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ABSTRACT: Recently, there has been significant interest in
using dielectric nanocavities for the controlled scattering of
light, owing to the diverse electromagnetic modes that they
support. For plasmonic systems, electron energy-loss spectros-
copy (EELS) is now an established method enabling structure−
optical property analysis at the scale of the nanostructure. Here,
we instead test its potential for the near-field mapping of
photonic eigenmodes supported in planar dielectric nano-
cavities, which are lithographically patterned from amorphous
silicon according to standard photonic principles. By correlat-
ing results with finite element simulations, we demonstrate how
many of the EELS excitations can be directly corresponded to
various optical eigenmodes of interest for photonic engineering.
The EELS maps present a high spatial definition, displaying intensity features that correlate precisely to the impact parameters
giving the highest probability of modal excitation. Further, eigenmode characteristics translate into their EELS signatures,
such as the spatially and energetically extended signal of the low Q-factor electric dipole and nodal intensity patterns emerging
from excitation of toroidal and second-order magnetic modes within the nanocavity volumes. Overall, the spatial−spectral
nature of the data, combined with our experimental−simulation toolbox, enables interpretation of subtle changes in the EELS
response across a range of nanocavity dimensions and forms, with certain simulated resonances matching the excitation
energies within ±0.01 eV. By connecting results to far-field simulations, perspectives are offered for tailoring the
nanophotonic resonances via manipulating nanocavity size and shape.
KEYWORDS: STEM-EELS, dielectric, eigenmode, nanocavity, resonator, CST Studio Suite

Since the early reports showing two-dimensional (2D)
mapping of localized surface plasmon resonances
(LSPRs) using scanning transmission electron micros-

copy (STEM)-based electron energy-loss spectroscopy
(EELS),1,2 this technique has become an established tool for
the near-field imaging of plasmonic optical excitations.
Applications of this approach (or its energy filtered trans-
mission electron microscopy equivalent) include: mapping and
interpretation of resonances in different geometric planar
shapes;3−6 the measurement of coupled modes between
metallic nanoparticles7−11 or nanorods;12−14 the illustration
of Babinet’s principle and the study of fractal effects;15−18 and
extension to the three-dimensional reconstruction of coupled
plasmonic fields and photonic environments.19−21 Moreover,
the technique has been applied to provide evidence for self-
hybridization within non-Hermitian LSPR systems22 and
enabled the nanoscale 2D visualization of plasmon−exciton
polaritons between silver nanotriangles and WS2 flakes.23

Allied to these experimental works, progress in theoretical
understanding and simulations has been vital for interpretation
of results.24−30 Even if the energy resolution offered by STEM-
EELS is lower than that of light-based techniques, the
association of spectral signatures to their 2D projected
intensity maps gives the technique a high sensitivity to the
effects of subtle structural modifications, as for example shown
in studies of heterodimers and dolmen structures.10,14 While it
is considered as a near-field mapping technique, it should be
noted that the maps of LSPRs do not necessarily bear a one-to-
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one correspondence with the local electric field of the excited
mode.25 Rather, the EELS signal is maximal at probe impact
parameters giving the highest probability of exciting a mode
which, in cases such as the bonding mode of a dimer, can be
quite different to where the mode’s projected electric field is
strongest.
One of the motivations for the study of LSPRs is their use in

optical nanoantennas, where electromagnetic (EM) fields are
manipulated on the subwavelength scale by coupling the
propagating electric field of light with the local electric field of
the nanostructure.31,32 However, strong absorption losses of
metals at infrared−visible optical frequencies limit the
performance of LSPR-based nanoantennas in applications
where light scattering is the goal. This can be solved by turning
to an alternative strategy in which the Mie-type resonances of
high-permittivity dielectric nanoparticles or nanostructures are
interfaced with the propagating and local EM fields.33 Because
the Mie-type resonances are driven by displacement currents
originating from the polarization of atoms (or molecules)
within the dielectric volume, rather than the LSPR case of
actual currents of charge on the nanostructure surface, they
offer reduced losses.33,34 The dielectric systems also introduce
an extra degree of freedom for manipulating light, since they
can support both electric and magnetic resonant eigenmodes.
For instance, unlike the purely electric modes of equivalently
shaped plasmonic nanoparticles, dielectric spheres or discs
exhibit magnetic dipole (MD) resonances deriving from the
excitation of circular displacement currents within a nano-
particle, which induce a MD orthogonal to the current
loop.35,36 As example applications, the simultaneous excitation
and mutual interference of electric dipole (ED) and MD
resonances enables directional visible light scattering with zero
backscattering from single nanoparticles, via the Kerker effect,
while the interference of the ED with a toroidal dipole can give
a sharp dip in forward scattering known as the anapole.37−42

By using silicon as the dielectric, a further benefit over
plasmonics for large-scale implementation comes from its
straightforward integration into standard microfabrication
processes.43

With EELS mapping now an established tool enabling the
structure−optical property analysis of plasmonic systems at the
scale of the nanostructure, this work was motivated by the
question: can it do the same for dielectric nanocavities? Little has
been published concerning use of EELS for measuring the
optical excitations in nanostructured dielectric systems. After
Garciá de Abajo et al. showed that a fast electron can be used
as a probe of photonic bands in photonic crystal structures, via
the Vavilov−Cherenkov effect,44 this approach was used to
map the local density of states in the void regions of silicon
photonic structures.45 Le Thomas et al. demonstrated that this
concept can be further adapted to image the cavity optical
modes in bulk material, in the study of a three missing hole
defect in a hexagonal photonic lattice.46 Such measurements
are, however, quite different to probing Mie-type resonances or
cavity modes in individual dielectric nanoparticles. Until now,
the near-field mapping of such localized optical modes in
silicon nanostructures has been demonstrated using aperture-
less near-field optical microscopy,47 and with cathodolumi-
nescence in lower beam-energy scanning electron micros-
copy36,48,49 and higher beam energy STEM.50 In comparison,
here we explore the potential for using STEM-EELS to map
such resonances in patterned structures of varied geometry,
which are designed according to standard photonic processes.

Our analysis brings insights both into the nature of the optical
structures and for the field of EELS.
The samples in our study are planar amorphous-silicon (a-

Si) nanocavities of different geometries, patterned by top-down
electron beam lithographic processing. The particle sizes are
tuned to give resonances at frequencies from the near-infrared
through visible regime with, for instance, the discs being
similar to those with potential for nanoscale color printing via
tuned light scattering.43 Considering that the excitations are
probed in samples with a total of 135 nm thickness, we apply a
high electron beam energy of 300 keV in order to improve the
signal-to-noise ratio in the EELS peaks, by reducing scattering
to the bulk plasmon at higher-energy losses. This differs to
recent work by Liu et al. on EELS of cavity modes in colloidal
oxide nanocubes, where low incident beam energies of 40 or
60 keV effectively restricted analysis to an “aloof” geometry, in
which the electron probe is positioned some nanometers
outside of the nanostructure.51 Such an approach precludes the
potential for 2D mapping of different excitations within the
nanocavity body, as we demonstrate here.
Dielectric nanocavities can support a wide range of EM

resonances. Further, similarly to the excitation of “dark” modes
in plasmonic structures,3,5,7−10,18,52 excitation via the local field
of the electron probe means that STEM-EELS gives access to
many modes which cannot be straightforwardly excited with
planewave EM illumination. In order to interpret the STEM-
EELS data, different excitations are identified from their spatial
and spectral signatures and corresponded to specific
eigenmodes, as simulated using CST Studio Suite.53 With
this combined spectroscopy and simulation strategy, we
explore the effects of both nanocavity size and shape on the
excitations. We also discuss how the EELS response of the
dielectric nanostructures contrasts with that for plasmonic
systems.

RESULTS AND DISCUSSION
100 nm thick a-Si nanocavities of varying shapes (discs,
ellipses, rectangles, square, and triangle), and supported on 35
nm thick electron transparent Si3N4 membranes, were mapped
in 2D using monochromated STEM-EELS. (See Methods
section for details.) In the frequency range of interest, the
dielectric permittivity of the a-Si is ∼14−26, compared with
∼4 for the Si3N4. As a first example of data from the samples,
Figure 1 shows EEL spectra integrated from four different
impact parameters across a 450 nm diameter a-Si disc. Moving
from the edge toward the center, distinct peaks are observed in
the spectra, as different resonances are excited by the electron
probe. Some key features are indicated by the dashed lines. In
the dark blue spectrum from the edge region, two strong peaks
at ∼1.0 and 1.37 eV are marked. Next, a 1.87 eV and a 1.69 eV
peak are, respectively, observed in the light blue and green
spectra taken from distances of ∼120 and ∼70 nm from the
disc center. Finally, a strong peak at ∼1.56 eV is discriminated
in the red spectrum from the disc center. At energy losses
above the bandgap of the a-Si (∼1.5 eV), the EELS peaks sit
on a “shelf” of intensity from other loss processes, making their
signature weaker. This aspect applies to all of the EELS data
presented here. Particularly problematic is if the peak sits on
the rise of this shelf, when it appears as a less defined “hump”
of intensity on the spectrum. Excitations are therefore
identified by a combination of manual inspection of the data,
semiautomated Gaussian peak fitting, and correlation to
“hotspots” of intensity in the EELS maps. With this, depending
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on the excitation, we estimate a precision of ±0.01−0.02 eV in
the EELS peak energy loss values.
Internally Excited Eigenmodes: Disc. In order to

interpret the spectral features in Figure 1, we need an
analytical approach that gives solutions consistent with cavity
modes excited by impacting (as opposed to aloof) electron
trajectories. To solve this need, we apply two finite element-
based methods: first, an eigenmode approach to identify likely
excited modes; second, as shown in the Supporting
Information (SI), frequency domain simulations with localized
dipoles to confirm key excitation behavior.
In the eigenmode approach, possible eigenmodes for a

nanocavity are simulated using the Eigenmode Solver of CST
Studio Suite, as for instance shown for the 450 nm disc in
Figure S2-1 of the SI.53 From these, specific eigenmodes are
matched to the resonances excited by the electron probe, by
considering both the spatial and spectral signatures of the
STEM-EELS data. Implicit to this approach is a classical (as
opposed to quantum) viewpoint analogous to that commonly
used in the interpretation of plasmonic EELS data.24,54,55

Namely, that the evanescent electric field produced by the
transmitting electron polarizes the nanostructure in the vicinity

of its trajectory. The polarization induces an EM resonance,
whose electric field Eind in turn produces a force that acts back
on the transmitting electron, giving a peak in the EEL
spectrum at an energy loss corresponding to the excited
frequency. Compared with the plasmonic case, where the
resonance is that of the surface charge, here the excited
resonance is instead that of charge displaced within the volume
of the nanocavity. In the analysis, inspiration is further taken
from the EELS study of bonding and antibonding modes in
coupled plasmonic systems, in particular the need for the field
of the excited mode to be compatible with the symmetry of the
evanescent field of the electron probe that stimulates the
excitation.24,25,28,56 For instance, the fundamental eigenmode
of the 450 nm disc is an out-of-plane MD, also known as a
TE01δ eigenmode.57 This has an electric field that rotates
around the disc axis, which is fundamentally incompatible with
excitation by an electron probe parallel to the axis and so will
not be visible in the STEM-EELS data.
To see instead which modes are excited, we first consider the

∼1.56 eV peak, which corresponds to a strong, central hotspot,
as shown in its EELS intensity map in Figure 2. The electric
field of a transmitted electron impacting at the disc center will
“push away” or displace the internal charge of the nanocavity in
a radially symmetric way. As it enters the upper region of the
nanocavity body, or as it leaves the lower part, the resulting
excitation geometry is compatible with the electric field
distribution of the eigenmode shown below the EELS map.
With its poloidal electric field surrounding a toroidal magnetic
fieldas induced by vertically circulating/radially symmetric
displacement current loopsthe eigenmode is an out-of-plane
toroidal (electric) dipole (TDop), also variously known as an
axial ED, EDvert, and a TM01δ mode.34,40,42,57,58 Its 1.50 eV
simulated resonance energy matches the ∼1.56 eV EELS peak
energy relatively closely, just with a small blue shift of the latter
relative to the former. Like for plasmonics, its EELS intensity is
maximal at the impact parameter giving the highest probability
of exciting the eigenmode, rather than being a direct
representation the projected electric field. In order to confirm
this modal assignment, we adapt a frequency domain approach
previously applied to simulate LSPR EEL spectra, but
embedding a vertical exciting dipole within the center of the
nanocavity in order to give an excitation geometry approximat-
ing that of a centrally placed electron probe.59 The resulting
plot of electric field response vs energy (see Figure S3-3 in the
SI) indeed shows a strong peak at the resonance energy of the
TDop eigenmode, similarly to the EEL spectrum.
We now consider the 1.70 eV EELS peak observed ∼70 nm

from the disc center, as seen on the green curve of Figure 1.
The corresponding EELS map in Figure 2 shows a strong ring
of intensity at this radius, while there is minimal excitation in
the disc center. Comparison to the Eigenmode Solver solutions
finds that this excitation corresponds unambiguously to a
resonance with three counter-rotating, vertical displacement
current loops, as shown below the EELS map. These current
loops have straight and aligned axes, giving the characteristics
and net magnetic moment of a second-order magnetic dipole
(MD2), as proposed by Yang et al. and visualized in Si
nanospheres using STEM-CL by Matsukata et al.50,60 The
magnetic analogue of a TD, this mode is degenerate in nature.
There is a high probability of exciting this mode when the
electron probe impinges at the radius corresponding to the
counter rotation of the inner and outer current loops, as shown
with a gray dot on the MD2 plan-view field map in Figure 2. By

Figure 1. EEL spectra for a 450 nm a-Si disc. The spectra are
integrated from rings at different radii, as indicated using color-
coded spots on the high angle annular dark-field (HAADF) STEM
image at the top left, and are displaced on the intensity axis for
clarity. Each spectrum is normalized by the intensity of its zero-
loss peak (ZLP) and background subtracted for the ZLP and Si3N4
membrane. Color-coded vertical dashed lines indicate peaks or
features of interest in the spectra, as used to construct the heat-
intensity maps presented in Figures 2 and 5. Scale bar: 100 nm.
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transcribing this locus onto the EELS map, we observe its
nanometric alignment with the EELS ring of intensity,
supporting the modal assignment. Extra confirmation is
provided both by the simulated MD2 resonance energy of
1.69 eV being within 0.01 eV of the EELS peak energy, and by
appropriate frequency domain simulations (Figure S3-3 in the
SI).
The final internally excited mode that we consider for the

450 nm disc gives the 1.87 eV peak on the light blue curve in
Figure 1. In the corresponding EELS intensity map in Figure 2,
it shows both a ring of intensity at the radius of ∼120 nm and a
small, central hotspot, and derives from the excitation of the
eigenmode shown below. This nondegenerate resonance
consists of two in-plane, counter-rotating electric field toroids,
with one nested inside the other. Given the nature of the
electric far field, we consider this to be a second-order out-of-
plane toroidal dipole (TDop

2 ). This eigenmode can be strongly
excited both by placing the electron probe at the disc center
and at the radius at which the counter-rotating toroids meet, in
agreement with the 1.87 eV EELS map. Like the MD2

eigenmode, there is also a close match between the 1.86 eV
simulated resonance energy of this eigenmode and the EELS
peak energy. A slight misalignment between the locus of
expected maximum excitation, as shown with a gray dot in
Figure 2, and the ring of intensity in the EELS map could
derive from simultaneous excitation of a higher-order 1.85 eV
EM mode shown in panel (vii) of SI Figure S2-1 part (b),

whose optimum excitation locus would be at a slightly smaller
radius; a possibility ideally investigated using a modal
decomposition.61

Internally Excited Eigenmodes: Ellipse, Rectangle,
Triangle, and Square. The TDop and MD2 eigenmodes are
both strongly visible in the STEM-EELS data from other
nanocavity shapes, as illustrated by the intensity maps in Figure
3 for a 450 × 300 nm ellipse and rectangle, and 300 nm side
triangle and square. (See SI for full STEM-EELS data.) Figure
3a presents EELS intensity maps with the central, radially
symmetric hotspots characteristic of TDop excitation. In
agreement, the Eigenmode Solver identifies the TDop
eigenmode in the rectangle, triangle and square. Like for the
450 nm disc, all show a consistent blue shift of ∼0.06−0.08 eV
of the EELS peak energy relative to the simulated eigenmode
resonance energy. The only exception is the ellipse, for which
the TDop eigenmode solution is effectively degenerated into
two different modes, but whose superposed excitation could
lead to the EELS result (see SI Figure S2-4). Lending support
to the singular nature of the TDop, we note that the TDop
resonance energies from the different shapes correlate closely
with those for discs of equivalent circle diameters.
Unlike for the TDop, nanocavity shape has a strong effect on

the degenerate MD2 eigenmode. Since, in the discs, the MD2

mode is equally excited along any radius, it gives a radially
symmetric ring of intensity in the EELS map. By going to other
forms, the mode becomes constrained to specific axes, leading

Figure 2. Internally excited eigenmodes for a 450 nm a-Si disc. The top row shows heat intensity EELS maps integrated across 0.06 eV wide
energy windows centered on the indicated energy losses (as for following figures). Each map is corresponded to the excitation of an
eigenmode having the electric field distribution shown below it: an out-of-plane toroidal dipole (TDop); a second-order magnetic dipole
(MD2); and a second-order toroidal dipole (TDop

2 ). The electric field distributions are shown at cut planes corresponding to a height of 85
nm within the 100 nm thick discs for the upper plan-view row, and along a horizontal chord going through the disc center for the lower
cross-section row. On the plan-view field maps, gray dots indicate the loci expected to give the strongest modal excitation. These are
transcribed onto the corresponding EELS maps in order to help relate the two. The outlined boxes are color-coded to the relevant EEL
spectra in Figure 1, while the color bar gives the scale for the field maps. Scale bar: 100 nm.
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to patterns of hotspots in the EELS intensity maps, see Figure
3b. First, considering the ellipse, the deviation from an aspect
ratio of one generates an MD2 eigenmode where the three
current loops are constrained to lie on the long axis
(henceforth termed longitudinal axis) of the nanocavity, as
shown in the 1.73 eV electric field distribution in Figure 3b,
with a transverse net magnetic pole. This mode has the highest
probability of being excited by the electron probe impacting at
the two loci on the longitudinal axis where the counter-rotating
electric field loops meet, which explains the two hotspots in the
corresponding 1.74 eV EELS map. As an example, the right-
side locus is marked with a gray dot. Transcribing this dot onto
the 1.74 eV EELS map shows a nanometric coincidence with
the right-side EELS hotspot. The 450 × 300 nm rectangle
shows an equivalent MD2 behavior, as seen in the 1.70 eV
EELS map with 1.68 eV simulated eigenmode in Figure 3b,
demonstrating that this nature derives primarily from the
nanocavity aspect ratio, not shape. Similar to the 450 nm disc,
as well as the spatial alignment of excitation loci with the EELS
hotspots, both the rectangle and ellipse show close agreement
between simulated eigenmode resonance and EELS peak
energies (see SI Figures S1-4 and S1-5 for the EELS curves).
For the longer 600 × 300 nm ellipse and rectangle, it appears
that the EELS excitation energies of the MD2 and TDop

eigenmodes converge, such that it is hard to separate them
in the EELS data (see Figures S1-6 and S1-7 in the SI.)

With aspect ratios of one, the triangle and square MD2

eigenmodes instead show degenerate pairs which are of equal
energy. However, they are still constrained along certain axes.
In the triangle, this results in three intensity hotspots in its 2.12
eV EELS map in Figure 3b, which derive from three strong
excitation loci. The latter are split between the pair of
eigenmodes, of which the one illustrated below the EELS map
accounts for the upper locus, as shown with a gray dot.
Interpretation of the MD2 mode in the square is more subtle.
The 1.90 eV EELS intensity map in Figure 3b in turn shows
four hotspots of intensity. However, the MD2-type mode
identified by the Eigenmode Solver has a lower energy of 1.82
eV. In the STEM-EELS data, this actually corresponds to an
excitation observed in the 1.79 eV map of Figure 3, where the
excitation points are so close to the center that they are not
well-resolved into four lobes of intensity, but instead show as a
more uniform ring of intensity (which is nevertheless well-
aligned with the excitation locus indicated with the gray dot).
The four-lobed EELS excitation instead corresponds to a
higher-order eigenmode. As shown in the 1.89 eV electric field
distribution map in Figure 3b, on the diagonal this similarly has
three vertical current loops but with excitation loci further
from the square center than for the MD2 mode. Elsewhere in
the square, this mode has a more complex, higher-order nature
than the lower energy MD2.

Edge Excited Eigenmodes: Disc. The above analysis
finds that placing the electron probe within the volume of the

Figure 3. EELS maps and simulated electric field distributions for eigenmodes which are internally excited in a 450 × 300 nm ellipse and
rectangle, and 300 nm side triangle and square. Row (a) show the EELS maps corresponding to the excitation of the TDop, as evident from
the radially symmetric central hotspots. The upper row in part (b) presents EELS maps for excitation of MD2 eigenmodes. The patterns of
intensity hotspots are related to the corresponding MD2 resonance electric field distributions shown in plan-view in the bottom row. The
exception is the 1.90 eV map/1.89 eV field distribution pair for the square, which are from a similar but higher-order excitation. Note that
the simulated eigenmodes shown respectively account for the formation of the upper hotspot in the 2.12 eV EELS map for the triangle, and
the hotspots lying on the top-left to bottom-right diagonals for the 1.79 and 1.90 eV EELS maps for the square. Complementary eigenmodes
from their degenerate pairs are responsible for the remaining hotspots (see SI Figures S2-2 and S2-3). The STEM-EELS Data section of the
SI presents relevant EEL spectra, color-coded to the outlined boxes in this figure. The electric field distributions are shown at cut planes of
85 nm height in the nanocavities, as for the plan-view field maps in following figures. The gray dots on the plan-view maps show the
examples of the expected loci for the maximum excitation of the corresponding modes, as assessed from their 3D field distributions. These
loci are transcribed onto the EELS maps, correcting for any small spatial shifts between the simulated and mapped shapes. The reader is
referred to Figures 7 and 8 for respective shape-related color bar scales for the electric field maps. Scale bars: 100 nm.
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nanocavities privileges the excitation of eigenmodes that have
vertically oriented current loops which meet at one or more
loci within the nanocavity. In comparison, impacting the
electron probe at or near the nanocavity edge changes the
excitation geometry, such that many other eigenmodes can
instead be excited. In principle, the lowest-energy modes that
can be edge-excited are either the in-plane MD, as stimulated
by the electron probe pushing away charge at the entry or exit
surfaces of the nanocavity, or the in-plane ED, as stimulated by
the probe pushing away charge at any point of its trajectory.
For dielectric discs of fixed height h, the respective resonance
energies of these two modes can be tuned independently by
changing the disc diameter d. Smaller, more equiaxed discs
tend to the spherical case, for which the MD has the lower
energy.62 However, when d ≫ h, while the wavelength and
energy of the in-plane polarized ED scale primarily with d, the
current loop of the MD is geometrically constrained by h. As a
result, the ED red-shifts more strongly than the MD, leading to
a crossover in their resonance energies.33−35,63

From the above, EEL spectra recorded from the edges of
small discs are expected to show a lowest energy peak that
corresponds to the excitation of the MD (also known as
HEM11δ).

57 As an example, Figure 4 shows data from a 150 nm
disc. The blue EEL spectrum from the disc edge shows a
distinct peak at 1.90 eV, whose strong edge excitation is
confirmed by the accompanying EELS intensity map. In accord
with the hypothesis, the peak energy matches closely to the
1.86 eV simulated resonance energy of the MD shown below
the map, in contrast to the ED at ∼2.09 eV. Further supporting
the analysis, frequency domain simulations of disc excitation
using edge-placed dipoles (both vertical and horizontal in
order to represent different aspects of the evanescent field of
the electron probe) uniquely favor the MD over the ED (see SI
Figure S3-1).
As the size of the discs is increased, simulations imply that

the crossover for the lowest-energy dipole mode changing from
MD to ED occurs at a diameter of ∼275 nm. Therefore,
considering the 450 nm disc, we could expect that the lowest-

energy peak for the edge-located EEL spectrum corresponds to

the excitation of an ED, as seen at ∼1.00 eV on the dark blue

curve in Figure 1. The accompanying EELS map in Figure 5

Figure 4. Analysis of the edge excitation of the magnetic dipole (MD) in a 150 nm disc. The left panel shows EEL spectra integrated from
rings at different radii, as indicated using color-coded spots on the HAADF STEM image in the middle-top panel. The 1.90 eV EELS heat
intensity map is from an energy window centered on the peak marked on the blue EEL spectrum from the disc edge. It corresponds to the
excitation of a MD eigenmode, whose simulated electric field distribution is shown below in plan-view (left) and cross-section (right). The
plan-view distribution shows the chord along which the cross-section cut-plane is taken. Complementary EELS data are shown in SI Figure
S1-1. The color bar shows the scale for the electric field maps. Scale bar: 100 nm.

Figure 5. Edge-excited resonances for a 450 nm a-Si disc. The top
row shows EELS maps for the indicated energy losses. The EELS
response of the 0.85 eV map is primarily driven by the excitation
of the electric dipole (ED) eigenmode, whose electric field
distribution is shown below it. Going to higher energy in the
same extended spectral peak, the excitation is hypothesized to
become more in-plane toroidal dipole (TDip) in character, whose
electric field nature is shown below the 1.00 eV map. The 1.36 eV
EELS map corresponds to a narrower EELS peak, as seen on the
dark blue spectrum in Figure 1. This derives from the excitation of
the electric quadrupole (EQ) eigenmode shown below it. The
plan-view field distributions show the chords along which the
cross-section cut-planes are taken. For the color scale of the
electric field maps, the reader is referred to Figure 2. Scale bar:
100 nm.
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confirms that this excitation is localized to the disc edge, while
the ED panel shows the electric field nature of this excitation,
which is also termed TE111.

41 To fully correspond the
experiment and simulation, however, various factors must be
considered. First, the EELS peak has a broad, extended shape;
quite different to that for excitation of the MD in the 150 nm
disc. Indeed, the excitation is already visible in the 0.85 eV
EELS intensity map shown in Figure 5. Second, the 1.00 eV
peak energy is strongly red-shifted compared with the
simulated ED resonance energy of 1.16 eV. Finally, an in-
plane toroidal dipole (TDip), having a very similar resonance
energy of 1.17 eV, could also be excited by the electron probe
at the disc edge. Having an electric field nature shown in the
TDip panel of Figure 5, this eigenmode is also known as ED2 or
HEM12δ.

50,57 We believe that the observed EELS signal actually
results from a superposition of both the ED and TDip
excitations but with each making a different contribution. In
dielectric discs, the ED’s electric field is poorly confined within
the nanocavity volume, as seen in Figure 5. In consequence, it
is a broad resonance having a very low Q-factor,34,41 with a
simulated value of just ∼1.5 for the 450 nm disc (as compared
with ∼12 for the MD of the 150 nm disc). As known from
plasmon EELS, the increased damping of a low Q-factor mode
leads to the broadening of its EELS peak.27 This broadening is
very pronounced for this ED eigenmode. The low Q-factor of
the ED may also be responsible for the observed red-shift
effect, since such a lossy resonance will be optimally driven at a
frequency different to its resonant frequency. In contrast, the
TDip is a narrower resonance, with a simulated Q-factor of ∼7.
We therefore hypothesize that, far below the ED/TDip
resonance energy, the electron probe stimulates an excitation
which is primarily ED in character. As the “ideal” resonance

energy is approached, the excitation becomes progressively
TDip-like in character. Visual inspection of simulated near-field
maps of the disc excited by a dipole at different frequencies
suggest such a progression (see SI Figure S3-2). Nevertheless,
while we later validate the dual excitation of these eigenmodes
with the study of the ellipse and rectangle, a complete
multipole decomposition of the simulated field distributions
would be needed to confirm the hypothesized modal
progression.63 This EELS response can also be related to the
scattering of planewave EM illumination by the disc. In the
latter case, the anapole is produced when a negative
contribution to extinction from the TDip cancels radiation
from the ED, giving a strong dip in the far-field scattering (see
simulations in SI Figure S4-1).40−42

The results point to another contrast between the EELS and
light-optical response. The ability of planewave EM radiation
to excite both the ED and MD in a single disc is key to certain
optical tuning strategies.35,41 However, with EELS, we observe
only an MD peak in smaller discs and only an ED/TDip peak in
larger discs. In Figure 6, this behavior is studied with
dispersion curves for the different EELS peaks of discs varying
in diameter from 50−500 nm. The plots for the lowest energy
edge-excited modes are split into two curves, each having a
single node m in the intensity map for the EELS peak. The first
m = 1 curve derives from the smaller discs. It clearly conforms
to the dispersion curve for the simulated MD resonance
energies, with a consistent blue shift between the simulated
and experimental values (as seen for the 150 nm disc above).
The second, m = 1a curve, derives from the larger discs. Its
form tends toward that of the steeper ED/TDip curves, rather
than the flattening MD one,34 helping confirm its assignment
to these eigenmodes. As discussed for the 450 nm disc, it

Figure 6. Experimental and theoretical dispersion curves for excitations in 50−500 nm diameter a-Si discs of 100 nm thickness on 35 nm
thick Si3N4 membranes. The solid lines show the experimental curves extracted from EELS peaks identified for different excitations from
their STEM-EELS map data cubes, where m is the number of nodes in a map. The dashed lines correspond to the resonance energies for the
following eigenmodes simulated using CST Studio Suite: magnetic dipole (MD); electric dipole (ED); in-plane toroidal dipole (TDip);
electric quadrupole (EQ); out-of-plane toroidal dipole (TDop); second-order magnetic dipole (MD2) and second-order out-of-plane toroidal
dipole (TDop

2 ). Color-coding is used to indicate correspondences between experimental and theoretical curves, and relates to that used for
the EEL spectra in Figures 1 and 4. The dark blue square is for the edge excitation EELS peak of the 250 nm disc, which sits at the crossover
between the MD and ED/TDip excitation curves. (To help comparison with other works, SI Figure S1-11 shows the same data replotted with
respect to the optical wavelength of an excitation.)
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consistently displays a red shift from simulated to experimental
values. The crossover in excitation nature from MD to ED/
TDip happens at around 250 nm in disc diameter. With the
EELS data point for this disc sitting between the two curves, as
shown with a dark blue square in Figure 6, both its EELS peak
shape and preliminary simulations suggest that it derives from
a dual excitation of the MD and ED/TDip. Aside from this
exception, the evolution of EELS excitation probability from
favoring the MD below the cross-cover, to ED/TDip above it,
is confirmed by the previously discussed frequency domain
dipole excitation simulations. While this difference compared
to the planewave response must derive from a difference in the
nature of the electric field driving the excitationlocalized for
the electron source as opposed to extended for EM
illuminationit would be interesting to pursue a deeper
physical understanding of the phenomenon in the future.
The dispersion curves help to identify another mode. For

discs ≥350 nm in diameter, an additional, higher-energy edge-
excited EELS peak is present, such as the 1.36 eV peak seen on
the dark blue curve in Figure 1 for the 450 nm disc. In Figure
6, the dispersion curve for this peak is labeled the m = 1b

curve. It bears a near-perfect match (±0.01 eV) to that of an
electric quadrupole (EQ) mode. The electric field nature of
this mode is illustrated in Figure 5, to compare to the 1.36 eV
EELS intensity map shown in the panel above it. Compared
with the ED/TDip excitation, the EQ gives a much sharper
EELS peak. This correlates well with the Q-factor of the mode
being an order of magnitude higher than for the ED, with a
simulated value of ∼20. The much lower damping of the
eigenmode likely also explains the close correspondence of
EELS peak and predicted eigenmode resonance energies.
Frequency domain simulations give further support to this
assignment (see SI Figure S3-2). The same simulations also
predict the sharp excitation of a 1.58 eV electric hexapole
mode, which is indeed observed as a small 1.60 eV peak in the
edge EEL spectrum of the 450 nm disc in Figure 1. Assignment
of another peak at 1.72 eV is less definitive, but it could derive
from an off-resonance excitation of the MD2, perhaps mixed
with some electric octupole character. Finally, we note that,
with the electric field vectors of the ED, TDip, and EQ being
primarily in the plane of the nanocavity, it might be surprising
that they induce an energy loss on the electron propagating

Figure 7. Analysis of edge-excited resonances in a 450 × 300 nm (a) ellipse and (b) rectangle. The EEL spectra are integrated from the
impact parameters illustrated with color-coded boxes on the respective HAADF STEM images. In part (a) for the ellipse, the 0.99, 1.17, and
1.55 eV EELS maps are, respectively, related to the electric field distributions of the longitudinal ED, transverse TDip, and longitudinal MD
eigenmodes (shown in plan-view). The 1.01, 1.37, and 1.47 eV EELS maps for the rectangle in part (b) are, respectively, corresponded to the
longitudinal ED, out-of-plane MD2 and longitudinal MD eigenmodes. SI Figures S1-4/S1-5 and S2-4/S2-5 present complementary
experimental and simulation data, while the color bar gives the scale for the electric field maps. Scale bars: 100 nm.
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normal to the plane. The observed energy loss could be from
the residual out of plane field components seen, for instance, in
the cross-section field distribution maps of Figure 5, or from
extra field components that might be induced by the
transmitting point charge.
In Figure 6, dispersion curves for the internally excited TDop,

MD2 and TDop
2 eigenmodes are also plotted. The EELS curves

for exciting the TDop and MD2 are respectively labeled as m =
2 and m = 2alt, since both have two nodes in intensity maps but
excitation of the MD2 gives an alternative intensity distribution
to exciting the TDop. The m = 2alt curve and the m = 3 curve
for exciting the TDop

2 both adhere closely to their simulated
eigenmode counterparts. Further, the previously discussed blue
shift of the m = 2 EELS peak compared with eigenmode
resonance energy for the TDop is confirmed across the
diameter range.
Edge Excited Eigenmodes: Ellipse, Rectangle, Tri-

angle, and Square. Having identified eigenmodes that are
edge-excited in the discs, we now study how they are
modulated by changing the nanocavity shape, starting with
the ellipse. By breaking degeneracy, the ellipse separates the
ED and TDip eigenmodes into orthogonal lower-energy and
higher-energy branches. Out of these, the lower-energy ED
eigenmode is longitudinal in nature, as illustrated for a 450 ×
300 nm ellipse in Figure 7a, where it has a predicted resonance
energy of 1.17 eV and a Q-factor of ∼2. Considering its electric
field distribution, the probability of exciting this mode will be
highest when the electron probe impacts at the longitudinal
ends of the ellipse. In contrast, the elliptical geometry
constrains the lower-energy TDip to a form of two
longitudinally arranged current loops. This eigenmode’s dipole
lies on a transverse axis, as shown on the TDip (trans.) panel of
Figure 7a, such that it will instead be excited by a probe
impacting near the transverse edges of the ellipse. It also has a
higher predicted resonance energy of 1.26 eV, and a greater Q-
factor of ∼10. The different nature of these two eigenmodes
allows us to separate their excitations in energy and space.
Specifically, the blue EEL spectrum in Figure 7a from the
longitudinal end of the ellipse shows a lower peak energy of
∼1.13 eV. The peak is broad, with significant intensity at lower
energies forming a hump at ∼0.99 eV. These traits correlate
well to the excitation of the low Q-factor longitudinal ED. In
geometric agreement, the 0.99 eV EELS map shows notably
strong excitation at the longitudinal ends of the ellipse. In
comparison, the orange spectral curve in Figure 7a from the
transverse edge of the ellipse shows both a higher peak energy
of ∼1.17 eV, and markedly lower intensities below the peak
energy, in keeping with expectations for the unique excitation
of the transverse TDip. Tied to this, the 1.17 eV EELS map in
Figure 7a shows an enhanced intensity at the transverse edges
of the ellipse. The increased aspect ratio of a 600 × 300 nm
ellipse leads to an even greater separation of the two
eigenmodes, with the ED and TDip EELS spectra peaking at
0.97 and 1.10 eV, respectively (see SI Figure S1-6). In
comparison, excitation of the high-energy branches of the ED
and TDip is not obvious in the STEM-EELS data. This differs
from how such shapes would interact with planewave light,
where illumination polarized parallel to the longitudinal axis is
expected to excite the longitudinal ED and TDip eigenmodes,
and transverse polarization the transverse ones, leading to
different far-field scattered power for the two polarization axes
(e.g., see SI Figure S4-2).

The 450 × 300 nm rectangular nanocavity displays similar
EELS characteristics for longitudinal ED and transverse TDip
excitations, as seen by comparing the blue longitudinal end and
orange transverse edge spectra in Figure 7b. It further allows us
to explore differences between the EELS response of planar
plasmonic and dielectric resonators. In the former, the EELS
intensity patterns observed along the resonator sides
correspond to edge modes, which are quasi one-dimensional
resonances.4−6,17 For straight-edged structures, these can be
thought of as standing wave patterns along the edges, similar to
those obtained for plasmonic rods, for which the electron
probe excites the resonance at the nodes of the standing wave.
In the dielectric resonators, the edge-placed electron probe
instead excites resonances within the cavity, which extend
through its volume. Considering the rectangle, its longitudinal
ED mode shows a roughly uniform electric field distribution
along the longitudinal edges, see Figure 7b. Therefore, the
probability of exciting this mode is approximately constant
along the length of the edge. In correspondence, the 1.01 eV
EELS map of Figure 7b for the ED excitation shows an
intensity which is basically uniform along the length of the
rectangle’s short edgevery different to the nodal pattern
expected for a dipole edge resonance in a plasmonic system.
The same phenomenon is observed for the longitudinal ED
resonances of larger 600 × 300 nm and a 1000 × 500 nm
rectangles (SI Figures S1-7 and S1-8).
Going up in energy loss, the 450 × 300 nm rectangle shows

another characteristic excitation, which is again markedly
different to those seen in plasmonic systems. Shown with the
1.37 eV map in Figure 7b, it has an EELS intensity which is
strongest at the corners but that also extends along the edges,
in particular the long ones. This EELS response corresponds to
the excitation of an MD2 eigenmode which, as illustrated in the
MD2 (o.p.) panel in the figure, is out-of-plane, as opposed to
the in-plane MD2 eigenmode excited within the volume of the
rectangle. With a closely matched 1.41 eV predicted resonance
energy, dipole simulations confirm the excitation of this mode
at the rectangle’s corners and away from the corners moving
along the long edge toward (but not at) their midpoints (see
SI Figure S3-5). They further suggest that the actual excitation
will be somewhat transient, with the current loops traveling
across the volume of the rectangle (SI Figure S3-6). The 600 ×
300 nm rectangle shows the same type of EELS response at
∼1.19 eV, indicating some shape generality to this excitation
(see SI Figure S1-7).
While the ellipse cannot show such a corner mode, both the

ellipse and rectangle share a different feature in common: a
strong excitation at the midpoint of the transverse edges, at
similar energy losses for similar nanocavity dimensions. This is
seen in the 1.55 and 1.47 eV maps for the 450 × 300 nm
ellipse and rectangle in panels a and b, respectively, of Figure 7.
This EELS response probably derives from the excitation of
longitudinal MD modes, as illustrated for both forms in Figure
7. Not only does this assignment fit the intensity distribution in
the EELS maps, but further support is provided by the EELS
peak energies having a slight blue shift compared to the
predicted resonance energies (1.48 and 1.45 eV for the ellipse
and rectangle, respectively)as was also found for the MD
response in the small discs. Finally, simulations with a dipole
placed at the midtransverse edge location of the rectangle also
show a strong MD response (see SI Figure S3-5). Since the
transverse dimension of 300 nm is larger than the MD/ED
crossover diameter of the discs, it appears that deviating from
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an aspect ratio of one plays a role in favoring the MD
excitation here. Indeed, similar EELS phenomena are observed
for the 600 × 300 nm ellipse and rectangle (SI Figures S1-6
and S1-7).
Unlike the rectangle, the triangle shows a lowest-energy edge

excitation that is highly localized to its corners, as shown in the
1.60 eV intensity map of Figure 8a. Furthermore, the
corresponding peak on the purple EEL spectrum is relatively
sharp. The narrow vertex of the triangular form is incompatible
with the extended electric field distribution of the ED, such
that this eigenmode is suppressed. Instead, only a TDip
eigenmode is excited, explaining the sharp EELS peak from
the sole excitation of this narrower resonance. Further, the
electric field map of the triangle’s TDip in Figure 8a presents
poloidal electric field loops that are not fully contained within
the body of the nanocavity. Tied to this, the eigenmode is
geometrically fixed to the axis of the triangle, and can therefore
only be strongly excited at the corners. Even if the resultant
EELS map looks similar to that for the corner-excited dipole
resonance of plasmonic nanotriangles, its underlying nature is
strongly different.1,6,17 In correlation to the lack of an ED, far-
field scattering simulations with planewave EM illumination

show a weak scattered power at lower energies, with no
anapole dip near its TDip resonance energy (see SI Figure S4-
1).
At the midedge impact parameter on the triangle, there is a

higher-energy EELS peak at ∼1.66 eV, as seen on the orange
spectral curve in Figure 8a. This derives from the excitation of
a MD having a correspondingly higher predicted resonance
energy, as also illustrated in Figure 8a. The flip from exciting a
TDip at the corner, to a MD at the opposite side, is confirmed
by frequency domain simulations (SI Figure S3-4). This
interplay relates to the triangle’s size, it having an equivalent
circle diameter of ∼250 nm that is near the MD/ED crossover
size for the discs. At yet higher-energy losses, it appears that a
magnetic hexapole is excited at both corners and midedge,
producing the ∼1.99 eV peak in the corner and midedge
spectra of Figure 8a.
As with the triangle, the 300 nm square shows enhanced

excitation at its corners for its lowest-energy excitation, see the
1.20 eV map of Figure 8b. Nevertheless, there are some key
differences. Unlike the triangle, the edge and corner spectra in
Figure 8b both show the same form for the lowest-energy peak,
just with the blue edge spectrum being less intense than the

Figure 8. Analysis of corner- and edge-excited resonances in a 300 nm side (a) triangle and (b) square. The EEL spectra in the left panels are
integrated from the impact parameters illustrated with color-coded boxes on the HAADF STEM images in the middle-top panels. In part (a),
the 1.60 eV map corresponds to the peak on the purple EEL spectrum from the triangle’s corner. This is related to the TDip eigenmode
depicted below-left, while the MD shown below-right is responsible for the higher-energy peak at ∼1.66 eV on the orange spectral curve
from the midedge. In part (b) for the square, a 1.20 eV EELS map is related to excitation of both the ED and TDip eigenmodes shown below
it. The electric field distributions are shown in plan-view, with color bars giving their respective scales. EEL spectra from the nanocavity
centers are also shown with red curves, with red vertical dashed lines indicating the TDop peaks mapped in Figure 3a. SI Figures S2-2 and S2-
3 present complementary simulated eigenmode views. Scale bars: 100 nm.
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purple corner one. The peak also has a left-biased hump-like
shape, indicative of dual ED/TDip excitation. Indeed, both
such eigenmodes are valid for the square, as illustrated in their
respective panels in Figure 8b. Like for the discs, the EELS
peak is strongly red-shifted relative to their predicted
resonance energies of ∼1.40 eV. Further, unlike the TDip of
the triangle, these modes are unconstrained and free to rotate
around the axis of the square, hence the observation of their
excitation at both corners and edges. Experimentally, however,
the excitation probability at the corner is enhanced relative to
the midedge location. In agreement with the unconstrained
orientations of the two eigenmodes, simulations indicate that
the far-field scattering of planewave EM illumination should be
very similar whether it is polarized parallel to the square’s edge
or diagonal (see SI Figure S4-1).
At higher-energy losses, the purple EEL spectrum in Figure

8b from the square’s corner shows a distinct peak at 1.62 eV.
This is ascribed to the excitation of a diagonal EQ which, as for
the EQ eigenmodes of the discs, has a closely matched
predicted resonance energy of 1.61 eV. The EQ eigenmode
solution is degenerated into this diagonal variant and a
transverse one (see SI Figure S2-3), the latter having a lower
predicted resonance energy of 1.59 eV. The transverse EQ
should instead be excited by an electron probe impacting at the
midedge location. Indeed, its signature is observed as a bump
at ∼1.58 eV on the blue EEL spectrum from the square’s edge
in Figure 8b. Observing this small shift between the two
excitations emphasizes the spatial−spectral sensitivity of the
STEM-EELS technique. The result also demonstrates how
deviations from a disc shape can be used to tailor the
eigenmodes in subtle but specific ways.

DISCUSSION
Overall, the presented analyses prove the sensitivity of EELS
mapping for probing the eigenmodes supported by dielectric
nanocavities, with many displaying a nanometric spatial
agreement between experiment and theoretical expectations.
One of the finest details resolved in the data is the TDop

2

eigenmode, visible in discs down to 250 nm in diameter.
Measurement of its intensity profile from, for instance, a 300
nm disc (see SI Figure S1-2), suggests an ultimate “spatial
definition” for the technique of ∼30 nm. Nevertheless, the
spatial extent of an excitation is contingent on its nature. For
instance, in discs, simulations suggest that the electron probe
still excites the TDop at the radius at which the MD2 is
optimally excited (see SI Figure S3-3). In agreement, the
spectra in Figure 1 and map in Figure 2 show that the 1.56 eV
peak for the TDop excitation in the 450 nm disc has a very wide
spatial distribution. However, the reverse is not true, since the
electric field of the MD2 is fundamentally incompatible with
the field of the probe at the disc center. As a result, the MD2

eigenmode has a narrower intensity distribution in its 1.70 eV
EELS map in Figure 2, with the 1.87 eV map of the TDop

2

eigenmode being sharper still. In the opposite direction, the
most spatially extended features in the data belong to a
featureless accumulation of EELS intensity in the center of the
resonators that correlates to very broad energy-loss peaks
centered on energies of ∼2.25−2.35 eV, as can be seen on the
red EELS curves of Figures 1 and 8 (and in the SI STEM-
EELS Data section). With moderate but also inconsistent red-
shifts with increasing nanocavity size, the origin of this is yet to
be determined but perhaps could relate to a type of “breathing
mode”.3,6,64

In order to identify the influence of the Si3N4 support
membrane on the results, eigenmodes have been simulated for
freestanding nanocavities. The results indicate that the
membrane introduces minor red-shifts of ∼0.015−0.08 eV in
resonance energies, and moderate reduction of Q-factors.
These changes derive from electric field leakage into the
membrane, such that it forms an extension of the resonator.34

Consistent with this, the red-shift is more pronounced for
eigenmodes having vertically circulating displacement current
loops, via effective increase of the resonator depth, or being
poorly confined (ED, MD, TDop, MD2: red-shifts ∼0.05−0.08
eV), than for modes whose polarization is primarily confined
within the in-plane dimension (TDip, EQ, EH: red-shifts
∼0.015−0.03 eV). In comparison, similar support membranes
in planar contact with plasmonic structures can produce a
much stronger effect on LSPR energies, from resonance
hybridization at the interface.54,55 The nanocavity volume
effect may also be (in part) responsible for the blue shifts of
MD, TDop, and MD2 EELS peak energies, relative to their
simulated resonance counterparts, that is seen as nanocavity
size reduces (e.g., see Figure 6), from a slight tapering in of the
upper parts of the nanocavity walls reducing their cross-
sectional area as compared to the straight-sided walls used in
the simulations (see SI).
The Eigenmode Solver analysis, backed up by frequency

domain dipole excitation and far-field scattering simulations,
proves to be an effective tool for interpreting the experimental
data and connecting to light-optical properties. While the
frequency domain simulations present features that can be
compared to EELS peaks, further adaptation of our approach is
needed to compute the complete loss function, as is possible
for the surface-bound excitations of plasmonics using, for
instance, the boundary element method.26 Toward this goal,
Kordahl et al. have developed an electrodynamic framework for
simulating the EELS response for fast electrons penetrating
dielectrics with a disc geometry, using an analytical waveguide
approach.65 Their method shows promise, even if the
discrepancy between experimental peak and simulated
excitation energies is greater than for the analyses made
here. Finally, as with studies of plasmonics, the radially
symmetric field of the STEM-EELS probe is “blind” to certain
types of excitations. Exploiting the quantum nature of the
interaction of the electron with a nanocavity photonic
excitation using phase-shaped probes could be a strategy for
accessing other eigenmodes.29,30

CONCLUSIONS
EELS mapping has been used to investigate the EM resonances
excited in geometrically controlled planar dielectric nano-
cavities analogous to those used in photonic applications, with
results correlated to eigenmodes identified by simulation.
Unlike for plasmonic systems, edge- and corner-stimulated
excitations correspond to cavity modes. For smaller discs,
edge-placed probes excite the MD, flipping to a superposed
ED/TDip excitation at larger sizes, indicating a change in
excitation probability that deserves further exploration. The
repartition between the broad ED and narrow TDip resonances
can be tuned using the nanocavity shape, for instance
suppressing the ED with a triangle or separating the responses
in space and energy with an ellipse. Different to the typical
dipole response in plasmonic systems, the ED response is
extended, both spatially and energetically. At higher-energy
losses, other cavity modes such as the out-of-plane MD2 and
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EQ are also observed at the edges. Placing the electron probe
further within the nanocavity instead privileges the excitation
of resonances having vertically circulating current loops that
meet in the volume, such as the TDop and in-plane MD2

eigenmodes. While the signature of the nondegenerate TDop
changes little with nanocavity form, the MD2 eigenmodes are
constrained by shape, producing symmetry-related patterns of
intensity hotspots in the corresponding EELS maps for ellipse,
rectangle, triangle and square nanocavities. Overall, the results
show the potential of the STEM-EELS technique for near-field
mapping of dielectric nanocavity eigenmodes with high
sensitivity. Compared with the scattering of EM illumination,
there is a more direct connection between the eigenmode’s
nature and its EELS response, just with certain modes showing
consistent peak/resonance energy discrepancies that demand
further investigation. The results also give insights into how the
resonances can be tailored by modifying the nanocavity size
and shape.

METHODS
Initially, 100 nm thick a-Si dielectric nanocavities were litho-
graphically patterned on 35 nm thick Si3N4 membranes using the
following procedure. Double-side polished 100 mm diameter Si
wafers were coated with Si3N4 and a-Si layers, both by low pressure
chemical vapor deposition. Electron beam lithography with negative
tone hydrogen silsesquioxane resist, followed by hydrogen bromide
dry etching, was used to pattern and etch the Si structures.43 Further
etching was used to make Si3N4 membrane windows of 500 × 1000
μm2 size. Each window is surrounded by a square-shaped Si frame
that can be cleaved out and inserted into a standard single tilt sample
holder of the electron microscope.10 STEM-EELS maps, each having
≥600 × 400 pixel2 dimensions, were acquired on a double aberration-
corrected FEI Titan Themis 60-300 using a Gatan GIF Quantum ERS
spectrometer set to a 10 meV per channel dispersion. The 300 keV
energy incident electron beam was monochromated in order to
reduce its energy spread to ∼100−110 meV full-width half-maximum,
resulting in a subnm probe size. The map pixel sizes varied from 0.34
nm for the smallest nanocavity size (50 nm disc) up to a maximum of
2.0 nm for large nanocavities. The illumination setup was adjusted to
give beam currents of ∼200−260 pA, which enables a relatively high
EELS signal at the energy losses of interest while applying fast, high
spatial statistics mapping with short pixel dwell times of 0.22−0.27 ms
(>1000 spectra s−1).
EEL spectra and heat intensity maps are extracted from the STEM-

EELS mapping data cubes. The spectra are integrated from regions at
different impact parameters. Mostly these are square or rectangular
boxes equivalent to 60 × 60 pixels2 in size. For the discs, in order to
maximize signal-to-noise, the spectra are instead integrated from ring-
shaped regions at different radii. The displayed spectra are normalized
to the zero-loss peak (ZLP) intensity and subtracted for background
intensity from the ZLP and Si3N4 membrane. The displayed heat-
intensity maps are integrated across 0.06 eV wide energy windows
centered on the specified energy loss value. They are normalized to
the ZLP intensity, in order to recover the proper projected intensity
distribution which is otherwise masked by bulk plasmon and other
scattering processes.46 Noise in the presented EEL spectra and maps
is reduced by smoothing using a penalized least-squares method.66

All simulations in this paper are performed with the commercial 3D
EM analysis software package CST Studio Suite from Dassault
System̀es, which offers solvers including time and frequency domain
methods.53 For the eigenmode calculations, we applied the finite
element method based Eigenmode Solver with second-order basis
functions and curved mesh elements. The simulations include the
Si3N4 support membrane, taking refractive indices for this and the a-Si
from ellipsometry measurements, and planar dimensions for the
nanocavities based on their HAADF STEM images. The eigenmode

electric field distribution plots are shown when the resonances are at
or near their maximum electric field values.

Further details on sample fabrication, STEM-EELS data acquisition
and processing, and simulations are provided in the SI.
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