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Chapter 1

Introduction

Ultrafast nano-optics is a branch of physics that studies light on femtosecond time-scales
and nanometer length-scalesflVRPL09]. The knowledge about the processes governing
the behavior of light at these scales is the groundwork of a new technology: photonic
microprocessors that may be the next seminal breakthrough in computing. The key
ingredient to such future devices are hybrid nano-structures of metal and (organic or
inorganic) semiconductors that guide the light and offer light-matter interaction to allow
for signal switching.

The installed computing power on earth grew approximately exponentially in the last
half century[HL11]. This was possible thanks to rapid advances in microelectronics which
is (at least from a physicists point of view) equivalent to advances in solid-state physics
and craftsmanship in producing micro-structured semiconductor-metal-insulator devices.
However, the basic working principle has not changed — modern microprocessors are still
circuits of field-effect transistors as their ancestors.

Today, it is foreseeable that the growth in computing power cannot be maintained with
traditional microelectronic technology. The global growth rate in computing power has
supposedly already peaked in 1998[HL11]. The speed of computation for serial tasks in
single processors has almost saturated around 2005. Since then, processor manufacturers
concentrate on parallelization which keeps the growth of nominal computing power alive.
Unfortunately, parallelization alone can not sustain the growth in computing power over
the next 50 years since some tasks are inherently serial and parallelization needs scarce
communication bandwidth among the sub-tasks.

A major reason for the problems with microelectronics is that electrons in high-
frequency microscopic circuits radiate such that parasitic inductivities and capacities
become a problem that is hard to overcome. Another reason is that quantum effects such
as tunneling and confinement are complicated effects that become more important with
smaller structure size.

However, a high demand for even more powerful computers continues. For example,
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every researcher in scientific computing could instantly name a problem that he would
eagerly solve if he had an, e.g., 1000 times faster computer. Of course, there are also
commercial applications with growing computational demand such as the emerging cloud
computing where data is collected by small devices but calculations are outsourced to

massive data centers.

It is very attractive to replace electrons as information carrier by photons. Photons
move at the highest possible speed and do not interact among each other. A light-wave
is an ideal information carrier — its extremely high frequency allows to modulate it at
very high sampling rates. The problem is that traditional optical devices are heavy and
bulky. To bring optical computing into desktop computers or smart-phones, the step
to integrated optical micro-circuitry has to be taken. The ambition of ultrafast nano-
optics[VRPLO09] is to provide the experimental tools and theoretical understanding that

are necessary to do this step.

One tool to manipulate and guide light in nano-structured materials are photonic
crystals[Yab87, JJWMOS8]. They interact with light in a way which is very similar to the
way atomic crystals in solid state physics interact with electrons. As solids, they can
be “doped” by lattice defects to form wave-guides[Yab93, JVF97] to transport light with

low loss or cavities[YSH™] providing strong standing wave fields at a predefined position.

Plasmons[BDE03, Mai07] are another key player in nano-optics. Plasmon-polaritons
are collective excitations of electrons in solids interacting with electromagnetic waves
and vice versa[Rit57]. The name plasmon-polariton indicates their character of combined
plasmon — fluctuations of the electron density in an electron gas, e.g., in a metal — and
polariton — electromagnetic waves coupled to polarizable media — excitations. In the
contemporary optics community and the present work they are often called plasmons
and must not be confused with volume plasmons in solid state physics. Plasmons are
particularly important for future micro-optic application since they provide a way to

confine and guide electromagnetic fields to spacial extensions below the diffraction limit.

Recently, localization of light in disordered media[ WBLRI7]| underwent a revival in
ultrafast nano-optics. Visible light can localize, i.e., give strong field enhancements at
certain points, in disordered dielectric media[3]. It was also found that SPPs can localize
at rough metal surfaces as welll[ABCT12]. In both cases it was pointed out that the
strongly enhanced fields can be used to interact with nonlinear materials. Moreover, the
nonlinear interaction of the electromagnetic field with the surrounding material allowed

for the experimental observation of the localized fields in both cases.

Nonlinear light-matter interaction is the key to allow for the interaction among pho-
tons in ultrafast nano-optics. In semiconductors processes such as stimulated emission or
saturable absorption allow for amplification and switching of optical signals. They can

also act as couplers of electronic and nano-optic signals in hybrid devices.




1.1. Scope and Overview

And so the wheel is come full circle. Wave-guides, plasmonic or photonic, can easily
be tuned to support light of a particular energy and nonlinear devices can switch light to
travel along one part or the other. Having plasmonic and photonic wave-guides guiding
the light along tight lanes, structures to localize light fields at certain positions and
nonlinear materials completes the toolbox needed for ultrafast nano-optical integrated

circuitry.

1.1 Scope and Overview

This work summarizes my research in the past years. I worked in the project “Exciton-
plasmon interaction in metal-semiconductor hybrid nano-structures” in the DFG priority
program 1391 “Ultrafast Nanooptics”, in the group of Prof. Erich Runge at the Tech-
nische Universitat Ilmenau. The focus of this work are theoretical and computational
aspects of the physics governing ultrafast nano-optics.

The results presented here were achieved in close collaboration with various partners
doing state-of-the-art experiments. Within the priority program, we worked with the
group of Prof. Christoph Lienau in Oldenburg. International collaborators are Prof.
Dominic Zerulla from the University College Dublin and Profs. Takashi Yatsui, Kokoro
Kitamura and Motoichi Ohtsu from the University of Tokyo.

First, this work discusses the excitation and propagation of SPPs at nano-structured
lattices of elaborately shaped metal nano-scatterers[l, 4|. Coupling of visible, far-field
light to SPPs is an important part of nano-photonic devices since the signals have to be
brought into or out of any useful device at some point. Here, we focus on the question
how polarization and symmetry of a complex structure influence the coupling of far-field
light to SPPs.

Another part of this work concerns the coupling of SPPs excited at a metal grating
with a dye layer. In particular, the formation of strongly coupled SPP — dye-exciton
modes (also called Plexcitons/Excimons) is observed in such systems[5, 6]. Reflection
spectra showing the typical avoided crossing behavior of coupled oscillators are calculated
and compared to experiments. This mechanism combined with the strong non-linearities
of the dye provides a way to switch far-field light with far-field light of another frequency
with high efficiency at 1 ps timescales. The possibility to compensate plasmon-damping
with gain materials is also discussed.

The last part of this work also describes how visible light localizes in a system where
ZnO (zinc-oxide) nano-needles are vertically aligned but randomly distributed on a sap-
phire substrate. Here we see strong field enhancements[3| at certain positions in the
needle array. These field enhancements give rise to strong nonlinear effects at very small

length-scales. Such random structures can prospectively be grown at very low cost com-
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pared to usual, deterministic nano-structuring. This research is important for future
nano-photonic applications like chemical detectors and random lasing.

For all these topics, the actual experiments and samples are described in a brief
manner. Then, the theoretical modeling the choice of the computational tools is discussed.
The actual implementation of each model is described and results are presented and

compared to the experiment.




Chapter 2

Plasmons in arrays of

symmetry-breaking nano-dots

2.1 Introduction

In order to excite a surface plasmon polariton (SPP) that travels along a metal surface
with visible light, the momentum mismatch has to be overcome (see appendix A.3). In
general, momentum is conserved where translation invariance holds. A way to obtain
additional momentum is to break the translation invariance. In principle, every transla-
tion invariant structure can be used. One example is a step in the refractive index of a
dielectric coating on a metalRSET09]. By illuminating the step with a laser, SPPs are
generated that propagate along the metal surface (see Fig. 2.1a). In order to be radiated
into far-field light, the SPPs again have to be scattered by an (momentum providing)
obstacle. Since the metal is flat, these radiative losses are suppressed and only OHMic
losses remain in such experiments.

A very different way to excite SPPs are so called corrugated metal surfaces] ABC*12].

;7 kspp :kgsirl@—i-m%’r
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Figure 2.1: Excitation of SPPs at metal-dielectric interfaces by (a) structured dielectric

coating, (b) rough metal surfaces and (c) and metal gratings.
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Here, a very rough metal surface breaks the translational invariance in all directions as
shown schematically in Fig. 2.1b. If such a surface is illuminated, SPPs can be started
into all directions along the surface. The interference of many waves traveling in differ-
ent directions give rise to complicated standing wave patterns. These patterns can be
observed by photo-emission electron microscopy (PEEM) which sensitively measures the
near-field intensity with the high spatial resolution of an electron-microscope. Albeit the
fact that these modes have very strong radiative losses, it is found that the near-field

patterns are stable and show properties typical for localized wave fields (see Chap. 4).

Another way right in between random rough surfaces and single obstacles are gratings
as shown in Fig. 2.1c. Here, the individual scatterers are placed periodically onto the
surface. The limit of an almost flat, one dimensional grating can be handled analytically
and shows the major features of SPPs living on a grating. In particular there occur
distinct SPP modes having different in-plane momenta (see Fig. A.1 in the appendix).
They can be selectively excited by choosing frequency — angle of incidence pairs. As for
a rough surface, the SPPs can easily couple back to radiative modes such that radiative

losses are strong. For this reason, the lifetime of SPPs is very short on gratings.

Even more modes can be brought into the game when two-dimensional gratings are
considered. The degrees of freedom are the relative angle between the two lattice vectors
and the angle of incidence with respect to the surface normal. As a result, the SPP
resonances occur on a two dimensional band-structure in reciprocal space. Such structures
allow for optical experiments with waves in exotic band-structure regions such as DIRAC
points in honeycomb lattices of metal-particles WWB*13].

The type of modes that are supported by the grating are exclusively given by the peri-
odicity but the coupling efficiencies between the different modes depend on the FOURIER
components of the grating structure. This is particularly simple for a sinusoidal grating
which obviously has only one such component. The fraction of light that is scattered
into the different propagating and SPP modes sensitively depends on the shape of the

individual scatterers.

The interplay of the lattice and the individual scatterers is very similar to solid state
physics. Basic features such as points of high symmetry in the plasmonic/electronic band-
structure are given by the structure of the lattice. The details, e.g., level splittings, are

governed by the resonances/orbitals of the individual scatterers/atoms.

In solid state physics, the band-structure tells us which modes exist for a given mo-
mentum. What one measures are transitions, e.g., electrons that are emitted into the
vacuum in a photo-emission experiment. Transitions from band to band are called inter-
band transitions and are found as absorption edges in optical spectra. The probability
of such transitions depends not only on the bare existence or energy difference of the

bands involved. Instead, FERMIs golden rule states that the transition probability is
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(b)

Figure 2.2: Panel (a) shows a section along the X — Z plane showing the silicon substrate
(dark gray), the nano-structured silver film (light gray) and air (white). Panel (b) is a
schematic overview of the geometry of the incident electromagnetic wave. The structured
surface lies in the X —§ plane. The plane of incidence (checkered) is defined by the z-axis
and the wave vector k. The polar angle # and the azimuthal angle ¢ define the direction
of incidence. The polarization angle o defines the direction of the electric-field vector E;
from Ref. [1]

proportional to the squared dipole matrix elements[GM12, Sec. 11.3.2]. The dipole
matrix elements sensitively depend on the relative symmetry properties of the involved
eigenfunctions. As a consequence, there are dipole forbidden transitions which cannot be
observed because their dipole matrix elements vanish for symmetry reasons.

Similarly, the coupling among several optical modes strongly depends on the symmetry
of the individual eigenfunctions. In contrast to electronics, the polarization enters the
scene as an additional degree of freedom due to the vector nature of electromagnetics.
The far-field properties of a plasmonic system strongly depend on the polarization even
in the simplest cases. As shown in appendix A.3, there is a polarization where no SPPs

can be excited at all.

2.2 Experiment

Based on the innovative experiments in the Zerulla group[ABZ07, AVBZ09], we study the
possibility of shifts in the polarization angle at which SPPs are excited on gratings with
individual scatterers that break the global symmetry of the grating. For this purpose,
rotor-shaped scatterers are etched into a silver surface as a square lattice (see Fig. 2.2b).
Thanks to the 2-dimensional structuring, the incident light can be scattered into several

far-field diffraction orders in both, the X and y directions. In addition, SPPs can be

11
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excited that travel along the surface and are eventually scattered into one of the far-field
modes. The incident light can either be directly diffracted or coupled into SPPs. Light
that is radiatively coupled out again from the plasmonic modes will also contribute to

the far-field.

In Ref. [ABZ07], circular and three-fold symmetric dot shapes are compared. While
the first are compatible with the global C; symmetry of the square lattice, the latter
reduce the global symmetry since they belong to the C3 group. The size and consequently

the scattering efficiencies of both types are comparable.

The structures were fabricated by first etching the dots into a silicon waver using
electron beam lithography. Since plasmon polaritons can be best excited at interfaces of
a good conductor and a dielectric, a 80 nm silver layer was deposited on top. An additional
5 nm platinum adhesion layer between silicon and silver should have no influence on the

optical properties but is only needed for fabrication.

In the present study, only the silver-air plasmon is excited. In otherwise very similar
studies, it is found that coupling of light through a metal slab with a lattice of holes is
surprisingly large[ELGT98, GE07]. In other experiments, the metal-air and the metal-
semiconductor SPPs of a semiconductor-metal-air hetero-structure were brought into
resonance[ VPST08].

In the experiments, a red laser (A = 632.8 nm) served as a light source[ABZ07,
AVBZ09]. Since the source is continuous wave, the energy was constant in all experiments
and not used as an additional degree of freedom. Instead, various angles and polarizations

were varied to observe the polarization-resolved reflectivities in reciprocal space.

The reflectivity was measured with a photo-detector. Detector, sample and light
source were placed in a goniometer. With this setup, the angle of incidence could be
varied and the reflected light could be measured for each diffraction order. A schematic

overview of the setup is given in Fig. 2.2b.

First, the polar angle of incidence was scanned while observing the specular (Oth
diffraction order) reflection. The excitation of SPPs gives a characteristic dip in the
reflectivity at the SPP resonance (see Fig. 2.3). The position of the dip is found at a
point where the in-plane momentum Ak matches the SPP resonance condition[Rae88].
The dip comes from the fact that light which is coupled into the SPP mode is damped in
the metal due to OHMic losses. While the position of the resonance is fixed by the lattice

parameters, the depth and the width of the resonance depend on details of the structure.

It was the original objective of the work[ABZ07] to investigate this shape dependence.
As an additional aspect, the trefoil-shaped structures give an interesting polarization-
dependent effect. Following Ref. [ABZ07], we use compass notation (N, S, E, and W)
to indicate ¢ = 0°, ¢ = 180°, ¢ = 90°, and ¢ = —90°, respectively. Taking a look at
Fig. 2.4, it is an obvious prediction that every quantity should be perfectly symmetric

12
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Figure 2.3: Normalized far-field intensity (proportional to specular reflectivity) for circu-
lar scatterers (unfilled dots) and rotors (filled dots) as function of the angle of incidence.
The characteristic dip in p-polarization (TM) around 70° is the SPP resonance concerned
in this study. Such a dip is not found in s-polarization (TE, inset); from Ref. [ABZ07]

around @ = 0 and o = 7 for the N and S direction. This can easily be justified by
observing that around o = 0 the system is mirror symmetric with respect to the plane of
incidence. Note that this symmetry also implies that there is an extremum at o = 0,7

in all measured quantities.

For the E and W cases, the mirror symmetry is broken due to the shape of the
individual scatterers. In this case, measured quantities have some periodicity in the
sense that a shift of a by 7 does not change the results, but minima and maxima of

reflectivities can be somewhere else than o« = 0 and o = 7.

The position of the minima and maxima with respect to a where investigated in
the next part of the experiment. The polarization angle was scanned at the plasmon
resonance polar angle 6,..,. It is found that, e.g., the SPP related extrema in the second
order reflectivity Rs(a) are found at av & +30°[ABZ07]. It was speculated that the value
of 30° might be a direct consequence of the C5 symmetry where this particular angle is
omnipresent. It was emphasized that such shifts do not imply that the maximum of SPP
excitation is also shifted from o = 0. In control experiments with ring shaped nano-dots

no shifts of these maxima were found.

Reference [AVBZ09] points out that the reflected far-field light undergoes a polariza-
tion twist between the in-coupling of the incident light to the SPP, the propagation of
the SPP along the surface and the out-coupling to diffraction orders. Further experi-
ments were performed to confirm that the polarization of incoming and outgoing light is
different. In particular, the incident light was polarized to @ = 0 and an analyzer was

placed between sample and detector. Here, it is also seen that the maxima in reflected

13



Chapter 2. Plasmons in arrays of symmetry-breaking nano-dots

light are not at the polarization of the incident light but slightly shifted for the E and W

configurations.

2.3 Modeling

The experimental finding of a polarization twist in square arrays of threefold symmetric
nano-dots leads to the question how the actual near-fields look like and how they inter-
act with the far-field. To answer these questions, the fields were calculated by solving
MAXWELL’s equations by means of numerical methods.

One important complication is that the system is inherently 3D meaning that the ma-
terial properties strongly depend on all three CARTESian coordinates. Also, there is no
fancy coordinate transform in which one of the dimensions would appear flat. The experi-
ment involves fine metal structures which are problematic in two ways: fine structures are
always a problem, because the computational grid has to be small enough to satisfactory
resolve the geometry of the model. Even worse, strong antenna-like field enhancements
accompanied by high field gradients are to be expected near sharp metal edges. This
also means that high spatial resolutions are necessary in numerical calculations involving

nano-structured metal.

2.3.1 Methods

In finite-differences time-domain (FDTD) calculations, one is inherently restricted to a
cubic spatial grid, the so called YEE lattice[Yee66]. At each point of the grid, one of
the six field components is stored. The components are distributed in a clever way such
that there is just enough information to calculate the discretized Vx operators in the
two MAXWELL equations V x E = —9,B and V x H = 9,D + j. In particular, in a time
stepping scheme, the new value of each H/E component depends only on its own old
value and the old values of the surrounding E/H components.

As a consequence of the restriction to cubic grids, enhanced resolution in a particular
region, namely near the metal-structure, cannot easily be achieved. Instead, the resolu-
tion has to be increased everywhere, even in the far-field region, where the field undergoes
only weak spatial variations. An in-homogeneous grid (i.e., some cubes become cuboids)
is possible but a fine grid in one point still implies a fine grid in regions far from this
point. This is due to the fact that in electrodynamics, reflection occurs at all interfaces
between regions with different properties. This is not only true for material interfaces
but also for the coarse grid — fine grid interface. Thus, the coarse-to-fine transition has to
be as slow as possible or complicated tricks must be played in order to suppress artifacts.

The FDTD method was still chosen over a finite element method (FEM) for several

reasons. For a given amount of main memory (e.g. 16 GB on a 2009 Workstation) one

14
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| 0.7 um |

Figure 2.4: Atomic force microscopy image of the array (a) of silver structures used in
Refs. [ABZ07] and [AVBZ09]. The total diameter of a single structure (b) is 0.7 pm.
Panel (c) and (d) show the model system used in the calculations. The dash-dotted
square in (¢) marks the computational unit cell. The dashed line in (¢) marks the section

plane for Fig.2.2a; from Ref. [1]

is limited to a maximum number of mesh nodes since all field components and possibly
tensor-valued material properties have to be stored at each node. The FDTD time-
stepping runs with negligible memory overhead, such that basically all memory can be
used for physically relevant quantities.

The result of a FEM calculation are coefficients of an expansion of the solution into
a set of orthogonal functions in each cell. However, the number of degrees of freedom
needed to obtain the same information is on the same order of magnitude in FEM and
FDTD. In classical frequency domain FEM, the solution is obtained as solution of a
sparse linear system of equations with the dimensionality being the number of degrees
of freedom. Thus, for a FEM solver, memory is not only needed for the solution itself.
One also has to store the sparse system matrix of size O(N) and, in the case of a direct
solver, the LU decomposition (not sparse in general) of size O(N?). Iterative solvers are
less memory intensive but often converge slowly or not at all[EMR90].

Finally we used the commercial software Lumerical FDTD Solutions[lum08]. The ex-
perience with this software allowed for quick implementation of problems in later projects,
e.g., research of the influence of metal gratings in organic solar cells|7].

The calculations were performed in one unit cell (dash-dotted line in Fig. 2.4c) with
dimensions of 1.5 x 1.5 um?. BLOCH-periodic boundary conditions were used in the X-
and y-directions to enforce periodicity of the fields. The BLOCH boundaries also allow

for the application of plane-wave sources with oblique incidence. In contrast to periodic
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boundary conditions, they take into care that there may be a phase shift in the fields
from one boundary to the other.

As discussed in Sec. 4.4 below, angle of incidence and pulse-length can not be chosen
independently in FDTD calculations with BLOCH boundary conditions. In the present
case, we are lucky that the experiment uses a continuous wave laser. The modeling is
perfectly fine with temporally long pulses where all relevant angles of incidence can be
chosen. In general, the angle-of-incidence — bandwidth relation has to be kept in mind

and reconsidered for each model.

2.3.2 Geometry

Right in the middle of the unit cell, one nano-scatterer as shown in Fig. 2.4d was cen-
tered. The shape of an individual nano-dot consists of 4 overlapping circles. The radii as
indicated in Fig. 2.4d were chosen to be r; = 0.27 pm, 75 = 0.119 pm and r3 = 0.063 pm.
For the outer shape, two models were implemented. The first uses a single circle of radius
ro = 0.35 pm. The second shape is described by the function r(¢) = 1 + %sin(Sqﬁ + )
in polar coordinates. It is scaled such that it fits into a circumscribed circle of radius
ro. It was drawn to a pixel graphic with Mathematicajmat10] and as such imported into
FDTD solutions.

Having both shapes, one can investigate whether the broken symmetry of the inner
or outer shape has more influence on polarization-dependent effects. The AFM pictures
in Fig. 2.4 clearly show that the experimental realization has the three-fold symmetry in
both: the inner and the outer shape.

A sketch of the layer system in the Z direction is shown in Fig. 2.2a. In the 2-
direction, there is a substrate layer of 0.25 pm dielectric material with silicon parameters.
It follows 80 nm of metal with silver parameters (see Fig. 2.5) containing holes of vacuum,
which form the actual structure. In Lumerical FDTD, materials are chosen from a built
in material database. Internally, multi LORENTZian fits to experimental data-sets are
calculated. This is necessary since the FDTD method needs so called auxiliary differential
equations to model the response of dispersive materials. The automatic procedure worked
quite well most of the time. However, the quality of the fits was manually checked for
plausibility because sometimes artifacts occurred. In particular, at the points where data
from different experiments are stitched together, unnaturally sharp LORENTZians were
fitted in unfavorable circumstances. In such cases, manual intervention is possible within
the graphical user interface.

Finally 1.18 pum of vacuum cover the structure. The thick vacuum layer was necessary
since we want to compare our calculated results to measured far-field diffraction orders.
Near the metal structures, most of the electromagnetic field is contributed by evanescent

near-fields which decay exponentially into the vacuum. Thus, to obtain far-field proper-
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Figure 2.5: Experimental values for the dispersion of silver. The real part of € is shown
in (a) and the imaginary part in (b). Data from JOHNSON & CHRISTY[JCT72] are shown
as blue @ and those from PALIK [Pal85] are shown as red ®. The actual values differ
depending on the preparation method of the silver. We chose to take the values JOHNSON
& CHRISTY.

ties, one has to calculate with a vacuum layer thick enough for the far-field contribution
to become predominant over the near-field contribution.

Additionally, several strongly absorptive perfectly matched layer (PML) areas[Ber94]
are used as non-reflective boundaries on the top and bottom of the simulation area. The
PMLs are good in absorbing traveling far-field light and bad in absorbing evanescent
fields|[THO5]. This gives additional reasoning for a thick vacuum layer.

A plane-wave source was used to excite the electromagnetic fields. In particular, a
long GAUSSsian pulse was used to avoid switch-on and switch-off artifacts. In Lumerical
FDTD, plane-wave sources can easily be configured to emit light at predefined polar,
azimuthal and polarization angles.

As typical for FDTD calculations, a cubic computational mesh was used[TH05]. As
a special feature of Lumerical FDTD, a mesh refinement could be applied to the region
around the nano-scatterer. In this region, the mesh is still cubic but has a higher density.
The resolution was 8 nm around the nano-scatterers and gradually smaller in distant
areas. Note that FDTD solutions method does not allow for total freedom in placing
refined areas at will. Rather, enforcing a fine mesh in some region has global influence.

Consequently, the variation in mesh resolution is limited.

2.4 Data collection and far-field decomposition

An FDTD calculation gives, in principle, the electric and magnetic fields at all mesh

nodes and for all time steps. A short calculation shall visualize the amount of data
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available. Having mesh cells with edge length 10 nm in a cube with edge length 5 pym
gives 500% = 1.25¢8 mesh cells. If one stores 6 (3 electric and 3 magnetic) components in
complex double precision numbers (6*(8+8) bytes), one ends up at about 11 Gigabytes
of data content. In addition, (complex, tensor-valued) fields describing the material
properties have to be stored for each cell. From this very rough estimation, one draws the
conclusion that one needs huge amounts of main memory and thus, powerful computers
for 3D FDTD calculations.

If one does the calculation for a reasonable time span (e.g., 150 fs) with steps of 0.05 fs,
the resulting amount of data in E(r,t) and H(r, ) is multiplied accordingly. To compare
our calculations with the experiments, it is also necessary to perform calculations for 4
values of ¢ and ranges of # and a. Concluding this point, it is not feasible to store all
the data for later post-processing.

In this particular project, the data collection can be highly simplified by exploiting
the fact that we only want to compare data to an experiment with a continuous wave laser
stably working at 632.8 nm wavelength. Also, we do not need information everywhere
in the unit cell. Instead, we are interested in the near-field distribution and the far-field
reflectivity. For this reason, data was only collected in two Z-normal planes, namely one
20 nm and another 1120 nm above the metal. To obtain the fields for given frequency
instead of given time, a FOURIER transform has to be calculated.

The FOURIER transformed field f(w) for a given frequency w can easily be obtained
from an FDTD calculation with the simple formula

fields decayed

flrw) = Z frorp(r, t)e i At (2.1)
i=0

meaning that the field just has to be multiplied by a factor and to be accumulated. This
happens on the fly at each time step without wasting memory during the simulation. A
dedicated window function is not necessary since the source field already has a GAUSSian
envelope. Of course, it is important to run the calculation for some time before the pulse
starts and long enough for all fields to have decayed.

From the FOURIER transformed field, a dynamic expansion fyam(r,w,t) can be cal-

culated from the simple equation
Fram (@, 1) = R[f(r,w)e™™"] . (2.2)

It can be used to visualize the field over an optical cycle as a movie. It is suggestive to
play it in infinite loops as it is periodic in ¢. The time averaged intensity of the time
harmonic field proportional to the square modulus of f' . This quantity is often used in
plots of FDTD calculated fields.

While the tools up to here already give all the interesting information about the near-

field, the far-field still has to be decomposed into diffraction orders (remember that we
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2.4. Data collection and far-field decomposition

are interested in reflectivities in various diffraction orders).

On this purpose, we followed two paths. First, there is a decomposition into grating
orders readily available in FDTD solutions. With this, our tests gave results comparable
to the experiment for some orders and wrong results for others. This is supposedly not
due to the algorithm but due to incomplete documentation of the black-boxed tool. In
particular, it is hard to assign the numbers to grating orders in the scripting environment
of Lumerical FDTD while everything worked in the graphical user interface. We had
to rely on the scripting environment since the large calculations (angular scans) were
performed on a cluster as batch jobs and it is highly convenient to perform the necessary
post-processing on the fly (in contrast to opening a huge file and clicking through menus
for lots of data-sets).

On this reason, a quick and simple decomposition method was implemented as an

external program. It solves the following problem: For given H(zx,y), find hy,, such that
H(z,y) = Z hymexp (i (knmx + Famyy)) - (2.3)

The k., are the wave vectors of the grating orders and known in before since
kim = kine + nGx + mGy , (2.4)

where G, and G, are the reciprocal lattice vectors only determined by the lattice pa-
rameters (i.e., the periodicity) and n,m € Z. The number of far-field orders (i.e., the
highest positive and smallest negative n and m) is known from the condition that all
k-components have to be real while the dispersion relation is fulfilled. Note that this is
not true for near-fields, where k can be complex.

Given a set of sampling points (z;,y;) the problem is of type

b = Ma, (2.5)
i.e., a linear system of equations where b = (H,(z1,v1), Hy(z1,v1), -, H.(xN, yn)),
a= (ki -, knue) and My, = ol (Fnjmpxithugmiyvi) - The sampling points are chosen such

that the system is over-determined and that there is no rank deficiency in M. We found
that the latter point is vitally important to achieve good results. In particular sampling
points arranged regularly on lines along X or § or other highly symmetric directions
should be avoided. Instead, randomly chosen sampling points are a safe and convenient
alternative.

The program was written in C++ and reads the field in the HDF5[hdf10] format
using the freely available libhdf5 library. The diffraction orders are calculated given the
frequency and the lattice parameters from Eq. 2.4. Then the matrix M is assembled and
the problem is solved using the zgelsd routine from the LAPACK[ABB'99] package.
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Chapter 2. Plasmons in arrays of symmetry-breaking nano-dots

Since the decomposition assumed that the field consists of traveling far-field modes,
it only works reliably if near-fields have already decayed. As mentioned in the modeling

section, this is ensured by a vacuum layer with a thickness of more than 1 pm.

To assure that the decomposition went well, the field is reconstructed from the expan-
sion coefficients hy,, by a matrix multiplication using the LAPACK routine zgemm and
compared to the input field. In all data presented in this work the program worked reli-
ably. We reliably obtained error messages due to bad reconstruction quality in cases where

we provoked errors by constructing fields and trying to decompose into non-matching k., .

2.5 Results

In first calculations, scans along the angle 6 were performed at fixed polarization o = 0.
In this polarization, the excitation of SPPs can be expected. As already mentioned, there
are no SPP excitations at &« = 7/2. An SPP-related dip in the reflectivity was found at
6 = Ospp = 65°.

At a first glance, this value is in slight disagreement with the value of 71.3° reported
in[ABZ07] and the value of 70° reported in[AVBZ09]. The first value addresses only the
ring-shaped structures and one can clearly see from Fig. 2.3, that the SPP related features
are much weaker in rotor-shaped structures. Thus, it is hard to give an exact minimum

position for the rotor-shapes in general.

Secondly, the lattice constants in the X and § directions are slightly different in the
experiment. Reported values are d, = 1.45 pm and d, = 1.5 pm in[ABZ07]. In the calcu-
lation, we use d, = d, = 1.5 pm which is closer to the desired square lattice, in contrast
to a rectangular lattice corresponding to lower symmetry. In addition, experimental val-
ues for silver dispersion show differences that may depend on the chemical environment
and the silver deposition technique (see Fig. 2.5). Such deviations can easily explain the
mismatch to our findings. I should mention that our value is also not exact since we
had to choose a particular dispersion for the silver and obtained only very few values
(remember that each data-point costs some CPU-days) around the minimum. We can

say for sure that the minimum is in the interval fspp = 65° + 3°.

As in the experiment, we now performed calculations at Ospp with varying polarization
angle a. It is quite obvious that one expects an o dependence since one switches the SPP
excitation on and off going from p- to s-polarization. Another point of view is the well
known property of MAXWELL’s equations that they can be split into 2 uncoupled sets of
equations describing waves of perpendicular polarizations. Thus, the incident field is a
linear combination of the two polarizations, and thus, the physics should behave as linear

combinations of two polarizations.
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Rtot, Near field Energy

Figure 2.6: Polarization-dependent reflectivity in zeroth (red squares) and second (blue
circles) reflection orders are shown in panel (a) for the north- and (c) for the west-
configuration. The near-field energy (blue circles) and the total reflectivity (red squares)
are shown in panels (b) (north) and (d) (west). Panel (e) shows reflectivities for several
reflection orders in west configuration. Lines are fits to cos? o functions. All quantities

are normalized such that their maximum is unity; from Ref. [1]

The polarization of a wave traveling in z direction can be described as

B\ cos(a)
(Ey> =k (sin(a)) ' (2:6)

If the physics is such that only, e.g., the E, part can excite SPPs, one expects the intensity
of SPP related far-field observations to have a cos? a dependence. To test this prediction,
fits of F(a) = ag + azcos(2(av — ap)) are plotted along with the data-points, e.g., in
Fig. 2.6. It is found that this expectation is very well matched by the calculation results.

Taking into account that a quantity like Ry is very small, i.e., only a very small
portion of the incident intensity is diffracted into that direction, the absence of scattering
of the data points around the cos? @ behavior is a hint for small numerical errors. Note
that each data-point represents an individual solution of time-dependent MAXWELL’s
Equations by FDTD.

In Fig. 2.6a, far-field reflectivities as function of polarization « in two different diffrac-
tion orders are plotted for the north configuration. As expected, symmetry around o = 0
is found in both quantities. In contrast, the west configuration is shown in Fig. 2.6c.

Here Rj has its minimum at o = 0 whereas the minimum of R, is shifted to ~ a = —30°.
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Chapter 2. Plasmons in arrays of symmetry-breaking nano-dots

This finding is in good agreement with[ABZ07].

Figures 2.6b and 2.6d show the total reflectivity along with the near-field energy for
north and west configurations respectively. The time-averaged, electric, near-field energy
is the energy contained in a volume in the region above the metal. Since we have vacuum

in this region, the density of this energy can be defined as
W, = eoE(z,y,w) - E*(z, y,w)[Jac06, Chap.6.9]. (2.7)

In our case, this density is integrated along the near-field detector plane (20nm above the
metal) in a post-processing step from the FOURIER-transformed electric field from the
FDTD calculation. This quantity is approximately proportional to the total near field
energy. In the presence of a resonantly excited SPP, it is particularly high due to the
SPP-related near-field enhancement.

Both quantities are symmetric around o = 0 in both, north and west configurations.
In particular, the near-field energy has its maximum at p-polarization. Thus, the field
enhancement is still strongest at the point where the discussion in Sec. A.3 predicts the
excitation of SPPs. Thus, the broken symmetry in the west configuration does not shift
the polarization for optimal SPP excitation from p-polarization (o = 0). Along with
this, the minimum in the total reflectivity which is due to the OHMic losses of the SPP
is found at o = 0 giving further evidence that the SPP resonance is not shifted.

Instead, only the SPP-mediated coupling for incident far-field light to far-field diffrac-
tion orders is affected by the broken symmetry[l, 4]. Figure 2.6e shows reflectivities in
the first, second and third diffraction orders for the west configuration. One can see that
the shift, as well as the magnitude of the modulation are quite different for the different
orders. In particular, the value of a ~ 30° is not common to all reflection orders, which
one would expect if the value of 30° would directly be related to the 30° by which the
north and west configurations differ from an individual scatterers view.

In further studies, we investigated the shape and size dependence of the shifts in the
diffraction orders. To reiterate the core message, the strength of the coupling between
far-field light and SPP should strongly depend on both quantities. With this in mind,
one expects larger structures to mediate stronger interaction. The effect of the structure
size can clearly be seen in Fig. 2.7a. Here the nano-scatterers were scaled up or down by
the given percentage.

The modulation is strongest for 100% whereas it is smaller for 50% and 150%. This
is in contradiction with the expectation of stronger interaction for bigger structures.
In fact, a perfect cosine bump or dip in each unit-cell would allow for the best coupling
among diffraction orders since the coupling at gratings is governed by the FOURIER series
expansion coefficients of the shape. The FWHM of such a cosine-bump is exactly half

the size of the unit cell. Having this in mind, a conclusive interpretation is that a dot of
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Figure 2.7: Normalized reflectivity as function of the polarization « into the 1% order for
(a) differing sizes of the nano-scatterers and (b) a comparison to an alternative model

of the outer shape of the structure; from Ref. [1]

size 100% (= 700 nm) has 0.47 times the size of a unit cell and is closer to the optimal
cosine-bump than the smaller or bigger dots.

It can also be seen in Fig. 2.7a that the shift of the curve away from symmetry around
a = 0 is strongest for the 100% size and smaller for the others. The shifting is a non-
constant function of the structure size. This gives further evidence that the value of
a ~ 30° found in previous experiments[ABZ07] is only coincidentally near the value of
30° which plays an important role in the geometry of the lattice.

In addition, to the size dependence, the dependence of the shift and interaction
strength on the shape of the nano-dots was investigated. As mentioned in Sec. 2.3, nano-
dots with a circular outer shape were also implemented as an alternative. The resulting
polarization dependence is shown in Fig. 2.7b. It can clearly be seen that the circular
outer shape results in much less shift compared to the symmetry broken geometry. From
this, one can conclude that the symmetry of the outer shape plays a more important role
on the shifts than the inner shape. If the inner shape would be the more important part,
one would not expect the curves in Fig. 2.7b to be so dramatically different.

From the FDTD calculations, the field distributions in the detection planes are readily
available. Near-field results for the N- and W-configuration are shown for three relevant
polarizations in Fig. 2.8. In the upper panel, « = 0, i.e., p-polarization is shown. As
expected, one can see the SPPs traveling along the surface. They manifest themselves
as areas high of high intensity which extend over the size of the unit cell. In contrast, a
standing wave pattern would look periodically structured on a length scale given by the
wavelength in this sort of picture.

We found that the SPP travels mostly in between the nano-scatterers, which can

clearly be seen from the fact that the near-field intensity is highest at the left and right
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Figure 2.8: Near-field intensity distributions 20nm above the metal surface for N-(left)

15
10
0.3

16
14
12
10
08
06
04

and W-(right) orientation. The polarization angles are a = 0° (top), @ = 30° (middle)
and a = 90° (bottom). Each panel shows an area of (1.5um)?; from Ref. [1]

respectively upper and lower border of the top panels in Fig. 2.8. In the color-coded
picture, the SPP appears as red stripes along their traveling direction. The fact that the
near-field close to the scatterers is comparably weak provides further evidence that we
are dealing with a traveling SPP and not with a resonance of the individual scatterers.

Such resonances would give strong near-fields at edges of the scatterers.

Not surprisingly, the near-field for the N-configuration is perfectly symmetric with
respect to a plane spanned by a line through the center of the scatterer along the y
direction and the Z axis. Obviously, there is no such symmetry with respect to the X — 2
plane in the W-configuration shown in the upper right panel. Of course, this is due to

the broken symmetry of the individual scatterers.

In the center of Fig. 2.8, the near-fields are shown for mixed s-p polarization (o =
30°). In contrast to the p-case, the near-field intensity is also high at certain points
right at the border of the scatterers: the fields also have a localized character while the
SPP is still dominating the intensity distribution. No obvious symmetry is found in the
field distributions of both configurations since the skew polarization breaks the overall

symmetry of the system.

In the lower panel, the symmetry of the near-field for the N-configuration is found

again, following the symmetry of the scatterer and the polarization of the incident fields.
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As in the upper panels this is not found in the W-configuration. In both configurations,
the contribution of a traveling SPP is completely switched off. This was expected since
there are no SPPs in s-polarization.

The absence of a traveling near-field wave manifests itself in the absence of high
intensity areas extending over the whole unit-cell and, in particular, over the unit-cell
boundary. Instead some localized excitations are found near the nano-scatterers.

One may ask whether the polarization shifts are due to localized excitations instead
of the SPPs!. This led us to calculations with a single nano-scatterer and without peri-
odic boundary conditions. Here the excitation of SPPs is suppressed since the coupling
strength of a grating is much higher than that of a point-like perturbation. We found
localized modes which look like those in the lower panels of Fig. 2.8. These modes are
spectrally broad and quite weak. This allows for the interpretation that they have no or
only weak influence in general.

In future experiments, it can still be highly interesting to investigate the interplay
of localized excitations with SPPs. In particular, individual structures with strong and
sharp localized modes, such as bow-tie nano-antennas, can be arranged as a lattice, in
order to couple localized and SPP modes, both having polarization-dependent excitation
and radiation characteristics. It is very interesting whether one can find avoided-crossing
behavior or excite SPPs with incident light which would usually have the “wrong” polar-

1zation.

'We thank the reviewer of Ref. [1] who pointed this out.
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Chapter 3

Plexcitons/Excimons:

coupled SPP — Dye-exciton modes

The study of subtleties involving different symmetries of lattice and individual scatterers
in the last chapter is an example of ongoing research on details of SPP excitation. While
some properties of SPP — far-field interaction are exclusively determined by the periodicity
of the grating, other properties sensitively depend on the shape of the scatterers.

Another stepping-stone on the way to build plasmonic devices is the control of SPP
propagation. The SPPs have a limited propagation length (see, e.g., App. A.3). This
limitation has two main reasons. One is the OHMic damping of the plasmonic excitation
in the metal. Another are the radiative losses. The out-coupling of SPPs to propagating
light follows the same rules as their excitation. In particular, every structure which allows
to overcome the momentum mismatch leads to radiative losses. Such structures are not
only gratings but also surface roughness or adsorbates.

Radiative losses are comparably easy to prevent: just take a perfectly clean and flat
metal surface. On the contrary, the OHMic losses are an intrinsic effect at metal sur-
faces and therefore hard to overcome. Various groups play various tricks to enhance the
propagation length. Typically, a structure of various different dielectrics is combined
with metal layers in order to reduce the spatial overlap of the enhanced electric near-field
with the metal (see review Ref. [Ber09]). This reduces the OHMic losses and eventu-
ally increases the SPP propagation length. These methods have in common that the
propagation length is enhanced by some small factor but not by orders of magnitude.

Another idea to significantly overcome the damping is to use gain media in order
to amplify the SPPs during their propagation. A gain material is a material with neg-
ative absorbency. Such a situation is possible in few-level quantum systems such as
dyes and semiconductors. One level can be pumped at an energy different from the en-
ergy of the SPP. This excitation could then be transferred into the SPP by stimulated

emission|GMDL10]. Due to the characteristics of stimulated emission, such a mechanism

27



Chapter 3. Plexcitons/Excimons: coupled SPP — Dye-exciton modes
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Figure 3.1: (a) Schematic view of a system with a gold-wire grating on top of a semi-

conductor quantum well. The whole structure is grown on a gallium arsenide wafer. (b)
Gold grating with a layer of a j-aggregated dye in a polymer matrix which was spin-coated

onto the grating.

would amplify the SPP while conserving coherence.

First, one has to answer the question whether there is coherent energy transfer from
SPPs to quantum systems at all. On this purpose, two model systems as first step towards
gain-compensated SPP propagation were investigated in the group of Prof. Lienau in
Oldenburg. In the first, a semiconductor quantum well was placed beneath the lattice
where the SPPs were excited. A schematic image of the system is given in Fig. 3.1a.

Indeed, strong coupling of the exciton in the quantum well and the SPP (both at the
vacuum-side and substrate-side) could be shown. It manifests itself as avoided crossing
behavior of the SPP related reflectivity dip and the reflectivity dip due to the absorption
of the quantum well exciton[VPS*08]. The avoided crossing can clearly be seen in the
differential reflectivity[VPST08, Fig. 2] but the effect is extremely small (=~ 10~*). The
avoided crossing proves the fact that there is strong coupling of the SPP and the exciton.
This means that there is in fact coherent energy transfer.

A quite complicated excitation scheme was chosen in the semiconductor case. An
vacuum-metal SPP (AM) was brought into resonance with an metal-semiconductor SPP
(SM) by the choice of grating parameters, source energy and angle of incidence. In such a
situation, energy can be coupled from the upper side through the metal slits surprisingly
effective[GE07]. At this point where AM and SM are in resonance, the semiconductor
exciton was brought into resonance with both of them. This scheme was necessary to
obtain high near-field intensities at the quantum well position.

A drawback of the semiconductor system is the fact that it is not easy to produce a

heterostructures as shown in Fig. 3.1a where the quantum well is very close to the metal.
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In particular, a buffer layer is necessary which results in a non-negligible distance between
the metal interface and the active layer (quantum well). This is a serious problem since the
SPP decays exponentially and fast in the direction normal to the interface. Consequently,
the active layer is placed in a position where the field enhancement is comparably weak.

The named problems inspired the closely related approach that was followed in a
later experiment[5, 6] and is discussed in the present chapter. In contrast to the earlier
experiments, the active material was chosen to be placed on top of the grating. This
is hard to achieve by growing inorganic semiconductors but easily possible with organic
materials that can be dissolved and spin coated onto a surface. In order to show strong
coupling to the SPP, the organic material needs to have a sharp optical response and
high quantum yield at the same time. This is the case for j-aggregated dyes|WKSM11]
such as 2,2'-dimethyl-8-phenyl-5,6,5",6’-dibenzothiacarbocyanine chloride which was used
in the present study. While drying from a solution, the planar molecules tend to form
stacks. This can be seen in their optical response where the absorption peak red-shifts
and becomes stronger compared to the monomer.

To fabricate the desired structure, the monomer is solved in a polyvinyl alcohol (PVA)
solution and spin coated onto the metallic grating in order to produce a very thin dye in
polymer-matrix film. The complete system is shown schematically in Figure 3.1b. With
this setup, the dye can couple to the SPP on the vacuum-metal interface on the side where
the external source is located. The active layer sits directly on top of the metal and, in
particular in the slits. Thus, it can couple to the SPP where the near-field intensity is

strongest.

3.1 Experimental findings

In the experiments with the dye-metal system as shown schematically in Fig. 3.1b, re-
flectivity spectra were collected in dependence of the angle of incidence. Ultrashort
laser-pulses were utilized in order to obtain a broad spectrum per shot. After averaging
the spectrum over many shots, the setup was changed to another angle of incidence and a
spectrum for that angle was collected and so forth. All spectra were taken in the far-field
in a reflectivity setup. Thus, the intensities in the spectrometer are proportional to the
reflectivity.

The resulting bare spectroscopic data is shown in Fig. 3.2a. The method described
in the last paragraph can clearly be seen to result in vertical stripes of which the image
is assembled. Each stripe corresponds to a single spectrum taken at a particular angle of
incidence.

The most prominent feature in Fig. 3.2a is a horizontal ridge of high intensities be-

tween 630 nm and 750 nm wavelengths. This is the spectrum of the laser which does not
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Figure 3.2: Panel (a) shows spectra of reflected light from the sample with metal grating
and dye-layer Rgye+spp(f,A). The color-map is proportional to the number of counts
in the detector. One can see the spectral envelope of an ultra-short pulse centered at
Aeen = 725 nm. The pulse-shape is overlay ed with reflection minima that are the topic
of this chapter. In Panel (b), a corrected spectrum Rgyeispp/Raye is color-coded. Ry

is the spectrum taken from a control experiment with the dye on plain flat metal.

depend on the angle of incidence. In order to get this background out of our view, rela-
tive spectra were created and usually published, e.g., in Reference [5, 6] and in Fig. 3.2b.
In order to obtain such relative spectra, the spectrum of the dye and grating system
Riyetspp(A, 0) was divided by the spectrum of the dye on a flat metal surface Rqye(A, 0)
taken with the same laser.

In the bare spectrum Fig. 3.2a we find a horizontal reflectivity dip at 693 nm. The dip
has a nearly constant width of ~ 25 nm. In the figure it is found just below the maximum.
This dip is due to the absorption maximum of the dye-molecules. Not surprisingly, the
position of the dip does not depend on the angle. It’s strength might increase with
increasing angles of incidence since the optical path length through the absorbing material
becomes longer.

Another important feature in the spectrum 3.2a is a diagonal reflectivity dip going
from the lower left to the upper right of the image. It can clearly be seen as it cuts the
maximum of the pulse spectrum above the dye-related dip. Below the dye-related dip,
it is very weak but still visible. This dip is the SPP related absorption. At the SPP-
resonance, light is coupled into the SPP which travels along the surface and is re-radiated
to the far-field and OHMically damped on its way. Consequently, the total reflectivity is
reduced at the SPP-resonance.

Most interesting for the present chapter and the related research is the region where

the two reflectivity minima intersect. Here, the question arises whether or not the two
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modes couple, i.e., there is avoided crossing behavior.
Coupled oscillators occur in many branches of physics. Results are very similar for
classical, quantum and electrodynamic oscillators. Quite generally, coupling phenomena

of two coupled resonators can be describes by a HAMILTONian H as

hws 0 0V
= ( 0 ﬁwsw(@) ' (V O) ' .

Here, we assume one oscillator with the uncoupled energy hw, and another oscillator
hwspp (0) whose uncoupled energy depends on a real parameter 6. In addition to the
free system that is described by the first matrix, the coupling is introduced by coupling
constants V' in the second matrix. The coupling is symmetric: the action of oscillator X
on oscillator SPP is the same as in the opposite direction.

The notation already implies the claim that SPP is a surface plasmon, X is an exciton
and 6 is an angle of incidence. The SPP resonance depends on the angle of incidence
as given by its dispersion relation while the exciton is angle-independent. I want to
emphasize that this coupled oscillator model is also valid for a manifold of coupling
problems in physics. Examples are coupled pendulums where one of the pendulums has a
variable mass or electronic bands in a crystal where the free parameter is the wave-vector.

In all cases, the eigenvalues and thus the eigenenergies of the coupled system are

e — % (e + Pasop(0) & /T, — oson (B))2 1 4V2) (3.2)

In a case where wspp(f) is a linear function (this is at least approximately true in the
neighborhood of the crossing) the energies are on two hyperbolic branches in the ¢ — 6
plane with the uncoupled energies as asymptotes. The closest distance (the splitting) of
the two branches is easily calculated from Eq. 3.2 to be 2V. On this reason, coupling
energy and splitting are often used as synonyms. The two branches seem to avoid each
other which motivates to name the whole situation avoided crossing.

Far from the crossing parameters, the eigenfunction of the coupled system has the
character of either of the resonators. An example for this case are two pendulums of very
different mass. If only the big one is excited, the small one does not have independent
dynamics but just follows the motion of the big one. If only the small one is excited, the
big one will just stay still due to its high inertia.

At the crossing, two types of movement are found on the two branches. In the pendu-
lum case, there is a low-energy solution where both swing in phase, and the high energy
solution where they are phase shifted by m. Similarly, in a molecule we have a bonding
and an anti-bonding state. In our case of coupled SPP-X systems, one usually speaks of
upper- and lower polariton (UP and LP) branches. Note that the UP is actually under
the LP in wavelength — angle of incidence diagrams which are preferentially used in the

present work.
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A finite lifetime of the modes enters the scene as a broadening of the modes. One
distinguishes strong and weak coupling depending on whether one can observe two distinct
peaks at the crossing point or whether they are washed out to a single peak[RSL*04].

In Fig. 3.2b one can clearly see that the avoided crossing is exactly what happens in
the experiment. From this experimental data and with Eq. 3.2, one can easily find the
coupling strength 2V, which determines the minimal distance of the two branches in the
e — 0 plane. This coupling strength, which is also called Rabi energy was determined to
~ 55 meVI[5].

The findings up to here proof the interesting fact that there is actually strong coupling
between the SPP and the dye-exciton. The author finds it remarkable that we observe
the formation of collective modes consisting of SPPs that are a special solution of the
(classical) MAXWELL’s equations while the dye-exciton is a purely quantum mechanical
phenomenon.

In addition to the linear optical experiments described up to here, nonlinear pump-
probe experiments were also performed. In such an experiment, the dye is saturated by
the pump pulse. Thus, for the probe pulse, the dye absorption is decreased. In addition,
the coupling strength becomes lower because less dye molecules are unexcited and able
to take part in the coupling. This leads to a narrowing gap and eventually, in the limit
of very strong pumping, the gap vanishes.

In all cases, the SPP related reflectivity dip remains but its shape changes from the
two bent branches to a single line with increasing pump strength. It is emphasized in
Ref. [5] that even a slight shift of a deep dip results in a strong change of absolute
reflectivity for wavelengths in the slope of the dip. In the present case, the pump induced
change in reflectivity is up to 40% for a probe pulse 150 fs after the pump.

Even more exciting is the fact that this pump induced effect is very short-lived, i.e.,
the bleaching is reversible and the recovery happens very fast. It is reported that the
exciton and thus the pump-induced reflectivity has a lifetime of only 0.9 ps.

Consequently, such a system can serve as a mirror which can be switched off by an
off-resonant pump pulse and recovers after a very short lifetime. In electronic circuitry,
such a device is known as mono-stable multi-vibrator, a fundamental building block of

logic gates.

3.2 Theoretical modeling

In order to calculate the electromagnetic near-fields of the dye-metal system shown in
Fig. 3.1b, a calculation in COMSOL multi-physics[com08] was set up. In contrast to
the rotor system presented in chapter 2, this system can be described in an effective 2D

coordinate system. This is due to the invariance in the direction along the grating wires.
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Figure 3.3: Computational mesh for the FEM calculation for the dye-grating system.
The thick red lines mark the material interfaces: vacuum—polymer+dye—metal from top

to bottom. The gray lines mark the actual mesh.

Such an invariance leads to momentum conservation in this direction. In particular, the
geometry of the incident laser was chosen such that there is no k contribution in that
direction at all.

The choice fell to a FEM calculation since we found in earlier FDTD calculations that
a very high spatial resolution is necessary near the metal boundaries. Here, the near-fields
have strong spatial variations. In particular, the cubic mesh in FDTD calculations leads
to artifacts on a length-scale of a single cube at the unavoidable staircases. The edges of
the cubes act as antennas and, as such, enhance the near-field.

These effects are not a very big problem in cases where one is mostly interested in far-
field properties of a system. In this case, the FDTD calculation eventually converges with
finer meshes. In contrast, the very near-fields directly at the staircase do not converge at
all since the artifacts remain no matter how fine the mesh is chosen.

Strong artificial field enhancements in the mesh cells very close to the interface are
particularly problematic in a case like ours, where light-matter interaction is most inter-
esting in exactly the same region. Similar problems occurred in our group with FDTD
were found in a system of a sharp metal nano-tip, where the field induced electron emis-
sion from the tip was calculated. There, the fields were calculated with FDTD and then
used as input to the time-dependent SCHRODINGER equation. The electron emission
tended to appear preferably from the FDTD staircase artifact, which is obviously wrong.

One could argue that a real system has a surface roughness where one also expects
near-field enhancements at the summits of the surface and that this could well be ap-
proximated by the FDTD staircases. This argument is invalid. First, we talk about
experiments with surfaces carefully prepared with state-of-the-art methods. AFM and
SEM images of such surfaces proof that they are almost atomically flat. A mesh-size

of atomic length-scale is numerically impossible for real world applications. Second, a
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real surface roughness is random, whereas the staircases are periodic. In general, the
coupling strength between diffraction orders is governed by the FOURIER coefficients of
the scatterer shape. In a staircase situation, there are few very large coefficients due to
the periodicity. Thus, coupling tends to be strong and selective which is not the case for

a random surface.

In a FEM calculation, space is discretized in terms of tetrahedra (triangles in 2D).
In addition, a so-called unstructured mesh can be used. This means that the tetrahedra
may have different sizes and orientations. This allows us to have a fine spatial resolution
in exactly those positions where we expect the fields to vary fast. In other areas, e.g., the
vacuum layer the mesh can gradually be coarsened. In consequence, we obtain a mesh
that nicely describes the desired shape of the structure and is just as fine as necessary
in the vacuum layer (see Fig. 3.3). Another advantage of FEM calculations is that they
calculate expansion coefficients of a polynomial basis. In contrast, FDTD calculates a
value (zeroth order expansion coefficient) at each point. Higher-order polynomials allow

to correctly describe rapidly changing solutions with surprisingly few grid-points.

In contrast to the finite-differences time-domain calculations presented in the former
chapter, the FEM calculations presented here were performed in frequency domain. It
should be mentioned that this is just a choice and not a restriction of the method. FEM
calculations can also be performed in the time domain. In particular, discontinuous
GALERKIN time-domain (DGTD) methods which recently attract lots of popularity are
time-domain FEM calculations] HW08, BKN11].

In our particular dye-metal system, we are interested in spectra to compare with the
experiment. Also, the material properties like the dispersion of the metal and absorption
spectra of the dye are given as experimental tables in frequency domain. These parameters

can easily be put into a frequency domain FEM solver.

The actual structure consist of three blocks (rectangles in the quasi 2D calculation)
of metal. On top there is the dye-polymer material filling the gap and giving a smooth
surface. It is constructed by a BOOLEan operation of a rectangle and the shape of the
metal. The whole system is covered by a vacuum layer, which is thick enough to obtain
far-field information. The vacuum layer is followed by a source plane, where oblique
plane waves are excited. Then follows a thick PML layer and a perfect electric conductor
(PEC) boundary condition. To the left and right, there are BLOCH-periodic boundary
conditions matched with the angle of incidence of the source. They care for the phase
difference of the oblique incoming wave at the left and right border. At the very bottom
of the system, i.e., in the metal, there is another PEC boundary condition. This should
be a good approximation since the fields do only enter the metal as far as the skin depth.
For the weak remaining fields, a perfect metal boundary is a very good approximation to

a thick real metal layer.
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Figure 3.4: (a) Fit of three LORENTZian resonance curves (solid lines) to the experimental
values of the extinction of the dye. (b) Experimental (red) and calculated (blue) spectra
for the grating — dye system at an angle of incidence of # = 21°. The thickness of the
dye layer, and a global factor in the dye resonances were the free parameters that were

varied in order to get the right positions and relative heights of the two resonance dips.

For the dispersion of the gold, we chose a standard fit{fVGM™05] to the experimental
values of JOHNSON & CHRISTY[JCT72|. For the dye, we use an absorption spectrum taken
from a reference experiment where the dye+polymer solution was spin-coated onto a bare
flat gold surface. All the other parameters were as in the actual experiment. In fact, we
did not directly use the experimental values but fitted them with three LORENTZian

resonance curves and took values from these.

The absorption experiment only gives us the shape of ¢(w) while the magnitude re-
mains undetermined. In her bachelor thesis, Sabine Auer pointed out that the possible
values of this magnitude are restricted by demanding the KRAMERS-KRONIG-relations to
be fulfilled[Auell]. We chose this magnitude to be a free parameter in the model, which
was later determined by comparison with the experiment. This has several reasons. First,
the magnitude is related to the concentration of active dye-molecules in the matrix. This
number is unknown since, among other reasons, some molecules in the experiment be-
come inactive because a part of them is irreversibly destructed by the laser. In addition,
the thickness of the layer was not known exactly. It could only be approximated by an
AFM profile of a scratch down to the metal. Unsurprisingly, a scratch in this soft sticky

material only allows for a rough estimate of 10 nm.

Both, the film thickness and the magnitude of e(w) have a strong influence on the
strength of the effects in the far-field reflectivity (small factor in € — few excitonic ab-

sorption). Also both shift the relation of excitonic and plasmonic contributions to re-
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Figure 3.5: Panel (a) shows the calculated angle-dependent reflectivity spectrum for the
dye-grating system. The experimental data is shown with the same color-scale in panel

(b). The latter is the same data as shown in Fig. 3.2b but with a different color-scale.

flectivity (thicker layer — more excitonic absorption). The film thickness also shifts the
position of the SPP resonance. This is clear if one approximates the polymer-layer and
the vacuum as an effective medium with some refractive index. This effective refractive
index is higher if the layer is thicker. Since the background reflective index enters the
SPP dispersion, the resonance is shifted.

In Fig. 3.4a, the imaginary part of the permittivity ¢ deduced from the experiment
is shown as circles. The sharp and high exciton-related absorption peak at 685 nm is
obviously the dominant contribution. With the bare eye one can find that there are at
least two side peaks. One shoulder at 670 nm manifests itself in an asymmetric shape of
the line. Another broad shoulder is found near 610 nm.

Having these observations in mind, we modeled our €(w) as a superposition of three
LoORENTZian resonance functions and fitted them to the experimental data by non-linear
curve fitting. The result of the superposition is shown as thicker black line in Fig. 3.4a
which is hardly visible since it follows the experimental data very well. The three con-
tributing peaks are shown as thin black lines and match the expectation. Note that the
absolute value of the imaginary part of € still depends on an overall factor as discussed
above.

Having the materials and the shape (see Fig. 3.3) of the system, the calculations
quickly show the most important features, such as the avoided crossing in roughly the
right position. In order to match the experiment also quantitatively, we had to fit our
free parameters to the experiment. These parameters are in particular: the background
refractive index for the dye solution, the thickness of the dye d and the factor describing
the strength of the absorption.
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On this purpose, we considered a single spectrum, namely that for § = 21° and varied
the free parameters until the calculated spectrum matched. The best fit we found is shown
in Fig. 3.4b. Its parameters as indicated in Fig. 3.1b are the grating period a = 430 nm,
the depth of the slits h = 20 nm and the thickness of the dye measured from the top of
the nano-wires d = 25 nm. Since we used rounded corners for the nano-wires, as can be
seen in Fig. 3.3, we had also the curvature radius » = 8 nm as parameter. The substrate
made of gold was 1 pum thick. On top of the dye, we had to calculate a 3 pm thick layer
of vacuum in order to collect far-field data. In the upper, direction we had two 400 nm
PML areas on top of each other. The background refractive index for the dye solution
was n = 1.3.

In Fig. 3.5, it can be seen that fixing the parameters at a single angle suffices to obtain
a result which agrees very well with the experiment even quantitatively over the whole
range of wavelengths and angles. Some differences occur due to various processes which
were not considered in the modeling. In particular, there are nonlinear effects even in
the so-called linear experiment. These effects are, e.g., the degeneration of the dye due
to the laser and the difference of the thickness of the dye on a grating and flat metal.
Such a difference is quite plausible since the grating may well have some influence on the

spin-coating process.

3.3 Results with alternative geometries

The previous section presented results of calculations that are in excellent agreement
with experiments. Of course, such results stand at the end of a development process
with several intermediate model designs. The reader may find it entertaining to read this
section about some intermediate models, the physical interpretation of their imperfections
and how they inspired the modeling process.

In the first modeling, we used a perfectly rectangular shape. The angular-resolved
reflectivity of such a system without the dye resonance is plotted in Fig. 3.6a. One can
see a nice sharp SPP resonance at the correct position where it is also found in the
experiment. For very short wavelengths one can also see the absorption cutoff of gold at
550 nm. Up to here, the calculation looks perfectly correct.

In Fig. 3.6b, the reflectivity of the same system is shown with the dye resonance
implemented. For wavelengths longer than 700 nm, the result looks similar to the ex-
perimental findings. We see the lower polariton (LP) branch which is bend to avoid the
crossing with the non-dispersive reflectivity dip at the dye resonance at ~ 700 nm.

In the short wavelength range, the spectrum looks totally different. The upper polari-
ton (UP) branch is almost invisible. Instead, there is an additional deep non-dispersive

reflectivity dip. Our first speculation that something was wrong with the material model
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Figure 3.6: Angular resolved reflectivity spectrum in a system with perfectly rectangular
slits but otherwise parameters from the experiment. (a) shows a grating without a
dispersive coating. A nice sharp SPP can be seen that is in well accordance with the
experiment. (b) shows the grating with the j-aggregate material model. Along with the
SPP and the exciton line near 700 nm, a single slit localized surface plasmon mode is
visible as non-dispersive broad reflectivity-dip at 650 nm. The latter mode is not found

in the experiment where the slit-shape is also not perfectly rectangular.

for the dye could easily be ruled out by calculations with the dye on a flat surface. These
looked perfectly correct.

Looking at the field distribution in the mysterious reflectivity dip, we found strong
fields localized in the slits and not traveling along the surface. Conclusively, we are
dealing with a standing-wave mode which is related to the single slits. Such a mode is
comparable to the 0D plasmon modes found at metallic nano-particles sometimes called
localized surface polaritons (LSPs). They differ qualitatively from SPPs which are waves
transporting energy along a surface.

The mode “suddenly” occurs in Fig. 3.6b and is not found in Fig. 3.6a since the dye
material changes the refractive index and thus dramatically influences modes whose mode
volume almost completely overlaps with the dye-material. This holds still true for modes
which are far off the dye-resonance. In contrast, the actual SPP as seen in Fig. 3.6a is only
slightly influenced by a change in the refractive index of the dye-layer. An explanation
is that dye-layer is very thin and most (in terms of volume) of the SPP-related near-field
enhancement is in the vacuum anyway.

An interpretation is that we slightly changed the refractive index in a nearly perfect
box-cavity resonator (the slit) and thereby brought one of its resonances into our view.
The resonance energy and the quality factor of such a resonator sensitively depends on

the dimensions of the rectangular slit. Thus, one could shift the resonance out of Fig. 3.6b
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Figure 3.7: Spectrum of a dye-grating system overlaid with a Fabry-Perot artifact. The
dye related reflectivity dip and the two plasmonic branches are still visible. The artifact

is induced by a bad numerical mesh at an vacuum-vacuum interface.

at will. This would of course restrict us in our choice of the slit depth and width. Also,
the fact that there is no such resonance in the experiment is a hint that this is the wrong
way.

The quality factor, and thus the strength of the effect of the cavity resonance is only
limited by the absorption and numeric errors in a theoretical calculation. The situation
in an experiment is completely different. Here, the quality of the resonator also depends
on how exact one is able to craft a rectangular slit.

Since the sample is a nano-structured device, we expect the slit-shape to be not per-
fectly rectangular. Thus, we tried different shapes in order to suppress the spurious mode.
Triangular shapes gives similar slit modes as reported in Ref. [SB09]. Such resonances
are also in disagreement with the experiment. Finally, we ended up with a rectangular
shape with rounded corners as shown in Fig. 3.3 were the spurious resonance is completely
suppressed.

Another kind of artifact is visible in Fig. 3.7. The whole spectrum is superimposed
with a bunch of broad dispersive resonances. Their magnitude is much weaker than the
magnitude of the SPP and exciton related reflectivity dips but still very annoying.

It quickly became clear that this artifact looks like the spectrum of a FABRY-PEROT
(FP) interferometer, i.e., a resonator consisting of two parallel reflective planes. It remains
the question which planes are to be blamed for the problem.

From the fact that the resonances are not very sharp and the magnitude is quite
small, one can conclude that the FP interferometer creating the artifact has a quite small
finesse. This means that either the reflectivity of the planes is small or the absorption
between the planes is high.

The first idea was that one of the reflective planes is the gold surface and the other
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plane is the perfectly conducting (PEC) boundary condition behind the PML layer. This
is quite probable since the PML does absorb much but never everything. So we could
have built a Fabry-Perot resonator with an absorbing material inside.

This thesis could easily be checked taking into account that one can easily tune a
FP by changing the distance of the planes. In fact, this is what one usually does if one
has bought a FP interferometer. Disappointingly, after making the PML thinner and
consequently decreasing the Au-PEC distance, the spectrum did not change at all. At
least, we learned that the PML is thick enough.

Another probably reflective plane to be ruled out is the vacuum-PML interface. Even
though literature reports various problems with PML implementations, a reflective front
face is not among them. Slightly shifting the vacuum-PML also gave no result at all.

Now there was only one plane remaining in the simulation area: an interface between
two vacuum-layers. They remained from earlier convergence checking were multiple PML
layers were tried. The lowest PML-layer ended up as an unsuspicious vacuum layer. In
fact, shifting the vacuum-vacuum interface shifted the Fabry-Perot spectrum and was
thus identified as the second reflector.

The reason it was reflective was a bad setting of the mesh at the boundary. The grid-
points on both sides of the interface were not exactly adjacent. An additional line calling
meshinit (fem, ’hmax’,50e-9) solved the problem in future versions of the COMSOL
model.

These two subtle artifacts serve as typical examples of obstacles one is faced with
during the process of modeling. Such errors are not as bad as getting no solution or a
totally wrong solution but are quite hard to debug. This is due to the fact that not the

numerics is wrong but the wrong physics is put in.
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Chapter 4

Localization of light

4.1 Localization in wave physics

Motion and consequently transport is the heart of physics. The main objective of different
branches of physics is the description of transport of different entities, most prominently
energy and particles. Often, transport can be described in terms of waves such as sound
waves, electromagnetic waves and SCHRODINGER waves. The observable quantity is often
an intensity, i.e., the time-averaged squared absolute value of the field occurring in the

wave equation.

4.1.1 Interference

An interesting phenomenon related to waves is interference, i.e., the superposition of two
or more waves. The superposition of coherent waves with different phases gives rise to

interference patterns. In the case of two waves u; and us the resultant intensity reads

luall* = Tl + o ll* =l |* + lJuall* + wiue + ujuy - (4.1)
~—_———

Interference

Amplitudes sum up and it occurs a signed term that causes interference effects.

In actual physics, interference gives rise to such spectacular effects as the colors of soap
bubbles or whispering galleries in cathedrals. Interference patterns such as NEWTON-
rings make small length differences visible such that interferometry is today’s standard
for high-resolution length measurements.

The occurrence of interference is an important difference between wave-like and dif-
fusion-like transport. Both, wave-functions and solutions to a diffusion equation (e.g.,
a concentration of a chemical substance) allow for linear superpositions. In contrast
to the waves, nothing spectacular happens when two concentrations overlap. Only the

“amounts” (amplitudes) sum up while there are no phases playing a role.
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In wave-related physics, one is often interested in scattering, i.e., what happens when
a wave hits an obstacle. The scattered wave can be thought as a superposition of plane
waves traveling in different directions. Obviously, scattered waves can interfere with each
other and with the incident wave and again form interesting patterns in the intensity.

If many waves are superimposed, the intensity reads

l[ul|? = Z ual® + >~ R(ufuy) . (4.2)

©,J>1

Here, the interference term is a sum over many signed numbers. If these numbers are
independent random numbers, it is very likely that they add up to zero. In this case,
interference effects vanish and the superposition becomes diffusive (in the sense that only
amplitudes sum up). In everyday life, the effect can be seen in the “diffuse” light on
cloudy days or the noise in a lecture hall before the lecture begins. In the first case,
light from the sun is multiply scattered at droplets in a cloud and hits the ground from
all directions with different phases. In the second case, the observer measures waves
from many sources at different positions emitting independent signals. In both cases, the
intensity distribution is quite homogeneous: there are no focal spots.

To appreciate the complexity of these phenomena, remember the difference of people
chatting and a skilled choir singing in a lecture hall. In contrast, the background noise of
chatting people can be pleasant compared to an unpracticed choir where all the emitters
are slightly detuned and drifting out of phase. To conclude that: very different results
can occur in closely related setups as soon as multiple scattering or many emitters enter

the scene.

4.1.2 Focusing light: common and uncommon ways

In some cases, the interference term can become very high at certain positions. Well
known examples are the focus of a parabolic mirror or a convex lens. Figure 4.1 shows
the spatial intensity distribution created by point sources that are arranged on a parabola,
i.e., an approximation to HUYGENS principle for the parabolic mirror. At the focus point,
the interference term takes a very high value and dominates the intensity.

This technologically highly relevant effect is absolutely impossible for diffusive motion.
There is no way to arrange sugar crystals (sources of concentration) in water such that
the sugar concentration obtains a distinct maximum at a point outside the crystals.

Parabolic mirrors and convex lenses obviously have a very special geometry. The
focusing effect can by easily understood in the limit of ray optics. The named techniques
to focus light were known since the classical antiquity. It may be speculated that they
were used to start fires by focusing sunlight. Intensity enhancements in certain geometries

are very common in technologies such as directional microphones and antennas.
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(b)

Figure 4.1: (a) Intensity of 51 spherical wave emitters (covered by gray circles) arranged
on a parabola. The intensity of each emitter decays fast as 1/r%. The intensity in the
parabola stems almost exclusively from the interference term. The frequency is chosen
such that a nice interference pattern occurs. For high frequencies, the intensity concen-
tration in the focus becomes much more pronounced such that the intensity becomes
negligible everywhere except in this single spot. This can also be seen from comparison

with (b), where the same situation is shown with the interference terms left out.

Another particularly fascinating way to enhance the intensity at a certain point is a
point defect in a so-called photonic crystal. A photonic crystal is a periodic arrangement
of scatterers having a photonic band-structure, i.e., for given momentum only light with
discrete energies can travel through the crystal[JVF97]. Even more important, there are
energy regions where no modes are allowed to travel at all. These regions are called
photonic band gaps[Yab93] due to their similarities to band gaps in solid-state physics.
If one has a point defect with a point emitter such as a quantum dot, light at energies
in the bandgap is trapped at the position of the defect[Yab87]. Photonic crystals play
an important role in basic research such as cavity QED[YSH™| where light is trapped
between BRAGG mirrors.

In addition to the named geometries, metal structures provide an another way to
concentrate electromagnetic waves. One well known example are lightning rods. With
nano-structured metal, surface plasmons can be excited that were the topic of the previous
chapters. The mobile electrons in the metal oscillate resonantly driven by the incoming
field and serve themselves as a source of electromagnetic radiation. The very strong
fields close to the metal surface can be used sensitively probe the chemical environment
of the metal. On the one hand, the resonance frequency of the SPP sensitively depends
on the refractive index of the surrounding. On the other hand, the strong near-fields
promote strong light-matter interaction. The latter point makes it possible to detect
single molecules in surface enhanced RAMAN spectroscopy[NE97] or to coherently couple
them to excitons as discussed in the previous chapter.

All the named structures have in common that the wave has high intensity in small
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spatial regions. On this reason, the wave is often said to be “localized”.

A very different approach to obtain high intensities in a small spot is localization of
light by multiple scattering: Consider a wave-packet (e.g., an electron beam or a pulse
of laser light) that travels through a medium containing scatterers in a homogeneous an-
isotropic matrix. Then parts of the wave-packet are scattered into all directions when they
hit a scatterer. Such parts can then travel through the matrix and are again scattered
into all directions.

From this argument, one would expect the probability density function of real wave
vectors ¢(k) to spread with time. While all intensity in the initial beam was concentrated
to a single k, all allowed wave vectors are equally contributing to the field after infinite
time. The magnitude of k is restricted by the dispersion relation in the matrix. Con-
sequently, this first approach predicts that after an infinite number of scattering events,
¢(k) is constant on a sphere defined by the dispersion relation and zero everywhere else.
This means that the original narrow beam is equally scattered into all directions.

This can actually be seen in a simple experiment where laser light is shot into diluted
milk. If the milk concentration is sufficiently high, the light is visible as a glowing ball
and nothing remains of the original laser beam. It seems like the light is injected at some
point and spreads out from there (like the concentration of a chemical). The directional
information is lost, which is untypical for the beam of a laser pointer. The named points
motivate the usage of the term “diffusion” for this sort of transport.

In similar situations, a surprising and counter-intuitive phenomenon occurs: the lo-
calization of waves by multiple scattering, that was first discussed by P.W. ANDERSON in
1958. In this seminal paper he describes “[...] a simple model for such processes as spin
diffusion or conduction in the ”impurity band.””[And58, abstract| and proves that, un-
der certain conditions, the diffusion completely breaks down. This means that there are
circumstances where waves that are multiple scattered by randomly arranged scatterers
stops to move. The waves becomes trapped in a certain region and exponentially vanish
out of that region. Since the intensity is concentrated to small spatial regions, this effect
is an uncommon way to focus waves. The rest of this chapter will discuss ANDERSON

localization and, in particular, the localization of light in a specific nano-structure.

4.1.3 Examples of localization of classical waves

ANDERSON localization is well established for the motion of electrons in solids and there
was great success in experimentally testing its predictions|Gan05, Sto01, LGP88]. As an
example, a disorder-dependent metal-insulator transition can be observed in phosphorus
doped silicon RMP*83].

There are also several experiments in lower-dimensional systems. For example, it was

found that the conductance of thin metal wires decreases exponentially as temperature
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goes to zero[GWPT79, Tho77]. It was ruled out that the effect is related to a bulk property
of the metal or the KONDO effect. For one-dimensional systems such as thin wires, the
theory predicts that all eigenfunctions are localized[AALR79]. The conductivity is given
by hopping processes among the localized states. At low temperatures, there is not
enough activation energy for hopping such that the conductance vanishes.

In order to observe localization of classical waves' in an experiment, one needs scat-
terers with a size scale around the wavelength[She90]. The scattering should be strong
meaning that the propagation velocity in the matrix and the scatterers should be as
different as possible. Also, the experiment has to be constructed such that the relevant
quantities such as the intensity of the wave and transmission coefficients can be measured
as directly as possible.

Microwaves are particularly well suited to study multiple scattering of classical waves.
A main advantage is that the wavelength of the microwaves can easily be chosen in the
range from millimeters to a meter. Thus, the whole experiment can be scaled to an easily
manageable desktop size. The frequencies in the range of hundreds of MHz to hundreds
of GHz allow to directly resolve the temporal evolution of the fields with contemporary
electronics.

Microwaves can be excited and detected by small probes containing inductors and
capacitors. Even in the earliest electrodynamic experiments, HERTZ had detectors much
smaller than a wavelength at his disposal[Her88]. The scatterers can be made of dielectric
materials or metal and can be easily placed at will.

In several 2D microwave experiments, cylindrical scatterers are placed between parallel
(super-) conducting plates[DAS*91, LLS*07]. In Ref. [DAST91], it is reported that the
scatterers were randomly placed onto half of the sites of a square lattice. Thus, this
experiment can be thought as a photonic crystal with point defects. In a transmission
setup, a wave is excited at one front of the chamber and the transmission is detected at
the opposite front.

In the transmission spectrum Fig. 4.2, a high number of sharp peaks can be seen
along with a low-frequency modulation. The low-frequency modulation is a relic of
the photonic band structure of the unperturbed photonic crystal. The occurrence of
bands of strong/low reflectivity (stop/pass bands) can be easily understood as BRAGG
reflexes. They occur where waves reflected by different crystal planes interfere construc-
tively /destructively. The bands are washed out compared to the unperturbed crystal but
can still be seen because the cylinder positions are restricted to the square lattice such

that there is still some long-range order.

!Evidently, a phenomenon which is mostly explained by the wave character of the electrons can also
be expected in other — non-electronic — systems. Some authors rigorously restrict the term “Anderson
Localization” to electronic waves. However, we have the connotation of multiple independent scattering

events leading to universal behavior as formalized by the single-scaling hypothesis.
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Figure 4.2: Transmission spectrum of microwaves scattered from a random distribution
of dielectric cylinders. The low frequency modulation is attributed to the band structure

of the unperturbed photonic crystal. The sharp peaks are the localized modes; from

Ref. [DAS*91]

It is argued that few (3-4) localized modes contribute to each of the sharp peaks. These
modes can be separated by selectively damping them by placing water filled capillaries

at high intensity positions.

In a further setup, the frequency was locked to one of the smaller peaks and the
spatial distribution of the electric energy was measured by rastering a microwave probe
through the chamber. At one particular mode, it can be seen that most of the energy is
concentrated in a cluster of few (6) peaks and the energy distribution is quickly decaying
from this cluster. This finding is a major hallmark of a strongly localized mode. It
was also found that the modes having their peaks in the center of the chamber are less
attenuated from the damping of the chamber boundaries. At frequencies where multiple
modes are found, each peak can be attributed to a certain mode by placing the water
capillary into the peak position. Then, the other peaks of the same mode are also damped

whereas peaks of other modes are unaffected.

In a similar experiment, dielectric cylinders are placed at random positions only re-
stricted by a given filling fraction and minimum distance into a microwave cavity[LLS*07].
Consequently, no traces of photonic crystal physics can be found here. The inner in-plane
boundaries consist of microwave absorbing foam in order to mimic an open system. In
this setup, fields are excited by a point source and detected by a point detector. Transmis-
sion spectra can still be taken for a fixed source and detector position. The transmission
spectrum clearly shows a stop band between 3.5 and 5.7 GHz. The stop band is found

in between two single-cylinder MIE resonances.

Localized modes show up as sharp solitary peaks in the transmission spectrum. The
sharpest peaks are found at the edges of the stop band. This is exactly the position
where the MIE cross section changes fast. This is in well accordance with an argument
discussed in the related paper Ref. [VS05]. Here, it is stated that strong localization

is to be expected near the single scatterer resonances where the scattering cross section
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4.1. Localization in wave physics

is moderately enhanced. In contrast, at resonance, the scattering cross-section highly
exceeds the physical size of the scatterers such that the optical volumes overlap. In this
case, multiple scattering breaks down and the situation is better described in terms of
propagation through an effective medium.

Intensity maps of various modes are shown and compared to FDTD calculations using
the same scatterer distribution as the microwave[LLST07, Fig.3]. All major modes from
the experiment are also found in the calculated spectra. The intensity distributions are
also very similar. This finding is somewhat surprising since the calculation disregards
losses in the dielectric and small differences in the scatterer distribution. This shows
that the localization effect including the spectral positions and spatial structure of the
eigenmodes is quite robust against perturbations.

In Ref. [HSPT08], ANDERSON localization in a 3D elastic network is demonstrated.
On this purpose, aluminum beads are brazed together such that the beads are in direct
mechanic contact. Waves are exited by a point source on one end of the system and trans-
mitted intensity is measured on the other end. The setup is chosen such that absorption

is compensated in the results.

As in the microwave experiments, a succession of stop and pass bands is found in the
transmission spectra. These bands are not attributed to periodicity but to eigenmodes
of the individual scatterers.

In a time-resolved experiment, it is found that transmitted intensity decays expo-
nentially at low frequencies. At high frequencies, the decay is significantly slower than
exponential. The spatial intensity distributions show strong fluctuations with high dis-
tinct intensity peaks in the high frequency case. At low frequencies, the pattern shows
much weaker fluctuations and follows a RAYLEIGH distribution as typical for diffusion?.
The authors interpret their findings in the high frequency case as strong evidence for
ANDERSON localization of ultrasound[HSP*08].

The scattering strength is often discussed in terms of a comparison of the mean-free
path [ and the wavelength 2?” It is interesting to note that the authors give value of
kl = 1.6 for the low-frequency case and kl = 1.8 for the high-frequency case. This is in
contradiction with the often cited statement that the onset of ANDERSON localization
occurs at values kl < 1 or at least at small values of kl. Here, localization is found
exclusively at the higher value of kl. The kl ~ 1 criterion is also strange in the point
that kl has the unit of an angle. However, it is clear that something interesting happens
where wavelength and mean free path are on the same order of magnitude. The latter
qualitative statement is exactly what is claimed in the often cited paper Ref. [IR60] by
IoFFE and REGEL.

2The terminology concerning intensity distributions and their relation to diffusion is discussed in
Appendix A.2
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8 mm Hellos

Figure 4.3: SEM image of the ZnO nano-needle sample used in the experiment. The
needles are randomly distributed and vertically aligned. The needle-diameter is ~ 50 nm.
The needles are grown on a sapphire substrate. There is a rough layer of ZnO beneath

the needles (mostly occluded in this image).

4.2 Localization of light in ZnO nano-needle arrays

In contrast to microwaves, localization of light is much harder to observe. In the optical
range the wavelengths are on the scale of a micron. Consequently, optical experiments
on multiple scattering need nano-structured samples. Temporal resolution can only be
achieved with complicated interferometric setups. Near-field optical microscopy is a quite
new technology and has several limitations.

Inspired by experiments in the LIENAU group, we discuss a sample of randomly dis-
tributed ZnO nano-needles that are densely packed but almost non-overlapping and ver-
tically aligned. Since ZnO has a high index of refraction of n ~ 2 one expects strong
scattering and, in particular, multiple scattering in this system.

The needles are grown on a sapphire substrate using a metal-organic vapor-deposition
method[KYOYO08]. As shown in the SEM image Fig. 4.3, the needles have a diameter of
~ 50 nm and a length of up to 0.5 pm. It can also be seen from the SEM image, that
there is a rough ZnO underground beneath the needles.

A major obstacle in observing wave localization is the localization itself. Localized
waves are different from usual waves in the fact that they do not travel. Consequently it
is impossible to project them onto a screen or other far-field detectors. As already men-
tioned, localization is often observed indirectly. One possible method are transmission
experiments. The idea is that the localized waves are not transmitted and thus missing

in transmission spectra. Transmission experiments are the natural way to observe local-
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4.2. Localization of light in ZnO nano-needle arrays

ization in electronic systems. The quantum mechanical wave function itself in the bulk of
a material can hardly be observed. Instead the localization of electrons can be observed

as “missing” conductance.

In microwave experiments, it is possible to measure the electromagnetic near-fields
directly since probes are available that are very small compared to the wavelength and
fast compared to the frequency. This is not the case for optical experiments. The smallest
available optical probes are fiber tips in near-field scanning optical microscopes. They
can be much smaller than a wavelength but have the inherent disadvantage that the tips
are connected to relatively thick fibers. Thus, only the near-fields on a not too rough
surface can be resolved. In more complicated structures, it is mechanically impossible to

position the fiber tip to the region of interest.

The nano-needle forests discussed here are obviously three dimensional and the local-
ization that is to be observed will occur in between the nano-needles. This is a region
where one cannot place a probe, e.g., a fiber tip. On the other hand, the needles have the
advantage that one can look into the structure from above. The interesting region is not
occluded by the structure itself. This is a main advantage over the powders discussed in
Ref. [WBLR97].

To detect the localized field, one could place luminescent molecules in between the
needles or — more elegantly — use the ZnO rods themselves. The latter is possible by
second-harmonic generation (SHG). It is well known that ZnO nano-structures have a
high SHG efficiency[Mil64]. At positions where the light is localized, the field in between
the needles is very strong and, consequently, the SHG is high. The fact that the SHG is
proportional to the square of the field strength makes it a sensitive probe for intensity
fluctuations. For the generated second-harmonic light, the conditions for localization are

not fulfilled. Consequently, it is radiated into the far-field and can be detected there.

The LIENAU group utilized an ultrafast second-harmonic microscopy setup to collect
the second-harmonic light and eventually to investigate the scattering properties of the

sample.

As source, an ultrafast ultrabroadband laser was used. It created pulses of down to
6 fs FWHM centered around 800 nm. It spanned a bandwidth of more than 200 nm. The
light was focused using an all-reflective CASSEGRAIN objective to a diffraction limited
spot-size of 500 nm. The sample-surface was rastered through the focus of the objective

in order to collect spatially resolved reflectivity spectra.

The reflected light was collected with the same objective and filtered such that only
light with wavelengths around 400 nm can enter the further stages. This light, which is
generated by nonlinear processes in the sample, is then analyzed with an interferometric
frequency-resolved auto-correlation (IFRAC) setup[3]. The nonlinear emission consists of

second-harmonic (SH), higher-harmonic and light emitted by other nonlinear processes
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Chapter 4. Localization of light

such as multi-photon-induced luminescence. How photo-luminescence and SH emission
are distinguished in the experiment is discussed in Ref. [SMS*10].

As the name IFRAC indicates, the pulse is superimposed with a time-delayed copy of
itself (interferometric auto-correlation (IAC)) to obtain information about the temporal
evolution of the emitted field[SS05]. The resolution is mainly determined by the pulse
length, i.e., < 6 fs. If the auto-correlation is performed spectrally resolved, not only
the temporal evolution of the field, but also the temporal evolution of the spectrum of
the emitted light can be observed. Having this setup, one can not only collect spatially
resolved reflectivity spectra, but even analyze when the light is emitted and how long it
remains in the sample.

The experimental result of such a measurement is an IFRAC trace. It contains the
spectrally resolved count rates from the spectrometers CCD chip in dependence of the
time-delay of the two excitation pulses. The count rate is proportional to the IFRAC
intensity I;p(w, 7) where hw is the energy and 7 is the time delay. It is the intensity of
the FOURIER-transformed second harmonic electric field Egy (¢, 7):

2

Iip(w,7) = ’/ESH(t,T)e_i‘”dt (4.3)

The incident field consists of a pulse and its time-delayed copy E(t) + E(t + 7). The
non-linear signal is emitted by the polarization of the material induced by this field. For
a single monochromatic source, the polarization in frequency domain can be expanded

into a series of powers of electric fields as

Py = eo(xig By + X W BB + X BBy E + . ..) [Hec09] (4.4)

ivjik
The second term in the series gives rise to the second-harmonic generation. The suscep-
tibility tensors x(™ are material properties and inherit important symmetries from the
material. Obviously, higher order terms only contribute for strong fields.

From MAXWELL’s equation V x H = D+ j and the definition of the electric displace-
ment D = ¢E + P, it is obvious, that P mathematically acts as a source in the same
way as a current j: the second-harmonic polarization is the source of second-harmonic
emission which can then be detected in the far-field. If we assume that the incident field
oscillates at frequency w as coswt, we find that the first (linear) term in equation 4.4
oscillates at the fundamental frequency. In the second term, we obtain the two contribu-
tions cos? wt = 1/2+41/2 cos 2wt. The first does not oscillate at all and is known as optical
rectification. The second oscillates at twice the fundamental frequency and is known as
the second harmonic. Similarly, the third term cos®wt = 3/4coswt + 1/4 cos 3wt gives
a contribution at the fundamental and the third harmonic at three times the fundamen-
tal frequency. In our case, only the second harmonic light reaches the detector since

everything else is filtered out by a band pass filter in the optical setup.
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Figure 4.4: (a) The intensity of the second harmonic emission as measured by rastering a
Zn0O nano-needle sample with the second harmonic microscope. There are strong spatial
fluctuations and, in particular, high peaks referred to as hot-spots. (b) Blue crosses:
histogram of the intensity distribution indicated by the measurement presented in (a).
Red circles: histogram of the intensity distribution of a sample with rough ZnO without
needles. The intensity distribution of the nano-needle array is highly asymmetric and
has an extended tail at high intensities. This corresponds to the enhanced probability of

exceedingly high intensities in a localized wave-function.

By carefully analyzing the IFRAC trace I;r(w, 7), the temporal evolution of the fun-
damental field can be reconstructed[SS05, SMS*10]. In the experiments in the LIENAU
group, this was used to obtain the lifetime of the near-field in between the needles at
each position while rastering the ultrafast second-harmonic microscope over the sample.

The experiments with the named ZnO nano-forest samples and second-harmonic
IFRAC microscopy reveal that the electromagnetic wave-functions in the sample share
the following similarities with the electronic wave-functions known in ANDERSON local-

ization:

e The experiment reveals strong spatial fluctuations of the second-harmonic emis-
sion. In particular, there are hot-spots, i.e., regions of enhanced emission which
are smaller than the resolution of the experiment, i.e., smaller than 500 nm di-
ameter. The spatially resolved SH emission is shown in Fig. 4.4a. This spa-

tial distribution is quite similar to the wave-functions found in disordered 2D

quantum-systems|Run03]. An example from a disordered quantum well discussed

in Ref. [Run01] is shown in Fig. 4.5 for comparison.

e The intensity distribution is highly in-homogeneous. There are ridges of high in-
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Chapter 4. Localization of light

tensity accompanied by extended regions of low intensity. The spatial intensity
distribution has no obvious relation to the underlying dielectric distribution. Par-

ticularly, the wave-functions look fractal-like.

e To quantify the last point, one can look at the statistics of the wave-function am-
plitudes. In Ref. [Mir00, Chap. 4], the distribution of the amplitude in a localized
2D quantum system is predicted to be log-normal (P(u) like e~ ™°*) whereas it is
exponential-log-cube (P(u) like e~ ™% in 3D systems. In all cases, the amplitudes
of the localized wave-functions are distributed highly asymmetric with extended
tails at high amplitudes. These tails correspond to the fact that there is a finite
probability to find points with a very high amplitudes, i.e., hot-spots. Thus, the
statistics of the amplitude distribution is a sensitive tool to evaluate the hot-spot
density and strength. Figure 4.4b shows the amplitude histogram for a sample with
a rough base layer of ZnO and a sample with ZnO nano-needles. It can clearly be
seen that there are extended high intensity tails only for the system with nano-
needles. These tails correspond to the fact that there is a finite probability to find
points with very high amplitudes, i.e., hot-spots.

e The lifetime of the near-field at the hot-spot positions is significantly enhanced over
average positions. This is an indication that the light is trapped in the sample and

multiply scattered for a surprisingly long time[3].

These findings indicate that, indeed, the light is localized in the ZnO nano-forest.

4.3 Calculations

Even with the strong experimental indications, the interpretation that we deal with lo-
calized light can be questioned. To provide further evidence, we performed theoreti-
cal calculations for model systems. Counterarguments could be that the experimental
findings might be induced by dirt particles or in-homogeneously grown nano-structures.
These can be fended if calculations show that there are strongly localized electromag-
netic near-fields. In theoretical models, one has perfectly clean materials and controlled
nano-structures.

To calculate the electromagnetic field distribution in the ZnO nano-forest, we first
had to model the geometry. For the most important part, namely the placement of
the individual nano-needles, we created dense, random arrangements of (almost) non-
overlapping circles. On this purpose, two approaches where implemented. First, a simple
molecular dynamic code of repelling hard-circles was implemented and run to minimize
the overlap of a given number of circles in a given volume. A totally random distribution

of circles was chosen as initial arrangement. With this approach, we obtained very high
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Figure 4.5: Two dimensional wave-function of electrons in a disordered quantum well.
The probability amplitude W*W is depicted as surface plot and the random potential is
indicated by a gray-scale map. Distinct maxima in the probability amplitude form a
ridge-like structure surrounded by extended regions of vanishing probability amplitude;
from Ref. [Run01]

quality arrangements on high numeric cost. In particular, this approach yields densely
packed 2D crystals if the density of circles is chosen very high. However, we rated this

approach as too expensive.

Our second, much faster choice is the following method: First we create a matrix
of random numbers. These random numbers are convoluted with a (GAussian) filter
function which gives a random surface having a correlation length given by the bandwidth
of the filter-function. The result is smooth random landscape with a typical distance of
hilltops. By the size of the matrix and the variance of the filter, we can control the
number of hills in the resulting matrix. We then take the positions of the hilltops as
centers of our circles. Given the number of hilltops and the desired density of circles, we

finally calculate the real-space volume the circle-array corresponds to.

This second approach guarantees a typical distance of circles but does not exclude the
possibility of overlapping circles. This fact is not a disadvantage of this approach since

we find in SEM images that there are also some overlapping needles in the actual sample.

A second important ingredient into electromagnetic field calculations is the material
model. ZnO is a wide-bandgap semiconductor (E, ~ 3.3 e€V') having very interest-
ing optical properties in the ultraviolet range. At excitation energies higher than the
bandgap, ZnO becomes strongly absorptive since an electron-hole plasma can be ex-
cited. The absorption edge is very steep, even at room-temperature. As a particularly

interesting effect, (random) lasing in the ultraviolet was reported in various ZnO nano-
structures KWH11, CZH"99, FDS*T09, HMF*01, ZDY"06].
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In our case, the excitation, as well as the modes which are to be observed, exist in the
red to near-infrared spectral range. Here, the absorption is very small and the dispersion
relation is flat and a commercial ZnO wafer looks as transparent as glass to the bare
eye. Taking this into account, we model the ZnO as a dielectric material with a constant
reflective index n = 2.0 and no absorption at all. These assumptions are further justified

by the fact that the light will only travel through the ZnO for a very small distance.

4.3.1 Challenges

Since the computational capacity is limited, it is not feasible to calculate a system with
a size comparable to the actual sample (several mm?). The fact that the experiment
utilizes a focused laser beam gives a hint on which size scales the interesting physics
happens. The focal spot has a radius of ~ 0.25um. In consequence, a calculation of this
size should be sufficient to reproduce the experimental results. However, the major point
of the experiment are the fluctuations from laser shot to laser shot while rastering the
focus over the sample. Thus, we need many calculations of the focus size in order to
compare them as in the experiment. The most natural way to achieve this is to choose a
region bigger than the focus size. The alternative would be to perform many calculations
of independent regions of the focus size.

We can also see from the experiment, that there are regions of & 5 x 5um? that contain
only weak field enhancements (see blue regions in Fig. 4.4a). To make it likely to find
strong enhancements in the calculations, we need calculations on this scale. If we chose
much a smaller region, we could be in a region without hot-spots by bad luck.

In all cases, we can not compare the number or height of hot-spots in the calculation
with some region in the experiment. Such quantities are not well defined due to the
random nature of the system. Even averages of these quantities are not of high reliability
since we only have on the order of 10 hot-spots in the experimental region.

Instead, we can compare distributions of the near-field intensities producing his-
tograms as Fig. 4.4b. These distributions are close to ensemble averages and are similar
for different realizations of the random system.

The system considered in this chapter is huge in the in-plane directions due to its ran-
dom nature. The sample wafer has a size of (several mm?) which is very large compared
to the scale of the individual structures (= 10 nm). Taking the small focal spot size into
account, it is reasonable to consider the in-plane extension as infinite: the boundaries of
the sample have no influence on the experimental results. From a computational point
of view, we have to restrict ourselves to finite systems. At the boundaries, we have to
impose boundary conditions to solve MAXWELL equations. This is a basic principle in
solving partial differential equations where a well posed problem has to be constructed.

Well posed means that the solution exists, is unique and stable with respect to small
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perturbations[BSMMO1, Sect. 9.2.3.1]. If one of these conditions is not fulfilled, the

system is ill posed and there is little hope to find a sensible numeric solution.

The list of boundary conditions that are well suited for MAXWELLs equations is
quite short: The simplest are perfect electric conductors (PEC) where n x E = 0 and
perfect magnetic conductors (PMC) where n x H = 0 and n is the boundary normal
vector. There are several approaches to construct open boundaries and, last but not

least, periodic boundary conditions.

A choice for boundary conditions that mimic infinite domains with a finite computa-
tional cell are periodic boundary conditions. Since our random system is not periodic,
such conditions do not look very natural at a first glance. However, if we use unit cells
that are large enough, i.e., contain many needles, periodic boundary conditions are a very

good choice compared to other realizations.

Perfect conductors are reflective and light cannot leave the calculation area in the in
plane directions, which is very different from the experimental situation. Open boundaries
allow such in plane propagation, but light leaving the calculation area is lost. In the
experiment, a portion of the light leaving a reference area can be scattered back from
needles that do not belong to that area. With periodic boundaries, light scattered out of

the calculation cell “sees” randomly arranged needles as in the experiment.

Such an approach of using huge unit cells in conjunction with periodic boundary
conditions is called a super-cell approach. We can learn a lot about the artifacts we have
to expect by making a detour to computational material physics were super-cells are very
popular[Dro05]. Here, materials are considered in the technologically highly relevant case
where the crystal periodicity is broken by (very few) defect atoms. It is easily understood
that a calculation with a super-cell that is much larger than the extension of the defect
states makes good predictions for a single defect. If the super-cell is too small, electrons
feel the presence of the defect in the neighboring cell which is obviously an artifact. In this
case, the defect states delocalize and form a band-structure in contrast to the discrete
defect levels that are to be expected at a single defect. The formation of the defect
band-structure is closely related to the fact that the super-cell ansatz makes the defects

periodic, which is in contrast to the random nature of the placement of defect atoms.

Similarly, in the case of light, the super-cell approach may introduce artifacts since
some randomness is lost and replaced by periodicity. This can be even worse compared to
electronic systems since light is known to be more difficult to localize. As in the electronic
system, a photonic band structure forms. The good news is that the artifact modes can
easily be identified since they are extended all over the super-cell. One argument for this
statement is that they have a well defined momentum k since they belong to a band-
structure. It follows from the uncertainty principle of FOURIER-transformation, that they

are widely spread in real space. A second distinction is that these are modes traveling in
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Figure 4.6: Four tiled unit cells including many cylinders to illustrate the super-cell

approach applied in the calculations. The fact that the pattern is repeated is hardly

visible even though humans are known to be extremely good in pattern recognition. This

is an intuitive indication that periodicity related artifacts are negligible in our system.

a certain direction from cell to cell. Thus, they do not have nodes in their time-averaged

intensity along their traveling direction.

In contrast, modes expected to occur due to the randomness do not necessarily travel

in a certain direction (in particular they may travel along loops) and do not need to

have a well defined momentum. Consequently, they are very different from the traveling

modes. In the results of all calculations presented in this chapter, such artifact modes

were not observed at all. A possible reason for this is that we have analyzed time-averaged

intensities where traveling modes only contribute to a homogeneous background.

If we make the unit cell large enough, the field in most of the volume of the unit

cell is so far away from the boundary that it is only weakly influenced by details of the

surrounding[JJWMO08, Appendix D].

A more intuitive but quite impressive argument for the weakness of the periodicity-

related artifacts is found by taking a look at some tiles of the super-cells used in the

calculations. Fig. 4.6 shows 4 tiles of a relatively small super-cell. If one would not know

that there are 4 identical tiles depicted, one would hardly find it out: the 4 tiles are not

very different from the whole area filled with circles of the same size and density.

Calculations with periodic boundary conditions are naturally performed in reciprocal

(momentum) space. The unit cell in momentum space is the BRILLOUIN zone (BZ).

Momenta outside the BZ boundaries are physically identical with momenta folded back

into the BZ according to k' = k + mG, m € Z, where G is a reciprocal lattice vector.

Typically, one is interested in the band structure, i.e., eigenenergies corresponding to a

given momentum ¢, (k) along with the corresponding wave functions.
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In our case of a super-lattice calculation, the BZ is very small, since the real-space
unit-cell is huge. For this reason, there are many back-folded low-energy modes. We
are only interested in a certain energy range, namely the experimental energies in the
far-red. Solving for all eigenvalues up to a certain cut-off energy looks like a waste of
computational effort in this case. There are eigenvalue solvers that solve only for eigen-
values in a certain energy range. In particular, eigensolvers using ARNOLDI iterations
such as ARPACKILSY09].

The mode expansion calculations presented below were performed with the freely
available MIT Photonic Bands (MPB) software package[JJ01]. The MPB reference[Joh13]
states that the “targeted” solver converges more slowly than an ordinary eigensolver and is
generally an experimental feature. In testing with moderately sized unit-cells (2 x 2 ym?),
we found that the targeted solver did not converge at all. Direct solvers that solve for
all modes up to a certain energy pose the problem that they quickly run into memory
limitations.

Due to these facts, we gave up the eigenmodes decomposition calculations at quite an
early stage. We found that faster progress to direct comparison to experimental far-field
measurements can be achieved with 3D FDTD calculations. We could easily adopt the
work from the MPB calculations by using the MIT Electromagnetic Equation Propagation
(MEEP) software package for the FDTD calculations[ORIT10] which has the advantage
to be mostly source-code compatible to MPB. However, eigenmode expansions are the
most efficient way to find the bandstructure of photonic crystals. In the next section,

bandstructure calculations for radomly placed dielectric circles are presented.

4.3.2 2D Mode-Expansion

The system provided by the sample is obviously three dimensional. In the direction along
the needles (referred to as axial direction), there is a substrate layer, the actual needle-
array and an air layer. In the plane normal to the axial direction, the system is also
structured with a nontrivial distribution of a dielectric, i.e., the ZnO-needles and air.
However, in the limit of high aspect-ratios, i.e., long needles, it becomes reasonable to

approximate the system as translationally invariant in the axial direction.

In such a system, one can compress the inherently 3-dimensional MAXWELL’s equa-
tions into a much easier to solve 2-dimensional system, where the fields are z invari-
ant and k, = 0 can be chosen. The equations simplify further, if we assume a di-
electric, non-magnetic material. In this case, we can set B(z,y,w) = puoH(z,y,w) and
Di(z,y,w) = €0 )_; €ij(x, y, w) Ej(z,y,w) with the dielectric tensor €. Also in the absence
of conductive materials, the current j = 0. If we choose the coordinate system such that

€ is diagonal, the electric displacement simplifies even further to D; = €pe; F;. In this
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case we find

OyH, = iwepe Ly

-0, H, = iwepey, L,

OBy — OyE, = —iwpgH,
OB, = —iwpoH, (4.5)
-0, F., = —iwuoH, (4.6)
0. Hy — 0,H, = iwepe,,E, . (4.7)

The first three contain only electric-x, electric-y and magnetic-z while the second three
contain only magnetic-x, magnetic-y and electric-z which is a manifestation of the fact
that MAXWELL’s equations decouple into 2 independent polarizations (sometimes called
modes). The first is called p- (parallel electric) and the second is s- (senkrecht electric)
polarization.

It is an invaluable simplification over the original MAXWELL’s equations that we now
have two uncoupled sets of three coupled partial differential equations, each describing a
two-dimensional vector-field of three components.

A further manipulation, which is not necessarily a simplification is to derive a wave
equation. The procedure is similar and simpler than the one presented in App. A.3. We
put the right-hand sides of Eq. 4.5 and 4.6 into the left-hand side of Eq. 4.7 and obtain

%+, B = (f)Q E.. (4.8)

€rz C

This is a single scalar PDE but, in contrast to the system of PDEs. 4.5-4.7, of second
order. This fact can be a disadvantage in direct numerical methods, where it is common
to split higher order equations into first order systems. Here, we want to apply a spectral,
i.e., analytic method where this is no problem. Note that the other polarization gives

a slightly more complicated equation containing the operator &T}&C + 9,--8,. The

€xx
derivations presented here can be applied to the other polarizationy?n a straightforward
manner and are thus left out.

In order to solve equation 4.8, we have to impose boundary conditions to obtain a
well posed problem. The actual sample consists of a large area (several pym?) covered
with billions of tiny nano-needles. Thus, it is not feasible to do calculations for the
whole system. On the other hand, the laser focus used in the experiment only has
a size of ~ 500 nm?. The important physics happens on the order of that size and
calculations for an area of that size are sufficient. As mentioned earlier, we mimic the
boundary condition in the experiment, i.e., “the region is surrounded by billions of other
independently arranged nano-needles”, by periodic boundary conditions.

In a first step, imposing periodic boundary conditions implies that e(r) = e(r + Gy, ),

where G, ,,, = ng1 +mgs, n,m € Z and g, and g, are the primitive lattice vectors. Note
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4.3. Calculations

. 02492 . . . . .
that the linear operator =— of our equation is also invariant under translations by

G,..m. Such operators are exactly the topic of solid-state physics]AMO7] from where we
can adopt the whole tool-set needed to solve the present problem.

An important ingredient is BLOCH’s theorem which states that our eigenfunction
E,x(r) consists of a yet unknown function u,x(r) having the same periodicity as our

operator and a phase factor
En(r) = ¥y (r) [AMO7, Eq. 8.3]. (4.9)

Here, n is the index of the eigenfunction and k is a vector describing the momentum
(direction) of the wave.

From these few points, conclusions can be drawn which provide the basis of the topic
of photonic crystals[JVF97, Yab93, Yab87, JJWMO8]. In particular, as in solid-state
physics, one finds that w,(k) consists of a band structure. As a consequence, phase
velocities in a photonic crystal v; = g—,‘:i can be very different from the speed of light in
a usual material. In addition, there can occur bandgaps, i.e., ranges of energies with no
matching k-values. In such gaps, wave propagation is impossible. In contrast to solid-
state physics, there are complete and incomplete band gaps where both respectively only
one polarization is forbidden.

These considerations provide an interpretation of a possible approach to the local-
ization of light. In Ref. [CFO08] it is discussed that localized modes occur in a photonic
crystal with a complete bandgap where disorder is introduced by slight displacements of
the individual scatterers. Remembering that a single missing scatterer introduces a strong
point-defect mode, which is strongly localized in the cavity, one may be less surprised
that localized light modes can be observed in perturbed photonic crystals.

Our case is quite different from that discussed in Ref. [CFO08] since there is no long-
range order in our chemically grown ZnO nano-needles. Thus, our theory does not take
perfect photonic crystals as a starting point. Instead, we make our unit cell at least as
big as the focus in the experiment and use the periodicity just as a tool to formulate
sensible boundary conditions, which is technically essential in solving a PDE.

For the further discussion, we exploit the fact that the functions wu,,(r) are periodic
and have the same periodicity as the lattice. Thus, we can expand them into FOURIER
series

un,k(r) = Z Cn,k,GlymeiGl’m'r . (410)

I,m

In the same way, we can expand 1/e,, into the FOURIER series

1/e,.(r) = e, €GmT 4.11
l,m

Ilm
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Chapter 4. Localization of light

Putting these expansions into Eq. 4.8, we obtain

2
Z iG, i Z 2 i(ktGp)r _ (Wn i(k+Gp.o)r
6(;1.,].6 “J ’k + Gk,l‘ ka’Glee ( k.t = (7 ka’(;p’qe ( P.a) (412)

i,J k,l P,

r

We can safely divide this by e®*. Multiplication by e 'G»»T and integration over the

unit cell yields

2
2 Wn,
E €Gn—Gry K+ Gril” chxa,, = (7) Cnk,Gp,, - (4.13)

k.l

This is an infinite eigenvalue equation containing an operator that looks like a convolution
over 1/¢ and |k + G|*. Equations of such type can effectively be solved numerically by
exploiting the convolution theorem of FOURIER transforms[JJWMOS].

4.3.3 Results

The MPB solver delivers eigenenergies and the corresponding fields at each k-point. As
mentioned before, the lowest modes are quite trivial eigenmodes of a box. The lowest
modes are also those with the lowest energy and lowest momentum such that their cor-
responding wavelength is much longer than the needle diameter. These modes can be
described in terms of a so-called effective medium, i.e., they are almost the same as the
eigenmodes in a calculation with a homogeneous material with an intermediate refractive
index.

The effect can be seen in Fig. 4.7a. The calculated band structures (points) are very
close to the analytical band-structure of a homogeneous medium (lines). The fact that
the shape of the band-structure matches that of a homogeneous medium means that
an effective medium description is reasonable in this energy range. The effective index
enters the slope of the bands as a factor, e.g., in w = ck = 2k for the simplest band. The
effective permittivity for a mixture of vertically aligned needles in a homogeneous matrix
is derived in the App. A.1. The author felt the necessity to use a theory that at least
accounts for the anisotropy that is to be expected for aligned needles. The fact that the
numerical calculations scaled by the effective permittivities for both polarizations match
the analytical bands so well indicates that the approximations entering the mixing rule
in App. A.1 are justified in this energy range.

It can also be seen from the low-energy band-structure that almost none of the ear-
lier mentioned super-cell artifacts occur. This means that a cell size of several hundred
cylinders is sufficient to obtain reasonable results with periodic in-plane boundary con-
ditions. In a too small super-cell, e.g., the extreme of a single cylinder in the cell, strong
deviations from the homogeneous band-structure would occur: such a structure supports
two incomplete photonic band gaps for the s-modes[JJWMO08| which is qualitatively very
different from the black lines in Fig. 4.7.
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Figure 4.7: Photonic band-structure of a super-cell containing 494 cylinders with a radius
of 80 nm and an refractive index of 2. The filling factor is 31.75%. Blue circles show s-,
green crosses p-polarization. Black lines are the analytic expression for a homogeneous
medium. All values were multiplied by the lattice constant ag and the effective refractive
index neg (different for s and p) such that a dimensionless quantity is plotted. For the
low frequencies in panel (a), the points follow the analytic expression very well while

considerable deviations occur at the high frequencies in panel (b).

A very sensitive measure for the deviations from a homogeneous material is whether
the degeneracy of the bands is lifted or not. Most of the bands (black curves in Fig. 4.7)
are degenerate. If one puts an in-homogenous material into the unit cell, the propagation
conditions for the degenerate bands become different and the bands split. By taking
a very close look at Fig. 4.7a, one finds that the circles and crosses are only almost
degenerate. The lifting of the degeneracy becomes stronger for higher frequencies. This
can most clearly be seen by looking at the band crossings at the X-point. The difference
in frequencies at the lowest crossing point can only be seen from the raw data but is too
small to see in the image. At the second crossing point, it can be guessed from the figure
that there are several overlapping circles and at even higher crossing points the degeneracy
is clearly lifted. At reduced frequency values above unity, the lifted degeneracy can even
be observed along the bands and not only at the symmetry points.

It can be concluded that the material is well described as an effective medium with
an an-isotropic effective permittivity at low frequencies. This also means that there are
no effects of interaction among the individual scatterers such as multiple scattering.

The opposite is true for the more interesting higher energy modes. It can clearly be
seen in Fig. 4.7b that the degeneracy is lifted for all modes. This means that we now
deal with an in-homogeneous material. In addition, the shape of the bands increasingly

differs from the homogeneous band-structure. This means that we deal with very different
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(b)

Figure 4.8: Intensity distribution of selected p-polarized eigenmodes in two-dimensional
super-cells of dielectric needles. The color-scale goes from dark blue (low intensity) via
white to dark red (high intensity). All modes show more or less obvious regular patterns
for low intensities. These are remainders of the unperturbed plane wave solutions in a
box. The high intensity values (red in the figures) are distributed in an irregular way.
Note that there are only few red regions while most of the figures is blue. This means

that there are very few points with exceedingly high intensities.

modes with different propagation characteristics. In this region, the limit of an effective
medium becomes more and more invalid. Instead, scattering at individual scatterers,

propagation to the next scatterer and scattering again becomes more plausible.

Two selected eigenmodes of a 2-dimensional array of ZnO nano-needles are shown
in Fig. 4.8. A regular pattern for low intensities can clearly be seen. These patterns
are close to the unperturbed plane waves in an effective medium. In addition to this
background, high intensity values occur in positions that are quite ordinary in terms
of needle arrangement. The highest intensities are always found in the gap in between
two adjacent needles in p-polarization and in the center of a needle in the s-polarized
case. The regions of high intensities always consist of a very high intensity peak and a

surrounding of enhanced intensities including several subsidiary peaks.

In general, the intensity distribution is very in-homogeneous compared to what one
would obtain by simple superposition of the scattered fields of the individual needles.
This clearly indicates that the observed patterns are a result of the interaction among

many cylinders. This is exactly the sort of effect we are looking for in the present study.
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4.4. 3D FDTD calculations

4.4 3D FDTD calculations

All two dimensional models with periodic boundary conditions have in common, that
there are no radiative losses. Light leaving the calculation area at a boundary reenters
at the opposite boundary. Thus, all the electromagnetic energy emitted by the sources
remains in the calculation area forever. Obviously, this is in contradiction with the
experiment, where radiation in the axial direction is very important. Here, the laser
pulse enters and leaves leaves the nano-structure via transmission and reflection in the
axial direction.

As already mentioned, the experimental setup allows to probe the temporal evolution
of the electromagnetic field. The finite lifetime of the mode is governed by three different
processes. These are: absorption, diffusion and propagation in the in-plane direction and
radiation into the out-of-plane direction. In order to reproduce the temporal aspects of
the experiment, 3D calculations are mandatory.

The calculations performed here have the following setup in common. The calculation
area is a cuboid with a square base aligned along the X and y axes. The size x,.x of the
base is given by the number of randomly distributed cylinders N and the desired needle
density p:

(4.14)

N

Tmax = 4| — -
p
A wide range of needle diameters and needle densities were investigated.

In the third (Z) direction, a solid block of dielectric material with the refractive index
of sapphire or ZnO of 0.4 um was followed by the ZnO needles. This block is henceforth
referred to as substrate. The needle lengths were chosen to be 0.3 pm to match the
experiment. A layer of vacuum of 1 pum thickness followed the needles. In the evolution
of the setup, an additional layer of frusta between the substrate and the needles was
added. The overlap of these randomly positioned frusta is an approximation of the
surface roughness seen in SEM images of the actual sample. The calculation area was
enclosed by strongly absorbing PML layers in the z directions.

In the X and ¥ directions, BLOCH-periodic boundary conditions were applied. One
may wonder whether these boundary conditions allow for oblique plane-waves as source
of the excitation as it was argued for the 2D mode-expansion above. It turns out that
a complication occurs in time-domain calculations: The BLOCH boundary conditions
enforce the field on one side of the boundary to differ from the field on the opposing

keRothyBy) - Here, k is the wave-vector of the

boundary only by a phase factor given by e
incident plane wave and R a lattice vector, i.e., the size of the unit cell. An important
fact to note is that k is a fixed value for the whole calculation.

If a very short pulse is to be modeled, the problem illustrated in Fig. 4.9 arises.
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o

Figure 4.9: Schematic view of waves to illustrate the problem of BLOCH boundary condi-
tions in time-domain calculations. For the very long pulse in the left panel, the fields at
the left and right boundary only differ by a phase factor and obey the BLOCH condition.
In contrast, the very short pulse in the right panel violates the BLOCH condition because

the fields at the boundaries also differ in their amplitude.

Assume that such a pulse is emitted from current source such in a X — y plane given by

—(t—tg)?

Agel,y,t) = elFatthoy) givt o520 (4.15)

This function obviously obeys the BLOCH boundary conditions in this particular plane.
In contrast, its emitted field also has a GAUSSian envelope in space along its traveling
direction. This obviously contradicts the BLOCH condition which state that the elonga-
tion is equal at opposing boundaries. The only exception is the trivial case where planes
of constant phase and planes of corresponding BLOCH boundaries are equal, i.e., k=2
in the present case.

From another point of view, the pulse is composed of plane waves of different fre-
quency. If one chooses k, = “<teging for the BLOCH boundaries, only the central
component travels in the direction given by the angle #. The other components will
travel under different angles of incidence because the dispersion relation will force them
to have an w-dependent k.

A spectral-width — angle-of-incidence uncertainty relation in linear approximation
can be derived as follows: the spectral-width Aw and the uncertainty in k are related
by Aw = cAk. In the calculation a fixed value for the Bloch-vector k, is given. It is
related to the angle of incidence @ by k, = ksinf. From that we obtain Ak = k<50Af

sin 6

and finally

A
AO = C—:tané . (4.16)

The full width at half maximum (FWHM) of a GAussian pulse in frequency (Aw) and
time (At) domain are related by

Aw- At = (2@)2 . (4.17)
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Figure 4.10: (a) The time-integrated squared intensity of the electromagnetic field |E|*
in an array of needles with 0.1 pm diameter. The positions of the needles are overlaid
as dark yellowish dishes. The localization manifests itself as bright hot-spots. (b) Semi-
logarithmic plot of the histogram of the intensities. The same histogram is plotted on a

linear scale in the inset.

From these considerations, it can be concluded that pulsed plane wave sources with a well
defined direction are only possible for long pulses, where a single frequency dominates or
for steep angles of incidence, where the k component normal to the boundary is almost
zero. One may consider the angle more important because of the tangent function. We
use an ultrashort pulsed source with 7 fs FWHM as in the experiment but a steeper angle
of incidence of 30° (experiment 60°).

Typical values of the in-plane extension ranged up to 5 um with several thousand
needles. As in the calculations presented in Chap. 2, this value is mostly limited due
to the enormous amount of memory needed to store the fields in 3 dimensions. In the
present study, a distributed memory compute cluster was used to overcome the memory
limitation. In this case, the limiting factor is the network bandwidth of the inter-node

communication.

4.5 Results

Our first FDTD calculations considered a smooth substrate and cylinders of 0.1 pum
diameter and densities of ~ 60 needles/um?. These calculations where motivated by
the SEM figures in Ref. [KYOYO08]. This paper describes a two-temperature method
which allows to grow fine needles 17.7 nm diameter on top of thicker needles. The paper

mentions a diameter of 100 nm for the thicker needles.
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(a)

Figure 4.11: (a) Time-averaged intensity |E|? around a single cylinder with a plane wave
incident from the left. (b) Incidence and polarization setup for the calculation resulting

in panel (a). The cylinder is schematically depicted as shaded area.

With this geometry, we found hot-spots in the intensity as can be seen from Fig. 4.10a.
Regions of high intensity with a radius of approximately 5 needle diameters occur. Each
of these regions is dominated by few distinct maxima surrounded by a characteristic ridge
structure connecting several needles. These ridges seem to form chains of high intensity
along the direction of the source polarization vector projected onto the plane (from left
to right in Fig. 4.10a).

This aspect can be understood with a simple argument arising from the boundary
conditions of MAXWELL’s equations. The tangential component of the electric field has
to be continuous along a dielectric interface whereas the normal component jumps by the
value of the difference of the permittivities. This enforces a certain form of the near-field
of a cylinder with incident plane waves as plotted in Fig. 4.11a. At the upper and lower
(with respect to the image) boundary of the cylinder, the electric field is tangential to
the interface and thus continuous (the field vectors are given in Fig. 4.11b). In contrast,
at the left and right boundaries the field is normal and has a jump. Naturally, |E|? is
enhanced where the field is discontinuous, i.e., in the direction where the field is normal
to the cylinder interface which is identical with the direction of the polarization.

This quite trivial argument does not explain the height of the field enhancements
but already most of the shape: the near-fields of single cylinders are directed along the
polarization and the near-fields of many cylinders add up to chains along this direction. In
addition, there is a complicated interaction of the near-fields that can be called multiple

scattering or formation of collective modes.
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Figure 4.12: (a) Surface of the ZnO structure used in the calculations. In this example,
the needles have a length of 300 nm, a diameter of 45 nm and a density of 120 needles
per um?. Overlapping frusta model the roughness which is found under the needles in
the SEM images of the actual samples. (b) SEM image from a similar perspective for

comparison; from Ref. [3]

The size of the regions of high intensity is also in good agreement with the exper-
imental findings. In the experiment, the hot-spot size is found to be smaller than the
microscope focus of 0.5 pm.

In order to quantify similarities in experimental field distributions deduced from the
SHG microscopy and computational field distributions, we studied histograms of the
intensities. As mentioned earlier, the intensity of localized fields is expected to be dis-
tributed non-GAussian and in particular to have sub-exponential tails at high intensities.
These tails correspond to the few intensity peaks (hot-spots) of the localized wave.

The histogram in the inset of Fig. 4.10b looks almost like a (half) GAussian profile.
The logarithmic plot reveals that the distribution decays slower than GAussian (which
would look like a parabola) for higher intensities. This part is exactly the sub-exponential
part which is induced by the localization related intensity concentrations.

The calculated distribution is much broader compared to the experimental histogram,
e.g., in Fig. 4.4b. It is evident from the SEM images of the sample, e.g, Fig. 4.3 used
in the actual experiment that the needle diameter is smaller (~ 45 nm) and the needle
density is higher (=~ 100 yum~—2). These SEM images became available only after the first
calculations were performed. Later calculations for needles with 50 nm diameter and a
density of 90 ym~—2 match the experiment much better (compare Figs. 4.4b and 4.13c).

The experimental histograms have, in contrast to the calculations presented up to
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here, an almost GAUSSian background. In these histograms, the localization induced
deviations from the GAUssian shape are only apparent at high intensities where they
form sub-exponential tails. It was speculated that the background stems from trivial
scattering off the rough underground beneath the needles. This underground can be
seen in the SEM images Fig. 4.3 and even better in Fig. 4.12b. In order to check this
hypothesis, we implemented a roughness in the calculation by randomly placing frusta
with varying height and radius and the refractive index of ZnO onto the substrate layer
underneath the needles. As can be seen by comparison of Fig. 4.12b and 4.12a, this model

reproduces the shape of the background quite reasonably.

Figure 4.13c shows that this setup shows a mostly GAussian intensity distribution
with tails at high intensities as in the experimental data. We can conclude that a lot of
the intensity detected in the experiment was just emitted from the rough background.

The actual localization contributes the high intensity values.

Later, a broad range of needle diameters and densities was studied numerically in order
to gain more insight into the various dependencies. Figure 4.13 shows the near-fields for
two examples having a similar overall ZnO density. The thick needles in Fig. 4.13a have
near-fields that mostly look like those of single cylinders. However, taking a very close
look to the background it can be seen that the system is right at the onset of forming
collective modes: there are some intensity maxima in between the needles (cyan areas
surrounded by blue in the image). On the contrary, the thin needles in Fig. 4.13b show
strong intensity fluctuations. On a coarse scale of several cylinders, there are fluctuations
in the low-intensity background (blue vs. cyan areas). On a size scale of single cylinders
we note that few distinct cylinders are surrounded by very strong near-fields (hot-spots).
This is in contrast to Fig. 4.13a where all cylinders have nearly the same near-field
intensity.

In general, there is only a small window of needle size — density combinations that
allows for the existence of localized modes. A lower limit for the needle-size and needle-
density is given by the requirement of overlapping near-fields of the individual scatterers.
The extension of the near-fields is given by the scattering cross-section of the cylinders?.
An upper limit for the needle-density is the point where the scattering cross-sections of
the individual cylinders overlap. In this case the theory of multiple-scattering becomes
invalid and a description in terms of an effective-medium becomes more appropriate.

Another argument for the upper density limit can be explained in the spirit of BABI-
NETs principle: a very dense collection of cylinders is a sparse collection of holes. From

this point of view all arguments for the lower limit can be turned around: the near-fields

3The scattering cross-section of a nano-structure can be much larger than its geometrical cross-section
and is a non-trivial function of the needle diameter. The infinite circular cylinder which is relevant here
is discussed in detail in Ref. [BH98, Chap. 8.4]
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Figure 4.13: Images of the intensity as function of position in the needle-array for two
very different situations with similar areal density of ZnO. Both images show an area
of 5 x 5 um?. (a) Shows needles of 200 nm diameter and 2 Needles/um? The near-
fields of the cylinders look mostly like those of single cylinders. (b) Needle diameter:
30 nm, 120 Needles/um?. Collective multi-cylinder modes are formed: the intensity is
in-homogeneous, the weak intensities show a “cloudy” irregular pattern (note the blue-
cyan distribution) with a size-scale of many needles. Very few needles are surrounded by
very intense near-fields: hot-spots start to occur (tiny red spots in the image). Panel (c)
shows an intensity histogram for needles with 50 nm diameter and a density of 90 pm?

on top of a rough background.

of the individual holes have to overlap to result in a collective effect such as localization.
We conclude that nano-structures with intermediate filling factors have to be chosen in

order to observe localization of light.

4.5.1 Dynamics

The FDTD calculations yield the electric and magnetic fields at discrete points in space
and time. In order to obtain dynamical properties of the fields, one usually starts a
calculation with all fields set to zero as initial value. After some time, fields are excited
by a source. Typically the source emits only a short pulse. The calculation is run until
the fields have decayed below some threshold. As in a real system, fields will eventually
decay due to radiative losses and absorption.

Often, one is not directly interested in the fields as a function of space and time,
but on the frequencies and lifetimes of the contributing eigenmodes. An obvious way to
obtain eigenfrequencies and lifetimes is to FOURIER transform the field with respect to
time. One can, in principle, fit the spectrum with damped LORENTZ-oscillators.

Practically, such a fitting approach will quite probably fail for two reasons: first, a
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Figure 4.14: (a) Temporal evolution of the electric-field at different heights above the
equal-length needles in the center of the calculation area. The speed of light is indicated
by dashed lines. (b) Temporal evolution of the electric field above the needle array with
randomized lengths. The directly reflected pulse is suppressed. (c) Temporal evolution

of the near-field as reconstructed from IFRAC measurements at a hot-spot.

fit with several LORENTZians is a non-linear high-dimensional optimization problem. As
such, it is complicated and there is no guarantee to obtain a meaningful solution. Second,

the signal contains cutoff errors that obfuscate the spectrum.

Both problems are solved by filter diagonalization methods[MT97, Man01]. Here, ad-
ditional knowledge about the functions is exploited. Namely, it makes use of the fact that
we know that the function is a linear combination of exponentially decaying sinusoidals
which are cutoff, before they have decayed to zero. This method can distinguish even
close lying modes that occur as a single peak in the spectrum|[Man03]. Using this method,
the harminv[MT97] software package reliably yields eigenfrequencies and lifetimes from

the decaying part of a given time-series.

Figure 4.14a shows the temporal evolution of the electric field at different heights
relative to the needle-apex at an arbitrarily chosen in-plane position. One can mainly see
the incoming pulse and a directly reflected pulse, both traveling at the speed of light as
indicated by the dashed lines. There were no traces of the directly reflected contribution
in the experimental data. The origin of this contribution are the flat tips of the needles,
which obviously only exist in the theoretical model and not in the actual samples. As can
be seen from the SEM images in Ref. [3], the tips of the needles are rounded. In addition
all the needles had the same length in the model system used in Fig. 4.14a. The directly
reflected contribution originates from the flat meta-material vacuum interface between
the needle-tips.

In order to suppress this contribution the modeling was updated such that a small

signed random number was added to the length of each needle. This way, the vacuum

— meta-material interface is rough and reflection becomes much weaker. The directly
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No. | relative amplitude | vacuum wavelength (nm) | lifetime (fs)
1 0.435 889.64 10.8
2 0.230 687.08 74.0
3 0.207 671.04 23.2
4 0.096 914.04 68.1

Table 4.1: Table of the most intense modes calculated from the signal plotted in 4.14b.

reflected contributions from the individual needles interfere with random phases and
eventually cancel each other out.

Figure 4.14b shows the temporal behavior of the field near the tips in a hot-spot. It
can be seen that the directly reflected pulse was successfully suppressed. In addition, a
rapidly decaying part that was concealed in Fig. 4.14a can now be seen. This contribution
comes from light which was trapped in multiple-scattering processes in the nano-needle-
array for a substantial time. The modes contributing a relative amplitude of more than
5% and lifetimes (defined as 7 in e™*/7) as calculated by harminv are given in Table 4.1.

The experimental signal deduced from the IFRAC measurements is shown in Fig. 4.14¢
for comparison. It can be seen with the bare eye that this result is quite similar to the
calculations. The overall decay rates are the most important aspect of these images and
are comparable. The major difference is the beating pattern occurring in the calculated
signal which is absent in the experiment. This difference can be explained as follows: in
the experiment the system is excited by a laser tightly focused to a hot-spot. On this
reason, only a single localized mode overlaps with the focal region (diameter ~ 500 nm)
and is observed in the experiment. On the contrary, in the calculation we excite a region of
5x 5 pum? and observe a few modes which evolve independently and eventually contribute
to the beating. It can nicely be seen that the beating pattern in Fig. 4.14b is formed by
modes No. 2 and 3 in table 4.1. At the beginning the beating is very strong(note the
strong modulation from 5 — 25 fs in Fig. 4.14b). Later (30 — 45 fs), the beating becomes
weaker since the short living mode No. 3 fades away and only mode No. 2 and the weak
mode No. 4 contribute.

The extended lifetime that is evident from Fig. 4.14b and also from the experimental
results deduced from the IFRAC measurements are a major hallmark for the localization
of light in the nano-needle system. The electromagnetic fields are enhanced at certain
spatial positions and the field stays in these position for a finite time.

This finding is one of the most astonishing points in the present work. Light stays
in a certain position for a certain time which is in contradiction with the common sense
that light is always traveling at the speed of light and can not be caught. In a ray optics
picture, the light is still traveling but scattered multiple times at the needles. Some of

the possible scattering paths are closed loops on which the light circles for a significant
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time. In a wave optics picture, there are eigenmodes having intensity maxima at certain
points where waves interfere constructively. Not surprisingly, such modes have a long
lifetime.

In both pictures, the lifetime of the localized field is limited by radiative losses in the
out-of-plane direction and diffusion in the plane. If the in-plane diffusion is diminished due
to localization, one loss path is blocked and the overall lifetime is enhanced. In contrast,
the out-of-plane losses are not suppressed such that the overall lifetime is still quite
short. This also implies that we cannot excite and observe a wave-function completely
localized in the needle-array since there is still propagation to an interface and eventually
to the far-field. However, one can expect those modes that are most localized to have
the smallest overlap with the air-interface and consequently to have the longest radiative
lifetimes. Furthermore, generally speaking, small modes couple less effective to outgoing
plane waves. As a consequence, the long-living localized modes will dominate the physics

after the short-living delocalized modes have decayed.

4.6 Ultrafast dynamics of localized 2D light modes

The 3D FDTD calculations reproduce important aspects of the experimental findings,
such as the intensity fluctuations and prolongated lifetimes. A surprising point is that
localized wave-functions are found in a system with strong radiative losses. Localization
and losses contradict each other since localization depends on multiple scattering. Of
course, light that leaves the system after few scattering events can not contribute to
multiple scattering.

In order to further examine the influence of radiative loss onto the localization of light,
calculations on a similar model with very different boundary conditions were performed|2].
Translation invariance in the axial dimension was assumed. In that model, dynamics in
the axial direction is trivial and can be omitted from the calculations. In the other two
dimensions, the area covered with nano-needles was surrounded by a vacuum layer which
is followed by PML absorbing boundaries. In contrast to the system discussed in the
previous section, radiative losses occur only in the radial directions here.

In the 2D calculation, waves were excited by a point-dipole source near the center of
the needle-covered area. The aim of this procedure is to observe how the light travels
through the needle covered area and is emitted into the vacuum region. Of course, we are
again interested in the question whether modes showing localization are excited during
this process and how they decay.

Figure 4.15 shows the electric field snapshots at two times, one at the time right after
the source intensity reaches its maximum and one 5 fs later right after the pulse maximum

leaves the needle covered area. Taking a coarse view on the Figure, one notes that the
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Figure 4.15: Snapshots of the F electric field component. The thin black square marks
the region covered with nano-needles (inside) and the vacuum region (outside). (a) shows
the field 5 fs after the intensity has reached its maximum at the source position. (b)
shows the field another 5 fs later. This is right after the time when the maximum would
have left the needle-region if it had traveled at 0.3 &= (speed of light in the absence of
ZnO needles).

fields almost look like those of an unperturbed dipole source. In particular, the field in
the vacuum region in Fig. 4.15b is almost perfectly dipolar with a small deviation that
can be attributed to a square dielectric region. Such behavior can well be explained in a
model where the needle region is a dielectric meta-material with some refractive index in
between that of air and ZnO.

Taking a finer look into the needle region, one can see that there are some points at
which the field is stronger than on average points. This holds true even for very early
times such as in the snapshot Fig. 4.15a. Such points of high intensity would not be
surprising if they would travel along with the pulse at the speed of light. As can be
seen from time-integrated images such as Fig. 4.16b, these points are not moving at all.
Otherwise they would appear as lines or at least be washed out. Instead, they are still
sharp points even after time-integration.

This means that the formation of the localized modes begins at very early times.
Thus we find both, extended traveling modes that are almost unperturbed by the ran-
dom material and modes having strong field enhancements at certain positions at the

same time in the same energy region. The coexistence of localized and extended modes
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was also found in the context of ultrasound waves in a random network of aluminum

beads[FSPT09] and random lasing of ZnO powders[FDST09].

The coexistence of localized and extended modes in the current system has an in-
teresting implication on the dynamics of the fields. Namely, the extended modes have
a higher overlap with the vacuum region. This induces higher radiative loss rates as
those of the localized modes. Consequently, at late times, the intensity is concentrated

in localized modes whereas the extended modes already have decayed.

This effect can well be seen in Fig. 4.16a. Here, the intensity in a slice through the
needle array is plotted versus time. The source has its maximum at 0 fs. Note that the
dark horizontal stripes in the needle region are the positions of those cylinders that are
located in the slice by incidence. As discussed earlier, the field is low in the needles and

high at interfaces right outside a needle.

At very early times, a light-cone can be seen: the light generated at the source in
the center travels outwards up and down in Fig. 4.16a and forward in time (from left to
right) and eventually enters the vacuum region. The opening angle of this cone directly
related to the speed of light. The opening angle is slightly smaller in the needle region
which can be attributed to an effective reflective index of a ZnO-vacuum meta-material.
The effective permittivity for a meta-material consisting of vertically aligned cylinders
is calculated in Appendix A.1. The electromagnetic field traverses the needle region at

velocities with an upper limit given by the speed of light in the meta-material.

After the source has decayed at approximately 30 fs, a (sub-) exponential decay can
be observed. Here the highest intensities are still found in the needle region. At even
later times of around 130 fs, the intensity is almost exclusively concentrated near the
center of the needle region. This observation also fits well with the interpretation that
there are long living modes that are mostly localized in the needle array and have few

overlap with the vacuum region.

Furthermore, the findings presented in Fig. 4.16a can also exclude some alternative
interpretations. First, it is not the case that the pulse is traveling out of the needle
region as a whole. In this case, one would see two distinct maxima traveling outwards
along the surface of the light-cone. In the discussed figure, it can clearly be seen that a
non-negligible fraction of light stays near the source: the light cone is filled. The intensity
is quickly spread all over the needle region. This fits well with the interpretation that
the pulse is completely dispersed due to multiple scattering events even after traveling

through the needle array for a very short path.

A second interpretation that can be excluded is that the needle-region / vacuum
interface acts as a reflector such that cavity modes of the whole needle region become
excited. Such modes would show up as a time-independent patterns of regularly spaced

nodes and anti-nodes. Since the central energy of the pulse corresponds to a vacuum
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Figure 4.16: (a) Logarithmic intensity as color-scale plot along a slice through the needle-
array versus time. The interface of needle covered and vacuum region is marked by white
lines. The source at a position near the center of the needle-array has its maximum at
0 fs. The blue dash-dotted line has a slope of 0.35 and marks the vacuum speed of
light, the cyan dashed line has a slope of 0.3/ m% the speed of light in an effective
medium as calculated in App. A.1. (b) Intensity ||E||*> versus position integrated over

time after the main pulse has left the simulation area; from Ref. [2]

wavelength of 800 nm, there would typically be several nodes and anti-nodes on a slice

of 5 um. Such characteristic patterns can not be seen in Fig. 4.16b.

Third, a purely diffusive transport process can be ruled out. In the diffusive case,
the light-cone would also be filled because the speed of light would pose an upper limit
but slower transport would also be allowed. However, one could not observe interference
patterns in this case. In our case, there are intensity dips that form curly dark stripes
in Fig. 4.16a. These stripes have a surprisingly long lifetime on the order of 25 fs and
move very slow. They are a typical signature of destructive interference and of long-living

coherences.

In conclusion, the intensity patterns observed in the present 2D calculations are best
described by multiple scattering at the nano-needles. This way, some modes are formed
that are localized in the nano-needle region and only have a small overlap with the
vacuum region. These modes have surprisingly long lifetimes and form standing wave
patterns. At some positions, the intensity is enhanced by constructive interference and
forms distinct long-living intensity peaks. These peaks form very quickly at the time of
the excitation pulse apex and thus have not only a high time-integrated intensity but also
a very high overall intensity. In addition, there are extended modes that have a strong

overlap with the vacuum region. These modes have a homogeneous intensity distribution
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in the needle array such that they contribute to a background. Consequently, they are
easily excited by a source in the needle region. The extended modes have a short lifetime

such that at longer times after the excitation apex only the localized modes survive.
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Chapter 5
Summary and Outlook

In the present work, recent research in three important topics in ultrafast nano-optics was
presented by means of examples. Namely, these topics are the excitation and propagation
of surface plasmon polaritons (SPPs), coupling of plasmons and excitons in non-linear
materials and the localization of light by multiple scattering.

Each of these topics plays a major role in the development of future nano-optical
devices. In particular, integrated all-optical nano-circuits are a candidate to replace
or at least complement contemporary semiconductor microchips. The slow speed of
the electrons and, even more important, the parasitic inductance and capacitance of
high-frequency currents in nano-structured devices are a major challenge for the further
development of electronic microchips. Today, we can observe that the operation frequency
in semiconductor based microchips (that is acceleration of the electrons and eventually
the electromagnetic radiation) has saturated. The clock-rate of a high-end computer was
at around 4 GH z in the mid 2000s and is still at this value in the mid 2010s. In contrast,
the clock-rate grew by 3 orders of magnitude from 1985 to 2005.

Today, advances in operation speed of semiconductor microchips are achieved by
parallelization: many operations are performed in each cycle while the duration of an
individual operation remains constant. However, the information transport (bandwidth)
among the different operation units is limited and is the major bottleneck in modern
computing.

A promising candidate to bring the next real breakthrough in computing (comparable
to the invention of the integrated circuit) is computing with light.

For long-range information transport, light is already a well established information
carrier. For on-chip applications, visible light is not very useful due to its comparably long
wavelength and huge resulting structures. In contrast, SPPs are a promising candidate
for optical information transport in microchips. An SPP is a collective excitation of light
and the electron gas in a metal. Consequently, the light is confined to a metal-dielectric

interface. The spatial extension of such an excitation is mostly limited by the size of
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the metal-structure. This way, information can be carried along a plasmonic wave-guide
with a size much smaller than the wavelength of the corresponding visible light. The
SPP travels with (almost) the speed of light and inherits the weak interaction among
photons. The absence of induction or capacity and the extremely high-frequency of light
as the carrier wave allows for operation frequencies that are orders of magnitude higher

than those of electric-current based systems.

The first topic discussed in the present work deals with the excitation of SPPs at
a nano-structured metal surface. In order to communicate to peripherals, a plasmonic
device has to couple SPPs to far-field light (e.g., an optical fiber). Metallic gratings
are one realization of such a coupler. In the present work, the symmetry of the grating
is incompatible with the symmetry of the individual nano-scatterers. Experiments in
ZERULLA’s group at UC Dublin show that the minima and maxima of some far-field

reflection orders are shifted away from the most symmetric polarization.

In order to shed light on the origin of these shifts, the optical near fields were cal-
culated. For this purpose, the three-dimensional fully coupled MAXWELL’s equations
where solved by the FDTD method. These calculations are challenging due to the high
accuracy demand. Here we investigate a small polarization dependent shift in the SPP
related reflectivity extremum in various refraction orders. In addition, the complicated,
manifestly three-dimensional nano-structure along with the strong field gradients around
the metal-air interface require a high spatial resolution. While the FDTD method allows
to obtain a complete spectrum per calculation, it is still necessary to perform calculations

for many angles of incidence and polarizations of the incident light.

With these calculations, it was possible to reproduce the experimental polarization
shifts. In addition, it is found that there are shifts in some refraction orders while others
remain unaffected. It was also found that the near field intensity always has its maximum
at the most symmetric polarization. By trying various different geometries and sizes of
the individual scatterers, it was found that the shifts depend on several aspects of the
geometry. Thus, it could be ruled out that the suggestive values of 30° of the shift are
directly related to the C'3 symmetry and the special role of 30° angles therein.

From the calculated near fields, it could clearly be seen that the SPPs mostly travel
along the flat metal in between the individual scatterers. On the one hand, this explains
that the SPP propagation is almost unaffected by the broken symmetry. On the other
hand, this implies that the coupling of SPPs to various far-field diffraction orders can be
sensitively controlled by the choice of the geometry of the individual nano-scatterers. In
particular multiple fibers in different angles of incidence (here: diffraction orders) could
be coupled to the same SPP. In addition, the differences in the polarization dependence
of various diffraction orders could be utilized to distinguish several signal channels on the

same nano-antenna.
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The second topic of the present work discusses the coupling of SPPs to excitons in
an organic dye. Strong coupling to a non-linear material is another major step-stone
in optical circuitry. In a combined optical-electronic microchip that uses SPPs for in-
formation transport, it would be desirable to perform at least simple operations on the
purely optical side because opto-electronic coupling is a suspect bottleneck as any signal
conversion. Such simple operations could be multiplexing and demultiplexing of signals
as well as amplification and switching. For an all-optical microchip, an applicable (in
contrast to simple) operation is obviously vitally important. To be precise, it has to be
much faster (likely) or much cheaper (unlikely) than a corresponding electronic device.
An example of such a device is an all-optical network switch: today optical fibers carry
signals in and out and the logic inside is performed by electronics. Tomorrow, the logic

could be performed by photonic devices.

The smallest building block of a logic gate is a three-port device where two signals
go in and a result comes out. In linear optics, only one such operation is possible: linear
superposition which is also the least useful operation. For any operation beyond that,
a non-linear process is necessary. In the present work, the non-linear material is a j-
aggregated organic dye. It is coupled to an SPP that is excited on a metal grating. It is
known from experiments that SPPs and excitons can be strongly coupled and form new
quasi-particles called excimons or plexcitons. A main experimental signature of strong
coupling is that avoided crossing can be observed. This means that two resonances can
clearly be distinguished for each value of the crossing parameter: the angle of incidence
in this case. In particular, the line-width of the coupled modes is smaller than their
RABI-splitting. In strong coupling there is coherent (phase conserving) energy transfer
among SPP and exciton. In contrast, if the line-width is so broad that the resonances are
washed out and cannot be distinguished, the lifetime of the modes is short and coherence
is lost. For signal processing, coherence and consequently strong coupling is vital since

information is lost otherwise.

In the system presented in this work, an SPP was tuned by the angle of incidence in
experiments in LIENAU’s group in Oldenburg. This way, the SPP was brought into or out-
of resonance with the exciton at will. Two coupled SPP-exciton branches could clearly
be observed in the far-field reflectivity. In the theoretical contributions of the author,
the near fields where calculated by an FEM method in the frequency domain. On this
purpose, a standard model for the metal and a multi-LORENTZian model for the dye was
implemented. In order to reproduce the experimental findings, a detailed modeling of
the grating geometry was necessary. Several parameters that were only approximately
known from the experiment had to be determined by fitting procedures. Finally, the

calculations reproduced the experimental far-field spectrum surprisingly well.

The experimental collaborators also performed a non-linear pump-probe experiment
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where the dye was pumped by an off-resonant additional laser. It was found that the
pump increasingly saturates the dye-exciton with increasing pump power. The saturation
of the dye leads to a diminished coupling strength to the SPP. The SPP cannot excite
excitons that already are in their excited state. In consequence, the splitting in the

spectra becomes smaller and eventually vanishes at high pump powers.

Important aspects of this nonlinear process can be modeled from the inherently lin-
ear calculations presented in this work in a very simple way. By lowering the oscillator
strength in the dye material model, the decrease and eventually vanishing of the splitting
can be reproduced. An obvious extension of the calculation scheme is to express not only
the oscillator strength but also its spectral position a function of the pump intensity. The
parameters for such a material model could be obtained in a straightforward way from
either the experiment or a steady state theory of the few-level quantum system. Cal-
culations as those presented in the present work can be used to optimize the geometry
in future active devices with plasmon-exciton coupling. The good consistency of calcu-
lations and experiment promises a good predictive quality for other geometry-material
combinations. Particularly interesting nonlinear materials for future research are quan-
tum dots[AB10, RDSF*10] and organic-inorganic hybrid semiconductors[PBP09]. Such
systems combine the high quantum yield and simple processing of organic dyes with room

temperature operation of semiconductors.

A very different geometry was considered in the third topic of the present work. In the
first two parts regular arrays of scatterers were used to provide well-defined SPP modes.
Here, randomly placed nano-scatterers are discussed. It is a highly surprising fact that
modes with distinct spatial intensity maxima and well defined energy can be created by
multiple scattering in many branches of wave-related physics. These modes are called
localized. Localization by multiple scattering at randomly distributed scatterers was first
discussed by P.W. ANDERSON for electronic waves in solid state physics. In this part, we

seek for localized light modes in random arrays of vertically aligned ZnO nano-needles.

In fact strong intensity fluctuations are found in experiments with second-harmonic
microscopy. Since the second harmonic signal is proportional to the squared fundamental
intensity, this method is highly sensitive to near field intensity fluctuations. This means
that in this random system, intensity is concentrated to few distinct hot-spots. In time
resolved experiments, it was shown that the modes forming these hot-spots also have an
extended lifetime. These findings match well with the interpretation that light is trapped
in a certain position due to multiple scattering at the individual needles. A hand-waving
description is that light bounces from needle to needle to form a two dimensional random
walk. Surprisingly some light does not find the way out of the system but stays within
some radius (localization length).

It is well known that localization of light is particularly hard to achieve. In order to
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provide more evidence for the interpretation of the findings as localization of light, the
author performed calculations on model systems to compare with the experiment. On
this end, random distributions of dielectric cylinders were considered. The geometrical
parameters such as needle diameter and needle density were inspired by available SEM
images but also varied over a broad range. To calculate electromagnetic near fields, two
main approaches were followed. First, two dimensional eigenmode expansions were cal-
culated for super-cells containing hundreds of needles. Second, three dimensional FDTD

calculations were performed to take the scattering into the third direction into account.

Both types of calculations unveil a combination of localized and delocalized modes
that are found in the same energy region. The intensity statistics from the calculation
and from the measured second-harmonic microscopy signal are quite comparable for sim-
ilar geometry parameters. In particular, intensity histograms of both, experiment and
calculation show asymmetric distributions with so called fat tails — very high intensities

are surprisingly probable.

The similarity of these histograms is a main evidence for our interpretation of the
peaks found in the experiment. Particularly, it can be excluded that the intensity peaks
found in the experiment are induced by contamination of the sample, e.g., with dust
particles or inhomogeneities in the needle distribution such as clustering of needles. Such
contamination sites could also lead to intensity peaks but contribute to a normal (Gaus-

sian) intensity distribution.

Localization of light or SPPs in disordered systems can be another ingredient in future
nano-optical devices. The field enhancements in localization induced hot-spots along
with nonlinear materials provide interesting effects while such systems are presumably
cheap to produce in comparison to ordered systems. In addition, some disorder is always
unavoidable in any device such that the understanding of localization might help to

predict and circumvent unwanted effects.

For all topics discussed in the present work, the author provided theoretical calcula-
tions in close collaboration with experimental groups that reproduced important aspects
of the experimental findings. Such calculations give insight to the dynamics of the electro-
magnetic near fields with spatial resolution of nano-meters and sub-femtosecond temporal
resolution. This information is hardly available from experiments. Experimental tech-
niques typically deliver either high temporal resolution (such as IFRAC) or high spatial
resolution (such as PEEM). At the time of writing, these techniques are still in their
development process and consequently inaccessible to most researchers due to high cost

and complicated setup.

In contrast, electrodynamic calculations are widely available and the contemporary
cost of computing power makes such calculations feasible even for complicated systems.

However, some effort is necessary in order to use these tools to predict properties of
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devices that do not yet physically exists. The predictive power of the calculations has to
be proven by direct comparison of as many aspects as possible to experimental findings.
This is exactly what the author did in the present work.

It was not only shown that electrodynamic calculations can reproduce experimental
findings and consequently describe the physical reality. On the way, it was also gained
experience in how to set up such calculations. One aspect is the choice of a suitable
method since different methods give different types of answers that are nontrivial to
convert into each other. This is closely related to the extraction of data: typically
calculations give fields or eigenmodes whereas an actual device is better described by
transmission coefficients quantifying the flow of signals through the device. Another
aspect is the choice of boundary conditions that is at the very heart of solving partial
differential equations. While an experimentalist typically imposes open boundaries by
placing the device into a lab, the choice is much more difficult in a calculation. The
combination of data extraction and choice of boundary conditions has implications on
the kind of information obtained from the calculation. This choice can be compared to the
complicated tricks that can be played with experimental techniques in order to suppress
less important information or extract obfuscated information. Finally, material models

have to be chosen that describe those aspects of the physics that actually contribute.
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Appendix A

Derivations

A.1 Effective Permittivity for

Nano-Needle — Vacuum Mixtures

The effective indices were calculated analytically by a MAXWELL-GARNETT type of ap-
proach as proposed for spheres in Ref. [Sih01]. The idea is that the effective permittivity
connects the average fields as (D) = €.z (E). With the volume fraction f, the averages

are calculated by the self-evident formulas

(D) = feEi + (1 — feE. (A.1)
(E) = fE; + (1 - f)E. (A.2)

where E; and € are the field and permittivity in the inclusions and E., ¢y are the respec-
tive values in the matrix. A less obvious ingredient is to take approximate fields in the
inclusions from electrostatics. An electrostatic approximation is valid in the limit of in-
clusions that are very small compared to the wavelength. For infinite dielectric cylinders,
one finds two different values for the s-polarization (where E points along the cylinder
axis) and the p-polarization (where E is in the plane normal to the cylinders). By ap-
plying the boundary conditions for tangential and normal electric components one finds

trivially for s-polarization (where E has only one component: tangential):

Ez’ - Ee (AS)

and after a tedious but straightforward calculation for the p-polarized case:

2
E, = F,. (A.4)
€+ €
Putting these results into the averaging formulas A.1 4+ A.2 one finds the nice expressions
g = fe+ (11— feo (A.5)
1 1-—

o (Ut Pe+ (- e (46)

T YT et (1+ feo
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It can be seen from the band-structures discussed in Section 4.3.3 that this approxi-
mation works very well up to frequencies were multiple scattering becomes dominant. In
Fig. 4.7a the calculated frequencies for both polarisations are scaled by the 2 different ef-
fective indices such that they match the trivial band-structure of a homogeneous medium

within the numerical accuracy.

A.2 Intensity Distributions

Intensity distributions obtained from experiments and calculations are often discussed in
the literature on localization and in Chap. 4 of the present work. It is often argued that
“unusual” intensity distributions and, more specific, distributions with sub-exponential
tails at high intensities are manifestations of localization. In order to emphasize what is
so special about such findings and to give a quantitative meaning to our diction we derive
“usual” intensity distributions in this appendix.

In the literature, intensity distributions are often compared to the RAYLEIGH dist-
ribution[SG99, CSG00, HSP*08]. RAYLEIGH discussed the intensity distribution of ran-
dom superpositions of sound waves very early[Ray80]. His theory can serve as standard
for “usual”, non-localized waves. It is interesting to note that RAYLEIGH discusses the
problem in terms of what is called a random walk nowadays. This point connects the
problem of random superpositions of waves to transport by diffusion. For this reason,
RAYLEIGH distributions are refered to as typical for diffusion in contrast to localization.

An intensity I(r) is calculated as the squared modulus of a (more fundamental) field.

| where E is the electric field vector. In

[

In electrodynamics in vacuum, I(r) < ||E(r)
quantum mechanics in position-space representation I(r) o ||¥(r)||?, with the complex
valued wave-function W, can be interpreted as the probability density to find a particle

at r. The rule to calculate the intensity can be generalized to

I=> a (A7)

where the x,, are the components of the electric field vector or real and imaginary part
of U.

By saying “usual” we mean the following assumption: the x,, are independent normally
distributed real random numbers with mean value p and variance o2. It is sufficient to
discuss @ = 0 and o = 1 since other choices are related by a trivial substitution. Their

joint probability density! is then

p(x1, ..., xq) ~ ez Tne1 (A.8)

!'Normalization factors are left out in this section because they would obfuscate the important point:
the shape of the functions. The symbol ~ is explicitly used in lines where a factor is dropped.
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A.2. Intensity Distributions

This assumption is the most naive guess a physicist may find for the problem of multiple
scattering: the field at some point consists of a sum of retarded field contributions from
many independent scattering events at different positions and times. Ignoring all the
complications arising from polarization and coherence, the named distribution follows

from the central limit theorem.

We may now calculate the distribution p;(I = Y2%_, 22) of the intensity with the

formula
d
pih) = [ plonmdt = Y a)ate. (A.9)
R4 n=1

Thanks to the special shape of the integrand, we can conveniently evaluate the integral

in d—dimensional spherical coordinates
o ’r2
pr(1) N/ ez 0(I —r¥)ritdr (A.10)
0

which evaluates to

pr(I) ~ T8 e 12 (A.11)

This is the family of chi-squared distributions including the PORTER-THOMAS distribu-
tion (d = 1). All the distributions are governed by a power-law factor for small intensities

and by an exponential decay for high intensities.

The distribution of amplitudes p4(A) is
& r2 A2
pa(A) ~ / e 26(A—r)rtldr = A em e (A.12)
0

which is for d = 2 the result given in Ref. [Ray80] and hence known as the RAYLEIGH
distribution.

In logarithmic histograms such as those shown in Chap. 4, these intensity distributions
look like

In(p;(1)) = (g — 1) Inl—1. (A.13)
Obviously, they show up as linearly decaying tail in such histograms. In contrast, intensity
histograms of our localized systems show non-linearly and, in particular, slower decaying
tails at high intensities.

Intensity distributions are often refered to as GAUssian if vanishing skewness is to be
emphasized even though intensities are purely positive numbers and can never actually
be GAussian distributed.
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A.3 Surface Plasmon Polaritons

A.3.1 Basics

To understand the SPP modes one can solve MAXWELL’s Equations for an interface of
a dielectric described by e(w) and a metal described by € (w) and a conductivity o(w).
Surface plasmon polaritons are solutions that travel along the metal-dielectric interface
and, in particular, do not travel in the directions normal to the interface. The time-
harmonic MAXWELL’s Equations with the convention that the time-dependence of all
fields and sources is given by the factor e ! are

VxH(r,w) = —iwD(r,w)+j(r,w) (A.14)

VxE(r,w) = iwB(r,w). (A.15)

One can replace D and B with the material equations and j with OAM’s law resulting in

VxH(r,w) = —iwee(w)E(r,w)+ o(w)E(r,w) (A.16)
VXxE(r,w) = iwpp(w)H(r,w) . (A.17)
The classic trick to obtain the HELMHOLTZ equation is to take the curl of the second

equation and put the result into the first. We assume Vu = 0 and € = ¢(r) to be

piece-wise constant which is the case in all applications in the present work. This gives

V(V-E)—AE = (w’nopeoe + iowpop) E (A.18)
2
- i—QnQE (A.19)

introducing the vacuum speed of light ¢ = (ugep) !, the complex permittivity including
the conductivity

E=c+ iwiq) (A.20)
and the complex refractive index n? = pé. In the absence of free charges, the divergence

term vanishes in each area where Ve = 0 and we have:
W2
<A + —2n2) E=0. (A.21)
c

Depending on the convention on the sign in the time-dependence (e™“! often used
in physics or ¢! often used in engineering) one obtains either a plus or a minus sign in
Eq. A.20. This is important to note since one often wants to put a measured or modeled
é(w) into computational MAXWELL solvers. Here, one has to study the solver documen-
tation carefully. For example, there is a plus (as above) in FDTD Solutions[lum08] and
a minus in COMSOL[com11].
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A 3. Surface Plasmon Polaritons

Since we want to expand the fields into plane wave components, we put a plane wave

traveling in k direction and obtain the dispersion relation
w
k=mn—. (A.22)
c

kr in the dielectric and a wave in the metal B¢

Now we assume a plane wave Ee
We find that the continuity equations like n x (E’ — E) = 0 can only be fulfilled for all
positions in the plane of the interface when the in-plane components of the wave-vectors
are conserved, i.e., k| = kh.

We seek for waves traveling along the surface which means that k is mostly real. If
we take a look at Eq. A.22 we see that £’ is a complex number with a big imaginary
part since n' o< /R(€') + iJ(¢’) where R(€') is a big negative number in a metal. Since
the in-plane components of k" are conserved, k, is mostly imaginary. Consequently the
field is a wave traveling along the surface but exponentially decaying in the out-of plane
direction into the metal. Such a field is often called an evanescent field. This is in well
accordance with the experience that metals are non-transparent except for layers thinner
than some decay-lengths.

First, we try to construct a s-polarized wave with these properties:

H = (H,,0 H,)exp(i(kyz + k.2))
E = (0,E,,0)exp(i(k,z + k.2)) .

The boundary conditions for MAXWELL’s equations[Jac06, Chap. 1.5] state that tan-
gential components of E and H are conserved along the interface, thus, F; = E, and
H! = H, while the normal components of D and B are conserved. Here, we obtain
uH, = p'H.. If, as presumed, p/ = u, H, = H.. From the divergence freedom V - B = 0,

we find H, = —Z—ZHz = —Z—IZH; completing a 2x2 linear system of equations:

(1 _1) : (H) =0. (A.23)

This system has non-vanishing solutions if its determinant is zero, i.e., k, = k.. This is
in contradiction with MAXWELL’s Equations since Eq. A.22 states that k depends on e.
In order to fulfill 7k momentum conservation this dependency has to be exclusively in
k.. Consequently, we find no plasmon mode in the s-polarization.

In the p-polarization, we have the magnetic field H = (0, H,, 0) exp(i(k,z + k,2)) and
the electric field E = (E,0, E.) exp(i(k,= + k.z)) and obtain H, = H,, E, = Ej, and
ek, = ¢FE.. From the divergence freedom V - D = 0 we can find E, = —Z—;EZ = —Z—iE;

Thus, we have a homogeneous linear system

€ —€ E.\
() () -
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Figure A.1: (a) Dispersion Eq. A.25 plotted for a silver-vacuum interface (blue dots).
The dispersion clearly shows two branches: the lower one with the SPPs and one for
higher energy where volume-plasmons can be excited. The shaded area marks the light-
cone, i.e., the area where propagating light can fulfill the vacuum dispersion relation.
There are no points of the SPP branch in the light-cone — SPPs on flat metal interfaces
can not be excited with propagating light. (b) SPP branch folded into the irreducible
BRILLOUIN zone for a grating with a lattice-constant @ = 1.5 ym. On a grating, many
modes fall in the light-cone (shaded) and can be excited at matching angle-of-incidence

— energy pairs.

Its determinant is zero if —ek! +€'k, = 0. Using this together with Eq. A.22 and expressing

all components of the wave-vector in terms of the in-plane momentum with the help of

2 . . . .
k. =/ %n? — k2, one obtains the plasmon dispersion relation

2 /
hy = 1| < (A.25)

02M6+6"

Note that only the squared values of k; enter the dispersion relation Eq. A.22. This
means that the physics presented on this page is invariant if square roots are replaced by
negative square roots. In case of Eq. A.25 this has the nice consequence that all physics
is mirror symmetric, i.e., invariant under x — —zx transformations, which is what one
has to expect from the global symmetry of the system.

For the z direction, the signs of the k, have no such freedom since ek, = €'k, from the
determinant condition above. In particular, if € is that of a metal, its real part is negative
and quite large (see, e.g., Fig. 2.5a). If € is a usual dielectric, it has a smaller positive real
part. Thus, the imaginary parts of k., and £/ have opposite signs, meaning that the fields
decay in opposite directions away from the interface. Also, their magnitude is different

such that the decay length in the metal is smaller than the decay length in the dielectric.
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A 3. Surface Plasmon Polaritons

A.3.2 Excitation of SPPs with gratings

The dispersion relation can conveniently be plotted in energy versus in-plane momentum
plots such as Fig. A.la. From such plots, we can see under which circumstances SPPs
can be excited. If we have, e.g., a He-Ne laser and a flat metal sample, we can investigate
modes along the dashed line in the shaded region. With a given non-tunable laser, we
are restricted to a given energy but can change the in-plane momentum k, = % sin6 by
changing the angle of incidence 6. At normal incidence, the in-plane momentum is zero,
at grazing incidence it is . Higher values can not be achieved with in this setup. For this
reason, the shaded area is often called the light-cone: it is the region in k space where
propagating light modes exist.

A grating can provide additional in-plane momentum. It is known from solid-state
physics that BLoCH waves differing by a integer multiple of a reciprocal lattice vector
(here G, = 27”) are identical. For this reason, all the modes in a periodic system can be
discussed in the first irreducible BRILLOUIN zone (here from k, = —= to k, = 7). Modes
with higher k, are folded back as shown in Fig. A.1b. Now, many SPP modes fall into
the light cone and can eventually be excited by propagating light.

This method to overcome the momentum mismatch was used in the systems discussed
in Chap. 2 and 3.
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