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Abstract
This thesis presents an investigation of optical meta­atoms and reconfigurable optical
meta­atoms both via experiments and simulation. Electron energy­loss spectroscopy
(EELS), an outstanding technique to characterize both near­ and far­field optical prop­
erties, is extensively used in the thesis.

Optical meta­atoms based on silicon, boron phosphide, gold and nickel are considered in
the thesis. We characterize the EELS response of Mie resonant silicon nanoparticles and
place them on a thin gold film to efficiently launch surface plasmon polaritons. We excite
the short­range surface plasmon polaritons of the thin metal film via electron beam and
show its scattering by a silicon nanoparticle. Using cathodoluminescence spectroscopy at
low acceleration voltages, we show the interference effects from the transition radiation.
We introduce boron phosphide material as a promising candidate for UV photonics and
demonstrate experimentally that boron phosphide nanoparticles can support Mie modes.
We investigate the localised surface plasmon hybridization effect with another localised
surface plasmon in gold dimers, and with the interband transition in nickel. We shift the
hybridized plasmon modes in gold nanodimers into the visible and show experimentally
an approach to fine­tune these resonances by a thin silver shell. For nickel nanoparticles,
we demonstrate the interband hybridization effect with multipole order localised surface
plasmons in individual particles.

We investigate reconfigurable meta­atoms based on two effects, thermo­optic effect and
electromechanical tuning. We utilize the thermo­optic effect to spectrally tune the res­
onances in silicon nanoparticles in the visible range and show one linewidth tuning for
the magnetic quadrupole mode. Then, using the electron energy­loss intensity maps,
we demonstrate the tuning between the near­fields of different Mie modes. We fabricate
silicon nanobeams separated by a gap and perform electromechanical tuning of the res­
onance associated with the coupled nanobeams.
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Resumé
Denne afhandling præsenterer en undersøgelse af optiskemetaatomer og rekonfigurerbare
optiske metaatomer både via eksperimenter og simulering. Elektron energitab spek­
troskopi (EELS), en fremragende teknik til at karakterisere både nær­ og fjernfelts optiske
egenskaber, anvendes i stor udstrækning i afhandlingen.

Optiske metaatomer baseret på silicium, bor phosphid, guld og nikkel behandles i denne
afhandling. Vi karakteriserer EELS signalet af silicium nanopartikler, som understøtter Mie
resonanser, og placerer dem på en tynd guld film for effektivt at anslå overfladeplasmon
polaritoner. Vi anslår kort­distance overfladeplasmon polaritonerne af den tynde metal­
film via elektronstrålen og viser dens spredning af en silicium nanopartikel. Ved hjælp af
katodeluminescens spektroskopi ved lave accelerationsspændinger viser vi interferensef­
fekterne fra overgangsstrålingen. Vi introducerer bor phosphid som en lovende kandidat
til UV fotonik og demonstrerer eksperimentelt, at bor phosphid nanopartikler kan under­
støtte Mie resonanser. Vi undersøger hybridiseringen af en lokaliseret overfladeplasmon
med en anden lokaliseret overfladeplasmon i en guld dimer og med interbåndsovergan­
gen i nikkel. Vi forskyder de hybridiserede plasmontilstande i guld nanodimer til det syn­
lige spektralområde og viser eksperimentelt en tilgang til at finjustere disse resonanser
med en tynd sølvskal. I nikkel nanopartikler demonstrerer vi interbånd hybridisering med
lokaliserede overfladeplasmoner af forskellige multipolsordner i individuelle partikler.

Vi undersøger rekonfigurerbare metaatomer baseret på to effekter, den termooptiske ef­
fekt og elektromekanisk justering. Vi bruger den termooptiske effekt til spektralt at justere
resonanserne i silicium nanopartikler i det synlige og demonstrerer en linjebreddejuster­
ing på én for den magnetiske quadrupol tilstand. Derefter demonstrerer vi ved hjælp af
den rumlige fordeling af elektron energitab intensiteten at nærfelterne af forskellige Mie
tilstande kan kontrolleres. Vi fremstiller silicium nanotråde adskilt med et gab og udfører
elektromekanisk justering af resonansen forbundet med de koblede nanotråde.

v



vi



Preface and acknowledgements
The work presented in this thesis has been carried out at the Department of Physics at
the Technical University of Denmark during the period from September 2018 to December
2021. My initial department was the Department of Micro and Nanotechnology which
was later rebranded and I moved to my current department. The PhD project has been
supervised by Assoc. Prof. Søren Raza, Assoc. Prof. TimBooth and Prof. Jakob Birkedal
Wagner. During the project, I used the cleanroom and electron microscopy facilities at
DTU Nanolab for nanofabrication and characterization of my samples.

I would like to thank my main supervisor Søren Raza for his support, useful discussions
and a positive working environment, Tim Booth for his useful insights and personal help
in some of the experiments, and Jakob Birkedal Wagner for his help in the initial steps of
this PhD project. I could not imagine excelling in this PhD project without Søren Raza who
introduced me to low­loss EELS characterization, helped me in simulations and assisted
in the preparation of my first publication. I thank him for being available for discussions
at any point in time even though the COVID limitations were in full strength during a large
part of my PhD project.

I would like to thank the staff of the DTU Nanolab for their assistance in fabrication and
equipment training in the cleanroom: Karen, Elena, Matthias, Jonas, Berit, Majken, and
Patama. Also, I would like to thank Jens Kling for his invaluable help with electron mi­
croscopy resolving many issues with EELS equipment.

I am grateful to N. Asger Mortensen for a research stay opportunity at his group at the Uni­
versity of Southern Denmark. I thank Christian Wolff for his help, Martin Thomaschewski
and Saskia Fiedler for their help with the experiments.

Additionally, I would like to thank our collaborators for our productive endeavours: Tatsuki
Hinamoto, Minoru Fujii, Hiroshi Sugimoto, Mark L. Brongersma, Mark Kamper Svendsen,
Daisuke Shima, Kristian S. Thygesen, P. Elli Stamatopoulou, Christos Tserkezis, Fatih
Nadi Gür, Mihir Dass, Tim Liedl, Ihar Faniayeu, and Alexander Dmitriev.

Finally, I would like to thank my parents, Ruslan and Natalya, who are always there to
support me.

Artyom Assadillayev

December 2021

vii



viii



List of publications
Peer­reviewed journal publications
[A] Assadillayev, A., Hinamoto, T., Fujii, M., Sugimoto, H., Brongersma, M. L., Raza,

S. Plasmon launching and scattering by silicon nanoparticles. ACS Photonics 8,
1582–1591 (2021).

[B] Fiedler, S., Stamatopoulou, P. E., Assadillayev, A., Wolff, C., Sugimoto, H., Fu­
jii, M., Mortensen, N. A., Raza, S., Tserkezis, C. Disentangling cathodolumines­
cence spectra in nanophotonics: particle eigenmodes vs transition radiation. AarXiv
preprint arXiv: 2112.04931 (2021).

[C] Svendsen, M. K., Sugimoto, H., Assadillayev, A., Shima, D., Fujii, M., Thygesen, K.
S., Raza, S. Ultraviolet Mie resonances in computationally discovered boron phos­
phide nanoparticles. AarXiv preprint arXiv: 2112.13600 (2021).

[D] Assadillayev, A., Hinamoto, T., Fujii, M., Sugimoto, H., Raza, S. Thermal near­field
tuning of silicon Mie nanoparticles. Nanophotonics 10, 4161–4169 (2021).

Conference Proceedings
[E] Assadillayev, A., Hinamoto, T., Fujii, M., Sugimoto, H., Brongersma, M. L., Raza, S.

Electron energy­loss spectrocopy of hybrid silicon­on­gold nanoresonators. Poster
presented at META 2021, Warsaw, Poland.

ix



x



Contents

1 Introduction 1
1.1 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Scattering by small particles 3

3 Characterization Techniques 5
3.1 Film thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3.1.1 Ellipsometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
3.1.2 Profilometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3.2 Electron microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.3 Electron energy­loss spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 7

3.3.1 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.3.2 Experimental data post­processing: Zero­loss . . . . . . . . . . . . . 10
3.3.3 Experimental data post­processing: Spectra and maps . . . . . . . 12
3.3.4 Numerical simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.4 Energy­dispersive X­ray spectroscopy . . . . . . . . . . . . . . . . . . . . . 14
3.5 Cathodoluminescence spectroscopy . . . . . . . . . . . . . . . . . . . . . . 14

4 Meta­atoms 17
4.1 Silicon nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.1.2 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.1.3 Size analysis of silicon nanoparticles . . . . . . . . . . . . . . . . . . 19
4.1.4 EELS response of silicon nanoparticles . . . . . . . . . . . . . . . . 21
4.1.5 Plasmon launching with silicon nanoparticles . . . . . . . . . . . . . 24
4.1.6 Plasmon scattering with silicon nanoparticles . . . . . . . . . . . . . 30
4.1.7 Mie modes in silicon nanoparticles on a thin gold film . . . . . . . . 32
4.1.8 Transition radiation in CL response of silicon nanoparticles . . . . . 33
4.1.9 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.2 Boron phosphide nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.2.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.2.2 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2.3 Optical response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.2.4 Near­field characterization . . . . . . . . . . . . . . . . . . . . . . . 39
4.2.5 Spherical BP nanoparticles . . . . . . . . . . . . . . . . . . . . . . . 41
4.2.6 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3 Gold­silver core­shell nanodimers . . . . . . . . . . . . . . . . . . . . . . . 41
4.3.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3.2 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.3.3 Magnetic dipole in the visible . . . . . . . . . . . . . . . . . . . . . . 42
4.3.4 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.4 Nickel nanospheres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.4.2 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.4.3 Electron excitation: bulk vs surface losses . . . . . . . . . . . . . . . 46
4.4.4 Interaction of multipoles with IBT . . . . . . . . . . . . . . . . . . . . 47

CONTENTS xi



4.4.5 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5 Reconfigurable meta­atoms 49
5.1 Thermal tuning of silicon nanoparticles . . . . . . . . . . . . . . . . . . . . . 49

5.1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.1.2 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.1.3 Thermal tuning of silicon Mie resonances . . . . . . . . . . . . . . . 49
5.1.4 Thermal near­field tuning of silicon Mie resonances . . . . . . . . . 55
5.1.5 Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.1.6 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.2 Silicon electromechanical beams . . . . . . . . . . . . . . . . . . . . . . . . 58
5.2.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.2.2 Device concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.2.3 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.2.4 Size analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.2.5 Electromechanical actuation and EELS response. . . . . . . . . . . 60
5.2.6 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

6 Conclusions and Outlook 65
6.0.1 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

Bibliography 67

A Process flows 77

Paper A ­ Plasmon launching and scattering by silicon nanoparticles 81

Paper B ­ Disentangling cathodoluminescence spectra in nanophotonics: par­
ticle eigenmodes vs transition radiation 101

Paper C ­ Ultraviolet Mie resonances in computationally discovered boron phos­
phide nanoparticles 115

Paper D ­ Thermal near­field tuning of silicon Mie nanoparticles 131

xii CONTENTS



1 Introduction
Optical meta­atoms are the elemental building blocks of optical metamaterials, the artificial
materials with engineered optical properties which are not obtainable with natural media.
The properties of these artificial atomswhich can be effectively tailored by their shape, size
or material composition combined with their particular arrangement in the metamaterial
define the outcome functionality of the resulting devices, allowing such novel applications
as optical cloaking [1, 2], optical metasurfaces [3, 4] or negative index of refraction [5].
The meta­atoms are even utilized separately as nanoresonators in nanoantennas [6, 7]
or nonlinear optics [8, 9]. This broad range of possible applications dictates the need
to tailor their properties even further. In most current applications, the meta­atoms and
metamaterials are operated statically, i.e. their response cannot be actively modulated
after their fabrication. However, there is a growing need to obtain actively modulated
optical elements or reconfigurable meta­atoms, the response of which can be controlled
with an external stimulus [10, 11].

The meta­atoms can be split into three large groups based on their material composition,
high­refractive­index semiconductor or dielectric materials [6, 8], metals [7, 12] and hy­
brid dielectric­metal [13, 14, 15]. The first is characterized by a high refractive index with
low non­radiative losses and support of multiple dielectric resonances, while the metals
are characterized by low refractive indices with non­negligible radiative losses but they
support free­electron oscillations, plasmons which can be coupled to light, leading to sub­
wavelength plasmon polaritons. The hybrid meta­atoms combines the advantages of both
material types. In this thesis, we consider several examples of meta­atoms of both mate­
rial types, silicon and boron phosphide in the case of high­refractive­index materials, gold
and nickel for metals, as well as we consider silicon on a thin gold layer hybrid system.

We focus our investigation on the reconfigurablemeta­atoms based on the high­refractive­
index materials. Various active tuning mechanisms of dielectric meta­atoms have already
been demonstrated, including photothermal [16, 17], electromechanical [18, 19, 20], via
photocarrier generation [21, 22], coupling to liquid crystals [23, 24, 25], using phase
change materials [26, 27, 28, 29, 30], and through the thermo­optic effect [31, 32]. In
this regard, we further explore two tuning mechanisms, through the thermo­optic effect
and electromechanical tuning. In both cases, we utilise silicon as a material for dynamic
tuning due to its combination of high refractive index, CMOS compatibility, high thermo­
optic coefficient [33], and moderate Young’s modulus [34].

There are several different experimental techniques to study the response of the meta­
atoms with photon [35, 36] and electron excitation sources [37, 38, 39]. We broadly utilize
electron energy­loss spectroscopy to study our optical metaatoms. This near­field tech­
nique which is performed with an electron excitation in a scanning transmission electron
microscope provides excellent spatial and good energy resolution [40]. The near­field na­
ture allows us to directly map the modes which are characteristic of a particular meta­atom
that can be used to characterize its near­field properties. Moreover, since reconfigurable
meta­atoms often involve a change in the geometry of the structure it allows us both to
track these changes in real­time both spectrally and via imaging ultimately characterizing
the stability of our actuation method. The ability to perform the actuation in the TEM mi­
croscope is enabled by a new generation of TEM holders which allow electrical biasing,
changing chemical environment and heating.
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1.1 Thesis outline
The outline of this thesis is as follows:

• Chapter 2. Scattering by small particles

In this chapter, we perform a brief theoretical introduction to the scattering by small
spherical particles, fundamental examples of optical meta­atoms, using the Mie the­
ory. We show the main difference between the metal and high­refractive­index par­
ticles.

• Chapter 3. Characterization Techniques

This chapter describes the characterization techniques which have been utilized
for the fabricated structures. First, we describe film thickness measurement tech­
niques, ellipsometry and profilometry. Then, we perform a general introduction to
electron microscopy and consider the types of signals which can be excited by the
electron beam. We introduce three spectroscopic electron techniques, electron en­
ergy loss spectroscopy (EELS), energy­dispersive X­ray spectroscopy and cathodo­
luminescence spectroscopy with a particular focus on EELS where we describe its
simulation and experimental data post­processing steps.

• Chapter 4. Meta­atoms

The chapter covers meta­atoms based on four materials, silicon, boron phosphide,
gold and nickel. We perform EELS characterization of Mie resonances in silicon
nanospheres. Then, we place them on a thin gold film and show plasmon launching
and scattering effects. Using CL characterization at low acceleration voltages we
show non­negligible transition radiation interference effects for the silicon spheres.
We numerically discover a promising optical material in the UV range, boron phos­
phite and demonstrate its Mie resonances using EELS. Using the laser reshaping
method, we propose a way to achieve spherical BP particles and experimentally
demonstrate it. Then, we consider gold dimer geometry and demonstrate the shift
of its resonances into the visible range, as well as demonstrate EELS profiles of sym­
metrical and antisymmetric modes supported by the dimer geometry. Using a thin
silver shell, we suggest a way to fine­tune these resonances. In the case of nickel
nanoparticles, we show the dependence of the bulk and surface electron losses on
the electron beam position and demonstrate the coupling between different multi­
poles orders of localized surface plasmons and interband transition supported by
the nickel.

• Chapter 5. Reconfigurable meta­atoms

Here, we consider two active tuning mechanisms for silicon meta­atoms, thermal
tuning and electromechanical tuning. We perform thermal tuning using the thermo­
optic effect in silicon shifting the Mie resonances in resonance energies. Then,
we show near­field tuning between different Mie modes utilizing the characteristic
EELS maps. We perform electromechanical tuning of silicon nanobeams shifting
the resonance associated with the coupled nanobeams in resonance energy.

• Chapter 6. Conclusions and Outlook

We conclude the thesis in this chapter and present an outlook for future develop­
ments related to the investigation presented in this thesis.

2 1.1. THESIS OUTLINE



2 Scattering by small particles
For a homogeneous isotropic spherical particle with a radius r illuminated by a plane wave
polarized along x direction and propagating along z direction, the scattered electromag­
netic field at any point in space r can be calculated as an expansion into vector spherical
harmonics according to the Mie­Lorenz theory [41]:

Es(r) =
∞
∑

n=1

En(ianN(3)
eln(kr)− bnM(3)

oln(kr))

Hs(r) =
√

ϵ

µ

∞
∑

n=1

En(ibnN(3)
oln(kr)− anM(3)

eln(kr))
(2.1)

where an and bn are the Lorentz­Mie scattering coefficients of the n­th order electric and
magnetic multipole terms; Neln, Moln, Noln, Meln are vector spherical harmonics; k is the
wavenumber of the surrounding medium; ϵ and µ are the relative electric permittivity and
the relative magnetic permeability of the sphere respectively; En = inE0(2n+1)/n(n+1)
where E0 is the amplitude of the incident wave.

Assuming the same relative magnetic permeability inside and outside the particle, the
Lorentz­Mie scattering coefficient are given by the following expressions:

an =
mψn(mx)ψ

′

n(x)− ψn(x)ψ
′

n(mx)

mψn(mx)ξ
′

n(x)− ξn(x)ψ
′

n(mx)

bn =
ψn(mx)ψ

′

n(x)−mψn(x)ψ
′

n(mx)

ψn(mx)ξ
′

n(x)−mξn(x)ψ
′

n(mx)

(2.2)

wherem = N1/N is the complex relative refractive index withN1 andN being the complex
refractive indices of the particle and surrounding medium respectively; x = 2πNa/λ is the
size parameter with a being the particle radius and λ being the wavelength of incident
light; ψn and ξn are the spherical Ricatti­Bessel functions.

The extinction cross­section of a sphere is given by the following expression:

Cext =
2π

k2

∞
∑

n=1

(2n+ 1)Re(an + bn) (2.3)

Figure 2.1 shows the extinction cross­section from two nanoparticles made of two typical
optical materials, high­refractive­index silicon and metal gold for the same particle radius
of a = 75nm. The cross­section is decomposed to the contributions from first twomultipole
orders, n = 1 dipole and n = 2 quadrupoles. The resonances of the silicon nanoparti­
cles are confined inside the particle volume and they are called Mie resonances while
the resonances of the gold particles are confined on the particle surface and are called
localised surface plasmon resonances due to the presence of electron oscillations on the
metal surface. In the case of a silicon nanoparticle, we observe peaks from both mag­
netic and electric contributions, while gold only supports electric multipole resonances
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(a) (b) 

Figure 2.1: Extinction cross­section of spherical particles with r = 75 nm for (a) silicon
and (b) gold.

which are significantly broader due to optical damping present in metals. This simple
example shows that typical spherical metal nanoparticles do not support magnetic reso­
nances while typical high­refractive­index nanoparticles have resonances of both types,
and, for the same particle radius, the typical spherical metal nanoparticles support less
multipole contributions. The support of different multipole order resonances, as well as
both magnetic and electric resonances in high­refractive­index particles, allows them to
be efficiently utilized in multimode engineering strategies giving rise to new resonance
types such as Huygen dipole, Janus dipole, circular dipole or anapole modes [42] while
typical metal particles lack these features.
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3 Characterization Techniques
This chapter describes the characterization techniques which are used throughout the
thesis. We use ellipsometry to determine the thickness of thin layers (from 10 nm up to 2
um) in the intermediate or final steps of the fabrication process. The thickness of thicker
layers is quantified by profilometry. We use electron microscopy for both visualization and
characterization of the samples. Wemainly characterize the spectral response of the sam­
ples using electron energy­loss spectroscopy (EELS) in a scanning transmission electron
microscope (STEM). In some studies, we use cathodoluminescence spectroscopy in a
scanning electron microscope as an alternative to EELS. Lastly, we use energy­dispersive
X­ray spectroscopy in a STEMmicroscope to observe the compositional changes in some
of the samples.

3.1 Film thickness
3.1.1 Ellipsometry
Ellipsometry is an optical technique that measures the change in the polarization state of
light upon reflection or transmission from a sample. We use ellipsometry in a reflection
setup to identify the thickness of fabricated thin layers. A typical setup consists of a light
source, the light from the sources passes through a polarization state generator (PSG)
and reaches the sample. Then, the light which is reflected from the sample goes through
a polarization state detector (PSD) and reaches a detector. PSG and PSD are a set
of polarizers, retarders or photoelectric modulators which change the polarization state
of the light. The resulting electromagnetic wave is decomposed into s­ and p­polarized
components and the complex relative amplitude attenuation is given by [43]:

ρ =
rs

rp
= tanψei∆ (3.1)

where rs and rp are the complex amplitudes of s and p components respectively, tanψ is
relative amplitude attenuation, ∆ is a relative phase change.

The tanψ and ∆ are measured for several angles of incidence and fitted to a theoretical
model to find the optical constants and thicknesses of the thin layers. As such, ellip­
sometry is an indirect technique to measure the thickness, however, combined with the
appropriate model of the structure and well­understood nature of the light reflection from
surfaces, it gives quite precise results [44].

3.1.2 Profilometry
Profilometry is an experimental technique that uses a diamond stylus to obtain topograph­
ical data of the sample’s surface. To obtain the data, a stylus is lowered in contact with a
sample surface and the contact force during the scanning is kept constant. We use this
technique to measure the thickness of layers for which not enough light is collected in
ellipsometry or to check the etch depth during the fabrication of TEM membranes. The
thickness of the layers is measured by measuring the step between the area with and
without the layer of interest. We use Dektak 150 surface profiler with a large vertical
range of up to 1 mm and a resolution of not less than 16 nm.
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3.2 Electron microscopy
Electron microscopy is a technique that uses the interaction of electrons with matter to
obtain high­resolution images of a sample. The high resolution of electron microscopy
stems from the significantly smaller wavelength of an electron in comparison to the optical
microscopy, at an acceleration voltage of 300 kV the electron wavelength is around 1 pm.
This, however, comes with a disadvantage of high vacuum requirement to ensure low
interaction with air molecules and possible material degradation due to beam­induced
damage of the sample [45].

Electron microscopy benefits from various signals generated from the interaction of the
swift electrons with a sample which are illustrated in Figure 3.1. For the thin samples of a
few hundred nanometers thickness, we can detect the electrons which pass through the
sample, the transmitted electron beam which undergoes no scattering events, and elasti­
cally and inelastically scattered electrons. Elastically scattered electrons can change their
direction, but do not lose their energy, while inelastic scattering involves both changes in
direction and energy. These electrons are used to obtain transmission (TEM) or scan­
ning transmission electron microscopy (STEM) images of the sample. In the former case,
the image is a projection of an electron beam onto the sample, while the latter technique
utilizes tightly focused electron beams to perform raster scanning of the sample. The
spectroscopic data of these electrons can also be utilized in electron energy­loss spec­
troscopy (EELS) to obtain a spectroscopic response of the sample, i.e. the dependence
of the energy loss and electron count. It should be noted that for sufficiently thick samples,
these signals cannot be detected since the electrons lose all their energy in the bulk of
the sample.

Transmitted
beam

Inelastically scattered
electrons

Elastically scattered
electrons

Incident electron
beamBackscattered

electrons
Secondary
electrons

X­rays Light

Auger electrons
Plasmons and phonons

Dielectric modes

Figure 3.1: Interaction of an incident electron beam with a thin sample. The interaction of
the incident beam with a thin sample results in the transmitted, backscattered, elastically
and inelastically scattered electrons. The inelastic scattering can result in multiple relax­
ation processes: excitation of plasmons, phonons, dielectric modes, generation of elec­
tromagnetic radiation (X­rays, UV and visible light), secondary and Auger electrons. The
respective signals for three electron spectroscopy techniques used in the thesis: elasti­
cally and inelastically scattered electrons for EELS, UV and visible radiation for CL, X­rays
for EDX.
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Some elastically scattered electrons can undergo a reflection from the sample and result
in the backscattered electrons, while the inelastic scattering of electrons transfers some
energy to the sample and this can result in multiple kinds of relaxation processes: sec­
ondary electrons, Auger electrons, electromagnetic radiation (X­rays, visible or UV light),
excitation of dielectric resonances, plasmon and phonon generation. The backscattered,
secondary and Auger electrons are used in scanning electron microscopy (SEM) to obtain
high­resolution images of the sample. The main difference between the secondary and
Auger electrons is that the secondary electrons are generated by the process of knocking
out the electrons from their shell positions by incident electrons, while Auger electrons are
the results of the atom relaxation processes after the generation of secondary electrons.
Depending on the energy of the generated secondary electron, there can bemultiple relax­
ation processes where the electron in the higher energy shell relaxes to the lower energy
shell producing the excess energy. This excess energy can result in the generation of
Auger electrons or electromagnetic radiation which characterizes the shell transitions in
the atom.

It should also be noted that electromagnetic radiation can be generated via transition [46]
or Cherenkov radiation [47]. Transition radiation is electromagnetic radiation when a
charged particle passes an inhomogeneousmedium, and Cherenkov radiation is radiation
when a charged particle travels through a dielectric medium at a speed greater than the
phase velocity. These combined radiation processes due to atom relaxation, Cherenkov
and transition radiation, can lie in different wavelength ranges: X­rays, UV or visible light.
The X­rays can be detected via energy­dispersive X­ray spectroscopy (EDX), and visible
or UV light in cathodoluminescence spectroscopy (CL).

Excitation of plasmons, phonons or dielectric modes by the electron beam can be mea­
sured via the scattered electrons using EELS. CL can also be used for this purpose if
the modes can emit the electromagnetic radiation in the UV or visible range, or via some
outcoupling mechanism for the plasmon modes to emit this radiation.

In the current thesis, three electron spectroscopic techniques are used for sample char­
acterization: EELS, EDX and CL with a particular focus on EELS characterization. These
techniques are considered in the next respective sections.

3.3 Electron energy­loss spectroscopy
EELS is an experimental technique that measures the loss of kinetic energy of the elec­
tron beam which traverses a thin sample. The typical EELS spectrum consists of a
high­intensity zero­loss peak that incorporates transmitted and elastically scattered elec­
trons, a low­loss and core­loss regions. The low­loss region lies at energies up to a
few tens of electronvolts containing peaks due to excitation of phonons [48, 49], plas­
mons [50, 51, 52], dielectric modes [53, 54] and slow secondary electrons [55, 56] where
the latter is generated through the process of knocking out loosely bound conduction and
valence band secondary electrons. The core­loss region lies at a few hundred electron­
volts energies containing the peaks due to excitation of the fast secondary electrons char­
acterizing the inner shell transitions of the element. In our work, we probe the low­loss
energy range of different plasmonic and dielectric structures to characterize their optical
modes.

A typical low­loss EELS spectrum from a dielectric nanostructure is presented in Fig­
ure 3.2. We probe a silicon nanocylinder located on a silicon nitride membrane. The
highest intensity feature is a zero­loss (ZL) peak. It has a finite width which characterizes
the energy resolution of the experimental setup. A signal of interest is typically hundreds
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of times smaller, and for this particular example lies in the energy range between 1 and
3 eV. Multiple peaks can be observed in this spectral range which are the results of excita­
tion of the characteristic Mie modes of this particular nanostructure. It should be noted that
the low energy phonon modes (10­100 meV) are not visible due to the limited resolution
of our EELS setup.
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Figure 3.2: Typical low­loss EELS spectrum. The spectrum is taken from a cylindrical
silicon nanoparticle with r = 158 nm and h = 200 nm on a 200 nm silicon oxide membrane.
The spectrum is integrated in the square region indicated on the STEM image inset. The
side view of the structure is demonstrated in the schematic inset.

3.3.1 Experimental details
We perform EELS in a monochromated and aberration­corrected FEI Titan operated in
STEMmode at an acceleration voltage of 300 kV. The high acceleration voltage allows the
electron beam to penetrate the samples up to approximately 1000 nm [57]. This thickness
is further limited by multiple scattering events, which in the case of metal structures can be
as small as around 150 nm to avoid multiple plasmon scattering [57]. The final applicable
thickness changes from the particular sample composition and geometry, and microscope
operating conditions, such as acceleration voltage or collection angle.

A typical STEM EELS system schematic is presented in Figure 3.3. The system consists
of an electron gun, which is a field emission gun emitting electrons with an energy spread
of around 0.4 eV (as measured by the full­width at half­maximum of the zero­loss peak).
The gun is directly followed by a monochromator, which further improves the energy res­
olution. The monochromator system in our FEI Titan is a double Wien filter [58] and can
provide an energy resolution up to 0.08 eV. The double Wien filter disperses the energy of
the electron beam, and the aperture selects the electrons with a particular energy. Then,
the electrons are projected onto a thin sample by a set of condenser and objective lenses.
The beam is raster­scanned by a set of deflection coils. Projective lenses focus the elec­
trons that are scattered at high angles onto an annular detector to form a STEM image of
a sample, while the electron scattered at low angles are projected onto a dispersive prism.
The dispersive prism is a magnetic prism that disperses and focuses the interacted beam
onto a CCD detector to obtain an EELS spectrum.
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Figure 3.3: Schematic of a STEM EELS system.
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The spatial resolution is typically limited by the aberrations present in the electron beam.
The condenser and objective stigmators assist in improving the spatial resolution. The
stigmators are quadrupole lenses that typically correct the astigmatism of the system due
to imperfections in the other lenses. In FEI Titan, there are multiple condenser stigmators
that also correct for spherical aberrations and can provide the spatial resolution ∼0.5 nm
with an excited monochromator.

3.3.2 Experimental data post­processing: Zero­loss
To improve the signal to noise ratio and highlight the resonances in optical nanostructures
obtained with our system, we employ several manipulations steps with a low­loss EELS
spectrum:

1. Zero­loss centring
2. Zero­loss normalization
3. Zero­loss deconvolution

Zero­loss centring is a procedure of shifting all EELS spectra for different beam scan
positions in energy to centre at the signal maximum and shifting this maximum to 0 eV
which is in case of the low loss spectrum is zero loss. This is required to correct for the
energy drift during the EELS acquisition, which can be unpredictable drifts due to energy
changes in the beam of electrons or predictable drifts such as drifts appearing during the
scanning with the electron probe. For our setup, the main contributor to the drift is the
latter which is typical for the microscopes without double deflection coils. This energy drift
is the result of the change in the entrance angle into the EELS spectrometer as the beam

(a) Simulation

(b) Experiment, no ZL normalization

(c) Experiment, with ZL normalization

MD ED MQ EQ MH

Figure 3.4: EELS maps of different Mie modes for a silicon nanosphere with radius r =
80 nm on top of a 40 nm silicon nitride membrane. (a) COMSOL simulation of EELS
maps. (b) Experimental EELS maps without zero­loss normalization. (c) Experimental
EELS maps with zero­loss normalization.
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scans the sample [59]. The typical value of the energy drift for the 250 by 250 nm scan
is a 1.5 eV energy difference in the zero­loss maximum position between the opposite
spatial edge points of the EELS map. We align the zero­loss peak using python hyperspy
implementation which performs the alignment with subpixel energy resolution.

Zero­loss normalization is the process of normalizing the zero loss to the same maximum
for all spatial points in the EELS map. It is typically required to account for the thickness
dependence of the EELS signal. First, we show the simulated EELS maps for a typical
silicon nanosphere in Figure 3.4(a) (For simulation method, check Section 3.3.4). Then,
we plot zero­loss centred experimental EELS maps in Figure 3.4(b) and compare it with
the simulation. It can be seen that the simulation does not account for the thickness
dependence of the EELS signal and holds only the probabilistic nature of exciting the Mie
modes in the silicon nanoparticle. We perform zero­loss normalization in Figure 3.4(c)
to remove the thickness dependence and observe a close match between the simulation
and experiment.

Zero­loss deconvolution is the process of reduction in the energy blurring/spreading of
the resulting spectrum affected by the limited resolution of the system, i.e. limitations
and fluctuations in the EELS system. The following equations show how the true data is
affected by the response of the EELS system [60]:

I(i) =
∑

j

P (i− j)O(j) (3.2)

Figure 3.5: Zero­loss deconvolution. ZL centered and normalized EELS data: raw data
(orange), RL deconvoluted with two different PSF inputs, reflected tail method (red) and
the zero­loss obtained in vaccum (green).

3.3. ELECTRON ENERGY­LOSS SPECTROSCOPY 11



where I(i) is the experimentally obtained EELS spectrum, P (i − j) is the point spread
function (PSF) of the EELS setup which describes how the point representing specific
energy spreads over multiple channels of the CCD detector, O(j) is the original unblurred
spectrum.

Richardson­Lucy (RL) deconvolution approach can be used to deconvolute the response
of the system and significantly sharpen the features of interest. We show the results of
this approach in Figure 3.5. We compare the raw ZL centred and normalized data with its
deconvolutions using two types of input as the PSF. We fix the deconvolution threshold
parameter for both cases at 0.01 [61]. First, we use the reflected tail approach [62, 63]
where the ZL function is generated as the mirror to the negative range of the actual EELS
measured data in each spatial point, then this artificially generated signal is fitted with
a combination of Lorentzian and Gaussian functions in each spatial point of the EELS
measurement and used as the PSF to deconvolute with the actual EELS signal at the
same spatial positions. We see that a significant part of the original ZL is still present in the
reflected tail approach. Then, we show a second approach where the ZL peak measured
in vacuum [64], i.e. with the sample removed from the path of the electron beam in the
STEM EELS system, is used as a PSF for the deconvolution process. We can see a
significant improvement in the resulting spectrum using this approach. In conclusion, it
can be stated that the use of the ZLmeasured in a vacuum is amore precise and physically
correct approach to approach the deconvolution process. The reflected tail approach can
be used for symmetric ZL peaks response, which in the general case is not true for the
EELS system due to asymmetries present in the original zero­loss or PSF of the system.

3.3.3 Experimental data post­processing: Spectra and maps
We perform further post­processing for the EELS spectra and maps. For the EELS spec­
tra, we typically integrate the signal around some locations of the structure to increase the
signal­to­noise ratio (Figure 3.2). The typical integration regions used throughout the the­
sis are square, circle and annulus. An example with circle and annulus­shaped integration
regions can be found in Figure 4.3. The integration is followed by spectra smoothing with
a Gaussian function (σ = 0.03 eV).

The EELS maps are obtained by summing the deconvoluted EELS data in a spectral
window of 0.02 eV width centred at the resonance energies. To improve the signal­to­
noise ratio, the maps are spatially binned, reducing the effective number of pixels by a
factor of 2 in each row and column, i.e., a factor of 4 in total. Afterwards, a Gaussian
filter with σ = 0.8 pixels is applied to smooth the image. For spherical geometries, we
perform integration of the maps along an azimuth angle at the coordinates located at the
same distance from the centre of the geometry. Figure 3.6 shows typical changes in the
EELS maps after each step of the process. The result of the post­processing can be
directly compared with the simulation in Figure 3.4(a). It demonstrates that with each
step, we achieve closer correspondence of the experimental data with the simulation as
a consequence of the improved signal­to­noise ratio.

3.3.4 Numerical simulation
We express the energy loss as the mean energy dissipation within a volume V [65]:

WEELS(ω) = −
1

2

∫

V

Re [j∗(r, ω) · E(r, ω)] dV (3.3)

where j(r, ω) and E(r, ω) is the current density and electric field in frequency domain.
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(a) Maps for 0.02 eV spectral width, after zero-loss post-processing 

(b) Maps after binning

(c) Maps after smoothing

(d) Maps after azimuthal integration

MD ED MQ EQ MH

Figure 3.6: Post­processing of EELS maps.

In the case of an electron beam that propagates along z­direction and generates an in­
duced electric field by dielectric or plasmonic structure on itself, we can simplify the energy
loss to one­dimensional integral:

WEELS(ω) =
1

2

∫

z

Re
[

j∗(re, z, ω) · Eind(re, z, ω)
]

dz. (3.4)

Where j(re, z, ω) = −eẑδ(r−re)eiωz/v is the frequency domain representation of the current
density of an electron moving at a speed v along the z­direction, and re = (xe, ye) is the
in­plane position of the electron beam.

We solve the Maxwell’s equations in COMSOL Multiphysics using edge current boundary
condition for the electron beam and obtain the induced field as the difference between the
electric fields with and without the structure Eind

e (re, z, ω) = Eair
e (re, z, ω)− Estr

e (re, z, ω)

The energy­loss WEELS is directly related to the energy­loss probability ΓEELS [40] where
the electron beam is considered as a charged particle moving in time and the loss proba­
bility is expressed as a force exerted by the induced electric field onto the electron. Both
approaches are reduced to calculating the induced electric field along the electron trajec­
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tory.

3.4 Energy­dispersive X­ray spectroscopy
We perform energy­dispersive X­ray spectroscopy (EDX) characterization in the same
FEI Titan system as the EELS characterization. To increase the EDX signal, we do not
excite the monochromator which leads to higher electron currents. The X­rays produced
by the interaction of the electron beam with a sample are collected by an X­ray detector
located above the sample.

The collected X­rays characterize the inner shell transitions inside the sample, allowing
to perform elemental analysis of the sample based on well­known and unique inner shell
transitions for different chemical elements. A typical EDX spectrum is presented in Fig­
ure 3.7. We measure the EDX spectrum from a silicon nanoparticle on top of a silicon
nitride membrane. Using the tabulated values of characteristic energy transitions of N,
O, Si, P elements we assign the peaks to the corresponding elements and identify the
chemical composition of the sample.
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Figure 3.7: Typical EDX spectrum from a silicon nanoparticle on top of a silicon nitride
membrane. The inset is a STEM image of the nanoparticle, where the green circular
region represents the integration region for the EDX signal.

3.5 Cathodoluminescence spectroscopy
We perform CL characterization in a Tescan Mira3 scanning­electron microscope (SEM)
operated at an acceleration voltage up to 30 kV. A typical schematic of an SEM CL system
is presented in Figure 3.8. The system features a Schottky emitter as an electron source,
which is a field­assisted thermionic source of electrons. The electron beam is projected
onto a thin sample by a set of condenser and objective lenses and raster­scanned by a
set of deflection coils. The interaction of the electron beam with the sample results in
the emission of multiple signals. In particular, an SEM image is formed by collecting the
secondary electrons, while the CL signal is focused by an ellipsoidal mirror onto a CL
detector to obtain a spectroscopic response of a sample.
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Figure 3.8: Schematic of a SEM CL system.

The spatial resolution in the SEM system is typically limited by the size of the electron
spot, which in turn depends on the acceleration voltage and the electro­optical system
that produces the scanning beam, and further electron spreading in the material, the in­
teraction volume of the electrons. For the typical 30 kV scanning voltage, the electron
wavelength is very small in comparison to the effects of the electro­optical system. The
typical spot size is ∼ 8 nm for the beam currents of 1.7 nA.

The electron spreading in the material is material and voltage dependant and at 30 kV
voltage does not have a significant effect. Figure 3.9 shows a Monte­Carlo simulation
of the beam scattering events inside the 150 nm silicon on a 30 nm silicon nitride two­
layer system. It can be seen that the interaction volume of the electrons with the sample
does not spread significantly in comparison to the entrance beam size. For the SEM
images where SE are detected, the SE which reach the detector are typically in the first
100 nm sample thickness, so the effect of spreading is even less significant. However,
the CL signal typically escapes the structure from the depth of several micrometres, so
the spatial resolution should be less than for SEM imaging and should be affected by the
whole interaction volume.
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Figure 3.9: Monte­Carlo simulation of electron trajectory in 150 nm silicon ­ 30 nm sili­
con nitride two­layer system. The acceleration voltage is 30 kV. The electron spread is
simulated in the Monte Carlo program CASINO [66].
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4 Meta­atoms
This chapter is dedicated to the elemental building blocks of the reconfigurable optical
systems: the meta­atoms. We consider different optical nanostructures based on two
main groups of optical materials, high­refractive­index materials and metals.

We consider nanoparticles based on two high­refractive­indexmaterials, silicon and boron
phosphide. In the case of silicon nanoparticles, we characterize their EELS response to
identify andmap their Mie resonances and employ them in a combination with a 10 nm thin
gold layer to launch and scatter surface plasmon polaritons. Moreover, we perform their
CL characterization and show resonant interference effects from the transition radiation
coming as a result of comparatively low acceleration voltages.

Then, we investigate the nanoparticles based on the BP material, a material that has the
potential to be utilized in UV nanophotonic devices. Using EELS we demonstrate that
BP nanoparticles with a random shape support the UV Mie resonances. We suggest an
approach to obtain nanoparticles with a more defined spherical shape and perform its
experimental validation.

The next two sections deal with two metal meta­atoms, namely gold nanodimers and
nickel nanospheres. We utilize both structures to achieve the hybridization between two
localized surface plasmons in the case of gold and hybridization between a localized sur­
face plasmon and interband transition in the case of nickel. For the gold nanostructures,
we propose a way to fine­tune the resonances via utilizing a thin silver shell, while for the
nickel nanostructures we show the hybridization between localised surface plasmon of
different multipoles orders and the interband transitions.

4.1 Silicon nanoparticles
The work presented in this section is based on Paper A and B.

4.1.1 Introduction
Dielectric meta­atoms have high refractive index and low absorption, and support multiple
possible optical resonances such as Mie resonances [36, 67], Fano resonances [68, 69],
bound states in the continuum [70]. They have been utilized in various applications such
as dielectric nanoantennas [6, 71, 72, 73], resonant nonlinear optics [74, 75, 76] and
metasurfaces [77, 78, 79, 80]. In this section, we consider the Mie resonant nanoparticles
which have both strong magnetic and electric response and can support modes in the
broad wavelength range based on silicon material.

The Mie resonant silicon nanoparticles have been studied by several optical techniques
with light excitation [35, 36], as well as an optical technique with electron excitation,
cathodoluminescence [37], and only recently, there have been reports on their EELS re­
sponse in Ref. [38, 39] and our work in Paper A. Ref. [38, 39] deal with disk, triangular or
rectangular geometries while we consider the response of silicon nanospheres which are
symmetrical in all three dimensions providing the most simple, yet representative, picture
of dielectric Mie modes. Using the near­field nature of EELS, we experimentally map and
differentiate between spectrally close Mie resonances of silicon nanospheres, as well as
track their resonance energy ­ particle size dependence in a broad spectral range.
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4.1.2 Fabrication
We can separate the fabrication of the samples for characterization of silicon nanopar­
ticles properties into three main steps: fabrication of the TEM membranes, fabrication
of the silicon nanoparticles and deposition of the nanoparticles on the TEM membranes.
The samples which are used to characterize launching and scattering of SPPs with sil­
icon nanoparticles have an additional step of gold deposition which is mentioned in the
fabrication of TEM membranes.

TEM membranes. We deposit a low­stress silicon­rich nitride layer on top of an n­type
(phosphor) ⟨100⟩ double­side polished silicon wafer (350 μm thickness) by low­pressure
chemical vapour deposition (LPCVD). The resulting thickness determined by ellipsometry
is around 33 nm, with a 1 nm native silicon oxide below the nitride. Using UV lithography,
we create a photoresist pattern for the membrane windows on one side of the wafer.
Afterwards, we dry etch the silicon nitride using the lithographic pattern. The dry etching is
followed by a photoresist strip, wet KOH etching of the silicon, and water:HCl 4:1 cleaning.
The water:HCl etching is required to remove the iron oxide particles depositing onto the
surface of the sample during KOH etching [81].

For the samples with a thin metal layer, this is followed by a step of gold layer deposition.
The wafers are submerged into a solution of 95% isopropanol, 2.5% water and 2.5%
APTMS for 3 hours to achieve a 1 nm APTMS layer, followed by two steps of isopropanol­
water rinsing. Sputter deposition is used to produce a 10 nm thick gold layer. Both AFM
and ellipsometry confirm the thickness of the gold layer to be 9­10 nm. The root mean
squared roughness of the gold surface as measured by AFM is around 1.5 nm. The
method produces high­quality metal films with negligible influence on the APTMS layer
on the SPP propagation [82].

Afterwards, we cover the wafer with a protective layer of a photoresist. In the case of
the samples with silicon nanoparticles only, we introduce grooves along the lattice planes
with a high power laser and manually break the wafer into smaller TEM chips. For the
samples with a thin metal film, we perform saw dicing through the whole wafer. The laser
cutting is not performed on the gold samples due to damage introduced to the thin gold
layer by the procedure.

The detailed process flow for both samples types can be found in Table A.1.

Fabrication of silicon nanoparticles. The crystalline silicon nanoparticles of spherical
shape are produced by thermal annealing of silicon suboxide (SiOx) and extraction into
methanol by our collaborators, the procedure is described in Ref. [73].

Deposition of silicon nanoparticles. We remove the protective photoresist and clean
the TEM membranes in acetone followed by isopropanol solutions for 10 minutes in both
steps. Then, we ash the chips without the gold layer in oxygen plasma for 5 minutes.
The samples with a thin gold layer are not ashed since the process introduces damage
to the gold layer. The methanol solution with nanoparticles in a vial is submerged into
an ultrasound bath for 5 minutes to disperse the particles. We drop cast 10 µL solution
of silicon nanoparticles in methanol onto the membranes. After 1 minute wait time, this
can be followed by an optional step of ethanol rinsing to reduce the concentration of the
particles on the sample surface. However, we do not perform this step since the result­
ing concentration of the nanoparticles is satisfactory in our STEM measurements. The
membrane is nitrogen dried at the end of the process.
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4.1.3 Size analysis of silicon nanoparticles
In the STEM­EELS experiment, we determine the radii of the silicon nanoparticles us­
ing their STEM images. First, we consider processing performed for a particle without
a gold film in Figure 4.1(a). We use image processing operations implemented in the
Python scikit­image library. Initially, we manually determine the approximate particle ra­
dius, expected radius rexp. For the samples without the gold layer, a Canny filter with
σ = 3 pixels is applied to find the particle edges (Figure 4.1(b)). Then, we remove the
false edge pixels by a combination of two morphological operations, diameter 0.7rexp and
area 1.4πrexp opening, which remove small edge boundaries (Figure 4.1(c)). We use the
Hough circle transform on the edge map to find the best fit for the radius and particle cen­
tre (Figure 4.1(d)). The Hough circle transform is performed by positioning a circle with a
particular radius on each pixel of the edge map, and calculating how many circles with a
particular radius intersect at some point, usually a centre point of the resulting fitted circle.
The radii which are analyzed in this process lie in the provided radii range rexp ± rrange.
We demonstrate the obtained best fit result overlayed on top of a STEM image in Fig­
ure 4.1(e) where the radius of the particle is determined to be 93 nm. Then, we use the
number of intersections­radius dependence from the circle Hough transform to determine
the uncertainty in the radius determination (Figure 4.1(f)). We fit the dependence with a
bimodal distribution of 2 Gaussians. The uncertainty is taken as the standard deviation
of the smaller Gaussian or the width of the edges determined with Canny filtering (1 pixel
wide edges are the image resolution) if the edge width is larger than the standard devia­
tion. In the example provided in Figure 4.1(f), we get the final uncertainty in the particle
radius of 3.29 nm.

Then, we enlarge the edge map (Figure 4.1(c)) by 2 pixels in width and perform the cir­
cle Hough transform and Gaussians fitting again. This results in the new best­fit circle
parameters and the uncertainty. If the uncertainty is smaller than the previous value and
not larger than the image resolution of 3 pixels, it is taken as a new true value, otherwise,
the previous values are preserved. This procedure is repeated multiple times resulting in
edges that are increased by 2 pixels every step. For the particular example in Figure 4.1,
we perform two enlargement operations and the result is shown in 4.1(g­h) with a final
particle radius r = 90± 2 nm. Qualitatively, if we compare Figure 4.1 (e) and (g), we can
see a clear improvement in the quality of the fit.

The samples with the gold layer follow a similar procedure with some modifications. In the
beginning, we predetermine the particle edges with a σ = 20 pixels Canny edge detector.
Knowing that the particle is located approximately in the centre of the image (particle
centre coordinates cx and cy are in the centre of the image), all the edges after 2rexp are
removed. We fit the resulting edge map using the Hough circle transform resulting in the
intermediate radius rint, and intermediate particle center coordinates cxi and cyi. Then,
we find the particle edges with σ = 10 pixels Canny edge detector. Assuming the particle
center is located at cxi and cyi, all edges before 0.8rint and after 1.3rint are removed,
followed by a diameter 0.1rexp opening. Finally, the Hough circle transform is applied on
the last edge map to find the best fit for the radius and particle centre. The procedure of
predetermining the particle edges is required to decrease computational cost since the
gold film produces multiple false edges. We can decrease the number of false edges by
using a Canny filter with a comparatively strong smoothing to define a rough location of
the particle and use this rough location with a weaker smoothing to remove excessive
false edges. The determination of the particle size uncertainty and the final best fit to the
circle follows the same procedure as for the samples without the gold layer.

In the SEM­CL experiment, we determine the particle size following the same procedure
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Figure 4.1: Size analysis of silicon nanoparticles. (a) STEM image of a silicon nanopar­
ticle. (b) Edges after Canny filtering. (c) Edges after diameter and area opening. (d)
Best fit from Hough transform. (e) STEM image of the nanoparticle with the best fit which
shows the radius of r = 93 nm. (f) Result of the Hough transform, number of intersecting
points as a function of the particle radius. The dependence is fitted with a distribution
of two Gaussians with σ1 = 3.29 nm and σ2 = 17.19 nm. The width of the edges after
Canny filtering is 0.28 nm (1 pixel). (g) STEM image of the nanoparticle with the best fit
after two edge enlargement procedures which shows the radius of r = 90 nm. (h) Result
of the Hough transform, number of intersecting points as a function of the particle radius,
after two edge enlargement procedures. The dependence is fitted with a distribution of
two Gaussians with σ1 = 2.04 nm and σ2 = 12.92 nm. The width of the edges is 1.42 nm
(5 pixels).

as for the silicon on gold STEM­EELS case with the σ = 30 pixels Canny pre­processing
filter and the final σ = 5 pixels Canny filter. The uncertainty is taken as the width of the
electron beam in the experiments (8 nm at 30 kV).
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4.1.4 EELS response of silicon nanoparticles
The schematic of the EELS measurements of a silicon nanoparticle is presented in Fig­
ure 4.2(a). The system consists of a silicon nanoparticle of a variable radius r on top of a
silicon nitride membrane with a 30 nm fixed thickness and an electron beam which allows
us to probe the EELS response of a particle. The electron beam can be moved around
the particle resulting in the impact parameter b change. Figure 4.2(b) shows a typical
EELS response from a silicon nanoparticle with r = 54.6± 1.1 nm obtained by positioning
the electron beam outside the particle. In the theoretical spectrum, the electron beam is
positioned at a precise location b = 75 nm, while the experiments involve the summation
of the EELS signal in the b = 74.6 ± 10 nm range to increase the signal­to­noise­ratio of
the resulting spectrum. The outside location of the electron beam allows us to have a
direct comparison with the analytical theory for the EELS probability of a swift electron in
the external vicinity of a vacuum­embedded dielectric sphere [83] (theoretical spectrum)
which exists only outside the particle. As can be seen from Figure 4.2(b) we observe two
clear peaks in the spectrum. Using the analytical solution, we identify them as the two
lowest Mie modes of the nanoparticle, 2.54 eV magnetic and 2.97 eV electric dipoles. Ex­
perimental and theoretical resonance energies are in quantitative agreement, while the
experimental peaks are broadened by the EELS setup. This can be accounted for by
convolution of the theoretical spectrum with a Lorentzian function (area curve) [84].

We extend the considered electron beam positions including the electron beam inside the
particle by using the simulation method discussed in Section 3.3.4. Figure 4.3(a) and (b)
shows typical simulated and experimental spectra from a larger silicon nanoparticle which
supports more Mie modes with r = 90 ± 2.0 nm. The STEM image of the investigated
structure is presented in Figure 4.3(c) which identifies the experimental integration regions
and simulated points for the EELS spectra. The depicted EELS spectra are obtained by
integrating the deconvoluted EELS data around the experimental impact parameter bexp.
For the disk­shaped integration regions, the experimental impact parameter denotes the

(a)

(b)
(c)

Figure 4.2: EELS measurements of Mie resonances in silicon nanoparticles. (a)
Schematic of a silicon nanoparticle of radius r placed on a silicon nitride membrane and
excited by an electron beam. The impact parameter b denotes the distance between the
electron beam and the centre of the nanoparticle. (b) Experimental (top) and theoretical
(bottom) EELS spectra of a silicon nanoparticle with radius r = 54.6 ± 1.1 nm, acquired
from the electron beam positions shown in (c). The area curve represents a convolution
with a Lorentzian function. (c) STEM image of the nanoparticle, where the purple re­
gion represents the integration region for the experimental spectrum, and the green point
depicts the location of the electron beam in the simulation. Adapted from paper A.
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centre of the disk. For the annulus­shaped regions, the experimental impact parameter
denotes the mean of the inner and outer radii.

Using the localized nature of the electron beamwhich quantifies the efficiency of mode ex­
citation depending on its position [51], we distinguish between spectrally close ED andMQ
resonances, as well as EQ and MH resonances. From the EELS simulation (Figure 4.3a),
we find that the EDmode is efficiently excited by positioning the electron beam outside the
nanoparticle (b = 145 nm)), while the MQ mode dominates for impact parameters inside
the nanoparticle (b = 60 nm). In the case of EQ and MH modes, EQ is dominant in the
particle centre (b = 0 nm) and MH inside the particle approximately halfway to the parti­
cle edge (b = 60 nm). This change in excitation efficiency shifts the experimental EELS
peak, enabling us to identify multiple resonance energies from each silicon nanoparticle
(Figure 4.3b). In contrary to the identification of spectrally­close plasmonic modes which
are strongly excited near the particle surface [84] and, hence, don’t have a pronounced
spatial dependence, Mie resonances localize light both inside and outside the nanoparti­
cle. This allows us to harness the spatial dependence of the electron beam to identify the
resonance energies of Mie modes while distinguishing neighbouring plasmonic modes
with EELS usually requires the highest energy resolution [61].

We map the first five Mie modes both numerically and experimentally (Figure 4.3d­h).
Using the near­perfect spherical shape, we perform azimuthal averaging of the resulting
EELS maps (Section 3.3.3). The MD mode (Figure 4.3d) has a doughnut­like field pro­
file with a maximum intensity of approximately two­thirds inside the nanoparticle and a
complete minimum at the centre. This demonstrated that the MD mode cannot be excited
when the electron beam is positioned in the particle centre. The MQ mode (Figure 4.3f)
shows a similar intensity map with a stronger localization to the nanoparticle and a weaker
minimum in the centre. In contrast, the ED mode (Figure 4.3e) shows a weak peak in the
centre and maximum inside the particle near its surface. Compared to the MQ mode, the
EDmode extends further outside the particle, which we exploited to distinguish their spec­
trally close resonance energies. The higher­order EQ and MHmodes (Figure 4.3g,h) both
have a maximum in the particle centre and a small peak two­thirds inside the nanoparticle.
The MHmode shows a stronger peak than the EQmode and we use this difference to find
their resonance energies in the experimental data. We note that the EELS maps of neigh­
bouring Mie modes are influenced by the broad nature of the Mie resonances, and, for the
experimental maps, also by the energy resolution of the EELS setup. The resolution of
the EELS setup can be accounted for by plotting the simulated EELS maps of Lorentzian
smoothed EELS spectra (area curves in 4.3(a)) in Figure 4.3(d­h)(bottom). We find rea­
sonable agreement between experimental and simulated EELS maps, which shows that
EELS can be successfully applied to detect the rich field profiles of Mie resonances.

As an outcome of both positioned­dependant EELS spectra plotting and mapping, we
specify the spatial regions which are used for the identification of mode resonance en­
ergies in Table 4.1. The table shows the ranges of electron beam impact parameters
that are used to integrate the experimental EELS signal. The resonance energies of Mie
modes are identified from the resulting spectrum.
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Figure 4.3: EELS mapping of Mie resonances. (a) Simulated EELS spectra of a silicon
nanoparticle with radius r = 90 nm at different impact parameters b. The area curves de­
pict the simulated spectra convoluted with a Lorentzian function. (b) Experimental EELS
spectra for a particle with radius r = 90.5±2.0 nm acquired from the regions shown in (c).
(c) STEM image of the nanoparticle, where the coloured areas represent the integration
regions for the experimental EELS signal, and the coloured points are the position of the
electron beam in the simulation. (d­h) Simulation (top), experiment (middle), simulation
convoluted with a Lorentzian function (bottom) of EELS intensity maps of the first five Mie
modes. The EELS maps are individually normalized. Adapted from paper A.

Table 4.1: Spatial ranges for Mie mode identification with EELS.

Mode Impact parameter range

MD [0r, 0.8r]
ED [1.3r, 2r]
MQ [0.4r, 0.8r]
EQ [0r, 0.4r]
MH [0.55r, 0.75r]
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Figure 4.4: EELS measurements of Mie resonances in silicon nanoparticles. Measured
resonance energies as a function of particle radius for the first five Mie resonances in
silicon nanoparticles. The colour plot shows the EELS simulation for an impact parameter
b = r + 20 nm and the dashed curves indicate the theoretical Mie resonance energies.
Adapted from paper A.

Using these experimental results and analytical Mie theory [83], we measure the Mie
resonance energies of silicon nanoparticles over a broad size range from 40 nm to 100 nm
(Figure 4.4). The coloured points show the experimentally measured resonance energies
of the first five Mie resonances. The colour plot depicts the calculated EELS probability
using the same analytical theory as in Figure 4.2(b), while the dashed curves show the
first maxima of the different Mie scattering coefficients, which indicate the position of the
resonance energies. We find excellent quantitative agreement between experiment and
theory across the wide span of particle sizes, even though the theory does not account
for the presence of a thin substrate. The strong match evidences that the silicon nitride
membrane has negligible influence on the Mie resonances, which is in agreement with
earlier theoretical studies on the influence of substrates on Mie resonances [85, 86]. In
addition, we highlight that the tightly confined electromagnetic field of the electron beam
couples stronger to higher­order Mie resonances than the plane­wave field used in optical
measurements [87, 36], which enables us to detect them even in small particles.

4.1.5 Plasmon launching with silicon nanoparticles
We utilize the silicon nanoparticles as launchers and scatterers of surface plasmon po­
laritons (SPP) in thin metal films. SPPs supported by metal films guide and localize the
light at subwavelength scales [88] which is desirable to reduce the footprint and energy
consumption of integrated photonics devices [89, 90] as well as realizing two­dimensional
manipulation of light [91]. However, the momentum mismatch between the surface plas­
mon and incoming light does not allow a direct excitation of the SPP waves. Typically,
this is achieved by total internal reflection, such as Kretschmann or Otto prism coupling,
or diffractive effects, such as grating couplers [92]. The former approach is usually bulky
which compromise the miniaturization of the resulting device, while the latter requires pat­
terning of the metal film compromising the quality of the resulting film. This motivates the
utilization of subwavelength scatterers for SPP launching. In this approach, a significant
modal overlap between the field of the resonant nanostructure and the SPP supported
by the metal film is required to achieve efficient SPP launching. However, there has
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been little attention in the literature on improving the modal overlap to boost the plasmon
excitation efficiency where both plasmonic [93, 94] and dielectric [95, 96] resonant nanos­
tructures have been considered. Optically­thick metal films have been used to achieve
plasmon coupling, whose fields are optimized to overlap with neither plasmonic nor di­
electric nanostructures [97, 98].

Here, we experimentally show that Mie resonances supported by silicon nanoparticles
strongly hybridize with the highly­confined SPPs in 10­nm­thin gold films. The strong
hybridization between the SPPs in metal film and Mie resonances in silicon nanoparti­
cles leads to the formation of hybrid dielectric­plasmon resonances [98] where the SPPs
provide the out­of­plane confinement, while the Mie resonances provide the in­plane con­
finement of the hybrid resonances. Such hybrid resonances also occur for optically­thick
metal films, where they offer light confinement with low losses, however, they typically
have high radiation efficiency into free­space light [98, 99], hence, low excitation effi­
ciencies. In contrast, we show hybrid dielectric­plasmon resonances with strong modal
overlap between the Mie resonances of a silicon nanoparticle and the SPP supported
by optically­thin gold films which have most of the incoming light coupled into SPP rather
than the free space light. This proves a promising platform for efficient nanoscale plasmon
generation.

We place silicon nanoparticles on top of a 10 nm gold ­ 30 nm silicon nitride layers stack
(Figure 4.5(a)) to excite the hybrid resonances and launch SPPs. A thin metal film can
support two SPP modes by itself, long­range and short­range SPPs, however, the asym­
metric dielectric composition of the two layers stack turns the long­range SPP into a leaky
mode [91], and only the short­range SPP remains (Figure 4.5(b), green line). We can
directly excite the short­range SPP, i.e. using the layers stack without a nanoparticle, via
the electron beam which results in a broad peak at 1.3 eV in the EELS spectrum (Fig­
ure 4.5(c)). The broadband nature of the electron source allows the electron beam to
couple to the SPP of the films at different energies and wavenumbers resulting in large
bandwidth of the ELLS peak. The possibility to couple at multiple energies and wavenum­
bers combined with the dispersion relation of the short­range SPP defines the resulting
peak energy in the EELS spectrum [100].

A combined system which includes a silicon nanoparticle produces a narrower and red­
shifted peak (Figure 4.5(d)). This peak is due to a hybrid dielectric­plasmon mode and,
for the particle with the radius r = 54.1± 0.8 nm, lies at the energy of 1.22 eV. The peak
energy can be accounted in a dispersion relation of a three layers system consisting of an
additional layer of silicon (silicon­gold­silicon nitride) with the thickness of the nanoparticle
diameter (Figure 4.5(b), purple line). The dispersion relation is then sampled at specific
wavenumbers klm defined by the resonance condition of zero round trip phase [98], which
is given by the relation:

klmr ≈ jlm (4.1)

Where jlm denotes the m­th zero of the spherical Bessel function of order l. Physically,
the indices (l,m) correspond to the field variations in the radial and azimuthal directions,
respectively. The two lowest quantized wavenumber given by Eq. (4.1) are shown in
Figure 4.5(b) as dashed vertical lines.

We find that the resonance energy given by the lowest­order (0, 1) mode matches with
the energy of the EELS peak excited in the silicon on gold system. The field profile which
corresponds to this mode is depicted in the inset of Figure 4.5(d). We elaborate on the
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nature of the hybrid resonance in Figure 4.5(e) where we show how the fields of the
short­range SPP residing in the gold­silicon nitride films and ED Mie mode of the silicon
nanoparticle hybridize to form the hybrid resonance. The substantial spatial field overlap
of the resulting system results in an efficient excitation of the SPP mode.

The strong hybridization can also be observed in the spectral shift between the ED res­
onance of a bare silicon nanoparticle (Figure 4.2(b)) and the hybrid resonance of the
silicon of gold system. For particles with a similar size of r ≈ 54 nm, the ED resonance
of the bare particle at 2.97 eV shifts to the hybrid resonance energy at 1.22 eV. It can
be concluded that the hybrid resonance localizes the light on a smaller scale than the
lowest­order MD resonance of a silicon nanoparticle. An increase in light confinement by
a factor of λH/λMD ≈ 2 can be routinely achieved when we compare the hybrid resonance
wavelength λH and the MD resonance wavelength λMD of the same particle size. The in­
crease in the light confinement comes from the fact that the SPP confinement defines the
confinement of the hybrid resonances, while the Mie resonances arise due to the confine­
ment of light inside silicon. This shows that a substantially higher effective refractive index
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Figure 4.5: Hybrid dielectric­plasmon resonances. (a) Schematic of a silicon nanoparticle
placed on a thin layer stack consisting of 10 nm gold film on top of a 30 nm silicon nitride
membrane. The structure is probed by an electron beam penetrating the centre of the
nanoparticle (b = 0 nm). (b) Dispersion relation of the short­range SPP supported by
the gold­silicon nitride stack (green line) as well as the silicon­gold­silicon nitride stack
(purple). In the latter, the silicon thickness is 110 nm, corresponding to the diameter
of the nanoparticle. The two lowest­order resonance conditions given by Eq. (4.1) are
depicted as vertical lines. (c,d) Experimental and simulated EELS spectra of the structure
without and with the silicon nanoparticle, respectively. The radius of the particle is r =
54.1 ± 0.8 nm. The inset in (d) shows the z component of the electric field of the (0, 1)
hybrid mode in the xy­plane at the top gold surface. (e) Cross­sectional magnetic field
profiles of the short­range SPP mode without the nanoparticle (top), the electric dipole
mode of an isolated silicon nanoparticle (middle), and the hybrid dielectric­plasmon mode
(bottom). Adapted from paper A.
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can be achieved in the hybrid system compared to purely dielectric materials, leading to
a way to shrink the dielectric scatterers below their diffraction limit.

The importance of a thin gold layer for efficient plasmon excitation is further elaborated
in Figure 4.6. We decompose the electric field generated by an electric dipole placed
above a silicon nanoparticle on top of the gold­silicon nitride layers (Figure 4.6(a)) into
free­space (FS) and SPP radiation [101]. The simulation shows that the field is coupled
to (0, 1) mode which is the same case as for the electron beam. We vary the thickness of
the gold layer and show the coupling efficiency into SPP (Figure 4.6(b)) and FS radiation
(Figure 4.6(c)). The results show the increase in SPP coupling efficiency for smaller gold
layer thickness, while the FS efficiency decreases. This fact highlights the importance of
thin gold films for efficient SPP coupling showing an increase in SPP coupling efficiency
from 1 % in the case of a 50 nm film to around 70 % in the case of a 10 nm film.

As the next step, we analyze the EELS response of silicon on gold structure when we
change the impact parameter, i.e. move the electron beam. Figure 4.7(a­c) shows that
when the beam is radially moved from the particle centre to the edge or outside locations,
the hybrid resonance energy experiences a redshift of around 50 nm. We perform Carte­
sian multipole decomposition [102] of the induced electromagnetic field and plot electric
dipole moment of the hybrid mode (Figure 4.7(f)). We observe the change in the orienta­
tion of the electric dipole as the beam moved further from the particle centre. The change
in orientation slightly shifts the resonance conditions of the hybrid mode and this results
in the redshift of the hybrid mode.

When we move further from the particle, the hybrid mode intensity drops almost com­
pletely. However, other resonances are appearing in the energy range above the hybrid
mode. These resonances are due to plasmon scattering effects and they are considered
in the next section. We also perform EELS mapping of the hybrid mode in Figure 4.7(d­e)
which, as expected, shows that the hybrid mode is localized to the particle volume and it
drops completely when the beam is far from the particle. The increase in the intensity on
the edges of the map are due to the broad modes appearing outside the particle which
are considered in the next section.

We extend the hybrid mode analysis to particles in a broad size range (Figure 4.7 (g)).

(a) (b) (c)

Figure 4.6: SPP coupling efficiency of the hybrid dielectric­plasmon mode as a function of
gold thickness. (a) Schematic of a silicon nanoparticle placed on the gold­silicon nitride
stack, which is probed by an electric dipole oriented along the z direction and located
above the centre of the nanoparticle at a 1 nm gap. (b) Efficiency of SPP and free­space
(FS) coupling of the (0, 1) hybrid dielectric­plasmon mode for increasing gold layer thick­
ness. The efficiency is taken as a ratio of the SPP or FS power to the power radiated by
the electric dipole in a vacuum. Adapted from paper A.
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Figure 4.7: Plasmon launching. (a) Simulated EELS spectra of a silicon nanoparticle (r =
75 nm) on a thin gold­silicon nitride stack at different impact parameters b. The area curves
depict the simulated spectra convoluted with a Lorentzian function. The grey dashed line
shows a change in peak energy of the hybrid mode as the beam moves. (b) Experimental
EELS spectra for a particle with radius r = 74.5 ± 2.6 nm acquired from the regions
shown in (c). (c) STEM image of the nanoparticle, where the coloured areas represent
the integration regions for the experimental EELS signal, and the coloured points are the
position of the electron beam in the simulation. (d,e) Simulated and experimental EELS
maps of the (0, 1) hybrid mode. (f) The electric dipole moment of the (0, 1) hybrid mode at
different impact parameters, which shows the change in dipole direction as the electron
beam is moved away from the centre of the particle. (g) Measured resonance energies of
the (0, 1) hybrid mode as a function of particle radius acquired by positioning the electron
beam in the nanoparticle centre. The colour plot shows the EELS simulation for an impact
parameter of b = 0 nm. Adapted from paper A.
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The results show that the (0, 1) hybrid mode resonance energy can be effectively tuned
from the near­infrared to telecommunication wavelengths by changing the nanoparticle
size. The resonance energies obtained in the experiment are in agreement with our EELS
simulations (colour plot), which also show a linewidth broadening of the resonance at
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Figure 4.8: Plasmon scattering. (a) Simulated EELS spectra of a silicon nanoparticle
(r = 75 nm) on a thin gold­silicon nitride stack at different impact parameters b. The
area curves depict the simulated spectra convoluted with a Lorentzian function. The grey
dashed lines shows the change in peak energy of the first and second­order reflection as
the beam moves. (b) Experimental EELS spectra for a particle with radius r = 74.5 ±
2.6 nm acquired from the regions shown in (c). (c) STEM image of the nanoparticle,
where the coloured areas represent the integration regions for the experimental EELS
signal, and the coloured points are the position of the electron beam in the simulation.
(d,e) Simulated (top) and experimental (bottom) EELS maps of the plasmon reflection
at two separate energies, which correspond to either (d) the first­order reflection (half­
wavelength of SPP) or (e) second­order reflection (one­wavelength of SPP).(f,g) Cross­
sectional magnetic field profiles of the reflected SPP mode for (f) first and (g) second
interference orders, respectively. In both cases, the reflection occurs at the nanoparticle
centre. Adapted from paper A.
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higher energies due to decreasing SPP propagation length.

4.1.6 Plasmon scattering with silicon nanoparticles
We consider the case where the electron beam is outside the particle. As was mentioned
in the previous Section new resonances are appearing outside the particle at the energy
range higher than the hybrid mode. We demonstrate theoretical and experimental spectra
for such case in Figure 4.8(a­c). We can observe two peaks that alsomove to lower energy
when the electron beam is positioned further from the particle. These peaks occur due
to the plasmon reflection from the particle. Since we can efficiently couple to the SPP
of the bare thin films of gold and silicon nitride with an electron beam, we launch this
SPP when we are outside the particle, the launched wave is resonantly reflected from
the particle resulting in an interference effect with the original wave. Therefore, we can
observe multiple peaks which are due to different interference order maxima. When the
beam moves further from the particle, the interference condition changes, therefore we
see a decrease in the peaks resonance energies. We perform EELS mapping for two
interference orders in Figure 4.8(d­e) which show a maximum at the same distance from
the particle of b = 300 nm. We further prove the interference effect in Figure 4.8(f­g)
where we plot the resulting magnetic field from the simulation in Figure 4.8(a). It shows
a standing wave pattern for the first and second­order interference having half and full
wavelength standing wave patterns respectively. By describing the SPP waves as one­
dimensional plane waves with wavelength λSPP, we find the phase relation:

b =
(2πq − ϕ)

4π
λSPP. (4.2)

Where ϕ is the reflection phase and q is a positive integer, which denotes the interference
order. We find that the SPP reflection occurs at the nanoparticle centre using the ELLS
simulations (4.8(f­g)). Therefore, a part of the phase pickup occurs in silicon, which differs
from the phase pickup outside the nanoparticle due to the refractive index of silicon. In

Figure 4.9: Experimental and theoretical dispersion relations of the short­range SPP sup­
ported by the gold­silicon nitride stack. Experimental data points are determined by using
Equation (4.2) on the SPP reflection EELS maps of the nanoparticle in Figure 4.8(d­e).
Adapted from paper A.
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Equation (4.2), we assume that this difference is small and describe the nanoparticle as
a reflecting boundary located at the nanoparticle centre.

We measure the distance b from the ring­shaped EELS maps at different energies. Us­
ing Equation (4.2), we assume a zero phase shift upon reflection and extract the SPP
dispersion relation of the short­range SPP supported by the gold­silicon nitride stack (Fig­
ure 4.9). For energies below approximately 1.5 eV, first­order interference (q = 1) is
the main contributor in the reconstruction of the experimental dispersion curve, when the
second­order interference is dominant for the larger energies. This is mainly limited by
the limited spatial range in the experiment. The dispersion curve obtained in the experi­
ment has a good agreement with a theoretical dispersion curve at low energies, but has
a slight deviation at higher energies, even if we consider the different layer thicknesses
within our fabrication tolerance. It should be noted that similar results can be obtained
for particles of other sizes. The difference between the theory and experiment at higher
energies can be explained by an additional phase pickup inside the nanoparticle which
contributes more for shorter wavelengths or higher energies and which is not accounted
for in Equation 4.2. Nevertheless, the dispersion diagram reconstructed from the plas­
mon reflection phenomenon shows that silicon nanoparticles reflect short­range SPP in a
broad energy range.
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4.1.7 Mie modes in silicon nanoparticles on a thin gold film
We also track how Mie modes of the silicon nanoparticle are affected by the presence of
a thin gold film. Using the same particle with r = 74.5±2.6 nm as in Figure 4.7 and 4.8 we
plot the simulated and experimental spectra in Figure 4.10(b­d) for the energy range of
Mie resonances. It can be seen that for the positions inside the particle we observe similar
Mie mode peaks as in Figure 4.3 (a­b). When the beam is moved outside the particle the
resonances of the gold film start to dominate the spectrum and cover the Mie resonances.
However, we do not observe any energy shifts in the Mie modes of the silicon nanoparticle
themselves, and it can be concluded that the presence of the thin gold layer does alter
them significantly.

(a)
(b)

(c) (d)

Figure 4.10: Mie resonances in silicon nanoparticles on a 10 nm thin gold film. (a)
Schematic of a silicon nanoparticle placed on a thin layer stack consisting of 10 nm gold
film on top of a 30 nm silicon nitride membrane. (b) STEM image of the nanoparticle,
where the coloured areas represent the integration regions for the experimental EELS
signal, and the coloured points are the position of the electron beam in the simulation. (c)
Simulated EELS spectra of a silicon nanoparticle (r = 75 nm) on a thin gold­silicon ni­
tride stack at different impact parameters b. The area curves depict the simulated spectra
convoluted with a Lorentzian function. (d) Experimental EELS spectra for a particle with
radius r = 74.5± 2.6 nm acquired from the regions shown in (b). Adapted from paper A.
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Figure 4.11: Measured resonance energies as a function of particle radius for the first five
Mie resonances in silicon nanoparticles on the gold­silicon nitride stack. The colour plot
shows the EELS simulation of a vacuum­embedded silicon sphere for an impact parame­
ter b = r+20 nm and the dashed curves indicate the free­space theoretical Mie resonance
energies. Adapted from paper A.

The effect of masking of low energy Mie resonances makes it impossible to experimentally
identify the position of the ED mode in larger particle sizes. However, for smaller particle
sizes, the ED resonance energy occurs at much larger energies than the SPP, allowing
us to identify the ED resonance. This is summarized in Figure 4.11 where we show the
peak energies of the Mie resonances in a broad particle size range for the silicon on gold
structures determined experimentally as colour points, and compare them with the colour
plot and dashed lines of the bare silicon nanoparticles. The strong agreement between
theory and experiments show that the Mie resonances remain largely unaffected by the
presence of the thin gold film.

4.1.8 Transition radiation in CL response of silicon nanoparticles
As an alternative to EELS, we use cathodoluminescence spectroscopy to probe the re­
sponse of silicon nanoparticles in an SEM microscope. Contrary to EELS, it collects the
light emitted by the structure as a result of the electron scattering, when EELS deals
with measuring these scattered electrons. As such, CL is an invaluable technique to
measure the radiative modes of the structure when EELS probes both dark and radiative
modes [103, 104]. As a consequence of lower acceleration voltages in SEMmicroscopes,
we discover a non­negligible contribution from the transition radiation in the resulting CL
spectrum. We show that the transition radiation generates new distinctive resonances
by itself resulting from the constructive and destructive interference effects. These ef­
fects are the result of the electron excitation of dipole resonances at two interfaces of the
nanoparticle which are separated in time by the electron flight through the particle and
interfere with each other. Therefore, specific care must be taken when interpreting the
CL results.

Figure 4.12 shows a typical CL response from a particle with r = 92± 8 nm at an acceler­
ation voltage of 30 kV. We plot the first two maxima of the Mie coefficients for ED and MD
modes, and the first one maxima for MQ, EQ and MHmodes as dashed vertical lines. We
can identify the ED and MQ modes from the centre position of the electron beam which is
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Figure 4.12: CL response of a silicon nanoparticle. (a) Experimental EELS spectra for a
particle with radius r = 92±8 nm acquired from the regions shown in (b) at an acceleration
voltage of 30 kV. The vertical dashed lines show theoretical Mie resonance energies of
a particle with r = 89 nm. (b) SEM image of the nanoparticle, where the colored areas
represent the integration regions for the experimental CL signal. Adapted from paper B.

in agreement with our EELS analysis. The clear shift in energy as we move further from
the particle at the energy spectrally close to the MQ mode can be attributed to the ED
mode which is larger in the CL intensity outside the particle. This is also characteristic of
EELS as we have shown in the previous section. However, new resonances are appear­
ing at 2.6 and 2.9 eV inside the particle which does not correspond to any theoretical Mie
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Figure 4.13: Transition radiation in a silicon nanoparticle. (a) Emergence of the two col­
lapsing dipoles at the upper and lower surfaces of an NP crossed by an electron beam
through its centre. (b) Time­domain sketch of the electric far­field amplitude due to the
two excitation events (red and blue lines) and an NP Mie resonance (grey dashed line).
(c) Calculated CL spectra for a Si sphere with r = 75 nm at the different acceleration
voltages, at b = 5 nm. Adapted from paper B.
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Figure 4.14: Experimental CL spectra for an electron beam passing through the centre
of a Si nanosphere with r = 75 nm, for acceleration voltages ranging from 5 kV (upper
panel) to 30 kV (lower panel). Adapted from paper B.

modes. We attribute these resonances to transition radiation effects which are significant
for comparatively low acceleration voltage and thick particles.

We explain this effect in Figure 4.13(a). When the electron approaches the nanoparticle
one at a time, it collapses with its image charge [105, 106, 107] at the nanoparticle surface
leading to a formation of an electric dipole and resulting in transition radiation. This effect
is repeated at the other particle boundary with a time delay td = d/v (where d is the
electron path inside the particle, v is the electron velocity). These two dipoles can interfere
constructively or destructively resulting in the oscillations in the resulting CL spectrum
which is overimposed on the original CL spectrum of Mie resonances. The corresponding
oscillations in time are sketched in Figure 4.13(b) with the NP Mie resonance (dashed
grey line). Calculated CL spectra of a r = 75 nm particle for different acceleration voltages
are shown in Figure 4.13(c). At a low voltage of 5 kV, the signal comes mainly from the
transition radiation, when the voltage is increased, the contribution of Mie resonances
increases. The Mie resonances are superimposed with the transition radiation leading to
new peaks in the CL spectrum.

We perform an experimental verification by collecting CL spectrum from r = 75 nm sphere
at different acceleration voltages in Figure 4.14. We can observe traces of the oscillations
related to transition radiation. For example, we observe four resonance at 1.8, 2 (MD), 2.6
(MQ) and 3.1 eV for 20 kV acceleration voltage, where the resonances at 1.8 eV and 3.1
eV are not a result of Mie theory. Noticeably, there are broad shoulders at 2.3 eV for 10
kV and 1.8 eV at 20­30 kV acceleration voltages which appear and disappear when the
voltage is varied. We believe that this is a clear feature of transition radiation interference
effects which have oscillatory behaviour in the resulting spectrum.
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4.1.9 Concluding remarks
We have used EELS to measure and map the Mie resonances in silicon nanospheres in a
broad size range. Using the position dependant excitation of the Mie modes by the elec­
tron beam, we obtain the resonance energies of the first five Mie modes, some of which
are located closer in energy than the resolution of our EELS setup. Each map shows a
field profile unique to a particular Mie mode. We perform the full­wave EELS simulations
and find excellent quantitative agreement with our experimental studies. Our results con­
tribute to EELS investigation of high­index nanophotonics and can be potentially utilized to
shed more light on important interference phenomena such as anapole states and bound
states in the continuum [54, 108, 109].

When we place the silicon nanoparticle on top of a thin gold film, a new class of hy­
brid dielectric­metal resonances appear with the original Mie resonances in the silicon
nanoparticle remaining largely unchanged. These hybrid resonances depend both on the
short­range SPP of the gold film and the Mie resonance of the dielectric nanoparticle.
The hybrid mode shows efficient SPP excitation and stronger light confinement than the
Mie resonances supported by the isolated nanoparticle. We show both experimentally
and via simulation that the hybrid resonance energy can be modulated by the particle
size providing a simple approach to excite the SPP at the desired wavelength. Multipole
decomposition of the induced field shows that the optical response of the hybrid mode
corresponds to an electric dipole. The orientation of the electric dipole is sensitive to the
position of the electron beam. Having a vertical orientation at the nanoparticle centre, it
gradually tilts toward the gold surface with an increase in the electron distance. The tilt
leads to a slight redshift of the hybrid mode. The tilted electric dipole can be potentially
utilized to realize directional SPP launching by exciting the nanoparticle with circularly
polarized light [110].

We also demonstrate that the short­range SPPs are scattered by the silicon nanoparti­
cle. The scattering results in an interference pattern characterized by the EELS intensity
maxima. We derive a simple theoretical expression that describes SPP propagation and
reflection and utilize it to experimentally reconstruct the dispersion relation of the short­
range SPP supported by the thin film. Our results show the scattering properties of the
high­index nanostructures, which can be utilized in the design of new SPP optical ele­
ments.

Finally, we perform CL characterization of silicon nanoparticles. Because of the lower ac­
celeration voltage below 30 kV, we identified a significant transition radiation contribution
to the CL spectrum. The transition radiation leads to an interference effect generated from
the excitation of two electric dipoles on two boundaries of the nanoparticle penetrated by
the electron beam. This interference effect is overimposed on the Mie resonances leading
to ambiguous, possibly erroneous, assignment of modal characters to spectral features.
Therefore, we would advise care when interpreting the CL results or possibly any other
electron­based technique at low acceleration voltage.

4.2 Boron phosphide nanoparticles
The work presented in this section is based on Paper C.

4.2.1 Motivation
We find that boron phosphide can be a promising candidate for dielectric meta­atoms.
It has a high refractive index and low absorption not only in the visible but also in the
ultraviolet range, which is not typical for commonly used materials, such as silicon [111],
gallium phosphide [112], and titanium dioxide [113], which have been extensively used
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in the visible and infrared ranges. The small direct bandgap edge of these materials
limits their application in the UV range since it results in an increased absorption loss
in the energy range of interest. Diamond has been suggested to be utilized in the UV
spectral range [114, 115], however, it has a moderate refractive index and its integration
with nanofabrication techniques is relatively challenging [116]. BP can potentially offer a
solution since it has a high refractive index with low losses in the UV.

4.2.2 Fabrication
The samples with BP particles and laser­reshaped spherical BP particles on top of 8 nm
silicon oxide membranes are produced by our collaborators and the procedure is de­
scribed in Paper C.

Figure 4.15: Optical response and Mie resonances of BP. (a) Refractive index n and (b)
extinction coefficient k of BP calculated using the f­sum corrected BSE method compared
with that of some of the commonly used dielectrics in the visible and ultraviolet spectral
regions. (c) Extinction efficiency map of BP spheres of varying radii calculated using
Mie theory, which demonstrates that Mie resonances can be sustained in the visible and
ultraviolet. Adapted from paper C. The refractive indices of GaP, Si, TiO2, diamond and
experimental BP are taken from Ref. [117], [117], [118], [119], and [120] respectively.
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4.2.3 Optical response
The experimental synthesis of BP crystals have been reported as early as 1957 [121],
yet there is limited data on its refractive index [120, 122]. Using the ab initio calculation
performed by our collaborators which is described in Paper C, we perform a quantitative
comparison of the refractive index of the BP with some common optical materials in Fig­
ure 4.15. We observe a high refractive index in the visible and UV range on par with GaP,
only slightly smaller than silicon near the violet end of the visible range, but higher in most
of the UV range (Figure 4.15(a)). The most noticeable difference lies in its extinction coef­
ficient which is lower than most other materials with an absorption edge lying significantly
higher than silicon or GaP (Figure 4.15(b)). The extinction coefficient is comparable to
TiO2 material and higher than the transparent diamond, however, they both have a sig­
nificantly lower refractive index which needs to be high for compact nanostructures [123].
As such, BP shows a promise for its utilization in the visible range giving a similar per­
formance as silicon or GaP with an extension to the broad UV range ­ the range which
is not achievable by commonly used materials. We demonstrate its broadband opera­
tion in extinction efficiency calculations for spheres with variable radii using Mie theory in
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Figure 4.16: Electron energy­loss spectroscopy of BP nanoparticles (a) Experimental
STEM image and (b) theoretical set­up depicting the electron beam positions b used
to acquire the measured and simulated EELS spectra of (c) and (d), respectively. The
triangular­shaped BP nanoparticle is characterized by an effective radius of R = 90 nm.
Several EELS peaks due to Mie resonances are observed. (e­g) Simulated and (h­j)
experimental EELS intensity maps at the Mie resonance energies. The Mie modes are
identified as the in­plane electric dipole (ED∥), in­plane electric quadrupole (EQ∥), and
out­of­plane electric dipole (ED⊥) using a multipole decomposition. Adapted from paper
C.
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Figure 4.15(c) which show clear Mie resonances in the broad spectral region.

4.2.4 Near­field characterization
We perform experimental validation of BP Mie resonances using EELS. Figure 4.16(a)
shows a typical STEM image of a triangular­shaped BP nanoparticle with its spectra de­
picted in Figure 4.16(c). The particle is characterized with an effective radius of 90 nm
determined from the effective area of the particle (Aeff = π ∗ r2eff). The depicted spectra
are recorded from different regions which can be used to characterize position­dependant
mode excitation. In particular, we can identify two resonances at 2.77 and 3.57 eV when
the electron beam is positioned outside the particle, and for the beam in the centre, we
have a resonance at 3.99 eV. We perform EELS simulation of a silicon nanodisk geom­
etry (Figure 4.16(b)) to identify the origin of these resonances (Figure 4.16(d)). We fix
the radius of the simulated disk at 90 nm and find an optimum height of the nanoparticle
to have a close spectral position to the experimental resonance energies (h = 40 nm).
The simulated spectra show the same tendencies with two resonances at 2.85 and 3.58
eV outside the particle and a mode at 3.95 eV inside the particle. We perform multi­
pole decomposition [124] of the induced electric field by the electron beam (Figure 4.17)
and identify the three resonances by their highest multipole contributions as an in­plane
electric dipole (ED∥), in­plane electric quadrupole (EQ∥), and out­of­plane electric dipole
(ED⊥) from low to high energy respectively. The simulated and measured spatial EELS
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Figure 4.17: Multipole decomposition of the electric field calculated in Figure 4.16(b).
Adapted from paper C.
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maps (Figure 4.16(e­j)) of the highest and lowest Mie modes are in good agreement, with
the 3.6 eV mode lacking a minimum in the particle centre for the experimental maps.
The difference in maps can be attributed to the experimental broadening of the resulting
spectrum by the EELS setup.

The good agreement between theory and experiment demonstrates the validity of the
refractive index calculation and the possibility to utilize the BP material in the UV range.

(a)

(b)

(c)

Figure 4.18: Laser reshaping of BP nanoparticles. (a) (top) Reshaping of the BP nanopar­
ticles is achieved by pulsed laser irradiation of unprocessed BP nanoparticles in acetone.
The SEM scans of a BP particle (bottom left) before and (bottom right) after the irradi­
ation. (b) Scanning electron microscopy image and energy­dispersive x­ray analysis of
reshaped BP nanoparticle, showing a spherical shape without change in composition. (c)
Scattering spectrum recorded from the BP nanoparticle in (b) and simulated spectrum for
a BP nanosphere with radius r =165 nm with multipole decomposition revealing the exci­
tation of the magnetic quadrupole (MQ), electric quadrupole (EQ), and radial higher­order
magnetic dipole (MD2). Adapted from paper C.
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We demonstrated Mie resonances at energies as high as 4 eV which is not achievable
with silicon nanoparticles.

4.2.5 Spherical BP nanoparticles
Typically, the BP particles have random irregular shapes after their deposition. We sug­
gest an approach to achieve BP particles with spherical shapes by pulsed laser irradi­
ation in an acetone solution (Figure 4.18(a)). The method results in spherically­shaped
BP particles with both B and P still present in the nanoparticle after laser irradiation ((Fig­
ure 4.18(b)). We perform dark­field scattering characterisation of a typical resulting parti­
cle in Figure 4.18(c). The spectrum consists of multiple scattering peaks with the lowest
order Mie resonances lying outside the measurement range of our setup which is the re­
sult of a relatively large particle size (r = 184 nm). We demonstrate the full­field simulation
of the particle with a slightly smaller radius r = 165 nm where we account for the sub­
strate and the measurement setup which shows a good agreement with the experiment.
Using multipole decomposition we find that the scattering peaks are due to the excita­
tion of the magnetic quadrupole MQ, the electric quadrupole EQ, and radial higher­order
magnetic dipole MD2 modes confirming the Mie­resonant nature of spherically­shaped
BP nanoparticles.

4.2.6 Concluding remarks
Using an ab initio calculation of the dielectric function of the BP material, we show its high
refractive index (n > 3) and low extinction coefficient (k < 0.1) up to ultraviolet photon
energies of 4 eV. We identify the BP as a promising candidate for high­refractive nano­
optics in the UV range and perform an experimental demonstration of the Mie resonances
supported by the BP nanoparticles in the UV and visible. Combined with a simple demon­
strated technique to generate BP nanospheres, our work proposes a solution to advance
the nanoscale Mie optics to the ultraviolet range.

4.3 Gold­silver core­shell nanodimers
4.3.1 Motivation
Metal meta­atoms supporting localised surface plasmon resonances produce high ab­
sorption and scattering peaks as well as localize and enhance light at subwavelength
scales. These effects strongly depend on the material, size and geometry of the de­
vice making them attractive for various practical application including sensing [125, 126],
nanolenses [127], light guiding [128, 129], medicine [130] and catalysis [131]. Typically,
plasmonic devices are optimized to work in a single wavelength band, but there is a grow­
ing need for the devices which operate in multiple bands which can be utilized in such
fields as wavelength multiplexing or multiphoton nonlinear devices [132]. This is achiev­
able in spatially hybridized nanostructures [133] where the modes of two or several simple
plasmon building blocks in close proximity interact and couple to give rise to new modes
at distinct energies. One of the structures which support this effect is a metal nanorod
dimer [134, 135, 136]. The two nanorods at a small spatial gap can couple resulting in
two distinct modes, symmetric and antisymmetric localized surface plasmons with the
latter mode having a magnetic character [136, 137]. In particular, we consider the gold
dimer structure with an offset [137] where the offset is used for energy separation of the
resulting modes. The nanometer­sized offset and gap control can be demanding for the
current fabrication methods. One of the approaches to achieve this fine degree of control
and have high reproducibility of the devices is a DNA nanofabrication method [138, 139]
which we also utilize in our work. We expand the work in Ref. [137] by shifting the mag­
netic localized surface plasmon resonance into visible and suggest the usage of silver
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shells for gold cores [140] to provide an additional mechanism to finely tune the magnetic
mode.

4.3.2 Fabrication
We fabricate gold nanodimers with and without a silver shell in four main steps: synthesis
of gold nanorods, (with shell) silver coating combined with DNA functionalization or (with­
out shell) DNA functionalization only, conjugation of DNA­functionalized nanostructures
with DNA origami and their deposition on TEM membranes. The first three steps are per­
formed by our collaborators and the procedure can be found in Ref. [140]. The fourth step
is described below.

Deposition. We deposit the conjugated dimer nanostructures onto 10 nm thick commer­
cially available silicon nitride TEM membranes (TEMwindows). The silicon nitride TEM
grids are plasma­treated for 3 min. Next, we functionalize the membrane’s surface by
application of 10 μL of Poly­L­Ornithine solution (0.01 %) and incubate it for 30 s. The
membranes are rinsed with ultrapure water with the excess water being removed with
a filter paper. We drop cast 5­7 μL of conjugated dimer nanostructures onto the mem­
brane’s surface and incubate for 2 min. Then, we wash the TEM grids once more with
ultrapure water with the excess water being removed with filter paper. The samples are
left for drying.

4.3.3 Magnetic dipole in the visible
Wecharacterize our structures with electron energy­loss spectroscopy to resolve nanome­
ter gaps present in our devices as well as to investigate their near field properties. For
this purpose, we deposit the gold dimers on top of a 10 nm thick silicon nitride membrane.
First, we show the EELS response of a single 77×24 nm gold rod (Figure 4.19(a)). Us­
ing the position­dependent excitation of the modes by an electron beam, we can identify
three modes in the gold rod: a longitudinal surface plasmon (1.77 eV), transverse surface
plasmon (2.28 eV) and bulk surface plasmon (2.42 eV) modes. We also map these three
modes to obtain their characteristic field profiles in Figure 4.19(b­d). The longitudinal
mode depicts two maxima located at the two edges along the length of the rod demon­
strating a localised surface plasmon excitation along the long axis of the rod while the
transverse mode has one maximum located in the middle of the structure demonstrating
the excitation of the localised surface plasmonmode along the short axis, the bulk mode is
distributed at the whole volume of the particle which is typical for the bulk plasmon mode.
Then, we perform characterization of a gold dimer with a 2.5 nm gap and 43 nm offset
(Figure 4.19(e)). As for the single rod case, we can identify three modes (1.57, 2.34, 2.46
eV) with a new mode excited at 1.95 eV. The longitudinal mode (1.57 eV) is redshifted
due to an increase in the effective length of the combined structure and shows two max­
ima at the furthest edges of the combined structure (Figure 4.19(f)). This proves that the
gap is sufficiently small to allow plasmon hybridization and shows the symmetric plasmon
coupling nature of this mode. The EELS maps of the new mode at 1.95 eV demonstrate
two maxima at the closest longitudinal edges between two rods (Figure 4.19(g)). It is
characteristic of the magnetic dipole mode which is a result of asymmetric plasmon cou­
pling [137]. Both transverse and bulk modes exhibit a slight blue shift compared to the
single rod case which can be due to slightly smaller average widths of two rods. The
transverse mode EELS map shows two maxima in the middle of the rods with a slight
overlay of the map from the magnetic dipole mode (Figure 4.19(h)). The bulk mode, as
expected is distributed around the whole volume of the rods (Figure 4.19(i)).

We deposit silver shells around our gold rods to fine­tune the gold dimers and perform
their characterization. The presence of the silver shell modifies the EELS response of the
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Figure 4.19: EELS of a gold dimer. (a) Experimental EELS spectrum of a 77×24 nm Au
single rod acquired from the electron beam positions indicated in the STEM image inset.
(b­d) Experimental EELS maps of an Au single rod for three rod modes. (e) Experimental
EELS spectrum of a (77×22 (left), 77×24 (right)) nm Au dimer (2.5 nm gap, 42 nm off­
set) acquired from the electron beam positions indicated in the STEM image inset. (f­i)
Experimental EELS maps of an Au dimer for four dimer modes.

single rod (Figure 4.20(a)). The longitudinal mode at 2.17 eV experiences a large blue shift
of 0.4 eV in comparison to the gold rod case. As expected, it has two maxima along the
length of the rod (Figure 4.20(b)). The transverse and volume modes mask each other
which makes it not possible to differentiate between these modes. We expect to have
1 transverse and 2 volume modes of gold and silver respectively in the 2.5­4 eV energy
range. Even plotting the near­field profiles (Figure 4.20(c,d))) at the edges of the combined
broad peak does not allow us to safely separate the modes. The spectral response of
the gold dimers with a silver shell also exhibits energy shifted peaks in comparison to
the gold dimers ((Figure 4.20(e))). Both the longitudinal and transverse modes show a
large blue shift of 0.22 and 0.34 eV respectively. They have their typical EELS maps
((Figure 4.20(f,g))) as for the gold case. The others modes are also masked by each
other as for the single rod with a shell case. There are some minor alterations in the
EELS maps at the energy edges of the combined EELS peak (Figure 4.20(h, i)), which
can be mainly due to the presence of the strong magnetic dipole mode.
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Figure 4.20: EELS of a gold dimer with a thin silver shell. (a) Experimental EELS spectrum
of a 67×26 nm Au single rod with a thin silver shell acquired from the electron beam
positions indicated in the STEM image inset. (b­d) Experimental EELS maps of an Au
single rod with a thin silver shell for three rod modes. (e) Experimental EELS spectrum of
a (64×26 (top), 67×27 (bottom)) nm Au dimer (4 nm gap, 29 nm offset) with a thin silver
shell acquired from the electron beam positions indicated in the STEM image inset. (f­i)
Experimental EELS maps of an Au dimer with a thin silver shell for four dimer modes.

4.3.4 Concluding remarks
We shift the magnetic mode supported by the gold dimer nanostructure and characterize
it via EELS. EELS allows us to obtain near field maps of the symmetric and antisymmetric
modes present in this type of structure which can be used to perform the mode identifica­
tion. We suggest and experimentally demonstrate a fine­tuning mechanism of the dimer
modes by depositing a thin silver shell.

4.4 Nickel nanospheres
4.4.1 Motivation
Another approach to achieve hybridized plasmonic systems is the usage of interband
transitions (IBT) in some metal nanoparticles where the hybridization is achieved via the
interaction between the localized surface plasmon and IBT [141]. Contrary to the previous
case of metal dimers, the resonator is coupled to itself since it supports both resonances
that couple to each other. This hybridization effect have been demonstrated in suchmetals
as Al [142] and Ni [143]. While the latter demonstrates the hybridization effect without

44 4.4. NICKEL NANOSPHERES



consideration of different multipole resonances and does not investigate the response
from individual particles, we shed the light on hybridization effect between different order
multipoles and the IBT transition of individual nickel particles. STEM EELS is particularly
well suited for this purpose since it allows us to study the response of isolated particles
and access the deep UV spectral range where we investigate these resonances.

4.4.2 Fabrication
We use commercial nickel nanospheres of 99.7 % purity in a nanopowder form with radii
of 40­180 nm. We add around 1 g of this nanopowder to acetone and ultrasonicate for

(a)
(b)

(d) Experiment(c) Simulation

Figure 4.21: Bulk and surface contributions to EELS signal of a nickel nanosphere. (a)
Schematic of a nickel nanoparticle placed on an 8 nm silicon oxide membrane. (b) STEM
image of the nanoparticle, where the coloured areas represent the integration regions
for the experimental EELS signal, and the coloured points are the position of the electron
beam in the simulation. (c) Simulated EELS spectra of a nickel nanoparticle (r = 37 nm) at
different impact parameters b from the colour points shown in (b). Each EELS spectrum
is separated into bulk and surface contributions. (d) Experimental EELS spectra for a
particle with radius r = 36.8± 0.8 nm acquired from the regions shown in (b).
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10 min to ensure nanospheres separation. We drop cast the Ni nanospheres in acetone
onto the substrate with an 8 nm thick silicon dioxide membrane and wait for the acetone
to evaporate.

4.4.3 Electron excitation: bulk vs surface losses
Weuse electron energy­loss spectroscopy to characterize the resonances of nickel nanopar­
ticles present in a broad spectral range. Figure 4.21(a) shows a schematic of the experi­
ment where we probe a nickel nanoparticle with radius r on top of an 8 nm silicon oxide
membrane with an electron beam displaced from the particle centre by an impact parame­
ter b. We probe a nanoparticle with r = 36.8±0.8 nm at different impact parameters inside
and outside the nanoparticle indicated in Figure 4.21(b) and show simulated EELS spec­
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Figure 4.22: Interaction of multipoles with IBT. (a) Simulated EELS spectra of a nickel
nanoparticle (r = 37 nm) at different impact parameters b from the colour points shown in
(c). Each EELS spectrum is separated into contributions for the first two azimuthal l = 1, 2
numbers. (b) Experimental EELS spectra for a particle with radius r = 36.8 ± 0.8 nm
acquired from the regions shown in (c). (c) STEM image of the nanoparticle, where the
coloured areas represent the integration regions for the experimental EELS signal, and
the coloured points are the position of the electron beam in the simulation. (d­k) Simulated
(top) and experimental (bottom) EELS intensity maps of the four resonances supported
by the Nickel nanoparticle. The EELS maps are individually normalized.
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(a) l = 1 (b) l = 2

Figure 4.23: EELS simulation at the impact parameter b = 3r as a function of the nickel
particle radius r for (a) l = 1 and (b) l = 2.

tra of r = 37 nm nickel nanoparticle in vacuum in Figure 4.21(c). Here, we separate the
EELS signal into bulk and surface contributions and demonstrate their dependence on the
impact parameter. The bulk contribution dominates in the particle centre having a peak at
3.5 eV due to interband transition. As we move further from the particle, the surface con­
tribution becomes more pronounced with two peaks at 3.4 and 4.7 eV which is indicative
of the hybridization between the IBT and localized surface plasmon of the particle. The
total EELS signal, therefore, is rather complicated due to position dependant weighting of
bulk and surface contributions which lead to apparent shits in the EELS signal. We can
neglect the effect of the bulk contribution if we limit ourselves to the spatial range where
the electron beam position is outside the particle which we use to demonstrate and dis­
cuss the hybridization effect in more detail in the next section. The experimental data in
Figure 4.21(d) shows similar trends having a very broad peak at the particle centre and
more two more pronounced resonances when the beam is outside the particle.

4.4.4 Interaction of multipoles with IBT
Figure 4.22(a­c) shows simulated and experimental EELS spectra of the same nickel
nanoparticle as in Figure 4.21. We separate the simulated EELS spectra into different
azimuthal contributions l = 1, 2 and show the dependence on the impact parameter (Fig­
ure 4.22(a)). Both l = 1 dipole and l = 2 quadrupole multipoles show two peaks at 3.3 and
4.5 eV (l = 1) or 3.5 and 6.7 eV (l = 2). The shift in the energy of the dipole mode at 3.3
eV compared to the 3.5 eV IBT can be indicative of the hybridization effect between the
IBT and the dipole LSPRs supported by the particle. For the quadrupole, the energy shift
is not observable due to the large energy separation between the IBT and the quadrupole.
The impact parameter dependence shows a decrease in the contribution of higher energy
modes when the beam is moved further from the particle for both multipoles. This is also
accompanied by a decrease in the contribution of the higher­order multipoles to the EELS
spectrum. This is expected as higher energy modes are typically localized closer to the
nanoparticle surface. The experiment shows a similar trend in the overall EELS spectrum
with some apparent shifts in the EELS spectrum with the change in the impact parameter.
We perform EELSmapping at four energies in Figure 4.22(d­k) both via simulation and ex­
periment which show higher localization of the field to the particle surface for higher­order
modes.

We demonstrate the influence of the particle radius in the IBT ­ LSPR hybridization in
Figure 4.23(a­b) where we plot the change in the EELS signal for dipole and quadrupole
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multipoles as a function of the nickel particle radius at the impact parameter b = 3r.
Both multipoles show two resonances starting from a particular radius where LSPR lie
higher than the IBT with no second peak observable when the LSPR resonance is lying
much lower than the IBT. When the LSPR approaches the IBT, the peak splits into two
resonances which can be indicative of the hybridization of the LSPR and IBT modes. As
can be expected, this condition shifts to larger radii for the higher­order modes.

4.4.5 Concluding remarks
Using EELS, we characterize individual nickel nanoparticles and demonstrate the contri­
butions from bulk and surface EELS signals when the beam is moved around the particle.
We show the complex shape of the EELS signal with multiple possible resonances and
identify a region to simplify the characterization of the coupling effect between the LSPRs
and IBT. Using the outside beam positions with zero bulk contributions, we experimentally
show a hybridization effect in a nickel sphere between the LSPRs of different multipole
orders and the IBT supported by a nanosphere which gives rise to two hybridized reso­
nances for a particular particle radius range. We also demonstrate that hybridization of
higher­order multipoles with the IBT involves the increase in the particle size since larger
particles support more multipoles.
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5 Reconfigurable meta­atoms
This chapter is dedicated to reconfigurable meta­atoms. We perform a modification of
spectral response from the meta­atoms using two physical effects, the thermo­optic effect
and electromechanical tuning. We use the thermo­optic effect to modify the response from
spherical silicon nanoparticles by application of temperature. We also perform thermal
near­field tuning between different Mie modes using the characteristic EELS near­field
maps. In the case of electromechanical tuning, we fabricate silicon beams with a nano­
sized cross­section and tune their response by electromechanical bending.

5.1 Thermal tuning of silicon nanoparticles
The work presented in this section is based on Paper D.

5.1.1 Motivation
The thermo­optic effect is a change in the refractive index of a material n with temper­
ature T . It is proved to be an appealing tuning mechanism because of its reversibility
and ability to provide continuous and large spectral shifts. Far­field optical response of
nanoparticles and metasurfaces based on such materials as silicon, germanium, lead
telluride [31, 33, 144, 145, 146] and hybrid silicon­gold [147] has been effectively tuned
using this effect. In this regard silicon which has a high refractive index, high thermo­optic
coefficient dn/dT [33] and CMOS compatibility is an attractive candidate for thermal tun­
ing. So far, thermal tunning of silicon have been performed in nano­ and micron­sized
structures with resonances in the infrared spectral ranges where moderate tunability can
be achieved. We would like to perform thermal tuning of the resonances in the visible
range where we predict an increase in the tuning range due to an increased thermo­optic
coefficient near the direct bandgap edge.

Moreover, many important photonics applications rely on the modification of the near­
field, such as nonlinear processes [148, 76], Raman scattering [149, 150, 151], and light
emission [152, 153, 154], thus the dynamic tuning of the near­field can provide new ap­
plications in these areas. However, tuning in dielectric components have been mostly
demonstrated in the far­field with little attention given to the near­field. Here, we demon­
strate a reversible thermal tuning of both far­ and near­fields of Mie resonances in silicon
nanoparticles in the visible range.

5.1.2 Fabrication
We deposit 10 µL of the silicon nanoparticles in methanol (fabrication of Si nanoparticles
is described in Section 4.1.2) onto commercially available thermal E­chips produced by
Protochips and nitrogen dry them after 1 minute wait time. The chips have membranes
composed of a silicon carbide heating layer on top of a 40 nm thick silicon nitride layer.
The silicon carbide can be heated up to 1473 K with a temperature accuracy over 95.5%
(example: 1073±48 K) and a 99.5% homogeneous temperature profile across the entire
chip. The membrane has nine 8 µm holes where only the silicon nitride layer is present.
The experimental characterization is performed on these areas.

5.1.3 Thermal tuning of silicon Mie resonances
Figure 5.1(a) shows a schematic of the experiment, where an isolated silicon nanoparticle
with a radius r on top of a 40 nm silicon nitride membrane is heated from room temper­
ature to 1073 K using a ceramic heater (not shown). The heating leads to the change in
the refractive index of silicon due to the thermo­optic effect shown in Figure 5.1(b). The
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real part of the refractive index increases up to 0.6 at 1100 K in comparison to room tem­
perature due to the positive thermo­optic coefficient in the 1.5 eV to 3 eV energy range.
The positive thermo­optic coefficient is a result of temperature­induced changes in the
electronic transitions in silicon [156], It should be noted that silicon also demonstrates
a negative thermo­optic coefficient at energies higher than the temperature­dependent
direct bandgap edge (3.4 eV at room temperature [155]), or for a non­negligible concen­
tration of thermally­generated free carriers [145]. The imaginary part of the refractive
index also increases, but mainly due to an increase in the phonon population with tem­
perature. This results in an increased probability of indirect transitions, thus, increased
light absorption [157]. The effect is more prominent at 3 eV because of its proximity to
the direct bandgap energy of silicon.

We perform EELS characterization of a typical silicon nanoparticle with r = 82.4± 1.9 nm
at different temperatures in Figure 5.1(c­d) where the electron beam is positioned at the
locations indicated in Figure 5.1(e). The two locations are selected for efficient ED exci­
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Figure 5.1: Thermal tuning of Mie resonances in silicon nanoparticles. (a) Schematic of
a silicon nanoparticle of radius r placed on a silicon nitride membrane and excited by
an electron beam. The impact parameter b denotes the distance between the electron
beam and the centre of the nanoparticle. The temperature is applied to the nanoparticle
by a ceramic heater located around the nitride membrane. (b) Temperature modulation
of the silicon refractive index taken from Ref. [155]. (c) Simulated and (d) experimental
EELS spectra of a silicon nanoparticle with a radius r = 82.4± 1.9 nm acquired from the
electron beam positions shown in (e). (e) STEM image of the nanoparticle, where the
coloured areas represent the integration regions for the experimental EELS signal, and
the coloured points are the position of the electron beam in the simulation. Adapted from
paper D.
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EQ
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Figure 5.2: Thermal tuning of the EQ Mie resonance in a silicon nanoparticle. (a)
Simulated and (b) experimental EELS spectra of a silicon nanoparticle with a radius
r = 82.4 ± 1.9 nm acquired from the electron beam positions shown in (c). (c) STEM
image of the nanoparticle, where the coloured area represents the integration region for
the experimental EELS signal, and the coloured point is the position of the electron beam
in the simulation. Adapted from paper D.

tation outside the particle and efficient MQ and MH inside the particle (see Section 4.1.4).
The increase in temperature leads to the redshift of all Mie resonances (MD, ED, MQ,
MH) due to the increase in the real part of the refractive index, while the increase in the
imaginary part of the refractive index leads to the broadening of the Mie resonances with
the MH mode, located close to the direct bandgap edge, barely detectable at tempera­
tures higher than 673 K in the experiment. The MD resonance energy is shifted by around
0.1 eV as the temperature is elevated from room temperature to 1073 K, while the higher­
order ED, MQ and MH modes demonstrate larger shifts of around 0.15 eV each. The
electric quadrupole (EQ) which is efficiently excited in the particle centre shows a com­
parable shift of 0.15 eV and similar to MH mode is barely detectable at the temperature
higher than 673 K (Figure 5.2). Both EELS simulation and experiment are in good agree­
ment with broader modes in the experiment due to the energy resolution of the EELS
setup.

We perform EELS mapping of the r = 82.4 ± 1.9 nm silicon nanoparticle Mie modes at
the lowest and highest temperatures in Figure 5.3. Overall, the EELS maps follow similar
EELS intensity distributions as in Section 4.1.4. The main difference is that the EELS
maps of the spectrally close Mie modes pairs (ED and MQ, EQ and MH) at 1073 K obtain
evenmore features from each other. This leads to almost non­distinguishable EELSmaps
of EQ and MH modes at 1073 K with ED and MQ still looking unique. Both simulation and
experiment closely follow each other, however, there are some differences caused by the
energy resolution of the EELS setup, which influences the experimental field profiles of
spectrally­close Mie modes.

We extend the analysis of Mie resonances thermal tuning for different particle sizes in
Figure 5.4(a). We show the change in the first five Mie modes (MD, ED, MQ, EQ, MH)
resonance energies both via theory and experiment for the silicon nanoparticle with 40­
100 nm radii. The good agreement between the theory and experiment demonstrates an
ability to thermally tune all Mie resonances by up to 0.15 eV at the elevated temperature
of 1073 K with the modes around 3 eV having a lower shift of around 0.1 eV. The different
spectral shifts for Mie modes are caused by the nonlinear dependence of the refractive
index with energy and temperature. From Figure 5.1(b), we have a larger change in the
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Figure 5.3: EELS mapping of a silicon nanoparticle Mie modes at different temperatures.
(a) Simulated EELS maps of a silicon nanoparticle with a radius r = 80 nm at different
temperatures (rows) and different Mie resonances (columns). (b) Experimental EELS
maps of a silicon nanoparticle with a radius r = 82.4 ± 1.9 nm at different temperatures
(rows) and different Mie resonances (columns). Note that, the EQ and MH resonance
energies at T = 1073 K can not be resolved in the experimental spectra due to thermal­
induced damping of the modes. Hence, we assume that the EQ and MH modes undergo
the same thermally­induced spectral shift as seen in the simulations and depict the ex­
perimental EELS signal at the energies 2.72 eV and 2.74 eV, respectively. Adapted from
paper D.

real part of the refractive index at higher energies which leads to larger spectral shifts
of Mie modes with higher resonance energies. The combined effect of the increased
imaginary part of refractive index at elevated temperatures and the energy resolution of
our EELS setup makes it impossible to identify the resonances energies of some Mie
modes located above 2.5 eV. In particular, the MD resonance cannot be experimentally
resolved for the smallest particle (42 nm radius) at temperatures above 673 K, the MH and
EQ resonances are not observable for the average­sized nanoparticles (82 nm radius) at
the same temperatures, while large nanoparticles (99 nm radius) are not affected.

We quantify the thermal tunability using the linewidth tunability ∆λ/FWHM which is de­
fined as the spectral shift of the Mie resonance wavelength at elevated temperatures
relative to the room temperature, normalized by its full­width at half­maximum at the el­
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Figure 5.4: Tunability of Mie resonances. (a) Measured resonance energies as a function
of particle radius and temperature for the first five Mie resonances in silicon nanoparti­
cles. The colour points represent experimental values, and the colour lines show the first
maxima of the different Mie scattering coefficients. ED/EQ and MQ/MH resonances are
separated into two plots for clarity. (b) Simulated linewidth tunability as a function of tem­
perature for the first four Mie modes supported by silicon nanoparticles with different radii.
Adapted from paper D.

evated temperature. The linewidth tunability above one corresponds to more than one
linewidth tuning of the resonance wavelength. We calculate it from the theoretical EELS
spectra of a silicon sphere at fixed impact parameters b = 2r [83]. The theoretical EELS
spectra are calculated for separate azimuthal coefficients l = 1,2. Then, we fit them with
two Lorentzian functions, resulting in the parameters for different couples of multipoles
(MD and ED for l = 1, MQ and EQ for l = 2). We fix the resonance wavelength at the first
maximum of the Mie scattering coefficient for a respective multipole and find the full­width
at half­maximum of the Lorentzian from the fit. We use a split Lorentzian function (width of
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the distribution is different between left and right slopes) for the ED mode, while we utilize
symmetrical Lorentzian function for the rest of the modes. The fit is performed using the
python package LMFIT.

The linewidth tunability of the Mie resonances has a non­linear dependence on their res­
onance energies defined by the particle radius since the resonance experience both the
increase in the real and imaginary parts of the refractive index at elevated temperatures.
Figure 5.4(b) shows the numerically calculated linewidth tunability of the first four Mie
modes supported by silicon nanoparticles in the 60­100 nm radii range. The linewidth
tunability of the MD resonance increases continuously by up to 0.6 except for the 60 nm
particle, which peaks at 923 K and decreases slightly. The ED resonance shows a similar
trend of increasing with temperature with larger particles having smaller overall tunability.
The higher­order MQ resonance demonstrates the largest linewidth tunability, reaching
its peak value at a higher temperature with the increase in particle size (700 K and 0.44
tuning for 60 nm nanoparticle, 820 K and 1.07 tuning for 100 nm nanoparticle). The
further increase in the temperature leads to a continuous decrease in the linewidth tun­
ability due to thermally­induced broadening of the direct bandgap edge in silicon. The EQ
linewidth tunability has a similar lineshape with an approximately 1.5 times smaller peak
value. These results show the ability to optimize the thermal tuning of fundamental Mie

(a) T=298 K T=1073 K

r
 =

 8
0
 n

m
r
 =

 4
0
 n

m

T=673 K

T=298 K T=1073 KT=673 KMD ED

ED MQ

T = 298 K

T = 1073 K

T = 298 K

T = 1123 K

b = 81 nm

b = 41 nm

(b) (c) (d)

(e)

(f) (g) (h)

Figure 5.5: Thermal near­field tuning of silicon Mie modes. (a) Multipole decomposition of
the EELS signal into different azimuthal contributions l for a particle with r = 80 nm. The
decomposition is performed at two temperatures for the impact parameter b = 81 nm.
(b­d) Experimental EELS maps of a particle with r = 82.4 ± 1.9 nm for a fixed energy
of 2.4 eV (ED at the room temperature) at different temperatures. (e) Multipole EELS
decomposition at two temperatures for a particle with r = 40 nm with impact parameter
b = 41 nm. (f­h) Experimental EELS maps of a particle with r = 42.2 ± 0.7 nm for a
fixed energy of 2.91 eV (MD at the room temperature) at different temperatures. Note,
that the refractive index in (e) is taken from Ref. [158] due to a limited energy range of the
refractive index in Ref. [155]. Adapted from paper D.
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resonances to achieve the large tuning values above unity.

5.1.4 Thermal near­field tuning of silicon Mie resonances
We use the near­field maps of different Mie modes (Figure 5.3) to show near­field tuning
of the EELS field profiles at the energy of interest. Figure 5.5 demonstrates near­field
tuning with temperature for two nanoparticle sizes. For a r = 80 nm silicon nanoparticle,
a multipole decomposition of the EELS spectrum [83] shows that there are two main con­
tributions coming from the first two azimuthal components l = 1 and l = 2 (Figure 5.5(a).
Each azimuthal component with l = 1 (l = 2) contains two resonances: the MD and ED
for l = 1 (MQ and EQ for l = 2). We consider the energy of interest of 2.4 eV which is
the ED resonance energy at room temperature. When the temperature is increased to
1073 K, the multipole decomposition shows that the energy crosses the MQ resonance
energy. We show the accompanying changes in the experimental EELS intensity maps
at different temperatures (5.5(b­d)) which reveals that the near field is tuned from the ED
mode at room temperature to the MQ mode at 1073 K.

For the particle with the radius r = 40 nm, the EELS spectrum mainly consists of only
l = 1 contribution (Figure 5.5(e)). We fix the energy of interest at 2.91 eV which is the
MD resonance energy at room temperature. At the elevated temperature of 1073 K, the
energy of interest is in the flat region of the spectrum. We plot the near­field changes in
the EELS maps in Figure 5.5(f­h) which show that even without having spectral features,
the near­field tuning remains accessible, where we shift the EELS intensity map from the
characteristic of the MD mode EELS maps to the ED mode EELS map at the elevated
temperature.

5.1.5 Stability
In­situ EELS allow us to track the morphological changes in the nanoparticle upon heating
via STEM imaging. The morphological changes can be attributed to the nanoparticle size
and shape changes due to temperature treatment, such as melting. The morphological
data from STEM imaging combined with the spectral response from the EELS character­
ization allows us to ensure stable and reversible operation of the nanoparticles under the
temperature treatment.

Figure 5.6(a­d) shows the STEM images of a typical silicon nanoparticle at different tem­
peratures. The STEM images are taken with several minutes time gaps after the heating
to the temperature of the interest to ensure the thermally stable condition of the TEM
chip. Using the image analysis (Section 4.1.3) we find no change in the particle radius
for temperatures up to 1073 K which proves that there are no thermal expansion effects
in silicon. When the particle is heated further (Figure 5.6(d)), we observe irreversible
changes in the particle shape resulting in a more faceted particle in the beginning. It
should be noted that the changes in the particle geometry are time dependant, i.e. the
particle shape is constantly modified under the temperature treatment at temperatures
higher than 1073 K, leading to a total melting of the particle. We extend this procedure to
31 silicon nanoparticles with different sizes in Figure 5.6(e) where we show that approxi­
mately two­thirds of the particles remain stable up to 1073 K temperature with all particles
being stable for 100 K lower temperature. This shows that the majority of the particles
can be safely operated up to 1073 K temperature without any changes in the nanoparticle
morphology. To the best of our knowledge, this is the highest operating temperature of
the thermally actuated silicon nanoparticles, however, it is nonetheless smaller than the
melting point of the crystalline silicon (1688 K). The possible reasons for the lower melting
point of our nanoparticles can be attributed to the size­dependent melting effects, elec­
tron beam induced heating, pollycrystallinity or doping. Size­dependent melting should

5.1. THERMAL TUNING OF SILICON NANOPARTICLES 55



Figure 5.6: Stability of thermally tuned nanoparticles. (a­d) STEM images of a silicon
nanoparticle with r = 82.4± 1.9 nm at different temperatures. The green selection repre­
sents the boundary of the particle. (e) Systematic investigation of morphology changes
for 31 different nanoparticles with radii spanning 40­100 nm at elevated temperatures. (f)
Experimental EELS spectra of a silicon nanoparticle with a radius r = 73.8± 2.3 nm (top)
with no heating applied and (bottom) after four heating to 1073 K­cooling to 298 K proce­
dures. The spectra are acquired from the electron beam positions shown in (g). (g) STEM
image of the nanoparticle, where the coloured areas represent the integration regions for
the EELS signal. Adapted from paper D.

not play any role for the comparatively large nanoparticles investigated here (larger than
40 nm radii) [159]. The electron beam induced heating [160] effect can be safely dis­
carded since the particles which are not affected by the electron beam also change their
shape upon heating. We attribute the lower melting point to particle pollycrystallinity and
doping of our nanoparticles. Doped polycrystalline silicon is known to have grain growth
at relatively low temperatures below 1173 K because of self­diffusion effects enhanced by
doping [161]. Moreover, the highly spherical shapes of our particles involve the presence
of crystal planes with high Miller indices on the particle surface. These crystal planes are
known to grow into low­index planes upon heating [162]. Indeed, the reported tempera­
tures near or above 1073 K for grain growth and reconstruction into low­index planes in
silicon is consistent with the temperatures of the shape and facet changes recorded in our
experiments.

We also demonstrate that the thermal tuning is stable and reversible spectrally via EELS
measurements. In particular, we apply four heating and cooling processes and record
the EELS spectra before and after the whole process trying to detect any changes in the
EELS spectrum (Figure 5.6(f­g)). We observe no changes in the EELS spectrum and
conclude that the nanoparticle remains stable and is not affected by the multiple heating
processes. As such, the majority of the silicon nanoparticles can be safely operated up
to 1073 K without their operation failure in a reversible manner.

56 5.1. THERMAL TUNING OF SILICON NANOPARTICLES



Figure 5.7: STEM EDX analysis of a silicon nanoparticle. (a) EDX spectra before the
heating to 1073 K and after the cooling to 298 K obtained in the region indicated in (b).
Note, that the top spectral line is shifted by one unit for clarity. (b) STEM image of the
nanoparticle, where the green circular region represents the integration region for the EDX
signal. (c­d) EDX mapping of (c) silicon and (d) oxygen before the heating and after the
cooling. Adapted from paper D.

We further confirm the stability of the thermally modulated silicon nanoparticles by STEM
EDX measurements which characterize the chemical composition of the nanoparticles
(Figure 5.7). From both, spectral (Figure 5.7(a­b)) and mapping (Figure 5.7(c­d)) experi­
mental EDX data, we can conclude that there are no significant changes in the chemical
composition of the particle after its heating to 1073 K.

5.1.6 Concluding remarks
We have experimentally shown the thermal tuning of the silicon nanoparticles Mie modes
in the 40­100 nm radii range using the thermo­optic effect. We tune the Mie modes in the
visible range by up to 0.15 eV for the smallest particle of 40 nm radius. The MQ mode
can be thermally tuned beyond one linewidth by particle size optimization, with the MD,
ED and EQ modes offering the linewidth tunability in the 0.3 to 0.7 range. The linewidth
tunability at high energies (2.8­3 eV) is limited by the silicon losses which can be beneficial
for switching devices with turn on­off functionalities.

We exploited the large spectral shifts of Mie resonances to thermally tune the near­field
profile of the Mie modes and showed the thermal switching between the near­field profiles
of different Mie modes. Noticeably, the near­field changes can be observed even when
there are no spectral features in the EELS spectrum. As such, the near­field switching be­
tween different Mie modes can be achieved via thermal tuning, proving to be a promising
approach for photonics applications where near­field tuning is required.

We show no significant changes in the spectral response or morphology for the majority
of silicon nanoparticles as they are heated to temperatures up to 1073 K (973 K for all
particles) using the combination of STEM imaging and EELS spectral characterization. In

5.1. THERMAL TUNING OF SILICON NANOPARTICLES 57



addition, we perform EDX STEM analysis to show no chemical changes in the nanopar­
ticle composition upon heating. Thus, we conclude that the Mie modes in our silicon
nanoparticles can be thermally tuned stably and reversibly up to 1073 K temperature.

5.2 Silicon electromechanical beams
5.2.1 Motivation
Electromechanical actuation is another approach that can be utilized to modify the optical
response of a photonics system due to precise control of the mechanically moveable
elements, allowing such applications as tunable lenses [20], light steering [163], tunable
lasers [164] as well as reconfigurable meta­atoms [18, 19]. This approach of achieving
reconfigurable meta­atoms is particularly attractive due to its low power requirements and
an ability to provide high­frequency dynamic operation of the moveable elements [165].

Dielectric nanowires which support multiple Mie­like resonances [166] can be effectively
combined into pairs to modulate their response via changing the spatial gap between
them. They show a significant shift and appearance of new Mie type resonances when
they are positioned at different distances[167]. We combine the dielectric nanowires or
beams made of silicon in an electromechanical system to show the modulation of the
optical response. Silicon is attractive for this application because of its compatibility with
lithographic techniques, ability to be doped to increase the conductivity, hence allowing
the electric signal to be directly applied and outstanding mechanical properties.

5.2.2 Device concept
We conceptualize the device for electromechanical actuation of silicon beams in Fig­
ure 5.8(a). We place two silicon beams separated by a gap g over a hole produced in a
silicon oxide thin layer on top of a silicon substrate. The hanging silicon beams have their
ends attached to the silicon oxide layer, the beams are also connected to the electrodes
for biasing. When no bias is applied, the beams are separated by a gap g. The beams
start to deflect when voltage bias is applied snapping into contact at a pull­in voltage UPI.
Figure 5.8(b) shows the COMSOL simulation of two electromechanically actuated silicon
beams fixed on both ends with following parameters: g = w = h = 205 nm, L = 15 μm. We
see a typical pull­in behaviour for electrostatic actuation of the mechanical beams[168] at
a pull­in voltage of around 13 V with an achievable deflection of around 85 nm before the
pull­in. It should be noted that this voltage is easily accessible by the TEM electrostatic
holder which can be biased by up to around 200 volts.

5.2.3 Fabrication
We use commercially available 6 inch SOI wafers produced by Shin­Etsu Handotai which
feature a ⟨100⟩ 205±20 nm thick p­doped (boron) silicon layer on top of a 200±10 nm thick
silicon oxide layer and a ⟨100⟩ 625 μm thick n­doped (phosphorous) silicon substrate. The
production is performed in the following steps which are also represented in Figure 5.9:

1. Fabrication of silicon beams.

Using deep UV lithography on the thin silicon layer side of the SOI wafer, we create a
photoresist pattern of two silicon beams separated by a small gap with the smallest di­
mensions of 200 nmwide beams and 200 nmwide gaps (Figure 5.9(a)). Then, we perform
the deep reactive ion etching of the silicon layer using the lithographic pattern. The dry
etching is followed by a photoresist strip (Figure 5.9(b)).

2. Fabrication of silicon nitride mask.

We perform RCA cleaning of the wafer before its further processing in a furnace. The RCA
cleaning consists of two 10minutes cleaning steps in each chemical solution: H2O:NH4OH:H2O2
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Figure 5.8: Electromechanical actuation of silicon beams. (a) Schematic of the device:
two silicon beams separated by a gap g actuated by an applied bias U . Each beam
has length L, width w and height h (not shown). At 0 bias, there is no beam deflection,
while red dashed lines represent the snapping of the beam at the pull­in voltage UPI. (b)
Numerical simulation of the displacement­applied bias dependence for two silicon beams
with following parameters: g = w = h = 205 nm, L = 15 μm. The beams are fixed on both
ends. Note, that at UPI the beams snap into contact.
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Figure 5.9: Schematic representation of of the silicon electromechanical beams after
some fabrication steps which are indicated under (a­j) labels.

5:1:1 and H2O:HCl:H2O2 5:1:1 solutions. Afterwards, we deposit 60 nm of a low­stress
silicon­rich nitride layer on both sides of the wafer by low­pressure chemical vapour de­
position (LPCVD) (Figure 5.9(c)). The LPCVD nitride layer acts both as a protection of
the top device layer and the bottom mask for the creation of TEM membranes. Using UV
lithography on the silicon substrate side of the SOI wafer, we create a photoresist pattern
of the TEM membranes (Figure 5.9(d)). This is followed by an etch of the silicon nitride
layer through the lithographic pattern and a subsequent strip of the resist (Figure 5.9(e)).
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It should be noted that we have also tested the silicon nitride layer deposited via plasma­
enhanced chemical vapour deposition (PECVD). However, the layer performed worse as
protection and mask during KOH etching due to a higher amount of pinholes generated in
the silicon nitride layer during the etching. Even more important fact is that this deposition
method results in platten patterns in the device silicon layer which is enriched by nitrogen
in some areas. The subsequent removal of the silicon nitride layer results in some areas
of the wafer still having silicon nitride made of the device silicon layer enriched by nitrogen.

3. Fabrication of silicon oxide membrane.

We perform the wet KOH etching of the silicon substrate through the LPCVD silicon nitride
mask (Figure 5.9(f)). Then, we remove the LPCVD silicon nitride layer from both sides of
the wafer using wet H3PO4 etching at 160°C (Figure 5.9(g)).

4. Release of silicon beams.

First, we deposit a protective photoresist on the device side of the wafer (Figure 5.9(h))
and perform wet BHF etching to remove the silicon oxide layer under the TEM windows
(Figure 5.9(i)). Afterwards, we introduce grooves along the lattice planes with a high
power laser and manually break the wafer into smaller chips. To remove the protective
photoresist layer, these chips are further processed in acetone solution for 10 minutes,
followed by several isopropanol solutions for 5 minutes in each one. We try to avoid sam­
ple drying when transferring the sample between different solutions. Then, we perform
critical point drying of sample in the last isopropanol solution and plasma ash the sample
for 5 minutes (Figure 5.9(j)).

It should be noted that the photoresist delaminates in some areas during the BHF etching
of the silicon oxide layer. This can be explained by the pin­holes introduced by KOH etch­
ing. The BHF solution can penetrate in these areas lifting the photoresist and resulting in
flakes with the photoresist. Even more importantly, it seems that the photoresist bends
the beams when the silicon oxide layer is removed. An alternative way of releasing the
silicon beams which needs to be tested is to perform the dicing after photoresist depo­
sition, remove the photoresist, and remove the silicon oxide layer directly followed by a
critical point drying.

The detailed process flow for the fabrication of silicon beams is shown in Table A.2.

5.2.4 Size analysis
We use the STEM image of the silicon beams for the size analysis (Figure 5.10(a)). First,
we apply a canny edge detection filter with σ = 1 pixel on the STEM image and perform a
diameter opening operation to remove all edges shorter than the 0.4 of the length of STEM
image taken along the beams (Figure 5.10(b)). Then, we perform Hough line transform to
find four best­fitting lines to the edges with the minimal distance separation between the
fitted lines of 5 pixels (Figure 5.10(c)). We utilize Python scikit­image library to perform
all these operations. We assume the orientation of the beams to be along one of the
coordinates which are along y in Figure 5.10. Then, we evaluate the x coordinate of each
fitted line at the top and bottom of the image and find the location of each edge of the
silicon beam as an average of these two coordinates. The width of each silicon beam
and the gap are calculated as the difference between pairs of edge locations with the final
results indicated in Figure 5.10(c).

5.2.5 Electromechanical actuation and EELS response.
Figure 5.11(a) shows a part of free­standing silicon beams with a total length of approx­
imately 15 μm. The fabricated silicon beams have a curvature which results in a non­
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Figure 5.10: Size analysis of silicon beams. (a) STEM image of two silicon beams at a
gap. (b) Canny edge detection. (c) Fitted lines to the edges via Hough line transform.

uniform gap between the beams. We perform the characterization of the beams at the
shortest gap of 104 nm shown in Figure 5.11(b). When the voltage is applied and in­
creased, the beams snap to the gap of 23 nm at a pull­in voltage of 43 V (Figure 5.11(c))
indicating the smallest possible gap. Figure 5.11(d) shows the dependence of the gap be­
tween the silicon beams on the applied voltage. The beams can be moved linearly from
a gap of 104 nm to 84 nm with a pull­in effect at 43 V which decreases the gap sharply
to 23 nm. It should be noted that when the voltage is removed, the beams return to their
original position demonstrating a reversible operation of the device.

We perform the EELS characterization of electromechanically actuated silicon beams
shown in Figure 5.12(a). We integrate the EELS spectrum along the length of the silicon
beams and show the resulting spectrum of the unbiased silicon beams in Figure 5.12(b).
We can observe multiple possible Mie­type resonances which are excited by the electron
beam. The energies of some resonances are indicated by the grey dashed lines. No­
ticeably, we can resolve some resonances at energies around 3 eV which is not the case
for silicon nanoparticles studied in Section 4.1 which can be explained by the crystalline

2 µm2 µm

0.2 µm0.2 µm

0.2 µm0.2 µm

(a)
(b)

(c)

(d)

0 V: g = 104 nm

43 V: g = 23 nm

Figure 5.11: Electromechanical actuation of silicon beams. (a) Overview STEM image of
silicon beams. (b) STEM image of silicon beams at no applied voltage and a gap of 104
nm. (c) STEM image silicon beams at a pull­in voltage and a gap of 23 nm. The average
width of the silicon beam is 204 nm. (d) The gap between silicon beams as a function of
an applied voltage. The pull­in voltage is 43 V.
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Figure 5.12: EELS response of silicon beams. (a) STEM image of the silicon beams
at no applied bias with squared regions representing the integration areas of the EELS
signal shown in (c). (b) Experimental EELS signal integrated along the length of beams.
(c) Experimental EELS signal integrated in the regions indicated in (a). (d) Experimental
EELS signal integrated in center of the gap (blue square region in (a)) at different applied
voltages. (e) Experimental EELS signal integrated in outside the beams (green square
region in (a)) at different applied voltages.

nature of the silicon beams. The optical mode of interest for reconfiguration purposes lies
at 1.38 eV which can be efficiently excited only outside the silicon beams (Figure 5.12(c)).

We perform the electromechanical actuation of the silicon beams combined with EELS
characterization in Figure 5.12 (d­e) where we show the EELS signal integrated around
the gap centre (gcentre± 5 nm) and at a fixed outside location of 15±5 nm. The significant
difference in the EELS spectrum can be observed for the outside location of the electron
beam where we actively tune the mode from 1.38 eV for no applied bias to 1.57 eV at the
pull­in voltage. This demonstrates a 0.19 eV or 100 nm possible actuation range.

5.2.6 Concluding remarks
We have fabricated electromechanically actuated silicon beams with nanometer­sized
cross­sections. The fabrication resulted in non perfectly shaped beams due to the release
step of the silicon beam, therefore, we suggest an alternative approach to achieve more
improve the resulting shape of the silicon nanobeams.

We performed the electromechanical actuation of the silicon beams by voltage modulating
the gap from 104 nm to 84 nm with a pull­in distance of 23 nm. The beams return to the
original shape when we remove the voltage showing a reversible nature of their operation.
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By positioning the electron beam outside the silicon beams, we can excite the mode which
is the result of the coupling of two silicon beams. We show 0.19 eV or 100 nm spectral
tuning of the resulting mode by electromechanical actuation.
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6 Conclusions and Outlook
This thesis ”Electron energy­loss spectroscopy of reconfigurable meta­atoms” investi­
gates some optical meta­atoms and reconfigurable optical meta­atoms using in­depth
electron energy­loss analysis.

We consider several optical meta­atoms based on two groups of materials, dielectric and
metals. In the case of dielectrics, we consider the EELS response of silicon Mie resonant
nanoparticles in a broad size range. In particular, we obtain the resonance energies of
the first five Mie modes where we utilize position­dependant EELS signals to differentiate
between spectrally close modes. We place the silicon nanoparticle on top of a thin gold
layer to excite the hybrid dielectric­metal resonances. The thin gold layer ensures efficient
plasmon launching due to strong field overlap between the electric dipole Mie mode of the
silicon and the short­range SSP supported by the metal film. We change the resonance
energy of the hybrid resonance by changing the nanoparticle size allowing us to launch
the SPP at the energy of interest. The hybrid mode resonance energy also depends on
the location of the electron beam where we show that the electron beam movement from
the particle centre leads to the change in the orientation of the electric dipole modifying the
resonance condition and leading to a redshift in the resonance. We also demonstrate the
SPP scattering by the silicon nanoparticle where we directly excite the short­range SPP of
the thin gold film by the electron beam and show the interference effect resulting from the
combination of scattered and launched waves. Using a simple relation, we experimentally
reconstruct the dispersion relation of the short­range SPP. We also characterize the sili­
con nanoparticles using CL SEM. Due to low acceleration voltage, we show a significant
contribution from the transition radiation interference effects.

The second dielectric meta­atom we consider is based on boron­phosphide. Using an ab
initio calculation of the dielectric function of the BP material, we show its potential as a
UV material. We characterize the randomly shaped BP particles via EELS to experimen­
tally demonstrate that they can support the Mie resonances at the energies of interest.
We suggest a simple approach to achieve spherical BP nanoparticles and experimentally
demonstrate its validity.

We also consider meta­atoms based on two metal materials, gold and nickel. In both
materials, we observe the hybridization effects leading to the resonances at new distinct
energies. In the case of gold material, we examine gold dimer geometry which has a hy­
bridization between two localised surface plasmon resonances (LSPR) of separate rods.
We shift the resulting symmetric and antisymmetric modes to the visible range and char­
acterize it via EELS. We suggest an approach to fine­tune the resonances via depositing
a thin silver shell.

The nickel nanoparticles with spherical shapes have a hybridization effect between the
LSPR and the interband transition. Using EELS, we show the hybridization effect be­
tween the different order multipole LSPRs and IBT in isolated nickel particles where the
hybridization condition depends on the LSPR resonance energy which is defined by the
particle radius.

Then, we investigate two reconfigurable meta­atoms. First, using the results from the
silicon nanoparticles we considered earlier, we fine­tune their Mie resonances via the
thermo­optic effect. We tune the Mie modes in the visible range by up to 0.15 eV for
the smallest particle of 40 nm radius. We show numerically that the MQ mode can be
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thermally tuned beyond one linewidth by particle size optimization, with the MD, ED and
EQ modes offering the linewidth tunability in the 0.3 to 0.7 range. Using the near­field
nature of EELS, we show thermal tuning between the near­field profiles of different Mie
modes. We utilize a combination of STEM, EELS and EDX characterization to show a
stable operation of the majority of the nanoparticles up to 1073 K.

Finally, we consider a reconfigurable meta­atom based on electromechanically actuated
silicon beams separated by a small gap. We fabricated such silicon beamswith nanometer­
sized cross­sections and demonstrated their electromechanical actuation shifting themode
of interest by 0.19 eV or 100 nm.

6.0.1 Outlook
In the case of two dielectric materials, we suggest utilizing the silicon nanoparticles in a
combination with other optical materials, for example, two­dimensional materials [169].
Boron phosphide needs new developments in the fabrication methods to obtain meta­
atoms with various precisely defined shapes and geometries.

We suggest utilizing the metal dimers in electromechanically actuated devices to tune the
gap and offset, and hence the optical response of the meta­atom. We show the hybridiza­
tion effects in the nickel nanoparticles, however, the possibility to utilize them in a strong
coupling regime still needs some consideration.

Reconfigurable meta­atoms based on the thermo­optic effect could benefit on investiga­
tion and discovery of new materials. In the case of electromechanically actuated beams,
the fabrication sequence should be perfected to achieve well­defined shapes. Then, this
can be extended into the fabrication of electromechanically actuated devices with a higher
number of silicon beams.
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A Process flows

Table A.1: Fabrication of TEM membranes

Step Equipment & procedure Comments

1. Wafer purchase 4″, n­type (phosphor), ⟨100⟩ orientation, 350
μm thickness, double side polished

2. SiN deposition Furnace LPCVD nitride 6 inch: 5 min 30 sec
deposition time

3. Inspection Ellipsometer: 33 nm thickness and 2.1 re­
fractive index of SiN with 1 nm of native oxide
underneath

UV lithography: KOH windows

4.1. Photoresist de­
position

Gamma UV Spin Coater: 1411 recipe (4″
wafer, 1.5 μm MiR 701 resist, HMDS prim­
ing)

4.2. Exposure MA6–2 Aligner: 13 mW/cm2, 17.2 sec, chan­
nel 2, contact mode, 10 sec stabilization time

4.3 Development TMAH UV­lithography developer: 3001
recipe (4″ wafer, post­exposure baking
(PEB) for 60 sec at 110°C, single puddle (SP)
development for 60 sec)

5. SiN etching Advanced Oxide Etcher (AOE): NAN­
OTECH/ERIJ/SRNETCH2 recipe, 1 minute,
platen temperature is 0°C

Visual test: the colour
of SiN areas should
change

6. Resist strip Plasma Asher 2: 30 min, 400 ml/min oxygen,
70 ml/min nitrogen, 1000 W, 1.222 mbar

7. Inspection Profilometer DektakXTA: 45­40 nm was
etched (centre­edge location on the wafer)

8. Si etching Si Etch 1 (KOH): wet 28 % KOH etching at
80°C for 4 h 31 min. Rinsing: 2 program
(water overflow only). The wafers are left for
drying (no spin drying)

Ellipsometer is used in
the middle of the etch­
ing process to check
the etch rate (1.29
μm/min)

9. Wafer cleaning HCl:water 4:1 solution for 10 min Check with an opti­
cal microscope. If a
noticeable number of
FeO particles is still
present, repeat the
process

Gold layer deposition
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10.1. APTMS layer
deposition

Fumehood: Solution of 95% isopropanol,
2.5% water and 2.5% APTMS. The wafers
are immersed into the solution for 3 hours
to get a 1 nm layer of APTMS. The solution
holder is covered with a piece of plastic. Af­
ter 3 hours, the wafers are cleaned in subse­
quent steps with the following solutions: iso­
propanol, water; isopropanol, water

It is important to do all
cleaning steps imme­
diately one after an­
other

10.2. Gold layer de­
position

Sputter­System (Lesker), parameters: 300
watt, 3 mTor, 10 sec

The expected deposi­
tion rate is 1 nm/sec­
ond

10.3. Inspection Ellipsometer: gold layer thickness of 9­10 nm Model with 10 nm Au /
1 nm SiO2 / 30 nm Si
rich SiN / Si substrate
has been created and
used

10.4. Inspection AFM: gold layer is scratched and step mea­
sured: 9­10 nm. AFM gold surface rough­
ness: 1 nm

AFM and SEM show
two types of gold
grains (large and
small) which is to be
expected

Back­end

11. Protective pho­
toresist deposition

Spin coater Labspin 2: AZ 4562 resist, 2000
rpm, 2000 rpm/s, 60 sec. Bake for 60 sec at
100°C. Expected thickness: 9 μm

The temperature of
the hot plate is set to
110°C to account for
the additional metal
plate on top

12.a. Wafer dicing,
silicon only

Laser Micromachining Tool: 50 W pi­
cosecond laser manufactured by Time
Bandwidth (TBW) with 1064 nm / 255
mm objective. Recipe: /artas/Simem­
branes/4inchSi_membrane

Use a test wafer of
a similar thickness to
check how easy it is
to break the wafer af­
ter cutting. Modify the
cutting parameters if
needed

12.b. Wafer dicing,
with a gold layer

Disco Saw, dicing recipe: modified 10 by 10
cm recipe with 0.1 mm blade height, 20mm/s
speed, appropriate dicing period and number
of cuts

Since no alignment
marks are present,
membranes are used
for alignment
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Table A.2: Fabrication of silicon beams

Step Equipment & procedure Comments

1. Wafer purchase SOI, 6″, substrate (n type (phosphor), ⟨100⟩
orientation, 625 μm thickness), silicon ox­
ide (200 ± 10 nm thickness), silicon (p type
(boron), ⟨100⟩ orientation, 205± 20 nm thick­
ness)

Fabrication of silicon beams

2.1. Deep UV resist
and BARC spin coat­
ing

SÜSS Spinner­Stepper: 1201 recipe (DCH
150 mm BARC 65 nm deposition) followed
by 1301 recipe (DCH 150 mm M230Y 360
nm dispense 3 ml at 1000 rpm, spin­off 30
sec at 2500 rpm, soft bake 90 sec at 130°C)

2.2. Deep UV resist
exposure

DUV Stepper: simulated dose

2.3. Deep UV resist
development

Developer TMAH Stepper: 1002 recipe
(DCH PEB 60 sec and DEV 60 sec, 60 sec
baking at 130°C followed by 60 sec single
puddle development)

2.4. Inspection Optical microscope: check pattern and align­
ment marks

2.5. Silicon and
BARC deep reactive
ion etching

Pegasus 1: 30 sec of barc205 removal, fol­
lowed by Nano1.42 recipe with endpoint de­
tection tracking (SF6 and SiF4 concentrations
tracking) for around 120 sec

Use endpoint detec­
tion to precisely stop
the etching of silicon

2.6. Inspection Ellipsometer: no silicon left in exposed areas
2.7. Inspection Optical microscope: check pattern and align­

ment marks
2.8. Resist strip Plasma Asher 2: 30 min, 400 ml/min oxygen,

70 ml/min nitrogen, 1000 W, 1.222 mbar

Fabrication of silicon nitride mask

3.1. Cleaning before
furnace

2 step RCA cleaning No HF step since sil­
icon oxide is present
on the wafer

3.2. LPCVD nitride
deposition

Furnace LPCVD nitride 6 inches: 10 min de­
position time

Test wafer, mea­
sured silicon nitride
thickness is 58.43
nm, measured re­
fractive Index is 2.16
(ellipsometry)

3.3. UV resist coating Spin Coater (GammaUV): 1611 recipe (DCH
150 mm MiR 701, 1.5 μm HMDS)

Backside of the wafer

3.4 UV resist expo­
sure

Aligner (Maskless 03): AZ MiR 701 resist
type, 1.5 µm thickness, quality exposure
mode, 250 mJ/cm2 dose, ­2 defocus

Backside of the wafer
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3.5. UV resist devel­
opment

Developer (TMAH UV­lithography): 3010
recipe (DCH 150 mm PEB 60 sec at 110°C
SP 60 sec)

Backside of the wafer

3.6. Silicon nitride
etch

ICP Metal: SiO2 etch with carrier recipe, 60
nm etch depth, 65 nm/min etch rate, etch for
1 min 30 sec to be sure

Backside of the wafer

3.7. Resist strip Plasma Asher 2: 30 min, 400 ml/min oxygen,
70 ml/min nitrogen, 1000 W, 1.222 mbar

3.8. Inspection Optical microscope: check the resulting win­
dow sizes

Backside of the wafer

Fabrication of silicon oxide membrane

4.1. Si etching Si Etch 1 (KOH): wet 28 % KOH etching at
80°C for 6 h 26 min followed by an additional
1 h 28 min. Rinsing: 2 program (water over­
flow only). The wafers are left for drying (no
spin drying)

Ellipsometer is used
after 6 h 26 min of
etching to check
the etch rate (1.3
μm/min).

4.2. Silicon nitride re­
moval

Wet H3PO4 etching: 20 min at 160°C Eching rate is approx­
imately 3.3 nm/min

4.3. Inspection Ellipsometer: no silicon nitride left

Release of silicon beams

5.1 Resist deposition
for device protection

Spray coater: acetone: Mir 701 3:1 solution,
PGMEA solvent for cleaning, soft baking is
done at 90°C for 90 sec. Spray coating pa­
rameters: speed 40 mm/s, line spacing 3
mm, z point 40, flow rate 1000 ul/min, 1 pass

The resulting thick­
ness is around 9.6
μm

5.2. Silicon oxide re­
moval

Wet BHF etch: 3 min 30 sec Expected etch rate of
wet thermal oxide: 75­
80 nm/min

5.3. Inspection Optical microscope: a lot of flakes from
the spray­coated resist, some of the silicon
beams are destroyed after or during the etch

5.4. Dicing Laser Micromachining Tool: 50 W pi­
cosecond laser manufactured by Time
Bandwidth (TBW) with 1064 nm / 255
mm objective. Recipe: /artas/Simem­
branes/4inchSi_membrane

Use a test wafer of a
similar thickness to
check how easy it is to
break the wafer after
cutting and the width
of the trenches (avoid
destruction of the
electrical contacts).
Modify the cutting
parameters if needed.

5.5. Samples separa­
tion

Break the sample along the introduced
trenches

5.6. Resist removal
with critical point dry­
ing

Acetone solution for 10 min. This is fol­
lowed by 2­3 different isopropanol solutions
for 5 min in all steps. Transport directly in
isopropanol solution for critical point drying.
Then, plasma ash for 5 min

Don’t clean in water in
between acetone and
isopropanol clean­
ing since it seems it
leaves a lot of resist

80



Paper A
Assadillayev, A., Hinamoto, T., Fujii, M., Sugimoto, H., Brongersma,
M. L., Raza, S.

Plasmon launching and scattering by silicon nanoparticles

ACS Photonics 8, 1582–1591 (2021)

Author Contributions
S.R. and M.L.B. conceived the experiments. A.A. fabricated the
samples and performed the EELS measurements. A.A. performed
the image and EELS data analyses. A.A. and S.R performed the
simulations. T.H., H.S., and M.J. fabricated the silicon nanoparti­
cles. A.A. and S.R. prepared figures and wrote the manuscript. S.R.
supervised the project. All authors discussed the results and con­
tributed to the preparation of the manuscript.

81



Plasmon Launching and Scattering by Silicon Nanoparticles

Artyom Assadillayev, Tatsuki Hinamoto, Minoru Fujii, Hiroshi Sugimoto, Mark L. Brongersma,
and Søren Raza*

Cite This: ACS Photonics 2021, 8, 1582−1591 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Resonant optical nanomaterials with a high
refractive index, such as silicon, have become key elements for
controlling free-space light. Here, we show that silicon nano-
particles can manipulate highly confined guided waves in the form
of surface plasmon polaritons (SPPs) on a subwavelength scale.
Using electron energy-loss spectroscopy in a transmission electron
microscope, we demonstrate that SPPs in ultrathin metal films can
be efficiently launched due to the strong coupling between the Mie
resonances of the nanoparticle and the SPP modes. We find that the SPP excitation wavelength can be tuned across the entire near-
infrared by varying the particle size. For insight into the coupling mechanism, we also measure the electron-beam-induced response
of the Mie resonances in isolated silicon nanostructures in a broad size range. Finally, we show that the silicon nanoparticles act as
scatterers of the SPPs supported by the film. Our results may pave the way for using high-refractive-index dielectric nanoantennas as
compact elements for manipulating highly confined SPPs.

KEYWORDS: high-refractive-index nanostructures, Mie resonances, surface plasmon polaritons, electron energy-loss spectroscopy,
hybrid dielectric−plasmon resonances

S urface plasmon polaritons (SPPs) supported by metal films
have been the subject of intense research since their first

prediction by Ritchie,1 as they enable the localization and
guiding of light at subwavelength scales.2 These properties are
desirable for reducing the footprint and energy consumption of
integrated photonic devices3,4 as well as realizing two-
dimensional manipulation of light.5 Several different passive
SPP components, such as lenses, prisms, and graded-index
structures, have already been realized.6,7 However, SPPs
cannot be directly excited due to the momentum mismatch
between the impinging light and the SPP. The most common
excitation techniques are based on either total internal
reflection, such as Kretschmann or Otto prism coupling, or
diffractive effects, such as grating couplers.8 While prism
coupling is suitable for investigating fundamental SPP
properties, it is usually bulky and not amenable to
miniaturization. On the other hand, grating coupling requires
patterning the metal film on a scale several times larger than
the wavelength of light, which may compromise the quality of
the film. This can be particularly detrimental in high-quality
atomically thin materials9 and passivated metal films.10 These
considerations have prompted an interest in launching SPPs
using subwavelength light scatterers, which provide access to a
broad range of momenta. In this scheme, a key parameter for
achieving efficient SPP launching is a significant modal overlap
between the field of the resonant nanostructure and the SPP
supported by the metal film. While a broad range of different
plasmonic11,12 and dielectric13,14 resonant nanostructures have
been considered, there has been little attention on modifying

the SPP to improve the modal overlap and thereby boost the
coupling to SPPs. So far, studies have focused on coupling to
the SPP of optically thick metal films, whose field is not
optimized to overlap with either plasmonic or dielectric
nanostructures.15,16

In this work, we experimentally demonstrate that geometric
Mie resonances17 supported by silicon nanoparticles hybridize
strongly with the highly confined SPPs in 10-nm-thin gold
films. The strong hybridization leads to the formation of a new
class of hybrid dielectric−plasmon resonances,16 where the
out-of-plane confinement is enabled by the SPP, while the in-
plane confinement is provided by the silicon nanoparticle.
Such hybrid resonances also occur for optically thick metal
films, where they offer light confinement with low losses and
high radiation efficiency into free-space light.16,18 In contrast,
the hybrid dielectric−plasmon resonance reported here has a
strong modal overlap with the SPP supported by the thin gold
film, providing a promising platform for efficient nanoscale
plasmon generation.
We perform the experimental characterization with electron

energy-loss spectroscopy (EELS) in a transmission electron
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microscope (TEM), which can measure the optical response of
nanophotonic structures with nanometer spatial resolution and
meV energy resolution.19,20 This powerful technique has been
used to characterize the plasmonic response of a range of metal
nanostructures21−23 as well as low-energy phonon excita-
tions.24 The simultaneous high spatial and spectral resolution
enables us to perform position-dependent spectral inves-
tigation over the area of the silicon nanoparticles to
characterize the hybrid dielectric−plasmon resonances as
well as the Mie resonances. We present near-field profiles of
the Mie resonances and map their resonance energies across a
broad range of nanoparticle sizes. We show that the presence
of an ultrathin gold film beneath the silicon nanoparticles
produces a hybrid resonance due to SPP coupling with a near-
field profile distinctly different from those of the Mie
resonances. Notably, we find that the hybrid resonance
confines light on a deep-subwavelength scale of ∼λ/10
(where λ is the wavelength in free space), which is beyond
the diffraction limit of silicon. The hybrid resonance and
thereby the SPP excitation wavelength can be tuned across the
entire near-infrared wavelength range, including telecommuni-
cation wavelengths, by varying the nanoparticle size. Finally,
we exploit the capability of the electron beam to directly excite
SPPs to demonstrate that silicon nanoparticles act as SPP
scatterers. Our results show that silicon nanoparticles act as
compact plasmon launchers and scatterers, which may enable
nanoscale plasmon circuitry for on-chip applications without
compromising the metal film quality.

■ RESULTS

Mie Resonances. The Mie resonances of silicon nano-
particles have been studied with a variety of optical
techniques17 as well as cathodoluminescence,25,26 but, to the
best of our knowledge, there have been no reports on their
EELS response. It is therefore enlightening to first consider the
EELS response of isolated silicon nanoparticles (Figure 1)
before discussing the properties of the hybrid dielectric−
plasmon resonance. We prepare crystalline silicon nano-
particles of spherical shape in a colloidal suspension27 and
carefully disperse them on a thin silicon nitride membrane
(Methods). This produces well-separated silicon nanoparticles
with a large size distribution, which enables us to perform all
the measurements on the same sample under identical
experimental conditions. Figure 1b shows a typical EELS
spectrum for a pristine silicon nanoparticle of radius r = 54.6 ±
1.1 nm, which is obtained by averaging the EELS signal
collected at an electron beam position of approximately 20 nm
outside the nanoparticle surface (Figure 1c). We observe two
clear peaks in the spectrum, which are due to the excitation of
Mie resonances in the silicon nanoparticle. Using an analytical
theory for the EELS probability of a swift electron in the
external vicinity of a vacuum-embedded dielectric sphere,28 we
identify the low-energy peak at 2.54 eV as the magnetic dipole
(MD) resonance, while the high-energy peak at 2.97 eV is
attributed to the electric dipole (ED) resonance. The
measured resonance energies are in quantitative agreement
with theory, while the experimental peaks are broadened due
to the energy resolution of our EELS setup. The effect of a
finite experimental energy resolution can be mimicked in the
theoretical spectra by convolution with a Lorentzian
function,29 which broadens the EELS resonances (see
Methods). As shown in Figure 1b, the convoluted spectrum

captures both the resonance energies and linewidths observed
in the experimental measurement.
We extend our analysis by measuring the Mie resonance

energies of silicon nanoparticles over a broad size range
(Figure 1d). The colored points show the experimentally
measured resonance energies of the first five Mie resonances
spanning a radius range from 40 to 100 nm. The color map

Figure 1. EELS measurements of Mie resonances in silicon
nanoparticles. (a) Schematic of a silicon nanoparticle of radius r
placed on a silicon nitride membrane and excited by an electron
beam. The impact parameter b denotes the distance between the
electron beam and the center of the nanoparticle. (b) Experimental
(top) and theoretical (bottom) EELS spectra of a silicon nanoparticle
with radius r = 54.6 ± 1.1 nm, acquired from the electron beam
positions shown in (c). The area curve represents a convolution with
a Lorentzian function. (c) STEM image of the nanoparticle, where the
purple region represents the integration region for the experimental
spectrum and the green point depicts the location of the electron
beam in the simulation. (d) Measured resonance energies as a
function of particle radius for the first five Mie resonances in silicon
nanoparticles. The color plot shows the EELS simulation for an
impact parameter b = r + 20 nm, and the dashed curves indicate the
theoretical Mie resonance energies.
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depicts the calculated EELS probability using the same
analytical theory as in Figure 1b, while the dashed lines
show the first maxima of the different Mie scattering
coefficients, which indicate the position of the resonance
energies. We find excellent quantitative agreement between
experiment and theory across the wide span of particle sizes,
even though the theory does not account for the presence of
the thin substrate. The strong match evidences that the silicon
nitride membrane has a negligible influence on the Mie
resonances, which is in agreement with earlier theoretical
studies on the influence of substrates on Mie resonances.30,31

In addition, we highlight that the tightly confined electro-
magnetic field of the electron beam couples stronger to higher-
order Mie resonances than the plane-wave field used in optical
measurements,17,32 which enables us to detect them even in
small particles.
The EELS signal is a measure of the efficiency to excite

optical resonances by the electron beam,22 which depends
strongly on the position of the electron beam. We exploit this
feature of EELS to identify the resonance energies of spectrally
close Mie resonances. In particular, we distinguish the ED and
magnetic quadrupole (MQ) modes as well as the electric
quadrupole (EQ) and magnetic hexapole (MH) modes, even
though their resonance energies are closer than the energy

resolution of our EELS setup (80 meV). In Figure 2a−c, we
present EELS spectra acquired at different electron beam
positions from a nanoparticle with a larger radius of r = 90 ±

2.0 nm, which supports higher-order Mie resonances. From
EELS simulations (Figure 2a), we find that the ED mode is
efficiently excited by positioning the electron beam outside the
nanoparticle (b = 145 nm), while the MQ mode dominates for
impact parameters inside the nanoparticle (b = 60 nm). This
difference in excitation efficiency shifts the experimental EELS
peak to either the ED or MQ resonance energies, enabling us
to identify both resonance energies from each silicon
nanoparticle (Figure 2b). A similar analysis is performed to
distinguish the EQ and MH modes by comparing the EELS
signal acquired in the center of the particle (b = 0 nm) to that
acquired approximately halfway through the particle (see
Figure S1 for detailed comparison). While this unique property
of EELS has also been used to distinguish spectrally close
plasmonic modes,29 the strong surface localization of
plasmonic fields generally requires the electron beam to be
positioned near the particle surface for efficient excitation. As
such, distinguishing neighboring plasmonic modes with EELS
often comes down to achieving the highest energy resolution
possible.33 In contrast, Mie resonances localize light both
inside and outside the nanoparticle, enabling us to fully

Figure 2. EELS mapping of Mie resonances. (a) Simulated EELS spectra of a silicon nanoparticle with radius r = 90 nm at different impact
parameters b. The area curves depict the simulated spectra convoluted with a Lorentzian function. (b) Experimental EELS spectra for a particle
with radius r = 90.5 ± 2.0 nm acquired from the regions shown in (c). (c) STEM image of the nanoparticle, where the colored areas represent the
integration regions for the experimental EELS signal, and the colored points are the position of the electron beam in the simulation. (d−h)
Simulated (top) and experimental (bottom) EELS intensity maps of the first five Mie modes. The EELS maps are individually normalized.
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capitalize on the highly localized nature of the electron beam
source.
The EELS simulations shown in Figure 2a are performed in

COMSOL Multiphysics, which allows us to go beyond the
analytical solution provided in ref 28 by including thin
substrate layers as well as obtaining EELS spectra for impact
parameters inside the nanoparticle. The EELS signal is
calculated as the work rate WEELS done on the electron beam
by the electromagnetic field induced by the optical structure
Eind:

W z z zj r E r( )
1

2
Re ( , , ) ( , , ) dEELS e

ind
e∫ω ω ω= [ * · ]

(1)

Here, j(re, z, ω) = −ezδ̂(r − re)e
iωz/v is the frequency domain

representation of the current density of an electron moving at a
speed v along the z-direction, and re = (xe, ye) denotes the in-
plane position of the electron beam, which relates to the
impact parameter as b = |re|. The integral in eq 1 is performed
along the line sustaining the incident current.34

Equipped with eq 1, we map the first five Mie modes both
numerically and experimentally (Figure 2d−h). We harness the
near-perfect spherical shape of the nanoparticles to average the
experimental data along the in-plane azimuth angle, which
results in a radial EELS profile with a high signal-to-noise ratio
(Methods). The radial profile is then depicted in a two-
dimensional plot for easy comparison with the simulated EELS
maps (see Figure S2 for the unprocessed EELS maps). The
MD mode (Figure 2d) shows a doughnut-like field profile with
a maximum intensity approximately two-thirds inside the
nanoparticle and a complete minimum at the center. This
demonstrates that the radial electric field of the electron beam
cannot excite the MD mode when the electron beam is

positioned at the particle center. A similar intensity map is
observed for the MQ mode (Figure 2f), albeit with a stronger
localization to the nanoparticle and a weaker minimum in the
center. On the other hand, the ED mode (Figure 2e) shows a
peak in the center and maximal intensity localized near the
particle surface. Compared to the MQ mode, the ED mode
extends further outside the particle, which we exploited to
distinguish their close resonance energies. The higher-order
EQ and MH modes (Figure 2g,h) both show a maximal EELS
intensity in the particle center. However, the MH mode
decreases continuously as the position of the beam is moved
radially outward, while the EQ mode shows a dip halfway
through the particle. This subtle difference in excitation
efficiency is utilized to distinguish their resonance energies in
the experimental data. We note that the EELS maps of
neighboring Mie modes are influenced by the broad nature of
the resonances and, for the experimental maps, also by the
energy resolution of the EELS setup (see Figure S2 for the
simulated EELS maps convoluted with a Lorentzian to account
for the energy resolution of the EELS setup). Nonetheless, we
find reasonable agreement between experimental and simu-
lated EELS maps, which demonstrates that EELS can be
successfully applied to detect the rich field profiles of Mie
resonances.

Plasmon Launching. Placing silicon nanoparticles on
metal films substantially changes the optical response due to
the presence of SPPs. This coupling between SPPs and Mie
resonances gives rise to hybrid dielectric−plasmon resonances.
For optically thick metal films, the coupling into guided SPPs is
weak, and the hybrid resonances radiate primarily into free-
space photons.16 In contrast, optically thin films support
coupled SPPs which have a strong modal overlap with the

Figure 3. Hybrid dielectric−plasmon resonances. (a) Schematic of a silicon nanoparticle placed on a thin layer stack consisting of a 10 nm gold film
on top of a 30 nm silicon nitride membrane. The structure is probed by an electron beam penetrating the center of the nanoparticle (b = 0 nm). (b)
Dispersion relation of the short-range SPP supported by the gold−silicon nitride stack (green line) as well as the silicon−gold−silicon nitride stack
(purple). In the latter, the silicon thickness is 110 nm, corresponding to the diameter of the nanoparticle. The two lowest-order resonance
conditions given by eq 2 are depicted as vertical lines. (c, d) Experimental and simulated EELS spectra of the structure without and with the silicon
nanoparticle, respectively. The radius of the particle is r = 54.1 ± 0.8 nm. The inset in (d) shows the z component of the electric field of the (0, 1)
hybrid mode in the xy-plane at the top gold surface. (e) Cross-sectional magnetic field profiles of the short-range SPP mode without the
nanoparticle (top), the electric dipole mode of an isolated silicon nanoparticle (middle), and the hybrid dielectric−plasmon mode (bottom).
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hybrid resonance. Consequentially, the coupling into SPPs is
boosted (see Figure S5). We construct such hybrid dielectric−
plasmon resonances by placing silicon nanoparticles on a gold
film of only 10 nm thickness (Figure 3a). The gold film is
deposited on the silicon nitride membrane using an APTMS
adhesion layer, which produces high-quality thin films with
negligible influence on the SPP propagation35 (Methods). In
general, thin metal films can support two SPP modes,
commonly referred to as the long-range and short-range
SPPs, due to the hybridization of the SPPs at each metal
surface. However, the asymmetric dielectric environment of
our gold film turns the long-range SPP into a leaky mode,5

while the short-range SPP remains below the light line and is
strongly confined to the gold film (Figure 3b, green line). The
short-range SPP can be excited directly by the electron beam
without the nanoparticle, resulting in a broad response in the
EELS spectrum with a peak at 1.3 eV (Figure 3c). The large
linewidth (∼1 eV) of the EELS peak stems from the

broadband nature of the electron source, which may couple
to the SPP at different energies and wavenumbers. This
property combined with the dispersion relation of the short-
range SPP specifies the peak energy in the EELS spectrum.36

On the other hand, the presence of the silicon nanoparticle
gives rise to a notably narrow and red-shifted EELS peak
(Figure 3d). The EELS peak is due to the formation of a
hybrid dielectric−plasmon resonance, which, for the particle
radius of r = 54.1 ± 0.8 nm, has a resonance energy of 1.22 eV.
The hybrid resonance can be conceptually understood as a
standing wave of the short-range SPP residing beneath the
nanoparticle. The SPP dispersion relation is influenced by the
local presence of silicon and can to a good approximation be
accounted for in a three-layer silicon−gold−silicon nitride
model, where the thickness of the silicon layer is defined by the
particle diameter (Figure 3b, purple line). The dispersion
relation is then sampled at specific wavenumbers klm defined by

Figure 4. Plasmon launching and scattering. (a) Simulated EELS spectra of a silicon nanoparticle (r = 75 nm) on a thin gold−silicon nitride stack
at different impact parameters b. The area curves depict the simulated spectra convoluted with a Lorentzian function. (b) Experimental EELS
spectra for a particle with radius r = 74.5 ± 2.6 nm acquired from the regions shown in (c). (c) STEM image of the nanoparticle, where the colored
areas represent the integration regions for the experimental EELS signal, and the colored points are the position of the electron beam in the
simulation. (d, e) Simulated (top) and experimental (bottom) EELS maps of the (0, 1) hybrid mode and the SPP reflection. (f) Experimental and
theoretical dispersion relations of the short-range SPP supported by the gold−silicon nitride stack. Experimental data points are determined by
using eq 3 on the SPP reflection EELS maps of the nanoparticle in (c). (g) Electric dipole moment of the (0, 1) hybrid mode at different impact
parameters, which shows the change in dipole direction as the electron beam is moved away from the center of the particle. (h) Measured
resonance energies of the (0, 1) hybrid mode as a function of particle radius acquired by positioning the electron beam in the nanoparticle center.
The color plot shows the EELS simulation for an impact parameter of b = 0 nm.
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the resonance condition of zero round trip phase,16 which is
given by the relation

k r jlm lm
≈ (2)

Here, jlm denotes the mth zero of the spherical Bessel function
of order l. Physically, the indices (l, m) correspond to the field
variations in the radial and azimuthal directions, respectively.
The two lowest quantized wavenumbers given by eq 2 are
depicted in Figure 3b. We find that the resonance energy of the
lowest-order (0, 1) mode, corresponding to the field profile
shown in Figure 3d, matches accurately with the energy of the
EELS peak in our measurements. The nature of the hybrid
resonance is further elucidated in Figure 3e, which illustrates
how the short-range SPP of the thin gold film hybridizes with
the out-of-plane ED resonance of the silicon nanoparticle to
form the hybrid resonance. Here, it is of value to note the
similarity in the field profiles of the hybrid mode and the SPP
mode. This substantial spatial field overlap facilitates an
efficient excitation of the SPP mode.
Another signature of the strong hybridization is the spectral

shift between the ED resonance of an isolated silicon
nanoparticle (Figure 1b) and the hybrid resonance. Comparing
silicon nanoparticles of the same size, the ED resonance of an
isolated silicon nanoparticle shows a dramatic shift from 2.97
eV to the hybrid resonance energy of 1.22 eV. Consequentially,
the hybrid resonance confines light on a scale even smaller
than the lowest-order MD resonance, which is not altered
significantly by the presence of the thin gold film (see Figure
S3). Comparing the hybrid resonance wavelength λH with the
MD resonance wavelength λMD of the same particle reveals an
increase in light confinement by a factor λH/λMD ≈ 2. The gain
in light confinement stems from the fact that the hybrid
resonance is formed due to the confinement of the SPP, while
the Mie resonances arise due to the confinement of light inside
silicon. Interestingly, this reveals that dielectric nanoparticles
on thin metal films lead to a system with substantially higher
effective refractive index than that available with purely
dielectric materials, offering a route for shrinking dielectric
scatterers below their diffraction limit.
The resonance energy of the hybrid mode is surprisingly

dependent on the position of the electron beam (Figure 4),
which is in contrast to the Mie resonances of isolated silicon
nanoparticles (Figure 2). We observe that as the electron beam
is moved radially outward from the center of the silicon
nanoparticle, the hybrid resonance energy shows a red-shift of
around 50 nm (Figure 4a−c). A Cartesian multipole
decomposition37 of the electromagnetic field induced by the
electron beam reveals that the hybrid mode can be described
by an electric dipole (Figure 4g). When the beam is positioned
in the center of the particle, the electric dipole is oriented
normal to the gold surface. As the beam is moved off-center,
the red-shift of the hybrid mode is accompanied by a tilting of
the electric dipole toward the gold surface. For impact
parameters far away from the nanoparticle (b ≳ 200 nm),
the EELS signal from the hybrid mode is not detected. This is
also visible from the EELS maps of the hybrid mode (Figure
4d), which are different from the Mie modes of isolated silicon
nanoparticles (Figure 2).
In addition to the dependence of the electron beam position,

eq 2 reveals that the resonance energy of the hybrid modes can
be tuned by changing the particle size. By collecting EELS data
from different particles, we experimentally trace the (0, 1)
mode energy as a function of particle size (Figure 4h). We find

that the resonance energy can be effectively modulated from
the near-infrared to telecommunication wavelengths. The
resonance energies are in agreement with our EELS
simulations, which also show a line width narrowing of the
resonance at lower energies due to increasing SPP propagation
length.
The hybridization between the Mie and the SPP modes is a

key signature of their modal overlap and needs to be tailored to
effectively use silicon nanoparticles as SPP launchers. In this
regard, EELS offers a unique insight into the hybridization, as
we can track both spectral shifts in a large energy range and
changes in the near-field profiles of the modes. Such insight is
not feasible in a standard far-field optical measurement. While
our EELS results are important for near-field excitation
sources, such as an electron beam or dipole emitter, it is also
relevant to consider the properties of our system when excited
by a plane wave. To this end, we perform additional plane-
wave simulations of the scattering efficiency of the silicon
nanoparticle, which are representative for optical measure-
ments (see Figure S4). These simulations reveal that light
couples to the (1, 1) hybrid mode. By decomposing the
scattered field into free-space and SPP radiation,38 we find that
the main contribution (>80%) to the scattering efficiency is the
launching of SPPs. We also note that sending light at different
angles of incidence provides a knob to fine-tune the SPP
launching energy due to the reorientation of the electric dipole
(Figure 4g), albeit with a reduction in the SPP coupling
efficiency. This demonstrates that the hybrid dielectric−
plasmon modes offer efficient nanoscale SPP launching
regardless of the excitation source.

Plasmon Scattering. When the electron beam is
positioned outside the particle, we observe additional peaks
in the EELS spectra appearing at larger energies than the
hybrid mode (Figure 4a,b). These peaks occur due to the
reflection of the SPP from the silicon nanoparticle. As
discussed in relation to Figure 3, the electron beam can
directly excite SPPs in a broad energy range,39 which are
subsequently reflected by the nearby silicon nanoparticle. This
results in an SPP interference pattern outside the nanoparticle
with local electric field maxima producing regions of EELS
signal with a larger amplitude.40 We visualize this effect by
mapping the EELS intensity at an energy of 1.5 eV (Figure 4e).
Here, a clear ring structure is visible with a maximum EELS
intensity approximately 200 nm from the nanoparticle center,
which is in good agreement with the EELS simulations. The
radial distance b from the EELS maximum to the nanoparticle
center can be determined by tracking the SPP propagation and
reflection phases,22 providing physical insight into the
simulations. By describing the SPP waves as one-dimensional
plane waves with a wavelength λSPP, we find the phase relation

b
q(2 )

4
SPP

π ϕ

π
λ=

−
(3)

Here, ϕ is the reflection phase and q is a positive integer, which
denotes the interference order. From EELS simulations we find
that the SPP reflection occurs at the nanoparticle center (see
Figure S6). A part of the SPP propagation phase is therefore
acquired inside the nanoparticle, which differs from the phase
pickup outside the nanoparticle due to the refractive index of
silicon. In the derivation of eq 3, we have assumed that this
difference in phase pickup is small and described the
nanoparticle as a reflecting boundary located at the nano-
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particle center. As we show, this assumption is valid at low
energies where the SPP wavelength is long.
By measuring the distance b from the ring-shaped EELS

maps at different energies, we extract the SPP dispersion
relation using eq 3 assuming a zero phase shift upon reflection
(Figure 4f). For energies below approximately 1.5 eV, the ring-
shaped EELS signal occurs due to the standing wave of half the
SPP wavelength (q = 1), while for larger energies the standing
wave corresponds to one SPP wavelength (q = 2) (see Figure
S6). The experimentally extracted SPP dispersion agrees well
with theory at low energies, but deviates at higher energies,
even when we consider different layer thicknesses within our
fabrication tolerance. Similar results are obtained when we
extract the SPP dispersion from other nanoparticle sizes. The
difference between theory and experiments observed at higher
energies is due to the additional phase pickup upon
propagation inside the nanoparticle, which is not accounted
for in eq 3. Nonetheless, the SPP dispersion diagram
demonstrates that silicon nanoparticles reflect the short-range
SPP in a broad energy range.
At the resonance energy of the hybrid mode, the SPP

reflection phase is expected to vary significantly due to the
excitation of the hybrid resonance. To study this in more
detail, we have simulated the SPP reflection from a silicon
nanowire, which corresponds to the two-dimensional version
of our system and also supports hybrid modes (see Figure S7).
Here, we launch SPPs and detect the reflected SPP at the
nanowire center. These simulations reveal that the SPP
excitation of the hybrid mode coincides with both a varying
reflection phase and an SPP reflectance minimum. The drop in
the SPP reflectance is due to scattering of the SPP into free-
space radiation through the hybrid mode. While we are not
able to extract the reflection phase from our EELS measure-
ments, we seem to qualitatively observe a weak drop in the
EELS intensity of the interference pattern outside the
nanoparticle at approximately 1.45 eV, which is close to the
resonance energy of the (1, 1) hybrid mode (see Figure S8).
However, an unambiguous experimental demonstration of the
SPP scattering into free-space radiation due to the nanoparticle
requires detecting the scattered light, such as in cathodolumi-
nescence. Our EELS results show that silicon nanoparticles can
be used to excite and reflect SPPs. This provides an exciting
opportunity to design compact SPP optical elements with high-
refractive-index nanostructures.

■ DISCUSSION AND CONCLUSIONS

Using EELS, we have measured and mapped the Mie
resonances of spherical silicon nanoparticles in a broad radius
range. Each Mie resonance shows unique field variations inside
the nanoparticles, which we exploit in our EELS measure-
ments. By careful positioning of the electron beam, we extract
the resonance energies of the first five Mie resonances, even
though some of the resonances are closer in energy than the
energy resolution of our EELS setup. Full-wave EELS
simulations corroborate our experimental findings and show
excellent quantitative agreement. Our results expand the
capabilities of EELS to include high-index nanophotonics
and may in the future shed more light on important
interference phenomena such as anapole states and bound
states in the continuum.41,42

By placing silicon nanoparticles on a thin gold film, we find a
new class of hybrid dielectric−plasmon resonances governed
by both the short-range SPP of the gold film and the

nanoparticle material and size. The observed hybrid mode
shows significantly stronger light confinement than the Mie
resonances and couples efficiently to the SPP of the thin film.
We experimentally demonstrate that the hybrid resonance
energy can be controlled across the entire near-infrared by the
particle size, providing a simple tuning mechanism to excite
SPPs at a desired wavelength. By performing a multipole
decomposition of the induced field, we find that the optical
response of the hybrid mode corresponds to an electric dipole
with a direction sensitive to the electron beam position.
Positioning the beam in the nanoparticle center leads to an
out-of-plane electric dipole moment, which is gradually tilted
toward the gold surface as the beam is moved radially outward.
This tilting is accompanied by a red-shift of the hybrid mode.
We anticipate that the tilted electric dipole can be exploited in
an optical setup to realize directional SPP launching by exciting
the nanoparticle with circularly polarized light.43

Finally, we experimentally show that the short-range SPPs
are scattered by the nearby silicon nanoparticle. The scattering
process leads to an interference pattern with local field maxima
producing regions of the EELS signal with a larger amplitude.
By tracking the SPP propagation and reflection, we derive a
simple theoretical relation, which enables us to experimentally
extract the SPP dispersion relation in a broad energy range.
Our results provide evidence for the SPP scattering properties
of high-index nanostructures, opening up an avenue for new
designs of SPP optical elements.

■ METHODS

Fabrication. TEM Membranes. A low-stress silicon-rich
nitride layer is deposited on top of an n-type (phosphor) ⟨100⟩
double-side polished silicon wafer by low-pressure chemical
vapor deposition (LPCVD). The resulting thickness deter-
mined by ellipsometry is around 33 nm, with a 1 nm native
silicon oxide below the nitride. This is followed by a UV
lithography step to create a photoresist pattern for the
membrane windows on one side of the wafer. Afterward, the
silicon nitride is dry etched using the lithographic pattern,
followed by photoresist strip, wet KOH etching of the silicon,
and water/HCl 4:1 cleaning.
For the gold samples, the wafers are submerged into a

solution of 95% isopropanol, 2.5% water, and 2.5% APTMS for
3 h to achieve a 1 nm APTMS layer,35 followed by two steps of
isopropanol/water rinsing. Sputter deposition is used to
produce a 10 nm thick gold layer. Both AFM and ellipsometry
confirm the thickness of the gold layer to be 9−10 nm. The
root mean squared roughness of the gold surface as measured
by AFM is around 1.5 nm.
The wafers are then covered with a protective layer of

photoresist. The wafer without (with) gold is laser cut (diced)
into smaller TEM chips. Subsequently, the photoresist is
removed in acetone followed by isopropanol for 10 min in
both steps. The wafers without gold are also plasma ashed for 5
min. The plasma ashing and laser cutting are not performed on
the gold samples due to damage introduced to the thin gold
layer by these procedures.

Silicon Nanoparticles. The crystalline silicon nanoparticles
of spherical shape are produced by thermal annealing of silicon
suboxide (SiOx) and extraction into methanol.27 A silicon-rich
SiOx film of 10−20 μm in thickness is prepared by co-
sputtering of Si and SiO2 together with B2O3 and P2O5. The
film is annealed at 1500 °C in a nitrogen atmosphere for 30
min to grow silicon nanoparticles in a SiO2 matrix. The silicon
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nanoparticles are extracted from the matrix by hydrofluoric
acid (46 wt %) etching and transferred to a methanol solution.
The doping of boron and phosphor results in formation of a
heavily boron and phosphor codoped layer on the nanoparticle
surface and prevents agglomeration in the solution. In optical
measurement, it has been shown that the scattering spectrum
of the nanoparticle perfectly agrees with the Mie theory.31 At
the end of the fabrication, a 10 μL solution of silicon
nanoparticles in methanol is drop-casted onto the membrane.
The membrane is nitrogen dried after a 1 min wait time.
Image Analysis. The sizes of the silicon nanoparticles are

determined from the STEM images using image processing
operations with the Python scikit-image library. Initially, the
particle size is predetermined manually resulting in an expected
radius rexp. For the samples without the gold layer, a Canny
filter with σ = 3 pixels is applied to find the particle edges. This
is followed by a diameter 0.7rexp and area 1.4πrexp opening
morphological operations to remove the false edge pixels.
For the samples with the gold layer, the particle edges are

predetermined with a σ = 20 pixels Canny edge detector.
Knowing that the particle is located approximately in the
center of the image (particle center coordinates cx and cy are in
the center of the image), all the edges after 2rexp are removed.
The resulting edge map is fitted with the Hough circle
transform, resulting in the intermediate radius rint, and
intermediate particle center coordinates cxi and cyi. Then, the
particle edges are found with a σ = 10 pixels Canny edge
detector. Assuming the particle center is located at cxi and cyi,
all edges before 0.8rint and after 1.3rint are removed, followed
by a diameter 0.1rexp opening. Finally, the Hough circle
transform is applied on the last edge map to find the best fit for
the radius and particle center.
The uncertainty in the radius is determined by fitting the

number of intersections−radius dependence with a bimodal
distribution of 2 Gaussians. The number of intersections−
radius dependence is provided from the Hough circle
transform since it draws circles with a particular radius
centered on each pixel of the edge map and counts the number
of their intersections at different locations on the map. The
point with the highest number is taken as a center location of
the particle. This process is performed for different radii in the
provided radius range rexp ± rrange. The uncertainty is taken as
the standard deviation of the smaller Gaussian or the image
resolution if the resolution is larger than the standard
deviation. Then, the final edge map is enlarged by 2 pixels,
the circle Hough transform is performed, and Gaussians are
fitted again, resulting in the new circle parameters and the
uncertainty. If the uncertainty is smaller than the previous
value and not larger than the image resolution of 3 pixels, it is
taken as a new true value; otherwise, the previous values are
preserved. This procedure can be repeated multiple times,
resulting in edges that are increased by 2 pixels every step.
EELS Measurements and Analysis. The EELS measure-

ments are performed in a monochromated and aberration-
corrected FEI Titan operated in STEM mode at an
acceleration voltage of 300 kV, providing a probe size of
∼0.5 nm and an energy resolution of 0.08 eV (as measured by
the full-width at half-maximum of the zero-loss peak). The
zero-loss peak is removed using Richardson−Lucy deconvolu-
tion. As input for the point-spread function, we use the
reflected tail method for samples without gold, while for the
samples with gold we used an EELS spectrum obtained in a
vacuum. Due to a small asymmetry in the zero-loss peak, the

deconvolution algorithm produced an artificial EELS peak in
the energy range below 0.6 eV. However, the artificial peak did
not overlap with any of the observed resonances and could be
safely removed using a first-order logarithmic polynomial.
The depicted EELS spectra are obtained by integrating the

deconvoluted EELS data around the experimental impact
parameter bexp. For the disk-shaped integration regions, the
experimental impact parameter denotes the center of the disk.
For the annulus-shaped regions, the experimental impact
parameter denotes the mean of the inner and outer radii. The
depicted EELS spectra are smoothed with a Gaussian function
(σ = 0.03 eV).
The EELS maps are obtained by summing the deconvoluted

EELS data in a spectral window of 0.02 eV width centered at
the resonance energies. In order to improve the signal-to-noise
ratio, the map was spatially binned, reducing the effective
number of pixels by a factor of 2 in each row and column, i.e., a
factor of 4 in total. Afterward, a Gaussian filter with σ = 0.8
pixels was applied to smooth the image. Exploiting the
spherical symmetry of the nanoparticles, the maps are
integrated along the azimuth angle at the coordinates located
at the same distance from the nanoparticle center.

EELS Simulations. The EELS simulations are performed in
COMSOL Multiphysics, which uses finite-element modeling to
solve Maxwell’s equations. The electron beam is simulated
using an edge current with an amplitude of 1 μA. The induced
electromagnetic field is determined by calculating the field with
and without the optical structures in the simulation space and
subsequently subtracting them. Using the obtained induced
electric field, the energy loss can be calculated using eq 1. To
mimic the experimental energy resolution, we also perform a
convolution with a Lorentzian function with a full-width at
half-maximum of 0.1 eV. The complex refractive indices for
silicon, gold, and silicon nitride are taken from refs 44−46,
respectively. The silicon nitride layer is not included in the
simulation of the silicon nanoparticle without the gold layer
(Figure 2).
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Figure S1: Distinguishing the spectrally-close EQ and MH Mie resonances. (a) Experimental
EELS spectra of a silicon nanoparticle (r = 90.5±2.0 nm) on a thin silicon nitride membrane
at the electron beam positions indicated in (b). Careful positioning of the electron beam
enables us to shift the EELS peak to either the EQ or MH resonance energies. This allows
us to measure both resonance energies from a single silicon nanoparticle, even though their
energies are closer than the energy resolution of our EELS setup.
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Figure S2: Additional spatial EELS maps for Figure 2 in the manuscript. (a-e) Simulated
EELS maps for the EELS spectra convoluted with a Lorentzian function. A maximum
appears in the nanoparticle center for the ED and MQ modes. This leads to closer corre-
spondence with the experimental EELS maps shown in Figure 2. (f-j) Experimental EELS
maps before spatial integration along the azimuth angle. While similar features may be ob-
served in the unprocessed EELS maps, it is clear that exploiting the spherical symmetry of
the nanoparticles to perform an azimuthal integration results in EELS maps with markedly
improved signal-to-noise ratio.
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Figure S3: Mie resonances in silicon nanoparticles on a 10 nm thin gold film. (a) Measured
resonance energies as a function of particle radius for the first five Mie resonances in silicon
nanoparticles on the gold-silicon nitride stack. The colour plot shows the EELS simulation
of a vacuum-embedded silicon sphere for an impact parameter b = r+20 nm and the dashed
curves indicate the free-space theoretical Mie resonance energies. The strong agreement
between theory and experiments show that the Mie resonances remain largely unaffected by
the presence of the thin gold film. (b) STEM image of the nanoparticle, where the colored
areas represent the integration regions for the experimental EELS signal, and the colored
points are the position of the electron beam in the simulation. (c) Simulated EELS spectra
of a silicon nanoparticle (r = 75 nm) on a thin gold-silicon nitride stack at different impact
parameters b. The area curves depict the simulated spectra convoluted with a Lorentzian
function. (d) Experimental EELS spectra for a particle with radius r = 74.5 ± 2.6 nm
acquired from the regions shown in (b). The EELS spectra show that the Mie modes can
be safely identified when the electron beam is positioned inside the particle. As the beam
is moved outside the nanoparticle, the EELS signal from the SPP of the gold film starts to
dominate the spectrum, which masks the signal from the ED mode in larger particle sizes.
For smaller particle sizes, the ED resonance energy occurs at much larger energies than the
SPP, allowing us to identify the ED resonance.
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Figure S4: Plane-wave excitation of the hybrid dielectric-plasmon mode. (a) Plane-wave
scattering efficiency of a silicon nanoparticle with radius r = 55 nm on top of a gold-silicon
nitride stack. The scattering efficiency is decomposed into SPP and free-space radiation
contributions. The incident plane wave impinges normal to the gold-silicon nitride stack.
The inset shows the z component of the electric field of the (1, 1) hybrid dielectric-plasmon
mode in the xy-plane at the top gold surface. (b) SPP coupling efficiency as a function of
the angle of incidence relative to the perpendicular plane of the gold-silicon nitride stack.
(c) SPP efficiency for normally-incident and 30◦-incident impinging plane-wave excitation.
The SPP efficiency peak shows a delicate shift, consistent with the EELS measurements in
Figure 4, accompanied by a modest decrease in efficiency due to a slight re-orientation of
the induced electric dipole moment.
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Figure S5: SPP coupling efficiency of the hybrid dielectric-plasmon mode as a function of
gold thickness. (a) Schematic of a silicon nanoparticle placed on the gold-silicon nitride
stack, which is probed by an electric dipole oriented along the z direction and located above
the centre of the nanoparticle at a 1 nm gap. (b) Efficiency of SPP and free-space (FS)
coupling of the (0, 1) hybrid dielectric-plasmon mode for increasing gold layer thickness.
The efficiency is taken as a ratio of the SPP or FS power to the power radiated by the
electric dipole in vacuum. The results show the increasing (decreasing) SPP (FS) efficiency
for decreasing film thickness, highlighting the importance of thin gold films for efficient SPP
coupling.

Figure S6: Plasmon reflection for different interference orders. (a,b) Simulated (top) and
experimental (bottom) EELS maps of the plasmon reflection at two separate energies, which
correspond to either (a) the first-order reflection (half-wavelength of SPP) or (b) second-
order reflection (one-wavelength of SPP). The nanoparticle radius is r = 75 nm. (c,d) Cross-
sectional magnetic field profiles of the reflected SPP mode for first and second interference
orders, respectively. In both cases, the reflection occurs at the nanoparticle centre.
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Figure S7: Simulated plasmon reflection from silicon nanowires. (a) The SPP supported
by the gold-silicon nitride stack is incident on a silicon nanowire (2D). The incident SPP
scatterers into different radiations channels, including reflected and transmitted SPPs as
well as free-space radiation. Here, we track the reflected SPP as this is relevant for the
EELS measurements in Figure 4. (b) SPP reflectance and reflection phase for a 65 nm
radius silicon nanowire. The reflection is evaluated at the at the nanowire centre. The
reflectance dip is accompanied by a rapid phase variation, signifying the excitation of the
(0, 1) hybrid dielectric-plasmon mode. The inset shows the out-of-plane magnetic field profile
at the reflectance dip, which matches well with the field profile shown in Figure 3. The hybrid
mode enables efficient outcoupling of the SPP, hence the low reflectance. (c) SPP reflectance
map for varying nanowire radius, which shows that the hybrid mode redshifts for increasing
radii, in accordance with the EELS measurements in Figure 4.
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Figure S8: Surface plasmon reflection: EELS signal outside the silicon nanoparticle. (a)
Simulated and (b) experimental normalized EELS signal as a function of energy and electron
beam position b. The silicon nanoparticle has a radius of r = 75 nm and is located at
the origin. In both simulations and measurements, the EELS signal outside the silicon
nanoparticle is normalized to the signal from the gold-silicon nitride stack (i.e., without
the particle). The regions of intense EELS signal correspond to maxima in the interference
pattern due to the SPP reflection by the nanoparticle. The intense EELS signal seen at
low energies and small impact parameters (lower left corners) is due to the hybrid mode. A
weak drop in the intensity of the interference pattern is observed at approximately 1.4 eV
(1.45 eV) in the simulations (measurements), which could potentially be due to outcoupling
of the SPP to free space radiation.
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Abstract

Cathodoluminescence spectroscopy performed
in an electron microscope has proven a versatile
tool for analysing the near- and far-field opti-
cal response of plasmonic and dielectric nanos-
tructures. Nevertheless, the transition radia-
tion produced by electron impact is often dis-
regarded in the interpretation of the spectra
recorded from resonant nanoparticles. Here
we show, experimentally and theoretically, that
transition radiation can by itself generate dis-
tinct resonances which, depending on the time
of flight of the electron beam inside the par-
ticle, can result from constructive or destruc-
tive interference in time. Superimposed on
the eigenmodes of the investigated structures,
these resonances can distort the recorded spec-
trum and lead to potentially erroneous assign-
ment of modal characters to the spectral fea-
tures. We develop an intuitive analogy that
helps distinguish between the two contribu-
tions. As an example, we focus on the case
of silicon nanospheres, and show that our anal-

ysis facilitates the unambiguous interpretation
of experimental measurements on Mie-resonant
nanoparticles.

Keywords

Cathodoluminescence, electron-beam spec-
troscopy, dielectric nanoparticles, Mie reso-
nances, mode characterisation, transition radi-
ation

Electron-based microscopy techniques that
harness signals generated from the excitation
of a material by a fast electron beam have
proven essential for exploring the optical prop-
erties of matter,1,2 offering one of the most ef-
ficient platforms for achieving subwavelength-
resolution imaging.3 They combine the possi-
bility of spatial resolution optimisation4 with
efficient specimen excitation,5 and have met
with growing popularity in quantum- and nano-
optics, e.g. to study quantum dots or quan-
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tum confinement in semiconductors6,7 and to
image plasmons.8 Depending on signal nature
and detection process, electron microscopy and
spectroscopy come in different flavours, such as
electron energy-loss spectroscopy (EELS) and
scanning electron microscopy (SEM).2 Among
these, cathodoluminescence (CL) spectroscopy,
which collects the light emitted by the inter-
action of the electron beam with the sample,
allows direct imaging of optical modes in plas-
monic9,10 or dielectric11 nanoparticles (NPs),
while enabling detection of optically dark ex-
citations,5 visualisation of the local density of
optical states,12,13 or even tomographic recon-
struction of the optical near fields.14 These suc-
cessful endeavours have led to increasingly ex-
tended use of CL spectroscopy as a principal
method for analysing photonic nanostructures,
including the characterisation of plasmonic15 or
Mie-resonant dielectric NPs.16

Despite this success, particular care must
be taken when interpreting CL measurements,
since the recorded signal can originate from
both excitation of eigenmodes and from transi-
tion radiation.17–19 Here, we demonstrate how,
in the case of electron beams traversing NPs,
the presence of resonances resulting from inter-
fering transition radiation emanating from the
two NP sides with a time delay has the poten-
tial to hinder the unambiguous interpretation of
measured spectra in terms of NP eigenmodes.
The two competing mechanisms are, in prin-
ciple, present in any CL experiment, and can
lead to large discrepancies between anticipated
and observed frequencies of NP resonances. We
show that this behaviour is particularly relevant
when the electron beam penetrates the NP at
its centre and/or with low velocity, so that its
time of flight in the NP is maximal, and pro-
vide an intuitive theoretical description based
on the time delay between the consecutive ex-
citation of radiating dipoles at the entering and
exiting surfaces of the NP. While recent works
have indeed proved CL a powerful tool in the
study, design and monitoring of both dielectric-
and plasmonic-based nanostructures,20–25 most
experiments and analyses have focused on non-
penetrating electron beams accelerated at as
high a voltage as possible (so as to excite NP

resonances more efficiently while limiting the
electron beam spreading), and the emergence
of additional interference mechanisms for pene-
trating beams —and the possible complications
that accompany it— has remained unexplored.

In what follows, we choose to analyse the
emission properties of Si NPs, because of their
high refractive index and low Ohmic losses,26

the multitude of co-existing modes in the visi-
ble27,28 —with the field largely confined inside
the NP, thus calling for traversing electron
beams— and the relatively large sizes required
for the full glory of all Mie resonances to un-
veil itself;29 the combination of these features
can significantly pronounce the interference ef-
fects under study. The spectra of Mie-resonant
NPs are characterised by multipoles of both
electric and magnetic character,30 Fano reso-
nances,31 anapoles,32 and bound states in the
continuum,33 and have enabled functionalities
as diverse as directional light scattering34,35

and emission,36 directional couplers,37,38 and
Huygens-based metasurfaces.39,40 All-dielectric
nanodevices are thus proposed as promising
alternatives to plasmonics, with possible appli-
cations in biosensing,41,42 nanoantennas,43,44

slow light,45 thermo-optic tuning,46 ultra-
violet interband plasmonics,47 fluorescence con-
trol,48–50 and Mie-exciton strong-coupling phe-
nomena.51–54

CL measurements are performed with the
set-up shown schematically in the left-hand
sketch of Figure 1a (see Methods for details).
Si nanospheres of radius R (prepared in an
agglomeration-free colloidal solution;55 typical
SEM image is shown in the middle panel of the
figure), placed on a thin Si3N4 membrane, are
exposed to swift electrons travelling at velocity
v (with a corresponding relativistic factor β =
v/c, where c is the speed of light in vacuum),
for different impact parameters b (see right-
hand schematic of Figure 1a), corresponding to
either non-penetrating or penetrating electron
beams. The colour map of Figure 1b shows
experimental CL spectra for a relatively small
NP (R = 62 nm) —for which modal characters
should be straightforward to assign— as a func-
tion of impact parameter. With vertical dashed
lines we show the energies where different mul-
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Figure 1: (a) Left: Schematic of the experimental set-up—a Si nanosphere of radius R, placed on a
thin Si3N4 membrane, is excited by an electron beam. Scattered light is collimated and collected by
a parabolic mirror. Middle: SEM image of a typical Si NP with R = 62 nm used in the experiments.
Right: Sketch of the theoretical description—the electron beam comes at an impact parameter b,
and scattered light is collected at the upper half-space (green-shaded area). (b) Experimental CL
(colour map) as a function of photon energy h̄ω and impact parameter. Vertical dashed lines denote
the energies of the resonances predicted by analytic extinction calculations for the NP of (a). CL
maps at the MD, ED, and MQ energies are shown on the right-hand side. In all measurements
the acceleration voltage is 30 kV. (c) Theoretical (upper panel) and experimental (lower panel) CL
spectra for the NP of (a) and three different impact parameter b ≃ R (green dotted lines), b ≃ R/2
(red dashed lines), and R ≃ 0 (blue solid lines).

tipoles are predicted by Mie theory49 for this
NP size (for extinction spectra and their multi-
polar decomposition, see Supporting Informa-
tion). Two resonances manifest clearly in the
spectra for large impact parameters: a sharp
magnetic dipole (MD) at about h̄ω = 2.35 eV,
and a broader and less intense electric dipole
(ED) around 2.75 eV. A magnetic quadrupole
(MQ) is identified in the extinction spectra as
a weak contribution to the total extinction at
about 2.85 eV, but it is hardly discernible in CL
due to losses and its short lifetime. These fea-
tures are in good agreement with correspond-
ing dark-field spectra from literature,30 but this

agreement becomes worse for small impact pa-
rameters, close to the NP centre. Differences
between theoretical extinction and experimen-
tal CL spectra might initially be attributed to
NP shape imperfections and the presence of the
thin yet non-negligible substrate,56,57 but this
turns out to be only a minor source of devia-
tions, as we discuss below. To better illustrate
the nature of the various resonances, in Fig-
ure 1b we also show experimental CL maps at
the three energies analysed above.

To further analyse the CL spectra, and in
order to identify where theoretical extinction
calculations fail to interpret the measurements,
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we compare in Figure 1c experimental spectra
(lower panel) with a semi-analytic Mie-theory
based CL calculation16 (see Methods), for three
characteristic impact parameters: a grazing
electron beam (b ≃ R, green dotted lines), a
penetrating beam passing halfway between the
edge and centre of the NP (b ≃ R/2, red dashed
lines), and one passing exactly through the cen-
tre (note that the theoretical calculations are
performed for a small b ≃ 5 nm for convergence
reasons; in any case, this is within the experi-
mental electron-beam diameter). Different im-
pact parameters are expected to excite different
modes with different weights, while transition
radiation also becomes relevant when penetrat-
ing beams are considered. Indeed, as the elec-
tron beam approaches the centre, the MD is less
efficiently excited for symmetry reasons; in the-
ory, for b = 0 the MD contribution should be
exactly zero, but in practice the electron beam
does not follow strictly a straight line (see Sup-
porting Information for Monte Carlo maps of
the electron trajectories). At the same time, the
ED seems to shift in energy as b changes, while
even stronger shifts are exhibited by the dip at
about 2.7 − 2.9 eV, identified as an anapole.11

These shifts are not justified by the poles of
the corresponding Mie coefficients (where eigen-
modes are located), and their origin is the main
focus of the remainder of this paper.

The spectra of Figure 1c already suggest that
a multipolar decomposition in terms of Mie
coefficients might not be straightforward. To
better analyse the situation we shift in Fig-
ure 2 our attention to a larger NP with R =
105 nm, where higher-order multipoles are ex-
pected to contribute significantly (see corre-
sponding extinction in the Supporting Informa-
tion). The MD and ED modes have now moved
to lower energies due to retardation, and addi-
tional higher-order multipoles are clearly visi-
ble in the CL spectra at higher energies (above
∼ 2.5 eV), both in experimental (Figure 2a)
and in theoretical (Figure 2b) spectra, while the
agreement between measurements and calcula-
tions becomes more questionable, especially re-
garding the relative peak intensities. It is note-
worthy that both the resonance peaks and the
dips change intensities and positions as the im-

Figure 2: (a) Experimental and (b) theoretical
CL spectra for a Si NP with R = 105 nm, for
three different impact parameter b ≃ R (green
dotted lines), b ≃ R/2 (red dashed lines), and
R ≃ 0 (blue solid lines). Theoretical (c) MD
and (d) ED contribution to the CL spectra of
(b), for the same impact parameters. The ED
is further analysed into iED and pED in (e) and
(f), respectively.

pact parameter varies. To assign a multipolar
character to such rich spectra, the most natu-
ral approach is to use Mie theory to decompose
them into independent contributions. Indeed,
in Figure 2c the MD resonance at about 1.5 eV
becomes weaker as the electron-beam trajec-
tory approaches the NP centre, while remaining
practically fixed at energy, as expected. At the
same time, one can observe at higher energies,
around 2.6 eV, the emergence of the first radial
MD.11 On the other hand, the ED contribution
shown in Figure 2d is not straightforward to in-
terpret: it appears as if the main ED keeps red-
shifting away from the actual pole of the scat-
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Figure 3: (a) A bell hit by two hammers from two opposite sides, with different time delays ti
comparable to the period T of the generated acoustic waves. (b) Time evolution of the amplitude
of the individual acoustic waves produced by the two hammers in the far field. (c) FT of the
total (sum of those at t = 0 and td) acoustic wave perceived by an observer. In both (b) and (c)
coloured lines follow the notation of (a). (d) Colour map of the FT amplitude as a function of
frequency and the inverse of the time delay td. Destructive interference conditions follow a linear
dependence between frequency and inverse time delay. (e) Emergence of the two collapsing dipoles
at the upper and lower surfaces of an NP crossed by an electron beam through its centre. (f)
Time-domain sketch of the electric far-field amplitude due to the two excitation events (red and
blue lines) and an NP Mie resonance (grey dashed line). (g) Calculated CL spectra for a Si sphere
with 2R = d = 150 nm at the different acceleration voltages given in the inset, at b = 5 nm. (h)
Colour map of the calculated CL spectra, as a function of electron velocity in the NP. Thin white
lines serve as guides to the eye for tracing the interference minima.

tering coefficient (see Methods) as the electron
beam approaches the centre, while additional
resonances that cannot be attributed to radial
EDs appear in the energy window 2 − 3.5 eV.
This peculiar response is better illustrated in
Figures 2e-f, where the ED spectrum is fur-
ther decomposed into in-plane (iED, plane nor-
mal to the electron beam and parallel to the
substrate in the experiment) and perpendicu-
lar (pED, normal to the substrate) EDs —since
the electric field of the electron beam has non-
negligible components in all directions, it can
excite both kinds of dipolar modes. The most
striking feature is the strong shift, accompanied
by an increase in intensity, and the oscillatory
response of the resonances in the case of the
pED shown in Figure 2f. There is practically no
mechanism that could shift an ED to such an

extent (the pole of the corresponding scattering
matrix is at about 1.9 eV). Nevertheless, these
oscillations are reminiscent of the transition ra-
diation manifestation discussed by Pogorzelski
and Yeh,17 which (for b = 0) is characterised
by a sin(x)/x (where x = ωR/v, with ω being
the angular frequency) behaviour for the low
(far below the Cherenkov limit) electron veloc-
ities and the dipolar modes of interest here. As
we will discuss next, this response emerges from
the interference of the transition radiation emit-
ted at the two points where the electron beam
crosses the NP surface with the time delay re-
quired for the electron to traverse the NP from
top to bottom, becoming stronger as the elec-
tron beam approaches the NP centre and the
electron time of flight increases.

To obtain an intuitive understanding of the
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effects discussed above, let us first focus on
the classical analogue analysed in Figures 3a-
d. Figure 3a shows a bell which, at time t = 0,
is hit by a hammer on its left side, generating
an acoustic wave in the far field, with period T .
A second hammer hits the bell on the opposite
side, with some time delay td. The amplitudes
of the first and second acoustic waves are shown
as a function of time in Figure 3b, where we
plot three different time delays for the second
signal, corresponding to T/2 (blue line), 3T/4
(red line), and T (green line) —naturally, all
waves decay in time. In Figure 3c we plot the
Fourier transform (FT) of the total wave that
reaches an observer (in this case listener), for
the three different superpositions of initial plus
delayed wave. The frequency-domain signal dis-
plays an oscillatory behaviour, with zero am-
plitude emerging whenever the conditions for
destructive interference are met. The ampli-
tude colour map of Figure 3d shows, for each
time delay, where destructive interference dips
at different frequencies are expected, superim-
posed over the natural Lorentzian frequency of
the oscillator; a linear dependence between the
inverse of the time delay and the frequency is
predicted.

The same concept can equally well apply to
the case of NPs excited by a penetrating elec-
tron beam. Thinking of the beam as one elec-
tron approaching the NP at a time, an im-
age charge appears inside the NP. As the elec-
tron approaches the surface, so does the image
charge18,58,59 until, at contact, the two charges
collapse, leading to the formation of an electric
dipole and resulting transition radiation (Fig-
ure 3e). This collapse also occurs at the bottom
side of the particle, with a time delay td = d/v
(where d is the electron path length in the NP).
The two dipoles can interfere constructively or
destructively, depending on the time delay of
their emergence which, in turn, depends on the
factors that determine the time of flight: v and
d. The corresponding temporal oscillations (red
and blue lines), together with an NP Mie res-
onance (dashed grey line) are sketched in Fig-
ure 3f. Exact calculations of CL spectra for dif-
ferent acceleration voltages (corresponding to
different electron velocities) are shown in Fig-

Figure 4: Experimental CL spectra for an elec-
tron beam passing through the centre of a Si
nanosphere with R = 75 nm, for acceleration
voltages ranging from 5 kV (upper panel) to
30 kV (lower panel).

ure 3g, in the range 5− 30 kV, which is exper-
imentally feasible. For low voltages (see, e.g.,
the blue line for 5 kV) the only recorded sig-
nal originates from transition radiation. As the
electron beam is further accelerated, the modes
of the NP are more efficiently excited, leading to
CL signals that emerge as a superposition of NP
resonances and transition radiation. This com-
plex interaction is displayed more clearly in the
CL colour map of Figure 3h where, in addition
to the linear response of the interference dips,
one can see for higher electron velocities slight
anticrossings when the NP Mie resonances are
met. This behaviour strongly suggests that CL
minima are extremely sensitive to transition ra-
diation, and care must be taken so as not to
assign to such dips an anapole character before
further verification. Furthermore, the uneven
spectral excitation implies that, even at high
acceleration voltages, observed peaks may be
noticeably shifted away from the natural Mie
resonances, which must be kept in mind when
interpreting CL measurements.
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To verify our explanation, and indeed prove
that transition radiation can be observed in ex-
periments with small NPs (as in the case of thin
films60,61) and affect the final spectra, we record
in Figure 4 the CL spectra of a Si sphere with
R = 75 nm at different acceleration voltages,
for an electron beam passing through the NP
centre (b = 0). While the spectra are affected
by the fact that the electron trajectories are
in practice not straight (see Supporting Infor-
mation), thus leading to non-negligible contri-
bution from MD terms, traces of the oscilla-
tions related to transition radiation can indeed
be identified (see, e.g., the spectra for 20 kV,
with four resonances at 1.8, 2, 2.6 and 3.1 eV,
whereas extinction calculations only predict an
MD at about 2 eV and an ED at 2.5 eV). The
most remarkable feature is the behaviour of the
energy dip at 2.5 eV for high acceleration volt-
age (20− 30 kV); as the voltage decreases, this
dip transforms into a peak at the same energy,
with no correspondence to any NP eigenmode.
Similarly, the shoulder around 1.75 eV observed
at 5 kV, which disappears for 10 kV (and higher
voltages not shown), only to reappear above
20 kV, also does not correspond to any pole of
the scattering matrix of the NP. The above dis-
cussion finally sheds more light on the spectra
of Figure 1c; for external beams, two Mie reso-
nances are observed at 2.3 eV and 2.75 eV, while
no traces of transition radiation are present. On
the contrary, for penetrating beams, and par-
ticularly when the beam crosses the centre and
some of the Mie modes are inactive for symme-
try reasons, it is transition radiation that dom-
inates the spectra.

Conclusions

In summary, we identified transition radiation
in CL measurements as a possible source of
interference with NP resonances, leading to
ambiguous, possibly erroneous, assignment of
modal characters to spectral features. When
penetrating electron beams are used, two ra-
diating dipoles are formed when the electron
and its image charge collapse at the two op-
posite NP surfaces, with a time delay that is

related to the velocity of the electron and the
length of its path inside the NP. These two pa-
rameters define whether the interference of the
two dipoles will be constructive, leading to pro-
nounced resonances that can mask those due
to the NP, or destructive, leading to dips remi-
niscent of anapoles, but not necessarily of that
nature. Care must thus be taken in the inter-
pretation of CL measurements, especially when
characterisation of NP properties is at question.

Methods

Cathodoluminescence spectroscopy CL
spectroscopy is performed in a Tescan Mira3
scanning electron microscope operated at an ac-
celeration voltage ranging from 5 kV to 30 kV,
current of 400−470 pA, and corresponding spot
sizes between 4 nm and 15 nm. Light emitted
from the sample is collected by a parabolic mir-
ror and analysed using a Delmic SPARC CL
detector equipped with an Andor Newton CCD
camera. All CL spectra are corrected for the
system response and the background of the thin
SiN membrane. All CL maps are collected with
activated sub-pixel scanning.

Analytic CL calculation The analytic the-
ory for the interaction of spherical NPs with fast
electron beams has been developed by García de
Abajo.1,16,20 The photon emission probability
in the interaction of a Si sphere, described here
by the experimental values of Green,62 with an
electron beam passing at impact parameter b
with constant velocity v is described by the ex-
pression16

ΓCL =
cε0

πk2h̄ω

∑

L

∣

∣ψind

L

∣

∣

2

, (1)

where k = ω/c is the free-space wavenumber
and ε0 the vacuum permittivity. The sum-
mation over L = {P, l,m} includes electric
(P = E) and magnetic (P = M) multipoles,
characterised by the angular momentum num-
bers l, m. Analytic expressions for the ψind

L
co-

efficients are provided in the Supporting Infor-
mation.
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Abstract

Controlling ultraviolet light at the nanoscale us-
ing optical Mie resonances holds great promise
for a diverse set of applications, such as
lithography, sterilization, and biospectroscopy.
However, Mie resonances hosted by dielectric
nanoantennas are difficult to realize at ultravi-
olet wavelengths due to the lack of both suit-
able materials and fabrication methods. Here,
we systematically search for improved materials
by computing the frequency dependent optical
permittivity of 338 binary semiconductors and
insulators from first principles, and evaluate
their potential performance as high refractive
index materials using Mie theory. Our analysis
reveals several interesting candidate materials
among which boron phosphide (BP) appears
particularly promising. We then prepare BP
nanoparticles and demonstrate that they sup-
port Mie resonances at visible and ultraviolet
wavelengths using both far-field optical mea-
surements and near-field electron energy-loss
spectroscopy. We also present a laser reshaping
method to realize spherical Mie-resonant BP
nanoparticles. With a refractive index above
3 and low absorption losses, BP nanostructures
advance Mie optics to the ultraviolet.

Introduction

Achieving control over ultraviolet light with
nanoscale materials is essential for improving
surface-enhanced spectroscopies of biological
molecules and enabling new ultraviolet optical
components. Geometric Mie resonances sup-
ported by resonant nanoantennas made from
materials that combine a high refractive index
with low absorption losses offer efficient and
tunable manipulation of the near- and far-field
of optical waves.1,2 Mie resonances have been
realized at visible and infrared wavelengths
thanks to the mature lithographic processing
of suitable materials,3 such as silicon,4 gallium
phosphide,5 and titanium dioxide.6 It would be
desirable to extend the operation of these ma-
terials to the ultraviolet, but their small direct
band gap energies (. 3 eV) lead to significant
absorption losses in the ultraviolet. Recently,
metasurfaces composed of an array of nanos-
tructured materials with a wide band gap and
moderate refractive index (n ≈ 2.1− 2.3) have
demonstrated wave front manipulation in the
ultraviolet using waveguide modes.7–9 For ul-
traviolet Mie optics, diamond has been theoret-
ically suggested as a potential material,10,11 but
diamond comes with significant nanofabrication
challenges.12 Consequently, extending the rich
optical properties of Mie resonances observed
in the visible to the ultraviolet requires identi-
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fication of new high-index materials as well as
development of suitable fabrication methods to
realize Mie-resonant nanoantennas.

Concurrent advances in first-principles
methodology and computing power have re-
cently made it possible to design and discover
new materials via high-throughput computa-
tions.13–17 The approach has been successfully
applied in several domains, including photo-
voltaics, transparent conductors, and photo-
catalysis.18–20 However, to the best of our
knowledge, computational discovery of new
high-index materials remains largely unex-
plored. Relevant previous work in this direc-
tion has been limited to the static response
regime21,22 reflecting the fact that the ma-
jor materials databases so far has focused on
ground state properties.

Here we use high-throughput linear response
density functional theory (DFT) to screen an
initial set of 2743 elementary and binary ma-
terials with the aim to identify isotropic high-
index, low loss, and broad band optical mate-
rials. For the most promising materials, the
computed frequency-dependent complex refrac-
tive indices are used as input for Mie scatter-
ing calculations to evaluate their optical perfor-
mance. In addition to the already known high-
index materials we identify several new com-
pounds. In particular, boron phosphide (BP)
offers a refractive index above 3 with very low
absorption losses in a spectral range spanning
from the infrared to the ultraviolet. We then
prepare BP nanoparticles and show, by means
of dark-field optical measurements and elec-
tron energy-loss spectroscopy, that they sup-
port size-dependent Mie resonances in the vis-
ible and ultraviolet. Finally, we demonstrate
a laser reshaping method to realize spherical
BP nanoparticles, which host multiple Mie reso-
nances in quantitative agreement with full-field
optical simulations.

Results

High-throughput screening

Our high-throughput screening procedure is il-
lustrated in Fig. 1a. We build the work-
flow using the Python-based Atomic Simu-
lation Recipes (ASR)23 framework and the
MyQueue scheduling software24 (see detailed
workflow in Supplementary Note 1 and Sup-
plementary Fig. 1). Starting from 2743 ther-
modynamically stable elementary and binary
materials from the Open Quantum Materials
Database (OQMD)15 we extract the 1693 ma-
terials with up to 10 atoms in the unit cell
and relax the atomic structure using DFT with
the Perdew-Burke-Ernzerhof (PBE) exchange
correlation functional25 and the D3 correction
to account for the van der Waals forces.26 We
perform DFT ground state calculations for all
of the materials to determine their electronic
band gaps. After discarding the metals, we
are left with 338 semiconductors for which we
calculate the optical dielectric function, ǫ(ω),
within the random phase approximation (RPA)
and extract the refractive index and extinc-
tion coefficient as n(ω) = Re

{

√

ε(ω)
}

and

k(ω) = Im
{

√

ε(ω)
}

, respectively. All calcula-

tions are performed with the GPAW code.27,28

Next, we classify the materials according to
the anisotropy of their refractive index ten-
sor using a cut-off of 0.05 for the fractional
anisotropy (see Supplementary Fig. 2). This
leaves us with 207 isotropic material candi-
dates, for which we show the static refractive
index as a function of the direct band gap in
Fig. 1b. The data points qualitatively follow
the Moss formula29 (dashed line in Fig. 1b);
however, there are significant deviations from
the general trend, which we ascribe to varia-
tions in oscillator strength and density of the
transitions across the direct gap. It is well
known that (semi)local functionals like the PBE
employed in the present work systematically
underestimates band gaps.30 This effect is, how-
ever, to some extent compensated by the fact
that the RPA neglects the attractive electron-
hole interactions and consequently underesti-
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Isotropic? (FA < 0.05)

207 materials

Mie Theory evaluation

2743 uniary and 

binary materials

a

Semiconductor? (PBE bandgap > 0.1 eV)

338 materials

Less than 11 atoms in the unit cell?

1693 materials

b

Fig. 1. High-throughput materials

screening. a, Schematic of the screening steps
and the number of materials that survive each
of them. b, The static refractive index of the
isotropic materials plotted as a function of their
direct band gap energies along with the Moss
formula. The colored dots highlight interest-
ing materials and the inset shows the energy-
dependent Q-factor and radiation efficiency, η,
of the MD resonances in those materials. The
background colors represent the infrared (red),
visible (green) and ultraviolet (blue) spectral
regions.

mates the spectral weight near the band edge.
As a result, refractive indices obtained with
RPA@PBE are typically in good agreement
with experiments in the static limit28 while de-
viations occur at higher frequencies near the
band edge region (see Supplementary Note 2
and Supplementary Fig. 3-5). We shall return
to this point later, but for now mention that for
the materials that are identified as interesting
based on this screening we will employ more
accurate and computational expensive many-
body perturbation methods.

We now turn to a more in-depth evaluation
of the performance of the discovered materials.
Specifically, we use Mie theory to calculate the
scattering properties of a spherical nanoparti-
cle made from the subset of isotropic materials.
We focus on the lowest-order magnetic dipole
(MD) resonance of the spheres and calculate
energy-dependent quality factors, Q, and radia-
tion efficiencies, η (see Supplementary Note 1).3

This is achieved by continuously adjusting the
size of the sphere to tune the energy of the MD
resonance across the infrared, visible and ul-
traviolet regions. A high Q-factor is beneficial
for boosting the local field enhancement of the
nanoparticle, while a radiation efficiency close
to unity points to low absorption losses. This
analysis identifies all of the commonly used ma-
terials, such as Si, TiO2, and GaP. However,
we also find a number of other highly promis-
ing materials, some of which are highlighted in
the inset of Fig. 1b. In particular, we identify
BP, which has a refractive index exceeding that
of TiO2 and a radiation efficiency higher than
both silicon and TiO2 across the entire visible
part of the spectrum. For these reasons, we be-
lieve BP stands out as an overlooked material
with highly desirable optical properties and we
will focus on BP in the rest of the paper.

Optical response of BP

BP crystals were successfully synthesized as
early as 1957,31 yet experimental measurements
of its refractive index are limited to a couple of
data points in the visible.32,33 Refractive index
measurements of BP thin films have also been
conducted but with varying results.34,35
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a

b

c

Fig. 2. Optical response and Mie reso-

nances of BP. a,b Refractive index n and ex-
tinction coefficient k of BP calculated using the
f-sum corrected BSE method compared with
that of some of the commonly used dielectrics
in the visible and ultraviolet spectral regions.
c, Extinction efficiency map of BP spheres of
varying radii calculated using Mie theory, which
demonstrates that Mie resonances can be sus-
tained in the visible and ultraviolet.

The RPA@PBE permittivities used for the
initial screening are qualitatively accurate but
suffer from underestimated band gaps and miss-
ing excitonic effects. To determine the refrac-
tive index of BP with quantitative accuracy,
we solve the Bethe-Salpeter equation (BSE)
to obtain the permittivity using single-particle
transition energies obtained from a G0W0 band
structure calculation. The band structure cal-
culation reveals an indirect band gap of 2.1 eV
and a direct band gap of 4.41 eV, which matches
experimental measurements of the band gap
energies for BP.36,37 The square root depen-
dence of the refractive index on the permittivity
makes it crucial to converge both the real and
imaginary parts of the latter. Unfortunately,
the real part converges slowly with the num-
ber of bands making it impractical to obtain
well converged results directly from the BSE.
The problem can be alleviated by extending the
imaginary part of the permittivity by an expo-
nentially decaying tail whose weight is fixed by
the f-sum rule (see Methods), and subsequently
obtain the real part via the Kramers–Kronig
relation. We benchmark this approach against
experimental data for the refractive index of
crystalline silicon and find excellent agreement
(see Supplementary Note 3 and Supplemen-
tary Fig. 6).

With the f-sum rule fulfilling BSE-G0W0

method at hand, we are in a position to make a
quantitative comparison of the refractive index
of BP with some of the commonly used ma-
terials38,39 in the visible as well as diamond,40

which has been theoretically suggested for oper-
ation in the ultraviolet (Fig. 2a,b). We observe
that the absorption edge of BP lies significantly
higher than silicon, GaP, and TiO2, while it re-
tains a refractive index comparable to that of
GaP. This suggests that BP provides low-loss
operation across the entire visible spectrum.
While this is also the case for TiO2, its refrac-
tive index is significantly lower than that of BP.
The higher refractive index of BP means that
nanostructures can be made more compact41

and packed more densely for enhanced metasur-
face performance.42 Importantly, we note that
BP offers a high refractive index with a low ex-
tinction coefficient not only in the visible but
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also in the ultraviolet – a spectral region which
is unreachable with the commonly-used mate-
rials. Diamond is transparent in the ultravio-
let as well, but has a significantly lower refrac-
tive index. We illustrate the broadband per-
formance of BP by performing extinction effi-
ciency calculations using Mie theory for a BP
sphere with varying radii, confirming that Mie
resonances can be sustained across the visible
and ultraviolet (Fig. 2c).

Far- and near-field characterization

of BP nanoparticles

We now turn to an experimental demonstra-
tion of the potential of BP as a Mie-resonant
nanostructure. BP has been synthesized in vari-
ous forms such as crystals,43,44 films,35,45,46 and
nanoparticles.47–49 However, BP nanoparticles
in the size range suitable for sustaining Mie
resonances have not been reported. We pre-
pare BP nanoparticles in the size range of a
few hundred nanometers by grounding BP pow-
der (Kojundo Chemicals) in a mortar and then
dispersing it in methanol. The BP solution is
subsequently dropcasted on a glass substrate.

We measure the far-field scattering efficiency
of individual nanoparticles by illuminating
the nanoparticles through a high-numerical-
aperture dark-field objective and collecting the
transmitted scattered light (see Fig. 3a). A
similar measurement setup has been used to
detect Mie resonances in silicon nanoparti-
cles.50 The scattering spectra recorded from
a series of BP nanoparticles clearly show res-
onant peaks, which red shift with increasing
particle size (Fig. 3b). Despite the irregu-
lar particle shapes, the scattering resonances
are quite prominent and follow the trend ob-
served in other Mie-resonant nanostructures,
namely, that the smallest particle size sup-
port only the lowest-order Mie resonance while
larger particle sizes also support higher-order
Mie resonances.51 We additionally confirm the
crystallinity of the nanoparticles using micro-
Raman spectroscopy from individual nanopar-
ticles (see Supplementary Fig. 7). The particle
radii are extracted from the scanning electron
microscopy images under the assumption of

a spherical shape and used as input for full-
field simulations of the scattering efficiency of
a BP nanosphere. The simulations account
for the measurement setup as well as the glass
substrate (see Methods). We find that the sim-
ulations accurately reproduce both the shift
in resonance wavelengths with particle size as
well as the number of resonant peaks (Fig. 3c).
However, the particle sizes need to be adjusted
to match the resonance wavelengths observed
in the experiments. This suggests that the
particle shape is better characterized as flakes
with a thickness significantly smaller than the
in-plane size. Nonetheless, the distinctive, mul-
tiple scattering peaks provide strong evidence
for the interpretation that these are related to
geometric Mie resonances.

To gain more insight into the nature of these
resonances and to access the ultraviolet spec-
tral region, we also perform near-field char-
acterization on similar BP nanoparticles us-
ing electron energy-loss spectroscopy (EELS).
EELS is performed in a transmission electron
microscope and has been employed to access
near-field properties of both metallic52,53 and
dielectric nanostructures54–56 as well as opti-
cal devices.57 The combined high spatial and
spectral resolution of EELS provides unique
nanoscale information on optical modes over
a broad spectral range. For EELS measure-
ments, the BP nanoparticles are deposited on
a thin silicon oxide membrane. The EELS
signal recorded from a triangular-shaped BP
nanoparticle (Fig. 4a) at different beam posi-
tions is presented in Fig. 4c. The position of
the beam is directly related to the excitation
efficiency of the optical modes,58 and thus, by
judicious positioning of the beam we can selec-
tively excite different Mie modes.54 When the
beam is positioned in the center of nanopar-
ticle, we observe a distinct resonance in the
ultraviolet at 3.99 eV. As the beam is moved
closer to the surface of the nanoparticle, two
additional resonances are observed at the ener-
gies 3.57 eV and 2.77 eV. To identify the na-
ture of these resonances, we simulate the EELS
signal of a BP nanodisk with the same effec-
tive radius as the measured BP nanoparticle
(Fig. 4b). The thickness of the nanodisk is var-
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Fig. 3. Dark-field scattering of BP nanoparticles. a, Schematic of the dark-field scattering
spectroscopy. The nanoparticles are excited by unpolarized, white light incident at an oblique
angle and the transmitted scattered light is collected. b, Scattering efficiency spectra recorded
from individual BP nanoparticles of different sizes showing clear scattering peaks due to resonant
interaction. The effective radius R of the nanoparticle is determined from the area of the particles,
assuming a spherical shape. c, Simulated scattering efficiency map of BP nanospheres with varying
particle radii.

ied to achieve correspondence to the measured
EELS resonance energies. The simulated EELS
spectra for a nanodisk thickness of h = 40 nm
at the same beam positions as in the exper-
iments are shown in Fig. 4d. Here, we ob-
serve that the three lowest-energy EELS peaks
have the same dependence on the impact pa-
rameter of the electron beam as seen exper-
imentally. The simulated resonance energies
of all three EELS peaks are also in quantita-
tive agreement with the experiments, albeit the
lowest-energy EELS peak is slightly shifted to
higher energies in the simulations. The mea-
sured EELS peaks are broadened by the finite
energy resolution of our EELS setup (see Meth-
ods). By performing a multipole decomposi-
tion of the induced field produced by the elec-
tron beam,59 we identify the two lowest energy
EELS peaks to be due to the Mie modes of the
in-plane electric dipole ED‖ and in-plane elec-
tric quadrupole EQ‖. The highest energy EELS
peak has contributions from both the in-plane
magnetic dipole and and out-of-plane electric
dipole ED⊥, where the latter dominates in the

center of the particle (see Supplementary Fig. 8
for full decomposition). Simulated EELS inten-
sity maps show that the electron beam couples
efficiently to the in-plane modes, ED‖ and EQ‖

for beam positions near the surface of the par-
ticle, while the out-of-plane ED⊥ is excited also
for beam positions in the center of the parti-
cle (Fig. 4e-g). The experimental EELS inten-
sity maps of these three Mie modes are in good
agreement with the simulations (Fig. 4h-j) as
well as previous EELS measurements performed
on Mie-resonant silicon nanoparticles.54,55 The
near-field EELS measurements along with far-
field dark-field optical measurements demon-
strate that, despite their irregular shape, BP
nanoparticles host a variety of multipolar size-
dependent Mie resonances across the visible and
ultraviolet, which are key attributes of low-loss
high-index nanostructures.

Laser reshaping

To alleviate the irregular shape of the as-
prepared BP nanoparticles, we generate spher-
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Fig. 4. Electron energy-loss spectroscopy

of BP nanoparticles. a,b Experimental
STEM image and theoretical set-up depicting
the electron beam positions b used to acquire
the measured and simulated EELS spectra of
c,d, respectively. The triangular-shaped BP
nanoparticle is characterized by an effective ra-
dius of R = 90 nm. Several EELS peaks due
to Mie resonances are observed. e-g Simulated
and h-j experimental EELS intensity maps at
the Mie resonance energies. The Mie modes are
identified as the in-plane electric dipole (ED‖),
in-plane electric quadrupole (EQ‖), and out-of-
plane electric dipole (ED⊥) using a multipole
decomposition.

ical BP nanoparticles by irradiating the un-
processed BP nanoparticles with a pulsed laser
(see Fig. 5a and Methods). An example of a
laser-processed BP nanoparticle is presented in
Fig. 5b, confirming that the laser processing
can be used for realizing spherical-shaped BP
nanoparticles without affecting the nanoparti-

cle composition. In addition, we perform micro-
Raman spectroscopy on the same particle and
find that the crystallinity from the unprocessed
BP nanoparticles is retained after laser reshap-
ing (see Supplementary Fig. 7). The dark-field
scattering spectrum from the BP nanoparticle
in Fig. 5b is recorded and we observe multi-
ple scattering peaks (Fig. 5c). The relatively
large particle radius (R = 184 nm) places
the lowest-order Mie resonances at wavelengths
longer than our measurement range, while the
scattering peaks observed can be attributed
to higher-order Mie resonances. The full-field
simulation of a BP nanosphere with a slightly
smaller radius R = 165 nm, where we account
for the substrate and the measurement setup,
shows very good agreement with the measure-
ment. We attribute the deviation in particle
radius to shape imperfections and a slight vari-
ation between the calculated and experimental
refractive index of BP. Multipole decomposi-
tion reveals that the scattering peaks are due to
the excitation of the magnetic quadrupole MQ,
the electric quadrupole EQ, and radial higher-
order magnetic dipole MD2, thereby confirming
the Mie-resonant nature of BP nanoparticles.
We also performed EELS measurements on a
smaller laser-reshaped BP nanoparticle, where
we observe Mie resonances in the ultraviolet
(see Supplementary Fig. 9).

Discussion

Using a DFT-based high-throughput screening
method combined with optical Mie theory of
338 dielectrics, we identify BP as a promis-
ing high-refractive-index material for ultravio-
let nanooptics. We develop a new, quantita-
tively accurate many-body perturbation theory
based methodology for calculating refractive in-
dices and use it to reveal that BP has a high
refractive index (n > 3) and low extinction co-
efficient (k < 0.1) up to ultraviolet photon en-
ergies of 4 eV. We present an approach to fabri-
cate BP nanoparticles as well as a laser reshap-
ing method to generate spherical BP nanopar-
ticles. Through dark-field optical spectroscopy
and EELS measurements, we confirm the pres-
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Elemental analysis
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c
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Fig. 5. Laser reshaping of BP nanopar-

ticles. a, Reshaping of the BP nanoparticles
is achieved by pulsed laser irradiation of un-
processed BP nanoparticles in acetone. Af-
ter the irradiation, the BP nanoparticles ob-
tain a spherical shape. b, Scanning electron
microscopy image and energy-dispersive x-ray
analysis of reshaped BP nanoparticle, showing
a spherical shape without change in composi-
tion. c, Scattering spectrum recorded from the
BP nanoparticle in b and simulated spectrum
for a BP nanosphere with radius R = 165 nm
with multipole decomposition revealing the ex-
citation of the magnetic quadrupole (MQ), elec-
tric quadrupole (EQ), and radial higher-order
magnetic dipole (MD2).

ence of Mie resonances in BP nanoparticles
across the visible and ultraviolet. Our work
advances nanoscale Mie optics to the ultravi-
olet and may find applications in metasurface-
enhanced spectroscopy of biological molecules
and, more generally, in realizing metasurface
optical components operating in the ultravio-
let.

Methods

Computational workflow

Structural relaxation: All ground- and ex-
cited state calculations were performed with the
GPAW electronic structure code.27 We relaxed
the atomic structure and the unit cell of the ma-
terials until the maximum force (stress) is be-
low 10−4 eV/Å (0.002eV/Å3). We use the PBE
functional for exchange and correlation effects,
a Γ-point centered k-point grid with a density
of 6.0Å−3, a 800 eV plane wave cutoff and a
Fermi-Dirac smearing of 50 meV. Van der Waals
interactions were taken into account by the D3
correction scheme.26

RPA calculations: We calculate the optical
permittivity, ε(ω), within the Random Phase
Approximation(RPA) using the dielectric func-
tion module in GPAW. From ǫ(ω) we calculate
the refractive index and extinction coefficient as
n(ω) = Re

{

√

ε(ω)
}

and k(ω) = Im
{

√

ε(ω)
}

respectively. To ensure convergence across all
materials we employ a k-point grid with a high
density of 20.0 Å−3 and include conduction
bands up to 5 times the number of valence
bands. The calculations were performed on
a nonlinear frequency grid with an initial fre-
quency spacing of 0.5 meV, a broadening of 50
meV and a local field cutoff of 50 eV.

Many-body perturbation theory

calculations

G0W0 calculations: The G0W0 calculations
were performed on top of the ground state cal-
culations. To ensure converged quasi-particle
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gaps we perform extrapolation of both the plane
wave cut-off and the k-point resolution to infin-
ity.

BSE calculations: The BSE calculations
were performed within the Tamm-Dancoff ap-
proximation on a k-point grid with a den-
sity of 20 Å−3. The calculation included all
valence and conduction bands within 2.3 eV
of the valence band maximum and conduc-
tion minimum, respectively. The calculation of
the screened interaction included all occupied
bands and unoccupied bands up to 5 times the
number of occupied bands, and we accounted
for local field effects up to a plane wave cut-off
of 50 eV. The calculation was performed on a
linear 10001 point frequency grid spanning 0 to
8 eV.

BSE f-sum rule correction The optical po-
larizability has to obey the f-sum rule,

∫ ∞

0

dωωImχ(ω) =
π

2

nee
2

m
, (1)

where ne is the electron density, e is the elemen-
tary charge and m is the electron mass. Since
it is not obvious what to use for ne in our PAW
calculations, we use a different strategy to fix
the left hand side, namely we obtain it from
an RPA calculation (which can be readily con-
verged)
∫ ∞

0

dωωImχ(RPA)(ω) =

∫ ∞

0

dωωImχ(BSE)(ω) .

(2)

Eq. 2 can be enforced if we artificially extend
the imaginary part of the BSE polarizability.
Denoting the largest transition energy included
in the BSE calculation as wc, we perform the
following extension,

Imχ(BSE)(ω) =

{

Imχ(BSE)(ω), if ω ≤ ωc,

C0e
−γ(ω−ωc), if ω > ωc.

(3)

The constant C0 is used to ensure continuity
and the constant γ is fixed to give the correct

spectral weight as fixed by Eq. 2. For bench-
marks see Supplementary Information.

Optical simulations

The scattering efficiency and EELS simulations
are both performed in COMSOL Multiphysics
(ver. 5.6), which solves Maxwell’s equations
using finite-element modelling. For the scat-
tering efficiency simulations in Fig. 3c, a BP
sphere is placed on a semi-infinite glass sub-
strate (nsub = 1.45) and excited by a plane wave
incident from the substrate side at an oblique
angle of θinc = 42◦. We use the f-sum corrected
refractive index for BP shown in Fig. 2. We
then perform a near-to-far field transformation
to extract the scattered far-field.60 The Poynt-
ing flux of the scattered far-field in the air re-
gion is integrated over a solid angle spanning
an azimuthal angle of 2π and a maximum polar
angle of θcol = arcsin(NA) = 53◦ to retrieve the
total scattered power collected by the collec-
tion objective (NA = 0.8). The total scattered
power is normalized to the incident power and
the geometrical cross sectional area of the par-
ticle to determine the scattering efficiency. To
account for the unpolarized incident light in the
experiments, we perform this simulation proce-
dure for both transverse-electric and transverse-
magnetic polarization of the incident wave. Fi-
nally, the scattering efficiency from both polar-
ization states is averaged. The scattering effi-
ciency simulation in Fig. 5c follows the same
steps with the only change being that the plane
wave is incident from the air side at an oblique
angle of θinc = 75◦.

For the EELS calculations, we simulate the
electron beam as an edge current with an ampli-
tude of 1 µA. The induced electromagnetic field
is obtained by calculating the fields with and
without the BP nanodisk in the simulation do-
main, and subsequently subtracting them. The
energy loss is then calculated as the work rate
done on the electron beam by the induced elec-
tromagnetic field.54
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Dark-field scattering measure-

ments

A custom-built inverted optical microscope was
used for dark-field scattering spectroscopy of
single nanoparticles (Fig. 3a). For the measure-
ments presented in Fig. 3, the sample is illumi-
nated from the top by a halogen lamp through a
dark field condenser and the scattered light was
collected by an objective (50×, NA = 0.8). For
the spectrum in Fig. 5c, the sample was illu-
minated from the bottom through a dark-field
objective (50×, NA = 0.8) and the scattered
light was collected by the same objective. To
measure the spectra, scattered light was trans-
ferred to the entrance slit of a monochromator
(SpectraPro-300i, Princeton Instruments) and
detected by a liquid-N2 cooled CCD (Prince-
ton Instruments). For Raman scattering mea-
surements, the nanoparticles were excited by a
488 nm laser (Coherent Sapphire 488–50).

EELS measurements and analysis

The EELS measurements are performed in a
monochromated and aberration-corrected FEI
Titan operated in STEM mode at an accel-
eration voltage of 300 kV, providing a probe
size of ∼0.5 nm and an energy resolution of
0.08 eV (as measured by the full-width-at-half-
maximum of the zero-loss peak). We perform
Richardson–Lucy deconvolution to remove the
zero-loss peak. An EELS spectrum recorded
in vacuum is used as an input for the point-
spread function. Due to a small asymmetry in
the zero-loss peak, the deconvolution algorithm
produced an artificial EELS peak in the energy
range below 0.5 eV. However, the artificial peak
did not overlap with any of the observed res-
onances and could be safely removed using a
first-order logarithmic polynomial.

The depicted EELS spectra are obtained by
integrating the deconvoluted EELS data around
the experimental impact parameter bexp. This
parameter is directly related to the effective ra-
dius of the particle R which is extracted as
a radius of the circle with the effective area
of the particle found from the STEM image.
The effective area of the particle is the area

which is enclosed by the boundaries obtained
by Otsu’s thresholding of the STEM image.
The integration parameter itself is calculated
as a radius of the circle with the adjusted ef-
fective area of expanded/reduced initial bound-
aries. For the integration region centered at the
nanoparticle, the experimental impact param-
eter changes from 0 to 0.3R and denotes the
nanoparticle center. For the annulus-shaped re-
gions, the experimental impact parameter de-
notes the mean of the inner and outer radii
with a typical radius spread of 0.3 (for example,
the green region in Figure 4(a) encloses the re-
gions from 0.35 to 0.65R). The depicted EELS
spectra are smoothed with a Gaussian function
(σ = 0.03 eV).

The EELS maps are obtained by summing the
deconvoluted EELS data in a spectral window
of 0.02 eV width centered at the resonance en-
ergies. The signal-to-noise ratio is improved by
spatially binning the map, reducing the total
number of pixels by a factor of 4. A Gaussian
filter with σ = 0.8 pixels is applied to smooth
the image.

Laser reshaping

Unprocessed BP nanoparticles in acetone
are irradiated with the third harmonic of a
Nd:YAG laser (355 nm wavelength, 5 nm pulse
width, 20 Hz repetition rate) with a fluence of
50 mJ/cm2 per pulse for 10 min. Acknowl-
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Abstract: Tunable high-refractive-index nanostructures

are highly desired for realizing photonic devices with a

compact footprint. By harnessing the large thermo-optic

effect in silicon, we show reversible and wide thermal tun-

ing of both the far- and near-fields of Mie resonances in

isolated silicon nanospheres in the visible range. We per-

form in situ heating in a transmission electron microscope

and electron energy-loss spectroscopy to show that the

Mie resonances exhibit large spectral shifts upon heating.

We leverage the spectral shifts to demonstrate near-field

tuning between different Mie resonances. By combining

electron energy-loss spectroscopy with energy-dispersive

X-ray analysis, we show a reversible and stable opera-

tion of single silicon nanospheres up to a temperature of

1073 K. Our results demonstrate that thermal actuation

offers dynamic near-field tuning of Mie resonances, which

may open up applications in tunable nonlinear optics,

Raman scattering, and light emission.
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1 Introduction

Dielectric and semiconductor nanostructures are rapidly

becoming one of the main constituents in nanoscale

optical devices. Due to their high refractive index and low

nonradiative losses, they support magnetic and electric

multipole Mie resonances on subwavelength scales [1].

Dielectric nanoparticles have been exploited for a number

of applications, such as dielectric nanoantennas [2–5],

resonant nonlinear optics [6–8], and metasurfaces [9–12].

In most cases, nanoresonators or metasurfaces are

operated statically, i.e., the optical response of the system

is fixed upon fabrication. However, many applications

require tunable optical elements, where the optical

response can be controlled with an external stimulus

[13, 14]. This has prompted a strong interest in realizing

dielectric optical componentswith a tunable far-field func-

tionality and has led to the successful demonstrations of

different tuning mechanisms, including photothermal [15,

16], electromechanical [17, 18], via photocarrier generation

[19, 20], coupling to liquid crystals [21–23], using phase

change materials [24–26], and through the thermo-optic

effect [27, 28]. In this regard, the thermo-optic effect, i.e.,

the change in the refractive index nwith temperature T, is

an appealing tuning mechanism as it provides reversible,

continuous and large spectral shifts of optical Mie reso-

nances by simply tuning the temperature. Recentwork has

demonstrated that it is possible to thermally tune the far-

field optical response of nanoparticles and metasurfaces

made of silicon, germanium, lead telluride [27, 29–32],

and hybrid silicon–gold [33]. Silicon is particularly inter-

esting for dynamic thermal tuning due to its combination

of high refractive index, complementary metal-oxide-

semiconductor (CMOS) compatibility, and high thermo-

optic coe�cient dn∕dT [31]. However, thermal tuning of

silicon has so far been limited to nano- and micron-sized

structures with resonances in the infrared spectral ranges,

where a modest tunability of Mie resonances is observed.

Shifting the resonances into the visible is expected to

increase the tuning range due to an increased thermo-

optic coe�cient near the direct bandgap edge of silicon. In

Open Access. ©2021 Artyom Assadillayev et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0
International License.
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addition, tunable dielectric components havebeenheavily

focused on far-field functionalities with little attention

devoted to the near-field. Yet, many important optical pro-

cesses rely on the properties and enhancement of the near-

field, suchasnonlinearprocesses [8, 34], Ramanscattering

[35–37], and light emission [38–40], and, as such,dynamic

tuning of the near-field in high-index nanostructures

could open up for new applications in these areas.

Here, we demonstrate reversible and wide thermal

tuning of both the far- and near-fields of Mie resonances

in isolated silicon nanoparticles in the visible range. We

perform in situ heating with temperatures reaching 1073 K

in a scanning transmission electron microscope (STEM)

and map the spatial and spectral changes of the Mie reso-

nancesusingelectronenergy lossspectroscopy (EELS).The

extreme spatial resolution of EELS alongwith its capability

to characterize both thenear- and far-fieldoptical response

[41–43] have been exploited to study a variety of opti-

cal nanostructures [44–48] and recently also nanodevices

[49]. Using in situ EELS, we show that the Mie resonances

exhibit large spectral shifts upon heating and that the

near-field can be dramatically altered at fixed energies.

In particular, we show that we can tune between the near-

fields of different Mie resonances. Furthermore, we extend

our EELS and STEMmeasurements with energy-dispersive

X-ray (EDX) analysis, which allows us to correlate struc-

turalandchemicalchanges to thenear-andfar-fieldoptical

response. We find that the silicon nanoparticles can be

repeatedly heated to temperatures up to 1073 K without

any structural, chemical, or optical degradation. Our in

situ EELS results provide a unique insight into thermal-

induced near-field tuning at the scale of individual silicon

Mie nanoparticles.

2 Results

2.1 Thermal tuning of Mie resonances

Crystalline silicon nanoparticles with a spherical shape

are prepared in a colloidal suspension [5] and deposited

on top of commercially available TEM chips [48], which

use ceramic elements for heating. Figure 1(a) shows a

Figure 1: Thermal tuning of Mie resonances in silicon nanoparticles. (a) Schematic of a silicon nanoparticle of radius r placed on a silicon
nitride membrane and excited by an electron beam. The impact parameter b denotes the distance between the electron beam and the center
of the nanoparticle. The temperature is applied to the nanoparticle by a ceramic heater located around the nitride membrane. (b)
Temperature modulation of the refractive index of silicon. (c) Simulated and (d) experimental EELS spectra of a silicon nanoparticle with a
radius r = 82.4± 1.9 nm acquired from the electron beam positions shown in (e). (e) STEM image of the nanoparticle, where the colored
areas represent the integration regions for the experimental EELS signal, and the colored points are the position of the electron beam in the
simulation.
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schematic of the resulting structure, where an isolated sil-

icon nanoparticle is on top of a silicon nitride membrane.

The ceramic heater is located several micrometers from

the nanoparticle (not shown). Upon heating, the refrac-

tive index of silicon is modified due to the thermo-optic

effect (Figure 1(b)). Silicon has a positive thermo-optic

coe�cient in the energy region from 1.5 to 3 eV due to

the temperature-induced changes in the electronic tran-

sitions in silicon [50], which leads to an increase of the

real part of the refractive index by up to 0.6 at 1100 K in

comparison to room temperature. Silicon also exhibits a

negative thermo-optic coe�cient for energies higher than

the temperature-dependent direct bandgap edge (3.4 eV at

room temperature [51]), or a nonnegligible concentration

of thermally-generated free carriers [30]. Figure 1(b) also

shows the increase in the imaginary part of the refractive

index that ismainlydue to increasedphononpopulationat

elevated temperatures, which results in an increase in the

probability of indirect transitions and, hence, to increased

light absorption [52]. This effect is most pronounced in the

violet part of the spectrum since this is close to the direct

bandgap energy of silicon.

We perform EELS characterization both via simula-

tion and experiment of a silicon nanoparticle with a

radius r = 82.4± 1.9 nm (Figure 1(c) and (d)). The electron

beam excites the nanoparticle at the positions indicated in

Figure 1(e). These positions are selected based on the fact

that the electric dipole (ED) has a larger EELS response out-

side the particle, while themagnetic quadrupole (MQ) and

magnetic hexapole (MH) are predominantly excited inside

the particle, halfway to the edge [48]. We observe redshifts

of all Mie modes (magnetic dipole (MD), ED, and MQ) in

the silicon nanoparticle in both experiment and simula-

tionwith increasing temperature. The redshift is due to the

increasing real part of the refractive index at elevated tem-

peratures. The MD resonance energy is shifted by 0.1 eV

as the temperature is elevated to 1073 K, while the higher-

order ED, MQ, and MHmodes show larger shifts of around

0.15 eV each. The electric quadrupole (EQ), which is pre-

dominantly excited in themiddle of the particle [48], has a

comparable shift of 0.15 eV (see Supplementary Figure S1).

In addition, the thermally-induced increase in the imagi-

nary part of the refractive index of silicon near the direct

bandgap edge leads to a significant broadening of the MH

mode. Combined with the spectral resolution of the EELS

setup, it is not possible to safely identify the MH mode at

temperatures above 673 K. The EQmode behaves similarly

(see Supplementary Figure S1).

Theanalysis of the thermal tuningofMie resonances is

further extended tovariousparticle sizes inFigure 2(a). The

Figure 2: Tunability of Mie resonances. (a) Measured resonance
energies as a function of particle radius and temperature for the first
five Mie resonances in silicon nanoparticles. The color points
represent experimental values, and the color lines show the first
maxima of the different Mie scattering coefficients. ED/EQ and
MQ/MH resonances are separated into two plots for clarity. (b)
Simulated linewidth tunability as a function of temperature for the
first four Mie modes supported by silicon nanoparticles with
different radii.

change in thefirst fiveMiemode (MD, ED,MQ, EQ, andMH)

resonance energies of the nanoparticles with 40–100 nm

radii areanalyzedexperimentallyandcompared to theoret-

ical predictions. The close match between the theory and

experiment for broad nanoparticles size range shows the

possibility to thermally tune all nanoparticleMiemodes by

up to 0.15 eV when the temperature is increased to 1073 K.

Themodes which are closer to the red side of the spectrum

experience the lower shift of around 0.1 eV. Different spec-

tral shifts as a function of resonances excited are due to

nonlinear dependence of the refractive index with energy

and temperature. FromFigure 1(b), it canbe seen that there

is a larger change in the real part of the refractive index in

comparison to the room temperature at higher energies.

This leads to larger spectral shifts at higher energies; con-

sequently, Mie modes with higher resonance energy (e.g.,

higher-order modes) experience larger spectral shifts.

Due to themode broadening caused by the increase in

the imaginary part of the refractive index and the energy

resolution of our EELS setup, some Mie modes located

above 2.5 eV at high temperatures cannot be experimen-

tally resolved. In particular, at temperatures above 673 K,
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the MD mode disappears for the smallest particle (42 nm

radius), the MH and EQ resonances disappear in the mid-

dle nanoparticle size region (82 nm radius), while larger

particles (99 nm radius) are not affected.

The thermal tunability of the Mie resonances depends

on their resonance energy (defined by the particle size)

since resonance energies close to the direct bandgap

energy of silicon will be subject to both large refractive

index changes and increased optical losses at elevated

temperatures. In the following, we quantify this effect by

using linewidth tunability as a measure for the thermal

tunability of the Mie resonances. The linewidth tunability

is defined as the spectral shift of the Mie resonance energy

at elevated temperatures relative to the room temperature,

normalized by the resonance full-width at half-maximum

at the elevated temperature (see Methods). A linewidth

tunability above one, therefore, corresponds to tuning the

resonance energy more than one linewidth. We numeri-

cally show the linewidth tunability of the first four Mie

modes supportedbysiliconnanospheres in the60–100nm

radii range (Figure 2(b)). The MD mode shows a continu-

ous increase by up to 0.6 tuning with the exception of

the 60 nm particle, which peaks at 923 K and shows a

slight decrease. The ED follows a similar increase trend

with larger particles having smaller overall tunability. The

higher-order MQ mode shows the largest linewidth tun-

ability, reaching itsmaximal value at a higher temperature

when the particle size is increased (700 K and 0.44 tuning

for 60 nm particle, 820 K and 1.07 tuning for 100 nm par-

ticle). Increasing the temperature even further leads to a

drop in the linewidth tunability due to thermally-induced

broadening of the direct bandgap edge in silicon. The EQ

tuning showsa similar lineshapewith thepeakvaluebeing

approximately 1.5 times smaller. These resultsdemonstrate

that even fundamentalMie resonances canbe optimized to

achieve large thermal tunabilitywith linewidth tunabilities

reaching above unity.

2.2 Thermal near-field tuning of silicon Mie
modes

A unique feature of in situ EELS is that it allows us to track

the near-field changes in the EELS maps of the silicon

nanoparticles with temperature. Using the characteristic

EELS maps for different Mie modes at elevated temper-

atures (see Supplementary Figure S2), we demonstrate

significant tuning of the near-field profiles at an energy

of interest. We consider two cases of thermal near-field

tuning for two different particle sizes. For a silicon particle

with radius r = 80 nm, a multipole decomposition of the

EELS spectrum [53] reveals that themain spectral contribu-

tions come from the two first azimuthal components l = 1

and l = 2 (Figure 3(a)). It is worth noting that l = 1 (l = 2)

contains the resonant features of both the MD and ED (MQ

and EQ). We fix the energy of interest at 2.4 eVwhich is the

ED resonance energy at room temperature. By increasing

the temperature to 1073 K, we can see from the multipole

decomposition that the energy crosses theMQpeak. This is

accompanied by significant changes in the experimental

EELS maps presented in Figure 2(b) and (d). Indeed, we

observe that the near field is tuned from the ED mode (at

room temperature) to the MQmode at T = 1073 K (see also

Supplementary Figure S2 for characteristic maps).

We also perform a multipole decomposition of the

EELS spectrum for a smaller nanoparticle with radius

r = 40 nm in Figure 3(e). For this particle size, the EELS

spectrum is dominated by the l = 1 contribution at both

room temperature and T = 1073 K. We fix the energy of

interest at 2.91 eV which is the MD resonance energy at the

room temperature. By elevating the temperature to 1073 K,

the energy of interest is now located in the flat region of

the spectrum. Despite no observable peak from the ED in

the EELS spectrum, we still observe experimentally that

the near field dramatically changes from the MD mode to

that characteristic of the ED mode as the temperature is

elevated (Figure 3(f)–(h)). Importantly, this serves to show

that near-field tuning remains accessible despite weak or

lacking spectral features.

2.3 Stability

In situEELSallowsus to trackmorphological changesof the

nanoparticlesat elevated temperatures. Thesechangescan

be attributed to the possible changes in the nanoparticle

size and geometry due to temperature, such as nanopar-

ticle melting. This, combined with the EELS data, can be

used to ensure a stable and reversible operation of the

silicon nanoparticles when exposed to high temperatures.

We track the changes in the nanoparticle shape and

size in Figure 4(a)–(d). The STEM images are taken at time

gaps of several minutes between each other to ensure the

thermally stable condition of the TEM chip. By careful

image analysis, we determine the radius of the particle

at different temperatures and find that the particle radius

doesnot change for temperaturesup to 1073K.Thisdemon-

strates that there is no observable thermal expansion

of the silicon nanoparticle. When the particle tempera-

ture increases beyond 1073 K we observe that the particle

reshapes and becomes faceted (see Figure 4(d)).We extend

this procedure to 31 different nanoparticles of various sizes
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Figure 3: Thermal near-field tuning of silicon Mie modes. (a) Multipole decomposition of the EELS signal into different azimuthal
contributions l for a particle with r = 80 nm. The decomposition is performed at two temperatures for the impact parameter b = 81 nm.
(b)–(d) Experimental EELS maps of a particle with r = 82.4± 1.9 nm for a fixed energy of 2.4 eV (ED at the room temperature) at different
temperatures. (e) Multipole EELS decomposition at two temperatures for a particle with r = 40 nm with impact parameter b = 41 nm. (f)–(h)
Experimental EELS maps of a particle with r = 42.2± 0.7 nm for a fixed energy of 2.91 eV (MD at the room temperature) at different
temperatures.

(Figure 4(e)). Approximately two-thirds of the particles

remain stable up to 1073 K, while the remaining particles

reshape approximately 100 K below this temperature. This

demonstrates that themajority of the particles canbe oper-

ated at temperatures up to 1073 K without changes in the

nanoparticle morphology. To the best of our knowledge,

this marks the highest operating temperature of silicon

nanoparticles for thermal actuation but is nonetheless

smaller than the crystalline silicon melting point (1688 K).

Nanoparticles larger than the 40nm radii range should not

display a size-dependent decrease in their melting tem-

peratures [54]. Although the electron beam is also known

to induce heating [55], we can safely dismiss this effect

as the cause for the reshaping, since particles that were

not imaged by the electron beam during the heating also

underwent shape changes. We attribute the lower reshap-

ing temperature to the polycrystallinality and doping of

our nanoparticles (see Methods). Grain growth in doped

polycrystalline silicon starts at relatively low temperatures

(below 1173 K) since doping enhances the self-diffusion of

silicon [56]. In addition, the highly spherical nature of our

nanoparticles entails that crystal planes with high Miller

indices are present on the surface, which are known to

develop into low-index planes upon heating [57]. Indeed,

the reported temperatures for graingrowthand reconstruc-

tion into low-index planes in silicon (near or above 1073 K)

are consistent with the shape and facet changes observed

in our experiments.

To demonstrate reversible thermal tuning at suchhigh

temperatures, we applied four heating and cooling proce-

dures and recorded the EELS spectra before and after the

whole process to detect any changes in the EELS response

(Figure 4(f)). As can be seen, the nanoparticle remains sta-

ble and the Mie modes are not affected by the multiple

heating procedures. This shows that the nanoparticles can

beoperated in theproposed temperature rangeup to 1073K

without their operation failure. This is further supportedby

STEM EDX measurements (see Supplementary Figure S3),

where we observe no changes in the chemical composition

of the particles when they are heated to 1073 K.
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Figure 4: Stability of thermally tuned nanoparticles. (a)–(d) STEM images of a silicon nanoparticle with r = 82.4± 1.9 nm at different
temperatures. The green selection represents the boundary of the particle. (e) Systematic investigation of morphology changes for 31
different nanoparticles with radii spanning 40–100 nm at elevated temperatures. (f) Experimental EELS spectra of a silicon nanoparticle with
a radius r = 73.8± 2.3 nm (top) with no heating applied and (bottom) after four heating to 1073 K-cooling to 298 K procedures. The spectra
are acquired from the electron beam positions shown in (g). (g) STEM image of the nanoparticle, where the colored areas represent the
integration regions for the EELS signal.

3 Conclusions

We have experimentally demonstrated that the Mie modes

of silicon nanoparticles in a broad size range can be tuned

using the thermo-optic effect. The effect allows tuning

the Mie modes of the nanoparticle in the visible spectral

range by up 0.15 eV (40 nm). By optimizing the particle

size, we show that the MQ mode can be tuned beyond

one linewidth, while the MD, ED, and EQ modes offer

linewidth tunability ranging from 0.3 to 0.7. The silicon

losses at high energies (2.8–3 eV), which ultimately limit

further linewidth tunability, canbebeneficial for switching

applications, i.e., by providing turn on-off functionality.

We leveraged the significant spectral shifts of Mie

resonances to demonstrate that near-field profiles of Mie

modes can be tunedwith temperature and showed that we

can effectively switch between two different Mie modes.

Despite the lack of spectral peaks for some modes, we

still observe significant changes in the near-field profiles.

This demonstrates that thermal tuning can be effectively

utilized in applications, where the near-field switching

between different Mie modes is desired.

Bycombining in situSTEMimagingandEELS,weshow

there are no significant changes in the spectral response

or morphology for the majority of silicon nanoparticles

as they are heated to temperatures up to 1073 K, with all

particles being stable up to 973 K. Moreover, EDX analysis

reveals no chemical changes in the nanoparticle composi-

tion. Therefore, the thermal tuning of the Mie resonance

with our silicon nanoparticles can be effectively performed

up to 1073 K temperature.

4 Methods

4.1 Fabrication

The crystalline silicon nanoparticles of spherical shape are produced

by thermal annealing of silicon suboxide (SiO
x
) and extraction into

methanol [5]. In optical measurement, it has been shown that the

scattering spectrum of the nanoparticle perfectly agrees with the Mie

theory [58].
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A 10 μL solution of silicon nanoparticles in methanol is drop-

casted onto commercially available thermal E-chips produced by

Protochips, which are nitrogen dried after a 1 min wait time. The

chip has a membrane composed of a ceramic layer on top of a 40 nm

thick silicon nitride layer. The ceramic layer is used for heating and

can be heated up to 1473 K with a temperature accuracy over 95.5%

(example: 1073 ± 48 K) and a 99.5% homogeneous temperature pro-

file across the entire chip. It has nine 8 μm holes where only the

nitride layer is present. The STEM imaging and EELS characterization

is performed in these areas.

4.2 Image analysis

The sizes of the silicon nanoparticles are determined from the STEM

images by a previously reported procedure [48]. Using image process-

ing operations with the Python scikit-image library, a canny filter is

applied to the STEM image to find the particle edges. A Hough circle

transform is applied on the edge map to find the best fit for the radius

and particle center. The uncertainty in the radius is determined by fit-

ting the number of intersections-radius dependence with a bimodal

distribution of 2 Gaussians.

4.3 EELS measurements and analysis

The EELS measurements are performed in a monochromated and

aberration-corrected FEI Titan operated in STEM mode at an accel-

eration voltage of 300 kV, providing a probe size of ∼ 0.5 nm and

an energy resolution of 0.08 eV (as measured by the full-width-at-

half-maximum of the zero-loss peak). We perform Richardson–Lucy

deconvolution to remove the zero-loss peak. An EELS spectrum

obtained inavacuumisusedasan input for thepoint-spread function.

Due to a small asymmetry in the zero-loss peak, the deconvolution

algorithm produced an artificial EELS peak in the energy range below

0.6 eV. However, the artificial peak did not overlap with any of the

observed resonances and could be safely removed using a first-order

logarithmic polynomial.

ThedepictedEELSspectraareobtainedby integrating thedecon-

volutedEELSdataaroundtheexperimental impactparameterbexp. For

the disk-shaped integration regions, the experimental impact param-

eter denotes the center of the disk. For the annulus-shaped regions,

the experimental impact parameter denotes themeanof the inner and

outer radii. The depicted EELS spectra are smoothed with a Gaussian

function (𝜎 = 0.03 eV).

TheEELSmaps are obtainedby summing thedeconvolutedEELS

data in a spectral window of 0.02 eV width centered at the resonance

energies. To improve the signal-to-noise ratio, the map is spatially

binned, reducing the effective number of pixels by a factor of 2 in

each row and column, i.e., a factor of 4 in total. A Gaussian filter with

𝜎 = 0.8pixels is applied to smooth the image.Exploiting the spherical

symmetry of the nanoparticles, the maps are integrated along the

azimuth angle at the coordinates located at the same distance from

the nanoparticle center.

4.4 EELS simulations and theory

The EELS simulations are performed in COMSOLMultiphysics, which

solves Maxwell’s equations using finite-element modeling. We sim-

ulate the electron beam as an edge current with an amplitude of 1

μA. The induced electromagnetic field is determined by calculating

the fields with and without the silicon nanoparticle in the simula-

tion domain, and subsequently subtracting them. Using the obtained

induced electric field, the energy loss can be calculated as the work

rate done on the electron beam by the electromagnetic field induced

by the optical structure [59]. The temperature-dependent complex

refractive index for silicon is taken from Reference [51]. The silicon

nitride layer is not included in the simulation since it has negligible

influence on the optical properties of Mie resonances throughout the

visible spectral range [48].

Themultipole decomposition of the EELS spectra is obtained via

a multipole expansion of the electromagnetic field produced by an

electron exciting a dielectric sphere in a vacuum [53]. The refractive

index data is taken from Reference [51], while in Figure 3(e) it is

taken from Reference [60]. This is due to a limited energy range of the

refractive index data in the former case.

The linewidth tunability Δ𝜆∕FWHM of Mie resonances in

Figure 2 is calculated from the theoretical EELS spectra of a sphere

at a fixed impact parameter b = 2r. The theoretical EELS spectra are

calculated for separate azimuthal coe�cients l = 1, 2. Then, they are

fitted with two Lorentzian functions, resulting in the parameters for

different couples of multipoles (MD and ED for l = 1, MQ and EQ for

l = 2). The resonance wavelength is fixed and is defined as the first

maxima of the Mie scattering coe�cient for a respective multipole,

and the full-width at half-maximum of the Lorentzian is found from

the fit. A split Lorentzian function (width of the distribution is differ-

ent between left and right slopes) is used for the ED mode, while a

symmetrical Lorentzian function is used for the rest of themodes. The

fit is performed using the python package LMFIT.
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Supplementary Fig. S1: Thermal tuning of the EQ Mie resonance in a silicon nanoparticle (c) Simulated and (d) ex-

perimental EELS spectra of a silicon nanoparticle with a radius r = 82.4 ± 1.9 nm acquired from the electron beam

positions shown in (e). (e) STEM image of the nanoparticle, where the colored area represents the integration region for

the experimental EELS signal, and the colored point is the position of the electron beam in the simulation.
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Supplementary Fig. S2: EELS mapping of a silicon nanoparticle Mie modes at different temperatures. (a) Simulated

EELS maps of a silicon nanoparticle with a radius r = 80 nm at different temperatures (rows) and different Mie resonances

(columns). (b) Experimental EELS maps of a silicon nanoparticle with a radius r = 82.4± 1.9 nm at different temperatures

(rows) and different Mie resonances (columns). Spherical symmetry of the nanoparticle is used in the experiment to obtain

high signal-to-noise ratio images, where we azimuthally integrate the experimental spectrum and show it as a 2D map for

an easy comparison with the simulated maps. Simulations and experiments closely follow each other, however, there are

some differences caused by the energy resolution of the EELS setup, which influences the experimental field profiles of

spectrally-close Mie modes. The experimental EELS maps are acquired in a ±0.01 eV energy window centered around the

Mie resonance energy. Note that, as stated in the manuscript, the EQ and MH resonance energies at T = 1073 K can not

be resolved in the experimental spectra due to thermal-induced damping of the modes. Hence, we assume that the EQ and

MH modes undergo the same thermally-induced spectral shift as seen in the simulations and depict the experimental EELS

signal at the energies 2.72 eV and 2.74 eV, respectively.
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Supplementary Fig. S3: STEM EDX analysis of a silicon nanoparticle. (a) EDX spectra before the heating to 1073 K and

after the cooling to 298 K obtained in the region indicated in (b). Note, that the top spectral line is shifted by one unit

for clarity. (b) STEM image of the nanoparticle, where the green circular region represents the integration region for the

EDX signal. (c-d) EDX mapping of (c) silicon and (d) oxygen before the heating and after the cooling. From both, spectral

and mapping EDX data, it can be concluded that there is no significant modification in the chemical composition of the

particle after its heating to 1073 K.
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