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ABSTRACT: We demonstrate angle-resolved cathodoluminescence (CL)
interferometry from electron-beam-excited plasmonic and dielectric nanostruc-
tures placed above a Au-coated substrate. We use 20−30 keV electrons to
coherently excite plasmon-mediated radiation, which interferes 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 traveling
time. 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
measurements confirm the interferometric scattering model. Electron-excited Si Mie scatterers show interferograms modulated
with resonantly enhanced emission. CL interferometry enables accurate measurement 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.
KEYWORDS: angle-resolved cathodoluminescence, interferometry, metrology, Fourier transform, plasmonics

Optical interference is a powerful concept that provides
key insights in the properties 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 performing high-precision metrology. With the
growing importance of optical metamaterials and nanoscale
metastructures, the use of optical metrology is becoming
increasingly relevant to probe features at the nanoscale.1 For
example, the integration of optical metamaterials can help
improve the performance of photovoltaics and photocata-
lysts,2−4 provided their geometries are precisely controlled.
Likewise, optical metasurfaces can serve as flat optical
components, with their precise functionality determined by
precision in manufacturing,5 while plasmonic antennas that
control the directionality of emission in lasers and light-
emitting diodes must be accurately shaped and positioned to
operate efficiently.6 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 created by an
electron-beam (e-beam) that is raster-scanned over the surface.
Conventional SEM typically provides two-dimensional surface
information, but several methods have been developed to
extract additional insight into the third dimension. One
approach is to vary the sample inclination or use beam tilting
in TEM tomography, enabling full 3D reconstruction of
nanostructures.7 This method can yield complete tomographic

information but is limited to samples that are thin enough for
electron transmission, which often require specialized prepara-
tion. Another approach, exemplified by photometric methods,
analyzes variations in surface contrast detected at multiple
positions relative to the sample. Although this technique can
measure surface gradients with high precision, it cannot resolve
structures along the electron beam direction, making it
unsuitable for stacked layers or situations where the absolute
depth along the beam path is required.8 Furthermore, deriving
precise length information is challenging in SEM, as charging
and local beam deflection affect the recorded images.
Moreover, calibration of absolute length scales in SEM can
have significant errors. Finally, the use of optical methods
using, for example, laser excitation to probe nanoscale features
in optical metasurfaces is limited by diffraction affecting the
light intensity distribution at the surface.
Here, we introduce cathodoluminescence (CL) interferom-

etry as a method to determine the distance between
nanophotonic objects and a substrate using e-beam excitation
and collection of the angle-resolved emitted CL radiation.
Previously, CL interference has been demonstrated in Smith-
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Purcell radiation9,10 or the coherent excitation of surface
plasmon polaritons on a Au surface.11 Polarized light emission
has been achieved using a bullseye structure,12 while a spirally
structured surface creates optical vortex beams.13 Additionally,
electron-excited plasmonic Yagi-Uda nanoparticle antenna
arrays showed directional emission due to interference of
different modes,14 and CL holography was demonstrated to
measure the phase of plasmon scattering by interference
between transition radiation and radiation emitted from a
single plasmonic scatterer.15 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.
Interference was also observed in experiments on the radiation
from electron-excited surface-plasmon polaritons and exciton
polaritons in WSe2 and h-BN thin layers.16,17

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.18,19 Our experiments
take advantage 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 radiation
originating from plasmon excitation provides a powerful means
to determine spatial distances at nanoscale precision because
the difference between the excitation times translates into a
relative phase in the emission amplitudes as a function of
emission frequency and angle. Furthermore, CL interferometry
can provide information on the coherence of plasmon
radiation generated by high-energy electrons.
Figure 1a shows a schematic of our CL interferometry

experiments and a SEM image of a free-standing Pt nanopillar
fabricated using e-beam-induced deposition (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
Supporting Information S8). The e-beam (spot size ∼ 5 nm) is
placed on or near the top of the nanopillar. We then perform
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 resolved data
(see Supporting Information S8).
Figure 1b shows the wavelength and angle-resolved intensity

measured over a range from θ = 10° (sideways to the left in
Figure 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 in Figure 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 from the two sources is

=t
z

c
( )

2 sin( )
(1)

where Δz 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 path length difference between the two
radiation sources. In contrast, at 90° (perpendicular to the
surface), the path length difference reaches a maximum (Δt =
2Δz/c) corresponding to the shortest spectral interference
period, all in agreement with the interference model. To
analyze the data, we Fourier-transform the spectra and move to
the time domain for every angle. The result is shown in Figure
1c, where the time delay calculated from eq 1 as a function of
angle is overlaid and represents the data very well by fitting the
pillar height to 5.37 μm, with a fitting error of less than 1 nm

Figure 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 toward the optical detection system. There are two possible light pathways (directly collected tip
emission (blue) and collection of its reflection (red)). The path length difference 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 1 for a pillar with
Δz = 5.37 μm.
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(see Supporting Information S4 for the fitting procedure). 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
Supporting Information S1), and the corresponding Fourier
transform (see Figures 1d, and e, respectively). We
approximate the tip of the nanopillar as a large gold
nanoparticle that supports a localized dipolar surface-plasmon
resonance around 600 nm (see Supporting Information S2 for
CL spectra of a free-standing nanopillar). In the calculations,
we use a Mie-based model20 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
21.
Comparing the experimental results to the calculations,

several interesting features are observed. First, both theory and
experiment show a broad resonance in the spectral intensity
around a wavelength of 600 nm with a line width of ∼200 nm,
which we attribute to localized dipolar surface plasmons of Au
at the tip. Furthermore, 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 dominantly radiates to lower emission angles.
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, allowing the
electron to excite transition radiation (TR) as it reaches the Au
substrate, but previously exciting the pillar as well. Figure 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 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 1c. The

central branches are fitted with a pillar height of 5.34 μm (see
Supporting Information S5 for the fitting procedure).
We assign the additional interference branches to far-field

interference between TR generated by the electron exciting the
Au-coated substrate and the two sources that created the
interference in Figure 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 (Δt+),
and between reflected radiation from the tip and TR (Δt−), is
given by

= ±±t
z

v
z

c
( )

sin( )

e (2)

where the first term in the right-hand side is the time-of-flight
of the electron moving with a velocity ve (≈0.33 c 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 2c,e). The time delay derived by extrapolating the outer
branches to an angle of 0° is 55 fs, which corresponds to an
electron velocity that also matches that for 30 keV electrons
within 2%. Finally, there is a small part of the TR emission that
scatters from the shaft of the nanopillar, although this is not
significant in these measurements (see Supporting Information
S3).
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 analytically result22 (see Supporting Information
S1). In the calculations, we used a pillar height fitted from the
inner branches in Figure 2c (Δz = 5.34 μm). The calculated
interferogram (Figure 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 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 our earlier investigation of the

Figure 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 gold 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 5.34 μm
calculated using eq 2.
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electron-coupling to resonant modes of Au particles, we know
that, by exciting close the center of a particle (Figure 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 2), both the in-plane and out-of-
plane dipole components are excited.23 The latter then creates
a more Lambertian-like emission profile. Furthermore, in both
experiments and calculations in Figure 2, the interference
contribution from the TR vanishes at high emission angles, in
agreement with the fact that TR has no upward radiation
component when the e-beam is normal to the surface. The
validity of the multiple-interference model is further supported
by the strong similarity between the measured and calculated
Fourier transforms shown in Figure 2c and 2e, respectively.
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
3a and b, respectively. The central branches in the Fourier

transform are similar to those for 30 keV electrons, as they
correspond to the time delay between the direct and reflected
components of the tip radiation, which is independent of the
electron velocity. By fitting the Fourier data, we determine the
height of this pillar to be 5.81 μm. At the same time, Figure 3b
reveals that the outer branches, which correspond to TR
components, show up at a larger time delay compared to
Figure 2. 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%.
The data in Figures 1−3 clearly show the power of CL

interferometry in measuring characteristic length scales in the
sample geometry as well as time delays in scattering 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 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,24 with the e-beam
grazing the pillar at a distance of 5 ± 2.5 nm. Figure 4a,b shows

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. This is in accordance with the
fact that TR emission is fully p-polarized and the tip emission
is mostly p-polarized.
To further test and exploit the capabilities of the CL

interferometry method, we apply it to scattering from dielectric
Mie resonators. We use crystalline Si nanospheres25 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 resonances 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.26 Selective excitation of Mie modes allows for tuning
the angular CL emission profile by leveraging changes in
constructive and destructive interference produced by these
modes in the far field.
The sample geometry comprises a 10-μm-diameter W wire

coated with the 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 to it is shown in Figure 5a. The distance from a Mie
sphere at the edge of the W wire and the substrate is expected
to be around 5 μm due to the curvature of the W wire, allowing
measurements in a geometry similar to that above for
plasmonic scatterers.
Figure 5 shows the measured angle- and wavelength-

resolved data for p-polarized CL emission for (b) on-particle
and (c) off-particle excitation, corresponding to the blue and
red dots in the inset of Figure 5a, respectively. For both
configurations, we observe a clear angle dependence of the
interference spectra. For on-particle excitation (Figure 5b), we
see a similar interferogram as for the plasmonic tips: slow
spectral oscillations at low emission angles and faster
oscillations toward higher angles. However, in contrast to the

Figure 3. Role of electron velocity. (a) Experimentally measured
angle- and wavelength-resolved CL intensity and (b) 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 5.81 μm.

Figure 4. Light polarization analysis. Experimentally measured angle-
and wavelength-resolved CL intensity for off-tip excitation for (a) s-
polarized and (b) p-polarized light emission using 30 keV electrons.
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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.26,27 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 do the same analysis as we did for the example of the free-
standing nanopillar, shown in Supporting Information S7. The
resulting distance retrieved between the particle and the
substrate is 9.18 μm.
In summary, we have demonstrated angle-resolved CL

interferometry from resonant plasmonic scatterers in a
geometry where a single electron coherently excites multiple
plasmons. Free-standing plasmonic nanotips show interference
with their mirror image, and in an excitation geometry where
the 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 measurements further
corroborate the validity of the interferometric scattering model.
Replacing the nanotip by Si Mie scatterers, more complex
interferograms are observed, modulated by the resonantly
enhanced emission from the particles. The CL interferometry
presented here opens new applications in the characterization
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 intensities 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 excitations
(i.e., they are independent of the electron’s temporal
extension).28 Our experiments also inspire further studies to
use the interference to separate coherent and incoherent
contributions to CL emission, as the visibility of the
interference 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 interference 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 semi-
conductor substrates, where incoherent CL becomes com-
paratively sizable (unlike the gold surfaces used in the present
study).
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Figure 5. CL interferometry of a Si Mie particle. (a) Schematic
representation and SEM image of the experimental configuration. An
elevated Si Mie particle is excited by the e-beam. For off-particle
excitation, the e-beam grazes the Si particle and subsequently excites
the particle and TR at the Au surface. (b, c) 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 (c) off-particle excitation (red dot in (a)).

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.5c02952
Nano Lett. 2025, 25, 14264−14269

14268

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c02952/suppl_file/nl5c02952_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02952?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c02952/suppl_file/nl5c02952_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evelijn+Akerboom"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5543-3255
https://orcid.org/0000-0002-5543-3255
mailto:e.akerboom@amolf.nl
mailto:e.akerboom@amolf.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+Polman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0685-3886
https://orcid.org/0000-0002-0685-3886
mailto:a.polman@amolf.nl
mailto:a.polman@amolf.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroshi+Sugimoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1520-0940
https://orcid.org/0000-0002-1520-0940
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minoru+Fujii"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4869-7399
https://orcid.org/0000-0003-4869-7399
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="F.+Javier+Garci%CC%81a+de+Abajo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4970-4565
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02952?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02952?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02952?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02952?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c02952?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c02952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Funding
This work is financed by the Dutch Research Council (NWO)
and has received funding from the European Research Council
(ERC) under the European Union’s Horizon 2020 Research
and Innovation Program under Grant Agreements Nos.
101019932 (QEWS) and 101141220 (QUEFES).
Notes
The authors declare the following competing financial
interest(s): Albert Polman is cofounder and co-owner of
Delmic BV, a company that produces commercial cathodolu-
minescence systems like the one that was used in this work.

■ ACKNOWLEDGMENTS
We gratefully acknowledge Prof. Nahid Talebi (Kiel
University) for valuable discussions.

■ REFERENCES
(1) Zuo, C.; Qian, J.; Feng, S.; Yin, W.; Li, Y.; Fan, P.; Han, J.; Qian,
K.; Chen, Q. Deep Learning in Optical Metrology: A Review. Light.
Sci. Appl. 2022, 11, 39.
(2) Garnett, E. C.; Ehrler, B.; Polman, A.; Alarcon-Llado, E.
Photonics for Photovoltaics: Advances and Opportunities. ACS
Photonics 2021, 8 (1), 61−70.
(3) Baffou, G.; Quidant, R. Nanoplasmonics for Chemistry. Chem.
Soc. Rev. 2014, 43 (11), 3898−3907.
(4) Schuller, J. A.; Barnard, E. S.; Cai, W.; Jun, Y. C.; White, J. S.;
Brongersma, M. L. Plasmonics for Extreme Light Concentration and
Manipulation. Nat. Mater. 2010, 9 (3), 193−204.
(5) Kuznetsov, A. I.; Brongersma, M. L.; Yao, J.; Chen, M. K.; Levy,
U.; Tsai, D. P.; Zheludev, N. I.; Faraon, A.; Arbabi, A.; Yu, N.;
Chanda, D.; Crozier, K. B.; Kildishev, A. V.; Wang, H.; Yang, J. K. W.;
Valentine, J. G.; Genevet, P.; Fan, J. A.; Miller, O. D.; Majumdar, A.;
Fröch, J. E.; Brady, D.; Heide, F.; Veeraraghavan, A.; Engheta, N.; Alu,̀
A.; Polman, A.; Atwater, H. A.; Thureja, P.; Paniagua-Dominguez, R.;
Ha, S. T.; Barreda, A. I.; Schuller, J. A.; Staude, I.; Grinblat, G.;
Kivshar, Y.; Peana, S.; Yelin, S. F.; Senichev, A.; Shalaev, V. M.; Saha,
S.; Boltasseva, A.; Rho, J.; Oh, D. K.; Kim, J.; Park, J.; Devlin, R.; Pala,
R. A. Roadmap for Optical Metasurfaces. ACS Photonics 2024, 11 (3),
816−865.
(6) Novotny, L.; Van Hulst, N. Antennas for Light. Nat. Photonics
2011, 5 (2), 83−90.
(7) Midgley, P. A.; Dunin-Borkowski, R. E. Electron Tomography
and Holography in Materials Science. Nat. Mater. 2009, 8 (4), 271−
280.
(8) Borzunov, A. A.; Karaulov, V. Y.; Koshev, N. A.; Lukyanenko, D.
V.; Rau, E. I.; Yagola, A. G.; Zaitsev, S. V. 3D Surface Topography
Imaging in SEM with Improved Backscattered Electron Detector:
Arrangement and Reconstruction Algorithm. Ultramicroscopy 2019,
207, 112830.
(9) Tsesses, S.; Bartal, G.; Kaminer, I. Light Generation via
Quantum Interaction of Electrons with Periodic Nanostructures. Phys.
Rev. A (Coll Park) 2017, 95 (1), 1−7.
(10) Yamamoto, N.; Javier García de Abajo, F.; Myroshnychenko, V.
Interference of Surface Plasmons and Smith-Purcell Emission Probed
by Angle-Resolved Cathodoluminescence Spectroscopy. Phys. Rev. B
Condens Matter Mater. Phys. 2015, 91 (12), 1−7.
(11) Talebi, N.; Meuret, S.; Guo, S.; Hentschel, M.; Polman, A.;
Giessen, H.; van Aken, P. A. Merging Transformation Optics with
Electron-Driven Photon Sources. Nat. Commun. 2019, 10 (1), 1−8.
(12) Osorio, C. I.; Coenen, T.; Brenny, B. J. M.; Polman, A.;
Koenderink, A. F. Angle-Resolved Cathodoluminescence Imaging
Polarimetry. ACS Photonics 2016, 3 (1), 147−154.
(13) Van Nielen, N.; Hentschel, M.; Schilder, N.; Giessen, H.;
Polman, A.; Talebi, N. Electrons Generate Self-Complementary
Broadband Vortex Light Beams Using Chiral Photon Sieves. Nano
Lett. 2020, 20 (8), 5975−5981.

(14) Coenen, T.; Vesseur, E. J. R.; Polman, A.; Koenderink, A. F.
Directional Emission from Plasmonic Yagi-Uda Antennas Probed By.
Nano 2011, 11, 3779−3784.
(15) Schilder, N. J.; Agrawal, H.; Garnett, E. C.; Polman, A. Phase-
Resolved Surface Plasmon Scattering Probed by Cathodolumines-
cence Holography. ACS Photonics 2020, 7 (6), 1476−1482.
(16) Taleb, M.; Hentschel, M.; Rossnagel, K.; Giessen, H.; Talebi,
N. Phase-Locked Photon-Electron Interaction without a Laser. Nat.
Phys. 2023, 19 (6), 869−876.
(17) Taleb, M.; Bittorf, P. H.; Black, M.; Hentschel, M.; Sigle, W.;
Haas, B.; Koch, C.; van Aken, P. A.; Giessen, H.; Talebi, N. Ultrafast
Phonon-Mediated Dephasing of Color Centers in Hexagonal Boron
Nitride Probed by Electron Beams. Nat. Commun. 2025, 16, 2326.
(18) Coenen, T.; den Hoedt, S. V.; Polman, A. A New
Cathodoluminescence System for Nanoscale Optics, Materials
Science, and Geology. Micros Today 2016, 24 (3), 12−19.
(19) Coenen, T.; Vesseur, E. J. R.; Polman, A. Angle-Resolved
Cathodoluminescence Spectroscopy. Appl. Phys. Lett. 2011, 99 (14),
2009−2012.
(20) Stamatopoulou, P. E.; Zhao, W.; Rodríguez Echarri, Á.;
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