger particles, faster electrons (energies around 30 keV) match best to the
large spatial features, while for the smaller particles the electron velocity must be
carefully matched to the spatial frequency. In addition, recoil, which corrects the
distribution of such frequency, needs to be considered to obtain optimal coupling.

While the analysis of CL emission allows us to estimate the coupling between an
electron and free electromagnetic radiation mediated by the confined excitations
supported in the sample, the direct electron-mode coupling is of particular rele-
vance in the study of electron-light correlations[100]. To estimate this quantity, we
consider the plasmonic scattering albedo that is determined by the balance be-
tween radiative and non-radiative plasmon decay processes. The plasmon radia-
tive efficiency ranges from 1 % to 30 % for particles of 30 nm to 100 nm diameter.
Correcting for the albedo (see section 2.5.4), we can derive the electron-plasmon
coupling strength in our experiments.
Figure 2.5 shows the CL emission probability from a BEM simulation corrected for
the albedo of Au spherical nanoparticles of 10−100 nm diameter. To study the
fundamental limit of electron-plasmon coupling, we use an e-beam full-width at



2

18 2. Free electron-plasmon coupling strength

Figure 2.5: Simulated coupling probability between the electron and the induced near field in spherical
Au nanoparticles with a diameter of 100 nm (green), 50 nm (purple), 30 nm (red), 20 nm (blue), 10 nm
(turquoise), and 5 nm (orange) for penetrating trajectories (passing near the particle center), calculated
using BEM with a FWHM of the e-beam of 0.1 nm, and corrected for the plasmon scattering albedo (see
section 2.5.4).

half-maximum (FWHM) of 0.1 nm (see Figure 2.7 for an analogous calculation with
a FWHM of 5 nm). This graph directly represents the electron-plasmon coupling
strength. By using the results shown in Figure 2.5, we can now compare the ab-
solute coupling strength between particles of different sizes. The spatial frequency
for which a maximum coupling is observed increases for smaller particles, in agree-
ment with the Fourier analysis described above. Furthermore, we observe that the
peak in coupling strength increases with decreasing particle diameter. Quantita-
tively, we find a highest coupling strength of 2.5 % for a 5 nm diameter particle at
an electron energy of 100 eV. Further increased coupling can be achieved for even
more strongly confined near fields (<5 nm) and very slow electrons (<100 eV). Such
experiments would be challenging in a SEM and inspire novel geometries where
electrons are accelerated in specially tailored vacuum geometries using a strong
electric field.

To further investigate the scaling properties in electron-driven resonant excitations,
we performed a theoretical study of electron-near-field coupling for a range of reso-
nant plasmonic, dielectric, and polaritonic excitations[101]. In particular, we show
that a few percent coupling strength can be achieved for Au nanospheres with a
diameter of 5 nm excited by low-energy electrons (1 keV). This can be further im-
proved to unity-order coupling for ultrasmall (few nanometer diameter) resonant
particles at low electron (<100 eV) energies. This is due to phase-matching (see
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above) combined with the higher overall coupling strength at lower electron veloc-
ity. The insights from these calculations, combined with the experimental study
in this chapter, inspire practical geometries for the use of electrons as sources for
spectroscopy at the nanoscale.

2.4. Conclusion
In conclusion, we have systematically examined the coupling strength between
swift electrons and the dipolar mode in Au plasmonic nanospheres for both aloof
and penetrating configurations. Under aloof excitation, our measurements con-
firm the validity of the non-recoil approximation model. In contrast, for pene-
trating e-beams, the non-recoil model approximation breaks down because of the
large changes produced in the electron trajectory due to elastic and inelastic scat-
tering inside the nanoparticle, including substantial deflection and deceleration.
We present a modified model, taking these recoil effects into account, and find bet-
ter agreement with the measured data.

To investigate the absolute electron-to-near-field coupling strength, we corrected
the simulated data for the effect of radiative losses by dividing the CL emission
probability by the albedo of the particle and extrapolated this to very small par-
ticle sizes. The extrapolated data show a maximum coupling strength of 2.5 % for
strongly confined near fields (<5 nm) and low-electron energy (100 eV).

These results lie at the edge of the capabilities of conventional SEMs and inspires
new geometries for high-efficiency CL generation from ultrasmall optical near fields
excited by using low-energy (<100 eV) electrons. Our work not only paves the way
toward meeting strong-coupling conditions for electron-plasmon interaction, but
it also and provides fundamental insight into the control and optimization of optical-
model excitations in nanostructures, with a potential future in nanoscale optoelec-
tronic circuits for a wide range of applications.

2.5. Appendix
2.5.1. BEM simulation
Numerical calculations were performed using the BEM[95] as implemented in the
MNPBEM17 Matlab toolbox[94, 98]. Spherical nanoparticles were used and
parametrized by 144 triangular face elements, with optical constants for Au taken
from Olmon et al.[102]. For the computation of the induced dipole field inside the
Au nanoparticle (Figure 2.1), a plane-wave excitation was introduced at a wave-
length of 530 nm, incident along the x axis with polarization along the z axis. The
induced dipole corresponds to the excited mode upon electron excitation along
the z axis. For calculations of the CL emission probabilities, built-in functions were
used, assuming a FWHM of the e-beam waist of 5 nm.
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2.5.2. Recoil correction
Next, we incorporate the effect of electron scattering while traversing through a Au
spherical nanoparticle. Eq 2.1 was corrected to truncate the integral at the pene-
trating depth of the electron:

ΓC L(R,ω) = A
R∑

zmax=−R
Czmax

∣∣∣∣∫ zmax

−∞
d zEz (R, z)e−i ωv z

∣∣∣∣2

, (2.2)

with A the proportionality factor, zmax the electron penetration depth, and Czmax

a weighting factor describing contributions from electrons for a given penetration
depth, shown in Figure 2.6. The proportionality factor A is taken equal to the one
for the non-recoil picture and is used to normalize the analytical expression to data
from BEM calculations.

2.5.3. Monte Carlo simulations
A CASINOv2.5 Monte-Carlo program[99] was used to obtain the distribution of elec-
tron paths in the electron cascade and determine Czmax for every electron energy
and penetrating depth zmax considering electrons incident on a planar Au slab
(density of 19.3 gcm−1). The maximum depth that was reached before the elec-
tron was either backscattered or absorbed was assigned to zmax . If the electron
passed further than the diameter of the particle, it was set to be transmitted, with
zmax = ∞. Figure 2.6 shows the electron penetration statistics for an incident e-
beam with energy of (a) 4 and (b) 10 keV. The inset shows the dispersion of elec-
tron trajectories due to inelastic scattering events, with the contour of a 100 nm-
diameter Au particle shown as reference. We clearly see an increased interaction
volume for electrons with an energy 10 keV (b) compared to electrons with an en-
ergy of 4 keV (a). Furthermore, comparing the penetration depth statistics, we see
that the low-energy electrons get absorbed, while for faster electrons electron can
penetrate through 100 nm of Au.

2.5.4. Albedo correction
We correct for the albedo of the particle to extract the coupling strength between
the electron and the electro-magnetic modes. To account for the optical radiative
efficiency of the Au nanoparticle, we compared the analytical formulation for EELS
and CL emission probabilities. We used the analytical expressions obtained for an
induced electrical dipole by a grazing electron, given by[59](

ΓEELS(ω)
ΓCL(ω)

)
= 4e2ω2

πħv4γ2

[
K 2

1

(
ωR0

vγ

)
+ 1

γ2 K 2
0

(
ωR0

vγ

)](
ℑ{α(ω)}

2ω3

3c3 |α(ω)|2
)

. (2.3)

The EELS signal represents the total energy loss of the electron along the trajectory
while the CL signal corresponds to the excitation fraction that is radiated toward
the far field. We use this as an approximation to obtain the CL radiative efficiency
(η) for penetrating trajectories, by dividing the EELS probability by the CL emission
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Figure 2.6: Monte-Carlo statistics of the penetration depth (zmax) of (a) 4 keV and (b) 10 keV electrons
penetrating a planar Au surface. The insets show the dispersion of electron trajectories during propaga-
tion through the Au material. Contours of a spherical Au particle (100 nm diameter, yellow) are shown
for reference.

probability, which results in

η= ΓCL(ω)

ΓEELS(ω)
= 2ω3|α|2

3c3ℑα(ω)
. (2.4)

In the electrostatic limit (a ≪λ), the polarizability tensor, α, is given by[103]

α(ω) = a3 ϵ(ω)−1

ϵ(ω)+2
(2.5)

with a the radius of the particle and ϵ1 and ϵ2 the dielectric constants of the sur-
rounding medium and the particle, respectively. However, for the used sizes of our
particles, we need to use Mie theory to incorporate retardation corrections in the
description of the particle polarizability, so we set

α= 3t E
1

2k3 , (2.6)

where t E
1 is the dipolar electric Mie scattering coefficient[85].

The coupling efficiency between a free electron and the electro-magnetic mode is
calculated by dividing the CL emission probability by the radiative efficiency given
by eq. 2.4, shown in Figure 2.5. This is calculated using a FWHM of the e-beam of
0.1 nm, in Figure 2.7 we shows the same data for a e-beam waist of 5 nm. We clearly
see a decrease in coupling efficiency for small particles, due to relative size of the
e-beam compared to the particle.
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(a)

Figure 2.7: Simulated coupling probability between the electron and the induced near field in spherical
Au nanoparticles with a diameter of 100 nm (green), 50 nm (purple), 30 nm (red), 20 nm (blue), 10 nm
(turquoise), and 5 nm (orange) for penetrating electron trajectories, as calculated with BEM for an elec-
tron waist of 5 nm FWHM, corrected for the plasmon scattering albedo

2.5.5. Experimental setup and methods
Sample preparation

Au colloidal particles were purchased from nanoComposix (San Diego), with di-
ameters of 20 nm, 30 nm, 50 nm, and 100 nm. The particles had PEG carboxyl lig-
ands and were delivered as an aqueous solution with a 0.05 mgmL−1 concentra-
tion of Au. The particles were diluted 1 to 100 in demi water and sonicated for
2 minutes. Before drop-casting 2µL from the suspension onto a 15 nm thin Si3N4

grid (Ted Pella), the surface was made hydrophilic using a UV-zone cleaner (Bio-
Force UV/Ozone ProCleaner) for 10 minutes. After drop casting, the sample was
cleaned with an Oxygen plasma for 2 minutes using an Oxford Instruments Plas-
malab 80 Plus tool.

CL measurements

CL measurements were performed in an FEI Quanta FEG 650 SEM (Thermo Fisher
Scientific Inc., MA, USA) equipped with a Schottky electron source. The CL collec-
tion system was composed of a parabolic mirror between the sample and the pole
piece and collected the emitted light from the top hemisphere. The light was di-
rected into an optical detection system (SPARC Spectral, DELMIC BV,
The Netherlands)[73]. The measurements were done with an e-beam current of
230 to 1000 pA, depending on the electron energy, with an acquisition time of 0.2 s
for 100 nm diameter, 1 s for 50 nm and 30 nm diameter, and 2 s for 20 nm diameter
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particles. In the aloof configuration, a 2D map of the entire particle was collected
using a pixel width of 5 nm. By analyzing the secondary-electron images, the pix-
els at 5 nm from the edge were found with an accuracy of 2.5 nm. To correct for
CL background signal, dark counts were subtracted from the data for the pene-
trating geometry, while CL from the Si3N4 support membrane was subtracted from
the aloof data. The system response was calibrated using the measured transition
radiation (TR) of single-crystalline Al. The TR was benchmarked to an analytical
expression and used to obtain the absolute CL probabilities.



2

24 2. Free electron-plasmon coupling strength

2.5.6. Additional data
CL spectra in the aloof configuration

(a) (b)

(c) (d)

(e) (f)

Figure 2.8: Measured (a-c) and simulated (d-f) CL spectra for particles of 100 – 30 nm diameter excited
with a 6 – 30 keV e-beam in the aloof configuration (electrons that graze the particle surface). The error
bars in the measured data show the variance for different measurements from spheres of the same size.
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CL emission probability for the dipolar mode excited in the aloof configuration

(a)

Figure 2.9: Measured (dots) and simulated (solid) CL emission probability for aloof excitation of Au
nanospheres with a diameter of 100 nm (green), 50 nm (blue), and 30 nm (red). Experimental data points
are obtained by integrating the emission probability spectra from Figure 2.2 over a bandwidth of 60 nm
around the peak wavelength. The bandwidth around the solid curves shows the effect of uncertainty in
the impact parameter, which is estimated as b = 5±2.5nm.
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CL spectra for penetrating e-beams

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2.10: Measured (a-d) and simulated (e-h) CL spectra for particles of 100 – 20 nm diameter excited
by penetrating 6 – 30 keV electrons aimed at the particle center. Error bars in the measured data show
the variance for different measurements from spheres of the same nominal size.



3
Free electron-dielectric
coupling for directional

emission

Building on the results of the previous chapter, we explore the coupling strength of
electrons to dielectric particles, which provide a complementary platform for study-
ing confined near fields. High-energy electron beams (e-beams) with energies in the
15-30 keV range are used to excite optical Mie modes in crystalline Si nanospheres
with radius 80-100 nm. Cathodoluminescence (CL) spectra show emission from res-
onant electric and magnetic dipole and quadrupole modes, with relative intensi-
ties that depend strongly on electron energy and impact parameter. The measured
trends are explained by a coupling model in which the electron-energy dependent
CL excitation probability – and thus the CL emission – is proportional to the Fourier
transform of the modal electric field at a spatial frequency determined by the electron
velocity. As a result, the coupling to a specific resonant mode is strongly dependent
on the electron energy and the impact parameter of the e-beam. This enables the se-
lective enhancement of CL emission from a resonant mode by phase-matching with
the electron velocity. A systematic study of spatial excitation probability for the elec-
tric dipole mode as a function of electron energy further confirms the validity of the
coupling model. Angle-resolved cathodoluminescence measurements show strong
directional emission due to far-field interference of coherently excited Mie modes. By
varying the electron energy and impact parameter the intensity and interference of
these modes can be controlled and the angular distribution tailored. The insights
in the localized deep-subwavelength coherent excitation of resonant Mie modes ex-
plored here are important for studies in light-emitting nanostructures, sensors, and
photovoltaics, in which the interplay of local modes and far-field directional emis-
sion must be controlled.

27
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3.1. Introduction
Controlling light in photonic nanostructures at a deep-subwavelength scale is cru-
cial for many technological advancements, ranging from quantum technologies
to solar applications[81]. In particular, directional light emission from photonic
structures is important for optimizing the performance of light-emitting diodes and
lasers, sensors, and photovoltaics[104, 105]. As previously shown, selective cou-
pling to resonant optical nanoantennas provides a unique means to tailor the di-
rectionality of optical emitters[106, 107]. Both metallic and high-index dielectric
nanostructures are of interest for these applications. While the former can support
plasmonic resonances which are mainly governed by the material properties, high-
index dielectric nanostructures are particularly interesting since they can support
a wide range of Mie resonances that are electric and magnetic in nature with very
low absorption losses (much lower than for plasmons) and high Q-factor (narrow
emission linewidth)[19, 105, 108, 109]. Previous works have investigated the reso-
nances of Si nanostructures due their ability to support dipolar and quadrupolar
Mie modes in the visible spectral range where Si shows relatively low loss due to
its indirect electronic bandgap[110, 111]. This allows for strong tunability of light-
matter interactions by tailoring the size, shape and dielectric environment of the
Mie particles, thereby controlling the resonant energy and angular emission distri-
bution of the electric and magnetic multipolar modes. Furthermore, it has been
shown that the interference of these multipolar modes can lead to light emission in
specific directions, similar to the Kerker effect in Mie theory[112]. In order to take
advantage of these properties, it is crucial to control and probe the electric fields at
the nanoscale.

To study optical near fields of nanostructures at a spatial resolution below the opti-
cal diffraction limit, three different electron microscopy techniques have been de-
veloped in recent years: cathodoluminescence (CL) spectroscopy, electron energy
loss spectroscopy (EELS) and, more recently, photon-induced near-field electron
microscopy (PINEM). In all cases the electron is used to probe the electric field
along the electron trajectory that is either induced by the electron itself (for CL and
EELS) or by an external laser (for PINEM). In the case of CL and EELS, a bypass-
ing electron polarizes the material, creating an electric near field that acts back on
the electron, causing it to lose energy. The total energy loss is measured in EELS,
while the radiating part can be detected in the far field as CL[84]. The CL emission
from plasmonic or Mie particles has a coherent phase relation with the electron
impact[40]. The advantage of CL spectroscopy is its capability to probe the electric
field with nanometer precision due to the small focus dimension of the e-beam[82].
The femtosecond electromagnetic field oscillation created by a bypassing electron
offers a broadband source of modal excitation, enabling broad spectral analysis in
a single CL measurement[31].

In nanophotonics, CL and EELS have mostly been used to study plasmonic nano-
structures[34, 84, 85, 113]. Recently, dielectric structures have also been investi-
gated using e-beams. Coenen et al. characterized higher-order electric and mag-
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netic Mie resonances in lithographically fabricated Si nanodisks using CL in a scan-
ning electron microscope (SEM)[108]. Matsukata et al. experimentally demon-
strated CL spectra of resonant modes in Si nanospheres in a transmission electron
microscope (TEM) and observed strong directionality in the CL radiation[114]. And
recently, Fielder et al. explored the interplay of Mie resonances and transition ra-
diation in CL spectra of Si nanospheres[115]. These works show the potential of
CL spectroscopy to investigate and control directional light emission. However, so
far, the relation between the strength of the electron-mode coupling, the spectrum
and the directionality of the CL emission in dielectric nanostructures has not been
studied in a comprehensive way.

In this chapter, we demonstrate that we can achieve directionality of the emission
from electron-excited dielectric resonators, showing the e-beam analogue to the
Kerker effect[112] that is known from optics. It also enables us to sensitively test
the model for electron-mode coupling. We investigate the coupling of the e-beam
to specific resonances in individual Si nanospheres both theoretically and experi-
mentally. We take advantage of the fact that, at a given velocity, the electron reso-
nantly couples to specific spatial frequency components of the oscillating electric
near-field distribution in the particle[116]. By varying the electron energy and im-
pact parameter in an SEM we selectively couple to modes with specific spatial near
field distributions. We then control the interference of the excited modes to create
specific far-field radiation patterns. We take advantage of the spherical symme-
try to exploit analytical solutions for the mode profiles from Mie theory. Our re-
sults provide fundamental understanding of electron-mode coupling and provide
a framework to control and design directional light emission from single dielectric
nanostructures.

3.2. Theory
Fundamentally, the electron energy loss that leads to CL is determined by the cou-
pling between the electron and the electric near-field component in the direction
along the electron trajectory. The CL and EELS spectral intensities are then pro-
portional to the work done by this field component on the electron. In the non-
recoil approximation, i.e., assuming that the electron velocity remains constant
when traversing the nanostructure, the CL emission intensity (ΓCL) for an electron
traveling along the z-axis for a particle with a single resonant mode is proportional
to[84, 96]

ΓCL(R,ω) = 2e2ω3

3πħc3 A| f (ω)|2
∣∣∣∣∫ d zEz (R, z)e−i ωv z

∣∣∣∣2

, (3.1)

with R = (x, y) the impact parameter in Cartesian coordinates, ω the angular fre-
quency (ω = 2πc/λ), Ez the z-component of the induced electric field along the
e-beam trajectory, v the electron speed, e is the electron charge, A is the radiative
efficiency of a specific mode (A = 1 for a dipolar mode), and f (ω) is the polariz-
ability function depending on shape and material. Classically, Eq. 3.1 can be inter-
preted as the net energy loss along the electron trajectory: the integrated effect of
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Figure 3.1: (a) Real part of the z-component of the electric field of a z-oriented electric dipole mode
induced with a plane wave polarized along z at λ = 600 nm in a dielectric nanosphere with a radius
r = 100 nm. (b) Real part of the z-component of the electric field along the electron trajectory for two
e-beam impact parameters; one at b = 0 (blue) and the other at b = 90 nm (red), indicated by the lines
in (a). (c) Calculated normalized CL emission intensity as a function of electron energy using Eq. 3.1.
The CL emission intensity is proportional to the square modulus of the spatial Fourier transform of the
z-component of the electric field for the two electron trajectories of panel (b). The top axis shows the
corresponding spatial frequency (q =ω/v) for λ= 600 nm.

the acceleration and deceleration of the electron caused by its interaction with the
induced oscillating electric near field. The resulting absolute CL intensity is then
determined by this energy loss and the nanostructure’s albedo, given by the relative
contribution of radiative and non-radiative losses. Eq. 3.1 shows that the e-beam
effectively takes the Fourier transform of optical near fields at a spatial frequency
(q =ω/v): the observed coupling strength (CL intensity) at a given electron velocity
then directly represents the strength of the spatial frequency q in the distribution
of the near fields in the z-direction. The CL emission at a given impact parameter
is maximized when the electron motion is phase-matched with the induced oscil-
lating fields for that impact parameter. For a z-oriented dipole mode excited in
the center - characterized by sharp features at the edge of the particle - the phase-
matching condition is q ∼ (2n +1)π/D , with D the diameter of the particle[116].

First, we theoretically study the configuration where an e-beam couples to the
z-oriented electric dipole (ED) in a Si sphere with radius r = 100 nm. In Figure
3.1a, we show the real part of the z-component of the electric field incident at such
a particle at λ = 600 nm. The induced electric fields are calculated using classi-
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cal Mie theory[117] with optical constants for crystalline Si from Green et al.[118].
Next, we study the CL emission for two e-beam impact parameters (b) in spherical
coordinates, given by the distance to the center of the particle: (1) electrons passing
through the particle center (b = 0 nm) and (2) near the outer edge (b = 90 nm). Fig-
ure 3.1b shows the real part of the z-component of the induced electric field along
the electron trajectory for the corresponding two impact parameters. By taking the
Fourier transform of the Ez profiles, we calculate the CL emission probability as-
sociated with this mode for an electron energy in the range between 5 and 30 keV
(Figure 3.1c). For electrons impacting in the center of the particle, we find a max-
imum CL excitation probability at 12 keV, corresponding to a spatial frequency of
0.047 nm−1. Here, the electron is in phase with the excited mode (ED), causing
maximal electron energy loss and hence maximum CL emission. This maximum
CL excitation probability corresponds to the second-order phase-matching con-
dition for center excitation, q = 3π/D . The first peak at lower q (higher electron
energy) is found at 0.016 nm−1 (165 keV). For an e-beam exciting the nanosphere
on the edge, no clear CL excitation probability maximum is observed in the studied
range and the CL emission increases with electron energy.

The analysis in this section clearly shows that the e-beam coupling to dielectric Mie
modes depends strongly on the impact parameter and electron velocity. As we will
show next, this provides a unique means to tailor the coupling of the electron to
specific resonant modes, thereby controlling both the spectrum and angular dis-
tribution of the CL emission. While the analysis above provides basic insight into
the coupling concept, in experiments the modal field distributions depend on the
electron energy and impact parameter and, due to the coherent excitation process,
create modal interference in the far field. In the remainder of this work, we use the
electrodynamical electron-mode coupling model to calculate the CL excitation and
emission spectra and far-field angular distributions[119].

This model provides an analytical derivation for the electric and magnetic fields in
the case of coherent excitation of multiple modes by an e-beam crossing the parti-
cle (see section 3.5.1). The resulting expression for the CL emission probability is a
sum over the electric and magnetic modes for orders l and orientation with index
m, given by

ΓCL(ω) ∝
∞∑

l=1

+l∑
m=−l

(∣∣bII
l m

∣∣2 + ∣∣aII
l m

∣∣2
)

, (3.2)

where bII
lm denote the magnetic and aII

lm the electric modes of the scattered electro-
magnetic field in the far field. Mode indices refer to the mode order – l = 1 for mag-
netic or electric dipole modes (MD, ED), l = 2 for electric and magnetic quadrupole
modes (EQ, MQ) – and orientation (for an out-of-plane dipole, m = 0, and for an
in-plane dipole, m =±1).

Using this model, we can calculate the CL spectra for Si nanoparticles, and decom-
pose it into the contributions from each mode. Figure 3.2 shows the CL spectrum
for a 96 nm radius Si particle, excited at 86 nm from the particles center. We clearly
see the very sharp electric and magnetic quadrupolar modes at low wavelength,
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(a)

Figure 3.2: Calculated CL spectra for a 30 keV e-beam exciting a Si nanosphere with a radius of 96 nm
at an impact parameter of 86 nm. The CL spectra are decomposed in the contribution of the different
modes, and in black dashed the total spectrum with lmax = 2.

and the broader dipolar modes at higher wavelengths. Furthermore, we see that
while the magnetic modes have a symmetric Lorentzian shape, the electric modes
are asymmetric and have a tail towards higher wavelength.

3.3. Results
Single-crystalline Si nanospheres with radii between 80 and 100 nm were fabricated
using the method developed by Sugimoto et al.[120] and deposited on a 15 nm thin
Si3N4 TEM membrane (see section 3.5.5). CL experiments were performed using a
SEM operating at acceleration voltages in the range of 15–30 keV. A half-parabolic
mirror placed between the sample and the electron column collects the emitted
CL and directs it to a spectrometer for spectral analysis. Angle-resolved CL was
recorded in Fourier mode by projecting the emission on a CCD imaging sensor,
using a 50 nm wide bandpass filter (see section 3.5.5).

3.3.1. CL spectral maps
First, we study the CL emission for a Si nanosphere with a radius of 96 nm, excited
by a 30 keV e-beam. Figure 3.3a shows the measured and calculated CL spectrum
at b = 86 nm using Eq. 3.2. The experimental spectrum is corrected considering the
collection efficiency of the parabolic mirror and the spectrometer. In the spectra,
we find four clear peaks, corresponding to the different modes supported by the Si
nanosphere. Experimentally, we find peaks corresponding to MD at λ = 744 nm,
ED at λ = 605 nm, MQ at λ = 563 nm, and EQ at λ = 487 nm. For all experimental
resonances, the peak energy is redshifted compared to the theoretical ones. We as-
cribe this to the effect of mode coupling to the Si3N4 substrate[77, 121]. We observe
good agreement between experiments and theory for the trend in linewidth of the
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Figure 3.3: (a) Measured (red) and calculated (dashed black) CL spectra from a r = 96 nm Si nanosphere
excited with 30 keV electrons. The measured spectrum is taken at b = 86± 5 nm, while b = 86 nm is
used for the calculated spectrum. The inset shows the SE image of the Si nanosphere with the red dot
indicating the position of the e-beam excitation for the experimental spectrum (b = 86± 5 nm). (b-e)
Measured and (f-i) calculated CL maps at the resonance wavelengths of the different multipoles. The
measured CL maps are averaged over a bandwidth of 4 nm with the center wavelength of 487 nm (EQ),
563 nm (MQ), 605 nm (ED), and 744 nm (MD). The theoretical CL maps are calculated using Eq. 3.2
considering all modes until lmax = 2 and for wavelengths of 450 nm, 557 nm, 595 nm, and 745 nm,
respectively. Pixel sizes of 14 nm for the experimental and 12 nm for the theoretical CL maps are used,
respectively.
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modes, where quadrupolar modes exhibit narrower resonances compared to the
broader dipolar modes. The modal intensities for ED and MD modes show a simi-
lar trend for experiment and theory, while an opposite trend is observed for the EQ
and MQ modes. The experimental EQ mode is more intense than the MQ one, while
theory shows the opposite. We primarily attribute this discrepancy to the increase
of the absorption coefficient of Si below λ = 500 nm due to the direct bandgap at
450 nm, which strongly reduces the calculated intensity at that wavelength. In Fig-
ure 3.3b-i, we display the measured spatial distribution of the CL intensity for the
same nanosphere for each of the Mie modes in (a). We show the CL intensity at
the center wavelength of the four resonances. The experimental data (b-e) are av-
eraged over a 4 nm bandwidth at λ = 487 nm (EQ), λ = 563 nm (MQ), λ = 605 nm
(ED), and λ= 744 nm (MD). The corresponding theoretical data (f-i) are calculated
at the peak wavelengths of 450 nm, 557 nm, 595 nm, and 745 nm, for EQ, MQ, ED,
and MD, respectively.

CL analysis is an excitation spectroscopy technique in which the electron excita-
tion is spatially well defined and the spatial resolution in the CL excitation maps is
determined by the electron trajectory. The CL emission is collected from the entire
particle within the focal collection area and numerical aperture of the parabolic
mirror. The resolution of the SE image in the inset of Figure 3.3a is much higher
than the CL resolution. SEs mainly originate from the surface of the sample, result-
ing in an estimated spatial resolution of 1–2 nm. This allows accurate determina-
tion of the radius of the Si nanosphere with simple post-processing.

The CL maps in Figure 3.3 show that e-beam excitation results in characteristic spa-
tial excitation distributions for the different Mie modes, similar to previous
findings[114, 122]. Many trends in the measured maps match well with the cal-
culated CL emission maps. For all modes, the excitation efficiency is highest at
the edge of the particle, in both experiment and theory. Small features such as the
larger area of reduced intensity in the center for the ED mode are also observed
theoretically and experimentally. The theoretical ED and EQ modes show higher
intensities at the edges compared to MD and MQ modes; this is also visible in the
measurements. The sharply concentrated ring in the experiment of Figure 3.3d di-
rectly shows the high lateral spatial resolution of the CL measurement. From com-
parison with the theoretical map, we derive that the spatial resolution is better than
the pixel size in these experiments (i.e., below 14 nm). This is due to the e-beam fo-
cal diameter on impact (∼5 nm) and small straggle of the e-beam due to inelastic
scattering, consistent with Monte Carlo simulations of electron trajectories for the
studied geometry. The non-spherical shape of the CL maps is attributed to small
sample drift during measurements. Further asymmetries in the measurements are
due to the asymmetry of the parabolic mirror light collection geometry, making CL
collection efficiency for each mode dependent on its angular emission distribution.
This effect is visible in the CL maps for the ED and MD modes, for which the bottom
left corner is slightly dimmer: CL generated in that area beams towards the mirror’s
opening and is therefore only partly collected.
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Figure 3.4: (a) Measured and (b) calculated CL maps obtained by a crosscut through the center line of a
Si nanosphere of r = 96 nm excited with electron energies ranging from 15 to 30 keV. The experimental
data are collected at a center wavelength of 605 nm with a 4 nm bandwidth. The theoretical calculations
are performed at the ED resonance wavelength, λ = 595 nm, using Eq. 3.2 considering all modes until
lmax = 2. The white dashed line in experiments and theory shows the rule-of-thumb for the expected
minima of the phase-matching condition for the ED, q ∼ 2nπ/D∗, for n = 2 and with D∗ the height of

the particle at a certain impact parameter (for a spherical particle with radius R, D∗ = 2
√

R2 −b2).

3.3.2. Electron-energy dependent CL
The good agreement between experiment and theory now allows us to study the
effect of electron energy on the electron-mode coupling and assess the spatial fre-
quency formalism for resonant modal excitation as described above. To do so, we
study the dependence of CL emission on the electron energy ranging from 15 to
30 keV, corresponding to a spatial frequency range of 0.044–0.032 nm−1 at the ED
resonance wavelength (for electron-energy dependent spectra, see Figure 3.9). Fig-
ure 3.4 shows the experimental (a) and theoretical (b) CL maps as a function of
electron energy and impact parameter along the center line of the sphere for the
ED resonance (λ = 605± 2 nm for experiments and λ = 595 nm for theory). The
electron-energy dependency of the other Mie resonances is shown in Figure 3.10.
The main trend of the measurements follows the calculated data: the excitation
efficiency shows a minimum value which is strongly dependent on the electron en-
ergy. This clearly underlines the phase-matching condition for the ED: the min-
imal coupling strength is expected at q ∼ 4π/D∗, with D∗ the height of the par-
ticle at a certain impact parameter, which is visualized by the white dashed lines
in Figure 3.4a,b. These electron-energy dependent CL measurements allow us to
determine the thickness of the nanosphere at different impact parameters using
the well-defined phase-matching condition of the ED resonance. Furthermore, for
excitation at the edge of the nanosphere, the model predicts a decrease in CL in-
tensity with decreasing electron energy; this is also found in the experimental CL
maps, where the intensity at the edge vanishes at the lowest experimentally feasible
energy of 15 keV. This originates from the lower CL excitation probability of both
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Figure 3.5: (a) Schematic of excitation configuration: a Si nanosphere with r = 96 nm is excited by a
30 keV e-beam at b = 86 nm. (b-h) Far-field radiation patterns at two emission wavelengths: (b-e)
λ = 760 nm (MD and ED resonances) and (f-h) λ = 595 nm (ED and EQ resonances). The radiation
patterns are calculated by taking the Poynting vector (S) of the scattered electromagnetic field of Eq.
3.3, coherently summing over the modes. For the full solution, the sum of all modes using lmax = 2 is
considered. The color map visualizes the z-direction of the radiation (Sz ): red for upward and blue for
downward intensities.

the in-plane (x- and y-oriented) and the out-of-plane ED modes (z-oriented) near
the edge of the particle (cf. blue line in Figure 3.1c).

3.3.3. Directional far-field emission
With the detailed understanding of selective mode coupling obtained in the previ-
ous section, we now study the angular distribution of the CL emission from an indi-
vidual Si nanosphere and explore how it can be controlled by electron energy and
positioning of the e-beam. This gives the possibility to control their interference
in the far field, thereby creating directionality of CL emission. First, we theoreti-
cally study the angular emission profile for a Si nanosphere (r = 96 nm) excited by a
30 keV e-beam, as depicted schematically in Figure 3.5a. We choose an impact pa-
rameter of b = 86 nm as we know that close to the edge, the electron can couple to
both magnetic and electric modes at this electron energy. The calculated CL spec-
trum corresponds to the one shown in Figure 3.2, decomposed into the different
modes. To achieve directionality, we exploit the Kerker effect known for dielectric
spheres. We study the angular emission distribution at two emission wavelengths
where the interference of the modes creates directional emission: (1) λ = 760 nm,
using the interference between the ED and the MD mode (Figure 3.5b-e), and (2)
λ= 595 nm, using the ED and the EQ mode (Figure 3.5f-h). The data are derived by
calculating the Poynting vector for the coherent sum in the far field of the indicated
modes. The full modal solution is obtained by summing all relevant modes with
lmax = 2.
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In Figure 3.5b we recognize the typical radiation pattern for an MD mode with
dipole moment along the y direction (MDy ). We note that the e-beam does not
couple to the MDx and MDz modes because their electric field vectors are perpen-
dicular to the e-beam trajectory[119]. When adding the contribution of the EDz

mode (Figure 3.5c), we observe directional CL emission opposite to the electron
trajectory. This corresponds to the transverse Kerker effect that has been theoreti-
cally studied[123] and experimentally observed[124]. When we add the EDx mode
as displayed in Figure 3.5d, the combined effect with the MD gives a Kerker-type
interference along the z-axis, creating downward directionality. In the full solution
(Figure 3.5e), adding up all modes with lmax = 2, we observe both horizontal and
vertical directionality: the CL radiation is directed towards negative x and negative
z. This is the result of the interference of the MD + EDz mode and of the MD + EDx

mode, respectively. We note that the vertical directionality is downward at wave-
lengths above the MD resonance wavelength (λMD = 726 nm) because the ED and
MD resonance are in phase[124].

In Figure 3.5f-h, we follow the same steps for the ED resonance at λ = 595 nm.
We start by only considering the contributions of the ED modes, namely EDz and
EDx , resulting in a symmetric emission distribution around the y-axis (Figure 3.5f).
Next, in Figure 3.5g the contribution of the EQ is added, which leads to directional-
ity towards the opposite side of the e-beam impact position. This is due to the in-
terference of the EQ and the ED modes. Comparing this to the full solution shown
in Figure 3.5h, we see that this interference is the largest contribution to the full
solution.

This theoretical study shows that controlling the interference of coherently excited
Si Mie modes creates strong directional CL emission in the far field, both in the
horizontal and vertical direction. For emission at λ = 760 nm there are two dom-
inant mechanisms: interference of the MD mode with the out-of-plane ED mode
(EDz ) resulting in horizontal directionality, and interference of the MD mode and
the in-plane ED mode (EDx ) resulting in vertical directionality. At λ= 595 nm, the
coherent addition of the EQ mode is necessary to generate horizontal directionality,
due to the absence of the MD mode.

3.3.4. Angle-resolved CL
With this theoretical framework for directionality, we now experimentally exploit
this formalism for the selective excitation of resonant modes, thereby controlling
their interference and tailoring the angular emission distribution. In these exper-
iments, in which we use a slightly smaller nanosphere (r = 85 nm), we vary both
the electron energy and the impact parameter. Figure 3.6a shows the CL excitation
probability as a function of electron energy at impact parameter b = 42 nm calcu-
lated for specific modes using Eq. 3.2. We consider the CL emission at λ= 585 nm,
in between the ED and the MD resonance wavelength. We find a strong depen-
dence of the CL excitation probability for specific modes on the electron energy.
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Figure 3.6: Analysis of directional CL emission towards the upper hemisphere from a Si nanosphere with
r = 85 nm excited with an e-beam with energy ranging from 5 to 30 keV with b = 42 nm. (a) CL excitation
probability between electron and EDz (blue), EDx (orange), MD (green), and EQ (red) modes versus
electron energy, with the low CL intensity modes shown in the inset. (b,c) Calculated and (d,e) measured
far-field radiation intensities in the positive z-direction (where the electron comes from), excited with
a (b,d) 17 keV and (c,e) 30 keV e-beam. The experimental data are obtained with a λ = (600± 25) nm
bandpass filter, and the theoretical data are calculated at λ= 585 nm

.
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For example, at 15 keV the electron does not couple to the EDz mode but excites
only the EDx mode, while at 30 keV the contribution of the EDz mode is strongest.
Using these CL excitation probabilities, we calculate the angle-resolved CL emis-
sion profile at two e-beam energies. At 30 keV (Figure 3.6c) the theory predicts
a strong horizontal directionality towards the opposite side of the excitation (the
negative x-direction), originating from Kerker-like interferences of EDz + MD and
EDz + EQ modes. This strong directionality reverses to the opposite direction, and
decreases in strength, for excitation with a 17 keV e-beam (Figure 3.6b). This com-
parison shows the strong effect of far-field interference of the coherently excited
Mie modes in Si nanospheres on the angular radiation profile.

To experimentally study the far-field radiation profiles, we perform angle-
resolved CL (AR-CL) measurements at λ = (600± 25) nm for electron energies of
17 and 30 keV (Figure 3.6d,e. The data show clear right and left beaming for the two
energies, respectively. This is in good agreement with the calculated radiation pat-
terns in Figure 3.6b,c. At 17 keV the interference of the EDz and EDx modes in the
far field creates strong directionality towards the impact position, while at 30 keV
we see a stronger contribution of the EDz mode superimposed on contributions
of MD and EQ modes that make the radiation pattern asymmetric. Consequently,
selective mode coupling can be used to generate and tune CL emission with strong
directionality by controlling the e-beam energy.

Another important parameter to tune the directionality of CL emission is the im-
pact parameter b, which we investigate for the same Si nanosphere at a fixed e-
beam energy of 30 keV. Figure 3.7a shows the coupling efficiency of the e-beam
with the EQ, EDz , EDx , and MD modes as a function of impact parameter b. The
inset shows a magnified view of the lower-intensity modes. We clearly observe two
interaction regimes: close to the nanosphere’s center (b = 20 nm) the EDz mode
contributes strongest, while closer to the edge the electron can couple to all modes.
For two exemplary impact parameters (b = 42 nm and b = 76 nm) we calculate
the AR-CL emission, shown in Figure 3.7b,c, respectively. In both cases we no-
tice a strong directionality towards the negative kx -direction, i.e., opposite to the
e-beam excitation. However, for excitation closer to the edge (b = 76 nm), we also
find a contribution of the EDx mode which radiates into the upper hemisphere, as
well as radiation from the EDz mode in the horizontal (in-plane) direction. Simi-
lar trends are also seen in the experiments represented in Figure 3.7d,e, where we
find a strong horizontal (in-plane) directionality for b = 42 nm, and an additional
radiation component into the upper hemisphere for excitation at b = 76 nm. While
experiments and theory generally agree well, we also notice in comparing Figure
3.7c,e that the relative contribution of MD + EDz (horizontal directionality) and
MD + EDx (vertical directionality) to the overall directionality do not fully match.
The experimental data indicate that the contribution of the EDx mode is stronger
than suggested by the calculations. We attribute this deviation to the effect of the
substrate: the 15 nm thin Si3N4 substrate changes the induced electric field in the
nanosphere and thereby changes the relative electron-coupling strength to the EDz

and the EDx mode. Hence, the angular emission pattern can deviate, as also shown
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Figure 3.7: Measured and calculated effect of the impact parameter b on the directionality of the CL
emission towards the upper hemisphere from a Si nanosphere with r = 85 nm excited with a 30 keV
electron. (a) CL excitation probability between electron and EDz (blue), EDx (orange), and MD (green)
versus b; the grey background shows the inside and the outside of the particle. The inset shows the
magnified y-axis for low CL intensity modes. Calculated (b,c) and measured (d,e) far-field radiation
intensities in the positive z-direction (where the electron comes from), for excitation at (b,d) b = 42 nm,
and (c,e) b = 76 nm. The experimental data is obtained with a λ= (600±25) nm bandpass filter, and the
theoretical calculation is done at λ= 585 nm.
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in Figure 3.7e in comparison to 3.7c.

3.4. Conclusion
In conclusion, we experimentally and theoretically studied the effect of the e-beam
energy and impact parameter on the cathodoluminescence (CL) emission of crys-
talline Si nanospheres. In the experiments, we spectrally identified electric and
magnetic dipolar and quadrupolar Mie resonances in the Si nanospheres upon e-
beam excitation, in good agreement with theory. Two-dimensional spectral CL ex-
citation maps show the modal excitation profiles at high spatial resolution, limited
only by the e-beam spot size and small beam straggle. The spectral and spatial dis-
tributions are in good agreement with a model in which the electron resonantly
couples to specific modal field distributions with characteristic spatial frequencies
that are determined by the electron velocity and resonance wavelength. The acces-
sible electron energies in the SEM offer a wide range of velocities and thus probe a
wide span of spatial frequencies, enabling the studies presented here. We use the
selective modal excitation mechanism to control the directionality of the CL emis-
sion. Both electron energy and impact parameter are used to selectively excite res-
onant modes that interfere in the far field to create well-defined angular beaming.
The insights in this paper can inspire novel designs of lasers, light-emitting diodes,
sensors, and photovoltaics, utilizing the coupling of nanosized optical emitters to
resonant nanostructures. The resonant nanostructures can function as effective
antennas by directing light generated at the nanoscale to the far field. With the res-
onant electron-mode coupling mechanism solidly confirmed in these experiments,
it becomes possible to design this coupling for a wide range of electron-light-matter
interactions, in further advanced CL spectroscopy, EELS, and PINEM.

3.5. Appendix
3.5.1. Analytical models
In our initial electron-to-mode coupling model, the CL emission is taken propor-
tional to the energy lost by the electron as it passes through the electric field of a
specific single mode. The CL emission is given by Eq. 3.1. This method, valid in
the non-recoil approximation and when considering the modes individually, en-
ables the study of electron coupling to single modes. We calculate the induced
electric field for a single mode using Mie theory. By using vector spherical harmon-
ics, we calculate the induced electric fields for different modes, excited by a plane
wave[117]. While this model presents an intuitive way to determine the coupling to
different modes, it does not consider how these modes couple with each other.

For the full solution, we use a Mie-based solution of the CL emission probability[119].
It enables us to consider multiple modes at the same time, which is crucial for the
spectral and directionality study. The model gives the expansion of the electric (E)
and magnetic (H) fields induced by an electron crossing a sphere in vector spherical
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harmonics:

EII(r,ω) =
∞∑

l=1

+l∑
m=−l

{
bII

l mh+
l (k0r )Xl m(θ,φ)+ i

k0
aII

l m∇×h+
l (k0r )Xlm(θ,φ)

}
, (3.3)

HII(r,ω) = 1

Z0
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{
aII

lmh+
l (k0r )Xlm(θ,φ)− i

k0
bII

lm∇×h+
l (k0r )Xl m(θ,φ)

}
,

(3.4)
Here bII

l m and aII
l m are the expansion coefficients of the scattered field for mode l > 0

and orientation (−l ≤ m ≤ l ) with the analytic formulas from Ref.[119], Xlm are the
vector spherical harmonics, and h+

l the spherical Hankel function of the first kind.

The CL emission radiated at a point r = (R,θ,φ) in spherical coordinates is propor-
tional to the Poynting vector:

ΓCL(ω,r) ∝ R2

πħωRe
{

EII(r,ω)×HII∗(r,ω)
} · r̂ , (3.5)

and the total CL spectrum after integration over the top hemisphere is given by

ΓCL(ω) = 1

πħωZ0k2
0

∞∑
l=1

+l∑
m=−l

(|bII
lm |2 +|aII

lm |2) , (3.6)

with Z0 the impedance in free space (
√
µ0/ϵ0). By selecting the modes of interest

(l ,m), either magnetic or electric in Eq. 3.3, 3.4 and 3.6, we isolate the contribution
of each multipole to the CL radiation.

3.5.2. Monte-Carlo simulations
The electron energies used in this chapter are from 15 to 30 keV, and we find good
correspondence between the calculated and measured CL maps (as shown in Fig-
ure 3.3 and 3.4). If we use less energetic electrons, below 15 keV, the inelastic scat-
tering of the e-beam will start playing a role. Figure 3.8 shows the Monte-Carlo[99]
simulations of (a) a 15 keV and (b) a 30 keV e-beam traversing a 200 nm Si slab, with
the edge of a 100 nm radius Si particle shown as reference. We clearly observe the
increase in inelastic scattering for low-energy electrons, resulting in a mismatch be-
tween simulations and calculations. Therefore, we only use electrons with a higher
energy than 15 keV in this chapter.
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(a) (b)15 keV 30 keV

Figure 3.8: Monte-Carlo statistics of the penetration depth (zmax) of (a) 15 keV, and (b) 30 keV electrons
penetrating a planar Si surface. The insets show the dispersion of electron trajectories during propaga-
tion through the Si. Contours of a Si particle with a radius of 100 nm are shown as a guide to the eye.

3.5.3. CL spectra for on-particle and off-particle excitation
The measured and calculated CL spectra corresponding to section 3.3.2 are shown
in Figure 3.9 for (a,c) at center excitation and for (b,d) using an impact parame-
ter of 86 nm. Especially when exciting in the center we see a strong modulation
of the spectra with electron energy. This represents the phase-matching condition
discussed in this chapter. It is visible in the calculated spectrum for on-center ex-
citation (Figure 3.9c) when we focus on the minimum between the ED and the MD
mode, found at 650 nm wavelength for 30 keV. For lower electron energies, this
minimum shifts to longer wavelengths, in accordance with the phase-matching
condition discussed in this chapter.

3.5.4. Electron-energy dependent CL emission
Figure 3.10 shows the line profiles of the CL emission along the center of the
nanosphere. The data are shown for a 15-30 keV e-beam exciting the same Si nanosphere
(r =93 nm) as shown in Figures 3.3 and 3.4, with the impact parameter varying from
−100 nm to 100 nm. The experimental data (Figure 3.10a) clearly shows the differ-
ent profiles for specific modes: while the magnetic modes show a high intensity
at the edge of the particle (b ∼75 nm) independent of electron energy, the electric
modes show an electron energy dependent intensity. Especially in the minimum
this is very clear: at 30 keV electron energy, the minimum appears in the center of
the particle, around b =30 nm, and this minimum moves more towards the edge for
slower electrons. This is due to the phase-matching condition. The rule of thumb
for an electric dipole mode follows that the maxima of CL emission are found at
q ∼ (2n+1)π/D , and the minima at q ∼ 2πn/D . In this case this follows the minima
nicely; in Figure 3.10b the rule of thumb for the second order CL minima (q ∼ 4π/D
) is overlaid with the line profile in dashed white and it follows the minima perfectly.
Effectively, electron-energy dependent CL measurements allow for the determina-
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(a) (b)

(c) (d)

Figure 3.9: (a, b) Measured and (c, d) calculated CL spectra for a Si nanosphere with a radius of 96 nm,
excited by a 15, 20, 25, and 30 keV e-beam with (a, c) center-excitation and (b, d) at b = 86 nm.

tion of the thickness of the particle at different impact parameters. This is less clear
for the MD, MQ, and EQ mode, due to their less distinctive electric near-field dis-
tribution: unlike the other modes, the ED has high Ez components at the surface of
the nanosphere (as visible in Figure 3.1b).



3.5. Appendix

3

45

Figure 3.10: (a-d) Calculated and (e-h) measured CL line profiles along the particle’s center. The line
profiles are shown for a 15-30 keV e-beam exciting the same Si nanosphere (r = 96 nm) as shown in
Figures 3.3 and 3.4, with the impact parameter varying from −100 nm to 100 nm. The theoretical CL
maps are calculated for wavelengths of (a) 745 nm, (b) 595 nm, (c) 557 nm, and (d) 450 nm. Experimental
data are averaged over a spectral bandwidth of 4 nm, with a center wavelength of (e) 744 nm (MD), (f)
605 nm (ED), (g) 563 nm (MQ), and (h) 487 nm (EQ). The white dashed line shows the rule-of-thumb for
the expected minima of the phase-matching condition for the ED, q ∼ 2nπ/D∗, for n = 2 and with D∗
the height of the particle at a certain impact parameter (for a spherical particle with radius R, the height

at a certain impact parameter is given by D∗ = 2
√

R2 −b2).
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3.5.5. Experimental setup and methods
CL measurements

The measurements were performed in a FEI Helios 600 SEM (ThermoFisher Scien-
tific, Inc.) equipped with a half-parabolic mirror and spectral and angle-resolved
CL was acquired using a SPARC system (Delmic B.V.). The CL maps were acquired
with a pixel size of 14 nm and an exposure time of 1 s. All spectra and maps were
taken from the same nanosphere, and the CL background from the supporting
Si3N4 membrane was subtracted. The system response was calibrated using tran-
sition radiation from a single crystalline Al sample as described in Ref. [107], and
this calibration was applied to all experimental CL data.

Directional emission studies were performed on a smaller Si nanosphere of ra-
dius 85 nm. For the angle-resolved CL emission measurements, the grating was
removed from the optical path, and the reflected light from the mirror was directed
onto a 2D CCD camera for Fourier imaging. Bandpass filters of 50 nm bandwidth
and 5 s exposure were used. The e-beam current was 1.4 nA in both spectral and
angle-resolved CL measurements.

Sample fabrication

The Si nanospheres were fabricated by crushing SiO lumps to powder and anneal-
ing in N2 atmosphere. The powder was etched in hydrofluoric acid (HF) to remove
the SiO2 matrices. The freestanding Si nanospheres were transferred to methanol,
ultrasonicated, and filtered to obtain particle sizes around 100 nm radius[120]. We
drop-casted 5 µL from the suspension onto a 15 nm thin Si3N4 TEM support film
(PELCO®) and dried it. Post-processing of the SE images yielded particle radii of
96 nm and 85 nm for spectral and angle-resolved CL analysis, respectively.
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Cathodoluminescence

interferometry

Now that we have established how the electron couples to optical near fields, we ex-
tend our study to the sequential excitation of multiple particles. We demonstrate
angle-resolved cathodoluminescence (CL) interferometry from electron-beam-excited
plasmonic and dielectric nanostructures placed above a Au-coated substrate. We use
20-30 keV electrons to coherently excite plasmon-mediated radiation, which inter-
feres with its mirror image, providing a method to determine the particle-substrate
spacing. In an aloof excitation geometry, transition radiation emitted from the Au
substrate adds to the interferogram and provides a means to probe the electron trav-
eling time. To study different contributions of the interferogram, we use Fourier
transforms and find characteristic peaks corresponding to the time delay of between
the interfering sources. The measured CL interferograms are in excellent agreement
with a scattering and interferometry model in which a single electron coherently
launches plasmons at two separate locations. Polarization-resolved CL measure-
ments confirm the interferometric scattering model. Electron-excited Si Mie scatter-
ers show interferograms modulated with resonantly enhanced emission. To further
study the time-characteristics of the interference patterns, we compare three parti-
cles with a different resonant behavior. The widths of the peaks in the time domain
correspond to the quality factor of the excited resonance, effectively we are probing
the decay time of the resonant particle. CL interferometry enables accurate measure-
ment of critical distances in nanoscale geometries, in particular along the electron-
beam direction, which are not easily accessible in electron microscopy, while offering
a platform for studying optical interference in complex geometries.

47
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4.1. Introduction
Optical interference is a powerful concept that provides key insights in the proper-
ties of light by probing the way differences in phase and amplitude of optical waves
vary in space and time. Precise measurements of this phenomenon allow for per-
forming high-precision metrology. With the growing importance of optical meta-
materials and nanoscale metastructures, the use of optical metrology is becoming
increasingly relevant to probe features at the nanoscale[125, 126]. For example, the
integration of optical metamaterials can help improve the performance of photo-
voltaics and photo-catalysts[5, 9, 14], provided their geometries are precisely con-
trolled. Likewise, optical metasurfaces can serve as flat optical components, with
their precise functionality determined by precision in manufacturing[127], while
plasmonic antennas that control the directionality of emission in lasers and light-
emitting diodes must be accurately shaped and positioned to operate efficiently[18].
Developing methods to probe the structure and dimensions of nanoscale objects is
therefore of great relevance.

In this context, scanning electron microscopy (SEM) is often used to image two-
and three-dimensional structured surfaces. SEM collects secondary electrons cre-
ated by an electron-beam (e-beam) that is raster-scanned over the surface. Con-
ventional SEM typically provides two-dimensional surface information, but several
methods have been developed to extract additional insight into the third dimen-
sion. One approach is to vary the sample inclination or use beam tilting in TEM
tomography, enabling full 3D reconstruction of nanostructures[128]. This method
can yield complete tomographic information but is limited to samples that are thin
enough for electron transmission, which often require specialized preparation. An-
other approach, exemplified by photometric methods, analyzes variations in sur-
face contrast detected at multiple positions relative to the sample[129]. Although
this technique can measure surface gradients with high precision, it cannot resolve
structures along the electron beam direction, making it unsuitable for stacked lay-
ers or situations where the absolute depth along the beam path is required. Fur-
thermore, deriving precise length information is challenging in SEM, as charging
and local beam deflection affect the recorded images. Finally, the use of optical
methods using, for example, laser excitation to probe nanoscale features in struc-
tural metasurfaces is limited by diffraction affecting the light intensity distribution
at the surface.

Here, we introduce cathodoluminescence (CL) interferometry as a method to de-
termine the distance between nanophotonic objects and a substrate using e-beam
excitation and collection of the angle-resolved emitted CL radiation. Previously,
the coherent excitation of surface plasmon polaritons on a Au surface has been
demonstrated[130] and polarized light emission has been achieved using a bullseye
structure[131], while a spirally structured surface creates optical vortex beams[132].
Additionally, electron-excited plasmonic Yagi-Uda nanoparticle antenna arrays
showed directional emission due to interference of different modes[107], and CL
holography was demonstrated to measure the phase of plasmon scattering by in-
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terference between transition radiation (TR) and radiation emitted from a single
plasmonic scatterer[78]. In all these scenarios, a single point of electron impact
led to the excitation of multiple radiation sources, which then interfere in the far
field. CL interference between multiple points of impact has been demonstrated in
Smith-Purcell radiation[133, 134] and interference was also observed between the
radiation from electron-excited surface-plasmon polaritons and exciton polaritons
in thin layers of WSe2 and h-BN[135, 136].

In this work, we study the interference of plasmonic scatterers that are separately
excited by a single electron at different moments in time. We collect the angle-
and wavelength-resolved CL in the far field[73, 107]. Our experiments take advan-
tage of the fact that the e-beam provides a controlled and highly localized source
of optical excitation to measure an area of interest. Far-field interference of radia-
tion originating from plasmon excitation provides a powerful means to determine
spatial distances with nanoscale precision because the difference between the ex-
citation times translates into a relative phase in the emission amplitudes as a func-
tion of emission frequency and angle. Due to different quality factors of optical
resonances, there is a variation in temporal width of the contributions of the inter-
ference, which is observed in the measurements. Furthermore, CL interferometry
can provide information on the coherence of plasmon radiation generated by high-
energy electrons.

4.2. Results
4.2.1. On-tip excitation
Figure 4.1a shows a schematic of our CL interferometry experiments and an SEM
image of a free-standing Pt nanopillar fabricated using electron-beam-induced de-
position (EBID) from a Pt-organometallic precursor. The nanopillar is grown in an
SEM at a 45◦ tilt angle on a Au-coated Si substrate and the entire sample is coated
with another 50 nm of sputtered Au (see section 4.4.9 for the fabrication procedure).
The e-beam (spot size ~5 nm) is placed on the top of the nanopillar. We then per-
form angle- and wavelength-resolved CL spectroscopy in an SEM equipped with
a parabolic mirror placed in between the sample and the electron column. The
mirror collects the emitted radiation, and, due to the focusing properties of its
parabolic shape, angular information is maintained. Using a vertical slit, we select
a narrow range of azimuthal angles (parallel to the length of the pillar) and project
these onto a spectrometer to simultaneously retrieve spectrally and angularly re-
solved data.

Figure 4.1b shows the wavelength and angle-resolved intensity measured over a
range from θ = 10° (sideways to the left in Figure 4.1a) to θ = 90° (corresponding to
the surface normal, upward direction). These data are acquired for an e-beam that
intersects the pillar at its center, such that it directly excites the tip and does not
continue beyond the structure. A clear far-field interference pattern is observed,
whose period in the spectral domain strongly depends on the emission angle. We
assign these features to the interference of two sources of radiation as represented
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Figure 4.1: Demonstration of CL interferometry. (a) Schematic representation of the experimental setup
and a top-view SEM image of the fabricated sample, with a red cross indicating the impact position of the
e-beam. 30 keV electrons excite the tip of a Au pillar, producing light emission, which is collected by the
parabolic mirror and directed towards the optical detection system. There are two possible light path-
ways (directly collected tip emission (blue) and collection of its reflection (red)). The pathlength differ-
ence depends on the emission angle (θ). (b) Experimentally measured angle- and wavelength-resolved
CL intensity. (c) Fourier transform of (b) to the time domain. (d) Calculated angle- and wavelength-
resolved CL spectra. (e) Fourier transform of (d) to the time domain. The white dashed lines in (c,e)
correspond to the time delay given by eq 4.1 for a pillar with ∆z = 5.37 µm.

in Figure 4.1a: a contribution from the plasmon scatterer directly to the detector (in
blue), and another one associated with the plasmon radiation from the same source
that is reflected at the metallic surface (in red). The time difference for emission be-
tween the two sources is

∆t (θ) = 2∆z sin(θ)

c
, (4.1)

where ∆z is the height of the pillar and c the speed of light. For small angles, we
observe a long spectral interference period, due to the small pathlength difference
between the two radiation sources. In contrast, at 90◦ (perpendicular to the sur-
face), the pathlength difference reaches a maximum (∆t = 2∆z/c) corresponding
to the shortest spectral interference period, all in agreement with the interference
model.

To analyze the data, we Fourier-transform the spectra at every emission angle to
go to the time domain. To match the experimental data, we fit the pillar height to
5.37µm (see section 4.4.4). The result is shown in Figure 4.1c, where the time delay
calculated from eq 4.1 as a function of angle is overlaid and represents the data very
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well. We then use this value to compute the angle- and wavelength-dependent CL
emission intensity by summing the calculated individual electric-field distributions
in the far field (see section 4.4.1 for the calculation), and the corresponding Fourier
transform (see Figures 4.1d,e, respectively). We approximate the tip of the nanopil-
lar as a large Au nanoparticle that supports a localized dipolar surface-plasmon
resonance at 600 nm wavelength (see section 4.4.2 for CL spectra of a free-standing
nanopillar). In the calculations, we use a Mie-based model[119] to obtain the CL
emission from a 150 nm diameter spherical Au particle excited by an electron at
50 nm from the center, using the dielectric function from ref [102].

Comparing the experimental results and the calculations, several interesting fea-
tures are observed. First, both theory and experiment show a broad resonance in
the spectral intensity around a wavelength of 600 nm with a linewidth of ~200 nm,
which we attribute to localized dipolar surface plasmons of Au at the tip. Further-
more, in both experiment and calculation, we observe a slight decrease in intensity
as the emission angle increases. We assign this to the effect of directional emission
from the tip: the electron mostly couples to the z-oriented dipole, which domi-
nantly radiates to lower emission angles.

4.2.2. Off-tip excitation
Next, we study the angle- and wavelength-resolved CL emission in a geometry where
the e-beam grazes the pillar at a distance of 5 ± 2.5 nm from the apex’s surface, al-
lowing the electron to excite TR as it reaches the Au substrate, after previously excit-
ing the pillar. Figure 4.2a shows the schematic and SEM image of the geometry with
the impact position indicated. The measured angular spectra for this configuration
and their Fourier transforms are shown in Figure 4.2b,c, respectively. Here, a much
more complex interference pattern is observed, especially at low emission angles.
This is even clearer in the Fourier-transformed image, where two new interference
branches show up at longer times, on either side of the ones found above in Figure
4.1c. The central branches are fitted with a pillar height of 5.34µm (see section 4.4.5
for the fitting procedure).

We assign the additional interference branches to far-field interference between TR
generated at the Au-coated substrate and the two sources that created the interfer-
ence in Figure 4.1: direct plasmon radiation from the tip and its reflection from the
Au-coated substrate. The expected time delay between radiation from the tip and
the TR (∆t+), and between reflected radiation from the tip and TR (∆t−), is given by

∆t±(θ) = ∆z

ve
± ∆z sin(θ)

c
, (4.2)

where the first term on the right-hand side is the time of flight of the electron mov-
ing with a velocity ve (∼ 0.33c at 30 keV). The expected time delay matches very well
the outer branches of the Fourier-transformed data (see the white dashed lines in
Figure 4.2c). The time delay derived by extrapolating the outer branches to an angle
of 0◦ is 55 fs, which corresponds to an electron velocity that matches that for 30 keV
electrons within 2 %. Finally, there is a small part of the TR emission that scatters
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Figure 4.2: Three-way CL emission interference from tip, image, and TR. (a) Schematic representation of
the experimental setup for off-tip excitation and an SEM image of the top view of the fabricated sample,
with a red cross indicating the impact parameter of the e-beam. The fast electron (30 keV) grazes the
tip of the free-standing Au pillar and later excites TR at the Au substrate. This results in CL emission
along three possible pathways: light that travels directly from the tip to the mirror (blue), its reflection
from the Au planar surface (red), and the TR emitted from the planar surface (green). (b) Experimentally
measured angle- and wavelength-resolved CL intensity. (c) Fourier transform of (b) to the time domain.
(d) Calculated angle- and wavelength-resolved CL intensity. (e) Fourier transform of (d). The white
dashed lines in the outer branches in (c,e) correspond to the time taken by a 30 keV electron to travel
from the tip to the substrate for a pillar with a height of 5.34µm calculated using eq 4.2.

from the shaft of the nanopillar, although this is not significant in these measure-
ments (see section 4.4.3).

We extend the model further and calculate the full interferogram by coherently
summing the electric fields emitted from the three sources in the far field. For the
TR, we use an analytical result (see section 4.4.1)[85]. In the calculations, we used a
pillar height fitted from the inner branches in Figure 4.2c (∆z = 5.34µm). The calcu-
lated interferogram (Figure 4.2d) mimics the measured data well, with the strongest
signal observed around the plasmon resonance. The angular distribution of the CL
emission from the plasmonic tip shows a more Lambertian behavior compared to
that in Figure 4.1. We assign this to a difference in the relative coupling strength
of the electron to the in-plane and out-of-plane electric dipoles. From the previ-
ous chapters where we study the electron-coupling to resonant modes, we know
that, by exciting close the center of a particle (Figure 4.1), the out-of-plane dipole
is dominant, creating an angular emission profile that is maximum at smaller θ,
while for electron grazing next to the particle (Figure 4.2), both the in-plane and
out-of-plane dipole components are excited[116, 137]. The latter then creates a
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Figure 4.3: The role of electron velocity. (a) Measured angle- and wavelength-resolved CL intensity and
(b) its Fourier transform to the time domain for every emission angle. The white dashed lines in (b)
correspond to the time delays for the interfering radiation contributions for a 20 keV electron grazing
the pillar at a height of 5.81µm.

more Lambertian-like emission profile. Furthermore, in both experiments and cal-
culations in Figure 4.2, the interference contribution from the TR vanishes at high
emission angles, in agreement with the fact that TR has no upward radiation com-
ponent. The validity of the multiple-interference model is further supported by the
strong similarity between the measured and calculated Fourier transforms shown
in Figure 4.2c,e, respectively.

4.2.3. Electron-energy dependence
To further evaluate the model, we conduct experiments at an electron energy of
20 keV. The corresponding spectral interferogram and its Fourier transform are
shown in Figure 4.3a,b, respectively. The central branches in the Fourier trans-
form are similar to those for 30 keV electrons, as they correspond to the time de-
lay between the direct and reflected components of the tip radiation, which is in-
dependent of the electron velocity. By fitting the Fourier data, we determine the
height of this pillar to be 5.81µm. At the same time, Figure 4.3b reveals that the
outer branches, which correspond to TR components, show up at a larger time de-
lay compared to Figure 4.2c. The extrapolated time delay at an angle of 0◦ is 71 fs,
which corresponds to the electron velocity at 20 keV (ve /c ≈ 0.27) within 0.3 %.

4.2.4. Polarization resolved spectroscopy
The data in figs. 4.1 to 4.3 clearly show the power of CL interferometry to measure
characteristic length scales in the sample geometry as well as time delays in scatter-
ing events due to the electron traveling time. A so far unexplored degree of freedom
is the polarization of the emitted light on the interferograms. As the TR component
is p-polarized in the scattering plane defined in Figure 4.1a, it will only interfere
with p-polarized emission from the plasmonic tip. To further investigate this effect,
we perform polarization-, angle-, and wavelength-resolved CL measurements[138],
with the e-beam grazing the pillar at a distance of 5 ± 2.5 nm. Figure 4.4a,b shows
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Figure 4.4: Light polarization analysis. Experimentally measured angle- and wavelength-resolved CL in-
tensity for off-tip excitation for (a) s-polarized and (b) p-polarized light emission using 30 keV electrons.

the interferograms taken for s- and p-polarized light, respectively. For s-polarized
detection, both contributions (pillar interfering with its mirror image and pillar
interference with TR) are strongly reduced compared to the interferogram for p-
polarized light emission in Figure 4.4. This is in accordance with the fact that TR
emission is fully p-polarized and the tip emission is mostly p-polarized.

4.2.5. Interferometry with Si nanoparticles
To further test and exploit the capabilities of the CL interferometry method, we ap-
ply it to scattering from dielectric Mie resonators. We use crystalline Si nanospheres[120]
with a diameter of 190 nm, which we place at a controlled distance above a Au-
coated Si substrate. Si nanospheres support multiple spectrally narrow Mie res-
onances with characteristic angular emission patterns. Earlier work has explored
the selective coupling between the e-beam and specific Mie modes and how that
depends on the impact parameter and electron energy[114]. Selective excitation of
Mie modes allows for tuning the angle-resolved CL emission profile by leveraging
changes in constructive and destructive interference produced by these modes in
the far field.

The sample geometry comprises a 10µm diameter W wire coated with crystalline Si
nanospheres. This structure is deposited on a Au-coated Si substrate. A schematic
and an SEM image of the W wire with a number of Si nanospheres attached, is
shown in Figure 4.5a. The distance from a Mie sphere at the edge of the W wire and
the substrate is expected to be around 5µm due to the curvature of the W wire, al-
lowing measurements in a geometry similar to that above for plasmonic scatterers.

Figure 4.5 shows angle- and wavelength-resolved CL interferometry data for
p-polarized emission for (b) on-particle and (d) off-particle excitation, correspond-
ing to the blue and red dots in the inset of Figure 4.5a, respectively. For both con-
figurations, we observe a clear angle dependence of the interference spectra. For
on-particle excitation (Figure 4.5b), we see a similar interferogram as for the plas-
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Figure 4.5: CL interferometry for a Si nanosphere. (a) Schematic representation and SEM image of the
experimental configuration. An elevated Si particle is excited by the e-beam. For off-particle excitation,
the e-beam grazes the Si particle and subsequently excites TR at the Au surface. (b,d) Experimentally
measured angle- and wavelength-resolved CL intensity for p-polarized CL emission for (b) on-particle
excitation (corresponding to the blue dot in (a)) and (d) off-particle excitation (red dot in (a)). (c,e)
Fourier transform of (b) and (d) to the time domain.

monic tips: slow spectral oscillations at low emission angles and faster oscillations
toward higher angles. However, in contrast to the earlier data, the intensity of the
interferences is strongly modulated by the strong resonant nature of Mie scattering
in the dielectric particles. We observe a strong magnetic dipole component around
a wavelength of 700 nm that emits mostly toward low angles and a quadrupolar
mode at 500 nm that emits over the entire angular range (except low angles). This
matches well with the angular emission trends found in earlier work[114, 137]. For
off-particle excitation, we observe an additional interference contribution due to
the emission of TR at lower emission angles, as was also observed for the plasmonic
nanotip.

To reconstruct the height of this specific nanoparticle, we take the Fourier trans-
form of the angle- and wavelength-resolved spectra. This is shown in Figure 4.5c,e
for on-particle and off-particle configurations, respectively. The resulting distance
retrieved between the particle and the substrate is 9.18µm. In the Fourier-
transformed data, we observe the same behavior as we found in the examples using
a Au nanopillar: if the electron impacts the particle in the center, only the central
branches are obtained; in contrast, for off-particle excitation, outer branches are
present, indicating that TR is excited and interferes with the emission from the par-
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ticle. Yet, there are notable differences compared to the plasmonic nanotip.

First of all, the central branch deviates from the expected sinusoidal behavior, par-
ticularly at low emission angles. Instead, it shows a plateau with a nearly constant
time delay up to approximately 20◦, beyond which the delay begins to increase.
This is a result of the parabolic shape of the mirror: at low emission angles, there is
a large effect of the particle being out of focus, especially for these large distances;
as the particle (and thus also its reflection) is not in the focal position of the mirror
anymore, light does not come out in parallel directions, and this creates distortions
in the interferogram. This behavior aligns well with the numerical predictions (see
section 4.4.6). Therefore, we use the time delay at high emission angles to recon-
struct the height of this particle. At 85◦, the time delay of the center branch is 61 fs,
which corresponds to a particle height of 9.18µm. Secondly, the temporal width
of the branches is significantly broader: several femtoseconds rather than the ∼2 fs
width that was previously observed. This broadening reflects the resonant response
of the Si nanoparticle, which supports various Mie modes (MD, ED, MQ, EQ). Each
resonance has a distinct quality factor, leading to different lifetimes and, thus, tem-
poral broadening in the Fourier domain.

4.2.6. Time characteristics of resonant nanoparticle excitation
To further study how CL interferometry reveals information about the temporal
characteristics of resonant CL exitation, we compare three samples with a different
resonant optical response; the plasmonic tip with a broad resonance, a Si nanosphere
with multiple Mie resonances within the measured spectral range, and a Au nanos-
tars of which a tip supports a resonance at 700 nm with a large quality factor (see
section 4.4.7 for the spectrum of the Au nanostar). For all cases, the e-beam is
placed onto the material, making sure that there is only a single source of excita-
tion in the system, and we observe only the interference between the direct particle
emission and its reflection.

We take the Fourier transform to study the behavior in the time domain and com-
pare the three samples at two emission angles. Figure 4.6 shows the Fourier trans-
form of the experimental data (solid) of (a) the plasmonic tip, (b) the tip of a Au
nanostar, and (c) the Si nanosphere. The height of the nanoparticles above the sub-
strate is 5.37µm, 6.6µm, and 9.18µm, for the plasmonic tip, the Au nanostar and
the Si nanosphere, respectively. Due to the differences in pathlength, the location
of the temporal peaks shifts to longer time delays for larger distances. Comparing
the widths of the peaks, we see clear differences, with the sharpest peak for the plas-
monic tip, and a very broad time distribution for the Si nanosphere.

We fit the spectra to three Lorentzian peaks (dashed), according to eq 4.13. The fit-
ting parameters are shown in Table 4.1. For the plasmonic tip we find a very narrow
peak, with a full-width-at-half-maximum (FWHM) of 2.5 fs. This matches with the
broad spectral emission from the tip resulting in the fast decay time of a TR-like
emission of only a few optical cycles. In contrast, for the Au nanostar, the tempo-
ral width is much larger, of 6.5 fs, corresponding to the sharp resonance at 700 nm.



4.3. Conclusion

4

57

Figure 4.6: Comparison of the temporal width in CL interferograms for several nanostructures. We show
the Fourier transform of experimental data (solid) and fitted Lorentzian spectra (dashed) at two CL emis-
sion angles, 40◦ (orange) and 80◦ (purple). Three samples are compared: (a) plasmonic tip (experimen-
tal data from Figure 4.1), (b) Au nanostar, and (c) Si nanosphere (experimental data from Figure 4.5).
The SEM images of the particles are shown in the insets.

Finally, for the Si nanosphere, that supports multiple resonances in the spectral do-
main, we observe even broader peaks. For CL emission at an emission angle of 80◦
the fitted width is 11.6 fs, indicating the higher quality factor associated with the
Mie resonances in the Si particle. The small differences in decay times observed for
the two angles, are within the temporal resolution of the measurements. Variation
in coupling of near fields to the environment and varying angular distributions for
specific modes, could cause a difference in decay time for different emission angles.
Interestingly, we discern oscillations within the individual peaks, which we assign
to interference of multiple coherently excited resonances (see section 4.4.8 for an
analytical description).

4.3. Conclusion
In summary, we have demonstrated angle-resolved CL interferometry from reso-
nant plasmonic scatterers in a geometry where a single electron coherently excites
multiple plasmons. Free-standing plasmonic nanotips show interference between
the tip emission with their mirror image, and in an excitation geometry where the
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Table 4.1: Fitting parameters of the data from Figure 4.6 to multiple Lorentzian peaks.

Fitting Parameter Emission angle Au tip Au nanostar Si particle
Width (γi ) 40◦ 2.0 fs 6.7 fs -

80◦ 2.9 fs 6.3 fs 11.6 fs
Visibility (Ai /A0) 40◦ 14 % 8 % -

80◦ 11 % 14 % 8 %

electron is not intersected by the tip, TR from the substrate adds to the interference.
The interferograms are in excellent correspondence with a coherent interference
model that allows for the determination of the distance between the scatterers as
well as the electron traveling time (and hence, the velocity). This method can be
further expanded to a wider range of geometries. Polarization-resolved CL mea-
surements further corroborate the validity of the interferometric scattering model.
Replacing the nanotip by Si Mie scatterers, more complex interferograms are ob-
served, modulated by the resonantly enhanced emission from the particles and re-
sulting in a broadening of the peaks in the Fourier domain. We study the relation
between the temporal width in the Fourier domain and the linewidth of the reso-
nance by comparing CL interferometry from three samples with a different optical
response; broadband emission from a Au tip, sharp plasmon resonance in the tip
of a Au nanostar, and multipolar Mie resonances in a Si nanosphere. The different
temporal widths of the peaks in the Fourier domain represent the expected trends
in the decay time of the excited resonances. We observe a beating pattern in the
temporal distributions due to interference of overlapping resonances.

The CL interferometry presented here opens new applications in the characteriza-
tion of 3D nanostructures, in particular in the z-direction, normal to the sample’s
substrate, which is not easily accessible in an SEM. The visibility of the observed
interference fringes agrees well with the coherent summation of the radiation in-
tensities from the individually excited sources. This implies that the dephasing of
a tip plasmon in the time between its excitation and the generation of TR does not
affect the interference, as expected from the nature of free-electron-driven excita-
tions (i.e., they are independent of the electron’s temporal extension)[59]. Our ex-
periments also inspire further studies to use the interference technique to separate
coherent and incoherent contributions to CL emission, as the visibility of the inter-
ference fringes depends on the mutual coherence of the different sources involved.
For example, the ratio between coherent and incoherent emission from a substrate
(e.g., polaritonic vs inelastic emission) directly impacts the visibility of the interfer-
ence fringes when the electron passes near a reference similar to the tip or Si sphere
used in this work. Future work could extend the present analysis to semiconduc-
tor substrates, where incoherent CL becomes comparatively sizable (unlike the Au
substrates used in the present study).



4.4. Appendix

4

59

4.4. Appendix
4.4.1. Analytical model for far-field interferograms
The total electric field (Etot) is given by the coherent sum of the field from three
sources: TR generated by the electron exciting the Au-coated substrate (ETR), direct
plasmon radiation from the tip (Etip), and its reflection from the Au-coated sub-
strate (Etip,r):

Etot(r,ω) = ETR(r,ω)e iφ0 +Etip(r− r’,ω)+Etip,r(r+ r’,ω), (4.3)

where

φ0 = 2πc

λ
T OF, (4.4)

is a phase term to take into account the time-of-flight (TOF) of the electron to travel
from the tip to the surface (i.e., T OF =∆z/ve , corresponding to a distance ∆z and
a velocity ve ). For the grazing excitation geometry, we model the radiation pro-
duced by the plasmonic nanotip as that of a Au nanoparticle with a radius of 75 nm,
and both in-plane and out-of-plane electric dipole contributions are obtained us-
ing the analytical Mie theory-based model of electron-induced dipole excitation
from Stamatopoulou et al.[119] for an electron impact parameter of 85 nm mea-
sured from the center of the particle. Light reflection at the Au surface is modeled
using standard Fresnel reflection coefficients[1]. The electric far field of the TR is
calculated for an electron normally impinging a homogeneous planar surface as
[85]

ETR(r,ω) = i k0 cosθDµ1
exp i k0r

r
θ̂, (4.5)

where k0 is the vacuum wavenumber (k0 = 2π/λ) and D is given by

D = 2i eq||/c

qz1ϵ2 +qz2ϵ1
, (4.6)

with ϵ1,2 being the relative permittivity and qz1 and qz2 the perpendicular wave
vector components in vacuum and Au, respectively. Here, q|| is the in-plane wave
vector of light in vacuum, and µ1 given by

µ1 = 1

|v |
(
ωϵ2 + vqz2ϵ1

q2 −k2ϵ1
− ωϵ1 + vqz1ϵ2

q2 −k2ϵ2

)
. (4.7)

The angle- and frequency-dependent CL emission intensity (in units of number of
photons per electron per photon-energy bandwidth per srad) is then given by

CLtot(θ,r) = c

4π2ħω |Etot |2r 2 sinθ. (4.8)

The calculated CL interferogram and its Fourier transform (from frequency to time)
for each emission angle are shown in Figure 4.2e,f. We approximate our plasmonic
nanotip as a Au nanosphere with a radius of 75 nm that only supports an electric
dipole at the wavelength range under consideration. For the on-tip excitation, we
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use an impact parameter of 10 nm, relative to the particle center. For the off-tip ex-
citation, an impact parameter of 85 nm is used. We incorporate optical constants
from Olmon et al.[102] for Au.

To model the electron-induced radiation spectra from plasmonic and dielectric
Mie particles, we use an analytical model from Stamatopoulou et al.[119] (also de-
veloped independently by Matsukata et al.[114]). The electric field at a frequency
ω= 2πc/λ and position r = (r,θ,φ) is given by

Etip(r,ω) ≈
1∑

m=−1

i

k0
a1m∇×h(+)

1 (k0r)X1m(θ,φ), (4.9)

for the contribution of components with dipolar, transverse-electric (TE) symme-
try. Here, a1m are the corresponding expansion coefficients, which depend on par-
ticle radius, electron velocity (ve ), and impact parameter (b). Furthermore, h+

1 (s) =
(1/s − i )e i s /s is a spherical Hankel function of the first kind, k0 is the free space
wavenumber (k0 = 2π/λ), and X1m(θ,φ) are the spherical harmonics defined as

X1m(θ,φ) = 1p
2

LY1m(θ,φ), (4.10)

where Y1m(θ,φ) are spherical harmonics and L =−i r×∇ is the angular momentum
operator.

4.4.2. CL spectrum of a free-standing nanopillar
To support the interpretation of the CL interferometry measurements presented in
the main text, we investigate the CL emission characteristics of the free-standing
nanopillar tip. Figure 4.7 shows CL spectra for the free-standing tip of a nanopillar.
In particular, Figure 4.7a shows the CL map at a wavelength of 600 nm and a band-
width of 20 nm, clearly revealing an enhanced emission at the tip. Figure S4.7b
shows the CL spectrum at two impact parameters: at the tip (blue) and at the shaft
(purple). The enhanced emission from the tip compared to the shaft corroborates
the assumption used in the main text that we excite a localized surface plasmon
resonance. In theory, we approximate this tip as a nanoparticle with a radius of
75 nm.

4.4.3. Spectral and angular dependence of TR emission next to a nanopil-
lar

As a check that we can assign for all the different interfering contributions in this
chapter, we measure TR emitted from 100 nm next to the tip. Figure 4.8 shows the
normalized wavelength and angle distribution of TR emission from a Au surface
for an electron passing 100 nm away from a nanopillar, indicated by the red dot in
Figure 4.8a. In Figure 4.8b, we find the absence of interference, indicating that light
scattering from the shaft is not significant.
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Figure 4.7: CL spectrum of a free-standing nanopillar. (a) CL emission map of the nanopillar at a wave-
length of 600 nm with a bandwidth of 20 nm. (b) CL spectra for two impact parameters: at the tip (blue)
and at the shaft (purple), corresponding to the crosses in (a).

4.4.4. Fitting procedure for on-pillar excitation
To reconstruct the characteristic dimensions of our geometry, we analyze the in-
terferogram normalized to the spectral response corresponding to Figure 4.9a. We
take the discrete inverse Fourier transform according to

xk = 1

N

N∑
n=1

Xne
2iπkn

N . (4.11)

The Fourier transform in Figure 4.9b shows clear branches corresponding to the
emission of the tip interfering with its reflection at the substrate. The angle-dependent
time delay of the branch follows the relation

∆t (θ) = 2∆z sinθ/c. (4.12)

To recover the height (∆z) from the Fourier transform, we fit the image to three
Lorentzian peaks: one at t = 0 and the other two at t =±∆t , as given by

y(t ,θ) = A0(θ)γ2
0

γ2
0 + t 2

+ A1(θ)γ2
1

γ2
1 + (t −∆t )2

+ A1(θ)γ2
1

γ2
1 + (t +∆t )2

, (4.13)

with γ0 and γ1 the temporal widths of the Lorentzian peaks, treated as global pa-
rameters, and A0(θ) and A1(θ) the angle-dependent amplitude of the interference.
The resulting fit is shown in Figure 4.9d, producing ∆z = 5.370µm, γ0 = 0.7fs, and
γ1 = 1.94fs.



4

62 4. Cathodoluminescence interferometry

Figure 4.8: Spectral and angular dependence of TR emission excited 100 nm away from the nanopillar.
(a) Top-view SEM image of the nanopillar, with the red dot indicating the excitation spot of the electron.
(b) Corresponding spectral and angular dependence of CL emission.

The residuals (data minus fitted data) are shown in Figure 4.9c, and we see that the
fit is rather accurate, with some characteristic features observed. First, the horizon-
tal red lines correspond to artifacts that occur when the Fourier transform of a finite
spectral domain is taken. Furthermore, around the branches, the residuals are a few
percent, either positive or negative. This is due to the limited temporal resolution
of 2.3 fs. If we examine line traces at specific angles in Figure 4.9e, corresponding
to emission angles of 20◦, 50◦, and 80◦ in blue, orange, and green, respectively, we
observe that the fit nicely captures the data. Finally, from the fitted amplitudes, we
can extract the angle-dependent visibility (ν(θ)) of the fringes as

ν(θ) = A1(θ)

A0(θ)
, (4.14)

shown in Figure 4.9f, and we find a visibility of around 15 %.

4.4.5. Fitting procedure for off-pillar excitation
To reconstruct the characteristic dimensions of our geometry, we analyze the inter-
ferogram normalized to the spectral response shown in Figure 4.10a. The Fourier
transform in Figure 4.10b shows clear branches corresponding to: (1) the emission
of the tip interfering with its reflection at the substrate (inner branch), (2) the in-
terference between the reflection of the tip and TR (middle branch), and (3) the
interference between the tip and TR (outer branch).

The angle-dependent time delay of the outer branches follows the relation

∆t±(θ) = ∆z

ve
± ∆z sin(θ)

c
, (4.15)

with ve the electron velocity and ∆z the vertical separation between the sources.
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Figure 4.9: Fitting procedure for the on-tip excitation. (a) Spectrally normalized measured interferogram
and (b) its Fourier transform, (d) the fit of (b) to three Lorentzian peaks as given by eq 4.13, and (c) the
residuals of the data minus the fit. Panel (e) shows line traces of the experimental data (b) and the fit (d)
as solid and dashed curves, respectively, for three specific emission angles: 20◦ (blue), 50◦ (orange), and
80◦ (green). Panel (f) shows the angle-dependent visibility of the interference given by eq 4.14.
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To recover the height ∆z from the Fourier transform, we fit the time-domain re-
sponse to a sum of seven Lorentzian peaks: one centered at t = 0 and three sym-
metric pairs at time delays ±∆t , ±∆t+, and ±∆t−:

y(t ,θ) = A0(θ)γ2
0

γ2
0 + t 2

+ A1(θ)γ2
1

γ2
1 + (t −∆t )2

+ A1(θ)γ2
1

γ2
1 + (t +∆t )2

+ A2(θ)γ2
2

γ2
2 + (t −∆t+)2

+ A2(θ)γ2
2

γ2
2 + (t +∆t+)2

+ A3(θ)γ2
3

γ2
3 + (t −∆t−)2

+ A3(θ)γ2
3

γ2
3 + (t +∆t−)2

.

(4.16)

Here, γ0, γ1, γ2, and γ3 represent the temporal widths of the Lorentzian peaks, and
A0(θ) through A3(θ) are the angle-dependent amplitudes.

The resulting fit is shown in Figure 4.10d, from which we retrieve a slightly smaller
height than previously reported: ∆z = 5.340µm. The corresponding fit parameters
are summarized in Table 4.2.

Table 4.2: Resulting fit parameters from Figure 4.10d, including the width and visibility of the different
interference components contributing to the interferogram in Figure 4.10a.

Fitting Parameter Center Tip with Reflection Reflection with TR Tip with TR
Width (γi ) [fs] 0.70 1.95 1.48 1.65
Visibility (Ai /A0) n/a 10–15% 20–10% 20–5%

The residuals (data minus fit) are shown in Figure 4.10c. Line traces at specific
emission angles (20◦, 50◦, and 80◦ shown in blue, orange, and green, respectively)
are plotted in Figure 4.10e, showing that the fit accurately captures the experimen-
tal features. Finally, Figure 4.10f compares the angle-dependent visibility of the dif-
ferent components: the tip with its reflection (purple), the reflection with TR (red),
and the tip with TR (pink). At large emission angles (70◦), the peaks corresponding
to the tip–reflection and reflection–TR paths begin to merge, making them indis-
tinguishable. In contrast, the visibility of the tip–TR interference (pink) clearly de-
creases from 20% to 0% as the angle increases from 60◦ to 90◦, consistent with the
angular emission profile of TR.

4.4.6. Distortions in the interferogram for large spacings
Since we are working with relatively large spacings in this chapter, of the order of a
few microns, we have to consider the effect on the light collection by the parabolic
mirror. In our calculations, we assume small angles: the mirror is positioned so
far away from the sample relative to the height of the pillar (R >>∆z) that we treat
the light rays from the tip and from its reflection as parallel rays and use Eq. 4.12
to derive the time difference at the mirror. However, in practice, the distance be-
tween the sample surface and the mirror is of a few millimeters. While this is still
large compared to the optical wavelength, for large pillar height, the parallel ray
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Figure 4.10: Fitting procedure for the off-tip excitation. (a) Spectrally normalized interferogram and (b)
its Fourier transform, (d) the fit of (b) to seven Lorentzian peaks as given by eq 4.16, and (c) the residuals
of the data minus the fit. Panel (e) shows line traces of the data (b) and the fit (d) as solid and dashed
curves, respectively, for three specific emission angles: 20◦ (blue), 50◦ (orange), and 80◦ (green). Panel
(f) shows the angle-dependent visibility of the interference for the center peak (purple), the first side
peak (red), and the second side peak (pink).
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approximation breaks down. This has two main consequences on the measured
interferogram. First of all, this slightly modifies the time difference between the
sources (e.g., for a 5µm high tip, this effect amounts to 2×10−5 fs at its maximum).
Secondly, there is a modification to the emission angle. Although this angular de-
viation is small (only a few mrad), it propagates through the collection system and
leads to a significant error for large spacing. Figure 4.11a shows a schematic repre-
sentation of this effect, for an exaggerated tip spacing of 0.5 mm: the ray from the
surface (black dashed) reflects horizontally, while the ray from the tip (red) is dis-
placed lower on the detector, and the ray from the reflection (green) is displaced
higher on the detector. Next, we calculate this difference and estimate the expected
error. We use the expression of the parabolic mirror at the azimuthal angle (φ= 0),
given by

x(z) = az2 − 1

4a
, (4.17)

with a =0.1 mm−1. A schematic is shown in Figure 4.11a, indicating the emission
angle (θ0), which is given by

θ0(z) = tan z/x. (4.18)

The angles for the tip emission (θ+) and the reflection emission (θ−) are given by

θ±(z) = tan
z ±∆z

x
(4.19)

Since the incoming angle equals the outgoing angle for a mirror, the deviation on
the reflected angle is given by the difference in emission angle,

α±(z) = θ±(z)−θ0(z). (4.20)

As a result, the displacement on the detector reads

dz = dx tanα±
A

, (4.21)

with dx the propagation length (40 cm), and A the magnification (A = 3). The re-
sulting distortion of the emission angle measured on the detector is shown in Fig-
ure 4.11b for pillar heights up to 10µm. We can clearly observe that this distortion
is worse for low emission angles, while for higher emission angles the result is still
correct even for pillars of 10µm in height. Next, in Figure 4.11c,d, we show the
resulting interferogram and corresponding Fourier transform (c) without and (d)
with the distortion, for a spacing of 10µm, along with the expected temporal delay,
overlaid in white dashed.

4.4.7. CL spectrum of a Au nanostar
The Au nanostars used in this chapter are tuned to have a resonance at the tip of the
nanostar centered at 700 nm wavelength. Figure 4.12 shows the CL spectrum of a
Au nanostar excited at the tip and we clearly observe resonant emission at a center
wavelength of 700 nm, with a FWHM of ~100 nm. The inset shows an SEM of a W
wire coated with such a nanostar.
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Figure 4.11: Distortion of the interference due to the limited focal area of the parabolic mirror. (a) Ex-
aggerated schematic of the rays from different points reflecting of the mirror, for two points sources at
± 0.5 mm from the focus. (b) Calculated error in the measured angle as a function of scatterer displace-
ment and emission angle. (c,d) Temporal dependence for two scatterers that are vertically spaced by
20µm, calculated according to the model of Eq. 4.8 (c) without and (d) with the correction on the angu-
lar distortion. The white-dashed lines denote the uncorrected time delay expected according to eq 4.12.

4.4.8. Analytical calculation for different scattering spectra
To study the effect of particles with different resonant scattering spectra, the inter-
ference is calculated using particles with a Lorentzian scattering spectrum given
by

A(k) = γ0

k −k0 − iγ0
, (4.22)

where γ0 is the damping rate of the resonance and k0 is the wavenumber corre-
sponding to the resonance frequency. Figure 4.13a shows the scattering spectra of
three test cases: a broadband scatterer (orange), a particle with a Lorentzian reso-
nance centered at 700 nm (green), and a multipolar spectrum with a center wave-
length at 500 and 700 nm (blue). In order to study the time-characteristics of these
particles, we calculate the interference pattern from the direct CL emission with its
reflection from the substrate and take the Fourier transform. Figure 4.13b shows
the resulting Fourier transform of the interfering spectra corresponding to (a) at an
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Figure 4.12: CL spectrum of Au nanostar excited at the tip. The inset shows a W wire coated with such a
nanostar.

emission angle of 30◦.

4.4.9. Experimental setup and methods
Angle- and wavelength-resolved CL measurements

Cathodoluminescence (CL) measurements were conducted in an FEI Quanta FEG
650 scanning electron microscope (SEM; Thermo Fisher Scientific Inc., MA, USA)
equipped with a Schottky electron source. To collect the CL emission, the setup
includes a parabolic mirror positioned between the sample and the electron col-
umn, directing the light into an optical detection system (SPARC Spectral, DELMIC
BV, The Netherlands)[73]. Angle- and wavelength-resolved CL measurements were
performed by positioning a vertical slit of 100µm width in the image plane to se-
lect CL from a narrow azimuthal angular emission range. The CL is dispersed by
a diffraction grating to retrieve spectral information. To measure the polarization-
dependent CL emission, a horizontal or vertical polarizer is used to filter p- and
s-polarized light, respectively[138]. The measurements were performed with an e-
beam current of 1.4 nA and either 30 keV or 20 keV acceleration voltage. For the
measurements on the plasmonic tip, an acquisition time of 360 s was chosen for
the full angular and spectral interferogram. A line scan with pixels of 10 nm was
made to control the position of the e-beam close to the tip. For the dielectric par-
ticles, a 2D map was made with pixels of 50 nm and 240 s acquisition time. For
all measurements, a dark measurement with the same settings was subtracted and
the data was corrected for the system’s response. The latter was calibrated using TR
emission from a single-crystal Al sample as a reference[139].

Fabrication of the free-standing plasmonic tip

As a substrate, a single-crystalline polished Si (100) substrate was used. First, the
substrate was cleaned using base-piranha cleaning and sputter-coated with 2 nm
chrome adhesion layer and a 50 nm thick Au film (EM ACE600, Leica, Inc.). Next,
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Figure 4.13: Analytical calculation of CL interferometry for different scattering spectra. (a) Real part
of the scattering spectra used for the calculation, a broadband scatterer (orange), a broad Lorentzian
resonance that peaks at 700 nm wavelength (green), and a multipolar spectrum with a center wavelength
at 500 and 700 nm (blue). (b) Fourier transform of the CL interferogram for a particle with scattering
spectra from (a) interfering with the reflection of the substrate measured at a collection angle of 30◦.

a free-standing Pt nanopillar was grown using e-beam-induced deposition (EBID)
in the SEM (FEI Helios NanoLab 600, Thermo-Fisher Scientific, Inc.). EBID was
performed with an e-beam of 2 keV energy and a current of 170 pA at a tilt angle of
45◦ and a dwell time of 1.5 ms. The base of the pillar was 300 nm, decreasing to a
diameter of 40 nm at the tip. After the growth, the entire sample was covered with
a 50 nm thick layer of Au through sputter-coating. This resulted in a free-standing
Au nanotip above a 100 nm thick Au film.

Fabrication of an elevated dielectric sphere

Si nanospheres were fabricated by crushing SiO lumps to a powder. The powder
was annealed in N2 and etched with hydrofluoric acid (HF). The single Si nanospheres
were suspended in methanol, ultrasonicated, and filtered to a particle size of around
200 nm diameter[120]. As a substrate, the same fabrication was used as for the free-
standing plasmonic tip. The elevated dielectric spheres were fabricated using a
10µm diameter W wire. First, 1 cm of W wire was cleaned with isopropanol (IPA)
and dried using N2 gas. Next, a wire was deposited in a droplet of a suspension of
Si nanoparticles in IPA on a glass substrate. When all IPA was evaporated, the wire
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was taken from the substrate and rinsed in IPA. Next, the wire was deposited on the
Au-coated Si substrate with a 10µL droplet of water to ensure that the wire was at-
tached to the surface. This was dried at 60 ◦C, resulting in elevated Si nanospheres
around 5µm above the Au surface, depending on the location of the nanosphere
with respect to the curvature of the wire.

Fabrication of an elevated Au nanostar

The nanostars were prepared through chemical synthesis. First, Au seeds were pro-
duced by a modification of the Turkevich method. The Au seeds where added to
a polyvenylpyrrolidone (PVP) solution to creat PVP-coated Au seeds, after which
they were transferred to an ethanol solution. To grow the nanostars, PVP solution
in N,N-dimethylformamide (DMF) containing HAuCL4. When the color turned
blue indicates the formation of nanostars. To ensure reduction of all reactants, the
solution was stirred overnight. By controlling the amount of reactants, the opti-
cal response of the nanostars can be tuned[140]. Next, the dispersed nanostars in
ethanol were dropcasted on a 10µm diameter W wire, and transported onto a Au-
coated Si substrate in the same method as the dielectric particles.
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coherence using plasmon
interference

The interaction between free electrons and optical excitations in nanostructures forms
the basis of electron-induced light generation and spectroscopic techniques such as
cathodoluminescence (CL), transition radiation (TR), and Smith–Purcell emission.
While these methods are commonly interpreted using a classical description of the
electron as a point charge, recent developments in the study of the quantum electron-
light-matter interactions have revealed conditions under which the electron’s quan-
tum mechanical wave packet nature must be taken into account to describe the in-
teraction.

Here, we investigate how the transverse shape of the electron beam (e-beam) affects
the CL distribution. Using transition radiation from a thin Si3N4 film, we find that
the angle-resolved CL emission remains unchanged when the e-beam is broadened
from a tightly focused 4-nm spot to a 6-µm diameter beam, indicating that the emis-
sion corresponds to an incoherent sum of contributions within the beam spot size.
We then use pairs of Au nanopillars to test whether a laterally extended beam can
coherently excite multiple scatterers. For closely spaced pillars (200 nm separation),
we observe interference in the CL signal and identify coherent excitation from the
two emitters. However, when the separation is increased to 400 nm and the e-beam
is spread by 500 nm, the interference vanishes, even though both pillars show clear
CL. These findings demonstrate, that in this configuration, the coherent excitation
of transversely spaced emitters is not observed. Further experiments are required to
evaluate if this is due to the limited lateral coherence of the e-beam, or a fundamen-
tal aspect of coherent free-electron excitation.
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5.1. Introduction
Since the invention of the electron microscope, its applications have revolutionized
many different fields. From visualizing the structure of human proteins[141–144]
and viruses[145], to optimizing quality control in the semiconductor industry[146,
147], the use of free electrons as a probe has proven versatile. Due to their short de
Broglie wavelength electrons provide an extremely small probe size, and decades
of technological development have resulted in highly advanced electron optics and
many ways to detect and exploit the interaction between electrons and matter. As a
result, we can now image periodic crystal lattices and identify defects with atomic
precision. Next to the fact that electrons exhibit particle-like interactions, they
also exhibit wave properties that can be exploited to gain insight in the structure
of matter. In 1937, G. P. Thomson discovered electron diffraction from crystalline
lattices[30], establishing the wave nature of electrons. This has emerged as a pow-
erful property and resulted in many technological developments like selected-area
electron diffraction (SAED), electron backscatter diffraction (EBSD), and conver-
gent beam electron diffraction (CBED). All these techniques are now widely used
to study the lattice structure of material. While the electron microscope has made
great strives in material science, traditional imaging only yielded structural infor-
mation. To obtain insight into to optical material properties, spectroscopic tech-
niques were developed that analyze the energy exchange between electrons and
matter, like electron energy-loss spectroscopy (EELS), and cathodoluminescence
(CL) spectroscopy. In EELS, the energy loss of the electron is measured, which en-
ables mapping of spectral and spatial distribution of resonant plasmonic modes
in metallic nanostructures. CL spectroscopy allows the imaging of photonic crys-
tals, and plasmonic and dielectric nanostructures, to mention a few examples. Fur-
thermore, free-electron induced light can be generated through the Smith-Purcell
effect[42] when an electron grazes a periodic structure[43, 44, 134, 148].

More recently, interest is shifting towards treating the electron as a quantum
object[45]. In photon-induced near-field electron microscopy (PINEM)[46], an elec-
tron can gain or lose quanta of energy due to interaction with a strong optical near
field. This interaction shapes the electron energy spectrum into a distribution with
multiple sidebands. As a result, it shapes the electron wave packet in space and
time as the electron propagates after the interaction. By controlling the temporal
overlap between the laser and electron pulse, the complex optical near fields have
been reconstructed[57]. The ability to shape the electron wave packet has inspired
many theoretical investigations[49, 59, 97]. It paves the way towards entanglement
between electrons and photons, proposed in different theoretical geometries[67–
70, 149]. Notably, Henke et al.[71] and Bogdanov et al.[72] experimentally observed
the entanglement between a single electron and a single photon, opening the use
of electron beams (e-beams) to study the quantum behavior of materials at the
nanoscale. One key factor in these experiments is that the electron is described
by a wave packet that can be shaped in transverse and longitudinal directions with
respect to the e-beam, in contrast to the classical description of the electron as a
charged particle, as is typically used in EELS and CL.
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In this work, we perform CL experiments aimed at obtaining information about the
lateral coherence of the e-beam. We demonstrate that when the e-beam is trans-
versely broadened to interact with multiple scatterers simultaneously, the resulting
emission represents an incoherent sum rather than a coherent sum of the scatter-
ers, making the CL emission independent of coherence effect associated with the
transverse shape of the e-beam (i.e., it is the incoherent superposition of emission
weighted by the lateral density distribution of the e-beam). In a related context,
the Smith-Purcell radiation from a metagrating was found to be independent on
the transverse broadening of the e-beam[150]. We then investigate how electrons
interact with multiple isolated scatterers. First, we study transition radiation (TR)
emitted from a thin Si3N4 film, excited by a laterally extended e-beam. We investi-
gate individual scatterers, using the excitation of free-standing plasmonic tips by a
single electron. Although the e-beam’s spatial profile simultaneously covers multi-
ple tips, we do not observe the interference of the CL emission from the two tips.
We discuss the data in terms of the limited lateral coherence of the e-beam, and
also address the quantum-mechanical concept of which-path information that is
either or not erased.

5.2. Results
5.2.1. Transition radiation from a thin film
To study the effect of the transverse shape of the e-beam on CL excitation, we in-
vestigate the TR emitted from a thin Si3N4 film. TR is a coherent emission process
with a characteristic angle-resolved CL emission distribution (ΓCL), given by[85]

ΓCL(r,ω) =
∣∣∣∣∣i k0 cosθDµ1

e i k0r

r

∣∣∣∣∣
2

, (5.1)

where θ is the azimuthal emission angle, and D depends on the relative permittivity
ϵ1,2 and the wave vector components in vacuum (qz1) and Si3N4 (qz2) as

D = 2i eq||/c

qz1ϵ2 +qz2ϵ1
. (5.2)

Here, q|| is the in-plane wave vector of light in vacuum, and µ1 is given by

µ1 = 1

|v |
(
ωϵ2 + vqz2ϵ1

q2 −k2ϵ1
− ωϵ1 + vqz1ϵ2

q2 −k2ϵ2

)
. (5.3)

To investigate how the transverse coherence of the e-beam affects this emission,
we measure the angle-resolved (AR) CL intensity under two conditions: (i) when
the e-beam is tightly focused onto the sample, resulting in a spot diameter of ap-
proximately 4 nm (see section 5.4.3 for details on the spot size determination), and
(ii) when the sample is positioned above the e-beam’s focal plane, resulting in a de-
focused spot of approximately 6-µm diameter. A schematic representation is shown
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Figure 5.1: Transition radiation from a 15-nm Si3N4 thin film excited by 30-keV electrons at a beam
current of 1.6 nA. (a) Schematic representation of the experiment when the sample is placed above the
focal point of the electron beam. (b,c) AR CL data measured with a 50-nm bandpass filter centered at a
wavelength of 500 nm, for (b) the Si3N4 film in the focal position, and (c) with a spread e-beam of 6-µm
diameter. (d) Calculated (dashed) and experimental (solid) data for TR emitted from a thin film of Si3N4.
The calculation shows both the characteristic AR CL emission (red), and the coherent sum of sources of
TR over the spot of the e-beam using a Gaussian distribution with a FWHM of 500 nm (see section 5.4.2
for the calculation). The experiments show the corresponding angular distribution of TR emission from
a focused e-beam (red) and a defocused e-beam (blue). The region with vanishing CL signal around
k|| = 0 corresponds to the hole in the mirror, where no CL is collected to direct to the detector.

in Figure 5.1a. We use a 30-keV e-beam and collect the angle-resolved CL emission
through a 50 nm bandpass filter centered at a wavelength of 500 nm. The e-beam
current was 1.6 nA, corresponding to an average arrival time between electrons at
the sample is 100 ps, much larger than the TR decay time of a few fs. Figure 5.1d
shows the normalized angular emission calculated from Eq. 5.1 for the focused
beam (red dashed curve) and for the coherent sum of TR emitted over the entire
e-beam spot, assuming a Gaussian excitation distribution with a full-width-at-half-
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maximum of 500 nm (blue dashed curve). If the TR were coherently excited over the
full beam area, the resulting emission would be expected to shift toward the surface
normal compared to the characteristic TR angular profile for a point dipole.

The angle-resolved CL results for the focused and defocused beams are shown in
Figures 5.1b,c, respectively, plotted as maps of the in-plane wave vectors normal-
ized to the free-space wavenumber (k0 = 2π/λ), withλ=500 nm. We observe a sim-
ilar angular emission distribution for both conditions. To better compare the angu-
lar emission profiles, Figure 5.1d shows the angular intensity for in-focus (red) and
out-of-focus (blue) conditions, integrated over an angular range of 0.05 rad, along
kx /k0 = 0. The similarity between them indicate the incoherent excitation of TR
within the e-beam spot size. The remaining discrepancy between the experimental
and calculated results is likely due to contributions of scattered light, visible in the
k-resolved images (Figure 5.1b,c) as a bright spot near the surface normal that is
superimposed on the TR emission.

These results show that in a thin film, we measure the incoherent sum of TR emit-
ted within the e-beam spot size, indicating that the transversal shape of the e-beam
does not influence the angular distribution of the emitted CL. One possibility is that
the widened e-beam does not have sufficient lateral coherence to result in a angular
profile that is different from a TR from a point source. This raises the question what
happens if we perform experiments in which we create subsequent excitations by
a single electron and space them only slightly in the transversal direction?

5.2.2. Vertically spaced Au pillars
To answer this question, we study a sample where we place two plasmonic nan-
otips spaced by several 100 nm in the horizontal plane, and a few µm in the vertical
direction. We use vertical spacing to build up a phase difference of the CL emis-
sion and use a transversely spread e-beam with a diameter of a few 100 nm. This
system has been studied in case of one free-standing plasmonic tip in the previous
chapter[151], showing that we can coherently excite multiple scatterers that are ver-
tically spaced. The resulting interference pattern can be used as a measure for the
height between them. We create the tips by growing either a W or Pt nanowire un-
der a 45◦ tilt angle using electron beam induced deposition (EBID) in the SEM, and
we coat the sample with 50 nm of Au (see section 5.4.4 for the fabrication). Using
EBID to fabricate the sample gives us control over the spacing between the wires in
the horizontal plane and over the difference in their heights.

We first measure the interference from two nanowires that are placed above each
other. Figure 5.2a shows a schematic representation of this geometry, and an SEM
image of the fabricated sample taken from the top and at a 15◦ tilt angle. As the
nanowires are placed above each other, we can coherently excite them with a single
electron in an aloof geometry, treating the electron as a classical point charge. To
study the interference of CL generation by the subsequently excited plasmons, we
perform AR spectral CL measurements, where we both measure the angular emis-
sion and the spectra simultaneously (see section 5.4.4 for an experimental descrip-
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Figure 5.2: Coherent excitation of two Au pillars placed above each other. (a) Schematic representation
of the measurement and the SE image of the fabricated sample taken from the top and at a tilt angle
of 15◦. (b-d) AR spectral CL data from the double pillars and (e-g) their Fourier transformed data in the
time domain for three configurations: (b,e) the e-beam grazes the small pillar, (c,f) the electron impinges
on the large pillar, and (d,g) the e-beam grazes the tall pillar and impinges on the smaller one. The white
dashed lines in (e-g) indicate the calculated time delay components corresponding to a pillar height of
3.9µm and 9.0µm for the small and large pillar, respectively.
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tion). To analyze the different components that are creating the observed interfer-
ences, we take the Fourier transform at every emission angle, to translate the data
from the frequency domain to the time domain.

Figure 5.2 shows the experimental data for three configurations: (1) where the e-
beam grazes the small pillar, (2) when placed on top of the larger pillar, and (3)
for an electron grazing the larger pillar, and impinging on the small pillar. Fig-
ures 5.2b,e show the experimental AR spectral data and the Fourier transform for
the first scenario where the electron grazes the small pillar. In the spectral data,
we clearly observe a cross-interference pattern indicating that we have more than
two sources of radiation. Examining the Fourier transform, we identify these com-
ponents from small to large time delays as (1) the interference between the direct
tip-radiation and the signal reflected from the surface, (2) the interference of TR
emitted from the Au surface with tip radiation reflected from the substrate, and (3)
the interference of TR emission with the direct tip radiation. From this interference
pattern, we find a pillar height of 3.9µm.

Next, Figures 5.2c,f show the AR spectral data and its Fourier transform, respec-
tively, for an electron impinging on the large pillar. Instead of a cross-pattern, we
only find a single curved interference pattern, indicating that we only measure the
interference of tip radiation and the reflected signal. The Fourier transform further
corroborates this conclusion, where we see only one contribution, which we match
to a pillar height of 9.0µm.

Finally, we analyze the configuration of the electron grazing the tall pillar and im-
pinging on the smaller one, shown in Figure 5.2d,g. Here, we observe a richer and
more complex interference pattern compared to the previous data, further sup-
ported by many additional components in the Fourier transformed data. We iden-
tify two components that originate at t = 0 for 0◦ emission angle that correspond
to the interferences found before due to the direct and reflected tip radiation from
both pillars. In addition, we observe four bands originating at t =51 fs at 0◦ emis-
sion angle. These represent the interference of radiation from the two pillars: the
intersection with the x-axis at 51 fs corresponds to the time-of-flight (TOF) of the
electron to travel from the large to the small pillar (TOF = ∆z/ve , with ∆z the dif-
ference in height between the pillars, and ve the speed of the electrons). The time
delay of the inner band is due to the interference of radiation from the large tip and
the small tip (∆t+) and the interference of their reflecting signals (∆t−), given by

∆t± = TOF±∆z sin(θ)/c. (5.4)

The time delay of the outer bands is due to the interference of the tip radiation of
one pillar with the reflected signal of the other pillar. Since the distance between
the pillar and the mirror image of the other pillar (∆zref = z1 + z2) is larger than the
distance associated with the inner bands. These bands follow a different relation
and the time delay associated with this interference is given by

∆t± = TOF±∆zref sin(θ)/c. (5.5)
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From the observation of the interference between radiation from both pillars, we
conclude that both pillars are coherently excited. In particular, the fact that we
identify a component that includes the TOF of the electron is an indication for their
coherent excitation.

Next, we investigate a geometry in which we place the pillars next to each other,
but purposely still close enough together that the electric near field of the electron
can couple to both when the electron passes in between the pillars. Figure 5.3a
shows the schematic representation of this geometry and the SEM image of the re-
sulting sample from a top view. The wires, with different lengths, are grown 200 nm
next to each other, resulting in a V-groove where we can precisely place the e-beam
in the center to assess if we can couple to both tips simultaneously. We measure
the AR spectral CL emission from the tall wire, the short wire, and when the e-beam
passes between them, shown in Figures 5.3b, c, and d, respectively. In Figure 5.3b,c
we clearly see the curved interference bands from the direct tip radiation and the
reflected signal, and by analyzing the Fourier transform of the data shown in Fig-
ures 5.3e,f, we identify the height of the pillars to be 4.2µm and 1.7µm, respectively.
For the e-beam passing between the tips, the data is shown in Figure 5.3d,f. We ob-
serve a richer interference pattern and the Fourier transform reveals more temporal
contributions. On top of the two symmetric bands originating from t =0 fs, we also
see bands that intersect with the time-axis at t =25 fs. This is associated with the
TOF of the electrons to pass from the tall pillar to the smaller one. The found TOF
corresponds to a difference in height of 2.5µm, which exactly matches the height
difference between the pillars. Due to the small difference in height between the
pillars, the bands are overlapping and it is difficult to identify their sources, how-
ever, from the presence of the component containing the TOF of the electron, we
confirm the coherent excitation of both pillars.

5.2.3. Laterally spaced Au pillars
So far, we have shown that by closely examining the AR spectral CL data, we can
identify the heights of different contributions of plasmonic scattering and by ob-
serving the presence or absence of the cross products between them can reveal if
the pillars are coherently excited. However, as the pillars are very closely spaced
in the horizontal plane, we can describe their excitation by the coupling of a sin-
gle particle-like electron to the pillars’ evanescent fields. To investigate a geometry
that could reveal coherent excitation using the wave-nature of an electron that is
defocussed and has sufficient lateral coherence, we have to place the pillars further
apart. To do so, and to reduce the complexity of the interference, we partly remove
the Au-coated membrane using focused ion beam milling, eliminating the interfer-
ence between the direct tip-radiation contribution and their reflected component.
As a result, the only interference that we would observe must be originating from
the two tips being coherently excited.

Figure 5.4a shows a schematic representation of the sample, where again we grow
two nanopillars of different heights, but now spaced 400 nm in the horizontal di-
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Figure 5.3: Coherent excitation of two Au pillars with different lengths that are displaced on the substrate
by 200 nm in the horizontal plane. (a) Schematic representation of the measurement and the top-view
SEM of the fabricated sample. (b-d) AR spectral CL data from the double pillars and (e-g) Fourier trans-
formed data in the time domain for three configurations: (b,e) the e-beam grazes the tall pillar, (c,f)
the electron grazes the small pillar, and (d,g) the e-beam passes in between the two pillars. The white
dashed lines in (e-g) indicate the expected time delay components corresponding to a pillar height of
4.2µm and 1.7µm for the large and small pillar, respectively.
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Figure 5.4: Excitation of a double pillar geometry with a laterally spread e-beam. (a) Schematic represen-
tation of the measurement and the top-view SEM image of the fabricated sample. (b-d) AR CL data from
the double pillar geometry using a 50-nm bandwidth filter centered around a wavelength of 500 nm. (e)
Line scans along the k-space images and (f) their Fourier transform, taken from the solid lines in (b-d)
for excitation of the small pillar (red), tall pillar (blue), and placed in the middle with a e-beam of 500 nm
diameter (green).
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rection, as indicated by the top view. The SEM image shows the fabricated sam-
ple, where on the left side the substrate is removed using FIB milling. To study
the coherent or incoherent nature of the excitation, we perform AR CL measure-
ments using a 50-nm bandwidth filter centered at 500 nm. Figure 5.4b shows the
AR CL data for an electron grazing the small pillar. In the AR data we observe in-
terference fringes for positive kx values, corresponding to the right side of the SEM
image in Figure 5.4a. The interferences are again the interference of the direct tip
radiation and the reflected signal and therefore are only visible on the right side
where the substrate is not removed. To determine the height of the pillar, we take
a line scan of the k-space image indicated by the red line. The result is shown in
Figure 5.4e (red), where we clearly see the interferences at low emission angles. We
take the Fourier transform to translate this spectrum from the reciprocal to the real
domain and find that this pillar is 1.7µm high. Next, we do the same experiment
for an electron grazing the tall pillar. The resulting k-space image is shown in Fig-
ure 5.4c, and the corresponding line scan and Fourier transform in Figure 5.4e,f,
respectively (blue). We identify the height of this pillar as 3.3µm, resulting in the
higher-frequency fringes observed in the AR CL data.

Finally, in order to investigate the possibility to coherently excite both pillars, the
electron passes in the middle of the two tips, and we defocus the beam to a spot
size of approximately 500 nm, covering both tips simultaneously. The AR CL data is
shown in Figure 5.4d, where we clearly see the fringes in the angular range where
they were observed in Figures 5.4b,c, indicating that we excite the individual pil-
lars. When we take the Fourier transform of a line scan of this data, shown in Fig-
ure 5.4e,f, respectively (green), we clearly see peaks associated to both the tall and
the small pillar, indicating that the e-beam excites radiation in both pillars. How-
ever, the absence of interference at the negative kx values, where the substrate is
removed, indicates that we measure an incoherent sum of the radiation from both
pillars. Hence, we do not coherently excite two horizontally spaced scatterers with
a widened e-beam in this configuration.

These results show that, in this configuration and the used e-beam parameters, we
do not observe interference associated with the coherent excitation of two laterally
separated CL emitters. We can give several considerations. First of all, we have to
consider the lateral coherence length of the electrons in the SEM. Coherent excita-
tion of multiple scatterers by different regions of the e-beam requires phase preser-
vation across the illuminated area, i.e., a transverse coherence length comparable
to the emitter separation. In transmission electron microscopes (TEMs), Schot-
tky electron sources exhibit a finite degree of spatial coherence (on the order of
≈10 %)[152], and our Schottky emitter in the SEM is of a similar type. In comple-
mentary electron diffraction experiments (data not shown), we do observe clear
diffraction peaks, indicating a high degree of transverse coherence over a length
scale of multiple crystal lattice spacings. However, this is at much smaller length
scales than the spacing between pillars studied here. A quantitative study of the
lateral coherence length in our SEM remains to be carried out and is a key require-
ment for observing lateral interference in CL (see Chapter 6).
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Secondly, we have to consider the which-path information related to the quantum
nature of excitations by coherent electron wave packets; in the present geometry,
the electron effectively ‘knows’ which tip it passed. This information could, in prin-
ciple, be measured by measuring the position of the electron within the e-beam.
Observing interference between spatially separated emitters requires erasing this
information. This has been shown in the TEM by Henke et al.[71], where the in-
formation contained within the photons was erased by mixing polarized signals
in order to retrieve the interference on the electron detection plane. In our case,
the situation is inverted; we must erase the information carried by the electrons
in order to retrieve the interference of the photons. A practical way to achieve
this would be to place a structure underneath the double pillar that diffracts the
electrons, such as a twisted bilayer of graphene. The diffraction pattern from this
structure would consist of partially overlapping diffraction disks. In those overlap-
ping regions, the electron could originate from multiple places within the e-beam.
By performing electron-photon correlation measurements and post-selecting pho-
tons that are coincident with electrons within one overlapping region, we expect to
retrieve the interference pattern, provided the lateral coherence of the e-beam is
sufficient. Implementing this scheme requires dedicated sample fabrication and
electron–photon correlation capability, both of which are experimentally challeng-
ing, but feasible.

5.3. Conclusion
In conclusion, we observe the absence of interference in the CL signal arising from
different plasmonic scattering sources within a laterally extended e-beam. For tran-
sition radiation (TR) emitted from a thin Si3N4 film, the angular emission pattern
remains identical whether the film is irradiated with a tightly focused e-beam or
with a defocused beam of 6µm diameter. This demonstrates that, in this config-
uration, the emitted radiation represents an incoherent sum of TR contributions
within the e-beam.

To further probe the spatial coherence of the excitation, we investigated the CL
emission from a specially arranged 3D geometry composed of pairs of Au pillars.
When the e-beam was positioned between two pillars of different heights sepa-
rated by 200 nm, we observed clear interference in the CL signal. Analysis of the
phase delay between the two emitters reveals a time delay consistent with the elec-
tron’s time-of-flight between the two pillars, indicating that the electron coherently
couples to the electric near fields of both pillars.

In contrast, when the pillar separation was increased to 400 nm and the e-beam was
transversely spread to 500 nm, no interference was observed, despite the observa-
tion of clear CL emission from each pillar individually. This loss of interference
indicates that the laterally extended e-beam does not coherently excite multiple
spatially separated scatterers under these conditions. Further experiments will be
necessary to determine whether this behavior arises from the limited lateral coher-
ence of the e-beam, or related to fundamental quantum aspects of coherent free-
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electron excitation of multiple emitters.

5.4. Appendix
5.4.1. Theoretical description of coherent electron excitation of later-

ally spaced scatterers
We study the interaction between an electron and a structure that supports an opti-
cal excitation of low energy (in the visible regime) compared to the electron energy.
Therefore, we can assume that the electron does not change its velocity along the
e-beam trajectory (non-recoil approximation). Under these conditions, the effec-
tive interaction Hamiltonian Ĥ(R) only depends on the transverse coordinate R.
Since the transverse electron energy transfer is negligible under the non-recoil ap-
proximation, the total excitation probability (P ) is the incoherent sum over all final
states with wave vectors Q (note that the longitudinal wave vector is determined by
energy conservation[85]), given by

P ∝
∫

d 2Q

∣∣∣∣∫ d 2Re−i Q·R 〈n|Ĥ(R)|0〉ψi
⊥(R)

∣∣∣∣2

. (5.6)

Here, Q is the 2D wave vector of the electron after interaction, and ψi
⊥ is the inci-

dent transverse wave function of the electron. Since the squared matrix element is
the Fourier transform (from R to Q), integrating over Q yields

P ∝
∫

d 2R
∣∣〈n|Ĥ(R)|0〉∣∣2

∣∣∣ψi
⊥(R)

∣∣∣2
, (5.7)

according to the Plancherel theorem. This demonstrates that the probability does
not contain any interference between different lateral positions of the electron (i.e.,
it is the incoherent superposition of different lateral positions, weighted by the
transverse electron density profile). This conclusion would change if we were to
collect the transitions associated with a single final state (i.e., a fixed Q, or equiv-
alently, an outgoing electron scattering direction) or a small range of wave vectors
Q. In that case, Eq. 5.7 no longer applies, and interference terms can appear.

5.4.2. Analytical solution for TR emission
TR is a coherent form of CL emission, with a characteristic angular emission distri-
bution. The electric far field of TR can be calculated as a function of position in the
far field (r = (θ,φ,r )) as

ETR(r,ω) = i k0 cos(θ)Dµ1
e i k0r

r
θ̂, (5.8)

where k0 is the vacuum light wavenumber (k0 = 2π/λ) and D is given by Eq. 5.2.
The resulting CL emission probability is then given by

ΓCL(θ) = c

8π2ħω |Etot|2 r 2 sin(θ). (5.9)
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When the e-beam is transversely broadened, CL is emitted from the entire interac-
tion disk of the e-beam and the Si3N4 substrate, given by

ΓCL(θ) ∝ sin(θ)

∣∣∣∣∣∑r’
Ar ′Etot(r− r’)(r − r ′)

∣∣∣∣∣
2

(5.10)

with Ar , the weight of the contribution of the electrons at a distance r ,, effectively
the electron density within the e-beam. To take into account the 50-nm bandwidth
of the filter that we use in experiments, we integrate Eq. 5.10 from 475 nm to 525 nm
with steps of 1 nm.

5.4.3. Spatial resolution analysis
To characterize the spatial resolution of the SEM we used an analytical method
based on the power spectrum (2D Fourier transform analysis)[153, 154]. We ac-
quired a high-resolution SEM image of a sample with Au particles in the range
of 2-30 nm diameter on carbon (Agar Scientific). We extracted a square image of
1000x1000 pixels. To prevent artifacts due to sharp edges in the image, we applied
a radial Hann filter, given by

I (r ) = 1+cos( 2πr
N−1 )

2
, (5.11)

where r is the distance to the center of the image, and N is the size of the image.
The resulting SEM image with the applied Hann filter is shown in Figure 5.5a. Next,
we took the 2D Fourier transform shown in Figure 5.5b and determined the highest
frequency present in this image, which corresponds to the inverse of the smallest
distance that can be resolved in the SEM. Figure 5.5c shows the radial average of the
Fourier transform, with the orange line indicating where the gradient of the power
spectrum becomes flat. The threshold was found at 0.22 nm−1, corresponding to
the smallest distance that can be resolved of 4.4 nm. Although this method provides
a way to determine the spatial resolution, and thus the e-beam spot size, in the
SEM, vibrations in the microscope can lead to artifacts in the power spectrum. Such
artifacts can be seen in Figure 5.5b as a dark vertical line.

5.4.4. Experimental setup and methods
Angle-resolved CL measurements

The AR CL measurements are performed in a Helios5UX scanning electron micro-
scope (SEM; Thermo Fisher Scientific Inc., MA, USA), equipped with a Schottky
FEG source. The electron energy used was 30 keV, with a beam current of 1.6 nA.
For the AR CL measurements, a half-parabolic mirror was placed in between the
sample and the pole piece, that collected the emitted light and directed it onto a
camera (SPARC Spectral, DELMIC BV, The Netherlands). From the known parabolic
geometry of the mirror, the image on the camera can be converted to the angular
emission pattern. For the AR CL measurements a 50-nm bandwidth filter was used
centered around 500 nm wavelength, and an exposure time of 300 s per pixel was
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Figure 5.5: Characterization of spatial resolution through the power spectrum analysis. (a) High resolu-
tion SE image of a calibration sample consisting of 2-30 nm sized Au particles on carbon with an applied
Hann filter. (b) 2D Fourier transform of (a) and (c) the radial average of (b). The orange line indicates
the threshold to determine the offset of spatial frequencies included in the SE image, corresponding to
a spatial resolution of 4.4 nm.

used. For the TR from a thin film of Si3N4 film, the e-beam was first focused on the
surface, and for the defocused measurement, the sample was placed 2 mm above
the focal point. We used SEM images of the sharp edge of the Si3N4 to estimate that
the e-beam spot diameter was 6µm.
For the double pillar configuration shown in Figure 5.4, an e-beam current was
used of 0.8 nA, an electron energy of 30 keV, and an exposure time of 300 s. The
out-of-focus measurement was done with the sample 84µm above the focal point,
corresponding to an estimated e-beam spot diameter of 500 nm.

Angle- and spectrally resolved CL measurements

The AR spectral CL measurements were performed in an FEI Quanta FEG 650 scan-
ning electron microscope (SEM; Thermo Fisher Scientific Inc., MA, USA) equipped
with a Schottky electron source using electrons with an energy of 30 keV and a cur-
rent of 1.5 nA. In order to measure the AR spectral CL measurements, the same
collection system was used as for the AR CL measurements using a vertical slit to
select only a narrow radial angle. Next, this was projected onto a spectrometer to
acquire the CL data depending on wavelength and azimuthal angle simultaneously.
For the double pillars on top of each other (Figure 5.2), an exposure time of 360 s
was used and for the slightly displaced pillars (Figure 5.3), 300 s was used. In all
cases the substrate was in the focal point of the parabolic mirror.

Sample fabrication

The samples were fabricated using electron beam induced deposition (EBID) in a
Helios5UX scanning electron microscope (SEM; Thermo Fisher Scientific Inc., MA,
USA). The used substrate was a piece of single crystalline Si for the double pillars
on top of each other and a 15-nm thin Si3N4 TEM grid (Ted Pella), both covered
with 50 nm of Au using a 2-nm thin adhesion layer of Cr (EM ACE600, Leica, Inc.).
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A Pt or W wire was grown under a 45◦ tilt angle, using a 2 keV e-beam. Placing the
pillars next to each other and increasing the dwell time for one pillar resulted in
displaced pillars in the horizontal direction, with different heights. Next, in case
we wanted to eliminate the contribution from TR (Figure 5.3 and 5.4), focused ion
beam milling (FIB) was used to remove the Si3N4 window underneath, after which
the entire sample was coated with 50 nm of Au.



6
Low-energy scanning

transmission electron
microscopy

In this chapter, we develop and characterize scanning transmission electron micro-
scopy (STEM) capabilities within a low-energy scanning electron microscope (SEM)
to investigate the lateral coherence properties of free electrons. We first quantify the
performance of the system, demonstrating a spatial resolution of 4.4 nm and a tun-
able semi-convergence angle ranging from 1 to 8 mrad, depending on the working
distance and aperture configuration. Using single-crystalline Au flakes and a mono-
layer of graphene, we obtain high-quality selected-area electron diffraction (SAED)
maps and convergent-beam electron diffraction (CBED) patterns, respectively, vali-
dating the system’s ability to probe crystallographic information at an accelerating
voltage of 30 keV.

Building on these capabilities, we implement a method, that is adapted from tech-
niques traditionally used in transmission electron microscopy, to measure the degree
of lateral coherence of the SEM electron beam. By analyzing interference between two
electron wave vectors separated by 0.031 Å-1, we extract a degree of lateral coherence
of approximately 60%.

Together, these results establish STEM in the SEM as a powerful and accessible plat-
form for measuring electron diffraction at low voltages. This capability paves the way
towards measuring the full spatial coherence function of the electron, which is nec-
essary for future coherence-sensitive electron–light-matter interaction experiments.

87
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6.1. Introduction
Scanning transmission electron microscopy (STEM) is a powerful technique for
studying the structural properties of materials at the nanoscale. Traditionally, these
experiments are performed in a transmission electron microscope (TEM), where
samples can be imaged with atomic resolution and electron diffraction patterns
recorded for phase, orientation, or strain mapping[155]. With advances in detector
speed and computational power, four-dimensional (4D) STEM has become avail-
able: the electron beam (e-beam) is scanned over the specimen, and for every
pixel a two-dimensional (2D) diffraction pattern is collected, resulting in a rich
4D dataset that captures both spatial and reciprocal-space information. Because
lower-energy electrons undergo stronger inelastic scattering, 4D-STEM measure-
ments are typically carried out in a TEM operating at 80–200 keV. However, per-
forming similar measurements in a scanning electron microscope (SEM), which
operates at much lower electron energies (1–30 keV), can offer unique advantages.

In the SEM, diffraction studies are most commonly performed using electron back-
scatter diffraction (EBSD)[156]. Conventional EBSD is conducted with a sample
tilt of 70◦, and the resulting Kikuchi patterns are used to determine the crystallo-
graphic orientation and morphology of grains. These Kikuchi patterns arise from
incoherent scattering events that create local sources of backscattered electrons;
these electrons then diffract from the crystal lattice, producing characteristic line
patterns rather than the spot or ring patterns seen in conventional TEM-based
electron diffraction. One major advantage of EBSD is that, because it measures
backscattered electrons, it does not require electron-transparent samples and it can
probe the near-surface region of the specimen, with the sampling depth depending
on the beam energy. However, EBSD signals often suffer from a low signal-to-noise
ratio, since only a small fraction of the incident electrons are backscattered. Per-
forming STEM in the SEM, could significantly improve the signal quality, offering
a complementary and in some cases more sensitive approach to structural charac-
terization in the SEM[74, 157].

For example, due to the lower energy in the SEM, STEM has a higher sensitivity to
strain, tilt or defects[158]. Next, the electron scattering interaction probability is
higher, especially for intrinsically thin samples, like van der Waals materials. For
example, the ratio between Moiré peaks over first-order diffraction peaks is ap-
proximately linear with the interaction parameter of the material. The interaction
parameter for elastic scattering in graphene increases from 0.81 keV−1 Å−1 for an
e-beam energy of 100 to 25.61 keV−1 Å−1 for 0.1 keV, respectively[159]. Caplins et
al.. have implemented diffraction measurements in the SEM, and used it for orien-
tation mapping of graphene[160]. Furthermore, Schweizer et al.. compared tilted
diffraction patterns of crystalline Si and observed higher-order Laue-zone rings ap-
pearing for 30 keV[161].

In this work, we develop 4D-STEM in the SEM to measure diffraction patterns of
transmitted electrons. We demonstrate 4D-STEM data of thin Au flakes, where we
map the surface tilt. By reducing the working distance (WD) between the sam-
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ple and electron column, we obtain convergent beam electron diffraction (CBED)
measurements of van der Waals materials. We use a monolayer of graphene to char-
acterize the SEMs semi-convergent angle and then we adapt a technique used in
TEMs to measure the degree of lateral coherence. We begin our analysis with an
overview of key parameters in electron microscopy.

6.2. Electron microscopy
Electron microscopes use two main kinds of electron sources. Thermionic sources
use heat to overcome the tunneling barrier to emit electrons from a cathode mate-
rial. Field emission guns (FEG), in contrast, rely on a strong electric field applied
to a sharp metallic tip to extract electrons. The Schottky source in our SEM is a
thermally assisted FEG; a tungsten tip is heated by a filament current while a strong
extractor voltage pulls electrons from its apex. Each source type differs in key pa-
rameters, like brightness, temporal spread, and lateral coherence. The brightness
of a source is defined as the number of electron current (d I ) per unit area (d A)
per unit solid angle (dΩ). The brightness is conserved within the e-beam at con-
stant operating conditions: when the cross sectional area of the beam is modified,
the current scales proportionally. Beam brightness depends on the acceleration
voltage: electron acceleration generally reduces brightness, while deceleration in-
creases it. Since the dependence of brightness (B) on acceleration voltage (V ) is
inversely linear, we can define the reduced brightness (Br ) as

Br = d I

d AdΩV
. (6.1)

For a Schottky FEG, the approximate reduced brightness is 5×108 Am−2 sr−1 V−1[24].
Only a few physical processes, such as Coulomb interactions between electrons or
energy filtering, can significantly alter the brightness. Although this definition of
the reduced brightness assumes a constant current density across the e-beam, in
practice, the beam profile has a current density distribution that peaks at the cen-
ter of the e-beam.

To achieve high-resolution imaging, lateral coherence is essential. Coherence be-
tween two points within the e-beam is defined by the fact that there is a constant
phase relation between them. This then can result in interference, which is the ba-
sis of electron diffraction. Electrons, unlike photons, are fermions and therefore,
two electrons are never mutually coherent and interference occurs within a single
electron. A perfectly coherent e-beam is generated when electrons originate from
the same point within the source, and would create an electron wave packet that
is spread laterally over the full beam width. Typically, in electron microscopes, the
lateral coherence function is spatially limited, given by the Fourier transform of the
real-space intensity distribution at the source[162]. The current within a coherent
area (Icoh) can be related to the reduced brightness as[162]

Icoh = Br V
π2

4

(
λ

2

)2

= 0.9×10−18Br , (6.2)
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where λ is the de Broglie wavelength of the electron[162]. This relationship shows
that the degree of lateral coherence of the e-beam is not so much a result of the
setting of the source but rather defined by the final aperture. For a Schottky FEG
(Br =5×108 Am−2 sr−1 V−1), the current has to be reduced to the order of 100 pA to
achieve a fully coherent beam.

Similar to the lateral coherence given by the Fourier transform of the intensity dis-
tribution at the source, the temporal coherence is given by the Fourier transform
of the energy spectrum of the e-beam, essentially the energy spread (∆E) of the
e-beam. For a Schottky FEG, the energy spread is approximately 0.3-0.8 eV, corre-
sponding to a temporal coherence length of 1000-500 nm, given by[152]

l temporal
c = ve h

∆E
, (6.3)

where ve is the relativistic electron velocity and h is the Planck’s constant. This en-
ergy spread is the main contributor to chromatic aberration in SEM and TEM, since
electrons with different energies have slightly different beam paths and hence focal
points[152].

Experimental methods to measure the lateral and temporal coherence in the SEM
are not well established. Typically, in the SEM, the e-beam current is high, and the
resolution is more limited by aberrations in the electron column than by the de-
gree of coherence. Methods are reported to measure the point spread function of
the e-beam in SEM. Zotta et al. compared measured secondary-electron of small
particles with distributions calculated with Monte Carlo simulations to derive the
point spread function[163]. Furthermore, Kamal et al. derived the electron profile
in the SEM by incorporating the effect of lateral coherence in analysis of the spatial
resolution[152]. Directly measuring lateral coherence, however, is more challeng-
ing and has not been achieved in the SEM. The temporal coherence in the SEM can
be estimated by measuring the energy spread of the e-beam. This has been mea-
sured in the SEM that we use, with a retarding field analyzer, yielding an energy
spread of approximately 0.7 eV at an accelerating voltage of 4 keV[164]. Lower val-
ues, down to 0.3 eV, are found for specific beam settings[165].

In TEMs, several established methods exist to assess the lateral coherence or effec-
tive source size of the electron probe[166]. One common approach involves an-
alyzing a coherent convergent beam electron diffraction (CBED) pattern, named a
ronchigram, from an amorphous sample to identify the onset of spherical
aberrations[167] and choose a small aperture to eliminate these contributions. To
reach the necessary spatial resolution for such measurements, an effective camera
length of several meters is typically required. Similar long camera lengths are also
needed for direct measurements of Airy diffraction from a selective aperture[168,
169]. For example, Hatanaka et al. measured the lateral coherence length in the
TEM for a parallel e-beam for various electron sources[170]. They found a max-
imum spatial coherence length of 1.2µm at the specimen plane using a Schottky
FEG with a e-beam diameter of approximately 120 nm. To fit the Airy diffraction
patterns, they used an effective camera length of 200 cm with an additional mag-
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Figure 6.1: Experimental setup for STEM in the SEM. (a) Photograph and (b) schematic representation
of the STEM holder with the single electron detector underneath and schematic representation of two
measurement geometries: (c) diffraction of a parallel e-beam, and (d) convergent beam electron diffrac-
tion (CBED).

nification of 8x. Such requirements make this technique impossible to use in the
SEM, where the geometry and lens configuration do not allow for these large effec-
tive camera lengths.

An alternative method for assessing lateral coherence involves recording a ronchi-
gram where the diffraction disks partially overlap[171, 172]. In the overlapping re-
gions, electrons originating from different virtual sources interfere, producing in-
terference patterns. The visibility of the interference pattern in the overlapping disk
is related to the degree of coherence at a specific spatial frequency determined by
the crystal structure. Using two different orientations of diamond, Dwyer et al.[171,
172] extracted the degree of coherence at four spatial frequencies, reconstructing
the lateral coherence function over the e-beam. Alternatively, Herring et al. demon-
strated diffractive beam holography, using 300 keV electrons diffracting from a Ge
sample[173]. After the interaction with the crystalline specimen, the e-beam was
recombined using an electron biprism. Such experiments are more complex to per-
form in the SEM, where the use of a biprism is not common, the electron optics is
less advanced and the angular range limited. Furthermore, these types of measure-
ments yield the degree of coherence between electrons diffracted at specific spatial
frequencies defined by the specimen. To obtain a fully comprehensive picture of
the lateral coherence function over the e-beam, a range of measurements must be
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performed using materials with a range of lattice spacings from which the coher-
ence distribution can then be reconstructed.

6.3. STEM in the SEM
To perform 4D-STEM in the SEM, we use a single-electron counting detector
(Minipix, Advacam). The sample is loaded above the detector at a camera length
between 1 and 7 cm. To keep the detector at a constant temperature, the holder is
connected to a heat sink cooled with liquid nitrogen. Figure 6.1a,b shows a photo-
graph of the experimental setup in the SEM, together with a schematic representa-
tion, respectively.
We scan the e-beam over the sample and measure a 2D diffraction image for each
pixel at the sample. When we use a small convergent angle beam, the diffraction
pattern on the camera consists of spots, while using a higher semi-convergent an-
gle they become disks, where the diameter directly represents the semi-convergent
angle of the beam. Depending on the WD and aperture settings we are either in
the regime where we use a parallel beam with a semi-convergent angle of around
1 mrad, or where we measure CBED, with a semi-convergent angle of approximately
8 mrad. See Figures 6.1c,d for a schematic of both configurations.

Figure 6.2: SEM characterization. (a) High-resolution SE image of a calibration sample with Au particles
with diameters between 2-30 nm diameter, and (b) the angular spread of the e-beam, directly imaged
on the single-electron detector at a cameral length of 6.65 cm.

6.4. Results
6.4.1. SEM characterization
First, we characterize the SEM using an acceleration voltage of 30 keV and image a
calibration sample that consists of semi-spherical Au particles with diameters be-
tween 2-30 nm, see Figure 6.2a. Using the power spectrum analysis described in
section 5.4.3, we find a spatial resolution of 4.4 nm at a WD of 4 mm. Furthermore,
we determine the semi-convergent angle of the e-beam by imaging a direct beam
that is focused on the sample plane using a camera length of 6.65 cm, by remov-
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ing the sample, as shown in Figure 6.2b. The corresponding semi-convergent an-
gle is 8.4 mrad. The corresponding Abbe limit related to the electron wavelength
(λe =6.9 pm for 30 keV electron energy) is 0.4 nm, indicating that the SEM is not op-
erating under diffraction-limited conditions, which is due to inelastic scattering in
the larger interaction volume, the spherical aberrations in the SEM, and the limited
temporal and lateral coherence.

Figure 6.3: Measurement of e-beam waist. (a) Schematic representation of a measurement where the
sample is vertically displaced with respect to the beam focus, and (b) the corresponding resolution mea-
surements at different heights (red dots), compared to the solution for a perfect Gaussian beam (blue
dashed)

Next, we further study the shape of the e-beam along its trajectory. If the e-beam
has a perfect Gaussian lateral distribution with diffraction-limited resolution, the
waist of the beam (w) along its trajectory (z) is given by[174]

w(z) = w0

√
1+

(
z

zR

)2

, (6.4)

where w0 is the radius of the e-beam waist and zR is the Rayleigh length (zR =
πw2

0 /λ). Changing the WD while keeping the sample at the same height, we can
determine the height-dependent waist. Figure 6.3a shows a schematic of this mea-
surement, where the focus of the e-beam is moved a distance ∆z below and above
the sample. The corresponding resolution is measured using a power spectrum
analysis[153, 154]. The measured data is shown is red dots in Figure 6.3b: the
smallest beam waist (half the resolution) is found to be 2.1 nm; it increases when
the sample is out of focus. However, comparing the experimental results to the ex-
pected waist of an e-beam with a semi-convergent angle of 8.4 mrad (blue dashed
line), we find a significant difference. Surprisingly, the experimental data indicate
that the achieved resolution is below the calculated waist.
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First of all, there is a uncertainty on the height of the sample above the focus. The
mechanical stage in the SEM has a step resolution of around 1µm and at the same
time the SEM uses a model to calculate the WD, which might nog be correctly cal-
ibrated at these small distances. Furthermore, there is an additional discrepancy
due to the complex spatial structure of the electron probe at the sample plane,
which depends on the height relative to the focal point. Within the semi-conver-
gence angle, the e-beam exhibits a uniform angular amplitude rather than the Gaus-
sian lateral profile assumed in our analysis above. Consequently, the beam inten-
sity at the sample can adopt nontrivial shapes that vary with radial distance from
the beam center. In section 6.6.1, we calculate the expected probe profiles for dif-
ferent defocus values and find that the effective probe size can be smaller than pre-
dicted by the Gaussian model. This effect could explain the discrepancy between
experiment and calculation observed in Figure 6.3. To fully match this to the mea-
sured resolution, a proper analysis of the convolution of the probe at the sample
plane and the sample should be taken into account.

6.4.2. Selected-area electron diffraction
Next, we perform 4D-STEM measurements on a single-crystalline Au flake fabri-
cated using gap-assisted chemical synthesis[175], by Kiani et al.. The Au flakes are
deposited on a 15 nm thin Si3N4 membrane, which is sufficiently thin to be trans-
parent to the e-beam. Measurements are conducted at an electron energy of 30 keV,
a WD of 20 mm, and a camera length of 4.7 cm. Figure 6.4a shows the SE image of
the Au flake above the window. The corresponding diffraction pattern recorded
by averaging over the scan area is shown in Figure 6.4b. The hexagonal symmetry
of the pattern confirms diffraction from the face-centered cubic (fcc) lattice of Au
along the [111] zone axis. By averaging, local structural information such as strain
and sample curvature, are averaged out over the measured area.

To analyze the observed pattern, we calculate the expected diffraction pattern from
the Bragg condition for Au at normal incident angle, shown in Figure 6.4c (see sec-
tion 6.6.2 for the calculation). Diffraction occurs when the Ewald sphere intersects a
reciprocal lattice point, resulting in a strong diffracted intensity. The intensity vari-
ation between diffraction spots depends on the sample tilt. Such a variation is visi-
ble in Figure 6.4b, as two brighter diffraction spots are observed on both sides of the
center beam (indicated by the red cross). To investigate this further, we select one
diffraction spot (marked by the red dashed circle) and form a transmitted electron
image using only electrons from this this diffraction order, shown in Figure 6.4d.
This image reveals spatial regions within the flake where the selected diffraction
spot has high intensity. The corresponding diffraction pattern is shown in Figure
6.4e, displaying only those diffraction spots that satisfy the Bragg diffraction condi-
tion. We can reconstruct this diffraction pattern in calculations if we assume a tilt
angle of 6.5◦ (see Figure 6.4f), such a tilt is not unexpected for such thin Au flakes. In
both experiment and calculation, we see the typical circle where the Ewald sphere
intersects the reciprocal lattice points with its center on the top left of the image.
We note that due to the lower electron energy compared to regular TEM, the Ewald
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Figure 6.4: Selected-area electron diffraction of a thin Au flake. (a) SE image of the thin Au flake. (b) Aver-
age diffraction pattern collected over the entire flake, and (c) calculated diffraction pattern for normal-
incident electron, where the size of the spot represents the intensity in the diffraction spot. (d-f) Analysis
of the sample surface tilt with respect to the e-beam. (d) Transmitted electron image for electron in one
spot indicated by the red dashed circle in (e). (e) Diffraction pattern for the location where this spot has
the maximum intensity, and (f) calculated diffraction pattern for a tilt angle of 6.5◦.
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Figure 6.5: CBED of monolayer graphene. (a) SE image of the monolayer of graphene supported by lacey
carbon and (b) the CBED pattern from this monolayer using an electron energy of 30 keV, a working
distance of 4 mm, a camera length of 6.7 cm, and a semi-convergent angle of 8 mrad.

sphere has a smaller curvature.

6.4.3. Convergent-beam electron diffraction
Next, we decrease the WD to enter a regime where we have a large semi-convergent
angle, approximately 8 mrad, depending on the aperture settings. This allows us to
study CBED. As a model system, we first study a monolayer of graphene (Ted Pella)
supported by a lacey carbon grid. Figure 6.5a shows the SE image of the sample,
where the area in between the wires is composed of a monolayer of graphene. Us-
ing an electron energy of 30 keV, a WD of 4 mm and a camera length of 6.7 cm, we
record the CBED pattern shown in Figure 6.5b. We clearly see the diffraction pat-
tern associated with the hexagonal crystal lattice of graphene, however, instead of
measuring discrete spots as before, we measure diffraction disks due to the range
of incident angles within the semi-convergent angle. When we calculate the ex-
pected CBED pattern from the known cameral length and semi-convergent an-
gle and overlay the disks with the data (white dashed contours), we find excellent
agreement. Small deviations in the disk positions may arise from local strain within
the graphene layer. However, with our current angular resolution of ~1 mrad, such
fine variations cannot be resolved.

Next, we investigate how the size of the electron probe affects the size of the diffrac-
tion disks. We hypothesize that an increasing probe size causes a larger portion of
the lattice to contribute coherently to the diffraction pattern, resulting in sharper
diffraction disks. This effect should reflect the lateral coherence of the e-beam, as
a more incoherent e-beam would lead to blurred diffraction features. To test this
hypothesis, we first acquire a CBED pattern in focus (probe diameter of 4.4 nm)
and take the average intensity calculated by summing all second-order diffraction
spots, each centered around their center of mass, as shown in Figure 6.6a.

For comparison, Figure 6.6b presents a cross-section through the center of the
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summed diffraction spots, together with the direct beam profile measured under
identical conditions (data from Figure 6.2b). We fit the diffraction spot intensity
to a convolution of a Gaussian distribution that accounts for the lateral coherence,
and a block function describing the angular range of the incident e-beam (see sec-
tion 6.6.3 for details). The resulting fit (blue dashed line) yields a semi-convergent
angle of 7.2 mrad and a coherent diameter of 3.8 nm. The found semi-convergent
angle is slightly smaller than that of the direct beam (8.4 mrad), and the derived
coherent diameter corresponds to a coherence fraction of the total beam area of
approximately 75 %.

To further evaluate this model, we repeat the experiment where we intentionally
move the focal point to 20µm below the sample, thereby increasing the probe size
to a diameter of 300 nm. The corresponding summed diffraction spot and crosscut
are shown in Figure 6.6c,d, respectively. Surprisingly, the fitted parameters, a semi-
convergent angle of 7.2 mrad and coherent diameter of 3.6 nm, are nearly identical
to the in-focus case. In principle, if the degree of coherence is conserved along the
e-beam trajectory, a larger probe size should correspond to a proportionally larger
coherent diameter. The absence of this trend in our measurements suggests that
the observed diffraction behavior is dominated by other factors such as the tempo-
ral coherence and aberrations. Therefore this approach cannot be used to reliably
determine the lateral coherence of the e-beam with a large semi-convergent angle.

6.4.4. Ronchigrams
Next, we apply a technique to measure the lateral coherence that is adapted from a
method previously demonstrated in the TEM, using CBED[171]. To determine the
lateral coherence, we measure CBED patterns on a bilayer of graphene under con-
ditions where the diffraction disks overlap. Figure 6.7a shows the schematic repre-
sentation of the experiment. The detector is placed at a distance (Z ) below the focal
point of the e-beam, while the sample is placed above the focal point by a distance
∆ f . The bilayer sample consists of two graphene layers spaced by a vertical dis-
tance d , each acting as a diffracting plane for the e-beam. As the vertical distance
d , combined with de Broglie wavelength of the electron (λ =6.98 pm), results in a
slight difference in diffraction k-vector for each layer, which in turn results in two
partially overlapping disks. In the area where they overlap, the detected intensity
reflects the sum of diffracted electrons contributions that originate from two virtual
point sources, S1 and S2. The phase difference between these contributions results
in an interference pattern in the overlap region of each set of disks. The period of
the interference pattern depends on the spacing between the layers (d) and the dis-
tance from the sample to the focal point (∆ f ).

In the bilayer of graphene, the interlayer spacing equals the out-of-plane lattice
constant of 3.35 Å[176]. Because this separation is small, the resulting interfer-
ence fringes are expected to be widely spaced, making them unresolvable within
a single diffraction disk. To overcome this limitation, we employ a twisted bilayer
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Figure 6.6: Size of CBED disks. (a) Average intensity of all second-order diffraction spots and (b) the
profile along the center (red) and fit to a convolution of a Gaussian and a block function, compared to
the measured profile of the direct beam (black dashed) from Figure 6.2. (c,d) show the same analysis
when the monolayer of graphene is 20µm above the focal point, resulting in an e-beam spot diameter
of 300 nm.

of graphene with a small twist angle (β). The relative rotation between the two
layers introduces a lateral displacement of their reciprocal lattice points, which
implies that the corresponding virtual sources are also separated in the horizon-
tal plane. This additional separation produces a sufficient phase difference be-
tween the diffracted beams to generate a visible interference pattern, as illustrated
schematically in Figure 6.7b. CBED interference patterns have been used in the
TEM to study van der Waals materials in the TEM[176–181]. Kazmierczak et al.
showed to maps of strain fields in twisted bilayer graphene[182], and Latychevskaia
et al. showed how to use a twisted bilayer of graphene and hBN to determine out-
of-plane atomic displacements[176]. In this chapter, we investigate its use to deter-
mine the lateral coherence.
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Figure 6.7: Schematic representation of CBED. (a) CBED for a bilayer of material with an interlayer dis-
tance d resulting in radially displaced diffraction disks and (b) the overlapping diffraction disks for a
twisted bilayer of material.

Calculation

First, we calculate the expected interference pattern for a perfectly spatially coher-
ent beam. We start with determining the positions of the two virtual point sources,
which depend on the twist angle, interlayer distance, and defocus height. Next, we
propagate the corresponding electron wavefront from these virtual sources to the
detector plane. The resulting interference intensity distribution is obtained from
the coherent superposition of the two waves (see section 6.6.4 for a detailed de-
scription). For the calculation, we use a twist angle of 0.6◦, an electron energy of
30 keV, and a semi-convergent angle of 7 mrad. The sample is placed 6µm above
the focal plane and the camera length is 6.65 cm.

Figure 6.8a shows the corresponding calculated CBED pattern for a perfectly co-
herent beam. The overall diffraction geometry closely resembles that observed ex-
perimentally for a monolayer of graphene; however, within each diffraction disk,
we now observe a distinct interference pattern. The period of the interference de-
creases for the higher-order diffraction disks, and their orientation rotates accord-
ing to the position of the disk with respect to the direct beam: the fringes are always
perpendicular to the vector connecting the two disks. Because the twist angle is
small, the two disks are nearly coincident and cannot be easily distinguished.

To analyze the fringe structure in more detail, we select two disks, indicated by the
blue and purple squares in Figure 6.8a; enlarged images are shown in Figure 6.8b,c,
respectively (scale bar 5 nm−1). Around the outer region of each disk, we see an area
where there is no overlap in which no interference fringes are observed. Taking the
Fourier transform of the enlarged images allows us to study the distance between
the virtual sources contributing to the interference pattern, shown in Figure 6.8d,e
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Figure 6.8: Calculated CBED pattern for a twisted bilayer of graphene. (a) The full CBED pattern until the
second order, calculated for a twist angle of 0.6◦ and a defocus of 6µm (according to section 6.6.4). (b,c)
Enlarged images from (a) for two diffraction disks indicated by the blue and purple square (scale bar
5 nm−1) and (d,e) their 2D Fourier transform (scale bar 2 nm), respectively. (f) Line scans perpendicular
to the interference patterns in (b,c) in blue and purple, respectively, and (g) their Fourier transform.

with the scale bar indicating 2 nm. We can take a line scan perpendicular to the
interference fringes in Figure 6.8b,c, and take the Fourier transform to study the
visibility and spacing of the fringes, see Figure 6.8f,g. The distance related to this
interference is 2.2 nm and 3.5 nm for the first and second order diffraction spot,
respectively. This distance is associated with the real-space distance between the
virtual sources S1 and S2. Furthermore, since in the calculation we assume a per-
fectly coherent e-beam and an equal scattering intensity from each layer, the fringe
visibility reaches 100 %.

Experiments

To experimentally measure the lateral coherence in the SEM, we measure CBED
patterns from a commercial bilayer of graphene (Ted Pella). The sample contains
many small graphene flakes with varying twist angles and numbers of layers. We
place the sample 6µm above the focal plane and probe multiple regions to iden-
tify an area with a suitable twist angle for producing visible interference fringes.
Figure 6.9 shows the CBED results of an area exhibiting clear interferences fringes.
Figure 6.9a shows the full CBED pattern recorded on the single-electron detector
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Figure 6.9: Measured CBED pattern for a twisted bilayer of graphene. (a) The full CBED pattern with the
background subtracted, resulting in the dark disk in the center. (b,c) Enlarged images from (a) for two
diffraction disks indicated by the blue and purple square (scale bar 5 nm−1) and (d,e) their 2D Fourier
transforms (scale bar 2 nm), respectively. (f) Line scans perpendicular to the interference fringes in (b,c)
in blue and purple, respectively, and (g) their Fourier transform.

after background subtraction to remove contributions from inelastically scattered
electrons. The dark central disk in the image is an artifact of the background sub-
traction related to oversaturation of the detector in this area. Within each disk, a
dark spot appears at the same position in each disk. We assign this to a shading
effect due to a small contamination that blocks part of the transmitted electrons; in
this measurement the e-beam diameter is approximately 80 nm.

Around the shaded region, a distinct interference pattern is visible. The fringes ro-
tate according to the orientation of the diffraction spot with respect to the center
beam as expected. This behavior is more clearly seen in the enlarged images of
two specific spots indicated by the blue and purple square, shown in Figure 6.9b,c,
respectively. The Fourier transforms of the interference patterns (Figures 6.9d,e)
reveal components corresponding to the fringe spacing, although the image qual-
ity is affected by the shaded regions in the CBED disks. The fringe orientation and
periodicity match the calculated results from Figure 6.8 well, demonstrating good
agreement between experiments and calculation for ∆ f =6µm and β=0.6◦.

To measure the fringe visibility, we take a line scans of Figure 6.9b,c, indicated by
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the blue and purple dashed line, and compute the Fourier transforms, shown in
Figure 6.9f,g, respectively. Although the visibility is much decreased compared to
the calculated case (note the different y-scale in panel (g)), we clearly see a peak
in the Fourier transform. For the first diffraction order (purple), we find a peak at
2.4 nm with a visibility of approximately 60 %, while for the second diffraction or-
der (blue), the peak is found at 3.5 nm with a visibility of 20 %. A decreasing trend
in visibility for larger wave vectors is expected, given the limited coherence of the
e-beam. A precise analysis of these numbers is difficult as the measured visibility
of the smallest wave vector is sensitive to the background subtraction of the signal
of the direct beam.

Similar to the work done by Dwyer [172], who used two facets of diamond to achieve
the e-beam coherence function, we can use this measurement to extract the degree
of coherence, related to the visibility. This visibility arises from a combination of
the finite lateral coherence of the e-beam and the varying number of atomic lay-
ers contributing to each diffraction spot[158]. Because the twist angle is small, the
diffraction disks are not separable, and the number of atomic layers in each flake
is unknown. The found visibilities are associated with the lower limit of the de-
gree of lateral coherence at the analyzed wave vector. The wave vectors correspond
to the Moiré wave vectors depending on the twist angle and the diffraction order.
Thus, the measurement provides two data points on the lateral coherence curve of
the SEM beam, as summarized in Table 6.1. When compared to the maximum ac-
cessible wave vector in the e-beam of 0.63 Å−1, these measurements sample only a
fraction of the full range.

A more complete reconstruction of the lateral coherence function and probe shape
would require repeating the measurement for other twist angles and additional
diffraction orders, thereby covering a broader k-vector separation range. However,
the finite pixel size of the detector imposes a lower bound on the fringe period that
can be resolved (see section 6.6.4 for details).

Table 6.1: Wave vectors connecting the diffraction points of a twisted bilayer of graphene for the first
and second diffraction order and a twist angle of 0.6◦ and the corresponding visibility of the interference
fringes from Figure 6.9.

Diffraction order k-vector (Å−1) Visibility (%)
1 0.031 60
2 0.053 20

6.5. Conclusion
In this chapter, we demonstrated the development and application of 4D-STEM
within a SEM operating at an electron energy of 30 keV. While 4D-STEM is tradi-
tionally performed in TEMs operating at higher energies, our work shows that sim-
ilar diffraction-based analyses are feasible at the lower electron energies typical for
SEMs (1–30 keV), offering complementary advantages such as higher sensitivity to
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tilt, strain, or Moiré scattering, and potential future correlative experiments with
angle-resolved cathodoluminescence (CL) spectroscopy.

We characterize the electron optics in the SEM and determined the minimal probe
size (resolution) of 4.4 nm and a convergent angle of 1-8 mrad, depending on the
chosen WD and aperture. Using a Schottky FEG, we describe how brightness and
lateral and temporal coherence of the e-beam are key parameters that determine
the achievable spatial resolution and diffraction. Subsequently, we applied 4D-
STEM to study crystalline Au flakes, identifying their crystal lattices orientation and
spacing from the measured diffraction patterns. The experiments revealed that the
SEM can resolve reciprocal-space information with high precision.

We then explored CBED in the SEM by operating at larger semi-convergent an-
gles. Using graphene monolayers, we observed the transition from discrete diffrac-
tion spots to diffraction disks, verifying the expected geometry through comparison
with calculated CBED patterns. To assess the lateral coherence of the SEM beam,
we have adopted a method inspired by TEM studies, using overlapping diffraction
disks from twisted bilayer graphene. Calculations for a perfectly coherent beam
were compared with experimental data, from which we extracted a degree of co-
herence of approximately 60 % and 20 % for an electron k-vector of 0.031 Å−1 and
0.053 Å−1, respectively.

Overall, this work establishes a foundation for 4D-STEM in the SEM, expanding the
capabilities of conventional low-energy electron microscopy toward quantitative
structural characterization at the nanoscale. This geometry takes advantage of the
high signal-to-noise ratio for transmitted electrons and the different measurement
capabilities enabled by low electron energies. Using 4D-STEM, we characterize key
e-beam parameters, semi-convergent angle and degree of lateral coherence. Look-
ing ahead, 4D-STEM can be combined with CL to directly correlate structural and
optical properties within a single experiment. Ultimately, we could perform single-
electron/single-photon coincidence measurements to obtain further insight into
the quantum properties of electron-light-matter interactions.

6.6. Appendix
6.6.1. Spatial profile of the e-beam for a uniform angular amplitude
In section 6.4.1, we measure the probe size of the e-beam at different heights (z)
above the focal point. We compare this to a perfect Gaussian beam. However, we
know from the direct beam image that the lateral shape of the e-beam does not
follow a Gaussian function. Therefore, we have to adjust our description of the
height-dependent e-beam profile.

For this analysis, we assume a perfectly coherent e-beam with a uniform angular
amplitude within the semi-convergence angle (α =8.4 mrad). Then, the beam can
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be described as a function of position r = (x, y, z) as

Ae(r) =
∫

Q<q0 sin(α)
dQe i (Q·R+qz z), (6.5)

where R = (x, y), Q = (qx , qy ), Q =
√

q2
x +q2

y is the in-plane wave vector, and q0

is the electron wave vector (q0 = 2π/λe ). The integral is restricted to Q < q0 sin(α)
due to the semi-convergent angle of the e-beam. Under the paraxial approximation
(i.e., Q << q0), we write

qz ≈ q0 −Q2/(2q0), (6.6)

and therefore
e i qz z ≈ e i q0z e−iQ2z/(2q0). (6.7)

As a result, Eq. 6.5 becomes

Ae(r) = e i q0z
∫

Q<q0 sin(α)
dQe i (Q·R)−iQ2z/(2q0). (6.8)

The R-dependent intensity profile of the e-beam (Ie (R, z)) becomes

Ie (R, z) = 4π2
∣∣∣∣∫ q0 sin(α)

0
dQQ J0(QR)e−iQ2z/(2q0)

∣∣∣∣2

(6.9)

where J0 is the zeroth order Bessel function and R =
√

x2 + y2 is the transverse ra-
dial distance to the e-beam’s axis[183].

For comparison, the e-beam lateral intensity associated with a Gaussian beam is
given by

IGaussian(R, z) ∝
∣∣∣∣∫ ∞

0
dQQ J0(QR)e−Q2/∆2−iQ2z/(2q0)

∣∣∣∣2

, (6.10)

where we insert an extra factor e−Q2/∆2
in which ∆ depends on the beam’s semi-

convergent angle, and also, the integral is extended over the entire 2D plane.

Figure 6.10 compares the intensity profile calculated for a Gaussian beam accord-
ing to Eq. 6.10 (black) with the intensity obtained considering the uniform angu-
lar profile of the e-beam according to Eq. 6.9 (red). We use four values for z: (a)
z =0 nm, (b) z =100 nm, (c) z =500 nm, and (d) z =10µm. All graphs are normal-
ized, such that the integral of RI (R) from 0 to ∞ is a constant.

The Gaussian angular profile of the e-beam is clearly smooth and independent of
z, apart from a lateral enlargement increasing with z. However, the intensity pro-
file associated with a uniform angular profile shows a complex behavior. First of
all, far away from the focal point (z =10µm), we observe a flat profile, with an in-
creased intensity at the edge of the e-beam. This explains the shape of the profile
that we observe when we measure the direct beam in Figure 6.2b, that shows a uni-
form intensity with enhancement at the edge. Furthermore, at small displacements
above the focal point, we observe oscillations in the intensity profile. Comparing
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Figure 6.10: Calculated intensity profiles of the e-beam for two assumed amplitude distributions: a
uniform profile (red) and a Gaussian profile (black). The beam shape is shown at four axial positions:
(a) at the focal plane, and (b) 100 nm, (c) 500 nm, and (d) 10µm above the focal point, illustrating how
the probe shape evolves with increasing defocus.

the Gaussian angular profile with the uniform angular profile for z =500 nm in Fig-
ure 6.10, we find a smaller probe size associated with the latter one, which could
explain the discrepancy that we observe between experiments and calculations in
Figure 6.3. However, to match this to the measured resolution, a proper analysis of
the convolution of the probe at the sample plane and the sample should be carried
out.

6.6.2. Electron diffraction under a tilt angle
To calculate the electron diffraction pattern from a Au crystal (face-centered cubic
lattice), we first computed the real and reciprocal lattices and found the overlap
with the Ewald sphere. The real-space lattice of Au is given by

ri j k = a(ni j k +b), (6.11)

where ni j k indexes the unit cell position, and b are the four-unit cell basis vectors
(0, 0, 0), (0.5, 0.5, 0), (0.5, 0, 0.5), (0, 0.5, 0.5). The reciprocal lattice of a FCC crystal
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is a body-centered cubic (BCC), of which the basis vectors are defined as

b1 = 2πa(−1,1,1)

b2 = 2πa(1,−1,1)

b3 = 2πa(1,1,−1).

(6.12)

This results in the full set of reciprocal diffraction vectors as

Ghkl = hb1 +kb2 + l b3. (6.13)

Next, the crystal was rotated so that the (111)-plane is parallel to the z-traveling e-
beam. Since electron diffraction is an elastic interaction, the energy of the electron
is conserved, and the diffraction spots have to satisfy |Ghkl −ki n |−k0 < ϵ, where ϵ is
a small tolerance. The strength of the diffraction spot (size of the marker in Figure
6.3) scales inversely to the difference in reciprocal space.

6.6.3. Effect of lateral coherence on electron diffraction patterns
To study the effect of increasing probe size on the sample, we used an analytical
model for the shape of the diffraction spots. Diffraction of electrons of a crystalline
sample is a result of particle-wave duality of electrons. The electron is scattered
by the periodic sample as a wave, resulting in an interference pattern of diffraction
spots at the detector. Theoretically, for a parallel e-beam with infinite size that scat-
ters from the sample, the diffraction pattern consists of delta functions. However,
due to the finite coherence width of the e-beam, only a fraction of the unit cells con-
tribute coherently to the interference pattern, resulting in Gaussian-shaped diffrac-
tion spots. Assuming a lateral coherence width (H), the resulting diffraction pattern
is given by[184]

S ∝∑
G

e
−|k||

i −k||
f −G|2 H 2/2

, (6.14)

with G the reciprocal surface lattice vectors, and ki and k f the incoming and out-
coming electron momentum vector, respectively. Since we have a convergent e-
beam, we also take into account the distribution of incoming electron momentum
vectors. The resulting intensity within a diffraction spot follows

Idiff(k f ) =
∫ ki

−ki

f (k)e−(k−k f )2 H 2
dk, (6.15)

with ki = k0 sin(α) and f (k) describing the electron density distribution within the
e-beam. Typically, the brightness, the current density per unit solid angle of the
source is a conserved value[24], indicating that the electron density within the e-
beam is constant

f (ki ) =
1, |k| < ki ,

0, elsewhere.
(6.16)

Therefore, the diffraction spot intensity function is a convolution of a block func-
tion with a width determined by the convergent angle and Gaussian related the
coherent width of the e-beam.



6.6. Appendix

6

107

6.6.4. Calculation of interference in a ronchigram
In the CBED configuration sketched in Figure 6.7a, the e-beam is interacting with a
bilayer with a distance d between the layers and a twist angle β. As a result, we will
observe two diffraction disk patterns on the detector, originating from electrons
scattered from the first and the second layer. Within the area where the diffrac-
tion disks overlap, electrons can come from either one of the layers. Therefore, we
observe an interference pattern that resembles the interference from two virtual
sources S1 and S2. The orientation of the interference fringes is always perpendic-
ular to the vector connecting the center of the two overlapping disks.

To calculate the expected interference period, we calculate the distance between
the two sources. In two layers that are stacked on top of each other without trans-
lation or rotation, the distance between the two virtual sources is[158, 176]

∆ρ = d tan(θi ), (6.17)

where θi is the ith order Bragg diffraction angle for graphene that is related to the
lattice constant (a =2.46 Å) and the distance between the layers (d =3.35 Å). The
distance between the virtual sources without twist angle is not large enough to cre-
ate an interference pattern that is visible with the resolution of our detector[176].
The location of the virtual sources with a twist angle and defocus height (∆ f ) is
given by (see Figure 6.7b for the schematic)

ρ1 = (∆ f +d) tan(θi )x̂

ρ2 =∆ f tan(θi )
(
sin(β)x̂ +cos(β)ŷ

)
.

(6.18)

The resulting interference pattern at position R = (x, y, z) at the detector, can be
calculated by summing up electron waves originating from S1 and S2, given by

I (R) ∝
∣∣∣∣e i k0|R−ρ1|e−iπ

|ρ1 |2
λ∆ f +e i k0|R−ρ2|e−iπ

|ρ2 |2
λ(∆ f +d)

∣∣∣∣2

(6.19)

The resulting interference pattern depends on the under- or overfocus, the inter-
layer distance, and the twist angle. The larger the overfocus, underfocus or the twist
angle, the larger the spacing between the virtual sources, hence the smaller the in-
terference period. The visibility of the fringes is a combination of the ratio between
the number of atomic layers in each layer within the twisted bilayer, and the lateral
coherence of the e-beam. For an equal number of layers, lateral coherence is given
by

ν= Imax − Imin

Imax
(6.20)

In our experiments, the visibility is approximately 20-60 %. Because any varia-
tion in the number of atomic layers contributing to the diffraction spots can only
reduce the observed visibility, this value represents a lower bound for the degree
of lateral coherence at the spatial frequency set by the specimen. For a bilayer of
graphene, the difference between the reciprocal lattice vectors of the two layers is
given by[185]

q1(β) = 2|bi |sin(0.5β), (6.21)
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Figure 6.11: Wave vector associated with twisted bilayer of graphene. The solid lines show the relation
between the twist angle and the associated wave vector for the first (purple) and second (blue) order
diffraction disks of a bilayer of graphene. The accessible k-vector in the e-beam with a semi-convergent
angle of 7 mrad is shown for comparison (light blue)

where bi is the magnitude of the reciprocal lattice vector corresponding to diffrac-
tion order i . The spatial frequencies associated with different twist angles are shown
in Figure 6.11 for both the first (purple) and second (blue) diffraction orders. The
blue shaded region indicates the accessible k-vectors within the e-beam for a semi-
convergence angle of 7 mrad. To probe the coherence function across the entire
beam, we would need to measure twisted bilayer graphene with twist angles up
to about 7 mrad. However, at such large twist angles, the diffraction disks in our
SEM geometry no longer overlap, making the interference measurement impossi-
ble with the current beam configuration.

A second limitation of this method for determining the lateral coherence function
is the finite resolution of the single-electron detector. Because of the limited pixel
size, the smallest interference period we can reliably distinguish corresponds to
a virtual-source separation of 4 nm (the accessible domain in Figure 6.9g). Since
the interference period depends on both the twist angle and the defocus height
above the focal plane, we retain some flexibility in choosing these parameters. Fig-
ures 6.12a,b show the calculated virtual-source separations for the first and second
diffraction orders, respectively. The dashed line marks the 4 nm resolution limit.
Features to the right of this line cannot be resolved with our detector. From these
plots, we see that accessing higher spatial frequencies requires using larger twist
angles while simultaneously reducing the defocus height, to values on the order of
only ~1µm. Repeating the measurement under these conditions would extend the
measurable range of lateral coherence.
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Figure 6.12: Limitation of measurements with a single-electron detector. Calculated distance between
the virtual sources S1 and S2 for (a) the first and (b) the second order diffraction disks depending on
the twist angle and defocus height (∆ f ). The black dashed line shows the resolution limit of 4 nm. Only
features on the left of this line can be resolved by the used detector.
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Summary

Since the early days of modern physics, there has been a strong desire to see be-
yond the limits of human vision. Optical microscopes, invented in the seventeenth
century, revolutionized biology and material science, yet their resolving power is
fundamentally limited by the wavelength of visible light. This has motivated the de-
velopment of instruments capable of revealing the structure of matter on smaller
scales. The electron microscope provides such a tool; the small de Broglie wave-
length of electrons combined with the technological evolution of electron optics
has enabled imaging with a spatial resolution more than three orders of magnitude
beyond that achievable with visible light.

At the same time, the rapid growth of nanophotonic applications has introduced
new opportunities. Manipulating light at the nanoscale enables sensitive sensors,
on-chip light sources, enhanced light management for photovoltaics, and much
more. In all these cases, it is essentials to understand and control how electromag-
netic fields are distributed within nanostructures. Understanding and controlling
these electromagnetic fields requires experimental techniques capable of probing
light–matter interactions at the nanoscale.

Conventional electron microscopy primarily reveals surface morphology in the scan-
ning electron microscope (SEM), or atomic arrangement in the transmission elec-
tron microscope (TEM). Electron tomography extends this capability into three di-
mensions (3D), enabling atomic-scale reconstruction of nanostructures. The tradi-
tional contrast mechanisms in SEM or TEM depend on the scattering or absorption
of electrons, which encode morphology rather than the optical response of speci-
mens.

To gain insight in the optical properties of materials at the nanoscale, it is essential
to probe how materials interact with light at the nanoscale. In this thesis, we use
free electrons as an ultrafast, nanoscale, broadband source of optical excitation,
and detect the emitted light, termed cathodoluminescence (CL). CL spectroscopy
has proven to be a versatile tool for mapping electric near-field strengths in two
dimensions. Here, we extend its application to explore how electron spectroscopy
techniques can be used to study electric near fields in 3D.

We begin in Chapter 2 by quantitatively studying the coupling strength between the
electron and dipolar modes in plasmonic nanospheres. As the electron traverses
the particles, it probes the z-component of the electric near-field along its trajec-
tory. The resulting electron-energy dependent coupling strength corresponds to
the Fourier transform of this near field. By performing electron-energy dependent
CL measurements on plasmonic nanospheres, we show that the strongest coupling
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is achieved when the electron’s velocity matches the mode’s evolution in time, pro-
viding a proof for a phase-matching model of electron-mode coupling.

For aloof trajectories, the data is in excellent agreement with theoretical calcula-
tions. For penetrating trajectories, however, inelastic scattering from the heavy Au
atoms redirects the electron trajectories, which affects the coupling conditions. We
develop a first-order recoil correction model that reconciles theory and measure-
ments. Finally, we theoretically identify the conditions for achieving the strongest
coupling between the electron and the plasmonic mode: a coupling efficiency of
a few percent can be achieved for Au nanospheres with a diameter of 5 nm, using
1 keV electrons. Higher coupling would be achieved for even more confined electric
near fields and slower electrons.

Exploiting the phase-matching condition further, we study the dependence of the
CL intensity on electron energy and impact parameter in dielectric Si nanoparti-
cles in Chapter 3. In comparison to Au, the lighter Si atoms produce a lower inelas-
tic scattering probability. Furthermore, dielectric nanospheres support Mie reso-
nances tunable by the varying diameter of the particle.

Using electron-energy-dependent CL measurements, we reconstruct the impact-
parameter-dependent electron path length through the particle. We then demon-
strate selective mode excitation using the phase-matching condition, achieving tai-
lored angular emission patterns in the far field. We demonstrate how we can use
the transverse Kerker condition, when the electric dipole and magnetic dipole res-
onance spectrally overlap, to optimize the relative coupling strength to selected
modes, and thereby the directionality, by controlling the electron velocity.

In Chapter 4, we expand our work towards using CL as a 3D metrology technique.
By sequentially exiting multiple scatterers with a single electron, we demonstrate
the concept of CL interferometry. We investigate a geometry consisting of a free-
standing plasmonic tip above a Au surface. The resulting far-field interference pat-
terns, measured via angle- and wavelength- resolved CL, allow us to extract the di-
mensions of the measured geometry. Through Fourier analysis, we find the scatterer-
surface separation, the electron time-of-flight between scattering events, and the
decay time of the resonant modes. Our experiments nicely match an analytical
interference model, which we further validate by varying the electron energy and
performing polarization-resolved measurements.

Next, we consider the dual particle/wave nature of the electron and how it may af-
fect the generation of CL. Conventional CL models treat the electron as a classical
point charge and describe experiments well. At the same time, diffraction experi-
ments exploit the wave nature of the electron, described by a finite lateral and tem-
poral coherence length. In Chapter 5 we demonstrate that, even if we extend the
electron beam laterally to interact with multiple scatterers at once, the resulting CL
emission is the incoherent sum of individual CL emission events.

First, we study the angular emission distribution of transition radiation emitted
from a thin Si3N4 membrane. We find identical emission distributions for an elec-
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tron beam of 4 nm or 6µm diameter, showing that the excitation creates an inco-
herent sum of CL emission events distributed over the transverse beam area. Next,
inspired by the geometry studied in Chapter 4, we use a pair of plasmonic nanopil-
lars that are precisely spaced horizontally and vertically to study the angle- and
wavelength- resolved CL emission. When the pillars are separated by less than
200 nm, the emission exhibits a coherent behavior, evidenced by the presence of
an electron time-of-flight signature. However, if the separation is larger than the
extent of the particle’s electric near fields, the resulting CL is the incoherent sum of
the emission from the pillars. These findings indicate that coherent excitation of
transversely spaced emitters by a single electron, according to its wave nature, is
not observed under our experimental conditions. Further research is needed to de-
termine whether this arises from the finite lateral coherence of the electron beam
or reflects a fundamental aspect of the nature of free-electron excitation.

Finally, we develop scanning transmission electron microscopy (STEM) in the SEM
using 30 keV electrons in Chapter 6. First, we quantify key parameters of SEM in our
laboratory and find an optimum spatial resolution of 4.4 nm and a semi-convergent
angle between 1 and 8 mrad, depending on the chosen aperture and working dis-
tance. We use a 2D single-electron detector and measure selected-area electron
diffraction patterns from a thin crystalline Au flake and acquire convergent-beam
electron diffraction (CBED) patterns of a graphene monolayer. With these mea-
surements, we demonstrate the ability of STEM to probe crystallographic informa-
tion at a low acceleration voltage.

Next, we perform experiments to reveal the spatial coherence of the electron beam
in the SEM, based on a technique used in the TEM by others. We acquire CBED pat-
terns from a twisted bilayer of graphene. Due to the small twist angle, the diffrac-
tion disks overlap, and we observe interference from electrons scattering from ei-
ther layer. For a given diffraction order, the period of the interference is determined
by the twist angle as well as the distance between the sample and the focal point.
We use a geometric model to analyze interference patterns and find agreement for
a twist angle of 0.6◦ and a defocus height of 6µm. We extract a degree of spatial
coherence at two spatial frequencies: 60 % at 0.031 Å−1, and 20 % at 0.053 Å−1. The
data sample a limited fraction of the electron beam and further expanded measure-
ments at different twist angles are needed to reconstruct the full coherence function
of the electron beam.

These studies pave the way towards coherence-dependent electron-light interac-
tions in CL microscopy. Further experiments could also exploit the correlation
between electron diffraction and CL. Furthermore, single-electron-single-photon
correlation measurements could reveal further details on the quantum aspects of
electron-light-matter interactions.

In summary, this thesis advances our understanding on how free electrons couple
to resonant optical modes. It demonstrates how CL spectroscopy can be used to re-
cover 3D information in plasmonic and dielectric nanostructures, both for optical
near fields in individual structures and for assemblies of spatially separated scatter-
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ers. It further studies whether and when the coherence properties of electrons in
the SEM impact the CL emission, and provides measurements of the electron spa-
tial coherence in the SEM. Together, these approaches pave the way towards 3D op-
tical metrology, and demonstrate the first explorations towards studying quantum-
coherent phenomena using CL in the SEM.
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Sinds het ontstaan van de moderne natuurkunde, proberen we kleiner te kijken dan
het oog reikt. De uitvinding van de optische microscoop in de zeventiende eeuw
heeft hier sterk aan bijgedragen en de biologie en materiaalkunde ingrijpend ver-
anderd. Maar het plaatsoplossend vermogen blijft onlosmakelijk verbonden met
de golflengte van zichtbaar licht. Zelfs de meest geavanceerde optische technieken
kunnen deze limiet niet doorbreken. Dit heeft geleid tot de ontwikkeling van de
elektronenmicroscoop. Dankzij de korte de Broglie-golflengte van elektronen en
de snelle vooruitgang in de elektronenoptica is een plaatsresolutie bereikt die vele
ordes beter is dan het optisch bereik.

Parallel hieraan is er een snelle ontwikkeling geweest in nanofotonische toepassin-
gen. Het manipuleren van licht op kleine schaal maakt het mogelijk om gevoelige
sensoren te ontwikkelen en zonnecellen te verbeteren, om er maar twee te noemen.
Voor al deze toepassingen is het controleren en begrijpen hoe elektromagnetische
velden zich binnen nanostructuren verdelen essentieel. Dit vereist technieken die
in staat zijn om de interactie tussen licht en materiaal rechtstreeks op de nano-
schaal te onderzoeken.

De elektronenmicroscoop blinkt uit in het zichtbaar maken van oppervlakte morfo-
logie in de scanning elektron microscoop en van de atomaire ordening in de trans-
missie elektrom microscoop. Maar de signalen in de elektronenmicroscoop zijn ge-
voelig voor de verstrooing en absorptie van elektronen, maar geven daarmee alleen
informatie over de morfologie van het materiaal, en niet over de optische eigen-
schappen van de structuur.

Voor een diepgaand begrip van nanofotonische en plasmonische systemen is het
essentieel om te onderzoeken hoe materialen op nanoschaal met licht interacte-
ren. In dit proefschrift gebruiken we het elektron niet alleen als beeldvormend
deeltje, maar als een snelle, kleine en breedbandige bron van optische excitaties.
Het uitgezonden licht, kathodoluminiscentie (CL), bevat informatie over de opti-
sche eigenschappen van materialen. Terwijl CL traditioneel vooral wordt ingezet
voor tweedimensionale metingen, laten we zien dat CL spectroscopie ons in staat
stelt om driedimensionale (3D) informatie terug te winnen over de elektrische vel-
den binnen een structuur en over de afstanden tussen een verzameling van struc-
turen.

In Hoofdstuk 2 bestuderen we kwantitatief de koppeling tussen het elektron en de
dipool resonantie in plasmonische nanodeeltjes. Wanneer het elektron door het
deeltje beweegt, tast het de z-component van het elektrische veld af langs het tra-
ject. De elektronenergie-afhankelijke koppelingssterkte komt overeen met de Fou-
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riertransformatie van de elektrische veldverdeling. Door CL-metingen uit te voeren
als functie van de elektronenergie tonen we aan dat de sterkste koppeling optreedt
wanneer de elektronsnelheid gelijk is aan de effectieve fasesnelheid van het oscil-
lerende dipoolveld.

Voor een passerend elektron, komt de data goed overeen met theoretische simula-
ties. Maar als het elektron door het materiaal heen beweegt, wordt de non-recoil-
benadering geschonden door sterke verstrooing aan de zware goudatomen. Daarom
ontwikkelen we een eerste-orde recoil-correctiemodel dat theorie en experiment
met elkaar in overeenstemming brengt. Ten slotte identificeren we theoretisch de
voorwaarden voor het bereiken van de sterkste koppeling tussen het elektron en de
plasmonische resonantie. We stellen vast dat daarvoor een ruimtelijk klein elek-
trisch veld en langzame elektronen vereist zijn. We vinden een maximale koppe-
ling van een paar procent voor een gouddeeltje met een diameter van 5 nm en een
electronenergie van 1 keV. De koppeling kan worden verbeterd door nog kleinere
deeltjes en nog langzamere elektronen te gebruiken, maar dit is experimenteel een
uitdaging.

Om dieper in te gaan op de koppeling van het elektron aan specifieke resonanties
in nanofotonische deeltjes, bestuderen we de afhankelijkheid van CL-emissie van
de elektronenergie en de positie van impact. In Hoofdstuk 3 gebruiken we hiervoor
Si nanodeeltjes om deze afhankelijkheid te onderzoeken. Si biedt twee belangrijke
voordelen: de lichtere atomen verlagen de kans op inelastische verstrooiing en dië-
lektrische structuren ondersteunen Mie-resonanties die regelbaar zijn via de deel-
tjesdiameter.

Met energie-afhankelijke CL-metingen reconstrueren we de padlengte van het elek-
tron door het deeltje bij verschillende posities van impact. Vervolgens laten we
zien dat selectieve excitatie van resonanties mogelijk is door de snelheid van het
elektron te matchen aan de oscillerende spatiële veldverdeling. Dit heeft tot resul-
taat dat we de hoekverdeling van de CL-emissie kunnen controleren. Wanneer de
elektrische en magnetische dipoolresonantie spectraal overlappen, bereiken we de
transversale Kerker-conditie, waarbij de emissierichting te controleren is door de
elektronsnelheid te variëren.

In Hoofdstuk 4 breiden we ons onderzoek uit naar CL als een 3D-metrologietechniek.
Door meerdere verstrooiers opeenvolgend te exciteren met één enkel elektron, voe-
ren we CL-interferometrie uit. We onderzoeken een systeem bestaande uit vrij-
staande plasmonische tips boven een goudoppervlak. De resulterende hoek- en
spectrumafhankelijke CL-emissie laat een interferentiepatroon zien waarvan de
periode te relateren is aan de geometrie. We nemen de Fourier transformatie naar
het tijdsdomein, wat ons in staat stelt de afstand tussen de verstrooiers, de reistijd
van het elektron van de ene verstrooier naar de volgende, en de levensduur van de
resonanties te bepalen. De experimenten komen goed overeen met een analytisch
model, dat we verder valideren door de elektronenergie te variëren en polarisatie-
afhankelijke metingen uit te voeren.
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Vervolgens beschouwen de de golf-deeltje-dualiteit van het elektron en het mo-
gelijke effect op de CL-emissie. Hoewel conventionele CL-modellen het elektron
als puntlading behandelen, tonen diffractie-experimenten aan dat het elektron ook
een golfkarakter heeft met een eindige laterale en temporele coherentielengte. In
Hoofdstuk 5 tonen we aan dat zelfs wanneer de elektronenbundel lateraal wordt
verbreed zodat deze meerdere verstrooiers tegelijk aanslaat, de resulterende CL-
emissie de incoherente som is van de individuele verstrooiers.

Dit demonstreren we eerst aan de hand van de hoekafhankelijke emissie van transi-
tiestraling uit een dun Si3N4-membraan, waarbij dezelfde emissie wordt verkregen
voor elektronenbundel met een diameter van 4 nm en 6µm. Vervolgens bestude-
ren we, geïnspireerd op Hoofdstuk 4, de CL-emissie van een paar van plasmoni-
sche nanopilaren met nauwkeurig gecontroleerde horizontale en verticale afstan-
den. Wanneer de onderlinge horizontale afstand kleiner is dan 200 nm, vertoont de
CL-emissie coherente kenmerken, die blijkt uit de bepaling van een welbepaalde
elektron-reistijd. Voor grotere afstanden, buiten het bereik van de elektrische na-
bijvelden, verdwijnt deze coherentie en wordt de emissie volledig incoherent. Deze
resultaten suggereren dat coherente excitatie van transversaal gescheiden emitte-
rende deeltjes niet optreedt onder onze experimentele condities. Verdere studie is
nodig om te bepalen of dit veroorzaakt wordt door de eindige laterale coherentie
van de elektronenbundel of wijst op een fundamentele beperking in elektron-licht-
materiaal interactie

In Hoofdstuk 6 ontwikkelen we scanning transmissie elektronenmicroscopie (STEM)
in de SEM, gebruikmakend van laag-energetische elektronen. Eerst karakteriseren
we belangrijke parameters van ons meetsysteem en vinden we een ruimtelijke reso-
lutie van 4.4 nm en een semi-convergentiehoek tussen 1 en 8 mrad, afhankelijk van
de gekozen diafragma en werkafstand. We demonstreren elektrondiffractie van een
dunne kristallijne goudstructuur en elektrondiffractie van een convergente bun-
del (convergent-beam electron diffraction, CBED) van een monolaag van grafeen.
Hiermee tonen we aan dat we met STEM in de SEM in staat zijn om kristallografi-
sche informatie te verkrijgen met lage elektronenergieën.

Vervolgens onderzoeken we of de ruimtelijke coherentie van de elektronenbundel
in de SEM bepaald kan worden. We registreren een CBED-patroon van een dubbel-
laag van grafeen met een kleine onderlinge kristal rotatie. Door deze kleine hoek
overlappen de diffractiepatronen. Waar de patronen overlappen verschijnt een in-
terferentiepatroon afkomstig van elektronen die aan beide lagen verstrooien. De
periode van deze interferentie wordt bepaald door de onderlinge rotatie, de afstand
van het sample naar het focuspunt van de elektronbundel en de diffractie-orde.
Met een model vinden we goede overeenstemming voor een onderlinge rotatie van
0.6◦ en een defocus van 6µm.

We meten op deze manier twee punten van de ruimtelijke coherentiefunctie: 60 %
bij 0.031 Å−1 en 20 % bij 0.053 Å−1. Dit vormt de eerste experimentele bepaling van
de ruimtelijke coherentiefunctie in de SEM, zij het dat slechts dat een klein deel
van de elektronenbundelkarakteristiek gemeten wordt. Verdere experimenten met
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verschillende onderlinge rotaties zijn nodig om de volledige coherentiefunctie over
de bundelbreedte te reconstrueren.

Deze resultaten tonen we aan dat STEM in de SEM kan worden ingezet om elekt-
rondiffractie te meten en coherentie van de elektronenbundel bij lage energieën te
onderzoeken. Deze ontwikkelingen vormen de basis voor toekomstige studies naar
coherentie-afhankelijke elektron-licht interacties, en kunnen uiteindelijk leiden tot
correlatiemetingen tussen diffractie en CL, of tot enkel-elektron-enkel-foton correlatie-
experimenten die nieuwe inzichten bieden in de kwantumeigenschappen van elektron-
licht-materiaal interacties.

Samenvattend verdiept dit proefschrift ons begrip van hoe vrije elektronen koppe-
len aan materialen met optische resonanties. Het laat zien hoe CL-spectroscopie
kan worden ingezet om 3D informatie te verkrijgen, zowel van optische nabijevel-
den in individuele structuren als van collecties van ruimtelijk gescheiden verstrooi-
ers. Daarnaast wordt onderzocht onder welke condities de ruimtelijke coherentie
van elektronen in de SEM de CL-emissie beïnvloedt en worden in de SEM de eerste
metingen van deze ruimtelijke coherentie gepresenteerd. Gezamenlijk wijzen deze
benaderingen de weg naar 3D optische metrologie en vormen zij de eerste stappen
richting het bestuderen van kwantumcoherentie met behulp van CL in de SEM.
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