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Abstract: Electron beams in electron microscopes are
efficient probes of optical near-fields, thanks to spectros-
copy tools like electron energy-loss spectroscopy and
cathodoluminescence spectroscopy. Nowadays, we can
acquire multitudes of information about nanophotonic
systems by applying space-resolved diffraction and time-
resolved spectroscopy techniques. In addition, moving
electrons interacting with metallic materials and optical
gratings appear as coherent sources of radiation. A swift
electron traversing metallic nanostructures induces po-
larization density waves in the form of electronic collective
excitations, i.e., the so-called plasmon polariton. Propa-
gating plasmon polariton waves normally do not
contribute to the radiation; nevertheless, they diffract from
natural and engineered defects and cause radiation.
Additionally, electrons can emit coherent light waves due
to transition radiation, diffraction radiation, and Smith-
Purcell radiation. Some of the mechanisms of radiation
from electron beams have so far been employed for
designing tunable radiation sources, particularly in those
energy ranges not easily accessible by the state-of-the-art
laser technology, such as the THz regime. Here, we review
various approaches for the design of coherent electron-
driven photon sources. In particular, we introduce the

theory and nanofabrication techniques and discuss the
possibilities for designing and realizing electron-driven
photon sources for on-demand radiation beam shaping in
an ultrabroadband spectral range to be able to realize ul-
trafast few-photon sources. We also discuss our recent at-
tempts for generating structured light from precisely
fabricated nanostructures. Our outlook for the realization
of a correlative electron-photon microscope/spectroscope,
which utilizes the above-mentioned radiation sources, is
also described.

Keywords: cathodoluminescence; coherence; electron-
driven photon source; mechanisms of radiation.

1 Introduction

Probing materials with electron beams to investigate their
underlying physical and chemical properties has a long
tradition. Indeed, cathodoluminescence (CL), which is the
ultraviolet/infrared/visible radiation from a material as an
electron interacts with it, started with the development of
cathode tubes [1, 2]. Arguably, for optical and structural
characterization of nanomaterials, CL and electron energy-
loss spectroscopy (EELS) provide the best energy, space,
and time resolution. Unlike monochromatic laser light, the
electromagnetic field accompanying amoving electron can
excite various optical modes when interacting with lumi-
niscent materials. Similar to the effect of an optical pulse
on a target material, CL and EELS excitation mechanisms
involve polarizing the target material on impact by the
time-varying electric fields produced by the moving elec-
tron. The coupling of propagating light with electrons
confined in atoms, molecules, or bulk material is almost a
natural phenomenon. However, the reverse, which is the
coupling of propagating free electrons with localized op-
tical fields, happens only in electron microscopes. The
basics of this interaction are succinctly captured in the
Kapitza-Dirac effect introduced a long time ago [3] and
recently experimentally detected [4, 5] and further
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generalized to include arbitrary light shapes [6]. To explore
the possibilities of retrieving the sample dynamics using
electron microscopes, an in-depth understanding of the
interaction between ultrafast electronwave packet, intense
ultrafast laser pulse, and nanostructure is crucial [7–10].
Recent efforts toward retrieving the dynamics is captured
in the so-called field of photoinduced near-field electron
microscopy [11].

The spatial extents of the electric field around the
electron’s trajectory are elliptical and decay evanescently,
particularly in aloof excitation. The incident and induced
electromagnetic field on the target material by the moving
electron has well-defined phase relation, in addition to
ultrafast, broadband, nanometric precision properties
continuously being unraveled via advances in this spec-
troscopy technique. Also, coherent CL radiation can be
tailored utilizing electron-driven photon sources (EDPHSs)
to facilitate time-resolved CL without the need to manip-
ulate electron microscopes with external laser excitation.
EELS is usually compared with optical extinction and CL
spectroscopy with scattering measurements. Extinction
comprises both the scattered and absorbed electromag-
netic field on the impact of the electron with the target
material [12]. When a relativistic electron beam impacts a
luminescentmaterial, incoherent or coherent radiation can
be generated [13]. If the radiation has constant phase
relation with the electric field of the incident electron, then
the radiation is coherent, otherwise it is incoherent. There
have been exciting advances in recent times concerning
coherent EELS and CL spectroscopies. Via pulsed laser
photoemission, ultrashort electron pulses have been
created in the electron cathode, which paves the way for
ultrafast electronmicroscopy and time-resolved CL [14, 15].
In addition, coherent CL radiation can be tailored by
employing EDPHSs to facilitate ultrafast CL spectroscopies
without the need to manipulate electron microscopes with
external laser excitations [16]. The state of the emitted CL
radiation can be fully characterized through angle- and
polarization-resolved CL.

The evanescent field of a moving electron can couple
with the targetmaterial leading to electromagnetic radiation
such as transition radiation (TR) [17], Cherenkov radiation
(CR) [18], Smith-Purcell radiation (SPR) [19], bremsstrahlung
radiation (BR) [20], and a host of other excitation events.
Electrons traveling parallel to a metallic diffraction grating
emit SPR (Figure 1A). Whether the emission is coherent or
incoherent depends on several factors such as the shape of
the electron wave function, the structure, and the nature of
the metallic grating [21–24]. In the case where the electron
traverses a metal/dielectric interface, TR is emitted. It is
generally accepted that TR occurs due to the annihilation of

the image charge created by the incident electron on
crossing the dielectric/metallic interface (Figure 1B). TR is
usually coherent and has been employed in quantifying
coherent and incoherent CL in semiconductors and metals
[25]. In addition to TR, excited surface plasmon polaritons
(SPPs) propagating along the surface can cause radiation
when interacting with defects or a grating. These coupled
transverse electromagnetic fields and charge density oscil-
lations, which propagate along the dielectric/metallic sur-
face, are strongly bound to the surface. This makes them
suitable for applications in signal processing and broad-
band interconnection [26]. In the design of EDPHSs, the out-
coupled radiation due to propagating SPPs on defects or
gratings can be harnessed and manipulated for enhanced
directional radiation for spectroscopic applications. A
schematic diagram for a typical experimental setup for the
generation of SPPs is shown in Figure 1C.

There have been extensive studies on the interaction of
electrons with nanostructures covering a broad range in
plasmonics and materials science [28–31]. However, this
review emphasizes design approaches for coherent
EDPHSs for spectral interferometry applications. Under-
standing the underlying properties of materials at the
atomic scale encompasses the field of nanoscience. So far,
advances in nanoscience have led to intriguing applica-
tions and the miniaturization of several technological de-
vices. The EDPHS when incorporated into the state-of-the-
art electron microscopes can further enhance the spectro-
scopic analysis of nanomaterials. The focused TR emitted
by the EDPHS and the propagating electron, both on
interaction with the sample, which emits a secondary ra-
diation can be collected by the CL detector. Also, the
EDPHS can be harnessed for quantum optical experiments.
We start by reviewing various possible coherent sources of
radiation such as CR sources, TR sources, surface plasmon
(SP)–induced radiation sources, coherent BR sources,
metamaterial-based sources, SPR sources, holographic
sources, and photon sieve sources. Each of these radiation
sources provides coherent radiation needed for the design
of EDPHSs. On the other hand, our recent attempts in
fabricating various geometric photon sieve structures for
light focusing are also discussed alongside their far-field
angle-resolved CL maps. This review also presents insights
into spectral interferometry with EDPHSs.

In Section 2 of the current review, mechanisms of radi-
ation from electron beams interacting with materials are
classified and several explored systems are provided. In
chapter 3, recent developments and engineering concepts
for harnessing the electron-induced radiations for possible
miniaturized sources are provided. We particularly cover
metamaterial sources in Section 3.1, SPR sources in Section
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3.2, holographic sources in chapter 3.3, and photon sieve
sources in chapter 3.4. Metamaterial concept introduced to
design materials with dielectric functions not obviously
provided by nature is considered generally. Indeed, some
holographic and photon sieve structures might be catego-
rized under the metamaterials family as well. Nevertheless,
for historical reasons, we have decided to not merge these
concepts. In Section 4, an outlook for using EDPHSs for
spectral interferometry with electron microscopes is pro-
vided. In Section 5, different methods used for realizing and
characterizing some of the EDPHS structures are outlined.

2 Mechanism of electron-matter
interaction

Electrons can bemodeled classically as localized charge or
quantum mechanically. The quantum dynamics of propa-
gating electron-matter interaction, well captured in the
celebrated quantum electrodynamics, although compli-
cated, gives an accurate description of this interaction.
When an electron interacts with matter, there are several
resulting dynamics. The electron can excite various optical
modes, which are usually reflected as photon emission or
absorption and other phenomena. This is usually a
complicated process and dependent on the kind of

electron-matter interaction to be studied. This section de-
scribes basic concepts for photon generation for EDPHS
design on electron interaction.

2.1 Cherenkov radiation

A charged particle propagating through a bulk material
emits CR when its velocity exceeds the phase velocity of
light in that medium [18, 32]. Some of the earliest theoret-
ical works describing this fact have been discussed else-
where [33–35]. Considering a medium with a refractive
index n where a particle, for example, an electron, travels
through with a velocity v, the particle velocity can become
larger than that of light in that medium. This leads to the
formation of the Cherenkov cone of radiation behind the
particle. In the case of reversed CR in metamaterials, the
emitted radiation is in the opposite direction to the prop-
agation of the electron [36]. In particular, left-handed
metamaterials shows this phenomenon [37]. The concept of
reversed CR and the negative phase velocity of light have
been demonstrated for an electron propagating in the bulk
of a left-handed material via the calculated momentum-
resolved electron energy-loss (EEL) and CL spectra [38].
Scientists have made several attempts toward quantifying
this radiation [39–41].

Figure 1: Schematics diagramof differentmechanismsof radiations fromelectronbeams interactingwith nanoscopic andmesoscopicmatter.
(A) Smith-Purcell radiation as a result of an electron traveling parallel to the surface of ametallic grating. (B) Emitted transition radiationwhen
the electron passes through the material and dielectric. (C) Experimental setup for excitation of surface plasmon polariton with wave vector
kSPP by direct injection of a beam of free electrons of wave vector ke and their decoupling as a light by grating [27].
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CR can be observed in a transmission electron micro-
scope when an electron interacts with the sample. EELS or
CL spectra show various resonance phenomena for
different materials [42, 43]. The in-plane dispersion and
energy-momentum isofrequency surfaces for anisotropic
materials can be unraveled by direct detection of CR
emission using angle-resolved CL spectroscopy and
momentum-resolved EELS (MREELS) [44–46]. The iso-
frequency surfaces of planar light waves in hyperbolic
materials mimic the hyperbola shape, whereas, for aniso-
tropic dielectrics, their isofrequency surfaces are ellip-
soids. Natural hyperbolic metamaterials such as gallium
telluride (GaTe) [47], barium titanate (BaTiO3) [48], silicon
dioxide (SiO2) [49], bismuth telluride (Bi2Te3) [50], bismuth
selenide (Bi2Se3) [51, 52], and hexagonal boron nitride (h-
BN) [53] have been extensively studied. In particular, Bi2Te3
and h-BN will be elucidated here. Bi2Te3 is a uniaxial ma-
terial with its permittivity along the ab crystallographic
plane being different from the permittivity normal to the
plane. Hence, an electronmoving perpendicular or parallel
to the optics axis, interacting with the materials, excites
various optical modes. At frequencies above 3 eV, Bi2Te3
demonstrates a type II hyperbolic behavior with ϵ|| < 0 and
ϵ⊥ > 0 (Figure 2A). Recently, high-momentum modes and
hyperbolic CR in Bi2Te3 have been investigated experi-
mentally [50]. The experimental demonstrationwas carried
out using the MREELS technique. Figure 2B shows experi-
mental MREELS measurements over a range of different
scattering angles (momentum) for 60-nm Bi2Te3 film pre-
pared via focused ion beam. The three angles set show a
broad peak which corresponds to high-momentum modes
and hyperbolic CR modes excited in the sample.

H-BN is a hyperbolic material at the lower and upper
reststrahlen band at the far-infrared range [54]. The rest-
strahlen band is the energy range between the longitudinal
and transverse optical phonons. h-BN supports optical
phonons both along the c-axis and within the ab planes.
Recently, forward and backward CR for phonon polaritons
has been theoretically reported for 105-nm-thick h-BN
structure [55]. CR was excited via propagating electrons at
different velocities, 20 nm above the structure. Figure 2C
shows the z components of the electricfield for propagating
electrons at 0.02 c, with c being the free-space light ve-
locity. Figure 2D shows the phonon polariton spectrum for
a moving electron at different velocities. The spectrum
depicts twomidinfrared broadband peaks in the upper and
lower restrahlen band of h-BN. In the upper restrahlen
band, the spectrum intensity peak depicts a redshift as
electron velocity increases. However, it exhibits a blueshift
in the lower restrahlen band. MREELS of vibrational modes

in h-BNwith an unprecedented energy resolution has been
recently demonstrated [56]. By improving further the mo-
mentum resolutions, the interaction of CR with phonon
vibrations can be detected by the cutting-edge trans-
mission electron microscopy instrumentation. Finally, it
should be mentioned that excitations in thin films can be
significantly different from those of bulk materials. In thin
films made of Bi2Se3, surface exciton polaritons and other
waveguiding modes occur and significantly alter the
MREELS spectra. Similarly, in the h-BN thin films, phonon
polaritons can be excited as well.

Recently, it was shown that a moving charge inter-
acting with a hyperbolic material can lead to CR emission
without any predefined value of the kinetic energy of the
electron [57]. These findings can be used in the design of a
tunable light source made of hyperbolic metamaterials.
Also, CR finds application in the detection of biomolecules
and medical imaging of radioisotopes. In the field of par-
ticle physics, CR can be used in the identification of parti-
cles by the properties of CR they emit in the medium where
they propagate.

2.2 Transition radiation

The phenomena of TR were described by Ginzburg and
Frank [58] in 1945. They considered the case of an electron
incident normally on the boundary between the vacuum
and a perfect conductor. They derived a formula for the
energy (W ) radiated in a unit solid angle in the relativistic
case [58]:

W � e2v2sin2  θ
π2c3(1 − βcos2  θ)2  , (1)

where e is electron charge, v is the velocity of the electron, θ
is the angle of emission of the TR, c is the velocity of light in
vacuum, and β � v

c. Thus, TR can be described as the radi-
ation emitted when the electron transverses the boundary
of two homogeneous media. One of the media is a metal
while the other is a dielectric. TR is dependent on both the
velocity of the electron and the optical properties of the
conducting medium. TR is mutually coherent with the self-
field of the electron. It is widely accepted that TR occurs as
a result of the interaction of the moving electron with its
image charge (Figure 3A). This involves (i) creation of the
image charge in the second medium as the electron is still
moving in the first medium, (ii) a sharp annihilation of the
image charge when the electron crosses the interface,
and (iii) screening of the electron charge when the elec-
tron has crossed the interface. The TR emission pattern
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mimics a toroidal form. However, when silicon-based
semiconductor materials interact with an electron, the ra-
diation pattern mimics a Lambertian profile (Figure 3B)
[25]. Based on these observations, Brenny et al. [25] pre-
sented a method for quantifying coherent and incoherent
CL for semiconductors andmetals using angle-resolved CL.
Their method relied on the radiation pattern of the emis-
sion from semiconductors and metals for quantifying the
coherent emission. Theymeasured the CL spectra for Si and
other metals/semiconductors such as GaAs, Al, Ag, Au,
and Cu. They decomposed the CL spectra of each metal/
semiconductor into coherent and incoherent radiation. For
silicon, at 30 and 5 keV electron kinetic energies, the CL
spectra showed both coherent TR and luminescent radia-
tion (Figure 3D). The experimental results were compared
with the theoretical calculation of TR, and a very good
convergence was found (Figure 3E).

TR radiation has been studied both theoretically and
experimentally [17, 59–61]. Ginzburg [62], who was the first
to predict the TR phenomenon, carried out a theoretical
approach in several ways. He treated TR as the radiation
created due to a sharp change in the velocity of the electron
at the interface [62] or changes in the phase velocity of light
as a result of the inhomogeneity of the medium [63]. A
theoretical treatment based on the nonrecoil approxima-
tion is well suited to describe this phenomenon. TR

contributes to the EEL spectra, and a detailed analytic
treatment of the EEL probability has been performed by
Kroger [64] in 1968 and recently by De Abajo et al. [65] in
more detail by considering inclined excitation toward the
surface. Such a treatment has shown good agreement with
experimental results if the retardation effect and boundary
condition are taken into account.

Metallic and dielectric thin films support guidedwaves
as well. The dispersion of guided waves can be unraveled
by MREELS. In isotropic metallic thin films below the
plasma frequency, the overall radiation contains contri-
butions from TR and SPs. The field profile of a metallic thin
film can be decomposed into symmetric and asymmetric
configurations formed by the coupling of SPs at the inter-
face. The MREELS for pure thin films displays this hy-
bridization effect. When thin films are stacked in several
layers, the phenomenon is slightly different. As the elec-
tron interacts with this structure, interference occurs
within the structure due to multiple reflections of emitted
light at the boundaries. Thus, the energy-loss spectra are
affected significantly [60].

The radiation caused by electrons transversing an
interface can either be coherent or incoherent. This can be
inferred from the radiation pattern. This pattern is similar
to that of a dipole positioned at the metal/dielectric inter-
face and aligned normal to it with a slightly different

Figure 2: (A) Uniaxial dielectric permittivity
of Bi2Te3 parallel (ϵz) and perpendicular
(ϵx ) to the c-axis showing type II hyperbolic
behavior (ϵx < 0, ϵz > 0) in the visible to the
ultraviolet spectrum range. (B)
Experimental energy loss peaks for fast
electrons with a velocity of Vz = 0.78 c
normally incident on the sample of a
60-nm Bi2Te3 thin film with no substrate.
Three different summed angular ranges of
the scattered electrons are shown. The
broad peak in each of the three sets con-
sists of the high-momentum modes and
the hyperbolic Cherenkov mode. A sum-
mation of two gaussian distributions is
used to fit the data, and the peak positions
are marked by crosses and diamonds [50].
(C) Simulated electric field (Ez) distribu-
tions 20 nmabove the h-BN layer at 6.4 μm
wavelenght. The thickness of h-BN is
d = 105 nm, and the electron velocity is
V = 0.02 c. (D) Phonon polariton radiation
spectrum for a moving electron above the
h-BN layer with the thickness of 105 nm at
velocities ofV=0.02, 0.04, and0.06 c [55].
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orientation of the maximum radiation intensity [13]. An
electron transversing an Au surface can excite both TR and
SPs (Figure 4A, C, and D). SPs do not contribute to the
radiation unless the surface of the metal is engineered or
defects are exposed. However, for anisotropic hyperbolic
materials, two different transverse electric polaritonmodes
can be excited. Moreover, the dispersion of one of those
modes can be located inside the light cone, resulting in
radiative surface modes [66]. Metamaterials, on the other
hand, have been used for generating and manipulating TR
radiation. By carefully tuning the refractive index of met-
amaterials, TR can be manipulated [67]. In particular,
bismuth selenide (Bi2Se3), a natural hyperbolic meta-
material, shows an interesting interplay between coherent
and incoherent emission when an electron transverses its
surface. Since the material is hyperbolic, the radiation
pattern shows a mixture of dipolar-like and Lambertian
emission profiles (Figure 4B–D).

2.3 Surface plasmon–induced radiation

The field of plasmonics which deals with the optical
properties of metal structures at the nanoscale has gained
significant attention in recent years. Just as phonons are
quanta of mechanical vibrations, photons the quanta of
light, plasmons are quanta of plasma oscillations. SPs are
collective oscillations of free electrons on the surface of
metals induced by the coupling of an external

electromagnetic field with the free electrons in the metal
[51, 68]. SPPs are confined to the surface of the metal and
strongly interact with photons [69]. Typically, the interface
between a dielectric with positive real permittivity and a
material with negative real permittivity such as a heavily
doped semiconductor or a metal support SPs [70]. Pio-
neered by Ritchie [71] in 1957, when analytically treating
the energy losses experienced by a moving electron inter-
acting with metallic surfaces, electron beam probes have
been continuously used to retrieve collective excitations
known as surface plasmons. Ritchie’s work was soon after
confirmed by Powel and Swan [72, 73], and later on, even
localized plasmons of several nanostructures were inves-
tigated by Batson [74] and Ugarte et al. [75], confirming the
possibility of using energy-loss spectroscopy to map col-
lective excitations. In a more recent work, Nelayah et al.
[76] demonstrated the possibility of combing spectroscopy
and spatial scanning to map the spatial distribution of
various localized plasmon modes. The method detects
plasmons as resonance peaks in the energy-loss spectra of
subnanometer electron beams rastered over nanoparticles
of well-defined geometrical parameters. The method was
applied to a triangular silver nanoprism synthesized by
light-induced aggregation of 5.5 nm Ag nanoparticles in
addition to another method [77]. Figure 5A shows the
associated EEL spectra and geometry of the Ag nanoprism.

SPs can confine the electromagnetic energies at
nanoscale volumes well beyond the diffraction limit of
light. This confinement effect is concomitant with

Figure 3: (A) Schematic angular emission
profile for electron beam–induced
radiation from a metal, which is dominated
by transition radiation (TR). (B) Schematic
angular emission profile for incoherent
luminescence generated inside the
material with a Lambertian emission
profile. (C) Schematic emission profile for a
combination of TR and luminescence,
which is the case for Si. (D) The relative
contribution of TR and luminescence
derived from fits to the silicon emission
pattern for 5 and 30 keV energy. (E) The CL
spectrum (black) together with TR (blue)
and incoherent luminescence (red)
contribution for Si at 30 keV. The dashed
blue lines show the theoretical TR spectrum
for Si at 30 keV [25]. CL,
cathodoluminescence; TR, transition
radiation.
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enhanced optical field intensities. Additionally, nanoscale
gaps between two metallic structures can confine electro-
magnetic radiation due to the coupling between propa-
gating SPs and localized particle plasmons. These gaps can
be formed by depositing a metallic nanoparticle on a
metallic substrate with a precise nanometer distance be-
tween them [78]. Yamamoto [79] showed that gap plas-
mons can be observed for a silver nanosphere deposited on
a silver substrate, when the beam spot is close to the center
of the spheres. The angular dependence of the emission
wasmeasured, and three peaks were revealed for the beam
scan spectral and photon maps taken at the emission en-
ergies. The three peaks correspond to the quadrupole and
dipole Mie resonances as well as gap mode, respectively
(Figure 5B). In another related work, Sannomiya et al. [80]
studied the interference between substrate TR and the field
resulting from the outcoupling of SPP excitation when the
silver nanosphere was deposited on a silver substrate. The
interference pattern was employed in the visualization of
the phase associated with the plasmonic field of metallic
surface composites through nanoscopically resolved CL
using a scanning transmission electron microscope [81]
(Figure 5C).

Shape engineering plays a vital role in the manipula-
tion of radiation properties generated by plasmons. By
engineering the shape of the metal and varying the
dielectric environment, the resonance wavelength of SPs
can be tuned. Engineered surfaces such as rectangular

strips, cylinders, v-grooves, and others present better op-
portunities for manipulating the generated plasmons. This
provides room for tailored plasmon excitation for desired
optical applications. It has been experimentally demon-
strated that suitably engineered plasmonic resonant
nanoparticle chains exhibit nanoscale localized responses
to unfocused light that can be controlled by tuning the
incident wavelength [82]. Also, nanoshells, nanorings, and
nanorods can be used to effectively control plasmon res-
onances [83, 84]. Resonant coupling between silver nano-
particles fabricated using electron beam lithography and
liftoff on fused silica concentrates lights into well-defined
hot spots enabling ultrasmall and wavelength-sensitive
detectors. The response of metallic nanostructures and
nanoparticles to external electromagnetic radiation is
dominated by SP generation and critically depends on the
nature of the local structure and geometry. Figure 5D
shows the annular dark-field scanning transmission elec-
tron microscope image of a cluster of three gold particles
and the corresponding resonant modes, captured by EELS
[85].

Metals such as gold, silver, aluminum, copper, gal-
lium, and alkali metals show plasmonic properties with
varying advantages and disadvantages [86–90]. Three-
dimensional plasmonic gold tapers have the unique ability
to focus light into subwavelength volumes in a coherent,
broad, and controllable manner. Plasmon-induced radia-
tions in the visible range for three-dimensional gold tapers

Figure 4: Calculated scattered amplitude for
(A) vacuum/gold (B) vacuum/Bi2Se3 interface
for a moving electron transversing the
surface of a material normal to the surface
plane. (C) Radiation pattern of the emitted
photons at an energy of E = 0.8 eV for gold
and Bi2Se3 surface. (D) Radiation power
spectra (z component of the poynting vector
Sz) in the positive z direction for the TR from
Au and Bi2Se3 surfaces [54]. TR, transition
radiation.
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with opening angles of 13° and 47° have been investigated
[91]. The three-dimensional gold tapers are investigated for
fundamental mode order m = 0 and higher-order modes |
m| > 0. CL was introduced to investigate plasmon-induced
radiation of the gold tapers (Figure 5E). Interestingly, there
was a weaker radiation from the apex of the 13° taper
compared to the 47° taper. Simulations for the gold taper
show that for small openings, plasmon modes created at
the apex are efficiently guided along the tapered shaft with
less radiation damping. In contrast, tapers with large
openings experience larger radiation damping.

Plasmons supported by metals suffer from large at-
tenuations due to dissipation and therefore cannot prop-
agate to long ranges, in contrast with guided waves in a
dielectric material. Although for devices with nanoscale
dimensions, its relative small propagation length can be

harnessed for technological applications. SPs play an
important role in surface-enhanced Raman spectroscopy
with potential applications in medical diagnostics [92].
They also play a role in explaining the anomalies of
diffraction frommetal gratings (wood’s anomaly) [93]. This
has led to the emergence of spoof plasmons [94, 95]. Metal
particle assemblies functionalized with biomolecules can
be used as a molecular scale ruler. The length scale
measurable with metal particle assemblies is larger than
the length scale measured using the fluorescence reso-
nance energy transfer metrology method routinely used in
biology [96]. Plasmons also find applications in the design
of antennas [97, 98]. The emission properties of a Yagi-Uda
antenna composed of a linear array of Au nanoparticles
have been studied experimentally using high-energy
electron beams as a broadband point dipole source of

Figure 5: (A) (a) High-angle annular dark-
field scanning transmission electron
microscopy image of the Ag nanoprism
with 78 nm long sides. (b) EEL spectra
acquired at corner A before (raw data) and
after deconvolution [76]. (B) (a) Schematics
for excitation of gap mode by an electron
beam. (b) Angular dependence of the
emission from dipole Mie (2) and gap (3)
plasmons in supported spheres [79]. (C) (a)
Illustration of themethod for the extraction
of the SPP scattering phase through CL.
Transition radiation (TR) from the metallic
substrate is used as a reference wave,
interfering in the far-field (at the detector)
with out-coupled light resulting from the
SPP interaction with the sampled object.
(b) Illustration of the measurement setup,
the sample, and the coordinate system
[80]. (D) (a) Annular dark-field STEM image
of a cluster of three gold particles con-
sisting of two nanorods aligned end to end
and an adjacent cube-shaped particle. (b)
Map of the plasmon intensity at 1.20 eV
(λ = 1033 nm), showing the resonance
mode of the whole cluster [85]. (E) (Top)
Schematic illustration of surface plasmon
radiative decay in gold tapers. Red curves
indicate the propagation of SPPs in for-
ward, backward, and azimuthal directions.
Blue lines depict the light emission due to
the radiative decay of SPPs. (Bottom)
Experimental CL spectra of a taper with a
13° opening angle against the distance
from the apex along its shaft (left) and the
local radius (right) [91] (F) Spatially
resolved excitation maps of the nano-
antenna, showing CL intensity as a func-

tion of e-beam position for (a) 500 nm, (b) 600 nm, and (c) 750 nm detection wavelength integrated over a 10-nm bandwidth. The integration
time per pixel is 0.1 s [45]. SPPs, surface plasmon polaritons; CL, cathodoluminescence; TR, transition radiation.
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visible radiation [45]. The experimental work showed that
the directional emission of light depends strongly on the
position where the antenna is excited (Figure 5F). This ef-
fect, together with the tunability of the resonances in
nanoantenna versus their shapes and compositions, can be
used for sensing chemical components and bio-molecules
[99].

2.4 Coherent bremsstrahlung radiation
source

A number of different scattering events such as Thompson
scattering, bremsstrahlung scattering, Mott scattering, etc.
occur when amoving electron interacts with materials. For
electrons passing by the nucleus of the atoms, a radiation
known as BR is produced. This is due to loss in the kinetic
energy of the electron [100]. FromMaxwell’s equations, it is
evident that an accelerating charged particle produces
electromagnetic radiations. Thus, as the electron interacts
with the nucleus, depending on its energy, electromagnetic
radiation is produced usually in the X-ray region of the
electromagnetic spectrum. Mathematical relations for the
energy loss have both been derived classically and quan-
tum mechanically [101–103]. An estimate for the average
differential cross section per photon energy (Ep) can be
calculated as follows [104, 105]:

− dσ
dEp

( ) ≃
4Z2α re2

Ep
 ln

183

Z
1
3

( ) (2)

where re = 2.82 × 10−15 m is the classical radius for the
electron, Z is the atomic number of the target material, α is
the fine structure constant, ℏ is the reduced Planck’s con-
stant, c is the speed of light, andme is the mass of electron.
In this section, our focus will be on coherent bremsstrah-
lung (CB) radiation as a potential EDPHS. If the target
material is crystalline, then the resulting spectrum will be
noncontinuous, and the observed sharp peaks are referred
to as CB. The earliest discussions and theories on CB are
discussed in the studies by Palazzi [106], Timm [107], and
Ter-Mikaelian [108]. The interference phenomenon gov-
erning CB has been explained elsewhere [109, 110]. The
first quantitative calculation of CB spectrum and polari-
zation was given by Saenz and Überall [111] in a form that
is close to experimental results [112, 113]. Several experi-
mental studies of CB have been carried out with relative
accuracies to the first Born approximation [114].

Akhiezer et al. [116] emphasized that for first Born
approximation theory to be applicable for CB calculation,
the condition that ϕ≫ (Ze2/Ed)12 � ϕc must be satisfied,

where ϕ is the angle between the incident electron and a

major crystal axis, ϕc is the Linhard critical angle, E is the
electron energy, and α is the lattice plane spacing.
Although, at much lower energies, the condition ϕ ≫ ϕc

need not be satisfied for application of the first Born
approximation theory. The authors described their exper-
imental work with high-energy electrons of 7–10 MeV,
using first Born approximation at an incident angle, ϕ = 0,
along [1 0 0] axis of Si [115]. The condition ϕ ≪ ϕc is very
important for describing the phenomenon of channeling
radiation [116] at electron energies high enough so that the
classical consideration is relevant. Channeling is the phe-
nomenon whereby a beam of charged electron incident on
a major critical axis, a set of crystal planes or between two
of such planes at an initial small-angle ϕ, will propagate
along the axis or planes guided by the relevant screened
Coulomb force exerted on it by the atoms of the axis or
planes, thus achieving large depth penetration [117]. By
applying classical mechanics in describing the channeling
effect, Linhard [118] showed that the particles are trapped
into a channeling state ϕ ≤ ϕc, where ϕc is the Linhard
critical angle. A particle in such a channeling state can be
described quantum mechanically by a wave function,
which can be thought of as being transversely bond with a
nonzero probability of emitting spontaneous radiation.
Beyond the first Born approximation, a more accurate
calculation of the radiation emitted by the electron trans-
versing a crystal can be evaluated from the first-order
matrix for radiative transition [119]. This can be referred to
as a second-order Born approximation.

Jλ � ∫ ϕ'*p′ r( ) u · ελe−ik·r( )ϕp r( ){ }d3r (3)

where p and p′ denote the momentum of the initial and
final electron, respectively, andk that of the photon,whose
polarization vector is denoted by ελ, u is the vector whose
components are the usual 4 by 4 dirac matrices, the
electron wave functions ϕ′p′ (r), ϕp (r) are taken as four
component spinors which are of the bloch form, and the
integration is taken over the volume of the crystals. Thus

ϕp r( ) � eip·rUp r( ),Up r + L( ) � Up r( )
where L is the vector for the direct lattice and similarly for
ϕ′p′ r( ). Saenz and Überall [112] put forth that CB radiation
and the phenomenon of channeling radiation are two as-
pects of the same physical process. These two types of ra-
diation can be described by the Bloch wave function in a
unified framework. The Bloch wave function given by Eq.
(3) is considered to be of high energy state. They can be
expanded into a plane wave plus correction terms repre-
senting distortion of the plane wave by the periodic crystal
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potential. The first Born approximation to Jλ is due to the
correction term proportional to the electric charge [120].
However, applying the perturbation expansion for calcu-
lating CB emission becomes ineffective since the radiation
involves a transition between transversely bond states that
can be approximated by Bloch plane waves. Hence, CB and
channeling radiation are two different aspects of the same
phenomenon, depending on whether the Bloch wave
functions of the electron are analogous to channeling
states or close to free plane wave states. The radiative
transition in a crystal may be classified as free-free transi-
tion (CB), band-to-band transition (channeling radiation),
and also free-bond transition. These radiation types can be
experimentally differentiated via kinematics, through the
dependencies of their transition energies on the incidence
angle between the electron on the crystals [121]. Finally, we
highlight that despite the potential of CB for designing
appropriate X-ray EDPHSs, still, this is a path to be trailed.

2.5 Smith-Purcell radiation

The Smith-Purcell effect involves the generation of a con-
tinuum of electromagnetic radiation with varying direction
as free electrons propagate along the surface of a metallic
grating. This phenomenon was first observed by Smith and
Purcell [122] in 1953. They send an electron beam with the
kinetic energy of 300 keV along the surface of a grating and
observed the emission of visible radiation. Using Huygens
principle, they found amathematical relationship between
the velocity of the electron and wavelength of the emitted
light as follows:

λ � L
|m|(1β − cos θ) (4)

where L denotes the grating period and m is the order of
diffraction. λ denotes the wavelength of the radiation pro-
duced at angle θ, β � v

c, where v is the velocity of the electron
and c is the speed of light. Thus, by tuning the velocity of the
electron beam sources, such as thermionic and field emis-
sion sources in scanning electron microscopes, the wave-
length of the emitted light can be modified. The concept of
SP radiation has been developed more than a century ago.
There have been insightful theoretical and experimental
approaches discussing SP radiation. The geometry of the
metallic grating that leads to the production of SP radiation
can take different forms. This influences whether an
analytical formula will be obtainable or not for a particular
SP process. Analytical expression for the radiation emission
probability and electron energy-loss spectra, for finite and
infinite strings of Al and Si nanospheres, have been

discussed [123]. The author obtained the analytical solution
for the previously defined quantities by solving theMaxwell
equation exactly, using the multipole expansion method.
Technical details regarding SP radiationwill be discussed in
detail in Design of possible EDPHSs.

3 Design of possible EDPHSs

3.1 Metamaterial-based sources

Metamaterials have been extensively studied in the past
decade. Metamaterials are artificially engineered structures
with tailored electromagnetic properties [52, 124]. By using
localized plasmonic modes and probing them with electro-
magnetic radiation, a host of unique phenomena have been
uncovered by various researchers [125–127]. As an applica-
tion, chiralmaterials can rotate the polarization of light with
tailored properties [128]. It has been experimentally
demonstrated that localized injection of electrons into a
large ensemble of planar plasmonic metamolecules drives
directed light emission [129]. The emission emanates from
the collective coupled oscillation of the large metamolecule
array (Figure 6A). The metamolecule design comprises
square arrays of asymmetric split rings (see inset Figure 6C).
The light emission is analogous to laser light in the sense
that it sustains coherent light of tailored properties.
Figure 6B shows the emission spectra for different sizes of
metamolecules while Figure 6C shows the absorption
spectra for different cell sizes. The temporal coherence of the
emitted radiation increases with increasing size, and the
resonant metamaterial emission is directional. Also, Adamo
et al. [130, 131] showed that electron beams interacting with
a metamaterial planar structure leads to the emission of
photons that are coherent with the near field of the electron.

The EDPHS, which finds application in electron spec-
troscopy, can be designed with metamaterials. The flexi-
bility of manipulating metamaterials for desired properties
makes them highly advantageous for the design of
coherent EDPHSs. The electromagnetic properties of met-
amaterials can be altered bymanipulating the shape of the
individual resonators or by manipulating near-field inter-
action between them. Zheludev and Kivshar showed that
by continuous adjustment of the lattice structure, an effi-
cient approach for tuning the transmission characteristics
of the metamaterial was found [132]. Reconfigurable met-
amaterials via reconfiguring the metamolecules have been
achieved usingmicroelectromechanical systems [133]. This
is done with the outlook that controlling the resonant
properties of the individual elements could be used to
make tunable refractive index material arrays. In the
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terahertz frequency range, reconfigurable metamaterials
have been designed by fabricating planar arrays of split-
ring resonators on bimetallic cantilevers [134]. Nano-
structure material hybridized with nonlinear and switch-
able dielectric or semiconductor layers and controlled with
ultrafast optical pulses provides faster switching compared
to micromechanical repositioning [135]. Reconfigurable
metamaterial can be used for designing EDPHSs with
controllable and on-demand light properties.

Hyperbolic metamaterials are an interesting class of
metamaterials with tailored properties. Due to the relative
ease of fabrication, wavelength tunability, broadband
nanoresponse, hyperbolic metamaterials have various
applications for nanophotonic systems [136, 137]. Hyper-
bolic materials can occur naturally or be engineered
artificially. A detailed review of natural and man-made
hyperbolic media is discussed elsewhere [138]. Moritz
et al. expounded on tetradymites, a natural hyperbolic
material for the near field to the visible spectrum of the
light [51, 139]. They extensively discussed two classes of
tetradymites compounds, Bi2Se3 and Bi2Te3. These com-
pounds are layered van der Waals materials which ac-
count for its strong anisotropic behaviors. Although not
yet studied, tetradymites show very interesting properties
desired for the fabrication of EDPHSs.

3.2 Smith-Purcell sources

SP radiation sources can be coherent or incoherent. This
depends on several factors such as the shape of the

electron wave function and nature of the material
involved [52]. There have been reports on enhanced
coherent SP radiation at terahertz frequency from a train
of picosecond bunches of 15 MeV passing above a grating
[22]. The authors showed a trivial method for generating
powerful terahertz radiation by observing SP radiation
enhanced by the number of electrons in the bunch, the
number of bunches in a train, and the number of grating
periods (Figure 7A). According to Andrews et al. [140],
coherent SP radiation dominates if the electrons are in
bunches. The radiation intensity varies as the square of
the number of electrons present in the bunch. If the
bunches occur periodically [141, 142], then the phenom-
ena are called superradiance [140]. The radiated energy
density from a single electronmoving parallel to a grating
per unit frequency for the nth order SP radiation is given
as follows [143]:

dIn
dω

� e2Nel
8π2εoc2

ω sin2  θ ∫ |Rn|2e− xo
λe sin2  (ϕ)dϕ (5)

where xo is the height of the electron above the grating,ϕ is
the azimuthal angle, l is the grating lenght, ε is free space
permitivity, c is the speed of light, |Rn|2 is the grating effi-
ciency factor, and λe is the evanescent wavelength which is
defined as follows:

λe � λ
βγ

4π






















1 + β2(1 − β2) sin2  θ sin ϕ

√ (6)

However, for Ne electrons in a bunch, the total radiated
intensity takes the following form:

Figure 6: (A) Highly localized electron beamexcitation at the center of ametamaterial array leads, via strong coupling amongmetamolecules,
to the collective oscillation of many cells and thereby the emission of a free-space light beam. (B) Electron beam–induced metamaterial light
emission spectra for arrays with differentmetamolecules size (as labeled). (C) Corresponding optical absorption spectra. The inset to C shows
a schematic of the asymmetric split-ring metamolecules [130].
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(dIn
dω

)
Ne

� (dIn
dω

)(NeSinc + N2
eScoh(ω)) (7)

where Sinc and Scoh(ω) denote the incoherent and coherent
radiation contribution, respectively. Superradiance takes
place at the bunch frequencies or its integer multiple. It is

important to add that the emission occurs only at the cor-
responding SP angles. Several simulations and theoretical
works have been carried out to investigate this phenome-
non [144–146]. The particle-in-cell code has been applied
in the study of SP radiation [145]. The model supposes a
rectangular gratingwith a period of 173 μmtobedrivenby a

Figure 7: (A) SP radiation experimental setup. The train of bunched electrons is traveling along the z direction above ametallic echelle grating.
The diffracted radiation ismeasured by a detector located outside of the vacuum chamber [22]. (B) Crescent-shapedwavefronts of coherent SP
radiation observed via the contour plot of the magnetic field Bz at t = 65.6 ps [146]. (C) The dependence of SP frequency and amplitude of the
magnetic field By on the emission angles, observed at distances 36.35 cm from the center of the grating [148]. (D) Wavelength measurements
for aluminumwith 30° blaze gratingwhich has periods of 1, 2, 4mmand 20° blaze gratingwith periods of 2, 4mm for angles between 18°–40°.
The plot shows good agreement between predicted and experimental wavelength [150]. (E) Dependence of the coherent SP radiation intensity
on the emission angle. The intensity was measured with the 42 MeV short-bunched electron beam passing over a 6 mm period grating at the
wavelengths 2.0, 2.5, and 3.0 mm [156]. (F) Schematic of the modified scanning electron microscope for generating coherent SP [157]. SP,
surface plasmon.
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single electron bunch, a train of periodic bunches, and a
continuous beam, respectively (Figure 7B). In another
work, the authors carried out a three-dimensional simu-
lation to investigate SP radiation using theMagic code [147]
(Figure 7C). They compared their obtained result with
theory and found reasonable agreement between them. SP
radiation has also been studied experimentally [21, 148].
The first experimental evidence for the generation of
forward-directed SP emission was discussed in the study
byWoods et al. [149]. An aluminum grating of 1.69 cmwide
and 17 cm longwith a period of 1.0 cmand a blazed angle of
5° was used to investigate the forward SP emission
(Figure 7D).

It is generally accepted that blazed, compound, and
complex gratings can be harnessed for the design of
spectral and spatial distribution of transmitted, reflected,
and guided light modes with improved desired properties
such as enhancement or improved coherence of emitted
radiation [150]. These kinds of grating can be used for beam
shaping [151, 152], spectroscopy [153], and spectral filtering
[154]. Coherent SP radiation, generated by the passage of
relativistic short-bunched electrons across the surface of a
metallic grating, has been observed in the wavelength re-
gion from 0.5 to 4.0 mm [155]. By changing the angle be-
tween the relativistic electron and the grating, the angular
distribution of the radiation was measured. Figure 7E
shows the angular distribution obtained at wavelength 2.0,
2.5, and 3.0 mm, respectively. with a grating of 6 mm
period. At each wavelength, a principal peak and several
weak peaks are seen which is in agreement with theory.
Urata et al. [156] present grating-based coherent tunable
sources that operate in the far-infrared region of the spec-
trum. By incorporating a low energy spread, low emittance
electron beam, and a diffraction grating to a scanning
electron microscope, they pushed the operating regime of
the scanning electron microscope toward the far-infrared
30–1000 μm region of the spectrum (Figure 7F).

3.3 Holographic sources

Holography is a unique method for manipulating the
wavefront of light. It was first invented in 1948 by Gabor
[157] whose motivation was to use the holographic tech-
nique to improve the resolution of electron microscopes.
The technique involves recording and reconstruction of the
full-wave information of a target object including image
amplitude as well as its phase by a detector. Interference
patterns between the reference wave and scattered wave
create the hologram at the detector. This is the principle
behind inline holography, and electron and optical

spectroscopy analysis makes use of this principle. The
advent of the lasers paved the way for holographic prin-
ciples to be applied to free-space optical beams [158]. Ho-
lographic techniques have evolved in the field of optics as a
unique way of manipulating image information. Brown
and Lohman [159] developed the computer-generated ho-
lograms. They used numerical computation to calculate
the phase information of the wave at the hologram inter-
face. This enabled creation of virtual objects [160], and the
concept was extended by Cowan [161] from free surface
waves to free-space waves. Recently, methods for
achieving optical holography have been influenced by
novel nanofabrication techniques [162]. Subwavelength
tailored devices such as gratings, photonic crystals, met-
amaterials, andmetasurfaces are opening newhorizons for
holographic and optical devices such as beam splitter and
image processingmetasurfaces [163]. The two-dimensional
form of metamaterials, the metasurface, provides excep-
tional control over the propagation of light [164–166].

Metasurface holography offers unique methods for
controlling SPP waves and free waves [167, 168]. They can
be used in themanipulation of EDPHSs to achieve coherent
and focused TR. Li et al. [169] introduced a universal
approach for the generation of light with defined wave-
length, direction, divergence, and topological charge
through point excitation of the holographic plasmonic
metasurface. They were able to show that the interaction
between the metasurface and free electrons generated
highly directional visible to near-infrared beams in
described azimuthal and polar directions (Figure 8A). The
holographic design approach was used to generate com-
plex wavefronts (such as vortex beam generation).
Figure 8B shows the central part portions of the binary
holographic mask for the generation of vortex beams with
topological charge l = 3, 6, 9 while Figure 8C shows the far-
field distribution of light emitted from the holographic
nanostructure of similar angular momentum. The holo-
graphic techniques can serve as a coherent source of
radiation.

3.4 Photon sieve sources

Photon sieves are diffractive lens used for focusing planar
X-rays [170]. Photon sieves usually consist of pinholes
distributed in the Fresnel zones. The pinholes are of
diameter comparable to the wavelength of light. Kipp et al.
[171]s proposed this concept in 2001. The photon sieve
proposed by Kipp et al. [171] comprises 5646 randomly
distributed holes and was very complicated. The design
details regarding the sieve fabrication were not explicitly
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captured in their paper. The distributed pinholes in photon
sieve structures are designed in such a way that the
emergent rays from the structure interferes constructively
in the far-field. This implies that certain conditions need to
be fulfilled; the optical path length of the photon from the
source through the center of the pinholes to the focal point
should be an integer value of the wavelength, λ. This
condition is captured by the following equation [171]:







r2n + p2
√

+







r2n + q2

√
� p + q + nλ (8)

where rn is the distance between the center of the holes and
optical axis, p is the distance between the source and
photon sieve, q is the distance between the photon sieve
and the focal point. Theories governing photon sieve
focusing dynamics in the nonparaxial mode and far-field
have been discussed elsewhere [172, 173].

Fresnel zone plates (FZPs) also have focusing capa-
bilities. They have been used for focusing X-rays for a long
time [174, 175]. In image formation, FZPs suffer from blur-
red images due to the formation of ring-shape secondary
maxima observed at the focal plane. This challenge can be
circumvented by controlling the width of the outermost
zone. This poses engineering challenges when approach-
ing the high-resolution zone. On the other hand, photon
sieves enable sharper images by suppressing these sec-
ondary maxima, circumventing processing limitation of
the resolution of FZPs. The focusing properties of the
photon sieve structure are superior compared to normal

rectangular zone plates and show a pronounced decrease
in peak width and side lobes (Figure 9C). However, the
transmission capacity for photon sieve is lesser than that
for FZPs. The transmission capacity for the amplitude zone
plate is typically 50% while that of photon sieve is about
15–20% [172]. The transmission capacity for both the FZP
and photon sieve depends on the size of the pinholes and
the opening area of the zones. Several other photon sieve
structures have been proposed to create structured light,
such as chiral light [176–179]. One unique property of the
EDPHS structure is that it should produce focused radia-
tion that couples the target material to the far-field. Thus,
designing the EDPHS structure based on the photon sieve
concept satisfies these criteria. Besides, the structural
complexity of metamaterial and holographic based EDPHS
structure can be circumvented by using more efficient
design principles such as photon sieve concepts. The suc-
ceeding section depicts how we took advantage of the
photon sieve concept for EDPHS design.

3.4.1 Focused radiation

A different design principle for the distribution of pinholes
is to be employed when it is desired to shape or focus the
radiation from electron beams. An electron only emits light
on interactionwith the structure, according to the radiation
mechanisms described in previous sections. For the design
of EDPHSs, it is generally required that the generated

Figure 8: (A) Schematic of the scanning electronmicroscope–based system for angle-resolved electron-induced light emission spectroscopy.
(B) Central portions of binary holographic masks for electron beam–induced generation of optical vortex beams with topological charge at
l = 3, 6, and 9. (C) Corresponding angle-resolved emission intensity distribution maps (electron beam current = 5.5–6.1 nA; integration
time = 30 s) [170].
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radiation is focused over a broad spectral range; however,
a diffractive design principle based on positioning pin-
holes on diffractive zone plates generally only focuses
monochromatic light. Hence, a metallic thin film that
generates SPPs on interaction with the electron has been
introduced. The mechanism to focus the generated
plasmon-induced radiation using structural topology over
a broad spectral range is also discussed [66].

Electron-induced SPs do not contribute to the emitted
radiation, unless they interact with engineered defects,
such as a hexagonal lattice of nanopinholes. The emissions
in general mimic the symmetry of the structure. The
electron-induced radiation, generated by the electron
beam interacting with the hemispherical curved geometry
comprising a hexagonal lattice of holes, is focused at the
center of the hemisphere (Figure 10A). This depicts a
broadband characteristic; hence, a spherical geometry acts
as a lens for electron-induced radiation by curving the
wavefronts into a spherical wavefront. By projecting the
position of pinholes from a spherical coordinate system to
a plane in the Cartesian coordinate system, a planar EDPHS
is thus achieved (Figure 10B). The fabricated photon sieve
structure (EDPHS) comprises pinholes with diameters of
100 nm, which is well beyond the diffraction limit of light,
in contrast to photon sieve structures that focus planar
waves. The lens might be described in an effective medium
approximation, as an anisotropic planar film of graded
refractive index, thus approaches the behavior of a curved
film. The Raith ionline Plus system, a dedicated high-
resolution ion beam structuring tool, was used for the
design. Using a focused beam of doubly charged gold ions

(Au++) at an acceleration voltage of 35 kV with a beam-
limiting aperture size of 7 μm, holes in nanometer order
were milled through the structure (see Figure 10C for the
scanning electron microscopy image of the source). The
fabricated structures were characterized both numerically
and experimentally, using CL angle-resolved mapping
techniques. The simulation results depict the ability of the
source to focus electron-induced radiation over a broad
spectral range at a distance of 5.6 mm from the sources
(Figure 10D). The angle-resolved CL map of the structures
comprise concentric rings, revealing divergence of optical
rays from the focal plane to the far-field [66].

3.4.2 Structured light

The hole distribution in photon sieve structures can be
designed in a way to facilitate arbitrary structured light on
interaction with electron beams (Figure 11). Such kinds of
structures will be discussed here. We realized these struc-
tures by milling nanopinholes into a bilayer Au/Si3N4

structure composed of 40 nm evaporated gold films and
20nmSi3N4 transmission electronmicroscopymembranes.
The distributions of pinholes, as well as their sizes
compared to the wavelength of emitted photons, are
important factors to consider for achieving structured light.
These structures can generate radially polarized emitted
light of various intensity profiles. It is also possible to
generate vortex light with Laguerre-Gauss–like spatial
profiles of various transverse electric and transverse mag-
netic polarization, as will be discussed in another
publication.

Figure 9: Photon sieve structure for focusing
planar light radiation. (A) The design
principle for achieving constructive
radiation at the focal plane (B) A fabricated
photon sieve structure comprising 5646
transmissive pinholes (C) The intensity at
the focal plane [172].
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The far-field radiation pattern of photon sieve struc-
tures canbe characterized using an angle-resolved CLmap.
Delmic SPARC CL1 detector installed in a Zeiss SIGMA field
emission scanning electron microscope2 was used for
experimental analysis of these structures. Photon sieve
with fourfold structural symmetry was created by projec-
ting a square lattice of varying holes from the Cartesian
coordinate system to a spherical coordinate system
(Figure 11A). The obtained CL map comprises fourfold
symmetry, with peak intensities forming into hyperbolic
lines (Figure 11E and I). The CL maps at various wave-
lengths support the same symmetry profile, though with
varying number of hyperbolic lines. Structures with sixfold

symmetry obtained by mapping pinholes of a hexagonal
lattice from the spherical coordinate system to a Cartesian
coordinate system have this behavior (Figure 11B).

Amethodbased on the interaction of radially polarized
plasmons by the nanopinholes was employed to facilitate a
faster designing procedure for arbitrary structured light.
This method was adopted with the consideration that the
ineraction results only in the modulations of the induced
current density distribution on the surface of nanopin-
holes. The wave function associated with the radially
polarized plasmons can be described by Bessel functions.
The equivalence principle was used to obtain the electric
andmagnetic current density distribution on the surface of

the structure at (z = d surface). The electric and magnetic
current densities associated with the radially polarized
surface plasmons are obtained as follows:

Figure 10: (A) Focused light froma hemispherical gold thin film comprising a hexagonal lattice of nanoholes interactingwith an electron beam
at the kinetic energy of 200 eV. (B) The pinholes are projected from spherical to Cartesian coordinate system to construct planar electron-
driven photon sources with focused radiation. (C) Scanning electron microscope image of the fabricated photon sieve. (D) Calculated electric
field intensity at the focal point situated at the distance of 5.6 mm from the structure. (E) Angle-resolved cathodoluminescence maps at
different electron impact positions marked by A and B in the panel at 10 C, at the energy of E = 1.6 eV [66].
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1 https://www.delmic.com/en/products/cl-solutions/sparc-spectral.
2 https://www.zeiss.com/microscopy/int/products/scanning-
electron-microscopes/geminisem/fe-sems-with-gemini-optics.html.
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J
→(ρ,ω) � ẑ × Hϕ

→ (z � d,w) � kρH(2)′
o (kρ)ρ̂ (9)

M
→(ρ,ω) � −ẑ × Eρ

→ (z � d,w) �







k2o − k2ρ

√
ωεo

kρH(2)′
o (kρ)ϕ̂ (10)

where Hϕ
→

and Eρ
→

are the ϕ and ρ components of the
magnetic and electric fields. ω is the angular frequency, εo
is the free space permittivity, and kρ is the phase constant to
be obtained using the boundary conditions. Some straight
forward algebra yields the following characteristics equa-
tion for calculating kp:
where εDr and εMr are the dispersive permittivities of Au and
Si3N4, respectively,D is the thickness of the gold layer, and
h is the thickness of Si3N4 membrane, and ko is the free-
space wavenumber of the light. Far-field radiation is
assumed to be generated as a result of the interaction of
surface plasmons with nanopinholes. Therefore, the
photon sieve structures act as an intensity mask for the
radiation in such a way that the current distributions only
at the position of nanopinholes are assumed nonzero. The
intensity profile of the radiation at the far-field was ob-
tained from the free-space Green function. The vector po-
tentials were obtained as follows:

A
→(x, y, z) � −∬ dkxdky J̃

→(kx, ky ;  ω)e−ikxxe−ikyye−i 






k2o−k2x−k2yz

√
(12)

and

F
→(x, y, z) � −∬ dkxdkyM̃

→ (kx, ky ;  ω)e−ikxxe−ikyye−i 






k2o−k2x−k2yz

√
(13)

for electric and magnetic vector potentials, respectively.
Electric field was obtained as follows:

E
→( r→) � −∇→ × F

→( r→) + (iωεo)−1 × (∇→ × ∇
→ × A

→( r→) − J
→( r→))

(14)

The CL emission was calculated as the intensity of the
transversal electric field at the far-field, with the results
shown in Figure 12. A direct comparison between our
simplified theory and the experimental results shown in
Figure 11 demonstrates that our theory works well in
highlighting significant features of the angle-resolved
maps and might be used for designing photon sieve
structures to facilitate on-demand structured light.

In addition to structural symmetry and composition of
nanopinholes, an additional degree of freedom for

Figure 11: (A–D) Scanning electronmicroscopy images of different fabricated photon sieves. (E–H) Far-field angle-resolved CLmaps at 550 nm
wavelengthwith 50 nmbandpassfilter from (A–D) photon sieves, respectively. (I–L) Angle-resolved CLmaps at 600 nmwavelengthwith 50 nm
bandpass filter from (A–D) photon sieves, respectively. The inner (white) and outer (blue) circles in images (E–L) represent the θ = 60° and
θ = 90° planes, respectively. The scale bar in SEM images is 1 μm. The incident electron beam is probed very near to the center of each photon
sieves. CL, cathodoluminescence.
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tailoring the radiation properties of photon sieves can be
gained with a careful choice of electron impact position.
Figure 13 shows angle-resolved CL maps from the first
photon sieve structure versus the electron impact position.
The direction of the main lobe in the radiation pattern is
triggered by positioning the electron near to one of the 4
quadrants in our fourfold symmetry structure. Thus, the
directionality of the emission can be tailored as well.
Moreover, the emission spectrum demonstrates a broad
bandwidth of 350 nm (at full-wave half maximum in-
tensity), whereas the center wavelength is 710 nm.

4 Outlook for spectral
interferometry

When an electron interacts with a nanostructure or a thin
film, ultrashort pulses in the attoseconds order are emitted
due to the short interaction time of the electron with the
material. Characterization of ultrashort pulses is important
for understanding rich physics dynamics on the nanoscale
[180, 181]. The properties of extremely short emitted pulses
can only be retrieved via ultrafast pulse characterization
techniques such as spectral interferometry since Fourier-
based spectroscopy techniques are not sufficient for ul-
trashort pulse analysis. In a spectral interferometry appa-
ratus, two optical pulses with a certain delay are

superimposed and the intensity of the superposition is
captured in the spectral domain, demonstrating typical
spectral fringes. The interference principle can be used for
retrieving the spectral phase, similar to the spatial holog-
raphy techniques retrieving spatial phases. Hence, time-
resolved spectroscopy techniques that rely on electrons as
a probe source meet the demand for retrieving the spatio-
temporal profile of the CL emissions from the sample [181,
182].

In addition, electronmicroscopes with pulsed electron
sources form the framework of ultrafast techniques, thanks
to subpicosecond time resolution and angstrom spatial
resolution. Ultrafast microscopes normally use photo-
emission electron sources interacting with pulsed laser
excitations. In a pump-probe configuration, the photoin-
duced excitations of the sample are probed with electron
pulses; hence, characterizing the sample excitations in the
time-energy phase space is made feasible [183, 184].
Although the use of subpicosecond pulses to probe a
sample via the electron microscope paves the way for ul-
trafast analysis, the dynamics of a material in the atto-
seconds range have not yet been reported. This is due to a
lack of perfect synchronization between the arrival times of
the electron to the probed sample and the laser time
reference. It is important to add that despite the apparent
advantages of electron-based time-energy characterization
techniques, methods such as spectral interferometry to

Figure 12: (A–D) Masks used in our analytical derivations to calculate the CL maps. (E–H) Far-field angle-resolved CL maps at 550 nm
wavelength with 50 nm bandpass filter from (A–D) photon sieves, respectively, and (I–L) angle-resolved CL maps at 600 nm wavelength with
50 nm bandpass filter from (A–D) photon sieves, respectively. CL, cathodoluminescence.
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provide access for the phase data have not yet been re-
ported. Recently, a system for characterizing the CL emis-
sion within the time-energy space has been proposed [16].
This system comprises an EDPHS with tailored emission
properties and a manipulator as the only additional
component to an electron microscope and allows for time-
resolved spectroscopy and retrieving spectral phase of the
sample excitations, without the need for an additional
laser source. A relativistic electron traversing a carefully
engineered metamaterial can radiate coherent optical
beams as discussed in the previous chapter. A mesoscopic
metamaterial-based EDPHS has been designed to generate
coherent and focused TR along the electron trajectory [16]
(Figure 14A). For the design of an efficient EDPHS for
spectroscopic applications, the following fundamental
conditions are to be considered. First, the EDPHS should be
able to couple the electron-induced polarization to the far-
field radiation. Second, the EDPHS should exhibit focused
radiation on the sample. Third, the EDPHS shouldmanifest
a broadband far-field spectrum to investigate the ultrafast
responses of the sample with high efficiency. The multi-
layer metal/dielectric structure in an effective medium
approximation shows an electromagnetic hyperbolic
behavior (Figure 14A). This behavior results in a huge
photonic density of state and an enhanced coupling effi-
ciency of the quantum emitters to the optical modes. To
meet the already stated conditions for an effective design of
EDPHSs, void hexagonal photonic crystals were

incorporated into the structure. The collective radiation
from the photonic crystal elements leads to an efficient
coupling to the radiation continuum. Therefore, non-
radiative decay channels are avoided. A sample positioned
along the electron trajectory will interact with both the
electron and the EDPHS excitations.

The EDPHS excitation interferes with the electron-
induced CL emission of the sample, either destructively or
constructively, depending on the distance L between the
sample and EDPHS. The sample is positioned at the focal
point of the EDPHS, and its distance from the EDPHS is
precisely tuned (Figure 14B). Two samples, Ag disc and Si
disc, with 300 nm and 40 nm diameter, respectively, were
used to investigate the functionality of this method. Here,
we discuss more the Ag disc sample under the influence of
the proposed EDPHS. Figure 14C shows the CL spectra for
the Ag sample and the EDPHS structure by gray and green
shadow regions, respectively. The CL emissions from the
samples are intense, and a clear peak is observed at
E = 2.9 eV due to excitations of plasmons. For the case
where the Ag sample is positioned along both the EDPHS
and the electron trajectory, they form a coupled structure
with the overall CL spectrum which is not just the sum of
the CL spectrum of the different elements. To retrieve this
spectral phase, a referenced signal is required which is
taken as the emission from the EDPHS. From the Fourier
transform spectral interferometry [181], one single CL
spectrum of the coupled EDPHS/sample system at a pulse/

Figure 13: (A) Angle-resolved CL maps from
the structure versus the electron impact
position. (B) Integrated spectrum for the
scanned region involving the central
nanopinhole. CL, cathodoluminescence.
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delay would be enough to retrieve the spectral pulse.
However, the use of the full energy distancemap allows for
better noise reduction. The spatial profile of the generated
light at the focal point depends very much on the design
principle. For example, for structured light discussed in
Section 3.4 (Figure 12), the pulse width at the focus is about
the wavelength of the generated light. The EDPHS, when
manipulated and engineered appropriately, can serve as a
unique source for probing nanoscale properties of
nanomaterials.

The advantage of using an EDPHS instead of a laser
excitation is to avoid the requirements for intensively
manipulating an electron microscope configuration for the
insertion of optics and laser excitations. EDPHSs can be
designed as well to achieve tailored light properties with
specified polarization and angular momentum states [186].
Thanks to the various possibilities existing for nano-
fabrication tools, three-dimensional configurations, multi-
layered geometries, as well as lateral patterning using
focused ion beam, and electron beam lithography can be
applied for further tailoring the emission properties of
EDPHSs. However, reaching arbitrary high photon numbers
is seemingly challenging and requires further infrastructures
utilizing other radiation mechanisms such as Larmor radia-
tion and free electron lasers. An additional obvious chal-
lenge is to precisely adjusting the lateral and longitudinal
positioning of sample and EDPHS structures. Indeed,
nanopositioners and nanorobotics tools for electron micro-
scopes incorporating piezoelectric effects are well advanced
and could be used for the idea discussed here as well [186].

5 Method

5.1 Fabrication of the electron-driven photon source

Structures discussed in this work were fabricated by deposition of 40 to
50nmgold films onto the 20 nmSi3N4 transmission electronmicroscopy
membranes. To secure themembrane fragile structure, all theholeswere
created by direct milling with doubly charged Au++ ions. The beam
acceleration voltage was adjusted to 35 kV, and the Raith ionLine Plus
system (a dedicated high-resolution ion beam structuring tool) was
utilized to accomplish the high-resolution outcome.

5.2 Cathodoluminescence

The optical detection system used for the CL measurements was pro-
vided by Delmic SPARC. Measurements presented in Figures 11 and 12
were conducted in a CL compartment attached to a Thermo Fisher
Quanta650 SEM3 in AMOLF, and data shown in Figure 13 were collected
using Delmic SPARC CL detector installed on a Zeiss SIGMA field
emission microscope in the Christian Albrechts University in Kiel. The
acceleration voltage for all measurements was 30 keV, and light
collection was performed by an off-axis paraboloid mirror mounted in
an adjustablemicromanipulation system. Themirror had an acceptance
angle of 1.46π sr, a focal distance of0.5mm, anda 600 μmdiameter hole
above the focal point for supporting the electron excitation.

5.3 Simulations

Electron-induced field simulations were performed using a semi-
classical approach in which the electron is modeled by a current

Figure 14: (A) The setup is composed of a simulated EDPHS, which on interaction with a swift electron generates photons that are scattered in
a unidirectional way toward the sample and focused on it. (B) The EDPHS excitation interferes with the electron-induced CL emission of the
sample, either destructively or constructively, depending on the distance L between the sample and EDPHS. The sample is positioned at the
focal point of the EDPHS. (C) CL spectra for an isolated EDPHS (teal shadowed region) and also a sample coupled to the EDPHS at distances
L = 1.0 μm between the sample and EDPHS for silver disc [16]. CL, cathodoluminescence; EDPHS, electron-driven photon source.

3 https://www.fei.com/products/sem/quanta-sem/#gsc.tab=0.
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density distribution associated with a moving charge at a certain ki-
netic energy (E = 30 kV in this work). Finite-difference time-domain
simulations with a mesh size of 2 nm were performed by applying a
self-developed code for a deeper perception of the temporal distribu-
tion of the generated electron-induced radiation. The permittivity of
the gold was modeled using a Drude model in addition to two critical
point functions [187, 188]. Absorbing boundary conditions were
introduced to satisfy the radiation boundary conditions.

6 Conclusion and future scope

Mechanisms of radiation from electron beams interacting
with the nanostructures have been thoroughly outlined,
and new efforts toward harnessing the radiation via mini-
aturized light sources have been highlighted here. We
particularly outlined the possibilities of using different
nanofabrication concepts routinely used in nanooptics to
tailor the electron-induced radiation. Smith-Purcell effect,
perhaps the most widely used concept, has been already
raised to the emergence of powerful THz sources, known as
orotrons. In addition, metamaterial sources, holographic
sources, and photon sieves were discussed. We have
shown that the photon sieves, being fabrication-wise more
straight forward, have the potential of realizing sources for
arbitrary shaped light beams. A photon sieve can be
structured to tailor material properties effectively to mimic
a curved geometry or to realize a diffractive lens element as
shown here. However, all concepts besides the Smith-
Purcell effect are mostly harnessing the transversal light
patterns, whereas the longitudinal degree of freedom is
only indirectly touched. Combining the transversal and
longitudinal degrees of freedom to propose 3-dimensional
light sources, though fabrication-wise can be challenging,
could offer a multitude of possibilities in coherently
manipulating not only the light shapes but also its in-
tensity. Moreover, there exists plenty of room in investi-
gating the role of materials stacking, particularly with the
advent of van der Waals quantum materials, to tailor
further the radiation properties toward the generation of
vortex sources, for example, using valley degrees of free-
doms in quantummaterials. On the spectral interferometry
side, a precise tuning of the lateral and longitudinal dis-
tances between the sample and the EDPHS can be chal-
lenging due to temporal vibrations and radiation pressure.
Nevertheless, conceptually the idea has the potential to
explore various quantum mechanical fundamental con-
cepts such as the role of incoherent and coherent relaxa-
tion rates in different materials, retrieving the density
matrix of the material excitations such as plasmons and
excitons, as well as investigating the roles of a partial
collapse of the wave function and decoherence in open

versus closed quantummechanical systems, though all yet
to be explored.
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