
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Resonant nanophotonic structures for photovoltaics

van de Groep, J.

Publication date
2015
Document Version
Final published version

Link to publication

Citation for published version (APA):
van de Groep, J. (2015). Resonant nanophotonic structures for photovoltaics. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/resonant-nanophotonic-structures-for-photovoltaics(05948c87-569e-406a-bbea-01adf057a347).html


10
Direct imaging of hybridized eigenmodes in
coupled silicon nanoparticles

High-index dielectric nanoparticles support strong leaky geometrical
resonances in the visible spectral range. Coupling between resonant
nanoparticles in close proximity can give rise to enhanced directional-
ity and confinement. We combine dark-field scattering spectroscopy
with cathodoluminescence (CL) imaging spectroscopy to study hy-
bridization of resonant modes in coupled silicon nanoparticles and
directly image the modal field profiles of hybridized eigenmodes. The
dark-field measurements show a strong influence of the gap size on
the scattering spectrum as a result of hybridization. Using finite-
element modeling we calculate the eigenmodes of the dimer and
identify the hybridized eigenmodes in the scattering spectrum. CL
imaging spectroscopy is used to directly map the modal field profiles
of single particles and dimer structures with deep-subwavelength
resolution. Detailed comparison with eigenmode calculations shows
that the measured modal field profiles correspond to the hybridized
electric bonding and magnetic anti-bonding modes.

10.1 Introduction

Dielectric nanostructures with a high refractive index exhibit geometrical res-
onances that allow for strong scattering and confinement of light at the nano-

169



10 Direct imaging of hybridized eigenmodes in coupled Si nanoparticles

scale [28, 31, 256]. These properties have resulted into widespread application of
dielectric resonators in nanoscale devices, including photodetectors [57, 58],
lasers [62, 263, 289], and solar cells [33, 60, 85, 259]. High-index dielectric
particles support both electric and magnetic modes in the visible and near-IR
spectral range [28, 39, 41, 43, 44]. Interference of the magnetic dipolar (MD) and
electric dipolar (ED) modes can be used to engineer strongly directional scattering
profiles [30, 46, 288], and realize all-dielectric low-loss metamaterials [53, 54, 290,
291] and metasurfaces [56, 292].

To fully exploit the potential of dielectric resonators in more complex structures
and devices, fundamental understanding of the resonant properties of individual
nanoparticles is essential. In Chapter 8 we used cathodoluminescence (CL) imag-
ing spectroscopy to study the resonant properties of single Si nanoparticles. Using
the high spatial resolution of CL we systematically mapped the resonant modes
in single silicon nanocylinders as a function of particle diameter. In this Chapter,
we take the next step and study how resonant particles that are placed in close
proximity interact and how their resonant modes are modified. Recently, coupled
dielectric resonators have attracted wide-spread attention due to their ability to en-
hance the scattering directionality and concentration of light compared to a single
particle. For example, Si dimers and trimers have been demonstrated to exhibit
strongly directional scattering as a result of coupled resonances [47, 48]. Further-
more, electric and magnetic field enhancements in the gap of dielectric dimers
have been studied theoretically [47, 49] and demonstrated experimentally using
scanning near-field optical microscopy (SNOM) [52]. Similar to hybridization of the
electric modes in plasmonic dimers [293, 294], coupling between electric and mag-
netic magnetic dipolar modes in dielectric resonators can give rise to hybridization,
resulting into bonding and anti-bonding modes [49, 51]. The hybridization of ED
and MD modes in Si spheres on glass has been studied experimentally using dark-
field spectroscopy [51].

Here, we combine dark-field spectroscopy with CL imaging spectroscopy to
directly image the field profiles of the hybridized eigenmodes inside coupled Si
nanoparticles. In dielectric dimers hybridization of eigenmodes occurs for smaller
gap sizes than in plasmonic dimers, as a result of the reduced near-field inten-
sity [49]. We fabricate both isolated and coupled Si cubes instead of spheres to
reduce the effective gap size and thereby enhance the inter-particle coupling. Us-
ing dark-field spectroscopy, we study the influence of gap size on the scattering
spectrum and show strong spectral splitting as a result of mode hybridization. We
use finite-element modeling to calculate the eigenmodes of the single cubes and
dimers, and identify the hybridized eigenmodes. Next, we use CL imaging to di-
rectly map the field profiles of the isolated particles and hybridized modes in coup-
led nanoparticles. Finally, we image the field profiles of larger rectangular dimers
and map the complex hybridization modes with deep-subwavelength resolution.
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10.2 Fabrication

10.2 Fabrication

Single crystalline Si cubes and dimers with spacings in the range of 0–100 nm were
fabricated on a thin SiO2 layer, supported by a thick Si wafer. Starting with a silicon-
on-insulator (SOI) wafer (100 nm Si layer and 300 nm SiO2 layer on a Si substrate),
the top layer was patterned into nanostructures. First, electron beam lithography
(EBL) was used to write squares and dimers into a negative-tone electron beam
resist to form an etch mask. Second, the pattern was etched into the Si top layer
using anisotropic reactive-ion etching (RIE). Third, the etch mask is removed using
a short wet etch in hydrofluoric (HF) acid. See Section 10.6 for the details of the
fabrication process.

100 nm 100 nm

Si Si

Pt

SiO2

(a) (b)

Figure 10.1: (a) SEM image of Si dimer on oxide layer (imaged under 52◦). (b) FIB
cross section of the Si dimer, showing the rounded square shape of the particles and
the small under etch. The different layers are labeled. The particles are surrounded
by Pt, which is deposited to improve the quality of the FIB cross section.

The resulting Si cubes are 90 nm wide, 100 nm tall, and have rounded edges.
Figure 10.1 shows scanning-electron micrographs (SEM) of the particles (a) and of
a focused-ion beam (FIB) cross section (b) of the resulting dimer. A protective layer
of Pt was deposited using electron-beam induced deposition (EBID) to improve the
quality of the FIB cross section. The cubical shape of the individual nanoparticles
is clearly visible. Furthermore, a small under-etch of the SiO2 layer as a result of the
HF etch can be observed. The nanostructures were spaced 5 µm apart, such that
experiments could be performed on isolated particles and dimers.

10.3 Dark-field spectroscopy

To study the hybridization of the eigenmodes, we start by using dark-field (DF)
backscattering spectroscopy to measure the scattering spectra of the single parti-
cles and the dimers with different particle spacing. Single particles and dimers were
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10 Direct imaging of hybridized eigenmodes in coupled Si nanoparticles

illuminated with unpolarized white light, and scattered light in the 430–570 nm
spectral range was collected by a 100× microscope objective (0.9 NA), and analyzed
using a spectrograph and a CCD camera (see Section 10.6 for experimental details).
Figure 10.2 shows the DF spectra and corresponding SEM images for a single par-
ticle (blue), and for dimers with a spacing of 100 nm (green), 25 nm (yellow), and
0 nm (orange). The spectra for a rectangle (red) and the flat substrate next to the
particles (gray) are also shown for reference.

Figure 10.2: Dark-field scattering spectra for single square (blue), dimers with
various spacings, and rectangle (red). The spectrum for the flat background is also
shown (gray). Note that each spectrum is normalized separately and displayed with
a vertical offset for visibility. SEM images of the corresponding particles are shown
on the right. The scale bar in all images is 100 nm.

Two clear resonant peaks at λ= 430 nm and λ= 485 nm can be observed for the
single particle. It is well known that these peaks originate from resonant scattering
by the in-plane magnetic dipole (MD, λ = 485 nm) and in-plane electric dipole
(ED, λ = 430 nm) modes [41, 49, 51, 52, 295] (also see Chapter 9). These modes
are degenerate in both in-plane directions as a result of symmetry. For a dimer
with spacing sp = 100 nm, defined as the size of the gap in between particle, the
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10.3 Dark-field spectroscopy

scattering spectrum strongly resembles that of the single particle, which indicates
the lack of coupling. However, the resonance wavelengths strongly shift when the
spacing is reduced to 25 nm. The peak at λ = 485 nm broadens and splits into two
separate peaks, which indicates hybridization of the localized modes [51]. A red
shift to λ = 435 nm is observed for the ED mode, and the MD mode is split into
two modes at λ = 480 nm and λ = 495 nm as a result of hybridization, leading to
a 5 nm blue shift and 10 nm red shift compared to the single particle spectrum,
respectively. A drastic transformation of the scattering spectrum is observed as
the spacing is further reduced to 0 nm (orange). The lowest energy mode strongly
red shifts to λ = 515 nm, and higher order modes appear. These correspond to
the resonant modes of the new structure formed by the touching cubes, which is
confirmed by the strong resemblance with the scattering spectrum of the rectangle
(red).

To explain the origin of the splitting observed for 25 nm spacing (yellow spec-
trum in Fig. 10.2), we use finite-element calculations [296] to find the eigenmodes
of the dimer structure. We assume the cubes are non-dispersive and lossless with
εr = 20, and neglect the substrate. Although a multilayer substrate can significantly
modify the line width [297] and excitation efficiency of modes (see Chapter 9), the
influence of the substrate on the eigenmode field profile was found to be minor.
Note that due to these assumption, the calculated eigenfrequencies do not directly
match the measured resonance wavelengths. See Section 10.6 for details on the
finite-element calculations.

We focus on the coupling between the in-plane MD modes, and neglect
the asymmetry introduced by the DF illumination conditions. As a result, only
symmetric modes that can be excited by incident plane waves are considered.
This assumption has been demonstrated to accurately describe DF scattering
spectra of hybridized spherical Si particles on a glass substrate [51]. Under these
conditions, two hybridized bonding modes are found which both can be excited
directly by incident plane waves. Figure 10.3a,b show schematic representations
of the mx -mx and my -my bonding modes respectively, where mi represents a
magnetic dipole moment along the i -axis. The eigenfrequencies are found to
be fmx−mx = (561+19i ) THz (Q ∼ 30). and fmy−my = (579+31i ) THz (Q ∼ 19).
The large imaginary part indicates that these modes exhibit strong radiative
damping. The spectral spacing between the calculated eigenmodes is 16.5 nm,
which corresponds well with the experimentally observed splitting in Fig. 10.2.
To corroborate the magnetic nature of the hybridized eigenmodes, Figs. 10.3c-f
show in-plane (x-y) cross cuts of the electric field intensity (c,d) and magnetic
field intensity (e,f) inside the particles. The spots of high electric field intensity on
either side of the particles in (c-d) correspond to cross-cuts of the displacement
current loops, which are characteristic for in-plane MD modes. Furthermore,
a high magnetic field intensities can be observed in the center of the particles
(e-f) as a result of the magnetic dipole moment. Finally, the blue shift of the
my -my bonding mode (λ = 480 nm) and red shift of the mx -mx bonding mode
(λ = 495 nm) with respect to the single particle spectrum (λ = 485 nm) are in
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10 Direct imaging of hybridized eigenmodes in coupled Si nanoparticles
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Figure 10.3: Schematic of the mx -mx bonding mode (a), and my -my bonding
mode (b). In-plane cross cuts (xy-plane) through middle of dimers showing
the electric field intensity (c-d) and magnetic field intensity (e-f) of the mx -mx
bonding mode (c,e) and my -my bonding mode (d,f) respectively. The particle
surroundings are also shown (gray contours). The calculated eigenfrequencies are
fmx−mx = (561+19i ) THz and fmy−my = (579+31i ) THz.

agreement with theoretical predictions [49] and DF scattering measurements on
spherical dimers [51].
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10.4 Cathodoluminescence spectroscopy

10.4 Cathodoluminescence spectroscopy

After the observation of hybridization in the DF scattering spectra, we use catho-
doluminescence (CL) imaging spectroscopy to study the resonant modes in more
detail. CL spectroscopy uses a focused 30 keV electron beam in a scanning electron
microscope as a broadband light source to locally excite the sample [267, 298].
The high spatial resolution of the source allows for deep-subwavelength mapping
of the optical modes [271], and has been used to study resonant modes in both
metallic [67–69, 279, 299] and dielectric [271, 285] nanophotonic structures. Fur-
thermore, the electron beam is a point source that primarily couples to the vertical
component of the electric fields [270], which allows for the excitation of eigen-
modes that are difficult to excite with plane waves due to the anti-symmetric char-
acter of their mode profiles. Similar to the results obtained for single Si nanocylin-
ders (see Chapter 8), this experimental technique allows for spatial and spectral
mapping of the resonant modes inside our Si dimers. Here, we apply this technique
to directly image the field profiles of hybridized eigenmodes.

10.4.1 Single particle

Before considering the dimers, we first study the resonant modes of a single Si cube.
In the experiment, we scan the electron beam over the sample in 8 nm steps and
collect a full CL spectrum at each pixel. Next, the background is subtracted and we
sum over the pixels corresponding to the particle to obtain the CL spectrum (see
Section 10.6 for experimental details).

Figure 10.4a shows the CL spectrum for a single Si cube. Two clear peaks can
be observed at λ = 485 nm and λ = 430 nm, and the shoulder of a third peak
around λ = 390 nm. For λ> 500 nm a high but flat background signal is observed,
which is caused by imperfect subtraction of the large background signal induced
by defect luminescence in the SiO2 layer. Note that the resonant wavelengths show
excellent agreement with the DF scattering spectrum for the single particle (blue
line in Fig. 10.2), which indicates the peaks at λ = 485 nm and 430 nm correspond
to the in-plane MD and ED mode respectively.

To characterize the spatial mode profile, Fig. 10.4b shows the two-dimensional
CL intensity maps for wavelengths corresponding to all three resonant peaks.
For λ = 390 nm, the CL intensity is maximum in a bright spot in the center. For
λ = 430 nm and 485 nm on the other hand, a clear ring of maximum intensity is
observed along the circumference of the particle, although the low intensity in the
center of the ring is more pronounced for λ = 430 nm than for 485 nm.

To corroborate that the electron beam couples to the in-plane ED and MD
modes, we calculated the eigenmodes for an individual cube and compare them
to the CL intensity maps. Since the electron beam primarily couples to the vertical
component of the electric fields [270], we now consider |Ez |2 only instead of |E |2.
Three different eigenmodes are found for the single particle that can be excited by
electron irradiation along the z-axis (see Fig. 10.4d for schematics). Figure 10.4c
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10 Direct imaging of hybridized eigenmodes in coupled Si nanoparticles

Figure 10.4: (a) Normalized CL spectrum for single square. SEM image of the
particle collected simultaneously with the CL spectrum is shown as an inset.
(b) Two-dimensional CL intensity maps for resonant peaks in (a) at λ = 390 nm,
λ = 430 nm, and λ = 485 nm. (c) |Ez |2 of the vertical electric dipole (pz ,
left), in-plane electric dipole (px , py , center), and in-plane magnetic dipole
(mx , my , right). The corresponding eigenfrequencies are: fpz = (826+52i ) THz,
fpx,y = (807+35i ) THz , and fmx,y = (589+15i ) THz. The profiles in (c) have been
obtained by averaging over the two in-plane directions to account for degeneracy;
the field for px,y is plotted 25 nm above the center of the particle. (d) Schematic
representations of the eigenmodes.
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10.4 Cathodoluminescence spectroscopy

presents cross cuts along the xy-plane showing |Ez |2 for the pz mode (left), the
degenerate px,y mode (center), and degenerate mx,y mode (right). Here, pi refers
to an electric dipole moment along the i -axis. Note that the degeneracy is taken
into account by averaging the modal intensity profiles over both orientations.
Furthermore, note that Ez = 0 in the plane across the middle of the particle for
px,y . For this reason, the crosscut is taken 25 nm above the center of the particle,
where Ez is non-zero.

The bright spot in the center for λ = 390 nm is clearly reproduced by the field
profile of the out-of-plane pz mode, which has a higher eigenfrequency due to the
asymmetry of the particle induced by the non-unity aspect ratio. Also the rings
of high intensity observed for λ = 430 nm and λ = 485 nm (Fig. 10.4b) are well
reproduced by the Ez fields of the in-plane px,y mode and in-plane mx,y modes
respectively. Altogether this confirms that the peaks at λ = 430 nm and 485 nm
correspond to the in-plane ED and MD mode respectively, and demonstrates that
CL spectroscopy allows for systematic mapping of the modal field profiles inside
the particles with deep sub-wavelength resolution.

10.4.2 Dimers

Next, we study coupled dimer structures. Figure 10.5 compares the normalized CL
spectrum for a single cube (blue) with that for dimers with different spacings and
a rectangle (red). Analogous to the trends in the DF scattering spectra in Fig. 10.2,
the CL spectrum for 100 nm spacing strongly resembles that of the single parti-
cle, which indicates weak coupling. However, for 25 nm spacing the CL spectrum
changes drastically, showing a nearly-flat high intensity for λ> 430 nm, which indi-
cates efficient excitation of a wide range of (hybridized) modes. Note that the elec-
tron beam also couples to anti-symmetric eigenmodes, which were not considered
for plane wave excitation in Fig. 10.2. For touching particles (sp = 0) the lowest
order mode strongly red shifts to λ∼ 530 nm, and resonance peaks corresponding
to higher order modes occur. The resonant peaks observed for sp = 0 are attributed
to the geometrical modes of a rectangle, which shows a very similar spectrum (red).
The spectrum for sp = 0 shows a small red shift with respect to that of the rectangle
due to the slightly longer effective length of the touching cubes.

We now examine the spatial CL intensity maps of the hybridized modes for
sp = 25 nm. Due to the local excitation of the electron beam both symmetric
and anti-symmetric combinations of the ED and MD modes are excited in the
hybridized system, with large spectral overlap. As a result of the large spectral
overlap, the two-dimensional CL intensity maps are comprised of multiple
(hybridized) eigenmodes. However, two dominant hybridized mode profiles
are clearly visible. Figure 10.6a shows the spatial CL intensity maps for λ = 450 nm
and λ = 490 nm. The strong asymmetry in the intensity profile on the individual
dimer particles is a direct indication of hybridization, and well-defined modal
field profiles can be observed in Fig. 10.6a. For λ = 450 nm high CL intensities are
located at the outside of the dimer, whereas high intensities are located near the
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10 Direct imaging of hybridized eigenmodes in coupled Si nanoparticles
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Figure 10.5: CL intensity spectra for single square (blue), dimers with various
spacings, and rectangle (red). Note that the spectra are vertically offset for visibility.

center of the dimer for λ = 490 nm (see Fig. 10.6b for cross cuts). Note that for very
small spacings heterogeneous coupling (between ED and MD modes) may also
play a role [51].

To further study the hybridization observed in Fig. 10.6a, we reconsider the
calculated eigenmodes and compare them with the two-dimensional CL intensity
maps. Figure 10.6c shows crosscuts of |E 2

z | for the px -px bonding mode (left) and
the my -my ′ anti-bonding mode (right), where y ′ refers to the opposite orienta-
tion of y). The corresponding eigenfrequencies are fpx−px = (728+148i ) THz and
fmy−my ′ = (582+ 9i ) THz, respectively. Schematic representations of the bonding
modes are shown in Fig. 10.6d.

We argue that Fig. 10.6a shows modal field maps of the fpx−px and fmy−my ′ hy-
bridized modes respectively for four reason: (i) The calculated field profiles strongly
resemble the corresponding measured intensity maps. Note that the lack of high
field intensity in the middle of the CL map for λ = 450 nm is attributed to the
finite size of the electron beam and the strong local asymmetry in the field profile.
To illustrate this, Fig. 10.6d shows the dipole orientation (left). At the center of
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10.4 Cathodoluminescence spectroscopy

Figure 10.6: (a) Two-dimensional CL intensity maps for λ = 450 nm (left) and
λ = 490 nm (right) showing hybridized modal field profiles. (b) Cross cuts through
(a) showing the high field intensity on the outside (left) and inside (right) of the
dimer. (c) Cross cuts displaying |Ez |2 for the px -px bonding mode (left) and
the my -my anti-bonding mode (right). The corresponding eigenfrequencies are
fpx−px = (728+148i ) THz and fmy−my ′ = (582+9i ) THz. Note that the left cross

cut is taken 25 nm above the center of the particle, as Ez = 0 in the center for px,y
modes. (d) Schematic representation of the hybridized dipolar modes.

the dimer the Ez fields of the dipoles are oriented anti-parallel, which limits the
excitation efficiency by the electron beam. (ii) The px -px (λ = 450 nm) bond-
ing mode is strongly red shifted with respect to the px mode of the single particle
(λ= 430 nm), which is consistent with earlier work [51]. The resonance wavelength
for the my -my ′ mode (λ = 490 nm) on the other hand, shows only a weak red shift
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10 Direct imaging of hybridized eigenmodes in coupled Si nanoparticles

compared to the single-particle my mode (λ = 485 nm). The relatively large and
small spectral shifts are also consistent with those obtained from the calculated
eigenfrequencies. (iii) The spatial intensity profile observed for λ = 450 nm (left)
dominates the CL intensity maps over a large spectral range (430 < λ < 480 nm),
while the spatial intensity profile observed for λ = 490 nm (right) is relatively weak
and only observed for a narrow spectral range. This is in agreement with previous
work [51], which showed that the px -px bonding mode dominates the scattering
spectrum over a wide spectral range. (iv) The imaginary part of the calculated
eigenfrequencies matches this trend: Im

{
fpx−px

}= 148 THz, which indicates large
radiative losses as a result of the large effective dipole moment, corresponding to

a large bandwidth. Im
{

fmy−my ′
}
= 9 THz on the other hand, which indicates weak

radiative losses due to the weak coupling to plane waves as a result of the modal
asymmetry, corresponding to a narrow line width. Altogether, Fig. 10.6 shows that
CL can be used to directly map modal field profiles of both bonding and anti-
bonding hybridized eigenmodes.

10.4.3 Rectangular dimers

Finally, to map hybridized eigenmodes with further increased complexity, we focus
on a larger dimer structure which exhibits higher-order modes and more complex
modal field profiles. The dimer is comprised of two rectangular bars with 100 nm
width and height, and 300 nm length and 35 nm spacing (see Fig. 10.7a). These
individual resonators have well defined leaky resonances that can be described
theoretically as modified Fabry-Pérot modes [31].

Figure 10.7: (a) SEM image (imaged under 52◦) of a dimer comprised of rectangular
particles with 300 nm length, 100 nm width and 100 nm height; the particle
spacing is 35 nm. (b,c) Two-dimensional CL intensity map for λ = 490 nm (b) and
λ = 530 nm (c), showing hybridization of higher-order eigenmodes.

The individual bars exhibit a large collection of geometrical modes as a result of
their size, and each mode gives rise to a distinct resonant peak in the CL spectrum
(not shown here). Coupling between the large number of modes results into a
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10.5 Conclusions

rich hybridization scheme. Without going through a detailed analysis analogous
to Fig. 10.6, we present two examples of CL intensity maps that unambiguously
show field profiles of hybridized higher-order resonant modes. Figure 10.7b dis-
plays the measured mode map for λ = 490 nm, which shows high field intensities
on the outside of the dimer. The mode map for λ = 530 nm on the other hand
(c), shows high field intensities on the inside of the dimer. Furthermore, subtle
variations in CL intensity inside each bar can be observed as a result of the higher-
order modes. This example demonstrates how CL can be used to directly map
complex hybridized field profiles inside single nanostructures, which allows for
detailed characterization of resonant modes of coupled structures.

10.5 Conclusions

In conclusion, we have demonstrated direct imaging of hybridized eigenmodes in
coupled resonant silicon nanoparticles. Using dark-field spectroscopy, we study
the influence of gap size on the scattering spectrum and show strong spectral split-
ting as a result of mode hybridization. Using finite-element modeling we analyze
the eigenmodes of the coupled nanoparticles, and identify the hybridized modes
that dominate the scattering spectrum. Catholoduminescence (CL) imaging spec-
troscopy is used to directly image the modal field profiles of individual and coupled
nanoparticles with deep-subwavelength resolution, showing strongly hybridized
field profiles. Detailed analysis of the CL results and eigenmode calculations shows
that the measured modal field profiles correspond to the hybridized px -px bonding
and my -my ′ anti-bonding modes. Finally, we study dimers composed of large di-
electric bars to explore the ability of CL imaging to map highly-complex hybridized
field profiles inside single resonant nanostructures. Our results demonstrate the
ability to characterize the complex resonant properties of coupled nanostructures.
Based on the detailed fundamental understanding of coupled resonators, nanos-
tructures with accurately engineered field confinement and scattering profiles can
be designed, paving the way for more complex applications and devices.

10.6 Methods

Fabrication
12 × 12 mm pieces of silicon-on-insulator (SOI) wafer (100 nm Si layer, 300 nm
SiO2 layer) were first cleaned by 10 min of sonification in acetone, 5 min of sonifi-
cation in isopropanol (IPA), and blow dried. After a bake-out at 110◦C, the samples
were cooled with N2 and spin coated with hydrogen silsesquioxane (HSQ, Fox 15),
diluted with methylisobutylketon (MIBK) in a 1:2 ratio (3000 rpm, 45 s). The re-
sist was baked at 180◦C for 2 min, after which a small droplet of water containing
50 nm diameter Au colloids was deposited in the corner of the sample, to allow for
accurate alignment of the electron microscope.

181



10 Direct imaging of hybridized eigenmodes in coupled Si nanoparticles

Electron beam lithography is performed using a Raith e-LINE system. Single
squares and dimers were written in the HSQ resist using area exposure (30 kV
acceleration voltage, 7.5 µm aperture, 17.8 pA beam current) and a dose of
1150 µAs/cm2. The resist was developed by submerging in MF-319 (Microposit
developer) at 50◦C for 70 s, and subsequently rinsed in deionized water to stop the
development.

Next, the HSQ pattern was used as an etch mask during the reactive-ion etching
(RIE) step. An Oxford PlasmaPro 100 Cobra was used to anisotropically etch away
the Si top layer. First, a short (10 s) Cl-based etch (50 sccm Cl2, 7 mTorr, 30 W
forward power, 750 W ICP power) was used to etch away the native oxide formed
on the sample. Next, a 40 s etch using HBr (48 sccm) and O2 (2 sccm) was used
to anisotropically etch through the Si layer (7 mTorr, 30 W forward power, 750 W
ICP power). The substrate temperature was controlled at 50◦C during the etching.
Finally, the residual HSQ etch mask was removed by a 2 min dip in hydrofluoric
(HF) acid (1% concentration in water), and subsequently rinsed in deionized water
and blow dried.

Dark-field spectroscopy
Dark-field scattering spectra of the single particles and dimers were obtained using
a WiTec α300SR microscope. The sample was illuminated (unpolarized dark field
configuration) using a 100× Zeiss microscope objective (EC Epiplan-Neofluar,
HD M27, 0.9 NA, 0.28 mm working distance) and a halogen lamp. Scattered
light was focused into a 50 µm-core collection fiber and sent to a spectrograph
(UHTS 300, WiTec, 600 lines/mm, center wavelength 500 nm), equipped with a
back-illuminated CCD camera (1024 × 127 pixels, T = −60◦C). The experimental
spectral range was 430–570 nm.

During the experiment, the sample was scanned through the focus of the objec-
tive in a two-dimensional plane using a 3D-piezo stage. Each scan used 15 × 15 pix-
els over a scan area of 3 × 3 µm (200 nm step size), with a 1 s integration time per
pixel. Figure 7.8 shows a typical intensity map obtained from the scattering of a
single particle (λ = 472 nm). Data is averaged over the pixels that have an intensity
larger than 85% of the maximum observed intensity (threshold) to increase the
signal to noise (e.g. 3 pixels in Fig. 10.8). To correct for the system response, a Lam-
bertian reference was used (Labsphere certified reflectance standard). The dark-
field scattering spectra are calculated as (Ipar t − Id ar k )/(Il amb − Id ar k ), where Ipar t

is the scattering spectrum of the particle, Il amb the lambertian reference spectrum,
and Id ar k the dark spectrum of the CCD.

Note that the particle spacings reported in Fig. 10.2 are obtained from SEM
images, using a thresholding routine and the calibrated pixel size.

Cathodoluminescence spectroscopy
A scanning-electron microscope (FEI XL-30 SFEG) was used to irradiate the
nanoparticles with a focused electron beam (30 keV, ∼20 nA current). The CL
radiation is collected by an Al parabolic mirror and redirected out of the SEM.
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Figure 10.8: Intensity map of a typical dark-field measurement. Map is for a single
particle at λ = 472 nm.

Spectral analysis was performed using a spectrograph (Acton SpectraPro 2300,
150 lines/mm, center wavelength 650 nm) and a liquid-nitrogen cooled back-
illuminated CCD camera (Spec 10 100B, Princeton instruments, 1340 × 100 pixels).
The CCD chip was hardware-binned to 335 × 1 pixels. During the scans, the
electron beam was scanned over the particle using a 50 ms integration time per
pixel. The CL data are corrected for system response using a measured transition
radiation spectrum from aluminium and comparing that to theory [270, 300].
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,
as well as intrinsic defect luminescence from the SiO2. To correctly subtract the
variable background from the CL signal, we use a triangular interpolation routine,
which interpolates the background intensity between the corners of the scan for
each wavelength. We used thresholding of SEM data to determine which pixels
contribute to the particle CL spectra.

Eigenmode calculations
Finite-element modeling was performed using COMSOL Multiphysics 5.0. The
simulation volume was a quadrant of a sphere, with a radius of 480 nm, and was
surrounded by a PML layer with 240 nm thickness. The dimers were positioned
in the center of the sphere. The simulation volume used a homogeneous relative
permittivity of 1, while a non-dispersive relative permittivity of 20 was used for the
silicon particles. For the flat sides of the quarter sphere we used perfect electric
or magnetic conductor boundary conditions, depending on the orientation and
nature (electric or magnetic) of the dipole resonance. In the simulation volume
mesh elements were tetrahedral, with vertex lengths between 0.3–10 nm inside and
close to the silicon particles and 30 nm near the PML boundary. The PML mesh
was swept from the PML boundary, with five layers along the radial direction and a
maximum transverse vertex length of 30 nm.
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