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INTRODUCTION

1 Introduction

Fundamental effects and applications based on the excitation and interaction of surface plasmons,
i.e. collective excitations of valence band electrons, in metals are summarized in a modern field of
physics denoted as plasmonics. It allows the directing and manipulating of light at the sub-
wavelength nanoscale.® This field has becomes more and more important in everyday life. In
nature, plasmonics is responsible for iridescent and color-rich beetle carapaces®. Ancient artisans
unknowingly employed nanoparticles as coloring agents for glasses. A prominent example is the
Lycurgus Cup which was crafted in the fourth century AD.> The cup appears green if it is
illuminated from outside, however, if a candle is placed in the cup, it appears red. This effect is
related to the collective excitation of localized surface plasmons (LSP) supported by alloyed Au-
Ag nanoparticles within the glass. Excitation of LSPs results in reflected green light for outside
illumination. However, for illumination from within the cup, the green part of the light is absorbed
by the LSP resonance and thus the cup will appear red in color.

The technological relevance of surface plasmons, alternatively also denoted as surface plasmon
polaritons (SPP), also steadily increases. Plasmonic sensors are widely applied in everyday life in
the form of nanobiosensors® in. e.g. household pregnancy tests. Plasmon-related effects enable

Raman spectroscopy to probe single molecules.” Plasmonic circuitry?® *

is paramount for the
ongoing miniaturization of electronic devices as classic electronics approach fundamental physical
limits in miniaturization due to reaching length scales on which quantum effects arise. The
discovery of the effect of extraordinary optical transmission (EOT) through sub-wavelength hole
arrays in thin metal films by Ebbesen et al.® drew a lot of attention to this field. Although this
effect is still not yet completely understood, it is accepted that SPPs play an important role in the
light transmission characteristics. Light impinging on the hole array generates SPPs on the metal
film which can propagate indirectly through the film by inducing SPPs within the slits and re-emit
light on the other side of the metal film. Therefore the transmission coefficient normalized to the
hole area may even exceed unity. A vast number of studies were reported on this EOT effect,
however, the majority only investigated the transmission as a whole by applying light-optical
techniques. To gain a deeper insight into the particular processes involved in EOT, the various
aspects have to be considered separately.

In the present work, the excitation and coupling of SPPs across slit arrays was investigated. Instead
of using light-optical techniques, scanning transmission electron microscopy (STEM) was applied
in combination with electron energy loss spectroscopy (EELS). The high spatial resolution in
STEM allows positioning the electron beam in a specific slit of the nanostructure with nanometer
precision. The beam electrons excite SPPs in this particular slit. The energy loss associated with

the SPP excitation can be measured by EELS. In addition to the SPP excitation, a resonant cavity
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mode is generated in the slit as a result of hybridization of the two. The initial basic structure
analyzed in this work is a single nanostructured slit of size 180 x 900 nm. A double-slit system
consisting of two of these slits is the starting point for further investigations because strong
enhancement of the cavity modes occurs. An important slit parameter is the slit length which was
varied between 400 nm and 2.5 um. The effect of length variation on the cavity mode energy is
studied. Together with two-dimensional intensity profiles of the cavity modes, the dispersion
relation of the hybridized cavity modes is determined. The coupling is determined by the metal bar
width between the slits which was varied systematically from 100 nm to double the slit length in
this work. The cavity mode enhancement is studied with respect to the distance between slits.
Symmetric and anti-symmetrically coupled modes in the two slits are detected depending on the
inter-slit distance. The coupling effects are also studied in slit systems consisting of up to 60 slits.
In addition to next-neighbor coupling, collective oscillations of the array as a whole are hinted.

In chapter two, a brief summary of the theoretical background on plasmons and the resonances
emerging in slits in a metal film is given. A short description of the employed electron microscopy
techniques follows. Chapter three focuses on the experimental acquisition and processing methods.
The experimental results and their discussion are presented in Chapter four. The effects of
changing the slit size, inter-slit separation, and number of slits on the coupling of SPP are studied
in separate sub-sections. Chapter five will summarize the experimental results and their

implications briefly.
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2 Fundamentals

This chapter describes theoretical background of plasmonic excitations and resonant cavities
which is essential understand the physical processes that govern the experimental findings
presented in the following chapters. First, various types of plasmons are discussed, i.e. volume and
surface plasmons and as a particular case the emergence of surface plasmon polaritons. The
description of the resonances occurring in cavities in a thin metal film follows.

The second part of this chapter contains the description of the employed experimental methods and
devices, i.e. STEM and EELS. For the latter one, a short overview of the different acquisition and

data processing methods will be given.

2.1 Plasmonic Excitations

The following paragraphs will only briefly describe the physical processes involved in plasmonic
oscillations and will follow the derivation of Egerton’ and Maier.” The interested reader is

referred to these textbooks for a deeper understanding of the matter.

2.1.1 Volume Plasmons

In a metal, the electrons in the valence band essentially behave like free particles that are not
bound to the ion-core lattice. An effective mass m will be attributed to the electron to
phenomenologically incorporate the minor effects associated by the ion-core lattice. The electrons
are driven by an external oscillating electric field and hence also oscillate. This oscillation is
damped by collisions and is incorporated via a damping constant y which is related to the
relaxation time t of the electron plasma via y = 1 / t. This relaxation time is typically in the order
of 10™s at room temperature.™

The movement of an electron at position x in the plasma can be described by a simple equation of

motion

mX + myx = —eE, (2.1)

where e is the electron charge. If the applied electric field has a harmonic time dependence of E(t)

= E, exp (iot), a solution of (2.1) will be of the form:

x(t) = ———E(t). (2.2)

m(w?+iyw)
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The displacement x will result in a polarization P = -e n, X = & x E where n, is the number of
electrons per unit volume and y is the electronic susceptibility. The resulting relative permittivity
or dielectric function of the electron plasma follows from (2.2) as

wp (2.3)

w2+iyw’

ew)=g+tie=1+y=1-

where @, = [Ne e? | (e, m)]*? is the plasma frequency of the free electron gas. (2.3) can be
discussed with respect to the ratio of the angular frequency ® and the damping frequency v,
although as of now limited to the case where o < w,. For frequencies near w,, the damping
becomes negligible and (2.3) reduces to

clw)y=1- Z—%. (24)
Equation (2.4) is the dielectric function of the undamped free electron plasma as given from the
Drude model of the free electron gas. However, in the case of noble metals, significant alterations
to the Drude model occur because of interband transitions which will add to the imaginary part of
the dielectric function. On the other hand, for very low frequencies, where o <<y, the imaginary
part of (2.3) will be dominant. Therefore, the metal is mainly absorbing in this frequency regime.
To discuss the frequency regime where ® > w,, the electromagnetic wave equation has to be
considered. Combining the two curl equations of Maxwell’s equations without external factors,

i.e.V x E=-0B/otand V x H = dD/ét, the wave equation is

a%D (2.5)

VXVXE:—,LL()W

2
k(k- E) — k2E = —e(k, ‘”)(Z)—ZE (2.6)

in the time and the Fourier domain where k is the wave vector. (2.6) yields the dispersion relation

for transversal waves (where k - E = 0):

2
k? = ek w) % 2.7)
Inserting the dielectric function of (2.4), the dispersion relation becomes
w? = wp + k*c?. (2.8)

It follows that transverse electromagnetic waves cannot occur for o < w, but are allowed for « >

op. The case o = m, is quite interesting as in the case of negligible damping, the dielectric function
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(2.4) ¢(w) = 0 and hence the electronic susceptibility y = ¢(w) — 1 becomes -1. This yields to
E =-Plg,, i.e. the electric field becomes a pure depolarization field. Inserting e(w) = 0 in (2.6)
leads to k (k - E) = k? - E which is trivially fulfilled if k = 0 or if k || E, i.e. for a longitudinal wave.
Therefore, the excitation at ® = w, corresponds to a collective longitudinal wave of the electron
plasma. In a macroscopic picture, this collective excitation can be described as following:

If all electrons in a slab of metal are displaced by s, a surface charge density of ¢ = +n. e s at the
slab boundaries normal to the displacement s arises. A homogeneous electric field of strength
E =ne e s/ g emerges in the slab and leads to a restoring force F = -e - E acting on the displaced

electrons. The resulting equation of motion for all electrons is

. nZe’s (2.9)
nem§ = ——
0

S+wps=0 (2.10)

Therefore, the plasma frequency is the natural frequency of free oscillations of the electron plasma.
The quanta of these oscillations are quasi-particles called plasmons or rather in this case volume
plasmons in order to distinguish them from other possible excitations of the electron plasma like

surface plasmons and surface plasmon polaritons which will be discussed in the next paragraph.

2.1.2 Surface Plasmons and Surface Plasmon Polaritons

Electromagnetic excitations propagating at the interface of a dielectric and a metal are called
surface plasmons (SP) or surface plasmon polaritons (SPP). These excitations rely on the
interaction of the electric field inside the dielectric and oscillations of the electron plasma in the
metal and are evanescently confined in the directions normal to the interface. It is noted that there
is no standard naming convention for these excitations which share a common dispersion relation
that will be discussed in this chapter. In this work, however, surface plasmons and surface plasmon
polaritons are separated by their wave vector with respect to the dispersion. For large wave vectors
k, the excitation will be called a surface plasmon and for small wave vectors k a surface plasmon
polariton. For the sake of simplicity, throughout the derivation of the dispersion relation, the term
SPP will be solely used.

Starting point for the derivation of the dispersion relation of SPPs is again the wave equation (2.5)

which simplifies to

V2E + k2¢E = 0 (2.11)

with ko = w/c as the wave vector in vacuum and a harmonic time dependence of the electric field in

the form of E(r,t) = E(r) exp(iwt). The following geometry will be used for the further derivation:

5
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the SPP propagates along the x direction, the plane z=0 coincides with the interface and the system
is invariant in the y direction leading to &(r) = &(z). The propagating wave can now be written as
E(r) = E(2) exp(ikx) with k, as the propagation constant (or wave vector). The wave equation

(2.11) then reads as follows

92E(2)
0z2

+ (k3e —k2E = 0. (2.12)

A similar wave equation also exists for the magnetic field H. Both wave equations in addition to
the Maxwell equations are then employed to derive the different field components at the interface.
The half space z > 0 describes the dielectric of permittivity 4 and z < 0 the metal with permittivity

em(®). For transversal-magnetic (TM) polarization, the field components in the dielectric are

Hy(2) = Apeilaretas, (213)
E.(2) = iA, w:gd k,etkxxg=ka2 (2.14)
0
E,(2) = —A; —L—elkxreker, (2.15)
0€d

The corresponding components inside the metal are

Hy(z) = Ajetk=*ekaz, (2.16)

Ex(z) = —iA; ——kyetka¥elaz, (2.17)
oed

EZ(Z) — _Al weﬁe eikxxeklz. (218)
o<d

Where ki = k,; is the wave vector component perpendicular to the interface and describes the
evanescent decay into the dielectric and metal. Hy and &; - E, must be continuous across the
interface which leads to A; = A, and k/k; = - eg/em. In addition, Hy has to fulfill the wave equation

0%Hy,
0z2

(2.19)

+ (ke — k$)H, = 0.

The final result is the dispersion of SPP propagating along the interface between metal and

- (2.20)

dielectric
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The equations (2.13) - (2.18) can also be written for transversal-electric (TE) polarization but the
continuity across the interface in this case leads to the condition A; = A, = 0. Therefore, SPPs only
exist for TM polarization.

ky is a complex value and can be decomposed via ky = k,/'(®) + ik,” (®). The real part dictates the

SPP wavelength as

2
Aspp = ?Zu), (2.21)

whereas the imaginary part is related to the propagation length in the propagation direction as

1 (2.22)

Lspp = 2 (@)’

The dispersion relation of SPP at the interface between air (¢4 = 1) and a lossless metal that can be

described by the dielectric function (2.4) inserted into (2.20) and is shown in Figure 2.1.1.

/Light line
®,

a M_ -
sp

olo

00 05 10 15 20 25 30
keio
P

Figure 2.1.1 Calculated SPP dispersion relation for the interface of a Drude model metal (with dielectric
function (2.4)) and air (¢4 = 1). The black dotted line represents the light line, the grey dotted line the surface

plasmon frequency and the grey dashed line the plasma frequency.

For small values of the wave vector k, the dispersion relation closely follows the light line. In this
wave vector regime, the excitation is therefore mostly polaritonic and therefore this branch of the
dispersion relation corresponds to surface plasmon polaritons. For large k values however, the
dispersion relation deviates more and more from the light line and approaches the fixed surface

plasmon frequency at

—_“p 2.23
wep = T (223)
In this branch of the dispersion relation, the excitation is characterized as a pure surface plasmon.

The dispersion relation is, however, always on the right side of the light line and hence SPPs
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cannot couple to light. This is of course expected as no bound surface state would exist if they
could directly couple to light. The excitation of SPP with light therefore always needs additional
momentum in order to fulfill the momentum conservation. A periodic lattice can provide this
momentum via the reciprocal lattice vector, for example. Another possibility is the coupling via a
prism.™> 2 In this case, a prism is attached to the metal film. Inside the prism, the light line will be
shifted towards the right in the dispersion relation of Figure 2.1.1. Then the dispersion relation

intersects the light line and SPPs can be excited.

2.2 Resonant Cavities in a Thin Metal Film

A single slit in a thin metal film is an electromagnetic resonator, similar to a slot antenna. Due to
reflection of the electromagnetic fields at the slit walls, the modes within such a resonant cavity

will be standing waves. A simple geometry of such a cavity is shown in Figure 2.2.1.

Figure 2.2.1 Geometry of a single slit in a metal film.

The cavity is a slit of size L x w in a perfectly conducting metal film with height h. The cavity is
filled by a dielectric, in the simplest case air. So in principle, the cavity is a rectangular wave-guide

of length h. In free space, a solution of the wave equation (2.5) will be of the form:

E(r,t) = Epel(wt-1), (2.24)

Inside the cavity, the electric field must fulfill the boundary condition at the interfaces between
metal and dielectric, i.e. the transversal component of the electric field must vanish at x = 0 and
x=L as well asaty = 0 and y = w.”® As standing waves are expected within in the cavity, the
spatial dependence of the two components of the electric field in the film plane can be described
by trigonometric functions. In the z-direction, the field is not constricted by the film and hence will

remain a general solution similar to (2.24). The fields can then be written as:

Ey = Eycos kyx sink,y e!(@t=kz2) (2.25)
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E, = E, o sinkyx cos kyy e'(@t=kz2) (2.26)

E, = —iE;osink,xsink,y ellwt=kz2), (2.27)

The condition that E, vanishes at y = 0 is trivially fulfilled for a sine function. For E, to vanish at
y=L, ky has to fulfill the condition k, = mn, / L with n, as an integer value which also
denominates the mode order. The similar conditions apply for k,, i.e. ky= mn, / w. Given these
constraints on ky and ky, the E, field also vanishes at the cavity walls and hence no constraints are
imposed on k,. Fulfilling the wave equation (2.5) as well as the Maxwell equations (in this case

V-E = 0) leads to a dispersion relation in the form of:

2

k24 k3 +kZ=2. (2.28)

For the wave guide to support traveling waves, k, has to be real and hence k,2 > 0. Therefore a
minimum frequency for a propagating wave exists and is called the cut-off wavelength of the wave

guide defined by the dispersion relation (2.28) as:

2 2
W, =TC % + % (2.29)

On the other hand, the wave guide may also support oscillations below this frequency. Then
however, k, will be imaginary and hence the field component variation along z will be evanescent.
For the present work, the cavity modes associated with the long slit walls of length L hybridize
with the SPPs.** Therefore, only the wave vector component k, is of interest. The dispersion

relation (2.28) can then be used to calculate the wavelength

2 2L
Ap = E = (2.30)
as well as the energy
hc  hen
=—=— 2.31
n An 2L ( )

of the cavity modes. For a slit length of L = 960 nm, the fundamental cavity mode (n, = 1) will
yield a wavelength of 1920 nm and an energy of 0.646 eV. Similarly, the energy of the mode
associated with the slit width w can be derived and is 3.444 eV. This energy is larger than the

surface plasmon energy of Au at 2.4 eV™. As no SPP exist above the surface plasmon energy (cf.
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Figure 2.1.1) this cavity mode will not interfere with SPP and the sole focus on the cavity mode

associated with the slit length L with respect to hybridization is justified

2.3 Scanning Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) is a serial image acquisition technique in
which a highly focused electron beam is scanned across the specimen area of interest. The
condenser system of a transmission electron microscope that normally forms a broad beam to
illuminate a specimen area in transmission electron microscopy (TEM) can also be used to create a
highly focused electron beam. Above the sample, two pairs of deflection coils are arranged
perpendicular to each other which scan the electron beam across the area of interest. In contrast to
TEM, no additional image forming lens system is necessary below the specimen in STEM. The
electrons in the scanning beam can be elastically and inelastically scattered by interaction with the
specimen which results in an angular distribution of the scattered electrons. The scattering angle
depends on the interaction in the specimen. An angular detector located beneath the specimen
discriminates the electrons by their scattering angle and thereby allows forming images containing
information depending on the scattering angle.

A common detector design consists of three detector areas centered on the optical axis of the
microscope. The central bright-field (BF) detector only detects unscattered electrons or electrons
with small scattering angles and therefore forms a bright-field image. Electrons with intermediate
scattering angles are collected by the annular dark-field (ADF) detector. The ADF detector is
surrounded by the high-angle annular dark-field (HAADF) detector which only collects electrons
with large scattering angles. Therefore the image intensity in HAADF STEM images strongly
depends on the atomic number Z and the thickness of the sample. Based on the differential
Rutherford scattering cross-section, a Z? dependence of the scattering angle can be assumed. This
is only a rough estimate, for example, Crewe'® proposed a Z*? dependence. If the specimen
thickness and density is constant in a given specimen region, the image intensity in the HAADF
STEM image unambiguously corresponds to heavier elements. Therefore, HAADF STEM imaging
is also referred to as Z-contrast imaging.’

The annular detector arrangement allows simultaneously acquiring images and performing
spectroscopy. Characteristic X-rays emitted by the specimen due to interaction with the beam
electrons can be detected by a detector above the sample and allows performing energy-dispersive
X-ray spectroscopy. In addition, the BF detector can be retracted and the beam of unscattered and
weakly scattered electrons can be analyzed in an electron energy loss spectrometer attached to the
microscope. This allows extracting spectroscopic information for each scanning position of the
image. For a more detailed description of STEM, the interested reader is referred to the standard

textbooks, e.g. by Williams and Carter™® or Reimer.*

10
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2.4 Electron Energy Loss Spectroscopy

Electron energy loss spectroscopy (EELS) retrieves spectral information on the interaction of
electrons with the specimen by analyzing the energy loss of the electrons. The electrons interact
with the specimen matter by electrostatic, Coulomb forces resulting in scattering of the electrons.
Their momentum is changed and they can transfer a considerable amount of energy to the
specimen. The scattering can be categorized in elastic and inelastic scattering.

The former category results from interaction of the electron with an atomic nucleus which
constitutes a high concentration of charge. The Coulomb interaction of the electron with the
nucleus charge is the stronger the nearer the electron passes the nucleus and results in large
scattering angles. This is the classic Rutherford scattering. However, as described in section 1.1,
electrons with large scattering angles are collected by the HAADF detector and therefore do not
contribute to the EELS spectrum. Electrons with small scattering angles can still reach the EELS
spectrometer, but, as they are elastically scattered and therefore do not lose energy, they contain no
information with respect to EELS.

Inelastic scattering of the beam electrons occurs when they interact with the atomic electrons in the
specimen. The interaction with an inner-shell electron can result in the transition of this electron
into an unoccupied, higher-energy state. Due to energy conservation, this ionization energy has to
be provided by the fast beam electron. The ionization energy respectively the energy loss of the
fast electron is characteristic for different elements and, hence, information on the chemical
composition of the specimen can be retrieved. In combination with STEM, 2-dimensional element
maps can be acquired. The ionized target atom rapidly returns to its ground state by a transition of
an electron in an outer shell into the unoccupied state. The energy gained by this transition can
lead to the emission of characteristic X-ray photons (used for EDXS). Alternatively it can be
transferred to another atomic electron which is emitted as an Auger electron.

The interaction with outer-shell electrons can result in inter-band and intra-band transitions. In
insulators and semiconductors, a valence band electron can be excited across the band gap into the
conduction band. The corresponding deexcitation to the ground state may result in
catholuminescence or thermal dissipation of the energy. If the final state of the transition lies
above the vacuum level and enough energy is transferred to the outer-shell electron to reach the
sample surface, it can be emitted as a secondary electron.

The interaction of the beam electrons with the specimen is not restricted to single-electron
excitation. Collective excitations in the form of volume and surface plasmons which are described
in section 2.1 can arise through the interaction with beam electrons as well. A broad overview of
the various optical excitations arising in an electron microscope is given in a review paper by

Garcia de Abajo.”
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In the following, it will be shown how the energy loss per unit length in the specimen can be
related to the imaginary part of the dielectric function. The derivation is described detailed in the
textbook by Egerton.® The electron passing through the specimen represents a time-dependent
charge distribution in the form of —ed(r — vt) with a corresponding electric field which induces an
electric field E;,q in the specimen that acts against the electron.

The moving charge distribution of the electron generates a spatial and time-dependent electrostatic

potential ¢(r,t) that satisfies the Poisson equation

goc(q, w)V2(r, t) = ed(r, t). (2.32)

The stopping power, i.e. the energy loss per unit path, acting on the electron is identical to the
force acting on the electron in the direction of motion. The force can be calculated:

F(r,t)=e -aigp(r, t) = e EM(r,t) (2.33)

Z

ind ;

where E," is the z-component of the induced electric field. In other words, EELS is only sensitive

to the electric field in the electron’s direction of motion. The stopping power, i.e. the energy loss

per distance, can then be calculated by Fourier transformations:

1
dE q,wlm[— 0. @ —]
dz naomov2 ﬂ (qz ) dq dw (2.34)

where the angular frequency o is given by E / h and q, is the component of the scattering vector g.

The imaginary part of [ —1/¢(q,w)] is the so-called energy-loss function. It provides a complete
description of the material response through which the electron passes. Based on this derivation,
the optical response of a medium can be assessed by EELS through Kramers-Kronig analysis® and
allows to probe? the various plasmons described in section 2.1.

From the experimental point of view EELS is combined with STEM by attaching a spectrometer
below the sample and the two annular detectors. The bright-field detector is retracted and the
transmitted beam reaches the spectrometer. This setup is a so-called post-column filter as the
spectrometer is located below the microscope column. The electron beam is dispersed with respect
to the electron energy by a magnetic prism. Depending on the energy loss, the electrons are
deflected differently by the magnetic prism and an EELS spectrum is formed at a plane behind the
magnetic prism. The spectrum is subsequently magnified and projected on a CCD (charge-coupled
device) camera which records the spectrum. The strength of the magnetic field in the prism is

variable and allows changing the dispersion of the spectrometer. The stronger the magnetic field
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the finer the electron beam is dispersed. The energy resolution of the spectrum is thereby enhanced
as smaller energy losses can be resolved.

A special kind of spectrometers are called imaging filters which allow inserting a slit aperture in
the exit plane of the prism where the spectrum is located. Depending on the width of the slit and its
position with respect to the spectrum, an energy range can be selected. Only electrons with an
energy loss in the selected energy range pass the energy-selecting slit. The electron optics of the
spectrometer form an image containing only the electrons selected by the slit. If, for example, the
selected energy range coincides with a specific core-loss of an element present in the sample, the
formed image directly shows this element’s distribution within the sample. This technique is called
energy-filtered transmission electron microscopy (EFTEM).#

As mentioned above, the energy resolution of the spectrum can be improved by increasing the
spectrometer dispersion. This is not the only parameter related to the energy resolution. The
electron optics in the spectrometer which project the spectrum on the CCD camera are subject to
aberrations and may therefore hamper the energy resolution. However, the energy spread of the
electron source in the employed (scanning) transmission electron microscope has the strongest
impact on energy resolution. For a typical Schottky field-emission gun, the energy spread is about
0.7 eV*® and poses a limit on the attainable energy resolution. To overcome this limit, electron
monochromators can be incorporated in the microscope column. A common electron
monochromator is a Wien filter.?* ?* It consists of the superposition of magnetic and electric fields
through which the electrons propagate. The fields are perpendicular to each other and the electron
beam. Their polarities are chosen so the electrostatic and magnetic forces on the electrons are in
opposite directions. For a given electron energy, the field strengths can be adjusted so that the
combined net force of the electrostatic and magnetic forces are zero; the electron passes through
the Wien filter without any deflection. Electrons whose energies differ from this particular energy
are however deflected. As a result, the electron beam is dispersed with respect to the energy
similar to the magnetic prism in an EELS spectrometer. Also similar to the spectrometer, a slit
aperture can be inserted perpendicular to the dispersion into the plane containing the dispersed
electron beam. Thereby only electrons with a specific primary energy are allowed to pass. In this
manner, the energy spread in the electron beam can be reduced and as a result, the energy
resolution of EELS spectra is improved.

STEM EELS is a viable tool for the investigation of the plasmonic resonances of nanostructured

25-28

materials. Early studies have reported bulk and surface plasmons,” = whereas a lot of more recent

studies have focused on the LSP resonances of single and coupled metallic nanoparticles.”* In
addition to the improved lateral resolution of STEM EELS, it offers another advantage as it can
probe optically dark modes.*® An optically dark mode occurs for example between two

nanoparticles whose LSP couple anti-symmetrically. Excitation of such a system by optical means
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will only couple to the symmetric mode of the two nanoparticles as the phase of the incoming
electromagnetic field will be identical for both particles if their diameter is small compared to the
wavelength. On the other hand, STEM EELS is ‘blind’*® to the optical hot spots® that are
responsible for, e.g., surface enhanced Raman spectroscopy.’ In the case of a nanoparticle dimer,
the hot spot is located in the gap between the two nanoparticles and is related to the symmetrically
coupled mode which results in a strong electromagnetic field in the gap. STEM EELS, however,
only excites the anti-symmetrically coupled mode if the electron beam is located between the
nanoparticles and thus cannot probe the hot spot. EFTEM has also been shown to resolve single

38-40

nanoparticle LSP resonances®**° and plasmonic modes of nanoholes in metal films.* ** Also more

complex nanostructures like split ring resonators which play a crucial role in optical metamaterials
due to their mixed capacitive and inductive response* * can be studied with STEM EELS.*” The

46-48

interested reader is referred to review papers and references therein for a more detailed

overview of metal nanoparticle plasmonics.
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3 Experimental Details

STEM was performed with an aberration-corrected FEI Titan® 80-300 operated at 300 keV (FEI,
Hillsboro, Oregon, USA). It is equipped with a Wien-type filter electron monochromator which
reduces the energy spread of the Schottky field-emission gun from 0.65 eV to 0.12 eV for short
exposure times of 10 ms. With an optimal alignment, an energy resolution of 0.11 eV can be
achieved. The attached post-column imaging filter, a GIF Tridiem 865 HR (Gatan, Pleasanton,
California, USA), was used to acquire EELS spectra. It is operated with the highest available
dispersion of 0.01 eV per channel. Prior to STEM EELS experiments, the Au films are plasma-

cleaned by air plasma or mixed oxygen/argon plasma for 3 minutes.

3.1 EELS Acquisition Methods

Basically, two acquisition methods were employed in this work, i.e. point measurements with
manual setting of the beam position for each spectrum acquisition and secondly, automated line
scans. The point measurements consist of 50 single spectra that were acquired with 10 ms dwell
times and a dispersion of 10 meV per channel. As the microscope and spectrometer alignments are
not stable, the energy axis (i.e. the position of the ZLP) changes between individual measurements.
Therefore, prior to summation, the energy axis has to be calibrated for each single spectrum. The
energy calibration is applied via a self-written script in Digital Micrograph's own scripting
language. Spectra acquired with this technique have, compared to spectra obtained with the
integrated dwell time (500 ms) of the single measurements, improved signal-to-noise ratio due to
the summation of individual spectra. Additionally, the energy resolution is improved as the drift of
the spectrum on the spectrometer CCD is on a larger time scale than the measurements. Typically,
it is about 110 to 120 meV. Further reduction of the dwell time only results in minor improvement

of the energy resolution.
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Figure 3.1.1 Comparison of summation of spectra obtained with a) standard acquisition and b) binned-gain
averaging. Spectra were obtained with the specimen retracted from the microscope column and are shifted

vertically to each other for better visibility.

The effects of summation of different numbers of individual spectra are shown in Figure 3.1.1a.
Spectra were obtained with the specimen retracted from the microscope column. Therefore the
intensity variations in the depicted energy range are only due to the dark-field signal (i.e. the signal
without electron illumination) of the CCD pixels. The overall noise level is reduced for increasing
numbers of summed spectra but the quality improvement of the spectra is limited. The desired
result is a flat line without any intensity variations. However, even the spectrum resulting from the
summation of 500 spectra shows minor bumps. These bumps may be related to the gain-to-gain
variation of individual pixels, i.e. if a pixel gives a significantly different signal than its neighbors
although all pixels are illuminated equally. Normally, the gain variation should be corrected by
acquiring dark-field reference images for which the whole CCD camera should be equally
illuminated. However, dark-field images are difficult to obtain for the particular experimental
requirements, i.e. the investigation of weak plasmon signals directly adjacent to the intense zero-
loss peak (ZLP) of the spectrum. Typically, a plasmon peak only adds up to about 50 counts
whereas the ZLP exceeds 60,000 counts. An dark-field reference image optimized for plasmons
would have to be acquired for a similar count rate. However, the automated routine of the
microscope software that acquires dark-field images does not support such low count rates because
the built-in count threshold to check whether the CCD is illuminated is set to high. Therefore, the
routine will simply stop and will not acquire a correct dark-field reference image. As a
compromise, a dark-field reference will be acquired for a higher count rate although this may lead
to the observed bumps in the spectrum. Following the above line of argumentation, the gain-to-
gain variation should be restricted to single pixels. However, the observed bumps stretch over a
range of about 10 to 15 pixels. The explanation for this lies in the energy drift of the spectrometer

system. The drift is centered on the initial zero loss peak position and varies according to a
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Gaussian distribution. For large numbers of summed spectra, this predominant distribution leads to
the bumps in the spectrum as single noisy pixels on the CCD camera smear out into a peak-like
feature.

The so-called binned-gain averaging method proposed by Bosman and Keast* is a viable tool to
circumvent these detrimental effects of summation over a large number of individual spectra. It
consists of deliberately shifting the spectrum on the CCD camera to an even larger extent than the
inherent drift of the measurement system. As the superimposed energy-shift distribution is
uniform, the artifacts described in the previous section do not occur as seen in Figure 3.1.1b. The
overall noise ratio is also directly related to the number of summed spectra, similar to the standard
acquisition method. However, the spectra approach the desired shape, i.e. a flat line. Also the gain
variation from pixel to pixel on the CCD is evened out by this method. In addition to the energy
shift, the CCD camera is highly binned in the non-energy-dispersive direction which results in a
significant increase of the readout speed of the CCD's electronics. Binned-gain averaging is
employed with a Digital Micrograph script.

The second acquisition method is used to obtain line scans along desired specimen areas. The line
scans are carried out automatically by the microscope software TIA (FEI). The beam is scanned
along a user-defined line and a predefined number of spectra are acquired along this line.
Typically, a measurement was performed every 2 nm. Due to software limitations, the minimal
dwell time is 50 ms, i.e. significantly higher than the exposure time of the high-quality point
measurements obtained with binned-gain averaging. As a result, the data quality is reduced.
Especially the energy resolution is degraded due to this comparably high dwell time, because the
spectrum is more severely affected by energy drift and spectrometer instabilities. Under these
circumstances, the best achievable energy resolution is 150 meV. Additionally, binned-gain
averaging cannot be combined with the automated line scan acquisition as the script is not
supported by TIA. The line scan is repeated at least ten times at the same position to improve the
signal-to-noise ratio. Energy drift and, if needed, spatial drift correction is applied prior to
summation of the individual scans. Spatial drift may occur as a single line scan takes up to ten
seconds to complete.

Despite these disadvantages compared to the point measurements, line scans are performed as they
facilitate the visualization of the spatial distribution of the energy losses. Line scans are always
represented as 2D maps where the color-coded energy-loss intensity is plotted as a function of
position and energy loss as shown in Figure 3.1.2. The observed signals correspond to the first four
cavity modes and the surface plasmon in a microstructured slit and are discussed in detail in

Chapter 4 on page 29.
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Figure 3.1.2 Color-coded EELS intensity from a line scan as a function of the energy loss and the position

along the long slit axis.

Such a line scan does not only show the spatial distribution of the signals, it also allows
wavelength measurements of the observed cavity modes. EELS is sensitive to the anti-nodes of the
oscillating electric field in the cavity. As the distance between two anti-nodes is equal to half of the
wavelength of the related oscillation, the cavity-mode wavelengths are equal to twice the distance

between adjacent intensity maxima.

3.2 Data Processing with the Richardson-Lucy Algorithm

%051 and electron monochromators® led to

The development of sophisticated EELS spectrometers
the improvement of energy resolution to values below 30 meV>***, However, the accessible range
of signals with low energy losses is still limited due to the extended tail of the ZLP which masks
weak low-loss signals. Further improvement of the energy resolution is still needed to access these
signals close to the ZLP. This can be realized by numerical methods which sharpen the ZLP and
thereby reduce the extension of the ZLP tail. Richardson® and Lucy®® both proposed an iterative
scheme based on Bayes’ theorem of conditional probability to restore images and generally
sharpen experimental intensity distributions. The so-called Richardson-Lucy (RL) algorithm has

5961 or with

been widely used to restore images, e.g., taken by the Hubble space telescope
millimeter waves. Zuo® was the first to apply the RL algorithm in the field of electron
microscopy, namely high-resolution TEM images, electron diffraction patterns, and EELS spectra.

|63

Gloter et al.” systematically applied the RL algorithm to improve the energy resolution by a factor

of three from 0.9 eV to 0.3 eV for analyzing ionization edges at higher energy losses. Lazar et al.**
were able to extract signals with energy losses as low as 0.5 eV from the tail of the ZLP from
EELS spectra. Recently, Bellido et al.*® have reported the application of the RL algorithm to SPP
resonances along silver nanorods and were able to extract signals as low as 0.25 eV. Rossouw and

Botton reported similar SPP resonances at 0.17 eV.*®
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The RL algorithm was implemented with a self-written script in Digital Micrograph (Gatan)

according to Al-Bakkar et al.”’

and can be found in appendix A (page 117). The application of the
algorithm sharpens the spectral features in EELS spectra by deconvolution with the point-spread
function (PSF) of the employed detector system. As this function is not known, a vacuum

reference spectrum, taken without the specimen, is used as PSF.
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Figure 3.2.1 a) EELS spectra acquired at L/2 in a double-slit system with L = 960 nm and a metal bar width
d =100 nm. The inset shows an HAADF image of the slit system with a white arrow indicating the line
along which the spectra were taken. b) The spectra from a) after 7 iterations with the RL algorithm and

subsequent background subtraction.

Figure 3.2.1 shows EELS spectra of a transversal scan performed across one slit in a double-slit
system with a slit length L = 960 nm. The spectra were acquired along a line at L/2 as indicated by
the white arrow in the HAADF STEM image of the double-slit system (inset of Figure 3.2.1a). To
illustrate the difficulties encountered when low-energy signals are to be extracted, raw spectra and
spectra after processing with the RL algorithm and background subtraction are shown in Figure
3.2.1a,b. Close to the outer wall of the two-slit system, the raw EELS spectrum (black line in
Figure 3.2.1a) only shows the Au surface plasmon at E = 2.4 eV and a weak signal at about 1.5 eV.
Moving across the slit, another signal at 0.5 eV emerges and the intensity of the 1.5 eV signal
increases substantially. The signals at E = 0.5 eV and 1.5 eV are related to the fundamental mode
®; and third harmonic m; of cavity standing waves which are excited along the 960 nm slit length.

Considering the raw spectra (Figure 3.2.1a), the signal at 0.5 eV is only visible close to the central
metal bar and cannot be recognized in the tail of the ZLP close to the outer slit wall. Background
fitting with an exponential function does not reliably recover this weak signal. Subtraction of a
scaled reference spectrum obtained without specimen can give reasonable results under favorable
circumstances if the FWHM of the reference spectrum exactly agrees with the one of the spectrum

to be evaluated. Figure 3.2.1b shows the same spectra after seven iterations with the RL algorithm

19



EXPERIMENTAL DETAILS

and subsequent background subtraction with a bi-exponential function which clearly reveal the

0.5 eV signal and its intensity increase towards the central metal bar.
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Figure 3.2.2 Effect of sharpening with up to 7 iterations on a) the spectrum acquired at the outer wall (cf.
Figure 3.2.1a), b) on the ZLP and c) detailed analysis of the spectra depicted in a). Shown are the raw
spectrum (black dashed line), a vacuum reference spectrum (red dashed line), the spectrum after seven

iterations with the RL algorithm (solid blue line) and the raw data after reference subtraction (solid red line).

In the following we will focus on testing the performance of the RL algorithm which is essential to
extend the detectability of weak low-energy signals and the extraction of quantitative intensity
information. Signal processing and iteration numbers n; with the RL algorithm need to be carefully
tested with respect to quantification of the signal intensity. Figure 3.2.2a shows the evolution of a
raw spectrum (black line in Figure 3.2.2a) taken at 20 nm distance to the outer slit wall for an
increasing number n; of iterative applications of the RL algorithm. The raw spectrum only shows a
weak shoulder at AE = 0.5 eV that evolves into a discernible signal already for small n. For more
than five iterations, the resolution improvement (observable as a shift of the tail of the ZLP to the
left) clearly detaches the ZLP from the SPP signal. Figure 3.2.2b shows the evolution of the ZLP
with increasing n;. The ZLP is sharpened under conservation of the total number of counts which
leads to the reduction of the FWHM of the ZLP from typically 0.11 eV to 0.07 eV and a
corresponding height increase. For n; > 5 the ZLP becomes edgy due to the sampling with 0.01 eV
per channel, which poses a limit to the achievable enhancement of the energy resolution in this
case. The influence of the RL algorithm on the spectrum is reduced for increasing energy losses.
For AE > 1.5 eV these few iterations barely change the spectrum apart from lowering the intensity
compared to the raw spectrum. For a small number of iterations, the RL algorithm mainly reduces
the FWHM and tail of the ZLP. It is crucial that sharpened data is not again normalized with
respect to the ZLP height because the RL algorithm conserves the total number of counts in the
spectrum. Normalization with respect to the ZLP height after sharpening would lead to reduced

signal intensities in the processed spectrum. Figure 3.2.2c compares spectra after processing with
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the RL algorithm (n; = 7, blue line) and after subtraction of a vacuum reference spectrum (solid red
line). Beyond 0.5 eV, the RL-processed spectrum almost coincides with the reference-subtracted
spectrum but there are differences at lower energy losses. As the FWHM of the reference spectrum
is even slightly broader than the spectrum recorded from the slit structure, a dip in intensity for
energy losses below 0.5 eV occurs. Quantification of signal intensity after reference subtraction
may give an artificially reduced intensity of the 0.5 eV signal. On the other hand, it is not yet

obvious from these considerations whether the correct spectrum is retrieved after seven iterations.
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Figure 3.2.3 a) Comparison of different processing methods of a spectrum taken at 10 nm distance from the
metal bar (see legend for spectra denotations). b) Background-subtracted spectra after up to 15 iterations of
the RL algorithm.

Figure 3.2.3a shows the effect of the RL algorithm on a spectrum acquired at 10 nm distance from
the central metal bar of the two-slit system (top-most spectrum in Figure 3.2.1a). Here, the
intensity of the 0.5 eV signal is comparatively high in the raw spectrum (black dashed line) which
allows to check whether the processed data yields the correct signal intensity. Figure 3.2.3a also
contains a reference spectrum (red dashed line) and the raw spectrum after seven iterations of the
RL algorithm (blue dashed line). The real intensity is given here by the background-subtracted raw
spectrum (solid black line) due to the high signal intensity. This spectrum agrees well with the
RL-processed data (solid blue line) after background subtraction. The intensity of the
reference-subtracted spectrum (solid red line) is slightly higher. This is related to the FWHM of
the ZLP of the reference spectrum slightly differing from the one of the raw spectrum. To
investigate the effect of the iteration number with respect to quantification of the signal intensity,
up to 15 iterations of the RL algorithm were applied to the raw spectrum in Figure 3.2.3a. Figure
3.2.3b shows the resulting signal intensities at energy losses of about 0.5 eV after background
subtraction. The signal for the unsharpened spectrum (raw data) is highlighted (grey filling) for

better visibility and comparison with the RL-processed data. Reduced signal intensity is observed
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for a small number of iterations (n; < 3). The signal intensity increases with n; and agrees well with
the peak intensity of the raw data for 5 < n; < 7. Larger n; further increase the peak height due to
peak sharpening. A small number of iterations only had a strong effect on the ZLP tail (cf. Figure
3.2.2a) which leads to an improved visibility of low-energy signals without altering them
significantly. The same observation is made for the third harmonic of the cavity mode (cf. Figure
3.2.3b). Finally, it is noted that the optimum number of iterations may differ depending on the
acquisition conditions and has to be individually determined. However, the number of iterations

cannot be increased indefinitely as artifacts may be introduced by such a numerical.
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Figure 3.2.4 a) Effect of very large iteration numbers on a spectrum (top-most spectrum of Figure 3.2.1a). b)

Noise-amplification suppression by employing binned gain averaging.

Figure 3.2.4a shows how a very large number of iterations (n; up to 640) detrimentally affects the
data. The spectrum used for this test is a spectrum taken close to the metal bar of a double-slit
system (top-most spectrum of Figure 3.2.1a). Oscillatory noise with a period of about 0.25 eV is
superimposed on the data for nearly the whole spectral range. Only where strong peaks occur in
the raw data (i.e. w;, ®; and the surface plasmon at 2.4 eV), artifacts are not prominently
introduced. These artifacts appear because the algorithm mistakes noise as features and sharpens
them. The regions in which no physical signals are present are prone to this noise amplification.
There, the spectrum and the vacuum reference (which is used as the point-spread function) both
consist only of noise and even slight differences between them are interpreted as signals and are
amplified. In addition, as the deconvolution translates to a division in Fourier space®’ very low
count rates may result in large intensities after numerous iterations.

High iteration numbers are not the only limitation to the application of the algorithm. For an
infinite iteration number, the ZLP should be a delta peak function. As stated in the above section,

such high iteration numbers are not reasonable due to noise amplification. However, even then, the
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ZLP still has a FWHM of several meV. Therefore, a limit exists for the lowest energy that can be
analyzed with the RL algorithm.

This low-energy limit strongly depends on the quality of the spectrometer alignment. As an
example, spectra from two double-slit systems with L = 2530 and L = 2590 nm are compared in
Figure 3.2.5a. The fundamental cavity mode which lies at 0.2 eV is only observed in the double-

slit system of L = 2590 nm whereas not even a shoulder appears for L = 2530 nm.
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Figure 3.2.5 Comparison of two measurements in double-slit systems with L = 2590 and 2530 nm. a) After

full processing with n; = 7 and bi-exponential background subtraction and b) prior to any processing.

Figure 3.2.5b shows both ZLPs and reveals why the fundamental can only be observed in one of
the measurements: The full width at half maximum (FWHM), measured by fitting a Lorentzian
peak to the zero-loss peak, is 0.123 eV for the spectra of the slit with L = 2530 nm and 0.101 eV
for the slit with L = 2590 nm. Our lowest measured energy of 0.2 eV with the RL algorithm lies at
lower energy compared to the values of 0.7 and 0.25 eV reported by Aguiar et al.*® and Bellido et
al.®. It is however noted, that with better microscopes, lower energies can be assessed even
without sharpening by the RL algorithm. For example, Rossouw and Botton® reported the
fundamental SPP resonance of a 2070 nm long silver nanowire at 0.17 eV. Cutting edge
microscopes push the low-energy limit even lower® and allow assessing the energy regime of
phonon scattering by EELS®. If data obtained from such microscopes would be processed with the
RL algorithm, the energy range available to STEM EELS could even be extended down to 10

meV.%

3.3 Intensity and Energy Determination

The acquired raw data from the spectrometer, i.e. the individual spectra obtained in a point
measurement or in a line scan, is calibrated with respect to the energy axis (i.e. the ZLP peak

position). Thereby, energy drift, microscope instabilities and the intentionally superimposed
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energy shifts by the binned-gain averaging method are corrected. Single spectra may be removed
by hand if their quality is greatly deteriorated by microscope instabilities, e.g. if the ZLP is split
and the energy calibration cannot be carried out accurately. After the energy calibration, the
individual spectra are summed up. In case of line scans, the spectra from different line scans that
correspond to the same spatial position are summed up individually. Then the spectra are
normalized with respect to the height of the ZLP, i.e. the intensity of the ZLP in the spectra is
unity. In a line scan, this is done for each position of the line scan separately. The same procedure
is applied to the recorded vacuum spectra. For each measurement series, numerous vacuum spectra
are acquired and the best one is then used for further processing with the RL algorithm. It is
essential that the vacuum reference spectrum is as smooth as possible in the energy range of
interest between 0.2 and 2.4 eV to avoid the generation of artifacts. For example, a small dip in the
vacuum spectrum in this energy range could lead to an artificial peak in the processed spectra.

The next processing step is the application of the RL algorithm. Typically, seven iterations are
applied because the processed data is then of comparable intensity to the unsharpened data (cf.
Figure 3.2.3b). The processed data is not again normalized as the RL algorithm conserves the total

intensity.
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Figure 3.3.1 a) A bi-exponential background (red line) fitted to the processed spectrum (black line) is
subtracted to yield the signal (green line). b) The signal from a) is fitted by the sum of two Gaussian
functions to determine the energy position and the intensity (area) of w;. The spectrum is taken in a double-

slit system with L = 960 nm and d = 100 nm at L/2 at 20 nm distance to the inner wall.

Figure 3.3.1 shows the subsequent processing steps. In Figure 3.3.1a, a bi-exponential function
(red line) is fitted to the tail of the ZLP of the processed data (black line). The fitting function
necessarily consists of two exponential terms because a single exponent cannot reproduce the steep
slope of the falling ZLP tail and the slowly decreasing extended tail (for energy losses exceeding
0.5 eV). The bi-exponential function is subtracted from the processed spectrum and yields the

signal (green line in Figure 3.3.1a) containing w;, wz and the surface plasmon.
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The resulting signal is fitted by two Gaussian functions to determine the energy position and the
intensity (area) of the o, peak. Two Gaussian functions are necessary because the peak is not
symmetrical. The energy position of , is determined by the center of the large Gaussian function
whereas the intensity is determined by the sum of the two Gaussian functions.

The energy position can be measured with an accuracy of 2 meV by the Gaussian fit. The energy
calibration was performed with respect to the position of the ZLP given by the pixel with
maximum intensity. The error of this calibration is at best the dispersion of the spectrometer which
is 10 meV per channel and therefore the error in energy in all measurements is assumed as
10 meV. Acquiring the spectra with a higher dispersion may reduce this error; however, 10 meV is
the highest available dispersion of the employed spectrometer.

The error in the intensity (area) is difficult to access. The two Gaussian functions can fit the peak
area with very high accuracy. The Gaussian fit is able reproduce the experimental data with a high
accuracy of about 0.2 -10™ which is determined by the difference between the summed area of the
Gaussian function and the integrated intensity of the peak. However, the true error will be
definitely larger because the derivation of the fitted signal is also subject to errors. These errors are
difficult to estimate but are however assumed to be in the range of 0.5 - 10™. This error can be
easily visualized in this particular case as this is roughly the area of the small Gaussian function.
The area of this small Gaussian seems to be far larger as the peak height is about 5-10™.
However, the FWHM of the peak is only ~0.12 eV and therefore the resulting peak area is in the
range of 0.5 - 10™.

3.4 Numerical Simulations

The simulations presented in this work were performed by C. Mattysek in the group of K. Busch
(Humboldt University, Berlin). Numerical simulations are carried out using the Discontinuous
Galerkin Time Domain (DGTD) method** ™ 7' with the extensions that are necessary to perform
EELS simulations.” The only difference is that a pure scattered field formalism was applied,
which gives direct access to the field induced by the electron. The permittivity of the gold film is
approximated by a single Drude and three Lorentz terms, which gives a reasonable approximation
to the data measured by Johnson and Christy™ over the entire energy range.

The gold film is finite with a size of at least 3x3 um? to reduce artifacts from the edges. Except for
a small feature around 0.4 eV, which, however, is well below the fundamental resonance (in the
case for slits with L = 960 nm for which the simulations are performed), the spectrum is entirely
free of artifacts. The film is surrounded by air and perfectly matched layers to reduce reflections
from the boundary of the computational domain. Third-order elements are used with element sizes

down to 10 nm to accurately resolve the incident field of the electron. The simulated spectra are
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convoluted with a Gaussian function of 100 meV full width at half maximum, accounting for the

finite experimental energy resolution and the corresponding spectral broadening.

3.5 Sample Preparation

3.5.1 Au Film Preparation

The Au films were prepared by evaporation of 200 nm Au onto mica substrates by physical vapor
deposition in a Lesker PVD 75 (Kurt J. Lesker company, Jefferson Hills, Pennsylvania, USA). The
prepared films were subsequently floated off onto TEM grids. The Au film adheres strongly to the
mica surface and thus floating off was hampered. To facilitate the floating-off process, the mica
substrates are treated with tensides prior to the Au deposition. The 200 nm thick films only weakly
adhere to the TEM grids and have to be treated with care as the film easily detaches from the grid.
The weak adhesion could probably stem from internal stress which leads to wrinkling of the film.
Consequently, the area of support is reduced compared to a flat film and hence the film could
easily detach from the grid even by careful handling of the specimen. Especially the vacuum
tweezers used to insert the specimen into the TEM holder are problematic and destroyed various
specimens. To ease handling of the specimens and circumvent their destruction during mounting in

the TEM holder, folding grids were employed to hold the 200 nm thick films firmly in place.

3.5.2 Nanostructure milling

The various slit systems, i.e. single slits, double-slit systems with varying slit length L and inter-
slit distance d and slit arrays consisting of up to 60 slits, that were examined in this work, were
prepared by focused ion beam (FIB) milling in an FEI Dual Beam STRATA 400S. Ga*-ions with
energy of 30 keV are used. As the nominal pattern sizes entered in the FIB software were not equal
to the actual size of the milled nanostructures, a series of test cuts had to be performed to
determine the optimal parameters to ensure the milled nanostructures have the correct desired
sizes. In addition, specimen drift in the FIB system during the nanostructure milling can lead to
imperfect shapes of the slits, especially of the slit corners. Therefore, the milling time was reduced
to the minimum value while still achieving complete perforation of the metal film. However, this
can introduce artifacts in the form of small bumps protruding into the slit. The cutting speed is also
affected by the orientation of the grains in the Au film. If a grain, that takes longer to cut through,
is located in the slit, such bumps may occur. Additional artifacts related to the varying cutting
speed with respect to local variation of the film morphology are bent or destroyed metal bars
which separate the slits. Metal bars between slits which were milled faster than the surrounding

slits bend during milling. Depending on the extent of the bending, the metal bars can be milled
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away as well which proved especially difficult in the case of larger arrays due to the increased

number of metal bars.

27






PREVIOUS WORK

4 Nanostructured Slits in a Au Film

4.1 Previous Work

Since the discovery of extraordinary optical transmission (EOT) through periodic sub-wavelength
slit arrays in a thin metal film by Ebbesen et al..® a lot of studies” " have reproduced the effect and
focused on investigating the physical processes responsible for EOT. According to Bethe’s theory
of transmission through small apertures in a metal film,” the transmission drops with (r/A)* and
hence for a sub-wavelength aperture (r << 1), the net transmission rapidly approaches zero. The
results of Ebbesen et al.,® however, show significant transmission. An intuitive picture to describe
the effect is to relate the transmission to the hole area: the transmission through the array of sub-
wavelength slits is higher compared to the transmission through a single, large aperture whose size
is identical to the summed area of the small holes. Normalized to the hole area, the transmission
coefficient may even exceed unity.

The enhanced transmission is related to SPPs generated on the film surface.> 7#° Light cannot
directly couple to SPPs as their dispersion relation always lies below the light line (cf. Figure
2.1.1). The periodicity of an array in a metal film, however, leads to a lattice momentum G that
can mediate coupling to the SPPs by momentum matching of Kspp = Kppoton + G. G is the reciprocal
lattice vector given by G = 2n/a with the lattice period a. The SPPs generated at the film surface
are able to excite SPPs in the apertures which in turn can generate SPPs at the other film surface.
These SPP can emit light by the above-mentioned momentum matching condition. The re-
emission of light by SPPs causes the EOT phenomenon. Because EOT is mediated by SPPs
excited in the individual apertures in the array, the exact shape of these apertures has a strong
influence on SPP generation.®* SPPs can also be excited at discontinuities on the film surface, i.e.
for diffraction at the nanoapertures themselves'® &
EOT.83—85

However, the majority of studies on EOT focuses on the transmission efficiency as a whole and

and therefore even single apertures can exhibit

therefore cannot distinguish the three main processes involved in EOT. These are the excitation of
SPPs on the film surface, the generation and propagation of SPPs in the nanoapertures and the re-
emission of light on the other film surface. Especially the interaction of SPPs in the apertures
comprising the array cannot be separately studied if only the transmission as a whole is
investigated. STEM EELS is therefore a predestined experimental method to probe SPPs in the
nanoapertures. The high spatial resolution enables the excitation of SPPs in single holes which
poses an advantage to light-optical methods which illuminate numerous nanoapertures at once.
The focused electron beam can couple to both far-field and near-field components®® ® of the

electromagnetic field and thus is able to efficiently probe the SPP characteristics in a nanoaperture.
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The electron beam is positioned inside the slit to eliminate direct scattering processes with the
metal film. SPPs are then excited by the electromagnetic field of the passing electron. The induced
electromagnetic field of the SPP acts back on the electron and causes it to lose energy.

In the following section, several studies that focus on SPPs in nanoapertures and their interaction

1.7 have studied nanohole chains milled in a 20 nm thin

will be discussed in detail. Alaverdyan et a
Au film on a SiO, substrate by inverted dark-field microscopy. The specimen was illuminated by
white light from a 100 W source with an angle of incidence larger than the collection angle of the
microscope objective. This ensures that only light scattered by the specimen will be collected by
the spectrometer attached to the microscope. In addition, a polarizer/slit system allows performing
measurements with varying polarization and direction of illumination (i.e. the incident wave vector
k). As proof of principle, they measured two perpendicular chains of nanoholes with different
orientation of k. Only if the k was perpendicular to a nanohole chain, it gave a strong spectral
response whereas the other chain did not. The case of k perpendicular to the nanohole chain
corresponds to the situation where all holes are excited in phase.

They have investigated chains of two nanoholes (diameter of 70 nm) with varying nanohole
separation (d = 30 to 390 nm). The illuminating wave vector k was perpendicular to the chain.
Significant spectral variation was observed if the incident polarization was parallel to the nanohole
chain whereas in the case of perpendicular polarization only minor effects occurred. For small
inter-hole distances, the resonance peak was blue-shifted compared to an isolated nanohole. An
increase in the hole separation lead to a gradual red-shift and intensity enhancement, which
reached a factor of ten for d = 150 nm. The red-shift persisted for further increasing the separation
although the intensity decreased until the peak almost vanished for d = 300 nm. In addition, for
d > 240 nm, a second peak emerged at higher energy. This second peak was also shifted to the red
for further increasing hole separation. A nanohole chain consisting of 8 holes showed similar
spectral behavior although shifted by about 30 nm to the blue. They attributed this spectral shift to
a difference in the nanohole diameter that results in a shifted resonance peak.

They were able to reproduce their experimental findings by coupled-charge simulations. The
resonance of a single hole is a localized surface plasmon of dipole character. The incident optic
field induces a dipole moment along the polarization of the incident field. In the case of small
distances d between nanoholes, the interaction of the holes is governed by electrostatically coupled
dipoles. Depending on the polarization in reference to the axis connecting the dipoles, two
resonance frequencies that are shifted from the single hole resonance emerge. In their experiments,
strong spectral shifts compared to the single hole emerged for chains of two nanoholes.

However for increasing distances between holes, the role of the electrostatic coupling diminishes
and the coupling between holes will be governed by SPP waves propagating between the holes (at

least in the case of a metal film). As the emission of SPPs is preferentially along the direction of
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the induced dipole moment,® the spectral effects of the SPP-mediated coupling are only
significant if the nanohole chain is illuminated with a polarization parallel to the chain axis. If the
nanohole separation is a half-integral multiple of the SPP wavelength, the charges induced by the
illuminating light and the oscillating SPPs will interfere constructively and lead to an increase of
the scattering intensity. However if the nanohole separation is an integer multiple of the SPP
wavelength, the interference is destructive and the scattering intensity decreases.

The dependence of the peak intensity (normalized per hole) on the number of nanoholes was also
investigated. The hole separation was set to d = 150 nm and the polarization was parallel to the
chain as this gave the strongest enhancement. In case of in-phase illumination (k perpendicular to
the chain), a strong effect of the increasing number of holes on the intensity enhancement was
observed whereas the intensity decreased for out of phase illumination. The strongest enhancement
was observed for a chain of three nanoholes. However, the intensity reached a plateau of equal
intensity for five and eighteen slits which was slightly lower compared to the three-hole system
and may indicate the influence of edge effects.

Ogitt et al.*® studied a single slit of size 1107 nm x 210 nm in a sub-electron sub-angstrom
microscope® (SESAM, Zeiss, Oberkochen, Germany) operated at 200 keV and equipped with a
Omega-type electrostatic monochromator and an in-column MANDOLINE® filter. The obtained
EFTEM series showed intensity distributions of Fabry-Perot-like standing waves at energies of
1.0, 1.4, and 1.8 eV. These energies correspond to the orders n = 2, 3, and 4 of a standing wave in
the slit. They could not resolve the fundamental mode as it is too close to the ZLP and thus cannot
be distinguished from it. Simulations performed with by the finite element method (FEM) also
show matching cavity modes although at lower energies, i.e. 1.0, 1.19 and 1.62 eV. Additionally,
the simulation revealed weaker signals at energies of 1.25, 1.58 and 1.88 eV that also correspond
to the mode orders two to four. They explained the emergence of symmetric and anti-symmetric
modes for the different Fabry-Perot-like standing waves by an energy-level scheme. A single wall
(i.e. a slit with infinite width) supports a standing wave. If the slit width is reduced to such an
extent that the standing waves on both slit walls interact, hybridization of both standing waves
occurs. A ‘binding’ (anti-symmetric) mode with reduced energy results from opposite charges on
the two slit walls and a strong electric field in the slit, whereas an ‘anti-binding’ (Symmetric) mode
with higher energy consists of same charges on either slit wall and a weak electric field in the slit.
Moreover, even with a high experimental energy resolution of 0.2 eV, the symmetric and anti-
symmetric modes are difficult to distinguish.

They also studied a double-slit system consisting of slits of size 180 x 1070 nm separated by a
metal bar 130 nm in width. They were able to observe Fabry-Perot-like standing waves along the
long slit walls, similar to the single slit. Simulations performed for this slit structure showed two

energies and field distributions for each one of the mode orders n = 2-4. Both slits in the double
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slit had opposite charges on both slit walls and therefore correspond to the anti-symmetric, lower-
energy mode of the single slit. The corresponding symmetric mode did not occur in the double slit
simulation. However, the anti-symmetric mode of the single slit hybridized in the double slit. Two
modes emerged depending on the charge and electric field distribution in the slits. The low-energy
mode had equal charges on the metal bar separating the slits and hence resulted in anti-symmetric
electric fields in both slits. The higher-energy mode on the other hand had odd charges on the
metal bar resulting in symmetric electric fields in both slits. They explained these observations in
the simulation with another energy-level scheme for the cases of a single wall, two walls (i.e.
single slit) and four walls (i.e. a double slit). The SPPs supported on the single wall hybridizes into
an anti-symmetric, denoted a, and a symmetric, denoted o’, mode in the case of the single slit. In a
double slit, four walls may interact and hence four modes should be observed. The simulations
however showed that only the anti-symmetric o mode splits into two modes in the double slit,
denoted by o* and o**. The o* mode is shifted to lower energy and corresponds to anti-
symmetric electric fields in both slits. The o** mode is shifted towards higher energy and
corresponds to symmetric electric fields in both slits.

Carmeli et al.** studied single slits milled in a thin Au film of 200 nm thickness by STEM EELS
in an FEI Titan (Hillsboro, Oregon, USA) operated at 300 keV and equipped with an electron
monochromator. The investigated slits all had a length of 4500 nm and widths of 600, 900, and
1200 nm. Measurements were performed starting at the center of the slits and step-wise approach
of the short slit side. At small distances to the slit walls, they were able to resolve low-energy
peaks corresponding to standing waves at the short slit sides. The fundamental modes had energies
of 0.5, 0.65, and 1.0 eV for the slit widths of 1200, 900, and 600 nm. In addition to the
fundamental modes they also were able to resolve higher energy multiples corresponding to higher
order modes of the standing waves. The measurements in the slit of 1200 nm width can be

|89

compared to the measurements of Ogiit et al.” as their slit was of similar size. Interestingly,

I.l4 |.89

Carmeli et al.* reported an energy of 1.5 eV for the third harmonic whereas Ogilt et al.*® measured
1.4 eV. However, keeping in mind the large slit length of 4500 nm, this energy difference can be
readily explained by the energy-level scheme. With such a large distance between the slit walls, no

interaction amongst them is feasible and hence Carmeli et al.™

examined the case of a single wall
with unperturbed energy. They also compared two single slits with 900 nm length and widths of
180 and 4500 nm. The excitation position was fixed near the 900 nm long slit wall. The
fundamental energy of the narrow slit was 0.5 eV in contrast to 0.65 eV for the wide slit. This
observation supports the above-mentioned assumption that the lower than expected energy in case
of the narrow slits stems from the interaction of SPPs on both slit walls.

|91

Prangsma et al.” studied rectangular holes in a 200 nm thin Au film on a Si substrate via scanning

electron microscopy in conjunction with a catholuminescence detector. The light generated in the
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specimen by the electron beam excitation is collected with a parabolic mirror above the specimen.
A small hole in the mirror allows the electron beam to reach the specimen. The collected light is
coupled to a spectrometer which allows acquiring a spectrum at each scanning position of the
electron beam. They investigated a single hole 100 x 260 nm in size and observed signals close to
all four walls of the slit. The peak at the short slit wall was weaker compared to the peak at the
long slit wall. Both peaks also varied spectrally. The spectrum obtained near the short wall peaked
at a wavelength of 560 nm whereas the long wall showed a peak at 680 nm. The latter one is
related to the fundamental cavity mode of the 260 nm long slit. They further studied single holes
with a wide variety of sizes ranging from 100 to 500 nm in both directions. An increase in slit
length resulted in a red-shift of the peak measured close to the long slit wall. The observed
wavelengths were always larger than the expected nominal wavelength for a resonant cavity of
identical sizes. Interestingly, however, the wavelength of the fundamental cavity mode also shifted
depending on the slit width. The narrower a slit was, the stronger the fundamental cavity mode
shifted to the red. This is related to the hybridization of the SPPs on both slit walls, similar to the
line of argumentation for the different slit sizes measured by Carmeli et al.** For increasing slit
width, the interaction of both walls diminishes and hence the hybridization in symmetric and anti-
symmetric modes (cf. Ogiit et al.*) is weaker.

In addition to the various single holes, Prangsma et al.** investigated arrays consisting of three slits
with varying inter-slit distance. The slits were 100 x 260 nm in size and the inter-slit distances
were fixed at d = 240, 300, and 350 nm. For each structure, spectra were acquired near both walls
of one of the outer slits and near one wall of the central slit. In summary, half of the array was
analyzed. For all measurement positions, the wavelength of the fundamental peak shifted to the red
for increasing the inter-slit distance. The average wavelengths obtained were 610, 635, and 665 nm
or increasing the inter-slit distance from 240 to 350 nm. Compared to the single slit measurement
of the same slit size, the peaks for all inter-slit distances are blue-shifted (and thereby may

correspond to the a** mode Ogilt et al.®

have found in a double-slit system). This could be related
to the coupling between the individual slits inside the array in dependence on the slit separation.
Intensity variations were also observed inside the array system and were independent on the
particular inter-slit distance. The intensity near the outer wall of the first slit was weak and

consecutively rose near the inner wall of the first slit and the next wall in the central slit.
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4.2 Hybridized Surface Plasmon Polariton Cavity Modes in a Single Slit

4.2.1 Experimental Results

A single slit constitutes the basic structure for the various nanostructures that were analyzed within
this work. As such it is of great importance to examine and describe its behavior prior to any
additional measurements. Figure 4.2.1 shows a single slit with a size of 980 nm x 200 nm.
Measurements were performed by starting at the center of the slit with respect to the long slit axis

and approaching the long slit wall in steps of 10 nm (cf. white arrow in Figure 4.2.1).

200 nm

Figure 4.2.1 HAADF STEM image of a 980 nm x 200 nm slit. The white arrow and the colored dots mark

the measurement positions of the spectra shown in Figures 4.2.2 and 4.2.3.
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Figure 4.2.2 a) EELS spectra taken along the white arrow in Figure 4.2.1, b) and c) corresponding integrated
intensity and peak energies of the cavity mode as a function of the distance to the slit wall. The data with red
symbols denotes the fundamental mode, the black symbols the high-energy shoulder of the fundamental

mode.
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The corresponding EELS measurements are shown in Figure 4.2.2a. For the measurement in the
center of the slit (black line), specific signals are barely observed. Upon approaching the slit wall,
distinct signals at ~ 0.5, ~ 1.6, and ~ 2.4 eV emerge. The first two signals correspond to the
fundamental mode, denoted by ®;, and third harmonic m; of a cavity mode extending along the
long slit axis. The signal at 2.4 eV can be assigned to the surface plasmon energy of the Au film,"
denoted by ws. The measured energy of s is slightly lower compared to the reported 2.48 eV,
however, Schliiter™ has reported a value of 2.37 eV for a thin carbon contamination of 5 nm on the
Au film. The intensity of the fundamental mode decreases with increasing distance to the slit wall
and shows peak broadening. Especially for the larger distances, a small shoulder appears at the
high-energy side. The integrated intensities and peak energies of the fundamental mode and its
shoulder are plotted depending on the distance to the slit wall in Figure 4.2.2b and c. The data was
extracted by fitting two Gaussian peaks to the spectra. The intensity of the fundamental mode
decays nearly exponentially whereas the small shoulder barely shows any intensity variation.
Additionally to the enhancement, spectral shifts are observed. The fundamental energy is 0.52 eV
close the wall and shifts slightly towards lower energies near the slit center. The small shoulder
shows a similar behavior although with a higher energy of 0.76 eV at the wall. The third harmonic
shows an energy shift as well, albeit less significant compared to the fundamental. Its first
measurable energy is 1.54 eV at 40 nm distance to the slit wall. Close to the slit walls, a slight
blue-shift to 1.58 eV is observed. The surface plasmon is also first observed at 40 nm distance in
the shape of a very broad peak roughly centered at 2.2 eV. At 10 and 20 nm distance it is enhanced

asymmetrically with the maximum located at 2.32 eV.
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Figure 4.2.3 EELS spectra taken close to the slit wall at the positions marked by colored dots in Figure 4.2.1.

In addition to the transversal scan, spectra were taken at 10 nm distance to the slit wall along the
long slit axis as shown by the colored dots in Figure 4.2.1. The measurement positions were taken
at specific slit length ratios to compare the results with the expected Fabry-Perot-like behavior of

the cavity modes. The resulting spectra are shown in Figure 4.2.3. As the measurements were
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taken close to the slit wall, the Au surface plasmon is observed in all spectra with high intensity.
When the electron beam is positioned exactly at the center of the long axis (green line), only odd
modes with n = 1 and 3 are observed in the spectrum at 0.54 and ~ 1.55 eV. Even modes have
nodes at this position and do not appear in the spectrum. When the position is shifted to a fourth of
the slit length (L/4), the first even mode with n = 2 at 1.06 eV is observed as well as the n = 1 and
3 modes albeit the latter ones show reduced intensity as the measurement position at L/4 does not
exactly coincide with the respective antinode positions of these modes. At L/8, the second even
mode of order n = 4 is clearly observed in the spectrum at 2.0 eV. For the two smallest distances to
the short slit wall, the modes with n = 1 to 4 are all observed in the spectra with nearly identical
intensities. The only exception is the fundamental whose intensity is increasingly reduced close the
slit wall. Interestingly, the fourth harmonic is - albeit weakly - observable even in the spectra
recorded at L/2 and L/4 where it should have zero intensity as these positions coincide with the
nodes of this mode.
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Figure 4.2.4 a) Color-coded EELS intensities along a line scan at 10 nm distance to the long wall in a single

slit and b) resulting intensity profiles of the cavity modes of orders 1 to 3 (raw and FFT-smoothed data).

In addition to the measurements at specific points inside the single slit, a line scan was performed
at 10 nm distance to the slit wall. The resulting color-coded intensity is presented as a function of
energy loss and position in a 2D color map in Figure 4.2.4a. It shows the expected Fabry-Perot-
like behavior, i.e., the number of maxima in the color map per mode order is equal to the mode
order. Intensity profiles were extracted from this line scan to analyze the mode distributions in the
nanostructured slit (Figure 4.2.4b). The profiles were extracted at the respective energies of the
modes of orders 1 to 3 with an energy window of 100 meV (equal to a ten pixel integration
window) in order to improve the signal-to-noise ratio in the data. Additionally, the resulting
profiles were smoothed by a FFT fit. The distances between maxima in the intensity plots shown
in Figure 4.2.4b allow the calculation of the wavelengths of the respective modes. The
wavelengths were determined by measuring the distance between two adjacent intensity extremes.

The resulting wavelengths are compared to the nominal wavelengths given by equation (2.30) in
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Table 4.2.1. The wavelength of the fundamental mode cannot not be measured because is exhibits

only one maximum.

n Aexp Anom Deviation of A
1 - 1960 nm -

2 1250 nm 980 nm +27.6%

3 715 nm 653 nm +95%

Table 4.2.1 Wavelengths of the cavity modes inside a single slit of size 980 x 200 nm.

The measured wavelengths are larger than the nominal ones. The deviation decreases with

increasing mode order.

4.2.2 Discussion

The wavelength and energy of the cavity modes is dictated by equations (2.30) and (2.31). For a
slit length of L = 980 nm, the fundamental mode w; should have a wavelength of 1960 nm which
corresponds to the energy of E; = 0.65 eV. However, the energy of the fundamental mode in the
experiments is only 0.52 eV and, additionally, there is a weak shoulder observed at 0.76 eV as
shown in Figure 4.2.2a. These two peaks correspond directly to the two possible excitations of a

single slit proposed by Ogiit et al.*

due to the hybridization of SPPs supported by the two long slit
walls. The hybridization leads to a symmetric (S) and anti-symmetric (AS) mode with blue- and
red-shifted energy. The existence of the blue-shifted mode was only revealed in numerical
simulations and could not be resolved in their measurements due to its low intensity.

With STEM EELS the AS and weak S modes could be detected. For measurements close to the slit
walls we can confirm the differences in intensity that Ogiit et al.?* were able to derive in their
simulations. In the center of the slit, however, both modes have similar intensity as shown in
Figure 4.2.2b. Only one of the modes is enhanced in the near-field region close to the slit wall due
to hybridization with SPPs on the walls.** This could be related to the different electric field
distributions for the two modes.®® In case of the AS mode, the electric fields of the SPPS on
opposite slit walls are of different sign and, hence, the net electric field along the transversal
direction of the slit is strong. For the S mode on the other hand, the electric fields of the SPPs are
of identical sign on opposite slit walls and do not yield a strong net electric field inside the slit. As
the cavity modes interact strongly with SPPs on the slit walls,** the differences in intensity of both

modes may be related to such an effect.
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Both modes shift to lower energy for increasing distance to the slit wall and, at the center of the
slit, they occur at 0.45 and 0.66 eV. The S mode has shifted to the expected nominal energy of
0.65 eV in the single slit. The splitting of the modes is attributed to the interaction of both slit
walls. Following the above argumentation for the intensity enhancement of both modes in relation
to the net electric field inside the slit, the shifts in energy may be related to the same effect. The
repelling electric fields in case of the S mode may lead to a damped interaction of both slit walls
and hence result in the occurrence of the unperturbed, nominal energy of the resonant cavity.
According this line of argumentation, there should also be a significant intensity difference
between both modes in the center of the slit which is not observed in the experiments. A possible
explanation may be that the enhancement observed in the near-field region'* is somehow
dependent on the net electric field and is therefore only present in the case of the antisymmetric
mode. In addition, the question arises whether the excitation by STEM EELS or by EFTEM will
result in similar field strengths. This cannot be certified, but it would be surprising if these
differences in strength are depending on the particular excited mode. If they are one the other hand
a mere offset factor, the relative strengths in fields will not differ and the line of argumentation in
the previous paragraph will hold.

The point measurements at different positions corresponding to various ratios of the slit length L
(Figure 4.2.3) show Fabry-Perot-like behavior expected for a resonant cavity. Similar Fabry-Perot-

0. 9294 coupled nanorods® and other

like standing SPP waves were also detected in nanorods
nanostructures with high aspect ratio.® ° The higher harmonics are only strongly observed in the
spectra if the measurement position coincides with an antinode of the respective mode order.
However, there are small spectral variations along the longitudinal scan. Approaching the short slit
wall, all harmonics experience a slight red-shift (cf. Figure 4.2.3 and Figure 4.2.4). In case of the
fundamental mode and the second harmonic, the red-shifts are barely discernible in Figure 4.2.4
but can be extracted from the spectra of Figure 4.2.3. A red-shift corresponds to an enlargement in
wavelength and therefore indicates that the SPPs intrude into the metal film. The red-shift
increases with decreasing distance to the short slit wall, i.e. the wavelength elongation is largest
close to these walls. Additionally, the data from the line scan shows increasing deviations from the
nominal wavelength with decreasing mode order (Table 4.2.1). This indicates that only the
antinodes closest to the slit walls are affected. In case of the second harmonic, only two antinodes
are observed and used for the experimental determination of the wavelength. It should therefore
experience the largest deviation. It is instructive to evaluate the profile of the third harmonic in
detail. If node and antinode positions are extracted, more data points for wavelength measurements
are available as the distances between a node and the adjacent antinode is A/4. The extracted A/4
values correspond to wavelengths of 824, 656, 564, and 856 nm (compared t0 Aqm= 653 nm),

demonstrating that the wavelength is larger close to the short slit walls than in the center of the slit.
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Prangsma et al. also have observed a wavelength elongation in single slits in a 200 nm thick Au
film. The slit they analyzed was of size 100 x 260 nm which results in an expected wavelength of
520 nm for the fundamental cavity mode of the long slit wall. However in their measurements they
have found the signal of the fundamental cavity mode at wavelength of ~ 680 nm, corresponding
to a wavelength elongation of 31%.

Wavelength variation was also reported for SPP modes of metal nanowires.”” * According to
Babinet’s principle, a slit in a thin metal film and a metal nanowire are complementary and
therefore show complementary behavior. The electric and magnetic fields in the systems are
interchanged which leads to a phase shift of /2 between nanowires and slits. The phase-shift
between the electric and magnetic fields in the resonant cavity is a result of the different boundary
conditions of these fields at the film surface.”® Therefore the fundamental mode of the nanowire
has two intensity maxima at the edges of the wire whereas the fundamental mode in a slit only has
one intensity maximum in the center of the slit. Interestingly, the wavelength variation of the
nanowires is also complementary to the slits as the wavelength is decreasing near the edges of the
nanowire. Also this wavelength variation is strongest for the lower order modes and is decreasing

with increasing mode order.
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4.3 Tuning of Hybridized Surface Plasmon Polariton Cavity Modes

4.3.1 Experimental Results

Nanostructured slits with varying slit length L were prepared in order to analyze the effect of
different slit lengths on the SPP cavity modes. The intensities of the cavity modes are weak in a
single slit and, therefore, double-slit systems were prepared. Coupling to a neighboring slit
significantly enhances the intensity close to the metal bar separating the two slits. This

enhancement will be described in detail in Chapter 4.4 (page 50).

500 nm

Figure 4.3.1 HAADF STEM images of the analyzed double-slit systems with varying lengths L of 400, 530,
645, 960, 1300, 1620, 1900, 2180, 2340, and 2530 nm (from left to right) and a common metal bar width of
d =100 nm.

Figure 4.3.1 shows HAADF STEM images of all prepared double-slit systems with different slit
lengths L of 400, 530, 645, 960, 1300, 1620, 1900, 2180, 2340, and 2530 nm. The distance
between slits is determined by the width of the central metal bar d between the slits. All shown slit
systems have d = 100 nm.

Similar to the single slit, EELS measurements were performed in all of the double-slit systems.
The beam was positioned in the center of the slit (with respect to the long slit direction) at 10 nm
distance to the central bar separating the two slits. The resulting spectra are shown in Figure 4.3.2.
The top spectrum was acquired in the shortest slit (L = 400 nm). The slit length increases for the
spectra shown below with the bottom spectrum taken in the double-slit system with L = 2530 nm.
A steady red-shift from 1.05 eV (L =400 nm) to 0.24 eV (L = 2530 nm) of the fundamental mode

is observed for increasing slit lengths L. In addition, the number of observable higher order cavity
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modes increases. For example, only the fundamental and the Au surface plasmon is observed for
L = 400 nm, whereas even the eleventh harmonic is detectable in the double-slit system with L =
2520 nm. Only odd harmonics are observed for symmetry reasons. The higher harmonics also shift
to lower energies with increasing slit length, similar to the fundamental mode. Due to suboptimal
measurement conditions, some of the shown spectra were treated with more than the standard
seven iterations of the RL algorithm. This concerns the spectra from double-slit systems with
L = 1620 nm (15 iterations), L = 1900 nm and L = 2530 nm (both 20 iterations). It is noted, that
even after 20 iterations, the fundamental mode in the longest double-slit system could not be
resolved in this measurement series.
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— 645 nm
— 960 nm
< 1004 — 1300 nm
o — 1620 nm
e — 1900 nm
> — 2180 nm
-"5‘) — 2340 nm
= 504 — 2530 nm
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Figure 4.3.2 Spectra acquired at 10 nm distance to the central metal bar in double-slit systems with varying

slit length L. Spectra are vertically shifted.

The double-slit system with L = 2340 nm is analyzed in more detail in Figure 4.3.3. This slit
length was chosen because the double-slit system with L = 2530 nm is challenging to examine.
This is due to the small energy of the fundamental which could only be resolved if all alignments
are perfect, which was discussed in chapter 3.2 (page 18). The corresponding black spectrum in
Figure 4.3.2 for example does not show the fundamental mode. The measurement positions were

chosen to be ratios of the slit length, similar to the measurements presented in Figure 4.2.3 for a
single slit.
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Figure 4.3.3 Spectra taken at specific positions corresponding to ratios of the slit length L = 2340 nm at

10 nm distance to the metal bar.

The spectrum taken at the center of the slit (L/2) only shows odd modes for symmetry reasons. The
first five odd modes, i.e. n =1, 3, 5, 7, and 9 are observed. The eleventh harmonic coincides with
the Au surface plasmon at ~ 2.4 eV. If the beam is positioned at L/4, the second harmonic is
strongly excited as well as the fifth and sixth harmonics. At L/8, the fourth harmonic is also
observed in the spectra. Further approaching the short slit wall leads to all harmonics being excited
with similar intensities for the modes of order 2-6. Higher order modes remain weak. The
fundamental mode decreases in intensity and is not observed in the spectra taken at L/64. Point
measurements at these specific ratios of the slit length were also obtained in all double-slit systems

to accurately measure the energies of the individual harmonics.
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Figure 4.3.4 a) Experimental and b) simulated spectra obtained at various positions in a double slit with
L =960 nmand d = 100 nm.

To confirm the observed behavior of the cavity modes for various excitation positions along the
long slit wall, additional simulations were performed. Experimental spectra and simulations for the
double-slit system with L = 960 nm and d = 100 nm are presented in Figure 4.3.4. The
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measurement positions coincide with specific rations of the slit length L. The simulations agree
well with the experimental data (Figure 4.3.4a) and reproduce small observed spectral variations.
Upon approaching the short slit wall, all cavity modes experience a small red-shift which is
observable in the graphs for the third and fourth harmonics. Interestingly, the third harmonic
shows a small blue shift if the measurement position is shifted from the center of the slit to L/8,
which is also found in the corresponding simulation.

Figure 4.3.5 shows EELS intensities obtained from line-scans at 10 nm distance to the central
metal bar for the following slit lengths: a) L =400nm, b)L =530nm, c)L =645nm,
d) L =960 nm, e) L =1300 nm, f) L = 1620 nm, g) L = 1900 nm, h) L = 2180 nm, i) L = 2340 nm,
and j) L = 2530 nm. The color scales are different for each line-scan. Hence, direct comparison of
intensities is not possible for the different slit lengths. All double-slit systems show Fabry-Perot-
like behavior of the excited cavity modes. With increasing slit length, the fundamental mode shifts
towards lower energy as already shown in the spectra presented in Figure 4.3.2. The fundamental
mode is barely observed in some of the line-scans because this data was acquired early during the
thesis work when the experimental parameters were not yet optimized. The double slit-system with
L = 2530 nm (Figure 4.3.5j) in an exception, as the fundamental energy is too low to be accurately
measured with the employed microscope. It seems to be slightly excited in the center of the slit but
seems to merge with the 2™ harmonic with increasing distance from the slit center before it
vanishes. The maximum observed mode order also increases with the slit length. In the double-slit
system with L =400 nm, only the fundamental mode and the second harmonic are excited,
whereas even the 11" harmonic is detected for L =2530 nm. Spectral shifts for particular
harmonics, especially for the 2™ and 3™ harmonic, are observed in the shorter double-slit systems
for L = 400 nm up to L =1900 nm. A slight red-shift is observed when the short slit wall is

approached. The Au surface plasmon at 2.4 eV is present in all line-scans.
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Figure 4.3.5 Color-coded EELS intensity along line scans obtained at 10 nm distance to the metal bar for all
analyzed double-slit systems with slit lengths of a) L =400, b) L =530, ¢) L =645, d) L =960, e) L = 1300,
f) L =1620, g) L =1900, h) L = 2180, i) L = 2340, and j) L = 2530 nm. Color scales are different for all

scans. The vertical axis is set to cover the full slit length.
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To compare all double-slit systems, spectra similar to the ones presented in Figure 4.3.3 were
acquired to measure the energies of the individual harmonics. The results are depicted in Figure
4.3.6a. As already observed in the line scans, an increase in the slit length leads to reduced
fundamental energy and higher mode orders are excited. Cavity modes were not detected for
energies exceeding 2.2 eV as the Au surface plasmon dominates the loss intensity in this part of
the spectrum. The figure also includes 2"™-order polynomial fits of the presented data. Linear fits
were not suitable to describe the data (with the exception of the slit lengths L =400 and
L =530 nm) because the higher harmonics have energies that are too low for a linear relationship
of the harmonic’s energy and mode order. Figure 4.3.6b shows the fundamental energy E; versus
the slit length L. A steady decrease of the fundamental energy is observed for increasing slit
length. The fundamental energy is plotted against the reciprocal slit length in Figure 4.3.6c. A
linear fit matches the experimental data with large confidence (i.e. corrected R2 = 0.998). The
fundamental energy of a double-slit system is then given by:

1
Ey(L) = 0.08eV + 0393 eV pm -+ (4.1)

for a slit length L in micrometers.
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Figure 4.3.6 a) Energies of the harmonics in the double-slit systems plotted versus the mode order with 2"-
order polynomial fits of the experimental data. b) Fundamental energy E; plotted versus slit length L and c)

reciprocal slit length 1/L. c¢) includes a linear fit to the data.

The cavity-mode wavelengths can be derived from Figure 4.3.5. Intensity profiles of the individual
harmonics were taken at the respective energies with energy windows of 100 meV. Representative
intensity profiles are exemplarily shown for L = 2530 nm in Figure 4.3.7. Up to the order of n =9,
all intensity profiles clearly show the expected number of intensity maxima. In the profile of
n = 10, the maxima are not well resolved with signal intensities barely exceeding the noise level.
To measure the positions of the maxima with improved accuracy, the profiles were smoothed by
FFT filtering. The results are shown in Table 4.3.1 for all slit lengths up to the 6™ harmonic and in

Table 4.3.2 for the harmonics of orders seven to ten. Both tables also show the percent deviation of
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the observed experimental wavelengths with respect to the nominal wavelengths which are given
by 2L/n. The fundamental wavelength is missing because it cannot be measured from
experimental profiles. The distances between all extremes in the individual profiles were averaged
for each mode order. Some profiles also show variation of the wavelength across the slit length but
not consistently for all profiles and wavelengths. The wavelength of the 2™ harmonic exceeds the
nominal wavelength in all double-slit systems with the average deviation being 14%. The
wavelengths of the 3" and 4™ harmonics are also slightly larger than the nominal wavelengths with
the average deviation of 6% and 5%. For all higher harmonics, the deviations decrease with
increasing mode order and are — within the error margin — equal to the nominal wavelengths. The
errors are not discussed in detail but it is obvious from the deteriorating signal-to-noise ratio that

they tend to increase with increasing mode order.

Intensity [a.u.]

0 . 560 . 10I00 . 15I00 . 20I00 . 25IOO
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Figure 4.3.7 Extracted intensity profiles for the 2™ to 10™ harmonic for the 2530 nm long slit (cf. Figure

4.3.5j) which were used to determine the mode wavelengths. The energy window for the extraction of the

profiles was set to 100 meV.
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L n=2 n=3 n=4 n=5 n==6
400 nm 456 nm | 14%
530 nm 636 nm | 20%
645 nm 748nm | 16% | 428 nm | 0%
960 nm | 1100 nm | 15% | 680nm | 6% | 480 nm | 0%
1300 nm | 1520 nm | 17% | 950 nm | 10% | 693 nm | 7% | 545nm | 5% | 424nm | -2%
1620 nm | 1940 nm | 20% | 1190 nm | 10% | 853nm | 5% | 650nm | 0% | 544nm | 1%
1900 nm | 2220 nm | 17% | 1390 nm | 10% | 1007 nm | 6% | 800nm | 5% | 656 nm | 4%
2180 nm | 2280 nm | 5% | 1530 nm | 5% | 1133nm | 4% | 880nm | 1% | 736 nm | 1%
2340 nm | 2720 nm | 16% | 1630 nm | 4% | 1220nm | 4% | 965nm | 3% | 796 nm | 2%
2530 nm | 2640nm | 3% | 1810nm | 6% | 1352nm | 6% | 1076 nm | 5% | 890 nm | 4%
Average 14% 6% 5% 3% 2%

Table 4.3.1 Measured cavity-mode wavelengths to the 6™ harmonic in all double-slit systems. In addition,

the percent deviations of the experimental wavelengths compared to the nominal ones, given by 2 L / n,

are shown. The bottom-most line shows the average deviations.

L n="7 n=38 n=9 n=10
1900 nm | 553 nm | 2% | 463nm | -3%
2180 nm | 610nm | -2% | 523 nm | -4% | 468 nm | -3%
2340nm | 673nm | 1% | 580nm | -1% | 515nm | -1% | 456 nm | -3%
2530 nm | 758 nm | 4% | 658 nm | 3% | 575nm | 1% | 515nm | 1%
Average 1% -1% -1% -1%

Table 4.3.2 Measured cavity-mode wavelengths of the 7" up to the 10" harmonic in double-slit systems
with lengths between 1900 nm and 2530 nm. In addition, the percent deviations of the experimental
wavelengths compared to the nominal ones, given by 2 L / n, are shown. The bottom-most line shows the

average deviations.

The dispersion relation of the hybridized SSP cavity modes can be calculated from the measured
wavelengths and energies. The wavelengths have to be converted to wave numbers with the
relation k = 27t / A with the wavelength A of the respective mode. Additionally, the light line is also
calculated by E (k) = h ¢ k/ 2 with the wave number k, Planck’s constant h and the velocity of
light c. The resulting dispersion relation is shown in Figure 4.3.8. The fundamental mode is
omitted because its wavelength could not be experimentally determined. For small wave numbers
k < 4 pm™, the SPP dispersion closely follows the light line. For increasing wave numbers, the
deviation from the light line is steadily increasing. The dispersion relation always remains on the

right-hand side of the light line. As no SPP cavity modes were observed at energies exceeding 2.1
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eV due to superposition with the surface plasmon, the behavior of the dispersion relation at larger

wave numbers cannot be evaluated.
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Figure 4.3.8 Calculated dispersion relation of the hybridized SPP cavity modes. The light line and the

surface plasmon energy are also shown.

4.3.2 Discussion

The dependence of the slit length and the energy of the fundamental mode is the expected behavior
of a resonant cavity. If the cavity length is increased, the wavelengths of the supported modes are
also increased and hence the energy is reduced. This is not only the case for slits but is also
observed for nanowires.®® ** * The graph in Figure 4.3.6c confirms the expected behavior as it
shows a linear relationship of the fundamental energy and the reciprocal slit length. With the
knowledge of the energy dependence, the analyzed slit structures represent an excellent test
specimen to evaluate the performance of the employed spectrometer system. For example the
lowest measurable energy can be determined by preparing a set of double-slit systems with
increasing length. The fundamental mode of a 2070 nm long silver nanowire was reported at
0.17 eV.® The energy resolution may also be tested as the energetic separation of the individual
harmonics of the cavity mode is also decreasing. The line scan shown in Figure 4.3.5j of a slit with
length L = 2530 nm already shows these resolution effects as the fundamental mode and the
second harmonic are difficult to separate. However, the fundamental lies at very low energy and
therefore cannot be resolved accurately to the close proximity to the ZLP tail. The reduction in
energy also leads to the observation of harmonics with higher mode orders as the spectral
separation of the individual modes is also decreased. However, the upper limit for detection of
higher harmonics is the surface plasmon energy at ~ 2.4 eV which can be explained by the
dispersion relation shown in Figure 4.3.8. At first, the experimentally derived dispersion relation is
in accordance to the expected one for SPPs (cf. Figure 2.1.1), i.e. for small wavenumbers it closely

follows the light line but starts to deviate from it for increasing wavenumbers. It also
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asymptotically approaches the energy of the surface plasmon for large wavenumbers. Therefore,
no cavity modes with energy higher than the surface plasmon energy are observed as the cavity
modes emerge due to SPPs supported by the slit walls. As no SPPs exist at energies above the
surface plasmon energy, no cavity modes exist as well.

Similar to the single slit, spectral variations also occur along the slit length. As evident from the
point measurements in Figure 4.3.3 and Figure 4.3.4 as well as the line scans in Figure 4.3.5, the
higher harmonics experience a red-shift for measurements close to the short slit walls. These shifts
also appear in the simulations and are even of the same magnitude. As for the single slit, this also
affects the wavelengths of the individual modes. According to Table 4.3.1 and Table 4.3.2, the
wavelengths deviate from the nominal ones and the deviation is decreasing for increasing mode
order. Following the argumentation for the single slit in section 4.2.2, this is related to the intrusion
of the SPP modes into the metal. The data for this effect was quite sparse for the single slit as only
the 2™ and 3™ harmonic could be evaluated in a slit of length L = 960 nm. The longer slits
analyzed in this subchapter allow to confirm the effects observed in the single slit, as due to the
increased slit length, more harmonics are available for wavelength measurements. Significant
deviations from the nominal wavelength are observed for up to the 4™ harmonic. For modes with
n > 5, the deviations become smaller than the measurement errors. The errors also increase slightly
with increasing mode order as the intensity of the higher harmonics is steadily decreasing whereas
the noise in the extracted profiles does not change significantly.

In conclusion, cavity modes with mode orders of up to 4 experience wavelength elongation as the
SPPs extend into the metal film near the short slit walls. In case of harmonics with higher mode
orders, the wavelength elongation only occurs in the direct vicinity of the short slit walls and
therefore the average wavelength of these modes will not deviate from the expected, nominal
wavelengths. Red-shifts of the higher harmonics also only occur in close proximity to the short
wall and hence support the assumption that the extension of the SPPs into the metal film only

affects the cavity modes in direct vicinity of the short slit walls.
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4.4 Coupling between Slits in Double-Slit Systems

4.4.1 Experimental Results

As already outlined in the previous section, the intensity of the hybridized cavity modes is largely
enhanced upon introduction of a neighboring slit. This will be discussed in more detail in this
section. If a second slit is introduced, a new experimental parameter becomes available, the inter-
slit distance, which is determined by the width of the metal bar d separating the two slits in the Au

film. It is not to be confused with the pitch value denoting the center-to-center distance of the slits.
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Figure 4.4.1 a) Spectra acquired in a double-slit system with L = 960 nm and d = 105 nm along the white
arrow in the HAADF STEM image (b). The spatial distance between the spectra in a) is 10 nm. c) Color-

coded EELS intensity map of the spectra from a).

Figure 4.4.1a shows spectra acquired in a double-slit system with L =960 nm and d = 105 nm
along the white arrow in the HAADF STEM image (Figure 4.4.1b). The spectra are also presented
in a color-coded map in Figure 4.4.1c. At the outer wall (black spectrum at the bottom of Figure
4.4.1a), the fundamental w;, third harmonic s, and the Au surface plasmon are observed. The
intensity of the fundamental mode slightly decreases up to a distance of 50 nm from the outer wall
and then begins to steadily increase as the inner wall is approached. w; also weakens in intensity
and is not observable in the spectra at distances between 50 nm to 110 nm from the outer wall. It
increases in intensity close to the inner wall, however with a reduced enhancement compared to
;. Strikingly, it also undergoes a significant red-shift from 1.6 eV to 1.47 eV compared to the

outer wall. The intensity behavior of the Au surface plasmon is similar to ws. However, in contrast

50



COUPLING BETWEEN SLITS IN DOUBLE-SLIT SYSTEMS

to the two SPP-related signals it is characterized by a lower intensity at the inner wall compared to
the outer wall. To evaluate the above-mentioned behavior in greater detail, the exact energy
positions and intensities in the spectra have to be analyzed. The third harmonic will not be
discussed in such detail as its behavior cannot be similarly evaluated like the fundamental mode as
it only shows intensity very close to the metal bar and, especially at the outer wall, it merges with

the rising edge of the surface plasmon at 2.4 eV; rendering an exact analysis difficult.
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Figure 4.4.2 a) Peak and integrated intensity and b) energy of the fundamental cavity mode extracted from

the EELS measurements in Figure 4.4.1 as a function of the distance to the outer slit wall.

Figure 4.4.2 shows the evolution of the fundamental cavity mode for the EELS measurements in
the double-slit system with L =960 nm. The o; peak was fitted by a Gaussian function. The
intensity presented in Figure 4.4.2a was measured either by the absolute peak height or the
integrated area of the fitted Gaussian function. Both measurement methods yield different results
close to the outer wall: the peak intensity is smaller than the integrated one. However, the peaks of
®; in the spectra of Figure 4.4.1a are broader close to the outer wall. Additionally, there is a small
shoulder on the right-hand side of the peak which causes the increased integrated intensity close to
the outer wall. Close to the inner wall, the intensity of w, is identical for both measuring methods.
The enhancement factors, which describe the intensity increase between the inner and outer walls,
are 3.4 and 2.21 for the peak height and integrated intensities. The energy profile presented in
Figure 4.4.2b shows variations of the energy E; of the fundamental mode across the slit. Starting
from 0.51 eV it drops to 0.48 eV in the center of the slit and rises to 0.5 eV close to the inner wall.
These shifts are, however, quite weak.

In addition to the experiments, simulations were performed for some of the slit structures. Figure
4.4.3 shows experimental spectra (Figure 4.4.3a) as well as simulations (Figure 4.4.3b) from a
single and double slit with L = 960 nm. The electron beam was positioned at 20 nm distance from
the respective walls. Qualitatively, experiments and simulations agree well with respect to the

observed intensity and spectral variations. However, the simulations of the single slit result in a
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small peak at 1.3 eV that is not observed in the experimental spectra. Also, the higher energy
shoulder adjacent to the fundamental mode is more pronounced. It is noted that the simulated
spectra of the single slit in Figure 4.4.3b was calculated for a distance of only 10 nm to the slit wall
which causes the high intensity of the whole spectrum.
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Figure 4.4.3 a) Experimental and b) simulated spectra from a single slit and a double slit with a length

L =960 nm and d = 100 nm. Measurements were performed at 20 nm distances from the respective walls.

Given this basic coupling behavior of two slits with a small metal bar width of d = 100 nm, it is
now possible to check how a variation of the bar width affects the coupling behavior. For the case
of the nominal slit length L =960 nm, double-slit systems with the following bar widths were
prepared: d = 270 nm, d =680 nm, d = 880 nm, and d = 1800 nm.

a) b)

100 4

of S =
B J\/‘\/#:f\qi\,:K o
7 M
g “/\/_,«\W' ¢) 150 max
£ 7/ —
£ 40 /N T

AN 100

201 W/J\«/WW

Position [nm]

N T T e ”
0 M’W 0
0.0 0.5 1.0 1.5 20 25 3.0 0.5 1.0 1.5 2.0 2.5 3.0
Energy loss [eV] Energy loss [eV]

Figure 4.4.4 a) Spectra acquired in a double-slit system with L = 930 nm and d = 270 nm along the white
arrow in the HAADF STEM image (b). The spatial distance between the spectra in a) is 10 nm. c) Color-
coded EELS intensity map of the spectra from a).
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Figure 4.4.4 shows measurements in a double slit system with L =930 nm and d =270 nm. In
general, the presented data is not as clear as the one from the scan with a narrower metal bar. The
spectra and the color-coded EELS intensity map are noisier. The evolution of the fundamental
peak in the spectra shown in Figure 4.4.4a is similar to the measurements with a bar width of
100 nm, i.e., there is a decay of intensity if the distance to the outer wall is increasing. At about 70
nm distance to the outer wall, the intensity reaches its lowest value and then increases again upon
approaching the inner wall. The behavior of m; however is different than for the shorter bar width.
No enhancement is observed if the inner wall is approached, rather, the intensity decays almost in
the same manner in the vicinity of both walls. At distances larger than 30 nm, a peak is not
observed in the spectra. Also, no spectral shift is found if measurements at both walls are
compared. The intensity of the surface plasmon peak decays rapidly and vanishes for distances
exceeding 30 nm from the wall. However, a slight enhancement is observed near the inner wall

which is in contrast to the measurements with a bar width of only 100 nm.
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Figure 4.4.5 Peak and integrated intensity (a) as well as the energy (b) of the fundamental cavity mode of the

scan from Figure 4.4.4

A more detailed analysis of the evolution of the fundamental mode is shown in Figure 4.4.5. The
fundamental was fitted by a Gaussian function and the peak height and area of this fit were
measured. The peak height shows little variation up to a distance of 70 nm to the outer wall. The
integrated intensity on the other hand decreases for increasing distances and reaches its minimum
also at 70 nm. Further increasing the distance shows a similar behavior for both measurement
methods. There is a slight line narrowing of the fundamental peak for up to a distance of 70 nm
which explains the minor differences in the profiles shown in Figure 4.4.5a. The enhancement
factors are 5.22 and 3.28 for the peak-height and integrated intensities. They are higher than for a
metal bar width of 100 nm. However this is caused by a significantly lower intensity at the outer

wall. The intensities at the inner wall are also slightly reduced. Figure 4.4.5b plots E; as a function
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of the distance to the outer slit. Starting at 0.51 eV, it drops to 0.46 eV at a distance of 70 nm from
the outer wall. It rises to 0.48 eV when the inner wall is approached. Compared to the
measurements in the slit with a narrower metal bar, there are some differences. The energy reaches
its lowest value farther away from the outer wall and the stays almost constant at 0.48 eV, whereas

for d = 100 nm it rises again to 0.5 eV.
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Figure 4.4.6 a) Spectra acquired in a double-slit system with L = 980 nm and d = 680 nm along the white
arrow in the HAADF STEM image (b). The spatial distance between the spectra in a) is 10 nm. c) Color-

coded EELS intensity map of the spectra from a).

a) 907 - Intensity 10 b) 0.55
-= Area —» . T
45 i 0.50] ="*"4
© - 6 — > ] pv
= -6 3 o 0.45- " "
/
= 30 L 2 =] 'V
> = > 5/
= 4 5 D 0.40- Y
c (O] [¢}] 4
3 151 [ < 5 0351
IS =3 -2 L ]
0 \’.'I‘.‘I‘Isl.’.».‘.'.Il‘.:# [ 0 0.30 ~
—71 r 1T r 1 r 1 —trtrr°7r
0 40 80 120 160 0 40 80 120 160
Position [nm] Position [nm]

Figure 4.4.7 Peak and integrated intensity (a) as well as the energy (b) of the fundamental cavity mode of the

scan from Figure 4.4.6.

Measurements in a double-slit system with L =980 nm and d = 680 nm are presented in Figure

4.4.6 and Figure 4.4.7 in analogy to the double-slit systems with smaller d values. o, is barely
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visible in the center of the slit. Its intensity behaves similarly as in a single slit: it shows a
symmetrical behavior with respect to the slit dimensions (cf. Figure 4.4.7a). However, spectrally,
there are differences. For distances from the outer wall up to 80 nm, it gradually shifts from
0.53 eV to 0.42 eV (cf. Figure 4.4.7b). The energy is then nearly constant and only slightly shifts
to 0.45 eV near the inner wall. Regarding the 3™ harmonic and the surface plasmon, both have
increased intensity near the outer wall and do not undergo spectral variation (cf. Figure 4.4.6a,c).
Both their intensities decrease for distances up to 60 nm from the outer wall and vanish inside the
slit. Starting from 30 nm distance to the inner wall, they are observable in the spectra again.
Additionally, as observed in the color-coded map in subfigure c, there seems to be a very broad
and rather weak signal at higher energies compared to the fundamental. Its spectral variation
closely follows the fundamental mode. The energy of the fundamental close to the outer wall is
identical to the single slit energy but rapidly drops when the center of the slit is approached. The
minimum value of 0.4 eV is reached at a distance of 120 nm to the outer wall (60 nm to the inner
wall). The energy rises slightly to 0.45 eV near the inner wall.

The integrated intensity and energy profiles of w; in the double-slit systems with L = 960 nm and
d =100, d =270 nm, and d = 680 nm can be directly compared to the same profiles of the single
slit to clarify the effects of coupling with a neighboring slit. Figure 4.4.8a shows the integrated
intensity as a function of the distance to the outer slit wall. The intensity at the single slit wall is
about 2.0 - 10™. It steadily decreases and nearly vanishes in the center. The double-slit system with
d = 270 nm has roughly the same intensity at the outer wall and decreases when the slit center is
approached. However, the minimum intensity is still larger than the one in the single slit and is
slightly shifted towards the outer wall (i.e. at 70 nm). The double-slit system with d = 100 nm
significantly differs from the other two as the intensity is always larger by about 2.0 - 10™. Its
minimum intensity is shifted even more towards the outer wall (50 nm). The intensity profile for
d = 680 nm is almost identical to the single slit, although the intensity near the inner wall is

slightly reduced.
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Figure 4.4.8 Comparison of the a) integrated intensity and b) energy of the fundamental cavity mode in
double-slit systems (d = 100, d = 270 nm, and d = 680 nm) to a single slit as a function of the distance from
the outer wall. The slit length is L = 960 nm for all slit structures. The profile of the single slit was mirrored

at the center.

The energy profiles are shown in Figure 4.4.8b. The single slit’s fundamental energy is 0.53 eV at
the slit wall and roughly remains constant for distances up to 50 nm where it starts to be shifted
towards lower energies at the center of the slit (~ 0.48 eV). In the double-slit systems with
d =100 nm and d = 270 nm, the energy is 0.51 eV near the outer wall and then further decreases
towards the center. In the case of d = 100 nm, the energy slightly rises to 0.5 eV at the inner wall
whereas it remains at 0.48 eV for the outer double-slit systems. The energy profile of w; for
d =680 nm closely resembles the single slit for distances up to 100 nm from the outer wall.

However, close to the inner wall, the energy is significantly lower compared to the single slit
(~0.45eV).
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Figure 4.4.9 a) Spectra acquired in a double-slit system with L = 970 nm and d = 880 nm along the white
arrow in the HAADF STEM image (b). The spatial distance between the spectra in a) is 10 nm. c) Color-
coded EELS intensity map of the spectra from a).

A double-slit system with L =970 nm and d = 880 was also analyzed. The results are shown in
Figure 4.4.9. The intensity of all peaks in the spectra is further reduced compared to the data from
the double-slit system with d =680 nm. Only the spectra with distances equal or smaller than
40 nm from the walls can be analyzed. At the outer wall, the fundamental’s intensity is comparable
to the single slit and is located at an energy loss of 0.51 eV. For increasing the distance to the wall,
the intensity rapidly drops and the peak energy slightly shifts to 0.5 eV. Only at the smallest
distance to the inner wall, the fundamental can be observed clearly. However, it is a very broad
peak centered at 0.5 eV. For larger distances to the inner wall, the fundamental appears to be split
in two very faint signals at about 0.4 and 0.7 eV (cf. dark blue spectrum in Figure 4.4.9a). The 3"

harmonic and the surface plasmon peak show a similar behavior compared to the double-slit
system with d = 680 nm.
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Figure 4.4.10 a) Spectra taken at 20 nm distance to the outer wall at L/2 in double-slit systems with varying
inter-slit distance and inside a single slit. The fundamental energy in a single slit is marked with a vertical
dashed line. b) Corresponding spectra acquired at 20 nm distance to the inner wall. ¢) Simulations

corresponding to b).

To obtain a comprehensive overview of the effects of varying the inter-slit distance in double-slit
systems, spectra taken at 20 nm to the outer and inner walls are compared in Figure 4.4.10. In
addition to the data described above, measurements from a double-slit system with d = 1800 nm
are included as well as data from a single slit for reference (dashed black line). E; of the single slit
is marked by a vertical dashed line. Figure 4.4.10a shows spectra taken near the outer wall.
Comparing the double-slit spectra with the single slit, barely any differences are observed. The
fundamental is slightly enhanced in intensity for the shortest inter-slit distance of 105 nm. At 880
nm distance, the intensity is reduced marginally. Only minor spectral changes are observed for the
fundamental. At 105 and 270 nm distance, it is shifted slightly to lower energy. For the other inter-
slit distances, the spectral position of the fundamental is identical to the single slit. Spectra taken at
the outer wall thus are quite similar to the single slit.

However, close to the inner wall (Figure 4.4.10b), the inter-slit distance has a huge effect on the
individual spectra. For distances up to 680 nm, the fundamental mode shifts towards lower energy.
At 880 nm inter-slit distance, it nearly vanishes. Only a weak, broad peak remains with a
maximum at about 0.4 eV which is thus at even lower energy compared to the spectrum taken at
680 nm. However, for the largest distance of 1800 nm, it is again almost identical to the single-slit
spectrum, although slightly reduced in intensity. In this case the influence of the neighboring slit
seems to have vanished. Remarkably, the red spectrum (d = 880 nm) also shows an additional
weak peak at a higher energy at 0.7 eV. Upon closer inspection, the spectrum taken inside the
double-slit system with d = 680 nm also shows a weak peak at 0.9 eV. The behavior could be
summarized as follows: w; decreases in intensity and shifts to lower energy up to d = 880 nm. At a
distance of 880 nm, a second, higher-energy mode appears. The single slit energy is reached at the

largest distance of d = 1800 nm. Figure 4.4.10c (note the different scaling on the energy loss axis)
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shows simulated spectra for an electron trajectory similar to Figure 4.4.10b. The simulations
qualitatively agree well with the measurements although the observed energy shifts are reduced
compared to the experimental data.

To obtain more data on the spectral shift and the intensity of w;, double-slit systems with
systematically varied inter-slit distances and different slit lengths were prepared. As the
fundamental lies close to the ZLP and is thus difficult to evaluate, especially at low intensities, the
slit length was reduced. According to section 4.3 this results in an increased fundamental energy
and facilitates the data analysis. However, another specimen series was investigated with longer
slits to confirm the generality of the results. The following specimen series were prepared: double-
slits with L =535 nm and inter-slit distances d ranging from 90 to 1120 nm, double-slit systems
with L = 645 nm and d = 110 to 1340 nm, and double-slit systems with L = 1330 nm and d = 90 to
2730 nm. The experiments on these specimens were performed by a master student, Stefan Fritz,

who was supervised in the course of this thesis.
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Figure 4.4.11 Spectra taken at 10 nm distance and L/2 to the inner wall in double-slit systems with lengths
a) L =535nm, b) L =645 nm, ¢) L = 1330 nm, and d) L = 960 nm (simulated) with different inter-slit
distances d. The spectral position corresponding to the energy of the fundamental mode in single slits of the

same length is marked with a vertical dashed line.

The results of these measurement series are shown in Figure 4.4.11. Each subfigure consists of
spectra taken at 10 nm distance to the inner wall in double-slit systems with lengths of
a)L=535nm, b)L=645nm, and ¢) L =1330 nm. Simulated spectra for L = 960 nm are
presented in Figure 4.4.11d. As a reference, the corresponding single slit energies (0.84, 0.73, 0.41,
and 0.53 eV) are marked with vertical dashed lines. The inter-slit distance is increased roughly in
100 nm steps starting from the shortest distance of about 100 nm up to twice the slit length L. For

the smallest inter-slit distance d =90 nm in Figure 4.4.11a, the fundamental mode is already
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slightly red-shifted. Upon further increasing d, the fundamental continuously shifts towards lower
energy. For distances exceeding 600 nm, it is no longer resolved as a peak, but is barely
recognizable as a shoulder that shifts to even lower energy. In addition, a second peak at higher
energy is observed for d > 400 nm that consecutively shifts to lower energy and reaches the single
slit energy when the inter-slit distance is equal to twice the slit length. For the case of d = 505 nm,
both peaks are observed and have roughly similar intensity. Basically two modes occur in the
spectra, which will be denoted in the following as red-shifted and blue-shifted mode. The former is
clearly observable and dominant for d < L whereas the blue-shifted mode dominates for d > L.

Figure 4.4.11b and c show the same behavior of the modes related to the variation of d with
respect to the slit length L. The numerical simulations for L = 960 nm (Figure 4.4.11c) show the
same behavior albeit with smaller overall energy shifts. To discuss the behavior independent from
the particular slit length, the wavelength of the fundamental mode can be introduced to normalize
the spectra and intensity variations. According to section 2.2 the nominal wavelengths can be
calculated by A, = 2L / n with the wavelength of the fundamental (n = 1) A, corresponding to 2L.
In the following, the behavior of the red-shifted and blue-shifted mode will be related to the ratio
d/A;. The subscript ‘1’ will be omitted from now on as only the fundamental mode will be
discussed. To summarize the behavior in short: for 0 < d/A < 0.5 the red-shifted mode is dominant
and for 0.5 < d/A < 1 the blue-shifted mode is dominant in the spectra. In the special case of d/A =
0.5 both modes appear and have roughly the same intensity. d/A will be henceforth denoted as the

coupling parameter.
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Figure 4.4.12 a) Normalized energy shifts and b) normalized intensities of the red- and blue-shifted
fundamental mode as a function of d/A for different slit lengths L as given in the legend. A normalized

intensity of 0.3 roughly corresponds to the single slit.

For a comparison of the data sets of the different slit lengths, it is instructional to calculate the
energy shifts normalized with respect to the single slit energy of the fundamental mode and plot

them against the coupling parameter d/A. The results are presented in Figure 4.4.12a. With
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increasing d/A, the red-shifted mode continuously shifts to lower energy. The largest shift is
observed for the largest evaluated value of d/A. For the blue-shifted mode, however, the largest
shift is observed for the shortest distance between slits, i.e., where the blue-shifted mode first
occurs in the spectra. Upon increasing d/A, it also shifts towards lower energy and reaches the
single-slit energy asymptotically. The smallest energy split between both modes occurs for d/A =
0.5.

Figure 4.4.12b shows the normalized intensities of the red-shifted and the blue-shifted mode. The
normalization was performed with respect to the highest intensity occurring in a single data set, i.e.
the intensity of the red-shifted mode at the smallest inter-slit distance d. The intensity of the red-
shifted mode drops rapidly for increasing d/A. The blue-shifted mode on the other hand increases
in intensity for d/A > 0.4 and reaches its maximum at d/A = 0.7. Further increasing the inter-slit
distance does not alter its intensity. Both modes have similar intensity for d/A = 0.5

The simulated spectra shown in Figure 4.4.11d were performed in the time domain. The extracted
spectra are only a small portion of the overall data available after the computation. The electric
fields, E, and E, related to the excited cavity modes were also recorded. In the following, the
direction of the electron trajectory is defined to be the z-direction and the x-y plane lies parallel to
metal film. The y-direction is oriented perpendicular to the long slit direction. Figure 4.4.13 shows
the color-coded E, amplitude in double-slit systems of a length L = 960 nm as a function of time
and two inter-slit distances, namely d = 100 and 900 nm. In addition to the field in the excited slit
(containing the electron trajectory), the field in the neighbor slit was also extracted from the
simulation. The electron propagates along the positive z-direction (i.e. down to up) and reaches the
bottom side of the film at t = 0s. The excited slit with d = 100 nm (Figure 4.4.13a and c) is
discussed first. For the first few femtoseconds after the electron has passed, the field is chaotic.
However, after 15 fs, an oscillating field builds up with a period of about 7.7 fs which translates to
an energy of 0.54 eV. The fundamental cavity mode has a similar energy and the E,.field should be
therefore directly related to the cavity mode. In the neighbor slit (Figure 4.4.13c), a similar
behavior is observed although the field amplitude is slightly smaller than in the excited slit. The
cavity mode is also excited in the neighbor slit, although its phase is shifted by = as seen from the
anti-symmetric behavior of E, (“red” and “blue” E, values in Figure 4.4.13a and c). Hence, the
cavity modes in both slits are anti-symmetric for d = 100 nm.

Increasing the inter-slit distance to 900 nm significantly alters the observed behavior. The arising
E,-fields are reduced in amplitude and no clear oscillation builds up in the excited slit up to ~ 10 fs
(Figure 4.4.13b) due to the chaotic behavior after the electron has passed. For times between 20
and 30 fs, the period seems shortened with respect to the double-slit system with d = 100 nm (cf.
Figure 4.4.13c) which translates to a blue-shift. Upon approaching the 40 fs time the period

increases which corresponds to a red-shift. This hints to two excited modes.
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Figure 4.4.13 Color-coded simulated E,-field amplitude in double-slits with L = 960 nm. Left panels: d =
100 nm, right panels: d = 900 nm. Upper panels: excited slit, bottom panels: neighbor slit. The electron
trajectories are at 20 nm distance to the respective walls of the metal bar. The Au film thickness was

assumed to be 200 nm with z = + 100 corresponding to upper and lower film surfaces.

4.4.2 Discussion

The coupling of neighboring slits in a double-slit system has various aspects which will be
discussed in separate subsections. The discussion is limited to the fundamental mode ®;. Starting
point is o, inside a single slit which was shown to split up into a symmetric and anti-symmetric
mode depending on the hybridization of SPP supported by opposite slit walls (SPPs; cf. section
4.2.2). The coupling of these two modes with a neighboring slit is discussed with respect to the
intensity and spectral variation. The following section is focused on the nature of the SPP on both
film surfaces (SPPsm) that mediate the coupling between slits. Specifically, their wavelength and
their propagation characteristics and the related intensity variations are discussed. To complete this
section, the differences between probing cavity modes with STEM EELS and EFTEM are briefly

touched.
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4421 Effect of Coupling with a Neighbor Slit on the Energy and Intensity of the
Fundamental Cavity Mode

Starting with the comparison to the single slit, the influence of a neighboring slit can be analyzed.
In this subsection, the energy and intensity of w; inside a single slit always refers to the anti-
symmetric, low-energy mode of the single slit (cf. Chapter 4.2.2). It was shown in Figure 4.4.8a
that the intensity of the fundamental cavity mode is always significantly higher for the double-slit
system with d = 100 nm compared to the single slit, even at the outer wall. Therefore the existence
of a second slit at 100 nm distance to the first one still has an influence on the outer wall of the
first slit. The same is the case for d = 270 nm, although the effect is less pronounced. Nevertheless
for distances exceeding 30 nm to the outer slit wall, the intensity is higher compared to the single
slit. This is also applies when the point with minimum intensity is analyzed which occurs at 50 nm,
70 nm, and the center of the slit for d = 100 nm, d = 270 nm and the single slit. The largest spatial
displacement is observed at d = 100 nm for which the overall intensity and its enhancement near
the inner wall is strongest. The effect can be understood by the superposition of the single-slit
intensity profile with the enhancement profile of the coupling to the second slit. As the
enhancement is strongest for short inter-slit distances, the minimum intensity is shifted towards to
the outer wall.

The intensity of w; mode is not only affected by the coupling to a second slit, but there is also a
slight enhancement due to the hybridization with SPPs on the slit walls, which was reported by

Carmeli et al.**

To separate the influence of the coupling to a second slit from the hybridization-
related enhancement, the latter is removed. A simple way to do this is to subtract the intensity
profile of the single slit from the intensity profiles in the double-slit systems. As no full transversal
scan from a single slit was acquired due to the expected symmetry, the single slit profile is simply
mirrored at the slit center and the symmetric profile is then subtracted (cf. Figure 4.4.8a). The

result is presented in Figure 4.4.14.

64



COUPLING BETWEEN SLITS IN DOUBLE-SLIT SYSTEMS

— 197 «d=100nm
o e d=270 nm
= 8- d =680 nm
©
§ o '
o) .
B ]
G 4 R
8 AT
£ "t o0
ho) 24 I..l.. .0
9 o .%o
&) ° L4
S 0Je4:
o
@)

-2 T T Y T T T M 1 1

0 40 80 120 160

Position [nm]

Figure 4.4.14 Intensity profiles of the enhancement due to only the influence of a neighboring slit. The

hybridization-related enhancement was removed by subtracting a single-slit profile.

Clearly, the influence of the second slit is recognized even at the outer wall for of d = 100 nm. For
d = 270 nm however, the onset of enhancement is shifted to 30 nm distance from the outer wall.
For these two inter-slit distances, the enhancement increases almost linearly upon approaching the
inner wall. Only for the last 20 nm, it deviates from this behavior which may, however, be related
to imperfect beam positioning. Close to the inner wall, the intensity is rises sharply and even if the
beam is only shifted by 1 nm, it will have a profound effect on the observed intensity. For
d =680 nm, intensity enhancement is not observed at all. Close to the inner wall, the intensity is
even lower compared to the single slit which may indicate mode splitting already occurs at this
inter-slit distance. Figure 4.4.14 only plots the red-shifted mode and hence, if a part of the intensity
is transferred to the blue-shifted mode, a loss of intensity occurs for d = 680 nm. The double-slit
system with d = 880 nm is not included because only spectra acquired close to the walls can be
analyzed. Hence, data is not available for comparison of the intensity enhancement to the other
inter-slit distances.

Not only the intensity profiles are indicators of the coupling, the energy shifts have to be
considered as well (cf. Figure 4.4.8b). The fundamental energy of the single slit already shifts
significantly (about 50 meV) to the red in the center of the slit. For the double slits with
d =100 nm and d = 270 nm, there is a slight shift towards lower energies in the slit center slit but
less pronounced compared to the single slit. The energy at the outer wall is also already shifted by
20 meV towards lower energies. However, at d = 680 nm, differences compared to the single slit
do not occur for distances up to 90 nm from the outer wall. This indicates that the effect of
coupling on the energy reaches the outer wall only for small values of d. At d = 680 nm, the

energy reaches its lowest value of ~0.41 eV at 120 nm distance to the outer wall. At the inner wall,
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the energy of o, is shifted to the red compared to the single slit. This red-shift is more pronounced
for increasing inter-slit distances. The increasing red-shift of the fundamental mode is observable
in all analyzed data sets, both experimental and simulated. Relating these red-shifts to a common
coupling parameter to all sets, i.e. d/A, enables the comparison of the data from different double-
slit systems (cf. Figure 4.4.12a). For increasing d/A, the fundamental mode continuously shifts
towards lower energy, and its intensity nearly vanishes for d/x > 0.5. Only for the short slit lengths
of L = 535 and 645 nm it is still discernible in the spectra (not shown here, work of S. Fritz) as the
fundamental energy in these slit systems is at higher energy and therefore separated further from
the tail of the ZLP (cf. Figure 4.3.5a,b). In case of the longer slits, the increasing red-shift yields
signals at very low energy losses which cannot be evaluated anymore. However, the red-shift is
still observable for further increasing the distance between slits. In addition to the red-shift, the
fundamental mode’s intensity is decreasing rapidly for increasing d/A. This decrease in intensity
will be considered in detail in section 4.4.2.3.

A blue-shifted mode at emerges higher energies emerges for d/A > 0.2 (cf. Figure 4.4.12a). The
blue-shift decreases for increasing the coupling parameter d/A. For d/A > 0.7, the blue-shifted
mode reaches the respective single-slit energy of the data set. Intensity-wise, the second mode is
weak at first and starts to increase for d/x > 0.4 (cf. Figure 4.4.12b). The intensity of the red-
shifted and blue-shifted mode is nearly identical for d/A = 0.5. With further increase of the distance
between slits, the intensity of the blue-shifted mode approaches the single-slit intensity.

Such mode splitting is also observed for coupled harmonic oscillators® or binding atomic
orbitals.”® In these cases, two degenerate states (i.e. the two oscillators or orbitals of two atoms) lift
their degeneracy by coupling to each other. This leads to a symmetric and anti-symmetric coupled
mode. In the case of the coupled harmonic oscillators, either both oscillators are in phase or anti-
phase. The eigenfrequencies of the two modes deviate from the unperturbed frequencies of the
single oscillators. The symmetric mode has an increased frequency whereas the anti-symmetric
mode has a reduced frequency. Atomic orbitals also overlap symmetrically or anti-symmetrically
when coupled. The energy of the system is affected by this coupling and in the case of the anti-
symmetric overlap, the energy is reduced which leads to a covalent bond between the two atoms.
A symmetric overlap has increased energy and no bond forms.

The analyzed slit systems behave similarly. Without coupling between two identical slits in a
double-slit system, both slits will behave like a single slit with certain energy of the fundamental
cavity mode. This system is degenerate as the modes in both slits are identical. However, if
coupling occurs between the slits, the degeneracy is lifted due to the formation of symmetric and
anti-symmetric coupling of the cavity modes in the two slits. Looking at the simulations of the E,-

field presented in Figure 4.4.13a,c for the small metal bar width of d = 100 nm, the fields are anti-
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symmetric in the two neighboring slits. The fundamental mode in this double-slit system is also
shifted to lower energy (and frequency). For the case of d = 900 nm, the spectra in Figure 4.4.10
and Figure 4.4.11 and the graph in Figure 4.4.12a show that both modes are present
simultaneously in the double-slit system and hence two different frequencies should occur
superimposed. Figure 4.4.13b does show indeed — depending of the time frame — both higher and
lower frequencies. However, distinct frequencies cannot be determined.

Ogiit et al.®

studied double-slits in a thin Ag film and were also able to detect mode splitting in
EFTEM measurements as well as in numerical simulations for the 2" to 4™ harmonics®” (cf.
section 4.1 for experimental details). The fundamental mode energy was too low to be evaluated.
However, the blue-shift of the symmetric mode in case of the 2™ harmonic is only 4% and 20% for
the simulated and experimental data, respectively. Compared to the experimental data acquired in
this work (Figure 4.4.12), the blue-shifts observed by Ogiit et al.*® do not match at all. It is,
however, questionable if the direct comparison is reasonable because our data is derived from the
fundamental mode whereas theirs is from the 2™ harmonic.

Prangsma et al.”* have studied slits in a 200 nm thick Au film (cf. section 4.1 for experimental
details). They have investigated arrays consisting of three slits of size 100 x 260 nm for varying
inter-slit distances of 240, 300 and 350 nm. This translates to values of the coupling parameter d/A
of 0.46 to 0.67. In a single slit, the fundamental cavity mode was observed at a wavelength of
680 nm. Inside the arrays (measuring close to a wall in the central slit), the observed wavelengths
were 610, 640, and 670 nm and are thus all blue-shifted compared to the single slit. The blue-shift
steadily decreases for increasing the inter-slit distance. Following our line of argumentation, for
this range of the coupling parameter, both modes should be present although the anti-symmetric,
lower energy mode would be only weakly excited. This expectation is confirmed by the data of

Prangsma et al.”*

because they only observe the symmetric, blue-shifted mode. Even a quantitative
comparison to our data is possible as the relative blue-shifts in their experiments (10%, 6%, and
1%) for the different values of the coupling parameter are of the same order of magnitude as in our
data.

Similar mode splitting in another plasmonic system was reported by Alaverdyan et al.®” (cf. section
4.1 for experimental details). They have analyzed chains consisting of two or eight nanoholes with
a diameter ~70 nm in a 20 nm thin Au film. The inter-hole distances were varied between 30 and
390 nm. For the shortest distance they observed only one peak in the scattering spectra per
nanohole in the chain of two holes which steadily shifted to lower energy for increasing the
distance between holes. The intensity of this peak also steadily decreased and almost vanished for
the largest distances. At intermediate distances, a second mode appeared at higher energy that
increased in intensity. For the largest inter-hole distance, it reached the initial energy of the

scattering peak for short distances. The chain of eight nanoholes showed qualitatively the same
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behavior as the two-hole system although there is a slight blue-shift of ~30 nm for all spectra. This

shift may be related to the larger size of the array or slight difference in the hole diameter.

4422 Effect of Coupling on the Symmetric Fundamental Cavity Mode in a Single Slit

The observed mode splitting and its explanation only considers one mode in the two single slits
that form the double-slit system. However, according to section 4.2.1 (page 34, Figure 4.2.2b,c),
there are two modes present in a single slit that stem from the hybridization of the two walls
supporting SPPs. Therefore, in principle, both of these modes should be affected by the coupling to
a neighboring slit and hence four modes should be observed. Ogiit et al.** explained the mode
splitting in a single slit by an energy-level scheme of the interaction of the two slit walls. A similar
level scheme was proposed for a double-slit system containing four walls. They concluded that
such a system should lead to four different modes. However, their numerical simulations showed
that only the anti-symmetric mode of the single slit (for which the SPP on both slit walls oscillate
in anti-phase) hybridizes with the second slit. This is also the case for the experimental
measurements presented in this section.

The symmetric single-slit mode is weak in the measurements (Figure 4.2.2b) and the simulations
(Figure 4.4.3) and thus may be undetectable in the double-slit systems because they show a strong
enhancement of the anti-symmetric single-slit mode for small metal bar widths. However, this
enhancement decreases with increasing metal bar width and, the peak shifts towards lower energy
(cf. Figure 4.4.12). Hence, even if the symmetric single-slit mode is weak, it should emerge in the
experimental data which is not the case. The excitation of the symmetric single-slit mode could be
inherently not possible in the double-slit systems.

However, at the outer wall in double-slit systems (Figure 4.4.10a), there seems to be a small
shoulder on the high-energy side of the fundamental peak, in particular for inter-slit distances of
100 and 270 nm. In addition, the energy of the fundamental mode is not strongly affected by
varying the inter-slit distance although a slight red shift is observed for the above mentioned
distances. This small red shift could be related to the discussion concerning Figure 4.4.14 which
stated that the influence of coupling to a neighboring slit reaches the outer wall for small inter-slit
distances. Therefore it seems that the symmetric single-slit mode may be excited even in double-

slits, but not for measurements close to the inner wall.

4.4.2.3 Wavelength of the Coupling-Mediating SPPs

The hybridized cavity mode within a slit in a double-slit system is able to launch SPPs (denoted by
SPPsim) on the top and bottom faces of the film. The SPPsgq,, mediate the coupling between the
slits and are able to excite cavity modes in the neighboring slit as well (cf. simulations in Figure

4.4.13). The decrease in intensity of the cavity mode (cf. Figure 4.4.12a) is independent of the

68



COUPLING BETWEEN SLITS IN DOUBLE-SLIT SYSTEMS

particular slit length which is unexpected as the SPPsg, have to propagate a larger distance on the
metal film in the case of the longer slits. However, the cavity mode wavelength increases with the
slit length L (cf. section 2.2) and hence, the propagation distance normalized to the wavelength of
the cavity mode is identical for fixed values of d/A. Initially, the wavelength-dependent attenuation
length of the SPPs (cf. equation (2.22)) may be considered to explain these findings, although, the
attenuation length far exceeds the relevant distances in the double-slit experiments.’® *®° Therefore,
the attenuation length cannot be responsible for the observed intensity variation and must be
related to another aspect of the SPPsg,. The wavelength of SPPsgy, is determined by the
wavelength of w;. Since this wavelength is dictated by the slit length (cf. Figure 4.3.6) the
particular inter-slit distance in a specific double-slit system does not affect the coupling between
slits at all. This fact allows then to derive a common coupling behavior for double-slit systems that
only relies on the fundamental nature of the hybridization between cavity modes and SPPs. The
experimentally derived dispersion relation shown in Figure 4.3.8 is another indicator of the strong

intertwinement of cavity modes and SPPs.

4.4.2.4  Specifics of SPP-Mediated Coupling between Slits

The ability of STEM EELS to probe the coupling behavior between slits is striking. Under
monochromated conditions the electron beam current has an upper limit in the range of 1 nA. This
roughly translates to a time span of 100 ps between single electrons present in the microscope.
Hence, only one electron is in the vicinity of the specimen at any given time. A 300 keV electron
reaches a velocity of ~ 0.7 ¢ where c is the velocity of light in vacuum. It passes the 200 nm thick
film in less than 1 fs. However, the interaction range between electron and specimen is not strictly
restricted to the film thickness. According to Carmeli et al.*, the electron can probe the cavity
modes for distances up to 450 nm from the slit walls (i.e. in the center of a 4500 x 900 nm large
slit). This leads to an effective interaction range of about 1 um which is covered by the electron in
5 fs. However, considering the simulations of Figure 4.4.13a for d = 100 nm, the cavity mode does
not occur until about 10 fs have passed. For d = 900 nm (Figure 4.4.13b), the time until the cavity
mode is clearly observable is even longer (20 fs). The electron has already passed the specimen
long before the cavity mode even builds up but is still able to probe it. The electron is able to probe
the double-slit system as a whole even before inter-slit coupling has built up. The coupling
happens at an even longer time scale because for both slits to couple, first the cavity mode has be
excited in the first, followed by the launching SPPss,. These in turn will excite the cavity mode in
the next slit which itself will launch SPPsgm. This strongly suggests that SPPs propagate in both
directions between slits on the film surface to mediate coupling between slits.

The ability of the electron beam to probe the system as a whole before the coupled cavity modes

101

have built up is similar to a Fabry-Perot resonator.” The simplest Fabry-Perot resonator is a thin
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slab of matter. Upon illumination with light, the light beam will be transmitted and reflected at
each interface of the slab which leads to a myriad of beams that are multiply reflected inside the
medium. Depending on the width of the slab, the refractive index and the vacuum wavelength of
the light, distinct phase differences occur between reflected beams. If all beams are in phase, a
transmission maximum occurs due to constructive interference. These transmission maxima are
also observed for short pulses of light, e.g. when there is not sufficient time for the all the reflected
beams to build up and interfere constructively. There will be reflections at the two interfaces even
for a short pulse of light; however, the initial pulse will pass instantly through the slab of matter.
Hence, the impinging pulse of light is able to probe the transmission behavior of the slab even

though the resonant condition had no time to emerge.

4425 Implications of the Mediating-SPP propagation on the Intensity Variation

Up to this point, only coupling parameters up to d/A = 1 were discussed. Of course the behavior for
d/A > 1 cannot be deduced from the available experimental data, but a brief outlook on the
possibilities will be given. Both the intensity as well as the energy of the fundamental cavity mode
are similar to the single slit for d/A = 1 (cf. Figure 4.4.12) which indicate the lack of effective
coupling between the two slits. However, this is only the case for the fundamental cavity mode: for
example for d = 1800 nm (cf. Figure 4.4.10), the spectrum acquired at 10 nm distance to the inner
wall does show spectral differences to the single slit at energy losses > 0.7 eV. This indicates that
the two slits still interact although the effects on the fundamental mode are not present. This also
applies for d/Ax — 0 as a double-slit system with an inter-slit distance of 0 is in fact a single slit.
Although, actually, this single slit has double the width as the slits comprising the double-slit
system. However, here the limit d/A — 0 is meant to be a single slit with the correct width.

The behavior is fundamentally different for d/A =0.5: in this case, the symmetric and anti-
symmetric modes are equally excited in the double-slit system and the two energy branches in
Figure 4.4.12 are at their nearest which coincides with the strongest coupling between two
modes. % It is speculatively suggested that effective coupling of the fundamental cavity mode does
not occur for d/A = 0.5-n with an integer number n while strong coupling is observed for
d/A =0.5-2n+1). Following this line of argumentation, there should again be two modes
observable for d/A = 1.5. On the other hand, such a distance (i.e. 2.88 um for a slit length of L =
960 nm) may be too large for SPPs to reach the neighboring slit. However, depending on film
roughness, SPPs have decay lengths in the order of millimeters.'® Only further measurements can
shed light on this range of inter-slit distances and, hence, give deeper insight in the coupling
behavior.

It must be emphasized, that the strongest intensity enhancement is observed for short distances

between slits and not at d/A = 0.5 where the spectral coupling is strongest. It therefore seems that
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the intensity enhancement is not related to the coupling and hybridization of the cavity modes in
the two slits of a double-slit system. This could be related to the hybridized nature of the cavity
modes and the SPPs. The cavity modes’ intensity is strongly enhanced in the near field region
close to the metal wall and hence close to the SPPs supported by the walls.** It may be concluded
that the spectral variations shown in Figure 4.4.12a stem from the hybridization of the cavity
modes in the two slits whereas the intensity variations in Figure 4.4.12b are related to a direct
interaction of the SPPs on either wall of the metal bar. The spectral and intensity variations may
therefore be treated separately. The spectral coupling is mediated by SPPsy, propagating on the
metal film whereas the strong intensity enhancement for d/A — 0 results from direct interaction of
the SPPs supported by the inner slit walls (not the film surfaces). The latter statement is discussed
in the following.

The simulations in Figure 4.4.13 and the observed slight red-shift show that the cavity modes in
both slits are coupled anti-symmetrically for small metal bar widths. Again, the modes in question
here correspond to the anti-symmetric single-slit mode for which the SPPs on both slit walls
oscillate in anti-phase.

Figure 4.4.15 schematically shows the SPPs on the slit walls and the fundamental cavity mode
inside the slits. Figure 4.4.15a refers to the low-energy single-slit mode resulting from anti-
symmetric SPPs on the slit walls which is indicated by the positive and negative charge
accumulations on the walls. SPPs oscillating anti-symmetrically correspond to anti-symmetrical
plasma oscillations which in turn result in opposite charges on the walls when a snapshot of the
oscillating system could be taken. The cavity mode is indicated inside the slit and couples in the
double-slit system. Figure 4.4.15b shows that when the fundamental cavity mode couples anti-
symmetrically in the two slits, the charge distribution at the slit walls will be mirrored at the metal
bar. This results in SPPs on either side of the metal bar that oscillate in phase (cf. also simulations

|89

by Ogiit et al.”®). In this case, the SPPs on the inner wall in the two slits interfere constructively

and thereby are enhanced in intensity which also results in increased cavity mode intensity.
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a) b)

Figure 4.4.15 Schematic representation a) the low energy single-slit cavity mode resulting from anti-
symmetric SPP on the walls (represented by charge symbols) and b) the mode from a) in anti-symmetric

distribution in both slits leading to symmetric SPPs on both walls of the metal bar.

When spectral and intensity variations of the modes are separately considered, with the first one
depending on the coupling parameter d/, and the latter one depending on d only, the normalized
intensities in Figure 4.4.12b should differ for varying slit lengths. However, the intensity is
independent of the particular metal bar width and depends only on d/A. This could be related to the
propagation geometry of the SPPs launched near the electron beam position at L/2. Figure 4.4.16
plots the electric field strength of the SPP propagation across the bottom face of the metal bar in a
double-slit system with L = 960 nm and d = 100 nm. Three snhapshots taken at t = 3.93 fs,
t=4.97fs, and t = 5.45 fs were extracted from a simulated movie. At t = 0 fs, the electron passes
the bottom face of the metal bar at L/2 and at 10 nm distance to the wall. The SPP is launched at
the electron beam position and is propagating as a circular wave across the metal bar. The wave

propagates in the half-space next to the slit and travels across the surface to the next slit.
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Figure 4.4.16 Snapshots of the electric field strength extracted at a) t = 3.93 fs, b) t = 4.97 fs, and
c) t = 5.45 fs from a simulation movie of the SPP propagation across the bottom face of the metal bar (which
the electron passes at t = 0 fs) in a double-slit system with L = 960 nm and d = 100 nm. The slit walls are

indicated by white lines.
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Figure 4.4.17 a) Geometry of a double-slit system. The electron beam excites the cavity mode in the left slit
and launches a circular SPP at L/2 which propagates towards the right slit. Only a fraction f governed by the
angle y reaches the second slit. b) Calculated normalized intensity (solid black line) and normalized phase
factor (dashed black line) with respect to d/A compared to experimental data. Red and blue symbols

correspond to the anti-symmetric and symmetric modes. (see also Figure 4.4.12).

As shown in Figure 4.4.17a, only a fraction of the initial wave (i.e. the sector defined by the
angle y) depending on the inter-slit distance reaches the second slit. The circular wave only covers

the angle = rad because it starts at the slit wall and cannot extend into the slit. The fraction f
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reaching the second slit is f = (n - 2a)/n = 1 - 2o/ where a. is derived by trivial geometry. For the
coupling to take place, another SPP wave has to propagate back from the neighboring slit to the
initially excited slit and hence f 2 governs the intensity loss. As the SPP wavelength depends on the
slit length L, this geometric effect will be independent of the actual slit separation as the system
geometry as a whole is only scaled up with increasing L. Figure 4.4.17b plots the calculated
intensity loss due to this geometric effect along with the experimental data that was acquired in
double-slit systems. Similar to the experimental data, the calculated intensity loss is normalized to
the intensity measured for the shortest inter-slit distance corresponding to d/A = 0.038 (i.e. a metal
bar width of d = 100 nm for a slit length L = 1330 nm). The calculated intensity (solid black line in
Figure 4.4.17b) is similar to the experimental data for the anti-symmetric mode (red symbols in
Figure 4.4.17b), especially for d/A > 0.4. This is contradictory to the intensity of the symmetric
mode (blue symbols in Figure 4.4.17b) as the same geometry effect applies to this mode, too.
However, the symmetric mode only emerges for larger inter-slit distances and reaches the single
slit intensity and hence may correspond to the case where no intensity enhancement is observed
due to coupling.

Another explanation for the intensity decay with respect to d/A was reported by Walther et al.'®
Due to the propagation of the SPPs across the metal bar, the SPP reaching the neighbor slit
acquires a phase difference ¢ which is given by 2m-d/L. This phase difference results in the
interference amplitude given by 1 + e which, intensity-wise, translates to 2-(1 + cos @). In other
words, if the cavity modes present in either slit interfere constructively, their amplitude is doubled
and hence the intensity is enhanced fourfold. Figure 4.4.17b also includes the normalized phase
factor. For d/A < 0.5, the phase factor fits the experimental data of the anti-symmetric mode (red
symbols in Figure 4.4.17b) well. However, for d/A > 0.5, the phase factor results in a strong
enhancement of the intensity of ,, that is in contrast to the experimental data which only shows a
small rise in intensity as the symmetric mode reaches the single-slit intensity.

In summary, the mentioned geometry effect and the phase factor are able to fit the experimental
data of the anti-symmetric mode reasonably well although they are merely simple
phenomenological models. On the other hand, both fail to fit the slightly rising intensity of the
symmetric mode. This is another indication that the strong intensity variation for small d/A is
indeed separated from the spectral variation due to mode splitting. In the case of coupled harmonic
oscillators®, none of the two coupled modes is strongly enhanced compared to the other one.
Rather, the intensity variation of the two frequency branches is symmetric, i.e. the intensities of

both modes are equal when they are excited separately.
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Figure 4.4.18 Phenomenological model showing the suggested mode splitting with symmetric intensity
variations for the two energy branches (blue and red solid lines for symmetric and anti-symmetric modes) of
Figure 4.4.12a. The red dashed line is the superposition of the anti-symmetric mode (solid red line) with a

phase factor model. The experimental data of Figure 4.4.12a are shown with blue and red open squares.

Figure 4.4.18 shows a simple phenomenological model of the symmetric intensity variation of the
two coupled modes calculated by sine functions. The symmetric and anti-symmetric modes are
shown as blue and red solid lines. In addition, the strong enhancement of the anti-symmetric mode
is incorporated by a phase factor (cf. section above, red dashed line) that is superimposed on the
anti-symmetric branch. The experimental data from Figure 4.4.12b is represented by blue
(symmetric mode) and red (anti-symmetric mode) open squares. The phenomenological model and
the experimental data of the symmetric mode agree well for the complete range of d/A. For
d/A > 0.5, the same also holds for the anti-symmetric mode. For d/A < 0.5 the combination of the
phenomenological model and the phase factor is able to reproduce the experiment. Although
Figure 4.4.18 shows a very simple model, a combination of a strong enhancement of the AS
branch for d/x < 0.5 with a symmetric intensity distribution between the two modes for 0 < d/A <1
agrees surprisingly well with the experimental results.

The selective enhancement of only the anti-symmetrically hybridized cavity mode can be
explained by the SPPs on the slit walls on either side of the metal bar. Figure 4.4.15b suggested the
SPPs on two walls of the metal bar are interfering constructively for the anti-symmetrically
hybridized cavity mode. On the other hand, destructive interference of the SPPs on the two walls
of the metal bar results for the symmetrically hybridized cavity mode. Hence, it is speculated that
enhancement is not present in this case. However, the interaction of SPPs on the two walls of the
metal bars will be severely hampered for large distances between the two slits and therefore ceases
to affect the cavity mode intensity for d/A > 0.5. Hence, a rise in intensity for the blue-shifted

mode in this case is not contradictory to the above line of argumentation.
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4426 Probing Cavity Modes by STEM EELS and EFTEM

Positioning the beam close to either wall gives rise to a profound difference in the observed
excitations. Near the outer wall, the probed cavity modes are similar to the single slit and only
minor spectral and intensity variations are observed for increasing the inter-slit distance. Close to
the inner wall, however, the beam probes the hybridized mode that stems from coupling to the
neighboring slit. This fact poses a unique feature of STEM EELS compared to experimental
methods that do not evaluate the system with a point-like probe, i.e. EFTEM or optical methods.
EFTEM may probe all possible excitations present in a given system but is not able to relate the
observed modes to particular excitation positions. For example, Ogiit et al.* were able to show the
two modes that emerge from hybridization between two slits but it cannot be deduced from their
data which mode is generated at which excitation position. EFTEM, however, gives direct access
to the spatial distribution of the modes which is not possible with STEM EELS even if spectrum
imaging is employed. Spectrum imaging gives access to the spatial distribution of the modes
observed in the spectra but only for the particular mode that is excited at the measurement
position. With respect to the data presented in this work, this means that the spatial distribution of
the cavity modes coupled with the neighboring slit can be imaged (i.e. the line scans presented in
Figure 4.3.5) for measurements close to the metal bar. However, the spatial distribution of the
single-slit mode cannot be evaluated close to the metal bar as this mode may either not be excited
at these measurement positions or may be too weak to be observed. This is the fundamental
difference between STEM EELS and EFTEM measurements and at the same time, it directly
shows the complementarity of the two methods. This complementarity was also shown for

mapping LSP resonances in single nanoparticles.'*
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4.5 Slit Arrays

4.5.1 Experimental Results

The coupling of two closely spaced slit has a profound effect on the intensities and energies of the
cavity modes. These observations motivate the investigation of slit systems with a larger number
of slits. In the following section, arrays with 3, 4, 8, 20, and 60 slits were studied. All slit systems
were prepared with a length of L =960 nm and metal bar widths ranging from d = 100 nm to

d = 680 nm between slits.

(2]
o

Intensity [10™]

=

200 nm

Energy loss [eV]

Figure 4.5.1 a) Spectra taken in a three-slit system with L = 960 nm and d = 100 nm. Blue spectra are taken

in the central slit. b) HAADF STEM image with a white arrow indicating the measurement positions.

Figure 4.5.1 shows measurements taken inside a three-slit system with L =960 nm and
d = 100 nm. The spectra presented in Figure 4.5.1a were taken at L/2, beginning at the outer wall.
The black spectra are from the first slit, whereas the blue ones were acquired in the central slit of
the array. The line along which the spectra were acquired is marked in the HAADF STEM image
Figure 4.5.1b by a white arrow. Only half the array was analyzed as symmetric behavior with
respect to the beam position inside the array is expected. The intensity of the fundamental mode is
low at the outer wall and increases when the inner wall of the first slit is approached. Inside the
second slit, the fundamental intensity decreases slightly towards the slit center. However, it is still
high compared to the spectrum taken in the center of the first slit.

To evaluate the behavior of w; in the three-slit system with improved accuracy, intensity and
energy profiles were extracted similar to the other investigated slit structures. The profiles are
shown in Figure 4.5.2. Grey dashed lines indicate the positions of the metal bars between the two
slits. The integrated intensity (Figure 4.5.2a) is small near the outer wall and decreases only

slightly for distances up to 60 nm. From then on, the intensity is enhanced strongly towards the
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inner wall of the first slit. Inside the second slit, the intensity drops with increasing the distance to
the slit wall. However, the intensity reduction is smaller compared to the first slit.

The energy profile presented in Figure 4.5.2b is rather noisy but a red-shift of the fundamental
mode from 0.5 to ~ 0.475 eV is observed for distances up to 60 nm from outer the wall followed
by a shift towards higher energy (0.495 eV) at the inner wall. Inside the second slit, a slight red-
shift from 0.495 eV to 0.485 eV is observed.
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Figure 4.5.2 a) Intensity (area) and b) energy profiles of the fundamental mode as a function of the distance
to the outer wall of slit 1 in the three-slit system shown in Figure 4.5.1. The grey dashed lines indicate the

position of the metal bar separating the two slits.

Analogous measurements were carried out in a four-slit array and are presented in Figure 4.5.3.
Only two slits of the four-slit array were scanned and the spectra are shown in Figure 4.5.3a. The
outer slit’s spectra are shown in black and those taken inside the inner slit in blue. The spectra
were taken at L/2 along the line which is marked by an arrow in Figure 4.5.3b. The dependence of
the intensity of the fundamental mode resembles that of the three-slit system: it is low at the outer
wall and increases towards the inner wall of slit 1. In the second slit, the intensity decreases at the
center, and rises towards the walls. The maximum intensity in the first slit is lower compared to
the maximum inside the second slit.
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Figure 4.5.3 a) Spectra acquired inside the first two slits of a four-slit array with L = 960 nm and
d = 100 nm. Measurements in the first and second slit are shown in black and blue. b) HAADF STEM image

of the four-slit array with a white arrow indicating the line along which the spectra were acquired.

A clearer picture of the behavior of the fundamental mode can be gained from the extracted
profiles of the integrated intensity and energy shown in Figure 4.5.4. The fundamental mode
intensity (Figure 4.5.4a) is low at the outer wall and is slightly reduced for distances between 20
and 70 nm (expect an outlier at 40 nm). Further increasing the distance from the outer wall gives
rise to an enhancement of the intensity. At the outer wall of the second slit, the intensity is higher
compared to the maximum intensity inside the first slit. There is an intensity minimum close to the
slit center. The intensity strongly rises towards the inner wall of slit 2 and exceeds the intensity
obtained close to the outer wall. Also, the minimum in intensity is not at the slit center; but it is
slightly shifted towards the outer wall.

The energy of o, is red-shifted from 0.52 eV to 0.49 eV in the center of the slit. Near the inner
wall of the first slit, is rises again to 0.5 eV. Inside the second slit, there is a slight red-shift from
0.5eV1t00.48eV.
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Figure 4.5.4 a) Intensity and b) energy profiles as a function of the distance to the outer wall of slit 1
extracted from the measurements inside a four-slit array. The grey dashed lines mark the metal bars

separating the two slits.
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Figure 4.5.5 HAADF STEM images of arrays consisting of a) 8, b) 20, and c) 60 slits with L = 960 nm and
d =100 nm.

For the larger arrays consisting of 8, 20, and 60 slits, individual spectra will not be shown. Only
the extracted intensity and energy profiles will be presented. Figure 4.5.5 shows HAADF STEM
images of the three large arrays. The corresponding experimental data is presented in Figure 4.5.6.
The eight-slit array was measured completely across all slits and the intensity and energy profiles
are presented in Figure 4.5.6a,b. Only half of the twenty-slit array was analyzed (Figure 4.5.6c,d)
and only selected slits inside the largest array consisting of sixty slits (Figure 4.5.6e,f).

Inside the eight-slit array, the intensity profile resemble that of the smaller arrays. Generally, the

intensity in the inner slits shows a ‘U’-shaped profile. To discuss the intensity differences in those
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slits, the minimum of the ‘U’-shaped profile is used and is referred to as the central intensity. The
central intensity steadily increases in slits one to three and reaches a maximum inside slit 3. In slit
4, the central intensity is slightly reduced and is similar to the second slit. The behavior of slits five
to eight appears to be symmetric with respect to the first half of the array. However, the intensity
near the outer wall in slit eight is higher than the intensity at the respective wall inside the first slit.
This is most likely an effect of a slight deviation of the beam distance to the slit wall, which will
result in significant intensity differences due to the steep slope of enhancement in the near-field
region. To circumvent this effect, the central intensity is used to evaluate the behavior inside the

slit array.
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Figure 4.5.6 a), ¢), ) Intensity and b), d), f) energy profiles of the fundamental mode as a function of the slit
number inside slit arrays consisting eight (a,b), twenty (c,d), and sixty (e,f) slits with L = 960 nm and
d =100 nm. Only half of the array and selected slits were analyzed inside the twenty and sixty-slit arrays.

Grey dashed lines indicate the metal bars.

The energy of o, is 0.52 eV or 0.54 eV close to the outer walls. The value of 0.54 eV inside the slit
number eight may also be related to imperfect beam positioning. The energy drops in the center of
the first slit and rises again near the inner wall inside the two outer slits. Inside the array, the
energy is varying between 0.49 and 0.48 eV. However, the experimental energy resolution is 0.01
eV at best and therefore this observation is not significant.
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The intensity profile in the twenty-slit array presented in Figure 4.5.6¢ has a course similar to the
first slits inside the other arrays. In the inner slits of the array, the central intensity does not alter at
all. The intensity is always slightly higher near the right wall inside each slit, which is probably
caused by specimen drift towards the left during the measurement series. The beam may have been
positioned at a smaller distance to the wall then on the left side. Inside the first slit, the energy is
slightly higher compared to the rest of the array with a mean value of about 0.49 eV. In slits 2 to
10, the energy ranges from 0.47 to 0.48 eV with a few outliers at 0.46 eV. The energy is always
slightly higher near the wall than in the slit center. However, it should be noted that the slit width
in the twenty-slit array is only 145 nm and therefore significantly lower compared to the other
arrays with slit widths of 180 nm.

In the sixty-slit array, the intensity profile in the first slit is again similar to the other arrays
although the intensity at the outer wall is significantly lower. Slits two to four show the same
central intensity. Inside slit number 10, the central intensity is reduced and remains at this level up
to slit 29 although this is only suggested because measurements were not performed in slits 11-19
and 21-26. A slight intensity increase is observed for slit number 30. The energy profile is similar
to the smaller arrays with a significant red-shift inside the first slit. Inside the array, the energy is
also always slightly lower in the center of the slit. However, in contrast to the smaller arrays, the
lowest observed energy has dropped to 0.44 eV.
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Figure 4.5.7 a) Intensity and b) energy profiles inside the first slit of various arrays with L = 960 nm and

d = 100 nm. For presentation purposes, the energy profiles are shifted by 0.05 eV with respect to each other.

To compare the slit arrays, the intensity and energy profiles of the first slit are summarized in
Figure 4.5.7. A single slit is also included. The basic intensity variation observable in Figure 4.5.7a
for the various arrays is similar: The intensity is low at the outer wall and decreases for distances
of about 50 nm to the wall, followed by an enhancement close to the inner wall. There are,

however, small variations depending on the exact array size. The intensity at the outer wall is
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highest for a double slit and decreases with the number of slits in an array. All intensities are
normalized to the ZLP. In the largest array consisting of sixty slits, the intensity is even lower than
the one inside the single slit. Close to the inner wall, the intensity variations are different than at
the outer wall. In descending order, the intensity is distributed as follows: 3 slits, 8 slits, 60 slits, 4
slits, 2 slits and 20 slits. This suggests that the intensity at the inner wall of slit 1 is not directly
correlated with the array size. Table 4.5.1 summarizes the obtained intensity values. The intensity
minimum in slit 1 was also extracted. It does not drop as low as in the single slit in any of the

arrays. With the exception of the sixty-slit array, all intensity minima of the arrays are comparable.

Outer wall Minimum Inner wall

Single slit 2.06 - 10 0.11-10* 2.06 - 10
2 slits 3.83-10* 2.17 - 10 8.48 - 10™

3 slits 3.30- 10" 2.20 - 10™ 11.80- 10

4 slits 2.73-10™ 1.96 - 10 8.65-10™

8 slits 2.52-10" 1.75- 10 9.69 - 10™

20 slits 2.27-10" 1.99 - 10 8.39- 10"
60 slits 1.47 - 10 0.88 - 10™ 9.12-10™

Table 4.5.1 Intensity of the fundamental cavity mode inside the first slit in arrays with L = 960 nm and

d = 100 nm. The assumed error in intensity is 0.5 - 10

The energy profiles shown in Figure 4.5.7b are shifted by 0.05 eV with respect to each other to
improve clarity. In the single slit, the energy is reduced in the center of the slit. For arrays
consisting of 2 to 4 slits the energy profiles appear almost constant although there is still a small
red-shift near the center of the slit. This is also the case for 8 and 20 slits but there, the minimum in
energy is slightly shifted towards the outer wall. Inside the first slit of the sixty-slit array, the
energy decreases for distances up to 70 nm and then remains at this level towards the inner wall.
The exact energies at both walls and the minimum in energy inside the first slits are presented in
Table 4.5.2. The energy near the outer wall is identical to the single slit or slightly reduced. At the
inner wall, the fundamental cavity mode energy is red-shifted with respect to the outer wall (and
the single slit) with the exception of the twenty-slit array. The energy differences between the
outer and inner walls are small and, with respect to the energy error of 0.01 eV, maybe
insignificant. The minimum energy in the arrays decreases slightly with the array size in

comparison to the single-slit value.
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Outer wall Minimum Inner wall

Single slit 0.52 eV 0.45eV 0.52 eV
2 slits 0.51eV 0.48 eV 0.50 eV

3 slits 0.50 eV 0.48 eV 0.49 eV

4 slits 0.52 eV 0.48 eV 0.50 eV

8 slits 0.52 eV 0.48 eV 0.51eV

20 slits 0.48 eV 0.47 eV 0.49 eV
60 slits 0.52 eV 0.46 eV 0.48 eV

Table 4.5.2 Energy of the fundamental cavity mode inside the first slit in arrays with L = 960 nm and

d =100 nm. The error in energy is 0.01 eV for all measurements.
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Figure 4.5.8 a) Intensity and b) energy of the fundamental mode measured at the center of the individual
slits. Assumed errors: a) intensity 0.5 - 10™ and b) energy 0.01 eV.

Figure 4.5.8 shows the intensity and energy of the fundamental mode measured at the center of
each slit. Here, the full half of the sixty-slit array was analyzed and is included. It should also be
noted that the whole array was only measured in the case of eight slits. The single slit shows the
lowest intensity in the center. Regarding the arrays, the sixty-slit system has low intensity in the
first slit whereas the highest intensity is observed for the three-slit system. The remaining arrays
have similar intensity inside the first slit. The eight-slit array shows the highest intensity in this
data set in the third slit. Inside slits 4 and 5 of the same array, the intensity shows a small dip and
increases again in the 6™ slit. Towards the other end of the array, the intensity drops to the level of
slit 1. The overall intensity profile is symmetric. The twenty-slit array does not show significant
intensity variation inside the array apart from the initial enhancement in the first slit. The largest
array shows high intensity for slits 3 and 4. For the rest of the array, the intensity distribution is

quite noisy. However, when the center of the array is approached, the fundamental seems to rise
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slightly in intensity. Figure 4.5.8b plots the energy variation across the slit arrays. Common to all
slit arrays with more than 4 slits is the red-shift in the first 3-4 slits of the array. In the central slits
of the arrays, the energy does not change significantly. However, the red-shift increases with the
array size.
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Figure 4.5.9 a) Intensity and b) energy profiles in the first two slits (if applicable) of arrays with up to four
slits and an inter-slit distance of d = 270 nm. The grey dashed line indicates the metal bar.

Three- and four-slit arrays were also prepared with larger inter-slit distances of d =270 nm and
d =680 nm. The intensities and energies of the fundamental mode for d = 270 nm are shown in
Figure 4.5.9, including the single slit and a double-slit system with the same inter-slit distance.
Except for the green curve (3-slit array), all data sets have similar intensity close to the outer wall.
Close to the inner wall, an enhancement is observed for all arrays and the highest intensity occurs
for the double-slit system. The 3-slit and 4-slit arrays have similar intensity in slit 2 and show a
decrease in intensity close to the slit center. Close to the second (central) metal bar of the four-slit
array, the intensity increases even further and reaches a higher value than in the vicinity of the first

bar. The extracted intensity values inside the first slit are summarized in Table 4.5.3.

Outer wall Minimum Inner wall

Single slit 2.06-10* 0.11-10* 2.06-10*
2 slits 1.94 - 10* 1.03-10* 6.37 - 10™

3 slits 4.60-10™ 1.60 - 10 4.82-10*

4 slits 1.93-10* 0.76 - 10™ 4.07-10*

Table 4.5.3 Intensity of the fundamental cavity mode inside the first slit in arrays with L = 960 nm and
d =270 nm. Error: 0.5 - 10

Common for all data sets is the red-shift of the fundamental mode for increasing distances to the

outer wall (Figure 4.5.9b). This red-shift is less pronounced for arrays consisting of 2 and 4 slits
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whereas it is identical for the single slit and the 3-slit array. Upon approaching the inner wall, a
slight rise in intensity is observed for the arrays although the final energy remains significantly
lower than the single slit energy. Inside the second slit, a red-shift is observed near the center of

the slit and the minimum in energy is similar to the first slit.
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Figure 4.5.10 a) Intensity and b) energy profiles in the first two slits (if applicable) of arrays with up to four
slits and d = 680 nm. The grey dashed line indicates the metal bar.

Figure 4.5.10 shows the data for the inter-slit distance d = 680 nm and arrays consisting of 1-4
slits. The intensity in the first slit shows a U-shaped profile with a higher intensity for the four-slit
array at the outer wall compared to the other arrays. However, there are striking differences
directly at the inner wall compared to all previous slit systems because the intensity is not
enhanced at the inner wall. This is even more clearly visualized by the extracted intensity values
inside the first slit which are given in Table 4.5.4.

Outer wall Minimum Inner wall

Single slit 2.06-10™ 0.11-10" 2.06- 10"
2 slits 2.08-10* 0.10-10™ 1.40 - 10™

3 slits 2.01-10" 0.14-10* 0.52-10™

4 slits 3.14 - 10" 0.68 - 10" 1.97 - 10*

Table 4.5.4 Intensity of the fundamental cavity mode inside the first slit in arrays with L = 960 nm and
d = 680 nm. Error: 0.5 - 10,

In the second slit, the intensity of the three-slit array is almost unchanged and remains at a very
low level while the four-slit array it shows a slight intensity dip near the slit center.

The energy profiles in Figure 4.5.10b are in general noisy due to the low intensity of the
fundamental mode. However, the following trend can be recognized: All arrays and the single slit

have similar fundamental energies close to the outer wall. A red-shift occurs towards the slit
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center, which it appears to be slightly displaced towards the inner wall for the arrays with multiple
slits. The energy rises again towards the metal bar, although it remains significantly lower in
comparison to the single slit. Inside the second slit, the fundamental is shifting to lower energy and
is comparable to the minimum in energy inside the first slit.

In addition to the comparison of arrays with varying slit number and identical inter-slit distance, it
is instructional to compare arrays with the same slit number and different inter-slit distances. The
integrated intensity profiles extracted from arrays consisting of three slits with varying d are shown
in Figure 4.5.11a. Qualitatively, the behavior is similar for the three data sets for increasing
distances from the outer wall. Only the intensity at the outer wall is different. The red curve
(d = 270 nm) has higher intensity compared to the black curve (d = 100 nm). The overall intensity
for the green curve (d = 680) is even lower. However, there are more differences close to the inner
wall: in contrast to all other slit arrays the intensity for d = 680 nm stays at a low level. Inside the
second slit, the intensity profiles are almost mirrored compared to their counterparts in the first slit.
Only for the shortest inter-slit distance, the intensity is not decreased to the level of the first slit.
The energy shifts presented in Figure 4.5.11b are quite noisy for the two larger inter-slit distances.
However, the following trends can be observed: the energy is red-shifted in the center of the slits
and this red-shift increases with increasing inter-slit distance. Moreover, the energy minimum in
the first slit shifts. For the intermediate slit distance, it is close to the slit center. It is shifted
slightly towards the outer (inner) wall for the small (large) inter-slit distance. The energy profiles

inside the second slit appear to be mirrored with respect to the metal bar between the slits.
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Figure 4.5.11 a) Intensity and b) energy profiles of the fundamental mode in arrays consisting of three slits
with varying inter slit distance as a function of the distance to the outer wall. The grey dashed line indicates

the metal bar position.
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Analogous graphs for the four-slit arrays are shown in Figure 4.5.12. Here the intensity at the outer
wall is smallest for the intermediate slit distance whereas the other two data sets have similar
intensity. Increasing the distance from the outer wall leads to a dip in intensity until enhancement
is observed near the inner wall. The enhancement is strongest for the smallest inter-slit distance.
Inside the second slit, all intensities drop towards the slit center and are enhanced again near the
second metal bar. The energy of the fundamental mode shown in Figure 4.5.12b shows the basic
behavior of all arrays, i.e., a red-shift towards the center of the first slit and a slight increase close
the inner wall of the first slit. The red-shift is increased for larger inter-slit distances. In the second

slit, similar behavior is observed but with a more pronounced red-shift compared to the first slit.
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Figure 4.5.12 a) Intensity and b) energy profiles of the fundamental mode in arrays consisting of four slits
with varying inter slit distance. The grey dashed line indicates the metal bar position.

4.5.2 Discussion

The basic behavior of the fundamental cavity mode intensity and energy shows the same pattern in
all slit arrays. Inside the first slit, the intensity starts at a low level at the outer wall, decreases with
increasing distance to the outer wall and rises again towards the inner wall. As far as the energy
profile is concerned, a decrease in energy occurs towards the center of the array and a slight rise
upon approaching the inner wall but not as high as on the outer wall. The detailed modulation of
the intensity profile depends on the parameters of the array.

Figure 4.5.7a shows the intensity profiles inside the first slit of arrays with varying slit number and
a fixed inter-slit distance of 100 nm. The basic behavior described above is directly observable.
For a better understanding of the differences between the single slit and the arrays, the single slit

intensity profile was subtracted and the results are shown in Figure 4.5.13a.

89



NANOSTRUCTURED SLITS IN A AU FILM

a) - 2 slits b) - 1 slit
109 . 3slits 5 + 2slits
. - » .
£ o] Tsis 5 ssite
5 8- IS .
= | -20sits : S 44 > . < 8slits
T 6 < 60 slits t b > <, «20slits
o " : g 37 . > 60 slits
\‘?/ ] . 4: g > $ M
2 41 R S 21 P
2 :‘ ¢ * % e vy 7 ¥ . *
r'y v 'Y
g 2], 1. 41"t E1tugigtirleet e
= ] . " . i T L . .
RN .
- > - T g T g T g T d -1 g T g T g T g T d
0 40 80 120 160 0 40 80 120 160
Position [nm] Position [nm]

Figure 4.5.13 a) Intensity of the fundamental cavity mode corrected by subtracting the intensity obtained
within a single slit as a function of the distance to the outer slit wall. b) Enhancement factor of the intensity
calculated by normalizing the intensity profile to the intensity at the outer wall. All data sets refer to slit

systems with d = 100 nm.

The intensity at the outer wall is directly related to the number of slits, i.e. it decreases with the slit
number. For an array of sixty slits, the intensity is even reduced compared to the single slit
indicating that the slit number affects the intensity even at the outer wall. This is unexpected as the
coupling between slits is mediated by SPPs travelling across the metal bars connecting the slits.*®
Therefore the outer wall is expected to show a similar intensity as in the single slit. Hence, the
clear effect of the slit number in an array on the outer wall intensity suggests a coupling
component across the slits themselves. A hint to such a coupling component was also observed for
varying the inter-slit distances (cf. Figure 4.4.10a) as the energy position of the fundamental was
slightly shifted to lower energy compared to the single slit. Energy variations at the outer wall are
also observed in arrays with varying slit number. Two- and three-slit arrays show a significantly
reduced energy, whereas the other arrays have an energy only very slightly lower compared to the
single slit. There is no clear correlation of the slit number with the resulting energy at the outer
wall.

Across the first slit, a steady, almost linear intensity enhancement is observed for all array sizes
(Figure 4.5.13a). However the number of slits inside an array is no longer directly related to the
resulting intensity. At the inner wall, the three-slit system shows a significantly higher intensity
compared to all other array sizes. But in relation to the general intensity enhancement, the effect of
the exact number of slits is small. Therefore, next-neighbor coupling across the first metal bar of
the array seems to be the main mechanism of enhancement. The data can also be compared to each
other differently as show in Figure 4.5.13b: here, the intensity profile within each data set was

normalized to its intensity close to the outer wall. In this presentation, the intensity enhancement is
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related to the number of slits within an array. The single slit shows no enhancement at all between
both slit walls, as expected from the symmetric profile. For the slit arrays, the enhancement factor
between the inner and outer wall of the first slit increases from 2.2 up to 5 for the sixty-slit array.
However this dependence on the number of slits may also be only related to the fact that
normalization was performed with respect to the intensity near the outer wall, where the intensity
is directly related to the number of slits. In that way, Figure 4.5.13a shows the basic enhancement
due to next-neighbor coupling whereas Figure 4.5.13b shows the effects of the slit number in a
more pronounced way.

Within the second and following slits inside an array, the slit intensity profiles are “U”-shaped
with intensity differences at the walls of the individual slits (cf. Figure 4.5.6a,c,e). However, these
intensity differences observed at the walls seem to be related to the experimental conditions.
Particularly in the arrays consisting of twenty and sixty slits, the intensity at the right wall inside
slits is higher than on the left wall. This is attributed to the steep slope of the intensity profile close
to the walls (due to near-field hybridization with SPP'*), where small deviations in the beam
position may lead to such intensity differences. Due to the systematic intensity variation, drift may
be identified as the reason. If, during measurement, the specimen slowly drifts towards the left
(with respect to the array direction), the measurements on the right slit wall will have a reduced
distance to the wall compared to the left wall, even if the beam position was at identical distance
on both walls. This explanation is confirmed by the eight-slit array (Figure 4.5.6a) as the intensity
differences only occur in slits 2 and 3 whereas slits 6 and 7 do not show them. If they were related
to a physical effect in the arrays, the intensity differences should be symmetric with respect to the
array center. Another possibility could be the exact shape of the milled slit. As described in
section 3.5.2, the focused ion beam is scanned across the slits in a distinctive manner, e.g. left to
right and up to down. Ideally, this should not result in a different milling result, however it cannot
be excluded. Local changes in the texture of the Au film can also result in differences of the
measured intensities. However, due to the systematic variation observed in the twenty- and sixty-
slit arrays, this explanation seems very unlikely.

To evaluate the intensity of the fundamental mode in the individual slits within an array without
strong effects of drift and beam positioning, the intensity at the center of the slit (i.e. the center of
the “U” shape) is used as the point of reference as shown in Figure 4.5.8a. Focusing briefly on the
second slit within the arrays, the highest intensity is observed for the three-slit system, the four-
and eight-slit systems follow with a slightly reduced intensity. The two large arrays have
significantly lower intensity. A possible explanation for the high intensity in the three-slit array
could be related to edge effects of the arrays and is given in the following. Looking at the eight slit
array, the intensity profile across the whole array shows a rise in intensity inside the first three slits

and a dip in intensity in the array center. A similar build-up in intensity is observed for the sixty-
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slit array over the first five slits: The intensity reaches its highest point in slits three and four,
followed by a dip in the fifth slit indicating that the edge effect spreads over the first five slits of an
array. If the slit array consists of less than ten slits (keeping both edges in mind), the initial
intensity build-ups on both edges of the array are superimposed. In the eight-slit array, this
superimposition is still “resolvable” and a dip in intensity in the center of the array is observed.
However, the superposition leads to an increase in intensity across the whole array. Similar edge
effects were predicted by Fernandez-Dominguez et al.'® In their simulations, the per-slit
transmittance in arrays of various sizes was calculated and they found edge effects across the first
~ twenty slits for arrays consisting of 100 to 300 slits. An array size of fifty slits has shown the
expected enhancement when the edge effects on both array ends overlap. However, these
simulations cannot be directly compared to our experiments because we evaluate a different
guantity, namely the intensity of the fundamental cavity mode. It may be related to the per-slit
transmission, but not necessarily. Nevertheless it confirms that edge effects may affect the
experimental results in such nanostructures to a certain degree.

In the three-slit array on the other hand, the intensity build-up on both edges of the array overlap in
such a manner, that the intensity inside the central slit is strongly enhanced. But the array is too
small for the full extent of this edge-related intensity build-up. Similar enhancement effects in
arrays of nanoholes in a Au-film were reported by Alaverdyan et al.®” They have observed a steady
build-up in scattering intensity per hole with increasing hole numbers from 1 to 3. In larger arrays
consisting of 5 and 18 holes, a slight intensity drop compared to the three-hole array is observed.
This could also be related to some sort of edge effect. In addition to this edge-effect, another

approach to explain these intensity differences is considered in the following.

d =100 nm d =270 nm d =680 nm
Single slit 180 nm 180 nm 180 nm
2 slits 460 nm 630 nm 1040 nm
3 slits 740 nm 1080 nm 1900 nm
4 slits 1020 nm 1530 nm 2760 nm
8 slits 2140 nm 3330 nm 6200 nm

Table 4.5.5 Lengths of the complete arrays consisting of varying number of slits and varying inter-slit

distance.

Table 4.5.5 shows the complete lengths of various arrays with different inter-slit distances.
Interestingly, the length of the four- and eight-slit arrays with an inter-slit distance of 100 nm are
in the same order of magnitude as the half and full wavelength of the fundamental mode. In section
4.4, the ratio of the inter-slit distance and the fundamental wavelength was identified as the main

factor responsible for the observed mode splitting. Therefore, the possibility exists that there are
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effects on the fundamental mode if the array length is related to the wavelength of ;. It is also
worth noting that the calculated array lengths seem to better fit the measured, elongated
wavelengths (the fundamental wavelength should be elongated by 10 to 15%, see section 4.3) than
the nominal fundamental wavelength of A; = 2L = 1920 nm.

In the case of the eight-slit array, the length of the array is almost identical to the expected
elongated wavelength of the fundamental and coincidentally shows the highest intensity measured
for any array (cf. Figure 4.5.8a). The overall length of the four-slit array on the other hand
corresponds to A;/2 and exhibits slightly smaller intensities than what would be expected from the
influence of the edge effects. Moreover, in the case of the sixty-slit array, there may be intensity
variations inside the array with a period of about 7-8 slits which is similar to the fundamental
wavelength. The array sizes with different inter-slit distances are also included in Table 4.5.5. The
interesting case is the three-slit array with d =270 nm as its size corresponds to ~ A,/2. Figure
4.5.9 shows that this array behaves differently compared to expected general behavior inside the
first slit. The fundamental is much more pronounced at the outer wall compared to the single slit
and the other arrays. However, close to the inner wall, its intensity is in the same range as for the
other arrays. But the effect of the array size for d = 100 nm was observed for the intensity within
the array and not close to the outer wall. Therefore, the high intensity at the outer wall could but
does not have to be related to the array size. Another point to consider is the different coupling due
to the larger distance between slits. According to section 4.4, a decrease in intensity is observed
which may also affect the results within an array of slits. This effect is much more pronounced for
the arrays with the largest inter-slit distances which do not show any enhancement for the
fundamental mode. However, as seen in Figure 4.5.10, there are still effects. In the case of four
slits, the intensity is significantly higher close to the outer wall as for the other arrays which show
intensity similar to the single slit. At the inner wall on the other hand, the intensity inside the four
slit array is similar to the single slit, whereas the other two arrays show a diminished intensity. In
the case of three slits, there is almost no intensity variation for the right half of the array; rather it
stays as low as in the center of the first slit. Also inside the second slit, the intensity remains as
low. According to Table 4.5.5, the size of the three-slit array with d = 680 nm is 1900 nm which is
close to A;. In summary, the effect of the array size does not seem to be consistent for different
inter-slit distances. For d = 100 nm, there seems to be some kind of enhancement or decrease if the
array size is close to A, or A4/2. For d = 270 nm, enhancement (at the outer wall) is observed if the
array size is ~A,/2. However for d = 680 nm, a decrease in intensity is observed for an array size
similar to A4/2.

In conclusion, if there are effects related of the ratio of the overall array size and A4, they are not

consistent for the different inter-slit distances. As already stated above, this may be related to the
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different coupling related to d/A;. The further analysis of this effect is also limited by the limited
array sizes in the case of the larger inter-slit distances.

The energy of the fundamental cavity mode is also affected by the parameters of the arrays. Before
going into detail, the basic behavior of the energy profile will be discussed. According to Table
4.5.2, inside a single slit, the energy close to the wall is 0.52 eV and experiences a red-shift to
0.45 eV in the slit center. In arrays with an inter-slit distance of d = 100 nm, the basic behavior
with a red-shift towards the center of the slit is still observed although the red-shift is much less
pronounced. This also stems from a lower energy at the outer wall (at least for arrays of consisting
of two, three, and twenty slits). The energy slightly rises towards the inner wall but always remains
at a value lower than at the outer wall. Inside the second slit (cf. Figure 4.5.2, Figure 4.5.4, and
Figure 4.5.6), the energy close to both walls is identical to the energy at the inner wall in the first
slit. The energy is red-shifted towards the slit center and increases again towards the second metal
bar. The behavior in the following slits in larger arrays is similar, although the energy level may
change slightly. To evaluate these energy shifts within arrays, the energy at the center of the
individual slits is taken as an indicator. According to Figure 4.5.8b, the energy shifts continuously
towards lower values in the first 3-4 slits of the larger arrays. This is the same scale as for the
intensity build-up due to the aforementioned edge effects and may therefore be related to such an
effect. After this initial red-shift, the energy does not change significantly inside the array. There
are shifts of 0.01 eV visible but these are related to the crude data sampling and the error margin of
the energy measurement. In contrast to the first slits, inside the larger arrays, the exact peak
positions were not determined by fitting a Gaussian to the fundamental peak; rather they were
directly measured in the data. Figure 4.5.8 also shows an increasing red-shift of the energy inside
the larger arrays for increasing array sizes. To assess this effect, the lowest energy obtained in a

given data set for an array was determined and is shown in Table 4.5.6.

Table 4.5.6 Lowest energy of the fundamental cavity mode measured in arrays of different sizes and inter-

d =100 nm d =270 nm d =680 nm

Single slit 0.45eV 0.45eV 0.45eV

2 slits 0.48 eV 0.46 eV 0.40 eV

3 slits 0.48 eV 0.44 eV 0.40 eV

4 slits 0.48 eV 0.44 eV 0.39 eV
8 slits 0.48 eV - -
20 slits 0.46 eV - -
60 slits 0.44 eV - -

slit distances. Error: 0.01 eV.
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The slit arrays with fewer than twenty slits all show a similar minimum energy that is higher than
inside a single slit. For the larger arrays, however, the energy minimum is further red-shifted and
inside the sixty-slit array, the energy is even slightly smaller than for the single slit. The effect of
an increasing red-shift of the minimum energy with increasing array size also holds for arrays with
larger inter-slit distances. The general shift towards lower energy with increasing inter-slit distance

is linked to the different coupling behavior between slits as already discussed in section 4.4.
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5 Summary and Outlook

In this work, the hybridization of surface plasmon polaritons (SPPs) and resonant cavity modes in
artificial nanostructures were studied by scanning transmission electron microscopy (STEM) in
conjunction with electron energy loss spectroscopy (EELS). The investigated nanostructures are
rectangular slits in a 200 nm thin Au film. The slits with a standard size of 180 x 960 nm were
milled in the metal film by a focused Ga*-ion beam system. Single slits and multiple-slit systems
were analyzed. The effects of varying the slit length, the inter-slit distance and the slit number
were studied systematically. The highly focused electron beam in the transmission electron
microscope excites SPPs at the slit walls which hybridize with cavity modes that are dictated by
the long slit direction. The fundamental cavity modes have low energies < 1 eV and low intensity.
The investigation of cavity-mode-related signals in EELS spectra is challenging due to their close
proximity to the intense tail of the zero-loss peak. Hence, sophisticated experimental and data
processing methods have to be employed to allow the precise evaluation of the low-energy signals.
The so-called ‘binned gain-averaging’ acquisition method is highly beneficial for the data quality
by increasing the signal-to-noise ratio significantly and slightly improving the experimental energy
resolution. This is accomplished by shifting the spectrum’s position on the CCD camera in the
spectrometer deliberately which reduces the noise attributed to gain variation with high efficiency.
After the correction of the applied energy shifts and summation by self-written scripts, the
experimental data is spectrally sharpened by applying the Richardson-Lucy (RL) algorithm
adapted to EELS data. The RL algorithm deconvolutes the point-spread function of the employed
spectrometer and thereby increases the energy resolution significantly. Using these techniques, the
energy resolution of 0.07 eV was achieved in this work. The experimental results are
complemented by numerical simulations based on the Discontinous Galerkin Time Domain
method adapted to EELS spectra.

In a single slit, the electric field of the electron beam positioned in the slit excites SPPs on the slit
walls which excite cavity modes. The observed fundamental cavity mode is enhanced in the near-
field region close to the slit walls which shows the hybridization with the evanescent field
associated with the SPPs supported on the slits walls. The intensity distributions of the excited
higher order modes (up to n = 3) show Fabry-Perot-like behavior.

In a double-slit system, the single slit mode couples with the neighboring slit by SPPs propagating
on the metal bar which separates the two slits. For small metal bar widths d, the coupling results in
a strong enhancement and slight red-shift of the cavity modes close to inner slit wall. At the outer
wall, however, the cavity modes are not affected by the neighboring slit and behave similar to the
cavity modes in a single slit. The strong coupling facilitates data processing and the experimental

results have higher accuracy in double- and multiple-slit systems. Double-slit systems with small
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metal bar width d and varying slit length L show an increasing red-shift for increasing L. The
energy of the fundamental cavity mode is directly proportional to 1/L. The red-shift of the
fundamental cavity mode energy leads to a smaller spectral separation of the higher harmonics
and, hence, higher mode orders up to n = 11 can be excited. The wavelength of the cavity modes
can be derived from the spatial variation of the energy-loss intensity of the higher harmonics and,
combined with the measured energies, the dispersion relation of the hybridized cavity modes was
derived. The measured dispersion relation is similar to the expected SPP dispersion relation and
confirms the hybridization of cavity modes and SPPs.

To study the coupling behavior in double-slit systems, the metal bar width d was systematically
varied and its effect on the intensity and energy of the fundamental cavity mode was analyzed in
detail. In the absence of coupling, the cavity modes in the two slits of the double-slit system would
be identical to the single slit and thus degenerate in energy. The degeneracy is lifted by
hybridization into a red-shifted and a blue-shifted mode with respect to cavity-mode energy in the
single slit. These two modes correspond to anti-symmetric and symmetric coupling of the cavity
modes in the two slits. The coupling only depends on the ratio of the metal bar width d and the
wavelength A (given by 2L) of the fundamental cavity mode.

For d/A < 0.5, the red-shifted mode is dominant and shifts towards lower energy. It decreases
strongly in intensity with increasing d/A until it almost vanishes. The strong enhancement of the
anti-symmetric mode (compared to the intensity of the fundamental mode in a single slit) for small
d/A is related to interaction of SPPs supported on either wall of the metal bar. For d/A > 0.5, the
blue-shifted mode is dominant. It shifts towards lower energy and increases in intensity until its
intensity and energy correspond to the single-slit case at d/A = 1. At d/A = 0.5, the two modes are
equally excited.

Increasing the number of slits only has minor effects on the coupling behavior. At the outer wall of
the first slit in an array, the cavity modes are not affected by the neighboring slits at all. Close to
the inner wall of the first slit, the behavior is similar to the double-slit systems. Inside the other
slits of an array, the cavity mode intensity is reduced at the slit center and is symmetric with
respect to the two walls. The coupling is therefore mainly based on next-neighbor coupling. Minor
intensity variations of the fundamental cavity mode occur for various array sizes with up to
60 slits. These intensity modulations seem to depend on the ratio of the array length and the
wavelength of the fundamental cavity mode which can be considered as an indication of a
collective excitation of the array as a whole.

The above explanation of the coupling behavior is solely based on phenomenological models and a
deeper understanding of the underlying physics is still needed. Investigating the coupling regime
for d/A > 1 will be helpful in this respect. Such inter-slit distances may be too large for effective

coupling between the slits and thus a behavior similar to a single slit could result. On the other
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hand there is also the possibility of another mode splitting at d/A = 1.5. It will be also instructive to
study the light-optical properties of these structures by catholuminescence because EELS is only
sensitive towards changes of the electrical field along the electron-beam direction. Only additional
experiments may shed further light on the topic and may enable the derivation of the complete

understanding of the involved physical processes.
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IMPLEMENTED RL ALGORITHM SCRIPT

Appendix
A. Implemented RL Algorithm Script

The self-written script to apply the RL algorithm on the acquired spectra is shown below. After //,
commentaries are included to explain the algorithm. The implementation follows the pseudo-code
reported by Al-Bakkar et al.®’

RealImage g, g0, f0, f2, f1, psf, psf0

number zlp, poscountmax, 1, xsize g, ysize g, xsize psf,
ysize psf, zlpg, posg, n, shift g0

// get number of iterations

GetNumber ("Please specify the number of iterations to be
performed",n,n)

if (!GetTwolLabeledImagesWithPrompt ( "Please select a spectrum and a
ZLP", "data collection"™, "ZLP", psf0, "Spectrum", g0)) throw("It is
required you supply two spectra")

GetSize (g0,xsize g,ysize g)
GetSize (psf0,xsize psf,ysize psf)

// get ZLP energy position

Max (psf0, zlp, poscountmax)
Max (g0, z1lpg, posqg)

_psf = Reallmage ("PSF",8,2*xsize psf,1)

// embed spectra in larger space to avoid Fourier artifacts at the
data boundaries. PSF is centered to give a symmetric FFT.

_psf[0,xsize psf-zlp,1l,xsize psf-
zlptxsize psf]=psf0[0,0,1,xsize psf]

_psf/=sum( _psf) // normalization of PSF so its integral is unity
(required by the algorithm in this form)

g := RealImage(" g",8,2*xsize g,ysize g)

_gl0,xsize g/2,1,3*xsize g/2]1=9g0[0,0,1,xsize g]

// set first estimate of sharpened spectra to recorded spectra

f0 = g
ComplexImage PSF_ := ComplexImage ("PSF ",16,2*xsize psf,1)
PSF = RealFFT( psf)

// main algorithm

for (i=0;i<n;i++)

{

ComplexImage F ComplexImage ("F _",16,2*xsize psf,1)
ComplexImage A := ComplexImage ("A ",16,2*xsize psf,1)
ComplexImage B := ComplexImage ("B ",16,2*xsize psf,1)

117



APPENDIX

ComplexImage C_:= ComplexImage ("C ",16,2*xsize psf,1)
RealImage _a := ReallImage(" a",4,2*xsize g,1)
RealImage b := Reallmage (" b",8,2*xsize g,1)
RealImage c¢ := ReallImage (" c",8,2*xsize g,1)
F_ = RealFFT(_ f0)
A = PSF * F
~a = ReallIFFT(A )
b= g/ a
B = RealFFT( b)
C_ = B *PSF_
_Cc = RealIFFT(C )
_f0 = fO0* c
}
// set result
f2 := RealImage (ImageGetName(g0) + " - " + n + "
It.",4,xsize g,ysize q)
f2 [0,0,ysize g,xsize g] = f0 [0,xsize g/2,1,3*xsize g/2]

number zlpf,poscountmaxf
Max (f2, z1pf, poscountmaxf)

// set result's calibration and tag group (to be recognized as
EELS spectrum)

Max (g0, z1lpg, posqg)

ImageSetDimensionCalibration (£f2, 0, (-
z1lpf+0) *ImageGetDimensionScale (g0, 0), ImageGetDimensionScale (g0, 0),
ImageGetDimensionUnitString (g0,0), 0)

TagGroup g0tg = g0.ImageGetTagGroup ()
TagGroup f2tg = f2.ImageGetTagGroup ()
TagGroupCopyTagsFrom (£f2tg, g0tqg)
ShowImage (£2)
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