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12
Resonant modes of single silicon nanocavities
excited by electron irradiation

High-index dielectric or semiconductor nanoparticles support strong
Mie-like geometrical resonances in the visible spectral range. We use
angle-resolved cathodoluminescence imaging spectroscopy to excite
and detect these resonant modes in single silicon nanocylinders with
diameters ranging from 60 to 350 nm. Resonances are observed
with peak-wavelengths in the range of 400 – 700 nm, and show a
strong red shift with increasing cylinder diameter. The photonic wave
function of all modes is determined at deep-subwavelength resolution
and shows good correspondence with numerical simulations. An
analytical model is developed that describes the resonant Mie-like
optical eigenmodes in the silicon cylinders using an effective index
of a slab waveguide mode. It shows good overall agreement with the
experimental results and enables qualification of all resonances with
azimuthal (m = 0 – 4) and radial (q = 1 – 4) quantum numbers. The
single resonant Si nanocylinders show characteristic angular radiation
distributions in agreement with the modal symmetry.

12.1 Introduction

nanoparticles and nanowires made from high-index semiconductor or dielectric
materials have the ability to strongly confine and scatter light [201, 282–284]. These
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12 Resonant modes of single silicon nanocavities excited by electron irradiation

properties make them interesting for a large range of applications including solar
cells [30, 285–293], lasers [294], and nanoscale photodetectors or sensors [159, 295–
298]. Unlike their metallic counterparts, where light is confined to the surface in
the form of surface plasmons, in semiconductor/dielectric nanostructures, light is
mostly confined within the nanostructure. The resonant eigenmodes of these cavi-
ties are often referred to as Mie resonances, after the Lorentz-Mie-Debye solution to
Maxwell’s equations, which can be used to describe scattering by wavelength-scale
spherical nanoparticles in a uniform dielectric environment [201]. They can also
be referred to as geometrical resonances because of their similarity to whispering
gallery modes [286, 299].

Silicon is an ideal base material for resonant Mie cavities. Due to its high refrac-
tive index, it can strongly confine light, while its indirect electronic band gap leads
to relatively low absorption losses. Due to the compatibility with CMOS fabrication
processes, resonant Si Mie scatterers can be readily integrated into optoelectronic
devices based on silicon. The first applications of silicon Mie scatterers in metama-
terials [300–302], optical antennas [30, 31, 300, 303, 304], and anti-reflection coat-
ings [30] are appearing just recently and show the great potential of Mie scatterers
as optical building blocks in nanophotonic nanostructures and devices. To fully
unleash the potential of these nanoscale Si light scatterers, detailed understanding
of their fundamental scattering properties is essential. However, standard optical
techniques have been unable to fully resolve the Mie resonant modes due to lack of
spatial resolution.

In this Chapter, we study the resonant optical properties of individual silicon
cylinders using angle-resolved cathodoluminescence (CL) imaging spectroscopy.
With this technique, a 30 keV electron beam acts as a broad-band point source of
light that can be employed to probe the optical properties of nanostructures with
deep-subwavelength spatial resolution [63]. We determine the spectral and spa-
tial characteristics of the resonant optical eigenmodes for single silicon nanocylin-
ders with different diameters. We compare our results with finite-difference time-
domain (FDTD) simulations and an analytical model, and we identify the funda-
mental and higher-order radial and azimuthal modes of the cavities. In addition,
we present experimental data on the angular distribution and polarization of light
emission from single resonant Mie cavities.

12.2 Sample fabrication

Figure 12.1(a) shows the geometry of the sample. Single Si nanocylinders were
fabricated on a thin SiO2 layer, supported by a Si substrate. The fabrication starts
with a silicon-on-insulator (SOI) wafer with a 100 nm Si layer on a 300 nm SiO2
layer. Electron beam lithography (EBL) is used to write circular pads as an etch
mask in a negative tone resist. Next, anisotropic reactive ion etching (RIE) is used
to etch down the top Si layer of the SOI wafer, such that Si nanocylinders are formed
on top of the silica layer. Residual resist is removed using an oxygen plasma etch.
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12.3 Imaging Mie modes in silicon cylinders
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Figure 12.1: (a) Sketch of the sample geometry. Single silicon cylinders are
fabricated on a thin silica layer, supported by a silicon substrate. SEM images of
fabricated cylinders with base diameters of (b) 80 nm and (c) 200 nm. The cylinders
are slightly tapered toward the surface.

The resulting cylinders have diameters ranging from 60 to 325 nm and are 100 nm
high. Scanning electron micrographs of a small (d = 80 nm) and large (d = 200 nm)
cylinder are shown in Fig. 12.1(b,c), respectively. From the electron micrographs, it
can be seen that the cylinders are slightly tapered due to the non-perfect anisotropy
of the Si etch but clearly resemble the intended cylindrical structure.

12.3 Imaging Mie modes in silicon cylinders

To measure the resonant optical properties of single cylinders, we use angle-
resolved cathodoluminescence (CL) imaging spectroscopy (see Chapters 2 and 3
for details on setup). The electric field generated by a high-energy electron
passing through a dielectric nanoparticle induces a transient vertically oriented
polarization that results in the coherent excitation of the resonant modes
supported by the Si nanocylinder at a rate that is proportional to the out-of-
plane component of the local density of optical states (LDOS) [63, 84]. The excited
local modes radiate into the far field; the radiation is collected by a parabolic
mirror placed between the sample and the electron column, after which both the
spectrum and the angular distribution are analyzed. Since the electron beam can
be scanned at very high spatial resolution and the electron range is well beyond
the thickness of the Si nanostructures, spatial information about the optical modes
inside the nanostructures can be obtained far below the diffraction limit of light.

To probe the resonant optical response we raster-scan a 30 keV electron beam in
10 nm steps over a Si cylinder and collect a CL spectrum for each position. In paral-
lel, we collect the secondary electron (SE) signal to obtain geometrical information
about the cylinder (see insets in Fig. 12.2(a,b)). These data are used to define a
spatial mask for the CL data, based on a threshold in SE counts, in order to select
the pixels in the CL map corresponding to the Si cylinder.

The CL from the Si cylinders is superimposed on a broad background signal
peaking at λ0 = 650 nm due to CL from intrinsic defects in the SiO2 matrix, which
can vary slightly in intensity over time under electron beam irradiation [98]. We
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12 Resonant modes of single silicon nanocavities excited by electron irradiation

Figure 12.2: (a) Spatially integrated cathodoluminescence spectrum (purple dots)
for an 82 nm diameter cylinder. A Lorentzian line shape is fitted to the spectrum
(gray curve). The inset shows the secondary electron map collected simultaneously
with the CL data collection (scale bar: 50 nm). (b) Similar measurement for a
321 nm diameter particle. The spectrum is fitted with a sum of five Lorentzians
(black curve) that are also plotted individually (scale bar SEM image: 150 nm).
(c) Normalized FDTD simulation of collected power as function of wavelength for
80 nm (solid green curve) and 70 nm (dashed green curve) cylinders. (d) Same
as (c) for a 321 nm cylinder (solid green curve). (e, Top row) Two-dimensional
CL intensity maps shown at resonance wavelengths indicated in (a) and (b),
displaying the photonic wave functions of the different resonances. (e, Bottom
row) Corresponding time-averaged intensity maps calculated using FDTD. The
labels [m, q] indicate the corresponding branches in Fig. 12.3(b) from the analytical
model.
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12.4 Numerical modeling

use a triangular interpolation routine to subtract this variable background from the
CL signal from the cylinders (see Methods section). In the experimental geometry,
the thickness of the SiO2 layer was chosen as a compromise between minimizing
background from the SiO2 layer on the one hand and optical isolation of the Si
cylinder from the high-index silicon substrate on the other hand.

Figure 12.2(a) shows the spatially integrated CL spectrum for an 82 nm diameter
nanocylinder. A clear peak is observed in the spectrum at λ0 = 439 nm corre-
sponding to an optical resonance in the nanoparticle. For accurate determination
of the peak wavelength, we fit a Lorentzian line shape to the spectrum, using a
least-squares fitting routine (solid gray curve). From the width of the Lorentzian,
we determine the quality factor of the resonance to be Q = 6. The magnitude of
Q is determined both by absorption of light by the Si cylinder and radiative loss.
Figure 12.2(b) shows the CL spectrum for a 321 nm diameter cylinder, which shows
multiple peaks at λ0 = 440, 480, 515, 578, and 662 nm (labeled 2 – 6 in the figure,
as will be discussed further on). Due to the larger diameter, this cylinder supports
multiple resonant modes of different order within the experimental spectral range.
The spectrum is fitted with a sum of five Lorentzians (black curve) which corre-
sponds well to the measured spectrum. The quality factors derived from the indi-
vidual fits are Q = 77, 27, 29, 22, and 9 for modes with increasing wavelength. Note
that the high quality factor of the first peak at λ0 = 440 nm has a large uncertainty
due to the low intensity with respect to the background signal. To study the spa-
tial characteristics (i.e. the “photonic wave functions” of the resonant modes), we
determined the two-dimensional excitation distribution at each resonance wave-
length. To obtain sufficient signal-to-noise ratio, we integrate the spectra over a
20 nm bandwidth. Figure 12.2(e) (top row) shows these maps for the numbered
peak wavelengths indicated in Fig. 12.2(a,b). For the small nanoparticle, the CL
emission is observed from the entire nanoparticle, with an antinode (maximum)
observed in the center. For the large cylinder, the spatial maps are more complex
and consist of multiple rings and dots with alternating minima and maxima in
the center, corresponding to resonances with higher radial mode orders, as will be
discussed below.

12.4 Numerical modeling

Numerical modeling is performed using finite-difference time-domain (FDTD)
simulations [232]. Single Si cylinders (diameter d = 50 – 350 nm, height h = 100 nm)
are placed on a 300 nm thick SiO2 layer on a Si substrate. In the simulations, the
electron source is approximated by a single broad-band vertically oriented electric
dipole positioned at 50 nm height inside the cylinder. Radiation from the cylinder
into the upper hemisphere is collected using transmission monitors. To simulate a
resonant spectrum, the dipole position is varied from the center (r = 0) to the outer
radius of the cylinder (r = d/2), in steps of 5 nm. The collected power spectrum for
each radius is then multiplied by 2πr to account for the cylindrical geometry; all
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12 Resonant modes of single silicon nanocavities excited by electron irradiation

power spectra are summed, and the result is normalized to its maximum. Optical
constants for Si and SiO2 are taken from Palik [139].

The results for the 80 and 320 nm diameter cylinders are shown in Fig. 12.2(c,d),
respectively, where the spatially integrated collected power (green solid lines) is
shown as a function of free space wavelength. As in the experiment, the 80 nm
cylinder clearly shows one single peak (Q = 16), corresponding to the lowest-order
resonance, whereas the 320 nm cylinder shows many peaks due to higher-order
resonances. Compared with the experiment for the 80 nm cylinder, the simulated
peak wavelength is off by 18 nm. We attribute this to the small tapering of the
cylinders, resulting in a slightly reduced diameter at the surface, as can be observed
in Fig. 12.1(b,c). Indeed, the simulated spectrum for a 70 nm diameter (dashed
line) matches the measured spectrum quite well. This indicates that the effective
diameter of a particle with an 80 nm diameter base is 70 nm, in good correspon-
dence with the SEM image in Fig. 12.2(a). The simulated spectrum for the 320 nm
diameter particle in Figure 2d shows good agreement with the different resonances
with the experiment. In agreement with the experiment, the simulated peak at λ0

= 575 nm has the highest intensity. The simulated quality factor for the five modes
is Q = 21, 19, 24, 30, and 15, which is in the same range as the experimental values,
except for the small lowest-wavelength peak. The observed Q is determined by both
absorption in the particle and the radiative coupling to the far field. Absorption
losses are larger in the blue spectral range due the higher absorption of silicon in
that wavelength range.

Fig. 12.2(e), bottom row, shows the simulated time-averaged photonic wave
functions. Analogous to the experiment, the peak intensity is integrated over a
20 nm bandwidth around the peak wavelength for each dipole position, giving the
peak intensity as a function of radial position. The data set is then rotated to obtain
the two-dimensional photonic wave function maps. Simulations are shown for the
80 and 320 nm diameter cylinders for each resonance. The simulated photonic
wave function of the lowest-order mode for the 82 nm cylinder (peak 1) shows a
bright ring, while the measurement shows a more uniform distribution peaking in
the center. For the 320 nm cylinder, the simulations show good agreement with
the measured trends. For lower resonance wavelengths (going from peak 2 to peak
6), more nodes and antinodes are observed in the radial direction, corresponding
to higher-order radial modes. For the highest-order mode (peak 6), a bright dot
is observed in the center, surrounded by two bright rings. The alternating dark
and bright center of the cylinder observed for subsequent resonances is also re-
produced in the simulations.

12.5 Mode evolution as a function of particle diameter

From Figs. 12.2 and 12.3, it is clear that the resonant behavior of the cylinders
strongly depends on the diameter. To gain more insight into the spectral mode
evolution of the resonances for different sizes, we collected the CL spectra from 88
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12.5 Mode evolution as a function of particle diameter

Figure 12.3: (a) Spatially integrated CL spectra for different cylinder diameters.
The normalized spectra have been vertically offset for clarity. All resonances
show a clear red shift for larger diameters. (b) Resonance peak wavelengths for
different cylinder diameters obtained by fitting the CL spectra with Lorentzians
(white dots). The color map shows the emitted power as function of particle
diameter and wavelength, calculated using FDTD (normalized to its maximum for
each particle diameter). The dashed gray curves correspond to the eigenvalues
found for different diameter cylinders using the analytical 2D disk resonator model.
Each curve is associated with a particular radial and azimuthal quantum number,
indicated by the [m, q] notations on the top and side of the figure. (c) Photonic
wave functions for a d = 320 nm cylinder obtained from the analytical model. The
time-averaged amplitude |Ez (r, j )|2 is plotted. The white dashed circles indicate
the edge of the particle.

different cylinders with diameters ranging from 60 to 325 nm. Fig. 12.3(a) shows
a representative subset of this data set with spectra for different diameters. As the
diameter increases, higher-order resonances emerge and all resonances progres-
sively red shift as is expected for geometrical resonances [201].

By using the Lorentzian fitting shown in Fig. 12.2(a,b), we determined the res-
onance peak wavelength for all measured cylinders. In Figure 12.3(b), these peak
wavelengths are shown as a function of diameter. This figure clearly shows how
each resonance mode gradually red shifts for increasing diameter. To compare
the experimental resonances with the results from numerical modeling, we also
plot the collected power as a function of diameter and wavelength in a 2D color
plot (Fig. 12.3(b)). Here, every vertical slice in the color plot corresponds to a nor-
malized spectrum, as shown in Fig. 12.2(c,d). The FDTD simulations show mul-
tiple branches, each of which corresponds to a particular resonant mode in the
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12 Resonant modes of single silicon nanocavities excited by electron irradiation

cylinders. Both the number of peaks as well as their peak wavelength show good
agreement with the measurements, except the second branch from the top, for
which the simulation is blue shifted with respect to the measurements.

12.6 Analytical disc model

To study the nature of these resonances in more detail, we developed an analytical
2D disc resonator model [113, 157, 160, 305, 306]. In this model, we solve for the
cylindrical modes of an infinitely long cylinder, which can be analytically calculated
using Maxwell’s equations. Confinement in the normal direction is then included
using a planar waveguide model. This is a reasonable assumption for cylinders
with a diameter (much) larger than the thickness. Figure 12.4(a) shows the 2D
slab waveguide geometry with the Si/SiO2/Si layer stack. The 100 nm thin Si slab
supports both a fundamental transverse electric (TE0) and transverse magnetic
(TM0) mode. The incoming electrons mainly couple to vertical electric field (Ez )
and in-plane transverse magnetic field components (HT ) [63], which both match
the field orientations of the TM mode (see Fig. 12.4(a)), so that only this mode is
considered further. We use a numerical method to solve for the dispersion curve
of the TM0 mode and derive from it the mode index ne f f at each wavelength. The
result is shown in Fig. 12.4b (magenta), along with the refractive index of Si (cyan),
SiO2 (red), and air (black dashed line). For reference, the effective mode index of
the TE0 mode is also shown (blue). Fig. 12.4(b) shows that the effective index of the
TM0 mode gradually decreases from a value close to that of Si at short wavelengths
to an index approaching that of SiO2 for long wavelengths. This can be understood
from the increasing overlap of the evanescent tail of the mode profile with the silica
and air cladding layer, as the wavelength is increased. We now use this effective
index of the Si slab modes as input for the index of the cylinder [113, 305, 306] in
the 2D Helmholtz wave equation [157, 160]

(∇T +n2k2
0 −β2)Ψ= 0) (12.1)

to solve for the radial modes. Here,Ψ is the wave function of the out-of-plane field,
∇T is the transverse gradient, n is the refractive index in the medium, k0 is the free
space wave vector, and β is the propagation constant in the vertical direction. The
solution for Eq. 12.1 is given by

Ψ(r,φ) =


a

Jm (
√

n2
c k2

0−β2r )

Jm (
√

n2
c k2

0−β2R)
e ımφ 0 < r < R

b
Km (

√
β2−n2

s k2
0 r )

Km (
√
β2−n2

s k2
0 R)

e ımφ R < r <∞
(12.2)

Here, a and b are constants, Jm is the Bessel function of the first kind, Km is the
modified Bessel function of the second kind, m is the azimuthal mode number,
nc is the effective refractive index of the cylinder, ns the refractive index of the
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12.6 Analytical disc model

surrounding medium (vacuum), r the radial position, φ the azimuthal angle, and
R the radius of the cylinder. We consider the 2D solutions for the TM modes,
β = 0 and Ψ = Ez . The transverse field components can easily be derived from
Eq. 12.2 [157, 160]. The eigenvalue equation can be obtained from Eq. 12.2 by
applying the boundary conditions Ez,c (R) = Ez,s (R) and

Hφ,c (R) = Hφ,s (R) (c = cylinder, s = surrounding), which can then be solved
for different particle radii to give the eigenvalues, corresponding to the resonance
wavelengths. For a given azimuthal mode number m (where m = 0,±1,±2, ... and
m =±i are degenerate), multiple solutions are found. These correspond to higher-
order resonances in the radial direction, with radial mode numbers q = 1, 2, ....
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Figure 12.4: (a) Sketch of the layer structure used in the 2D analytical model to
calculate the effective mode index of the TM0 waveguide mode. Also shown are
the electromagnetic field components induced by an incoming electron and those
of the TM0 waveguide mode. (b) Real part of the (effective) refractive index of the
TM0 mode (magenta), compared with the index of bulk Si (cyan curve), SiO2 (red
curve), air (dashed black curve), and the TE0 mode (blue curve). The orange line
shows the index obtained when fitting the m = 0, q = 1 mode to the top resonance
branch obtained from numerical modeling. It shows a cutoff above λ0 = 620 nm.

Resonant modes calculated using the above model are shown in Fig. 12.3 as
gray dashed lines. The quantum numbers [m, q] of each branch are indicated on
the top and side of the graph, with the lowest-order mode [0,1] occurring for the
longest wavelengths. The corresponding mode profiles |Ez (r,φ)|2 are shown in
Figure 12.3(c) for the first nine branches, where the dashed white circle indicates
the edge of the cylinders. These mode maps also show the azimuthal variations
in the photonic wave functions that remain unobserved in the experiment, due to
the cylindrical symmetry of the nanoparticle. The model shows good qualitative
agreement with the measured data (white dots) and the numerical modeling (col-
ormap); that is, experimental and numerical modal branches each lie close to one
or two calculated branches. By comparing the model with the experimental and
numerical data, we gain several insights.

First, the increasing number of peaks with increasing diameter observed in
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12 Resonant modes of single silicon nanocavities excited by electron irradiation

Fig. 12.3(a,b) reflects the excitation of higher-order resonances. When increasing
the particle diameter at a fixed wavelength, both the azimuthal (m) and the radial
(q) mode orders increase stepwise. In particular, for the higher-order resonances,
the analytically calculated resonances match well with the numerically calculated
ones. For example, the [2,1] and [0,2] branches that could not be resolved
experimentally show a close match between the analytical model and numerical
simulations.

Second, we can now label the complex photonic wave function maps observed
in Fig. 12.2(e) as a superposition of the two photonic wave functions corresponding
to the resonances that match the FDTD branches in Fig. 12.3(b). For example, the
[3,1] and [1,2] modes in Fig. 12.3(c) together correspond to the map of peak 3 in
Fig. 12.2(e), with a dark center and two bright rings. The eigenmodes assigned
to the simulated profiles in Fig. 12.2(e) are indicated at the bottom of that figure.
The good correspondence between experiment, numerical model, and analytical
model is also reflected by the fact that for the 320 nm diameter disk only those with
an azimuthal order m = 0 show an antinode in the center (peaks 2, 4, and 6).

Third, the analytically calculated modes show strong dispersion (curved reso-
nance branches), in agreement with both the measurements and the FDTD data.
This originates from the dispersive effective refractive index nc of the cylinder due
to the strong modal confinement in the vertical dimension. Indeed, the strongly
decreasing index as a function of wavelength, as observed in Fig. 12.4b for the TM0

mode proves to be essential to predict the shape of the measured and FDTD simu-
lated resonance branches. In fact, if the cylinder would be described using the (dis-
persive) index of bulk Si or using the TE0 mode, the analytically calculated modal
branches in Fig. 12.3(b) would increase superlinearly rather than sublinearly for
longer wavelengths as is observed in the experiment and FDTD simulations. This
directly proves that the modal dispersion due to the vertical confinement strongly
influences the resonant behavior.

While the analytical model thus predicts many of the key features and trends
in both the experiments and FDTD simulations, one discrepancy is observed: the
calculated lowest-order resonance [0,1], which is visible in the top left corner of
Fig. 12.3(b), does not match with any branch observed in the experiment or sim-
ulations. This implies that either the lowest-order resonance is not excited in the
experiment or that the assumptions of the simple 2D analytical model break down
in the range where the wavelength is large compared to the particle diameter. In-
deed, the waveguide model assumes an infinitely wide disk.

12.7 Angular patterns

To resolve this issue, we measured the angular emission profiles of individual Si
cylinders in the CL system. Here, the light radiated by the cylinders is collected by
the parabolic mirror and projected onto a CCD imaging camera; each pixel corre-
sponds to a unique azimuthal/zenithal angle. Using this technique, it is possible
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12.7 Angular patterns

to determine the angular emission properties for such a 3D structure on a layered
substrate, which is difficult if not impossible to predict either analytically or with
numerical methods such as the boundary element method (BEM), FDTD, or finite-
element methods (FEM).

Figure 12.5 shows the measured radiation patterns for four different cylinders
measured on different resonance branches in Fig. 12.3(b). The pattern strongly
depends on the resonance mode order. For the smallest cylinder (Fig. 12.5(a)),
which has a resonance lying on the top experimental branch in Fig. 12.3(b), we
observe a toroidal “doughnut-like” emission pattern at λ0 = 400 nm, which has
no light emission along the normal [69, 103, 165]. This pattern corresponds to
that of a vertically oriented dipole [0,1] mode, which directly proves that the top
measured branch corresponds to the [0,1] branch. Note that the [1,1] mode is not
excited in the angular CL experiment as the cylinders are excited in the center,
where the [1,1] mode has a node (see Fig. 12.3(c)). We explain the large discrepancy
between the experimentally observed top branch and the analytically calculated
[0,1] mode by the fact that the analytical waveguide model breaks down when the
diameter is small compared to the wavelength. With the experimental data for the
top branch in Fig. 12.3(b), identified as the [0,1] mode, we conclude that the [0,1]
and [1,1] modal branches are closely spaced and overlap with the top experimental
branch, as in the case for all other experimental branches, which also correspond
to combinations of two modes (see Fig. 12.3(b)).

(b) (c) (d)(a)

[0,1]  
[1,1]

[2,1]  
[0,2]

[3,1]  
[1,2]

[2,2]  
[0,3]

1 2 3 4

1

0

Figure 12.5: Measured angular patterns for the first four modal branches showing
the CL emission intensity as function of zenithal angle θ and azimuthal angle ϕ for
(a) d = 70 nm, (b) d = 153 nm, (c) d = 176 nm, and (d) d = 304 nm collected at λ0
= 400, 500, 450, and 500 nm, respectively. The specific diameters were chosen to
optimally match a band-pass color filter. For all of the images, the cylinders were
excited in the center, except for (c), where the cylinder was excited at the edge to
optimize the excitation efficiency since this resonance has a node in the center.

The angular profile for the second branch (Fig. 12.5(b)) shows a toroidal shape,
as well, consistent with the electron beam selectively exciting the [0,2] mode (the
[2,1] mode has a node in the center; see Fig. 12.3(c)), which also has a vertical dipole
moment. The modes in the third branch cannot be excited in the center (m > 0
for both modes), and therefore, the beam was placed on the edge of the cylinder,
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12 Resonant modes of single silicon nanocavities excited by electron irradiation

exciting a superposition of the [1,2] and [3,1] modes. In this case, clear upward
beaming is observed, in agreement with the in-plane character of this mode (see
Fig. 12.3(c)). The angular pattern for the fourth branch (Fig. 12.5(d)) appears to be
a combination of a toroidal and upward emission. This corresponds to the excita-
tion of the toroidally emitting [0,3] mode and a small contribution of the upward
radiating [2,2] quadrupolar mode; while the latter has a node in the center, given
the close proximity of its first radial antinode to the center (see Fig. 12.3(c)), it can
be excited by the finite-size electron beam.

The large difference in radiation profile between the resonance orders shows
that, depending on the angular scattering profile that is desired for specific appli-
cations, the cylinder geometry can be tuned to obtain such a scattering profile in
the appropriate spectral range. Note that the angular distribution is also influenced
by the wavelength-dependent interference with the silicon substrate 300 nm below
the nanoparticle [103](such interference is also present in the angular patterns in
Chapter 11).

12.8 Nature of lowest-order mode

To investigate whether the lowest-order [0,1] dipolar resonance is electric or mag-
netic in nature [31, 300, 302–304], we perform polarization-filtered angular mea-
surements, using a linear polarizer in the beam path. Figure 12.6 shows the angular
pattern with the polarizer parallel (a) and transverse (b) to the optical axis of the
paraboloid (see blue dashed lines) for the smallest cylinder (d = 70 nm) at λ0 =
400 nm. In the paraboloid, the emission polarization remains almost unaltered
along the center line of the mirror (the line going through ϕ = 0◦ and 180◦). We
observe that the light intensity is high along this line when the polarizer is aligned,
while it is low when it is transversely oriented. This indicates that the emission is
p-polarized, which is consistent with the radiation from an m = 0, q = 1 electric
dipole mode. For a more elaborate description on why these polarization- filtered
angular patterns have this specific shape and how the parabolic mirror affects the
emission polarization for different electric dipole orientations, we refer the reader
to Chapter 6.

Finally, we use the knowledge that the upper experimental/numerical branch
corresponds to a [0,1] resonance to fit its appropriate effective index. To do this, we
again solve the eigenvalue equation, but now we fix the resonance wavelength to
the resonance wavelengths obtained for the top branch from numerical modeling
and solve for nc , given that m = 0 and q = 1. In this way, we force the [0,1] branch of
the model to match the experimental data and use this to obtain the effective index
of the cylinder. The resulting index is shown as an orange line in Fig. 12.4(b) and
is indeed significantly lower than the TM0 index that was originally used and gives
rise to a significant blue shift of the resonance wavelength. The fitted index steadily
decreases with increasing wavelength from nc = 2.0 at λ0 = 400 nm to nc < 1 for
λ0 > 620 nm. This implies that the lowest-order resonance approaches cutoff and
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12.9 Conclusions
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Figure 12.6: Measured polarization-filtered angular patterns for a d = 70 nm
cylinder measured at λ0 = 400 nm with the polarizer positioned (a) vertically
(aligned with the optical axis of the paraboloid) and (b) horizontally (transverse to
the optical axis). The patterns suggest that this resonance is an electrical dipolar m
= 0, q = 1 resonance.

becomes a leaky mode that no longer strongly confines light inside the cavity. Close
observation of Fig. 12.3(b) shows that both the experimental and simulation data
of the top resonance branch fade away around this wavelength, in agreement with
this cutoff argument. We note that the decrease in effective mode index for the
cutoff mode with increasing wavelength is due to both the reduced confinement
and the lower index of bulk silicon at larger wavelengths. The strong reduction in Q
for the [0,1] mode with increasing diameter is also clearly visible in Fig. 12.3(a).

12.9 Conclusions

In conclusion, the resonant optical modes of silicon nanocylinders with diameters
between 60 and 325 nm can be excited and studied using a 30 keV electron beam.
Well-defined fundamental and higher-order azimuthal (m = 0 – 4) and radial (q
= 1 – 4) modes are observed with relatively narrow (Q = 9 – 77) emission peaks
and complex photonic wave functions. The data agree with finite-difference time-
domain simulations and analytical calculations, in which we solve the Helmholtz
wave equation using an effective modal index for the corresponding TM0 wave-
guide mode to find the in-plane eigenmodes. Characteristic angular emission pat-
terns are observed for each resonant mode, ranging from an upward dipole-like
pattern for the lowest-order modes to distributions that show clear beaming in
the upward direction for higher-order modes. Using polarization spectroscopy, we
identify the lowest-order resonance as an (m = 0, q = 1) electrical dipole mode; it
becomes leaky for long wavelengths.

Our measurements demonstrate that the optical properties of silicon nanocylin-
ders are highly tunable through the visible spectral range. Further tunability
may be achieved by varying the nanoparticle shape. With the fundamental
resonant optical properties of single Si Mie resonators now determined, the door
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is open to studies of more complex geometries of arrays of coupled resonators, in
which the directionality and spectra of emitted light can be tuned further. This
work also shows that cathodoluminescence spectroscopy, which so far has been
used mostly on metallic nanostructures, can be used to study the fundamental
resonant properties of single dielectric or semiconductor nanostructures in great
detail. In the future, this enables rapid prototyping of semiconductor or dielectric
nanostructures, where the spectral and angular emission properties can be fine-
tuned for specific applications.

12.10 Methods

Fabrication. Small chips (12 × 12 mm) of SOI wafer (100 nm Si device layer, 300
nm SiO2 buried oxide layer) are baked for 5 min at 180 ◦C before spin coating the
sample with a thin HMDS adhesion layer (4000 rpm, 30 s). The HMDS layer is baked
for 1 min at 180 ◦C to evaporate the solvents. Next, the sample is spin coated with
approximately 65 nm of negative tone resist (ma-N 2401, 2000 rpm, 30 s) and baked
for 60 s at 90 ◦C. Au colloids with a diameter of 50 nm are deposited in the corner of
the sample to allow accurate focusing of the electron beam.

Electron beam lithography is performed in a Raith e-LINE system, using a 30
kV acceleration voltage and 7.5 µm aperture, resulting in a beam current of 14 pA.
Single dot exposure is used for the smallest cylinders (d < 240 nm), whereas area
exposure is used for the larger cylinders (d > 270 nm). The resist is developed by
rinsing in ma-D 332 S for 15 s, followed by rinsing in deionized H2O to stop the
development. The resulting disks of resist function as an etch mask in the reactive
ion etching (RIE) step. A gas mixture of CHF3 (35 sccm) and SF6 (5 sccm) is used to
anisotropically etch down the Si layer of the SOI wafer (100 nm) in 3.5 min (forward
power = 125 W). Subsequently, the residual resist is removed using a 10 min oxygen
plasma etch (20 sccm O2, 50 W forward power).

Cathodoluminescence Experiments. For the spectral images, 0.3 s integration
time per pixel was used at a current of 10 nA. The CL data are corrected for system
response using a measured transition radiation spectrum from gold and comparing
that to theory [63, 112], so that the absolute excitation efficiency is determined per
electron per unit bandwidth. For the angle-resolved measurements, we used dwell
times between 15 and 30 s depending on wavelength. For the polarization-filtered
angular measurements, we used an integration time of 60 s. Spectral sensitivity was
achieved by filtering the CL beam with 40 nm band-pass color filters. In all cases,
the background CL signal from the substrate was subtracted from the measured
data, which includes the transition radiation of the SiO2 layer and Si substrate. To
correctly subtract the variable background from the CL signal, we use a triangular
interpolation routine, which interpolates the background intensity between the
four corners (averaged over nine pixels in each corner) of the scan.
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FDTD Simulations. The finite-difference time-domain simulations are performed
using the commercial software package Lumerical FDTD Solutions [232]. An 800
nm cubed simulation box is used, with perfectly matching layer (PML) boundary
conditions on all sides. The simulation box ranges from 150 nm into the Si substrate
to 250 nm above the top of the cylinders. A constant current broad band (λ0 = 300
– 900 nm) vertically oriented electric dipole, positioned at half the height of the
cylinder (50 nm), is used as a source. To simulate the spectrum for a given cylinder
diameter, the dipole position is varied from the center to the edge of the cylinder
in steps of 5 nm, such that the number of simulations N per cylinder is given by N
= R/5 + 1, with R being the particle radius in nanometers. Two-dimensional flux
box transmission monitors, the top one positioned 100 nm above the top interface
of the cylinder, the side ones 360 nm from the center of the cylinder, monitor the
power of the light emitted into the upper hemisphere. Note that interference with
the Si substrate is taken into account, but that light reflected from the SiO2-Si inter-
face under large angles may be radiated into the upper hemisphere without being
detected. Automatic non-uniform meshing is used, resulting in mesh sizes ranging
from 4 to 7 nm in the Si cylinder or air, respectively.
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