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Abstract

Current efforts in the field of plasmonics towards device integration and miniaturization
require detailed knowledge about the coupling between surface plasmons and emitters.
In this work coupling between surface plasmon polaritons and different emitter systems
has been investigated by the technique of back focal plane imaging. To develop a deeper
understanding of the interaction phenomena the studies focused on single emitters in

elementary plasmonic configurations that allow for an analytical description.

The first part of the thesis reports on the successful demonstration of surface plasmon
polaritons launched by a single dipolar carbon nanotube emitter on a metal thin film
after local optical excitation. Leakage radiation microscopy images, recorded in the back
focal plane of a microscope objective, could be modeled successfully and contained the
propagation length and direction of surface plasmon polaritons. Corresponding real-space
images revealed plasmon propagation away from the single dipolar plasmon source. The
polarization behavior of surface plasmon polaritons launched by single carbon nanotubes

was found to be radial as predicted by theoretical calculations.

Remote excitation of single walled carbon nanotube excitons via propagating surface plas-
mons is demonstrated in the second part. A scanning aperture probe was used as source for
propagating surface plasmons with fine controllability over excitation position and prop-
agation direction. It was raster scanned in close proximity over a single carbon nanotube
located on a metal film while recording the emission response from the nanotube. The
carbon nanotube showed an emission response while the aperture plasmon source was still
far away from the nanotube position. Theoretical modeling of the excited surface plasmon
fields confirmed that the nanotube maps the surface plasmons locally with sub-diffraction

resolution.

In the last part, radiation channels in the vicinity of a plasmonic nanowire were inves-
tigated. Radiation patterns of a coupled system of rare earth nanocrystals and silver
nanowires in the back focal plane revealed that the emission in the vicinity of a nanowire
can be approximately described by two emission channels that can be calculated analyti-
cally: Dipolar emission, also observed in the absence of the nanowire, and leakage radiation
from the nanowire. The latter can be calculated using an antenna-resonator model that
considers the air-dielectric interface on which the nanowire is deposited and the position
of excitation along the nanowire. Fitting of the experimentally observed patterns provides
estimates for the branching ratio between the two emission channels and further enable

the determination of the plasmon wave-vector supported by the nanowires.
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1 Introduction

Since the seminal publication from Ritchie! in 1957, the field of plasmonics has attracted
increasing interest. The study of these surface bound electromagnetic waves, existing due
to charge fluctuations on a metal surface, is especially appealing due to their confined
nature, which enables the concentration of energy in a small sub-diffraction volume?3.
At the same time the propagation of surface plasmons (SPs) along the surface allows for
the transport of this energy, in an optimized case, along a distance of several hundred

4. The properties of SPs are determined by the dielectric functions of the

micrometers
metal, supporting the SPs and the surrounding dielectric materials. Recent advances in
both, top-down and bottom-up fabrication methods, drastically increased the range of
different materials supporting SPs, enabling new device configurations and expand ac-
cessible frequency ranges®. In the current effort driving the field of plasmonics towards
device miniaturization and realization of plasmonic based interconnects® detailed knowl-
edge about the interaction between SPs and emitter systems is crucial for the design and
optimization of such plasmonic applications. Additionally, new plasmonic building blocks
such as noble metal nanowires become more important and enable new possibilities for

applications in plasmon based logic gates” and quantum plasmonics®?.

A strong focus in the field of plasmonics is on the coupling between light and SPs. If
SPs are coupling to photons the combined state is typically referred to as surface plasmon
polariton (SPP). The first experimental techniques to excite and detect SPPs with light
were implemented by Otto ! and Kretschmann ', who managed to overcome the momen-
tum mismatch between photons and SPPs by the use of evanescent fields created in a
total internal reflection geometry. Propagating SPPs can be observed via the detection
of leakage radiation'? if the supporting metal structure is thin enough so that the field
component perpendicular to the surface has not completely decayed within the material.
Leakage radiation from SPPs can be detected with standard optical microscopes using

index-matched immersion objectives, enabling the detection of wave-vectors k—ko > 1.

The technique of back focal plane (BFP) imaging, which was also used to determine the
orientation of single molecules'?, provides a useful method to detect SPP leakage radi-
ation angularly or wave-vector resolved in Fourier space!'?' 17, In general, all emitting
systems exhibit a unique distribution of emission in the BFP, which represents an angu-
larly resolved intensity map. Theoretical routines for calculating the radiation pattern
of single dipolar emitters, optical antennas and nanowires have been presented in the

13,18-20

literature , which allow the analysis and distinction of different radiation channels
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by comparison with experimentally obtained BFP patterns. Additionally, BFP imaging
has been used in the past to identify SPP propagation due to the specific distribution of

leakage radiation in the BFP given by the SPP wave-vector spectrum 221,22,

For this thesis the technique of BFP imaging, and other optical methods, were applied
to study the coupling between SPPs and different emitter systems. During these inves-
tigations a key focus was on the observation of single emitters in simple configurations
that are accessible by analytical descriptions. The excitation of propagating SPPs by a
single dipolar source placed on a metal thin film could be shown directly by the emission
features in the BFP. The angular emission characteristics of a single single-walled carbon
nanotube (SWCNT) emitter located on a thin metal film were considerably reshaped in
comparison to a SWCNT emitting on a glass substrate. SPP-emitter coupling could also
be achieved successfully in the reversed situation shown by the remote excitation of a sin-
gle dipolar SWCNT emitter on a metal film via SPPs launched from a scanning aperture
probe. In an approach to apply the previously achieved results in a basic plasmonic guid-
ing element the coupling between nanocrystal emitters and silver nanowires as confined
plasmonic waveguides was investigated. Recorded characteristic BFP patterns from this
coupled emitter-nanowire geometry were modeled and thus enabled access to important
parameters of the plasmonic system such as the branching ratio, the SPP wave-vector or

the plasmonic active length of the nanowire waveguide.

The thesis is structured as follows. After this introduction, chapter 2 discusses the fun-
damental properties of SPPs. Commencing from an interface between two infinite half-
spaces defined by a metal and a dielectric the conditions for the existence, fundamental
wave properties and the dispersion relation of SPPs are introduced. Proceeding with an
investigation of SPPs in more complex thin film and metal nanowire geometries, the im-
plications of the geometry on the dispersion relation together with connected parameters
such as the SPP propagation length, are reviewed. The second part of this chapter is
concerned with experimental schemes able to excite and detect SPPs on metal films and

structures.

Chapter 3 gives an introduction to the specifics and applications of BFP imaging, a method
to obtain an angularly resolved emission pattern. Beginning with the image formation in
the BFP of a microscope objective, it continues with a theoretical description of radiation
patterns from point dipole emitters in the BFP. The second part of the chapter gives two
examples for the application of BFP imaging in the context of SPPs. Firstly, BFP imaging
can be used to investigate SPPs on a metal film in a reflection geometry. Secondly a model
is introduced, based on the theoretical model for single dipole radiation, to describe the

signature in the BFP originating from SPPs propagating along a noble metal nanowire.

The different emitter systems used in this work to investigate the emitter-SPP coupling
are introduced in chapter 4. First the structural and optical properties of semiconducting

SWCNTs are discussed. Following the conceptual formation of SWCN'Ts, starting from



a single graphene sheet, a short overview of the electronic energy landscape and the re-
sulting possible optical transitions is given. The second part deals with rare earth doped
nanocrystals. After a description of different host materials lanthanide doping of a NaYF,
matrix is discussed from a structural point of view. It concludes with a description of the
optical processes in such rare earth doped nanocrystals with a specific focus on the photon

upconversion.

Chapter 5 begins with a description of the microscope setup utilized in the experiments
presented in this thesis. The optical systems including details of excitation and detection
pathways in the applied microscope as well as a description of the aperture scanning
near-field optical microscopy (SNOM) configuration are introduced. The second part
gives insight into the specific properties and preparation of the carbon nanotube, silver

nanowire and rare earth doped nanocrystal samples used in the experiments.

All experimental results are presented and discussed starting from chapter 6. In this
chapter the directional excitation of propagating SPPs on a thin metal film by individual
SWCNTs is investigated. Photoluminescent SWCNTs were shown to launch SPPs in the
near infrared (NIR) propagating for several micrometers predominately in the direction
of the nanotube axis after laser excitation in the visible. SPP excitation and propagation
are investigated by leakage radiation microscopy in real-space and in the BFP. Compared
to the angular emission of SWCNTs on glass, polarization resolved radiation patterns
recorded for single SWCNTs on gold films reveal an almost complete redistribution of the
emission with a high directivity. The claim that SPP excitation results from a radiating
point dipole source could be confirmed by rigorous model calculations of spatial intensity

distributions and BFP patterns.

The opposite scheme, wherein transitions in a dipolar emitter are excited via propagating
SPPs is investigated in chapter 7. Light coupled into a metal coated aperture probe was
chosen as a nanoscale SPPs source, which enables the fine control of the excitation position
and the SPP propagation direction. First, the SPP excitation behavior of the aperture
probe on a thin gold film is characterized by analysis of real space and BFP images. This
analysis is followed by a scan with the aperture probe over a deposited SWCNT while
simultaneously detecting the emission signal from the SWCNT, characterized as leakage
radiation. The image formation is reconstructed by theoretical calculations of SPP fields

created by the aperture probe in the metal film, using an established model.

Chapter 8 is concerned with the coupling between SPPs and an emitter system using
noble metal nanowires (NWs) as confined SPP waveguides. Rare earth doped nanocrys-
tals, which show upconverted photoluminescence (PL) on the anti-Stokes side of the laser
excitation energy were deposited in the vicinity of plasmonic silver nanowires. With a
quantitative analysis of recorded BFP patterns of this coupled system contributions of
two different radiation channels could be separated: The direct dipolar emission from

nanocrystals in the absence of silver nanowires and leakage radiation from excited SPPs
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propagating along the nanowires. Fitting of the recorded BFP patterns with the devel-
oped two channel model gives access to important system parameters such as the channel
branching ratio, the SPP wave-vector and the plasmonic active length of the nanowires.
All results obtained by optical measurements were supported by a thorough transmission

electron microscopy (TEM) investigation.

Finally, a summary of the most important results achieved in this thesis will be given. An
included outlook will provide interesting aspects of possible future experiments regarding
coupling between emitter systems and SPPs and the use of BFP imaging in different

applications.



2 Surface plasmon polaritons (SPPs)

The first appearance of electromagnetic waves at surfaces in the scientific literature was in
the work of Zenneck?® and Sommerfeld?*. They derived theoretically that these surface
waves exist only at the boundary between a dielectric or a metal and a loss free dielectric.
In general, electrons at a metal-dielectric interface can perform coherent fluctuations which
were named surface plasma oscillations by Ritchie!. The first experimental observation
of these surface plasmons was demonstrated by Powell and Swan 25 through fast electron
loss spectroscopy of metal thin films. Soon from the fundamental ideas of concentrating
light energy on length scales smaller than the wavelength together with a high sensitivity
of plasmon properties for the dielectric functions of the involved media, the field of plas-
monics emerged 3?6, Surface plasmons have found their way into many applications in the

28,29 amplification and lasers3V.

fields of solar cells?”, sensors
The following chapter gives an introduction to the fundamental SPP properties and con-
tinues with a closer investigation of plasmon dispersion relations in different geometries.

In the end an introduction into commonly used excitation and detection schemes is given.

2.1 Fundamental SPP properties

Surface plasmons, as a wave of fluctuating surface charges, are referred to as SPP if
the surface wave is coupled with propagating light3!. Although the nomenclature is not
uniform across the literature this terminology is used in the following and for the rest of
the thesis, if not stated otherwise. Additionally, the term SPP is used for propagating
SPPs in contrast to non propagating localized surface plasmon polaritons (LSPPs) as e.g.

in metallic nanoparticles.

Propagating SPP charge fluctuations can be described by a mixed transverse and longitu-
dinal electromagnetic field which disappears at |z| — oo and has a maximum directly at
the interface z = 0 (fig. 2.1)32. Given a propagation direction along the X-axis, the field
is expressed by

ESPP _ E(:)I:ei(kzx:l:kzz—wt) (2'1)

where + is used for the field reaching into the dielectric (z > 0) and — for the field
reaching into the metal (z < 0). Both wave-vector components k, and k, are assumed to

be complex valued.
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(a) (b)
ZA zh

NN

Figure 2.1: (a) Schematic of the charges and electromagnetic field lines of a SPP prop-

agating on a metal/dielectric (ey,/eq) interface along z. Additionally indicated are the
magnetic field vector ﬁy perpendicular to the propagation direction « and the SPP wave-
length Agpp. (b) shows the exponential dependence of the field amplitude |E.| in the
direction of z into the two different media according to eq. 2.5. Adapted from?2.

After solving the Maxwell’s equation for the system of a metal half-space with the complex
dielectric function ey, = &/, + iel adjacent to a dielectric medium with a real 4 the SPP

dispersion relation can be written as

w Eméd
k,=—, ————. 2.2
T eVem+eq (2:2)

The wave-vector components normal to the propagation direction are also obtained?3:

ki = = 7 j =d, m. 2.3
7% €m+€d’ ] m ( )

In order to represent a propagating and surface bound wave, two conditions arise: k, has
to be purely imaginary to ensure the evanescent, surface bound character of the wave and
k. needs to contain a real part, which allows propagation. A still possible imaginary part
of k, describes the damping of the wave, due to ohmic losses in the metal32. Considering
eq. 2.2 and eq. 2.3, these conditions are fulfilled if the sum and the product of the dielectric

functions are either both positive or negative:

em(w)-eq(w) <0,

m(w) +eq(w) < 0. (24)

The conclusion from eq. 2.4 is, that one of the dielectric functions has to be negative with
an absolute value larger than that of the other. In the case of many noble metals, having
a large negative real part of the dielectric function together with a small imaginary part,

adjacent to a dielectric such as glass or air, bound surface modes can exist.

Since the wave-vector components of the SPP wave perpendicular to the surface are purely

imaginary the field amplitude of Egpp decreases normal to the surface exponentially with
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— |kj2| |2|- Thus the skin depth 4 after which length the field is reduced to 1 is expressed

by32:
1

T kel

This can also be examined for the two different involved media in the system:

j=d,m. (2.5)

5 _i el +eq
"or €2
(2.6)
5 7& E;n-i-&‘d
d_27r 6(21 '

Given the dielectric function for a noble metal and a typical dielectric it is evident, that
the field reaches further into the dielectric than the metal (see also fig. 2.1 (b)). Typical
penetration depths into the metal d,, at A = 600 nm are 24 nm for silver and 31 nm for
gold, further decreasing with increasing wavelength32. The penetration depth of the field
into the dielectric dq is on the order of half the wavelength of the incident light? and was

experimentally observed by scanning tunneling optical microscopy (STOM)34 (section 2.4).

Fig. 2.2 shows a typical SPP dispersion relation for a silver/air interface calculated accord-
ing to eq. 2.2 using the complex dielectric function of silver from Johnson and Christy %°.
If w values are taken to be real k, becomes complex and the dispersion relation exhibits
a back bending in the vicinity of the asymptote of the lower branch!® before it continues

in the high energy branch. The back bending has been also investigated experimentally

10 -—
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Figure 2.2: Real part of the SPP dispersion relation for a silver/air interface calculated
according to eq. 2.2 (black solid line). The dashed red line represents the light line
ko = Ck;:

1. 36

by Arakawa et a and occurs due to strong localization of the SPP mode in the metal

which is the reason for the large losses®3. According to eq. 2.3 the high energy branch is
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not considered as a surface wave since the z component of the wave-vector in the metal
is no longer purely imaginary anymore. Also plotted in fig. 2.2 as red dashed line is the
air dispersion, known as the light line kg = ck/, which asymptotically approaches the SPP
dispersion relation at lower frequencies but never intersects with it. This shows that it is
not possible to directly excite SPPs with free propagating light or to couple SPPs directly

out as propagating radiation due to the momentum mismatch.

2.2 SPP dispersion relation in different geometries

2.2.1 Dispersion relation in a multilayer structure

For the application of plasmonics in real devices and for the sake of device miniaturization
it is often desirable to reduce the thickness of the metal and place the metal on different
substrates. Since SPPs as surface waves are very sensitive towards the properties of their
immediate environment the effect of a finite metal layer or different dielectric surrounding
media upon the dispersion relations needs to be considered. Pockrand3” theoretically
described in 1978 a multilayer system which can be applied with high concordance to
a lot of device geometries involving thin metal films. The Schematic in fig. 2.3 shows

the multilayer system configuration used in the theoretical description. The dielectric

I

Figure 2.3: Schematic of a metal/dielectric multilayer system considered for the calcu-
lation of the SPP dispersion relation in eq. 2.7. The dielectric constants of the material
are ¢; and d; the thicknesses of the metal and the dielectric layer. The light interaction

is determined to progress in the direction from material 0 to material 3

constants of the materials are ; and d; the thicknesses of the metal and the dielectric
layer. The light interaction is determined to progress in the direction from material 0 to
material 3. This configuration is suitable for the description of the sample geometry used
in the chapters 6 where a thin metal film (d; and a complex £7) is placed on a microscope
cover glass (real €g) and covered with a protective layer of SiO,, (d2 and real e2) surrounded

by air (e3).
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If Maxwell’s equations are applied to this geometry restricted to p-polarized transvere
magnetic (TM) fields, the dispersion relation of the eigenmodes are obtained from the

eigenvalue equation Dg1a3 = 0 with Dgio3 given as:

k3.  kis k3 ki €2 +k‘22>

Dojo3 = — + —= —itan (kQZdQ) (
€3 €1 ko, €183 €2

. ki k s e k
4 rgpedid [12 _ R (kpedy) (3162 _ 2)]
€1 €3 ko, €183 &2

w)?2 k1 ko k1 ko -1
k.z — L — — kQ , = 2 2E =z —Z 2.8
’ \/€]<C> SPP o (61 60)(81 +€0> 28)

where k., is the wave vector component perpendicular and kspp parallel to the surface in

(2.7)

with

the respective medium j. If real frequencies w are considered the eigenvalue equation leads
again to complex solutions for kgpp where the real part of kspp describes the propagation
and the imaginary part the damping of the eigenmodes. The first term of eq. 2.7 stands
for the dispersion of SPPs propagating along the interface between two half-spaces €1 and
€3 equivalent to eq. 2.2. The second term reflects the influence of the dielectric coating e

and the third term considers the finite thickness d; of the metal film 1.

In the case of a transparent dielectric coating with a purely real dielectric function (e = ')

eq. 2.7 can be approximated by

0 He DR 2)C )R 2)CR
kspp = kégP + kéfzp + kéP)P + kéPBP + kégP + kéI}P (2.9)

EQ, =2, /=158 2.10
Q=2 /2, .10

already implemented as the dispersion of SPPs at the interface between to half-spaces

with

(eq. 2.2). Additionally used are the correction terms

I / 2 o0 ot 1/ 27d,
RO _ W (52 53) ( €1€3 > (52 51) leg) < 2) 2.11
SPP c 6/2 e+ e5 €3 — 5/1 ( 5163) \ ) ( )
and
L0 _ (e 1 kélp)g 9 2e3 — &7 + eites) 1157/1, (2.12)
SPP SPP |9 1 (ké%)l)) 3 (e3 —&b) —€3 2eh |7 )

which are considering the influence of the dielectric coating on the metal layer. The

first order term (eq. 2.11) is real and therefore causes a shift of the SPP wave-vector

proportional to dfll. Meanwhile, the complex second order term (eq. 2.12) describes an

increase in the inner damping in the case of €5 > £3. With growing thickness of the coating
layer the power flow in the lossy metal increases which results in an increase of damping

37

by a larger imaginary part of kspp The influence of the finite metal thickness dy is

considered by

w 2 eles 2| —25 1
=t () (B2 )TV e
C

€3 — €} gl +e3
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and
SPP SPP 9 Re (kéogp> —&3 2,_:/1 — &g )
with the correction term
R, (2)C
ign - Koprkar (—5/1 = 5,2) . (2.15)
Re (k‘é%)})) €3 €3—¢€y 2e3

A small thickness of the metal film d; is mainly causing radiation damping of the SPP due
to coupling to propagating waves in the half-space €¢ also know as leakage radiation further

described in section 2.4.1. Fig. 2.4 (a) compares the dispersion for the gold/air half-space

3.2 . . . . . . . . 200 +————————7— 103
(a) ] T T T /I B T P T T T ~~ J 600 (b) T T T T
, . /,/ -
3.0 ’ Py PRt
- s 1"" -4
P e 160 - 9.5
2.8 Vs T
e o - 700 —_
2.6 Rid o
— Re £
" . ] = g 1201 E 87 £
w 2.4 : € o
N -80 £ £ o
= p— =
3 221 T 80 g 79 &
halfspace - 900 X
2.0 - - - -multilayer d, = 20 nm d, = 0 nm 1 1
18] ---multilayer d, = 20 nmd, =20 nm |- 1000 40 4 71
————— multilayer d, =20 nmd, =50 nm | _{ 1100
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Figure 2.4: (a) SPP dispersion relations comparing the solution for a gold/air interface
(according to eq. 2.2, black solid line) with the multilayer solutions for different glass
coating thicknesses ds, calculated according to eq. 2.7. (b) Correlation of the real part
of the plasmon wave-vector kipp with the thicknesses of a gold film d; and the glass
coating ds at a wavelength of 1000 nm.

system (eq. 2.2, black solid line), with the dispersions calculated for a multilayer system
(eq. 2.9, red dashed to dark green dashed double dotted line) consisting of glass as bottom
half-space (g9 = 2.25), a 20nm gold film (e according to Johnson and Christy %), glass
with varying thicknesses as dielectric coating (g2 = 2.25) and air as top half-space (g3 = 1).
The shift to higher wave vectors with increasing thickness of the glass coating do reflects
directly the influence of the term in eq. 2.11. Fig. 2.4 (b) depicts the correlation of the real
part of the wave-vector with varying thickness of the glass coating ds and the gold film
thickness d; at a wavelength of 1000 nm. The influence of the metal thickness on the real
part of the wave-vector is small compared to the influence of the coating thickness. Only
for small metal thicknesses (=~ 1-25nm in the illustrated case of gold) eq. 2.13 and 2.14

produce a significant change in the real part of the wave-vector.

10



2.2. SPP dispersion relation in different geometries

2.2.2 SPP propagation length

Another important quantity for the description of SPPs which can be extracted from the
dispersion relation is the propagation length Lp which is connected to the plasmon wave

vector by
Lp = (képp) - (2.16)

This defines the propagation length Lp as length after which the initial amplitude of the
SPP field has decayed to % This damping is caused by ohmic losses of the electrons
involved in the SPP oscillation and results finally in heating of the metal. If intensities

are observed the propagation length is used as follows?3:

Lp = (2kpp) " (2.17)

The propagation length is of special interest in the design of plasmonic devices in order
to consider an appropriate length scale of the involved structures. Fig. 2.5(a) shows
calculated propagation lengths Lp in the wavelength range from 400 to 1600 nm for the
three metals silver, gold and copper according to eq. 2.16. The values for k{pp were
calculated with the formula for a metal and dielectric half-space (eq. 2.2) using the values

for the dielectric function of the three metals measured by Johnson and Christy3>. A
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Figure 2.5: (a) Calculated propagation length Lp over a range of wave-
lengths/frequencies for silver (black solid line), gold (red dashed line) and copper (blue
dotted line) according to eq. 2.16 using the k¢pp values from eq. 2.2. (b) Dependency of
the propagation length Lp at 1000 nm on the thickness of a gold film d; and the thickness

of a glass cover layer (g2 = 2.25) da.

first general observation from fig. 2.5 (a) is an increase of the propagation length in all
three metals with increasing wavelength. This is due to the fact, that the real part of the
dielectric function of the metals decreases for higher wavelengths. Due to the decreasing
penetration depth of the SPP into the metal with increasing wavelength, as described in

section 2.1, the ohmic losses in the metal are reduced, which increases the propagation

11



2. Surface plasmon polaritons (SPPs)

length. The different propagation lengths for the different metals can be understood by the
differences in the complex part of the metal dielectric function, which describes the losses
upon interaction of the wave with the metal. Thus the imaginary part of the dielectric
function increases from silver, to gold and to copper in the examined wavelength range of

fig. 2.5.

Fig. 2.5 (b) shows the correlation between the propagation length Lp and the thicknesses
of the metal film d; and the dielectric coating ds. The results are obtained with the
multilayer system (eq. 2.9) at a wavelength of 1000 nm for a gold film and a glass coating
(e9 = 2.25) with glass as underlying half-space (e = 2.25) and air as covering half-space
(es = 1). As the metal thickness exceeds the skin depth ¢; of the SPP into the metal,
radiation damping through coupling to propagating modes in the dielectric ¢y ceases to
play a role. This can be seen in the fast increase of the propagation length moving along the
x coordinate in fig. 2.5 (b) from lower to higher d; values. The decrease of the propagation
length with increasing thickness of the dielectric coating illustrates the behavior mentioned
in section 2.2.1 (eq. 2.12). A larger amount of dielectric subjects more of the SPP to the

inner damping in the metal for the case €5 > €3.

2.2.3 Dispersion relation in metal cylinders

Since the first characterization of propagating modes along a surface of a metal wire3%,
noble metal nanowires caught increased attention in the literature because of their po-
tential application as plasmonic building blocks”. Contrary to the case in a thin metal
film, the SPP field in a wire is not only strongly confined in one dimension (z-axis) but
in two dimensions, namely the z-axis and the axis perpendicular to the wire axis. This
additional localization has a strong effect on the dispersion relation of SPPs in such wires,
as shown in experiments with metal antennas, which resonances were shifted from the

external wavelength, depending on the material properties3? to Aeg. Given the wire ge-

g, ‘ZL
€ 2R} |

m wire
X

Figure 2.6: Schematic of the metal wire used for the calculation of the dispersion relation
in eq. 2.19 denoting the wire length L, the radius Ryire, the dielectric function of the

wire ey, and the dielectric function of the surrounding medium &4 .

ometry depicted in fig. 2.6 with the wire of a length L, the radius Ryiye, consisting of the
material e, and surrounded by the medium &4, the effective wavelength can be derived
by 40:

kO 4Rwire

L\ (2.18)

>\eff = Aexci
kspp m
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2.2. SPP dispersion relation in different geometries

Subtraction of the relation between the wire radius Rywire and the order of the resonance
m pose a justified approximation due to the virtual increase of the wire length through

the influence of the wire ends??.

To investigate SPP propagation along a metal nanowire an analysis of the full vector wave

is necessary. Using waveguide theory the TMy modes of a cylindrical waveguide
0.

equation®!

can be derived by solving the following equation?

| W p
€m ()\) J1 (filwae) ea H; (Hlanre) =0 (219)

ﬁlRwire JO ("ilRwire) RQRWire H(()l) (ﬁlRwire)

with

(2.20)

Exemplary results from eq. 2.19 for a silver wire with the radius Ryie = 5nm (black

solid line) and Ryire = 10nm (dark blue dotted line) are shown in fig. 2.7. In contrast to

5 T T 7 T T B |
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Figure 2.7: Comparison of SPP dispersion relations calculated according to the formula
for metal cylinders eq. 2.19 with a wire radius Ryire of 5 (black solid line) and 10 nm (dark
blue dotted line), calculated for a multilayer geometry (eq. 2.9) with a metal thickness
dy of 10 (red dashed line) and 20 nm (green dash dotted line) and the half-space formula

eq. 2.2 (light blue dash double dotted line).

that, dispersion relations for the corresponding film thicknesses in a multilayer geometry
(d; = 10 and 20 nm, red dashed and green dash dotted line) according to eq. 2.9 and the
half-space dispersion (eq. 2.2, bright blue dash double dotted line) are also shown. The

surrounding medium for all calculations in fig. 2.7 was assumed as air (¢4 = 1, g9/e2 = 1)

13



2. Surface plasmon polaritons (SPPs)

For the dispersion relations of wires a clear trend is seen towards higher wave-vectors
as compared to extended metal films that can be seen as the result of the additional

confinement.

2.3 Excitation of SPPs

In order to excite SPPs energy and momentum conservation have to be fulfilled. As
mentioned before in section 2.1 the plasmon wave-vector kspp exceeds always the wave-
vector for light in free space and it is therefore not possible to excite a SPP directly by light
propagating in free space. This is illustrated in fig. 2.8 with the dispersion of a silver/air
interface (black solid line) and the light line ko (red dashed line). An indirect method for

5.5

5.0

4.5

4.0 +

3.5

w [10".57]

3.0
2.5

2.0

1.5 . , . , . , . , .
0.005 0.010 0.015 0.020 0.025 0.030

k’x [nm™]

Figure 2.8: Illustration of the SPP dispersion for a silver/air interface (black solid line),
the light line ko (red dashed line), the dispersion for light in glass kgass (blue dotted line)
and the maximum dispersion accessible with a high NA oil immersion objective kmax, NA
(NA =1.4, green dashed dotted line). The orange shaded area indicates the range of
possible resonance between light propagating in a glass prism/objective and a SPP by
adjusting the angle 6 (see fig. 2.9 (a), (b) and (c)).

launching SPPs using freely propagating waves employs the Otto configuration, where an
evanescent wave, formed at a glass/air interface in a total internal reflection geometry,
excites SPPs at a metal/air interface between a prism and a metal film (see schematic
fig. 2.9 (a))!. By adjusting the angle of incidence of the totally reflected beam inside the
prism the resonance can be tuned over a range of energies:

w .
kspp = kglass = Englass/obj sin 6. (2'21)
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2.3. Excitation of SPPs

The tuning behavior is indicated in fig. 2.8 by the orange shaded area from the maximum
dispersion Kglass (6 = 90°, green dashed dotted line) towards the light line ko (6 = 0°).
SPPs with a dispersion within this region are also called leaky modes since coupling to
free propagating wave is possible, whereas modes with a dispersion shifted to higher kgpp

values are referred to as bound modes?2.

prism

m
=

m

(d) (e)

- [, —_SPP SPP — |, __SPP,

Figure 2.9: Different SPP excitation schemes. (a) Otto configuration. (b) Kretschmann
configuration. (c¢) Kretschmann like excitation with a high NA microscope oil immersion

objective. (d) excitation with an aperture SNOM probe. (e) excitation with a surface

defect. (f) excitation with a grating. Adapted from?3

Fine control of the small gap of air between the prism and the metal film proposes an
experimental challenge, using the Otto configuration. This problem was solved by the
Kretschmann configuration where the metal film is deposited directly onto the prism
(fig. 2.9(b))!'. Excitation of SPPs can be monitored for both, the Otto and the
Kretschmann configuration, by measuring the amount of reflected light while tuning the
angle of incidence into the prism (see fig. 2.10). The SPP resonance condition according
to eq. 2.21 appears as a minimum in the reflection. These reflection measurements are
often called in the literature attenuated total reflection (ATR) method. Fig. 2.10 shows
the results of typical reflection measurements for the (a) Otto and (b) Kretschmann con-
figuration. The origin of the minimum in the ATR reflectivity curves can be interpreted
in two ways: First it can be seen as destructive interference between directly reflected
light at the interface and light emitted by the SPP after its excitation due to radiation
damping through coupling back to propagating waves. This can be seen in the reduction
of the reflectivity contrast for increasing metal film thicknesses in fig. 2.10 (b). Secondly,

to excite SPPs the incident propagating light at the specific angles 6 is converted into the
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2. Surface plasmon polaritons (SPPs)
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Figure 2.10: (a) ATR measurement in the Otto configuration for a gold film. The
reflection is plotted against the incident angle into the prism 6 showing reflection curves
for different gap sizes dgap between the prism and the metal film ranging from 200 to
1000nm. (b) ATR measurement in the Kretschmann configuration plotted as reflection
R against the incident angle into the prism 6 for a gold film with thicknesses dy, of 20
to 80 nm. Indicated is also the critical angle 0. for the prism glass/air interface (gray
dashed vertical line). Adapted from33.

surface bound wave which is not accessible for the detector and appears as a reduction in

the reflection signal.

An adaption of the Kretschmann configuration is the use of a high numerical oil immersion
objective as a substitute for the prism (fig. 2.9 (c))31#4 46, This method provides a further
step forward in flexibility regarding the choice of investigated samples, since any sample
fabricated on a microscope cover glass can be measured. One drawback of this method
compared to the initial use of a prism is the smaller range of accessible angles due to the
limited NA. of the objective (see kmax,na in fig. 2.8).

Another method to overcome the mismatch of the free-space wave-vector kg and the SPP

32,47

wave-vector kgpp is the use of diffraction gratings The diffraction grating is able

to overcome the momentum mismatch by adding an additional wave-vector component

connected to the grating constant g as follows:
2
kspp = koy/eqsin(6) + m—w, meEN (2.22)
g

Suitable values for the angle of incidence 6, the lattice constant ¢ and order of refraction

48

m for each excitation wavelength need to be chosen®® in order to achieve the resonance

condition with the SPP and the grating coupler fig. 2.9 (d). Such grating couplers have

been used to launch SPPs on metallic tips for the application in apertureless SNOM

49 16

techniques® or on plasmonic waveguides Not only linear gratings, but any regular

sub-wavelength patterned structure such as nanohole or slit arrays can be used to couple
to SPPs®’. From optical gratings the concept of adding a wave-vector component can be

expanded to scattering at surface defects such as nanoparticle arrays®!, rough surfaces??,

16



2.4. Detection of SPPs

12,53 " single holes®® and single slits®®

few metal ridges®® down to single metal particles
(fig. 2.9 (e)). These single particles or holes behave like a dipolar SPP source when excited
with linearly polarized light. This situation can be also achieved by coupling excitons in

56-61 and single quantum dots%2-64

molecular films , excited by laser irradiation, to SPPs.
These excitons can also be electrically generated in an inorganic semiconductor based light
emitting diode (LED) %56 organic light emitting diode (OLED) %7 or a SWCNT field effect

transistor (FET)%® configuration .

A further approach to excite SPPs in a more localized manner is the use of sub-wavelength

53,69-71 or nanodiamonds at the end of a near field

light sources such as aperture probes
probe™. In addition to the aforementioned optical approaches, SPPs can be also excited
by high™ and low energy electrons in the method of electron energy loss spectroscopy

21,22,75

(EELS)™. But also a scanning tunneling microscopy (STM) tip can be used as a

localized, electron based SPP source.

2.4 Detection of SPPs

All schemes presented before to excite SPPs enable in reverse also their detection. This
is for example seen by the minimum in ATR measurements or in EELS (sec. 2.3). But a
few concepts are worth mentioning, regardless, since they enable to detect SPPs without

the detection method being involved in the SPP excitation.

2.4.1 Leakage radiation

One frequently used concept is the detection of leakage radiation which was first experi-
mentally observed for SPPs excited on rough metal films 376, For a sufficiently thin metal
film the SPP can couple propagating radiation into the underlying glass substrate since
for gold and silver the SPP wave-vector k§pp lies within the accessible wave-vector range

for a glass substrate (see orange shaded are in fig. 2.8):

ko < klspp < kO\/% (223)

As depicted in fig. 2.11 the leakage radiation is emitted at the plasmon resonance angle
fspp which is the same angle at which in an ATR measurement the minimum of reflection

appears. This range of angles is connected to the k-space by:

K. = 2n@ sin(0). (2.24)

In k-space the intensity of leakage radiation can be described by the following Lorentzian
distribution '2:
1

(2.25)
(kz — k/spp)2 + ( /S/PP)2

I (ky) x
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2. Surface plasmon polaritons (SPPs)
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Figure 2.11: Schematic of leakage radiation emission from a propagating SPP on a

metal film (e1) into the underlying glass substrate €p. The angle of emission is Ospp,

which is equal to the angle of the minimum reflection in the ATR measurements.

Thus, by measuring the full width at half maximum (FWHM) of the detected angular
distribution of leakage radiation intensity, the propagation length Lp of the SPP can be
determined according to eq. 2.17. The direct imaging via leakage radiation microscopy

78

e.g. of structured metal films””, metal stripes and wires”® was reported in the literature.

Detection of leakage radiation was also applied in the realization of a SPP beam profiler 7

80 A useful technique to detect the

and a SPP beam splitter based on metal particles
angular distribution of leakage radiation emission is the method of Fourier plane imaging

described in more detail in chapter 3.

2.4.2 Near-field Microscopy

The technique to detect propagating SPPs with sub-wavelength resolution with a near-
field optical microscope is often called photon scanning tunneling microscopy (PSTM)
or STOM 348! Tunneling refers here to the similarity to STM, that the evanescent SPP
collected by the aperture are converted to propagating modes guiding along the fiber to the
detector (fig. 2.12). Usually pulled or etched glass fibers are used for this technique which
are additionally coated at the tip end with a metal film in order to prevent radiation losses
out of the fiber®2. The lateral resolution is determined by the actual shape and size of
the tip apex and can go down to 50nm?3!. A feedback mechanism acting on either a STM
signal®? or the frequency of a piezoelectric tuning folk®* controls the tip sample distance
and enables the approach up to several nm. Thus the core of the fiber tip is in direct contact
with the evanescent tail of the SPP wave. In varying the distance in the z direction Adam
et al.® were able to confirm the spatial extent of the SPP fields into the surrounding air
above a silver film (eq. 2.6, sec. 2.1). Lateral maps of the SPP field amplitude can be also
measured and at the same time the feedback mechanism gives access to the topographic
information on the sample. This has been used to study the SPP propagation on structured

81,86 87,88 90

, silver nanowires , chains of metal nanoparticles®’, nanoantennas

16,83

metal films

and metal waveguides It is also possible to investigate the interference pattern of
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Figure 2.12: Schematic of SPP detection via PSTM/STOM. The aperture tip is able to

collect the evanescent SPP waves and guide them as propagating waves along the fiber
to the detector.

several SPPs since a complete map of the fields is obtained, which has been shown for
SPP scattering and self interference at nanoparticles on metal films®3, plasmonic Bragg

gratings®! and the standing wave pattern of two counter-propagating SPP waves??

2.4.3 Fluorescence detection

SPP as oscillating charges on a metal surfaces are also known to be able to excite emitters
such as quantum dots or fluorescent molecules situated in the vicinity of the evanescent
fields. One condition for this excitation is the spectral overlap of the SPP and the absorp-
tion spectrum of the emitter. The intensity of emission is proportional to the intensity
of the local SPP field at the emitter position®®. This concept was used by Ditlbacher
et al.?* to image the SPP fields excited by surface defects and ridges in metal films®2.
Successful imaging of SPP fields is possible if the direct non-radiative quenching of fluo-
rescence by close presence of the metal® is prevented through introducing a transparent
dielectric spacer layer between the metal and the emitters. Under the influence of the high
electrical field strengths of the SPP the irreversible alteration in the molecular structure
of the emitters needs to be considered which in consequence results in bleaching of the

fluorescence®. This bleaching was deliberately used to image SPPs propagating along a

gold nanowire?.
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3 Back focal plane (BFP) imaging

Optical microscopy is a long established powerful tool to investigate objects with sizes that
cannot be seen by the human eye. In the case of confocal microscopy the optical resolution
can be as small as the diffraction limit°7. The optical resolution determines the minimum
distance between two objects at which their signatures still can be distinguished. This
limit was pushed even further with new high resolution methods such as tip-enhanced

98-100 97,101,102

microscopy or super-resolution techniques

In all these techniques a microscope objective is involved in the imaging process. Through
the objective it is possible, not only to determine the information on the position, size
and wavelength of the investigated object, but also to extract the information in which
angles the light from the object is emitted or scattered. This can be achieved by observing
the Fourier plane of the imaging lens with a method called BFP imaging!” or recording

103,104 BFP imaging enables access to additional information of

105

of radiation patterns

the observed emitter such as identification of different radiation channels
106

, changes in
the emission characteristics due to coupling effects or material properties!®’. The
distribution of radiation in the BFP can also be used in the context of ellipsometry % and
to determine SPP propagation properties®®.

In the following chapter an overview of the image formation in the BFP is given followed
by a theoretical description of the Fourier pattern from single and random dipoles on an
interface. The chapter concludes with an introduction to BFP imaging applied in the

context of SPPs.

3.1 Theoretical description of radiation patterns in the BFP

An emitter in a uniform medium exhibits a radiation behavior only determined by the in-
herent emitter properties while the surrounding medium does not favor or hinder emission
into certain angles. For example a point dipole in a uniform medium with the refrac-
tive index n; emits according to the model of a Hertzian dipole, radially symmetric with
respect to the axis parallel to the dipole moment, with the highest intensity into angles
perpendicular to the dipole axis. Placing this emitter on an dielectric medium with no
surrounded by a dielectric with n; < ng changes the fractions of radiation emitting into
different angles and angular regions defined in fig. 3.1 (a). The total radiated power can

be divided into emission into the upper half-space P,, the forbidden zone of the lower
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3. Back focal plane (BFP) imaging

half-space P; for angles larger than the critical angle 6., the allowed zone P, for angles

smaller than .. and power dissipated into the surface P, 109:
P=P,+FP+P,+P, (3.1)

This geometry can be applied to a typical microscopy situation: An emitter, situated on

(a) (b)
I ! l
1 ! 1
1
upper !
halfspace !
1
interface -
lower
halfspace
] objective
' reference sphere
1 r o

Figure 3.1: (a) Schematic of radiated power by an emitter on an interface, in the center
of the circle, into different angular zones: Into the upper half-space P,, the forbidden
zone of the lower half-space P: for angles larger than the critical angle 6., and the
allowed zone P, for angles smaller than 6. . Also indicated is the power dissipated
into the surface P,. Adapted from!%. (b) Shows a schematic of the projection of the
angular emission in the allowed zone by an imaging lens onto the BFP. The emitter is
situated in the center of the emission sphere. Also indicated are the critical angle 6.

and maximum collected angle by the lens 0,.,. Adapted from!!!.

a microscope cover glass, is placed into the focus of a high NA oil immersion objective.
Thus the light emitted into the lower half-space medium in the allowed light P, and parts
of the forbidden light P can be collected. In order to calculate the intensity distribution
in the BFP of an objective as a function of the emission angle 6 (fig. 3.1 (b)) the Weyl
representation can be applied. It uses the decomposition of the spherical wave started

112

by the emitter into planar waves and evanescent waves This approximation is well

suited for modern plan microscope objectives!® which are corrected for the curvature of

113

field on the Petzval surface . With this the intensity distribution in the Fourier plane of

an objective lens can in general be expressed by the fields generated by the emitter Fomit:
1 2

I —— | Femit!|” - 3.2

BFP X cos 0 | em1t| ( )

. L
This includes the factor —_ -5,

onto the BFP'? illustrated in fig. 3.1(b). The same amount of power radiating from

considering the conservation of energy for the projection

the emitter along each equally sized angular section df is captured on ds. However, for
increasing angles 6 this equal amount of power is projected onto a decreasing section
dr. This can be corrected by introducing the factor ﬁ originating from the relation
dr = cosfds (fig. 3.1 (b)). For the experimental application of BFP imaging it has to be
noted that most objectives are subdue to attenuation of the marginal rays which results

in an apparent reduction of the NA 114115,
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3.1. Theoretical description of radiation patterns in the BFP

3.1.1 Dipolar emission characteristics in the BFP
Calculation of intensity distribution in the BFP

If a point dipole is placed on a dielectric interface and brought into the focus of a high NA
objective the fraction of power emitted into the different zones is altered compared to the
free space Hertzian model. The geometry of this system and all necessary parameters for

the theoretical calculation are shown in fig. 3.2 as published by Lieb et al. 3. ® and © are

S

Figure 3.2: Schematic of the geometry used for the calculation of Fourier patterns from
dipoles on an interface. A dipole p'with the orientation angles ® and © is situated on an
interface with the refractive indices ni and no. The emission of the dipole into different
angles 6 is mapped onto the BFP in dependence of k, and k,. Adapted from!!!.

the orientation angles for the dipole p, and g denotes the incident angle complementary

to the emission angle 6 according to Snell’s law:

n9 Sin«9>' (3.3)

fg = arcsin (
ni

This allows for complex valued incident angles fg. The relation between the emission angle

0 and the k-vector coordinate system in the BFP can be expressed as the following:

K| = 27r% sin(f) = kona sin(0),

(k;) B ( cos ¢ ) ) (3.4)
k;, —singp

For the calculation of the intensity distribution of a single dipole in the BFP according to
eq. 3.2:

1 * *
Laipote (9,9) o — (BB} + ELEY), (3.5)
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3. Back focal plane (BFP) imaging

the parallel and perpendicular field components E, and Es can be written as:

E, = ¢ (0)cosOsinf + ¢z (0) sin © cos b cos (p — P),

(3.6)
Es = c3(0) cosOsin (¢ — ).
The ¢ coefficients are
0
0) = n2— "7 (05) 11 (0
1 (0) = 2 2t (05)T1 (0s)
c2 () = nt? (0s) L (0s) (3.7)
cos 6
0) =— t* (0s) 11 (0
2 (0) = —n ot (63)TL(Bs)
with
II (0) _ efikonl cos (95)5' (38)
using the relative refractive index n = Z—f In this case the Fresnel transmission coeflicients
for p- and s-polarized light are expressed by 4&113:
w_ 2n1 cosfg
ny cos O + ng cosfg’
(3.9)
b 2nq cos g

ny cosfg +nocosf’
IT in eq. 3.8 denotes a propagation factor for the light traveling through the upper half-
space if the emitter is placed at a distance ¢ from the interface. Fig. 3.3 (a)-(d) shows
the results of this calculation for dipoles with different orientations (a)-(c), as well as
for several dipoles with random orientation (d), verified for the first time experimentally
by Fattinger and Lukosz 6. For the calculation dipoles were placed on a glass cover-slide
(ng = 1.5) in the focus of an oil immersion objective with NA = 1.4 surrounded by air
(np = 1). The pattern for a vertical dipole (fig. 3.3 (a)) shows a rotationally symmetric
intensity distribution with a maximum situated in the area of angles slightly larger than
the critical angle 6... This is also indicated in the figure by the black dashed circle
to mark the radius for % = NA = 1. No light is emitted in the central region of the
pattern. The two BFP patterns for the in-plane dipoles (fig: 3.3 (b) and (c)) exhibit axial
symmetry with the symmetry axis oriented parallel to the dipole axis. Again the main
fraction of the radiation is concentrated in two lobes in the ring between the critical angle
Ocrit. and the maximum angle collected by the objective Opax. Due to the symmetry of
the field functions in eq. 3.6 the BFP intensity for dipoles with random orientation can
be calculated by the sum of the patterns from three individual dipoles oriented along
the major axes z, y and z (fig. 3.3 (a)-(c)). The radiation pattern for randomly oriented
dipoles (fig. 3.3 (d)) is again rotationally symmetric with a high similarity to the pattern
of a vertical dipole (fig. 3.3 (a)). Although, the main differences are the increased intensity
in the central region as well as a broader intensity distribution in the ring of the forbidden

zone due to the contribution of the two in-plane dipole components.

From the patterns in fig. 3.3 it can be also seen, that for all dipole orientations the majority

of the intensity is emitted in the forbidden region P¢. This indicates that for the detection
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Figure 3.3: Calculated BFP patterns for dipoles on a glass/air interface with different
orientations according to fig. 3.2. In (a) ® = 0° and © = 0°, in (b) ® = 0° and © = 90°,
in (¢) ® =90° and © = 90° and in (d) the pattern for dipoles with random orientation.
In all images the k values corresponding to the critical angle 6., are indicated by a
black dashed circle. Adapted from 19,

of single dipole emitters with a microscope it is favorable to use an objective with a NA

larger than 1 for increased detection efficiency.

Detection efficiency of dipoles

As shown in the previous section the fraction of emission radiation into the different
angular zones changes with the dipole orientation. This makes the distinction between
contributions from differently oriented dipoles possible. By comparing the BFP patterns
for a vertical (fig. 3.3 (a)) and an in-plane dipole (fig. 3.3 (b), (c¢)) it is already evident,
that the central part of the pattern without intensity for the vertical dipole enables the
quantitative analysis of the two contributions'®. Also the collection angle is an impor-
tant factor to determine how much radiation can be detected with the given microscope
objective. This can be summarized by introducing a measure for the detection efficiency
~ which puts the detected power Py in the allowed zone and a part of the forbidden zone
in relation with the total radiated power by the emitter P:

:Pdet
=P

(3.10)
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3. Back focal plane (BFP) imaging

with the detected power Pyet given by:

Gmax
Piet = / P,df, for NA<1
- (3.11)
Pyt = P, +/ P;df, for NA > 1.
Gcrit.

Fig. 3.4 shows a plot of the detection efficiencies of a vertical (7, , black solid line) and an
in-plane dipole ()|, red dashed line), as well as for randomly oriented dipoles (Yrandom, blue

dotted line) radiating at 670 nm as a function of the maximum detected angle ,,,x. The

Figure 3.4: Plot of the detection efficiency ~ for a vertical (v, black solid line) and
an in-plane dipole (7}, red dashed line), as well as randomly oriented dipoles (Yrandom
blue dotted line) on a glass substrate (ne = 1.51) detected with an index matched oil
immersion microscope objective as a function of the maximum detected angle 0,,,. The
green vertical dash dotted line indicates the maximum collected angle for an objective
with a NA = 1.4.

green, vertical dash dotted line indicates the detection efficiencies v, = 0.82, v, = 0.65 and
Yrandom = 0.71 for an objective with NA = 1.4, 6, = 68.96° as in all optical setups used
for this work (see section 5.1). Again, from fig. 3.4 it is evident, that for single molecule
detection an objective with NA > 1 is favorable. In comparison, the detection efficiencies
for the investigated dipoles for a common air objective (NA = 0.95, Onax = 39.30°) are

much lower: v, = 0.14, 4 = 0.30 and Yrandom = 0.24.
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3.2. SPP BFP imaging

3.2 SPP BFP imaging

3.2.1 SPP signatures in the BFP

As described in the previous chapter in section 2.3, SPPs exhibit a distinct reflection
minimum in a specific angular range when excited in the Kretschmann configuration.
This concept can be transferred to the Kretschmann-like configuration if the prism is
replaced by a high NA microscope objective. By detecting the reflected light in the BFP
all accessible angles can be observed at the same time!5!17 120 Fig. 3.5(a) shows a
representative experimental pattern for a reflected, linearly polarized (white double arrow)
beam at 900 nm, from a 20nm gold film coated with 20nm SiO, (n2 = 1.5) in the BFP.
The used objective had a NA of 1.4 defining the limiting radius of the pattern. Clearly
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Figure 3.5: (a) Reflection BFP pattern from a 20 nm gold film coated with 20 nm SiO,
(ne = 1.5) and excited at 900 nm with a linearly polarized laser source. The polarization
direction is indicated by the white double arrow. (b) Shows a magnified cross section of

the reflection pattern along the blue dashed arrow revealing the ATR minimum.

the two dark arcs15:118-120

can be seen at the angle with the highest contrast in direction
of the incident polarization of the laser source. A magnified part of the cross section along
the blue indicated arrow is shown in fig. 3.5 (b). The angle with the smallest reflection is
at 44.6°, which corresponds to a kspp according to eq. 2.24 of 7.44-10°m~!. A theoretical
value of kspp = 7.38 - 105 m~! calculated with the multilayer formula (eq. 2.9) for the given
geometry shows good agreement. For slightly larger angles a weak increased signal occurs.
This is due to the constructive interference of directly reflected light with the leakage
radiation emitted by the launched SPPs. The exact position of this increased contribution

118,121

differs in the literature from angles smaller than the ATR minimum and larger 4.

Again, the same concepts for excitation of SPPs can be applied to the detection of launched
plasmons as shown in section 2.4. Detection of angular resolved leakage radiation in

123

the BFP has been applied to SPPs propagating along waveguides'??, nanowires'?? and

launched by aperture® and STM tips?!?2. Also SPPs launched by a thin film of randomly
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3. Back focal plane (BFP) imaging

oriented dye molecules on a metal film, mentioned in the literature as surface plasmon

coupled emission (SPCE)5"1247127 were investigated by BFP imaging.

3.2.2 Calculation of BFP patterns for propagating plasmons on a noble metal
nanowire

Shegai et al.'? expanded the calculation of Lieb et al.!® from a single dipole to a chain
of dipoles connected by a phase in order to describe SPP propagation along a plasmonic
NW. The resulting BFP pattern shows the SPP signature through leakage radiation.
This theoretical description can be achieved by multiplying a single dipole pattern with

a structure factor S, which contains the phase correlation between the different dipoles
(fig. 3.6 (a)):

Inw (8, ¢) = Laipote |5 (0, 9)| (3.12)
with
N
S (9780) _ Z ei(kspp—'ﬂ,gkoSiH@COS(p)Im. (313)
m=1

The refractive index of the cover glass/objective is ngy, kspp the plasmon wave-vector, kg
the vacuum wave-vector, N the number of dipoles and z,, is the spatial coordinate of

each dipole along the wire length L . Fig. 3.6 shows calculated BFP patterns for silver
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Figure 3.6: (a) Schematic of a single dipole chain connected with a phase (blue indicated
wave) for the simulation of SPP propagation along a plasmonic nanowire (kspp ), following
the discussion in'?. (b) Calculated BFP pattern for a 2 um long silver NW on glass
(ng = 1.5) with a diameter of D = 50nm and (¢) D = 100nm. The red dashed circle
indicates the maximum collectable angle for a NA = 1.4 objective and the yellow dotted

circle the critical angle.

NWs with a length of 2 um on glass (ng = 1.5) with a diameter of (b) D = 50 nm and (c)
D = 100nm. kgpp was calculated according to the diameters with the equation for metal
cylinders (eq. 2.19) with air as surrounding medium, using the experimental values for the
dielectric function of silver from Johnson and Christy3>. The main apparent feature of
the BFP images is the fringe pattern which results from the dependence of S on the wire

length L through the dipole component coordinates z,, and the fact that the NW is a finite
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3.2. SPP BFP imaging

emitter. Since kgpp for thinner wires is larger the maximum of the fringes in fig. 3.6 (b) lies
beyond the detectable k-vector range and only higher order fringes are visible. Due to the
confinement of the wave-vector into one direction the fringes show no dependency on the
coordinate k, perpendicular to the propagation direction. For the calculation the distance
from the interface § due to the NW diameter D was also considered. The described model
was used by Shegai et al. ' to approximate the SPPs launched by a focused laser on one
end of the NW, propagating along to the other end and the experimentally obtained BFP

pattern.
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4 Emitter Systems

This chapter gives insight into the emitter systems used for emitter-plasmon coupling
studied in this thesis. It starts with a description of the structural properties of SWCNTs
as rolled up cylinders from a single layer of sp? hybridized carbon atoms. Followed up by an
introduction of the most important optical properties, resulting from the unique structure
of carbon nanotubes, which play a role in the conducted experiments. The second part is
dedicated to the structural and optical properties of rare earth doped nanocrystals. Their
multitude of accessible electronic states enable particular excitation pathways, such as

photon upconversion.

4.1 Single-walled carbon nanotubes (SWCNTSs)

SWCNTs are hollow cylinders built up exclusively from sp? hybridized carbon atoms. They
have a small diameter of down to 0.5 nm, but can be as long as centimeters. Due to the ex-
treme aspect ratio they are often regarded as a quasi one-dimensional (1D) model system.
Unique optical and electronic properties resulting from this 1D confinement made appli-

128 130

cations such as transparent thin-film transistors'?®, sensors'?® and photo detectors®?,

energy converters and storage !, LEDs 327134 among many others, possible.

4.1.1 Structural properties

The unit cell of SWCNTs can be understood as a seamless cylinder rolled up starting from
a single graphene sheet. Different nanotube structures are obtained due to different roll
up directions of the graphene sheet and are identified by their chirality. Two numbers n
and m with n,m € Ny are defined as the chiral index usually written as (n,m). The chiral
index determines the composition of the circumferential vector Ch, out of the graphene
lattice vectors d@; and dy as indicated in fig. 4.1 for representative examples of a (4,4),

(6,0) and (6,5) SWCNTs. The vector addition is expressed by
éh:n-61+m-62 (4.1)
while Cy, is connected with the SWCNT diameter by

1Ch| vn?+m?+nm
= = Qa .

™ ™

d

(4.2)

31



4. Emitter Systems

Three different groups of nanotubes can be distinguished by their chirality: In armchair
nanotubes n = m, in zig-zag nanotubes one of the two indices equals zero and in chiral
SWCNTs m # n and n,m # 0. The length of the unit cell is defined by the translational

vector T

.9 2
Foimtng mtma (4.3)
d, d,

with d, as greatest common divisor of (2m 4 n) and (2n 4+ m)!3%. Chiral SWCNTs exist in

(4,4) armchair nanotube (6,0) zigzag
nanotube

B
T chiral (6,5) nanotube

Figure 4.1: Schematic of the unit cell in the graphene lattice for the three different types
of SWCNTs: Armchair nanotubes with n = m, zig-zag tubes where n = 0 or m = 0 and
chiral SWCNTs with n # m and n,m # 0. A (4,4), (6,0) and (6,5) nanotube is shown
as representative examples. The origin of the name zigzag and armchair is indicated

by the yellow shaded structures. The graphene lattice vectors @; and ds, as well as the

circumference Cy, and translation vector T are indicated. Adapted from 36,

a right-handed and mirrored left-handed form which are distinguishable by measuring the
circular dichroism and separable with different chiral wrapping agents 37138, Classification
of SWCNTs by the chiral index enables also an easy assignment of their conductance
behavior since there are metallic nanotubes with (n —m)mod3 = 0 and semiconducting
nanotubes for any other combination of n and m. In the following, all discussions regarding
carbon nanotubes are referring to semiconducting SWCN'Ts since only photoluminescent
semiconducting nanotubes were studied in this work. Apart from this short overview more

details can be found in the literature 13%:136,139-142
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4.1. Single-walled carbon nanotubes (SWCNTs)

4.1.2 Optical properties

Due to their direct band gap, semiconducting carbon nanotubes exhibit photoluminescence
emission in the NIR to infrared (IR) region. Also strong Raman scattering is observed
due to resonance enhancement, comparable to other related carbon materials such as

graphene!? or fullerenes 4.

The basic emission and absorption properties of SWCN'Ts can be very well approximated
by zone-folding the graphene band structure in the context of a free carrier model 2.

The result can be seen in the schematic band structure in fig. 4.2. Transitions over the

(a) B, (b) CB,

Figure 4.2: Schematics of the SWCNT band structure with a band gap between the
highest valence band V B; and the lowest conduction band C'Bj.(a) shows the dominant
transitions F1; and Eag (red solid arrows) polarized parallel to the nanotube axis together
with the emission (black dashed arrow). (b) depicts the less prominent transitions Ejo
and FEs; polarized perpendicular. The insets illustrate the orientation of the excitation

(red arrows) and emission (black dashed arrows) dipole moments and their orientation

with respect to the nanotube axis. Adapted from '*°

band gap between the highest valence band V' By and the lowest conduction band C By,
which connect bands with equal indices E;; are polarized parallel to the nanotube axis
as shown by the red solid arrows in fig. 4.2 (a). They are the predominant transitions in
SWCNTs. Less prominent are the transitions between bands of unequal indices E;; and
are polarized perpendicular to the nanotube long axis (fig. 4.2 (b)) !4%146. Relaxation after
optical excitation occurs mainly from the lowest conduction band CB; into the highest
valence band V B; and the resulting emitted photon is again polarized parallel to the
SWCNT axis (fig. 4.2 (a), (b) black dashed arrows).

Due to the 1D nature of carbon nanotubes the Coulomb interaction between charge carri-
ers can not be neglected. Thus the before mentioned free carrier model needs to be refined

by a model of excitons in order to describe the electronic system in more detail. The en-
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4. Emitter Systems

ergy minimization by the attractive electron-hole interaction results in a bright excitonic
state Elffight 300 to 400 meV below the continuum state Ef!47. This lowering of the en-
ergy is strongly dependent on the magnitude of the exciton binding energy Fiinq and the
counteracting band-gap renormalization energy Epgr. Because of the high surface area of
SWCNTs both, the exciton binding energy Fhing and the band-gap renormalization energy
FEggr are influenced by the dielectric constant of the surrounding environment '*®. There-
fore a shift in the PL emission energy can be used to determine the dielectric surroundings
of SWCNTs? 151 The strongly bound excitons exhibit an exciton Bohr radius on the
order of few nanometers and are delocalized along the circumference of the nanotube, but

also mobile along its long axis with a diffusion length of about 100 nm %2153,

A very small Stokes-shift makes it experimentally challenging to separate emitted light

and reflected light from the excitation, thus for optical investigations the F9o transition is

excited. Excess energy between the E?{ight state and higher energy states after excitation

is rapidly converted non-radiatively and PL emission occurs through relaxation from the

bright < s . . .
E}® 154,155 Next to radiative recombination of excitons, non-

156,157 158

into the ground state

radiative recombination through dark states and other decay channels°® influence

the relaxation dynamics, which results in radiative lifetimes of E1; states in SWCNTs on

the order of several tens or hundreds of ps!®?161

the range of up to 7% for suspended SWCNTs'%2 but often lower and is further reduced
163-165

. Thus the resulting quantum yield is in

by quenching through defect sites

The energy of the band gap is roughly inversely proportional to the nanotube diameter
d. Thus an assignment of the chirality can be conducted upon the analysis of the PL
energy. Representative PL spectra for a (6,5), (8,3) and (8,3) SWCNT with emission
maxima at about 980 nm, 960 nm and 880 nm %% are shown in fig. 4.3 (a). The FWHM of

the presented emission peaks are between 10 and 30 nm.

Raman spectroscopy provides a well established tool for the investigation of graphitic
materials giving access to information on the degree of doping and functionalization 67
but also nanotube specific parameters such as the phonon dispersion %, length, type and
chirality 13°. The resonant Raman condition can be achieved if the excitation wavelength
matches a transition energy Fj;; = wey or the scattered Raman photon energy matches a
transition energy Ej;; = wex — Wphonon- DBoth, or one of these conditions need to be met
to enhance the signal in case of single nanotube detection. Usually the most prominent
Raman features are the G band observed between 1500 and 1600cm ™', a graphite-like
band common to all graphitic materials, and the G’ band usually located between 2600
and 2700cm~!. Splitting of the G band into two sub-bands (GT and G~) allows the
determination of semiconducting behavior'%9. Another important SWCNT Raman signal
is the radial breathing mode (RBM) in the range of 100-400 cm ™!, a mode associated with
the vibration of carbon atoms in radial direction in relation to the nanotube axis. The
RBM shows inverse proportionality to the diameter, the frequency wrpn is dependent on

the direct environment and enables a chirality assignment!”™. The defect-induced D band
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Figure 4.3: (a) PL spectra from three different individual SWCNTs after optical ex-
citation at 565nm. The emission maximum is situated at about 980 nm for the (6,5)
chirality (black solid line), at 960 nm for (8,3) (red dashed line) and at 880nm for (6,4)
SWCNTs (blue dotted line). (b) shows a combined Raman and PL spectrum from an
individual (6,4) nanotube. Next to the PL maximum at about 880 nm the prominent G
(~ 1540cm~!) and G’ (=~ 2570 cm~!) Raman lines are visible.

A representative combined Raman and PL spectrum of a (6,4) SWCNT is depicted in
fig. 4.3(b) for an excitation wavelength of 565 nm showing the G and G’ Raman bands
together with the PL signal peaking at 880 nm. There is no obvious D band contribution
visible and RBM peaks are not within the detected spectral range.

at approximately 1300 cm ™! allows for the determination of the defect concentration!™*

A more detailed description of the different Raman processes can be found in references 136
and 140,

4.2 Photon upconverting lanthanide doped nanoparticles

The process of photon upconversion is a method to convert long-wavelength excitation light

into output radiation at shorter wavelengths. Next to second harmonic generation and two

72

photon absorption!™, upconversion is among the most investigated processes to achieve

this phenomenon. Many applications of photon upconversion, such as in lasers!73174,

lighting or displays'7'76 and in labeling and bioimaging'7"'™® have been proposed and

realized. Advances in the synthesis of monodisperse colloidal nanocrystals, especially for

lanthanide doped nanophosphors 79180

, and the ability to control size and shape have
made these material systems even more attractive for the investigation and application of

upconversion processes.
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4.2.1 Structural properties

Upconverted PL could be observed in NaYF,, YF, 181" SrCl, 182, different ceramic mate-

rials 183,184 1

and fluorohafnate glasses'® as host materials doped with lanthanide ions such
as Yb?T, Er3t, Tm3T and Ho?*t or combinations of these. The most efficient upconversion
(UC) materials known today are based on fluorides doped with Yb3™ and Er®* or Yb3*+
and Tm?3" 186188 Ay important criterion for efficient UC host materials are low phonon
energies to minimize the chances for non-radiative multiphonon relaxation processes 187189,
Lanthanide-doping in these matrices is always accompanied by the formation of crystal
defects such as interstitial anions and cation vacancies to maintain charge neutrality. To
sustain a single crystal phase of the host for efficient UC, the dopant concentration needs
to be rigorously controlled. In order to minimize crystal defects and lattice stress, which
further promote non-radiative relaxation processes, host lattices based on cations like Na™,
Ca?t and Y?T with ionic radii close to those of the lanthanide dopant ions, appear to be
superior 190, NaYF, proved to be the most efficient UC host material and crystallizes in
a cubic (a-NaYF,) and a hexagonal (5-NaYF ) structure. Cubic a-NaYF, crystallizes in
the CaF, structure type!®! with Na and Y creating a cubic closest packing (ccp) Bravais
lattice and F filling all the eight tetrahedral positions as can be seen in fig. 4.4 (a). Thus
Na and Y are coordinated by eight F atoms, respectively and F by four Na/Y atoms

(gray shaded cube and yellow shaded tetrahedron in fig. 4.4 (a)). The hexagonal phase of

(a) @ Nay- (b)
@F

b
c a

o Na*/Y*

¢ Na*

®r

Figure 4.4: (a) Crystal structure of cubic a-NaYF, with the space group Fm3m. The
structure is based in the CaF, structure typ with a ccp Na/Y lattice and F situated in
the tetrahedral sites (yellow shaded tetrahedron). Na and Y are coordinated by eight
F atoms (gray shaded cube). (b) Crystal structure of hexagonal 8-NaYF, in the space
group P63/m. Sodium ions are situated along the unit cell edges in direction of the c-
axis. They are coordinated by eight F atoms which leads to chains of surface connected,
distorted octahedra (red shaded octahedra). The coordination octahedra for the lower
right Na atoms were omitted to improve the visibility of the structure. Central Na and

Y ions are coordinated by nine F atoms.

NaYF, crystallizes in a structure derivative of the UCl; structure with the space group
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P63/m19? as depicted in fig. 4.4 (b)?3. In this structure Na ions are situated along the
unit cell edges in direction of the c-axis. The coordination by eight F atoms leads to chains
of face connected, distorted coordination octahedra (red shaded octahedra in fig. 4.4 (b)).
Na and Y ions situated in the center of the unit cell are coordinated by nine F atoms,
respectively. For highly efficient UC nanocrystals the dopant concentration of Er should

not exceed 3%.

Recent progress in the synthesis of lanthanide doped NaYF, has made it possible to create
colloidal solutions of doped NaYF, nanocrystals with diameters down to several tens of
nanometers. Adjustment of the synthesis conditions leads also to good control of the
nanocrystal morphology, which appears in form of spheres, rods, hexagonal prisms and

plates 8.

4.2.2 Optical properties

The nonlinear PL phenomena known in the literature as UC'* in these materials is

characterized by subsequent absorption of two or more photons via long-lived intermediate

energy states followed by the emission of photons at a shorter wavelength than the initial

pump wavelength. The UC process can be divided into three general mechanisms: excited

state absorption (ESA), energy transfer upconversion (ETU) and photon avalanche (PA).
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Figure 4.5: Energy diagram of a simplified three level system to visualize three possi-
ble UC mechanisms:(a) ESA, (b) ETU and (c¢) PA. The green dashed dotted, the red

dashed and the blue full arrows represent photon excitation, energy transfer and emission
79

processes, respectively. Adapted from®
In the case of ESA the absorption of successive photons occurs in a single ion. A schematic
energy diagram for a simplified three level system is shown in fig. 4.5(a). Resonant
excitation promotes the ion from the ground level G to the excited metastable level E1 in
a process called ground state absorption (GSA). After a second pump photon is absorbed,
further excitation from E1 to E2 occurs which results in UC emission according to the
E2 — G optical transition'™. Also the process of ETU utilizes the sequential absorption

of two photons but the essential difference to ESA is that the second excitation is realized
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through energy transfer between two adjacent ions. Each of the two neighboring ions can
absorb a pump photon of the same energy, populating in both the metastable level El
(fig. 4.5 (b) step I). Following a non-radiative energy transfer, one of the ions is promoted to
the upper emitting state E2 while the other ion relaxes into the ground state G (fig. 4.5 (b)
step II). The efficiency of this mechanism is strongly dependent on the average distance
between the neighboring ions and can be influenced by the dopant concentration!™. PA
UC features an unusual pump mechanism requiring a pump intensity above a certain
threshold'®>. The first excitation populates E1 by weak non-resonant GSA followed by
resonant ESA resulting in the population of the higher excited state E2 (fig. 4.5 (c) stepI).
Besides relaxing back into the ground state G a cross relaxation to a neighboring ion can
occur which results in both ions being in the first excited state E1 (fig. 4.5 (c) stepII).
If the rate of cross relaxation exceeds the rate for relaxation directly into the ground
state G the available number of ions in the excited state for subsequent ESA increases
(fig. 4.5 (c) stepIIT)19. Fig. 4.6 illustrates the involved optical processes in the example
of Yb and Er doped NaYF, upon excitation in the NIR. ESA occurs in the Er system

25000 -
-~ 4F
20000 . = o
/ _TQII_ 4?11/2
/ _ 1. 3/2
! 7 b 4
— 15000 1, g T — 1 Fa
£ e _ i S
) v, T ! 92
> 10000 T———% F. Y —— 4

11/2

v
RS
N

[ R —

4
13/2

|
|
!
5000 !
|
|
|

660 nm

4
772 15/2

Yb3+ Er3+

Figure 4.6: Energy diagram for ytterbium and erbium in Yb and Er doped NaYF, and
the involved excitation (dotted/dashed arrows), energy transfer (dashed arrows) and
emission processes (solid arrows). Next to the direct excitation of Er in an subsequent
two photon process Yb>' can act as an energy transmitter and populate higher excited

states in Er®* due to the close proximity in the crystal matrix

after subsequent absorption of two photons with the wavelength of ~980 nm into the 4F, /2
state and is followed by emission from the 2Hy; /2 and 48, /2 levels in the visible (VIS) range
(=550 nm) after internal non-radiative relaxation. The Yb dopant, which is introduced
in excess compared to Er, can assist the population of the first excitation in Er (*I;; /2)
for subsequent ESA by energy transfer but mainly contributes to the ETU process. ETU

occurs in this system by energy transfer from the excited state in Yb into either the *F, /2
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state of Er connected to the green emission or the 4Fg /2 level for subsequent relaxation
through emission of a red (~650nm) photon. The efficiency of all UC processes can be
improved by using emitters with a long lifetime of the first excited state. Although, the
use of smaller particles makes it necessary to consider additional non-radiative pathways

7

due to the higher fraction of ions in close proximity to the surface!®”, common lifetimes

are reported on the order of several milliseconds 8.

By selecting suitable dopants and dopant combinations the UC-emission can be tuned
from the VIS to the NIR spectral region'?®. A low autofluorescence background, non
blinking emission and a very high photostablity 200291 together with the highly controllable

morphology make them useful emitters with a broad range of applications.
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5 Experimental details

This chapter is giving an overview of the experimental setups used for the experiments
presented in this work, the investigated sample materials and their preparation. The first
part gives insight into the optical systems including details of excitation and detection
pathways in the utilized microscope as well as a description of the aperture SNOM con-
figuration. The preparation of carbon nanotube, silver nanowire and rare earth doped

nanocrystal samples are described in the second part.

5.1 Microscope setup

5.1.1 Confocal microscope

The basis for all used optical setups was an inverted optical microscope (Nikon Eclipse
TE2000) equipped with an oil immersion objective featuring a NA of 1.4 (Nikon CFI
Planapochromat VC 60x). To allow confocal raster scanning the sample is mounted on
a closed loop x,y-piezo stage (Physik Instrumente PI-527). The laser sources used for
excitation were semiconductor diode lasers with Aex = 565nm (Coherent Sapphire) and
Aex = 980nm (custom made Spectra-Laser). In order to ensure excitation with only one
laser line and to suppress any fluorescence from the laser gain material a narrow bandpass
filter (FWHM of 10 nm) with the corresponding central wavelength was placed after each
laser source. Confocal excitation was achieved after consecutive beam expansion to a beam
diameter of ~ 10mm by placing a pinhole with a diameter of 25 um in the focal spot of
the second beam expansion for spatial filtering. The beam diameter was chosen to ensure
a slight overfilling of the objective back aperture in order to make use of the full NA of

the microscope objective.

Fig. 5.1(a) and (b) shows a schematic beam path of the available detection methods
after confocal excitation. The beam splitter separates the excitation from the detection
and needs to be selected according to the excitation wavelength Aex (dichroic 568 nm from
Melles Griot or pellicle 33:67 from Thorlabs). The beam needs to be collimated again by L1
after the intermediate image, which is created by the tube lens integrated in the microscope
body, and can be focused subsequently (L2) on the pixel array of a charge coupled device
(CCD) camera (Andor Newton or Andor iDus) for wide-field real-space imaging. Focusing
(L2) on the chip of an avalanche photo diode (APD) (Laser Components COUNT 100 or
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COUNT 200) and simultaneous raster scanning of the sample enables the detection of
confocal scanning images. As a third alternative detection mode a spectrometer can be
used by focusing into the entrance slit of a compact optical spectrometer (Andor Shamrock
303i). The fourth detection method is the imaging of BFP patterns as shown in fig. 5.1 (b),

(a) (b)
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Figure 5.1: Schematic of the optical setup. Four different imaging and detection meth-
ods are available after confocal laser excitation at Aex = 565 or 980 nm: (a) Real space
imaging by a CCD camera, scanning confocal detection using an avalanche photo diode
(APD) and spectroscopy at the current position. After collimation (L1) the lens L2 fo-
cuses the signal onto the CCD array, APD chip or the spectrometer entrance slit. (b)
Fourier (BFP) imaging by a CCD camera. Together with the tube lens, the lens L3
projects the BFP onto the detector array. An optical filter F' can be placed optionally in
all detection methods to filter the desired spectral region.

where the lens L3, together with the tube lens, project the Fourier plane onto the CCD

camera. Details of the Fourier plane imaging can be found in section 5.1.2

In the case of real-space imaging, BFP imaging or confocal scanning the desired detected
spectral range can be chosen by the placement of different optical filters F: For the in-
vestigation of SPPs launched by SWCNT emission in chapter 6 a 950 nm long-pass was
chosen. To filter for a broader selection of chiralities a 860 nm long-pass was used for the
plasmon excitation of SWCNT emission in chapter 7. One distinct emission band of the
rare earth doped nanocrystals (NCs) was selected by a band-pass filter centered at 670 nm

with a FWHM of 10nm in the experiments presented in chapter 8.
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5.1. Microscope setup

5.1.2 BFP imaging

As described in chapter 3 a map of the angular distribution of emission created in the
BFP of a lens contains a lot of information on the emission characteristics of the observed
object. In order to record this BFP pattern in the case of a microscope one can use the
fact that every lens creates a Fourier transformation of the image in the focal plane behind
the lens, again with the distance of the focal length!!3292 It has to be noted that the
limited lens diameter corresponds to a filtering of k-vectors larger than kp.x. Although
this leads to image distortions, which influence the exact image, they do not contradict
the demonstrated principle of the image formation. Usually, the first Fourier plane of
the objective lens (OL in fig. 5.2) is not directly accessible since it is situated inside the
objective barrel in the case of most commercially available objectives. The used microscope
contains a tube lens (TL) inside the microscope body which creates an intermediate image

(image plane’) for access through the oculars. This intermediate image can be used to

f f f f f

obj. obj. . L . BL BL

oL

image plane Fourier plane image plane’ Fourier plane’

Figure 5.2: Schematic of the beam path in order to image the BFP of a microscope
objective. The two rays with different radiation angles 6, /65 are collected by the objective
lens (OL, focal length f,;.) and are projected onto the Fourier plane inside the objective
barrel. After the image plane’ is recreated by the tube lens (TL, focal length frr,)
the Bertrand lens (BL, focal length fpr,) forms again the Fourier image’ which can be
recorded by a detector. The emission angles 6, /62 are connected with the wave-vectors

ki /K4 in Fourier space according to eq. 3.4.

create a second Fourier image by positioning a Bertrand lens'? (BL) at the exact distance
of its focal length to the intermediate image. Thus a detector placed at the distance of
the focal length fpr, to the Bertrand lens is able to record the BFP of the initial image
in the focal plane of the microscope objective. The setup of the tube lens together with
the Bertrand lens is also called in the literature 4 f-configuration or -correlator?%. By
using two consecutive 4 f-configurations it is possible to create an intermediate Fourier
plane which is accessible to place adequate beam stops and masks for Fourier filtering or
selection of specific spatial frequencies?*?. This is conceptually comparable to dark-field
imaging in TEM?2% or Fourier filtering in the context of image or signal processing?°6. It
is important to note that the here described and used configuration is creating the BFP

image out of all collected light in the field of view of the objective. In order to limit the
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5. Experimental details

pattern to a confocal detection volume a pinhole can be placed in the intermediate image

plane between tube lens and Bertrand lens (fig. 5.2).

5.1.3 Aperture scanning optical near-field microscopy (SNOM) configuration

Aperture SNOM is a near-field microscopy technique which enables optical excitation and
collection from a confined region at the end of an aperture fiber tip. Usually, the fiber
is coated with a metal film in order to prevent light from leaking out of the fiber. The
aperture SNOM can be used in collection mode, excitation mode or a combination of
both33. In excitation mode the tapered fiber is used to channel down the light coupled
into the fiber at the long end and confine it to a small excitation volume where evanescent

waves reach only a few nanometers beyond the tip end.

The before described confocal system can be equipped with a home built head for shear-
force detection used for atomic force microscopy (AFM), which gives the possibility to
keep an aperture tip or glass tip within a constant distance of only several nanometers

from the sample surface. Commercial aluminum coated aperture probes (Lovalite) with a

_>
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distance control TF AF

"
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Figure 5.3: Schematic of the aperture SNOM configuration. The aperture fiber (AF)
is mounted to the tuning fork (TF) and excited with a HeNe laser at Aex = 633 nm.
Besides the scan motion from the basic confocal setup the tip scan stage can move the
tip position relative to the sample. The tip sample distance control is enabled by a SPM
controller regulating upon the frequency shift of the tuning fork together z-piezo tube
(PZ).

nominal aperture diameter of 70 nm for aperture SNOM measurements and home etched

44



5.2. Sample preparation and configuration

glass fiber tips for AFM investigations were mounted to a quartz tuning fork (TF) at the
end of a z-piezo tube (PT), as depicted in fig. 5.3. The tip sample distance control is
regulated by a commercially available SPM controller (attocube ASC500) using a phase-
locked-loop (PLL), constantly monitoring the resonance frequency of the tuning fork. To
ensure a constant oscillation, the tuning fork is driven by a dither piezo, mounted in close
range, with a variable frequency f. Three feedback loops are applied to keep the tip at
a constant distance with respect to the sample surface: The amplitude of the tuning fork
resonance maximum is held constant by a first proportional-integral (PI) feedback loop
which regulates the driving amplitude of the dither piezo. A second PI loop is controlling
the driving frequency fq of the dither piezo in order to keep the phase of the resonance at
a constant value. The actual distance between tip and sample surface is then controlled
by a third PI loop which regulates the voltages leading to the z-piezo tube by comparing
the frequency shift between the undisturbed system and the system under the influence
of forces originating from the surface in close range. A more detailed description of the
distance control can be found in the reference by Georgi!36. In contrast to the system
described by 136 the lateral displacement of the tip was achieved by mounting the z-piezo
tube inside a x/y-scan stage similar to the sample scan stage in fig. 5.3. Using aperture
SNOM tips as probes requires much more attention to the mechanical stability of the fiber
end reaching out of the scan head. Every mechanical contact has a large influence on the
resonance frequency of the tuning fork, hence the lateral tip displacement by a x/y-piezo

tube was not applicable.

5.2 Sample preparation and configuration

5.2.1 SWCNTs samples on multilayer thin films

Samples of SWCNTs were prepared from raw commercially available powder, produced

207,208 and the high pressure car-

using cobalt-molybdenum catalyst (CoMoCat) particles
bon monoxide (HiPCO) method?%%:210, Besides the presence of many different chiralities
upon synthesis?!! CoMoCat material shows an excess of (6,5) SWCNTSs, next to smaller
amounts of (6,4), (8,3) and (9,1) SWCNTs. Whereas HIPCO SWCNTs exhibit a rather
uniform distribution of these chiralities and in general a larger diameter and chirality dis-
tribution. The interest in these specific chiralities is their emission wavelengths which are
situated in the still detectable range of the used silicon detectors and the excitation with
the used laser sources is readily possible (see section 5.1). Since raw SWCNTSs are not sol-
uble in water and are forming bundles due to the strong van der Waals forces interacting
between the nanotube sidewalls, they are brought into solution with the aid of surfac-
tants. These surfactants enclose the nanotubes in a micelle due to the non-polar part and

arrange the contact with the surrounding solvent through their polar part. Frequently
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5. Experimental details

used surfactants for dissolving SWCNT are e.g. sodium dodecyl sulfate (SDS) %3, sodium
cholate (SC)?2!2? and sodium deoxycholate (SDC)?!3 among many others?!4.

One milligram of raw HiPCO (Unidym Inc.) and one milligram CoMoCat (Sigma-Aldrich
Inc.) SWCNTs per mL wt% SDC solution in water were each dispersed by sonication over
3h (Bandelin Sonopuls HD2200/UW2200) at the lowest power setting and constant ice
cooling. After subsequent centrifugation to remove remaining bundles, the supernatant
solutions were used to be spin-coated on top of multilayer metal/dielectric sample sub-

strates.

All the experiments in chapter 6 were conducted with HIPCO SWCNTs spin-coated onto
metal/dielectric multilayer samples provided by the group of Dr. Alexandre Bouhelier
(Universiteé de Bourgogne, Dijon, France). The samples consisted of a 25nm gold film
evaporated on standard microscope cover slides (borosilicate glass D 263™, Marienfeld
GmbH). The thickness of the cover glasses was between 130 and 160 um and they feature
a refractive index of np = 1.52 at 589 nm. On top of the gold film SiO, spacer layers with
different thicknesses of 8, 10, 15, 28 and 35 nm were evaporated.

The multilayer sample substrate used in the experiments presented in chapter 7 were
provided by the group of Prof. Ulf Kleineberg (Ludwig-Maximilians-Universitédt Miinchen,
Germany). Featuring a 20nm gold film evaporated on top of the same microscope cover
glasses with an additional 20nm SiO, spacer layer. Solutions of CoMoCat SWCNTs were

spin-coated on top.

5.2.2 Silver nanowires and rare earth nanocrystals: sample preparation

Silver nanowire material was synthesized in the group of Prof. Sebastian Mackowski
(Nikolaus Copernikus University, Torun, Poland) using a solution based polyol pro-
cess 215216 AgNQj, is reduced by ethylene glycol in the presence of copper nanoparticles
and polyvinylpyrrolidone (PVP) in heated solution at 160°C. The copper nanoparticles
act as growth seeds and the PVP is channeling the growth along one direction by stop-
ping the nanowire to grow in diameter through creation of micelles. At the same time
aggregation of several NWs is prevented by the PVP. With this method silver NWs up
to 50 um in length and a rather broad diameter distribution from 20 nm to 300 nm?!” are
obtained. Fig. 5.4 (a) shows a representative SEM image of a silver NWs together with a

more detailed micrograph of two inter-crossing NWs in fig. 5.4 (b).

Rare earth doped NCs were synthesized in the group of Prof. Paras N. Prasad (State Uni-
versity of New York, Buffalo, NY, United States of America). The used NCs consisted of
NaYF, doped with 20 wt% ytterbium and 2wt% erbium. NaYF, NCs were obtained by
thermolysis of yttrium-tri fluor acetate (TFA), ytterbium-TFA erbium-TFA and sodium-
TFA precursors?'®219  With this method doped NCs with a size distribution of 25-30 nm

were obtained'7®. Fig. 5.5 shows a representative emission spectrum of a single NC after

46



5.2. Sample preparation and configuration

(a) (b)

Figure 5.4: (a) SEM micrograph of silver NWs. The scale bar represents 10 um. (b).
Detailed SEM micrograph with larger magnification of two silver NWs inter-crossing.
The scale bar represents 100 nm.

excitation with 980 nm, featuring two distinct emission bands with maxima around 550
and 660 nm. These main emission bands can be assigned to relaxations in the doped Er
ions after UC excitation indicated in fig. 4.6 in section 4.2.2 as green and red solid arrows.
Several electronic levels contribute to the emission bands resulting in several visible sub-
peaks. Based on the cubic lattice structure of the used NaYF, host crystal, as shown in

fig. 4.4 (a) in section 4.2.1, and the dopant concentration of 2wt% emitting Er ions the
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Figure 5.5: Emission spectrum of NaYF, doped with 20 wt% yttrium and 2wt% er-
bium. Two emission bands at about 660 and 550 nm are visible. The sub-peaks are
caused by several energetic closely situated bands contributing to the emission (see also
section 4.2.2)
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5. Experimental details

number of emission centers in a single crystal, with a diameter of 20nm (50 nm), can be
estimated to be about ~ 600 (9200).

To prepare combined samples, a droplet of the silver NW solution was spin-coated on a
standard microscope cover glass (Marienfeld GmbH). Doped NCs were spin-coated in a

second step on top of the nanowire sample.
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6 Launching SPPs by SWCNT emission

This chapter is based on the article "Launching Propagating Surface Plasmon Polaritons
by a Single Carbon Nanotube Dipolar Emitter" which was published in Nano Lett. 2012,
12, 177.

As presented in chapter 2, direct excitation of SPPs with propagating light is not pos-
sible and different schemes coupling laser light to SPPs have been developed. Since for
nanophotonic applications device miniaturization and integration of optics and electron-
ics on a single chip is desirable, different methods were proposed to excite SPPs through

56-61 o1 semiconductor nanocrystals %2764, Despite the possible

emission from dye molecules
integration into circuitry, electrical contacting and excitation of such single SPP sources,
however, would be extremely challenging and external optical pumping would still be
required. Ideally, SPP sources would operate in the NIR spectral region to exploit the
long propagation length of plasmons in this regime and to minimize losses as described in
section 2.2. Moreover, efficient coupling of SPPs to functional elements, for example for

91,220

focusing refraction??! and guiding?® requires the directional excitation of plasmons.

In the following the description of directional excitation of propagating surface plasmon
polaritons on a thin metal film by individual single-walled carbon nanotubes is investi-
gated. Upon laser excitation in the visible photoluminescent SWCNTs launch SPPs in the
NIR propagating for several micrometers predominately in the direction of the nanotube
axis. SPP excitation and propagation are investigated by leakage radiation microscopy, in-
troduced in section 2.4.1, in real and Fourier space. Polarized radiation patterns recorded
for single SWCNTs on gold films reveal an almost complete redistribution of the angu-
lar emission with respect to SWCNTs on glass, resulting in highly directive PL emission
lobes. The observed emission characteristics of the nanotubes are also in marked dif-
ference to the case of coupling to localized radiating surface plasmons in a sharp metal

tip antenna 0%

Rigorous model calculations of spatial intensity distributions and radi-
ation patterns show that plasmon excitation results from radiating point dipole sources.
The observed directionality and long propagation length together with the well-controlled
emission spectra of SWCNTs and the possibility of electrical excitation of emission 222223

makes them promising candidates as functional elements in nanophotonic devices.
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6. Launching SPPs by SWCNT emission

6.1 Emission characteristics of single SWCNTs on a thin gold

film

A solution of dispersed HiPCO nanotubes prepared as described in section 5.2.1 was spin-
coated onto a 25 nm gold film evaporated on a microscope cover glass, with an additional
35+£5nm SiO, spacer layer on top. The dielectric spacer layer was introduced to prevent
quenching of the SWCNT PL via coupling to non-radiative lossy modes in the metal 93224,
The used microscope and detection methods of scanning confocal, real space and back
focal plane detection are described in section 5.1 (fig. 5.1). For all detection methods in
this chapter a 950 nm longpass was chosen which, together with the diminishing detection
efficiency of the CCD camera and APD above 1010 nm, limits the detected spectral window
to select the emission of (6,5) SWCNTs.

As a first step the samples were imaged by scanning confocal PL microscopy to locate (6,5)
SWCNTs. A representative PL image is shown in fig. 6.1 (a). The SWCNTs appear in the

confocal image as diffraction-limited luminescent spots. This is expected since the raw

Figure 6.1: (a) Confocal PL image of single SWCNTs on a 35nm SiO, spacer layer on
top of a 25nm gold film. The scale bar represents 2.0 um. The laser polarization, indi-
cated by the white arrow, selects mainly nanotubes with vertical orientation. Launching
of SPPs upon local laser excitation is shown for three SWCNTs marked in (a) by b, ¢ and
d. In the Fourier (k-) space images of these nanotubes ((b)-(d)) SPP excitation renders
sharp arcs formed by photons with in-plane momentum k, matching the plasmon mo-
mentum kspp. In the corresponding real space images ((e)-(g)) SPPs propagation leads
to a double lobe structure extending several microns away from the central excitation
spot. The scale bar represents 4.0 um. The same directivity of plasmon excitation is seen
in the corresponding Fourier and real space images ((b) and (e), (¢) and (f), (d) and (g),
respectively). Plasmons are launched predominately in the direction of the SWCNTS.

material contains rather short nanotubes that are cut further by sonication??°227 with
typical lengths in the range of 500nm'®7. Next, BFP radiation patterns (fig. 6.1 (b)-(d))
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6.1. Emission characteristics of single SWCNTs on a thin gold film

and real space image (fig. 6.1 (e)-(g)) of each SWCNT, identified in the PL image, were
recorded . The most prominent characteristic of the Fourier plane images (fig. 6.1 (b)-(d))
is the confinement of the emission to a very narrow angular range. The observed rings
are the signatures of plasmons radiating into the substrate??®: The radius of the rings is
determined by the resonance condition between SPPs bound to the SiO,.-gold interface
and photons in the lower half-space with higher refractive index (n/glass). Due to mo-
mentum conservation plasmons can only couple to photons with equal in-plane momentum
kspp = k.. The fact that the rings are not continuous and only bright arcs are observed
originates from a polarized excitation source, demonstrating the directional excitation and
propagation of the SPPs. Directional propagation of the SPPs is even more evident in
the corresponding real space images (fig. 6.1 (e)-(g)) recorded at the same positions which
show elongated spatial distribution of the emission indicating a propagation length of sev-
eral micrometers. For nanotubes the strongest optical transitions as well as the PL are
polarized along the nanotube axis, as discussed in section 4.1.2. Since the polarization of
the exciting laser was vertical, as indicated by the arrow in fig. 6.1 (a), mainly SWCNTs
oriented parallel to this direction could be excited efficiently and are observed. From both
real and Fourier space images in fig. 6.1 we can thus conclude that SPPs are launched
mainly in the direction of the SWCNT axis. In addition, no horizontally oriented real
and Fourier space patterns could be detected which is a clear indication that nanotube

orientation and plasmon propagation direction coincide.

Figure 6.2: Confocal PL images of randomly oriented nanotubes on a dielectric/gold
substrate recorded for vertical (a) and horizontal excitation polarization (b) as indicated
by the direction of the arrows (scale bar 2 pm, same intensity scaling).(c) and (d) show
the radiation patterns detected at the respective positions ¢ and d marked in (a) and
(b). The nanotube at position c¢ that is excited only for vertical polarization is seen
to launch propagating surface plasmons mainly in the same direction. In contrast, the
nanotube at position d shows a stronger PL response for horizontal polarization and
correspondingly, plasmon excitation occurs mainly in horizontal direction. The lower
polarization contrast observed in the confocal images at position d results from the non

perfect horizontal orientation of this nanotube.

To further confirm the relative orientation between a nanotube and the SPP propagation

direction confocal scans and subsequent BFP patterns with two perpendicular excitation
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6. Launching SPPs by SWCNT emission

polarizations were measured. Two confocal PL scans on the same sample area are shown,
recorded with vertical excitation polarization in fig. 6.2 (a) and horizontal excitation po-
larization in fig. 6.2 (b). Two selected SWCNTs marked with ¢ and d in both images are
compared. At position ¢ the nanotube is efficiently excited by light with vertical polar-
ization (fig. 6.2 (a)) and shows no emission after excitation with horizontally polarized
light (fig. 6.2(b)). Nanotube d is visible in both images but with much higher signal to
noise ratio after excitation with horizontally polarized light, which is evidence for a slightly
rotated orientation of the nanotube with respect to the horizontal axis. The different emis-
sion contrast is due to the before mentioned orientation of the main contributing optical
transitions in SWCNTs. BFP images recorded at both positions confirm these findings
and show a pattern oriented with the two bright arcs in the direction of the vertical axis in
the case of nanotube c (fig. 6.2 (c)) and a by ~85° rotated pattern in the case of nanotube
d (fig. 6.2(d)). Again, this supports the assumption that SPPs launched by the SWCNT

emission are propagating in the direction parallel to the nanotube axis.

Another method to confirm the relative orientation of the SWCNTs with respect to the
SPP propagation direction is the comparison of BFP patterns with the actual SWCNT
orientation measured by AFM. On top of the confocal microscope a home built shear-
force AFM head equipped with an etched glass fiber tip ,as described in section 2.4.2,
was placed. After overlapping the glass tip with the confocal laser spot the system is
able to record AFM topography information in the same sample area mapped confocally.
Fig. 6.3 (a) Depicts a confocal PL map together with a magnified topography scan (b)
showing the two luminescent SWCNTs at the positions ¢ and d. The identification of

8.5nm

Onm

Figure 6.3: (a) Confocal PL image of nanotubes on a dielectric/gold substrate (scale
bar 1 um). (b) Atomic force microscopy topography image showing the two photolumi-
nescent nanotubes at positions ¢ and d marked by arrows in (a) (scale bar 300 nm). The
identification of the thin nanotubes with diameter of around 0.8 nm is somewhat hindered
by the surface roughness of the SiO, spacer layer. In the present case the identification
is supported by the comparable nanotube position and separation seen in the PL and the
AFM image. The radiation patterns recorded for the two differently oriented nanotubes
at position ¢ and d are shown in (c) and (d). The orientation of the nanotubes ®cnr

coincides with the direction of the plasmon excitation seen in (c) and (d).
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6.2. Theoretical simulation of single dipole BFP and real space patterns on a metal film

the thin nanotubes with diameters of around 0.8 nm is somewhat hindered by the surface
roughness of the SiO, spacer layer but is supported by the comparable nanotube position
and separation seen in the PL and the AFM image. Subsequently, BFP patterns were
measured at the same positions (fig. 6.3 (¢) and (d)), which show the direction of plasmon

propagation coinciding with the nanotube orientation ®cnr.

6.2 Theoretical simulation of single dipole BFP and real space

patterns on a metal film

In order to quantify the plasmon propagation length Lp, the plasmon wave-vector kgpp
as well as to examine the mechanism of plasmon excitation BFP patterns and real-space

images were modeled theoretically. Fig. 6.4 illustrates the geometry applied in the theoret-

105,111

ical calculations. The SWCNT, treated as a single dipolar emitter pont , is situated

Q

CNT
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Figure 6.4: Schematic of the sample geometry and coordinate system for the calculation
of real and Fourier space images from a SWCNT single dipole situated on a spacer/gold
film (e2, d2 and €1, d1). The nanotube is surrounded by a dielectric medium (e3) and

the gold film is connected to the coverglass/objective (o).

on top of the SiO, layer (e3) with the thickness dy surrounded by air (e3). Underneath
the spacer layer the gold film (g1) with a thickness of d;=25nm is located, connected to
the half-space made up by the microscope cover glass, the immersion oil and the objective
lens (g9). An asymptotic expression for the surface plasmon fields for a single in-plane
dipole is given in1%18:229 a9

1

\/;

The Fourier pattern rendered by a single dipole can then be calculated directly as the

: L1 /
Eoel(ksPP+12LSPP)|k \ (61)

E (|K'],¢) o< cos(e)

modulus square of the Fourier transform of eq. 6.1. Since no analytical expression for the
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6. Launching SPPs by SWCNT emission

Fourier transform of eq. 6.1 is available, a Lorentzian line shape function can be used as
an approximation for fitting of the experimental data?3:

cos? (¢ — @)
(k'] = kSPP) + (2Lspp) 2

Here 39 denotes the contribution of a potential background, Iy is the amplitude, ® is the

I([K],¢) = yo+Io (6.2)

in-plane orientational angle of the dipole corresponding to the direction of the SWCNT,
kipp determines the position of the maximum of the emission ring corresponding to the
plasmon resonance condition k’SPP =k}, and Lgpp is the propagation length of the SPPs.
Fig. 6.5 shows a comparison between cross-sections from the intensity of the numerical
Fourier transform of the asymptotic expression (eq. 6.1) and the Lorentzian approximation

(eq. 6.2), both calculated in the direction along the nanotube long axis (¢ = ®). For
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Figure 6.5: Comparison of the modulus square of the numerical Fourier transform of the
asymptotic plasmon field (eq. 6.1) according to'® and a Lorentzian line shape function
(eq. 6.2) using the same plasmon propagation length Lp. The curves represent cross-
sections obtained for ¢ = 0 and ® = 0. The Lorentzian line shape function represents a

good approximation regarding both peak position and peak width.

the simulation in fig. 6.5 kipp was calculated for the given sample geometry according
to the formula for a multilayer geometry with a transparent coating (eq. 2.9) and Lp.
Despite small differences at the base of the peaks the Lorentzian line shape function
represents a good approximation for the intensity distribution of a single dipole in the BFP.
Especially the peak maximum and the FWHM, which are important for the determination

of kipp/Ospp and Lp are very well reproduced.

Real space images of single dipole emitters were calculated by Fourier transformation of

the angular spectrum of the electromagnetic field at the gold/glass interface created by
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6.3. Determination of the propagation length and plasmon wave-vector

a single in-plane dipole considering the imaging properties of the used microscope. First,
the electric fields from a single dipole propagating through the multilayer geometry is
considered by a plane wave expansion across the different interfaces including evanescent
waves which are converted into propagating waves for angles larger than the critical an-

gle 231

Fresnel transmission coefficient. Further propagation into the far field and the creation of

. The fields are split up into s- and p- components to be treated by a multilayer

the image by a focusing lens onto the detector was calculated according to Tang et al. '15.

To obtain the good agreement between calculated and experimental image a defocus of

0.04 a.u. 0.04 a.u.

0.00 a.u. 0.00 a.u.

Figure 6.6: Experimental (a) and theoretical (b) real space image rendered by a single
in-plane dipole and dected by the CCD camera. The scale bar represents 4.0 pm in both

images.

the imaging system corresponding to a shift of 130 um of the CCD camera needed to be
included. This positioning error is within the mechanical and optical tolerances of the used
alignment procedure, wile the focusing of the microscope objective on the sample surface
is, on the opposite, much more precise. In general the calculation reproduces all of the
features of the experimental image. Imprecisions in the background correction, needed to
remove residual laser light passing through the spectral filter, can explain the fact that a
strong central peak is observed in the experiment that does not appear in the calculation.
Importantly, in real space images contributions from emission channels other than those
mediated by SPPs such as direct emission through the layer structure appear at the same
central location and thus cannot be distinguished clearly. This underlines the advantages

of BFP imaging in which SPPs appear as characteristic narrow arcs in fig. 6.7.

6.3 Determination of the propagation length and plasmon

wave-vector from leakage radiation BFP patterns

BFP patterns from nanotubes on samples with different spacer thicknesses of do =8, 10,
15, 28 and 35nm and constant metal thickness (d; = 25 nm) were measured. Fitting the
experimentally obtained BFP patterns enables the determination of kgpp and Lp with
the orientation of the nanotube ®cnT as only additional fit parameter. Fig. 6.7 depicts
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6. Launching SPPs by SWCNT emission

a representative example where the experimentally obtained Fourier pattern (fig. 6.7 (a))
was fitted according to eq. 6.2 (fig. 6.7 (b)) with the resulting residuum after subtract-

ing the experimental from the best-fit pattern (fig. 6.7). To compare the experimental

40 a.u. 40 a.u. 5a.u.

0a.u. Oa.u. -5a.u.

Figure 6.7: (a) Experimentally obtained Fourier plane pattern. (b) Fit of (a) according
to eq. 6.2. (c) Residuum after subtraction (b)-(a)

results with theoretical predictions Ospp and Lspp were calculated numerically using the
plasmon dispersion relation for a multilayer system discussed in section 2.2.1. For the
calculation the dielectric constant of gold £; at 980 nm from Johnson and Christy 3> and
the measured thicknesses of the gold and the SiO, layers were used. Refractive indices of
SiO, were adjusted to €1 = ngijo, = 1.5 (a physically reasonable choice) and of the upper
medium to €3 = n,; = 1.037, to reproduce better the experimental values. The increased
refractive index for the air-filled half-space is representing the presence of residual SDC

surfactant around the SWCNTs. Fig. 6.8 (a) shows the results for the plasmon emission an-
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Figure 6.8: Results for (a) the plasmon emission angle Ogpp (black squares) and (b)
the propagation length Lp (black triangles) obtained from fitted SWCNT BFP patterns
on spacer layers with different thicknesses do. Also shown are theoretical values for both
quantities with different spacer thicknesses calculated according to eq. 2.9 (black solid
lines). The error bars represent the standard deviation from several different SWCNTs

situated on the same spacer layer.

gle Ogpp obtained from fitting several SWCNT BFP patterns recorded for different spacer
thicknesses dy (black squares). The error bars result from the standard deviation due to

averaging over several different nanotubes on the same spacer layer. Theoretical values
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6.4. Polarization resolved BFP patterns

for the plasmon angle as a function of the spacer thickness are also plotted (black solid
line) and show a good agreement. The results for propagation lengths Lp extracted from
fits are shown in fig. 6.8 (b) (black triangles) together with the calculated values (black
solid line). In this case the experimental values reside at much lower propagation lengths
than the calculation would suggest. Although the employed calculation model accounts
for the damping of the plasmon by the dielectric spacer layer and also considers radiation
damping by out-coupled leakage radiation, it does not include damping effects by surface
roughness?32. Increased surface roughness lowers the propagation length significantly due
to additional out-coupling of SPPs through scattering at the surface defects?33234, In ad-
dition fitting the propagation length connected to the FWHM of the Lorentzian line-shape
is limited by the resolution limit of the CCD camera that results from the pixel size and

the magnification of the imaging system.

A full fitting procedure to further improve the unknown parameters ngijo_ and n,; could
result in a better match between experiment and calculation. However, there is no guaran-
tee that the values of the refractive indices resulting from the best fit would be the actual
values of these parameters, and in fact the success of the fitting procedure could hide
potentially relevant sources of error, such as scattering from surface roughness. There-
fore any further fitting was chosen not to be carried out. The present model also treats
the interaction between the emitting state of the nanotube and the SPP within the weak

235,236 on the other hand would be expected to result in a

coupling limit. Strong coupling
larger width of the arcs and an apparent decrease of the plasmon propagation length, and
therefore could help explaining the remaining disagreement between the experiment and
the calculation. Note that in the present configuration the propagation length is mainly
limited through coupling to leakage radiation that is used to study the SPPs. For thicker
films exceeding 100 nm this coupling would be negligible leading to propagation length on

the order of 70 um.

6.4 Polarization resolved BFP patterns

Coupling to plasmons almost completely reshapes the emission of nanotubes both spatially
and with respect to polarization as compared to PL emission on dielectrics. Polarization
resolved radiation patterns of single SWCNTs on glass and on SPP supporting metal films
are presented in fig. 6.9. Also shown are the corresponding theoretical patterns calculated
for a single dipolar emitter (fig. 6.9 (b), (d), (f)). The multilayer structure used in the
calculation of the field is the one used in the calculation of the SPP propagation properties:
two layers with a finite thickness (gold and SiO, ) bound by two half-spaces (glass/objective
and air). As the only free parameter the dipole orientation has been adjusted to match

the measured patterns without analyzer (fig. 6.9 (d) and (j), respectively).
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6. Launching SPPs by SWCNT emission

On glass the PL is distributed over a large angular range with highest intensities occurring
in the directions perpendicular to the nanotube axis resulting in two broad lobes with
a maximum peaking near the critical angle (fig. 6.9 (a)). The PL pattern of the same
SWCNT recorded with vertical and horizontal analyzer orientations and the corresponding
emission patterns are also shown. The PL is polarized mainly parallel to the dipole
orientation (fig. 6.9 (b) and (e)). Remarkably, a single emitter situated on a air-dielectric
interface also leads to a substantial orthogonal component as can be seen both from theory
and experiment (6.9 (c) and (f)). This fact implicates consequences for measurements of
polarization contrast, which will not reach zero, when single molecules with a high NA

objective are investigated. In contrast the emission patterns from SWCNTs on a metal

Figure 6.9: Comparison between experimentally obtained and calculated Fourier pat-
terns with different polarizations for a SWCNT deposited on glass: (a), (d) without
analyzer, (b), (e) analyzed vertically and (c), (f) analyzed horizontally. The correspond-
ing images for a SWCNT on a 25 nm gold film: (g), (j) without analyzer, (h), (k) analyzed
vertically and (i), (1) analyzed horizontally. The white arrow in the theoretical images

(d) and (j) indicates the direction of the point dipole used for the calculations.)

film (fig. 6.9 (g)-(i)) show emission concentrated in the direction of the dipole with radial
polarization (fig. 6.9 (j)-(1)). That clearly shows that SPPs are launched in the direction of
the dipole axis and therefore in the direction of the SWCNT corresponding to a redirection
of the SWCNT emission into a narrow angular range in Fourier space together with a
directivity along the SWCNT axis. The good agreement between the theoretical images
calculated for a single dipole and the experimental images observed for SWCNTs shows
that nanotubes act as dipolar sources for plasmons propagating mainly in the direction of

the nanotube axis.
Conclusion

This chapter discussed the excitation of propagating SPPs by single optically excited semi-
conducting SWCNTs on a thin metal film. Placing a single dipolar emitter onto a metal
thin film completely reshapes the emission characteristics towards a narrow angular range
in the BFP, a unique feature of propagating SPPs. Leakage radiation microscopy images

in the BFP and real-space could be modeled successfully and revealed the propagation
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6.4. Polarization resolved BFP patterns

length and direction of SPPs. The findings were further supported by a combined BFP
pattern and AFM study of single SWCNTs, as well as by polarization resolved detection
and subsequent BFP pattern recording. The polarization behavior of SPPs launched by
single SWCNTs was found to be radial and was compared to measurements of SWCNTs
on glass. The experimentally obtained BFP patterns could be reproduced by theoretical
calculations with very good agreement. In essence, exciton recombination in nanotubes
launches propagating SPPs on the metal film. These plasmons can couple to photon modes

in the lower half-space that are finally detected as leakage radiation.
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7 Remote excitation of SWCNTs by
propagating SPPs

As shown in the previous chapter, single dipolar emitters are able to excite propagating
SPPs which can be investigated by the technique of BFP imaging. However, an important
step for a successful device integration is also the possibility to couple SPPs back to
propagating radiation. One possible method to achieve this is the opposite scheme, wherein
transitions in a dipolar emitter are excited via propagating SPPs. This has been done
in the past for dye film patches?3” and clusters of quantum dots?*® located on metal
waveguide structures and in the vicinity of a plasmonic nanowire?3?. The source of SPPs in
all of these investigations was a focused laser beam either using the adapted Kretschmann

configuration with a high NA objective or scattered light at gratings and nanowire edges.

Metal coated aperture fiber probes are an established tool to launch SPPs through the
large wave vector components in the near-field of a sub-diffraction aperture, which has
been used in the past to investigate SPP self interference® and addressing of nanoholes
by SPPs%.

The aim of the work presented in this chapter was to investigate the remote coupling
between propagating SPPs and a single emitter. As in the previous chapter, the emitter
system was chosen to be SWCNTs due to their known excitation and emission behavior,
which enables a straight forward theoretical description as single dipolar emitters and the
spectral separation between the excitation and emitted radiation. After characterization
of the SPP excitation behavior of the aperture probe by analysis of real space and BFP
images, the remote excitation of excitons in individual SWCNTs on a thin metal film
via propagating SPPs launched by the aperture probe is discussed. The SWCNT acts
as local sensor, mapping the SPP fields created by the aperture probe and the response
from the nanotube is detected as leakage radiation at longer wavelengths due to the
launch of SPPs, as shown in the previous chapter. A rather simple and established model
for the theoretical description of aperture probes is used to understand the formation
of the obtained intensity maps. The presented results enable further insight into the
coupling between SPPs and single dipolar emitters and provide additional perspectives

for integration of emitter systems into plasmonic circuits.
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7. Remote excitation of SWCNTs by propagating SPPs

7.1 Excitation of SPPs with an aperture SNOM probe

For all the experiments presented in this chapter the home built shear force AFM head, as
described in section 5.1.3, equipped with a commercial aluminum coated aperture probe
(Loavlite) was used for the fine distance and positioning control. The nominal aperture
diameter was 70nm and the thickness of the metal coating was stated to be 50nm. All
detection modes are equal to the previous chapter 6, as described in section 5.1 and the
aperture AFM head was attached on top of the confocal microscope. The coupling of laser
light into the fiber was achieved by focusing an expanded, collimated beam of a linearly
polarized HeNe-laser (Aex = 632.8 nm, Thorlabs HRP170) with a NA =0.25 air objective
onto the end face of the fiber (see fig. 5.3 in section 5.1.3).

The used sample substrate, consisting of a 20 nm gold film on a standard microscope cover
glass with an added SiO, spacer layer on top, was first used without SWCNT coverage to

investigate the SPP excitation behavior of the aperture probe.

Figure 7.1: (a) Real space and corresponding (b) BFP pattern from an aperture probe
excited at 633 nm and positioned about 4 pm away from a 20 nm thick gold film. The
radiation is distributed over the sample surface in (a) real space and the (b) BFP pattern
is restricted to a maximum angle corresponding to a NA of 1.0 (white dotted circle). Upon
approach close to several nanometer to the surface the radiation in real space is confined
to a small central spot (the maximum intensity is 20 times higher compared to (a)) and
in the BFP angles larger than the critical angle are observed. The scale bar in all real
space images corresponds to 2 um and the maximum collected angle is indicated by a
white dashed circle in the BFP patterns.

Fig. 7.1 (a) shows the real space image from the emission out of the aperture tip at a tip-

sample distance of about 4 pum. The light is distributed over a large fraction of the sample
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7.1. Excitation of SPPs with an aperture SNOM probe

area only patterned by a few sample surface defects in the gold film. A corresponding
BFP pattern in fig. 7.1 (b) shows the transmitted light confined into the allowed light
zone with intensities recorded up to the critical angle 0., indicated by the white dotted
circle. This is in agreement with Snell’s law and the definition of a propagating wave*8.
Only propagating waves are arriving in the detection sphere of the microscope objective
and no SPPs are excited, which would show up as a signal contribution for angles larger
than 6... Upon activation of the PLL distance control the tip can be brought in the
vicinity of the sample surface up to only several nanometer. Fig. 7.1 (c) illustrates the
drastic change in the real space image after the approach. The radiation is now confined
to a small central spot with two additional lobes extending from the center and decaying
within about 1.5 um. Next to the spatial confinement the overall intensity is drastically
increased compared to the case of the aperture tip being further away from the surface.
The maximum intensity for the intensity scale is 20 times higher compared to fig. 7.1 (a).
Also in the BFP pattern in fig. 7.1(d) the change upon the approach is visible by an
additional intensity contribution in the detected forbidden zone between the critical angle
(white dotted circle) and the maximum collected angle by the objective (white dashed
circle). This intensity contribution can be attributed to leakage radiation detected from
SPPs launched by the aperture probe in the upper left and right direction. It can be
correlated with the two lobes reaching away from the central bright spot in the real space
image (fig. 7.1 (c)).

Figure 7.2: Real space images together with the corresponding BFP patterns for SPPs
launched by an aperture probe, recorded for two different input polarizations (a),(b) and
(¢),(d). The output polarization direction, determined from the connecting line between
the two lobes, is indicated by the white arrows as well as the critical angle (white dotted
circle) and the maximum collection angle of the objective (white dashed circle). It has
to be noted that the stripe in (c) is an imaging artifact due to the CCD read out.
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7. Remote excitation of SWCNTs by propagating SPPs

The fiber input polarization provides an additional parameter to control the propagation
direction of the launched SPPs?0. In order to control the polarization a rotatable half-
wave plate was mounted in front of the fiber coupling objective. Fig. 7.2 (a) shows the
real space image with an approached aperture probe and horizontal input polarization,
as indicated by the white arrow. Starting from a bright central spot, again two lobes are
reaching to the left and to the right, decaying in intensity over the distance. This image
reveals a high similarity with the real space images obtained for excited SWCNTs on a
gold film presented in the previous chapter 6 (see fig. 6.1 (e)-(g)). SPPs are propagating
in opposite directions away from the central excitation spot. In the corresponding BFP
pattern in fig. 7.2 (b) two crescents in the direction of the polarization are visible. They
are situated again in the region of forbidden light for angles larger than the critical angle
(indicated by the white dotted circle) and correspond to the leakage radiation signal
from the excited SPPs. This result reproduces the experimental BFP pattern from Hecht
et al. ®3 and verifies the ability to launch SPPs with the given aperture probe configuration.
The double crescent intensity distribution in the BFP for aperture probes was explained
by Van Labeke et al.?*! using theoretical calculations. The FWHM of the crescents in
the experimental BFP patterns (fig. 7.2 (b)) is larger than compared to the case of SPPs
launched by a SWCNT in the previous chapter (see fig. 6.1 (b)-(d)) mainly due to the
reduced propagation length at the laser excitation wavelength. For the given sample
geometry, according to eq. 2.9, the propagation length at Aex = 632.8 nm is 2.3 pm while
at Aex = 980 nm, as in the case of an emitting (6,5) SWCNT, it is 28.2 um. By rotating the
wave-plate the fiber input polarization was now rotated by about 70° and the resulting real
space image is presented in fig. 7.2 (¢). As expected, the orientation of the two lobes follows
the altered polarization, indicated again by the white double arrow. The same expected

rotation can be observed in the corresponding BFP pattern, shown in fig. 7.2 (d).

In summary, an aperture fiber probe is an adequate tool to realize a scanning SPP source.
After coupling laser light into the fiber end the radiation is channeled down to a confined
spot at the tip apex. Evanescent fields, extending only few nanometers away from the
tip combined with a lateral confinement to the region around the tip apex due to the
aperture, present a controlled method to excite SPPs. Additional control can be gained by
adjustment of the fiber input polarization, which allows adaption of the SPP propagation

direction.

7.2 Remote excitation of SWCNTs by propagating SPPs excited
with an aperture SNOM probe

For the subsequent investigation of the coupling between SPPs, launched by an aperture
probe, and excitons in SWCNTs, the gold film/spacer layer sample was covered with

individual CoMoCat nanotubes. First the sample was scanned confocally in order to
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7.2. Remote excitation of SWCNTs by SPPs excited with an aperture SNOM probe

localize luminescent SWCNTs. The focus of the confocal microscope was then positioned
on a SWCNT location and fixed for constant detection of the leakage radiation emission
of the particular SWCNT. If the SWCNT is successfully excited the following PL emission
occurs mainly via SPPs excitation, which can be detected through leakage radiation, as
shown in the previous chapter 6. Now the aperture probe was scanned in excitation mode
over the SWCNT position and the leakage radiation response was recorded simultaneously

in dependence of the probe position as shown in fig. 7.3. The detection signal was filtered

Figure 7.3: Emission maps from a single SWCNT during an aperture probe scan for two
different input polarizations (a) and (b) with fixed detection on the nanotube position.
The insets on the lower right show the corresponding BFP patterns characterizing the
aperture probe output upon a feed at Aex = 633 nm, the white arrows indicate the input
polarization determined according to?*!. (c) depicts the confocal leakage radiation BFP
pattern of the same SWCNT after excitation with Ay = 565nm. The white arrow
indicates the orientation of the nanotube. The scale bar represents 300 nm in both maps.

with a 860 nm long-pass filter, in order to selectively detect emission response originating
from the SWCNTs. Two scans were conducted with different aperture input polarizations
(Aex = 633 nm) monitored by BFP images as illustrated by the insets in fig. 7.3 (a) and
(b). In order to determine the orientation of the SWCNT a BFP image was taken with
direct confocal excitation at A\ex = H65nm by the method established in the previous
chapter in section 6.1. Fig. 7.3 (c) shows the BFP pattern, which gives a clear indication
for nearly horizontal alignment of the SWCNT. Two main features of both emission maps,
in fig. 7.3 (a) and (b) can be seen. The first are two emission lobes about 400 nm away from
the center (not so pronounced in fig. 7.3 (b)). This signature is a clear sign for remote
excitation since the SWCNT shows a signal when the aperture probe is exciting SPPs
away from the nanotube position. The observed range of remote excitation is limited
by the SPP propagation length. The second emission contribution is located closer to
the SWCNT position and features a nearly circular emission with a rather dark center.
This feature does not exhibit an exponential intensity decay such as shown in the case

of SPPs excited by a point dipole in section 6.2, which points towards a more complex

65



7. Remote excitation of SWCNTs by propagating SPPs

field distribution, generated by the aperture probe, that is discussed in more detail in
the following section. Remarkably, the orientation of the resulting leakage radiation map
pattern resembles strongly the orientation of the input light and is not influenced by the
SWCNT dipole orientation determined by the BFP pattern in fig. 7.3 (¢).

7.3 Theoretical modeling of the SPP fields generated by an
aperture probe on a thin metal film

Since the image contrast of the fields probed by the SWCNT is not sufficiently explained
by a dipolar SPP source, as indicated in the previous section, theoretical calculations of the
fields created by the aperture probe on the surface of the metal film have been performed.
These will allow to explain the field mapping behavior of the SWCNTs and to assign
different contributions in the image contrast. A plane wave expansion through the multi-
layered structure as used by Baida et al. ™ was employed. In this treatment the aperture
probe is simulated with the Bethe-Bouwkamp model, which assumes a circular aperture
with the radius a in a perfect metallic thin film screen irradiated by a plane wave from the

242 Tt is a recognized model in the field of aperture SNOM?2*3 and was successfully

top
used before in the literature to describe the emission behavior of an aperture fiber probe
in the context of aperture SNOM and to reproduce experimental data?!%?44. Fig. 7.4
shows the geometry assumed for the theoretical calculation, which places the aperture
probe with an aperture diameter a and the laser input polarization of © at the distance
zr over the sample surface. The multilayer sample is characterized by the thickness of
the metal layer d; as well as the dielectric constants of the different layer and half-spaces
air (0), gold (e1) and glass (e2). The cylindrical coordinate system is given by r, ¥ and
z. According to Baida et al.”™ the field components of an aperture probe on the metal
surface at z = 0 can be described by the following integrals over the range of collected

k-vectors, containing first order Bessel functions J,,:

kmax

B, (r,0) = Ao, {0082 (©— 1) /0 o (k) Jo (kr) k dk

kmax
—sin? (O — \11)/0 B (k) Jo (kr) kdk

~cos[2(0 — W)] /Ok““" loc (k) + 8 (k)] Jléf”kdk} ,

Fmax ,
Ey(r,¥) = A {sin (@ —W)cos (O — W) /0 [a (k) + B (k)] {QJIk(Tk) —Jo (kr)} kdk‘} ,

E,(r,U) = A { l—icos CERD /Okmax Ko (k) Ji (kr) dk] } ,

w3
(7.1)
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V2

Figure 7.4: Schematic of the multilayer sample system which is used for the calculations
of the fields emitted by the tip. © represents the angle of the light polarization coupled
into the fiber, a the aperture radius, z the tip sample distance, ® the orientation of the
SWCNT dipole § and the respective dielectric constants of the layer system (g9, €1, €2)
and the thickness of the gold film d;. The cylindrical coordinate system is defined by r,
U and z.

where « (k) and (3 (k) are defined as:

o _ 4™ sin (ak) Meiw(ﬂzﬂ
(k) =t (k) = , )
_TE 4y 3@k cos (ak) —sin (ak)] 0.0 '
p(k) =t"" (k) (ah)? :

The multilayer structure is included in eq 7.2 by transmission coefficients t™ and ¢TF,
which can be expressed in terms of Fresnel coefficients in reflection or transmission of the
various interfaces, considering the finite thickness of the metal d:

ty =

l
t' (k) = - | =TE, TM (7.3)
1+ rfyrige?vnd’ 7
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Different w,,, with m = 0,1,2 consider the wave-vectors in the different media given by

2
Wy = ,/sm% — k2. (7.5)

Aex describes an amplitude factor for the initial electric field incident onto the modeled

the following relation:

aperture:

8iwa? Eeyx
6m2c

with Eex as initial field amplitude. Fig. 7.5 (a) shows the total intensity I,. = ]Ex|2 +

|E,|* 4 |E.|* for the used sample/tip geometry in the experiment calculated according

Aoy = — (7.6)

to eq. 7.1. Next to the enhanced intensity around the aperture metal coating an addi-
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Figure 7.5: (a) Calculated intensity I,,. = |E,|? + \Ey\Q +|E.|? of the full field created
in the metal air interface of a 20nm gold film by the emission of an aperture probe at
Aex = 633nm. (b) shows the corresponding vector plot of the in-plane component E,+E,,
in (a). The length and color of the arrows indicate the magnitude of the polarization in
the direction given by the arrow’s orientation. The fiber input polarization is in both

cases parallel to the z-axis (© = 0°).

tional contribution about 1 um away from the aperture position can be recognized. The
corresponding vector plot of the in-plane field component from fig. 7.5 (a) is shown in
fig. 7.5 (b).

In general, the formation of the image contrast in the experimental emission maps
(fig. 7.3 (a) and (b)) can be understood by the squared product between the field pro-
duced by the aperture tip on the surface Etip (z = 0) and the transition dipole moment

iswonT of the nanotube:

(7.7)

N 2
I(x,y) ’Etip'MSWCNT’

The two emission lobes in the experimental maps can be very well understood by excitation

via the in-plane component of the aperture tip emission field, since the SWCNTs main
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7.3. Theoretical modeling of the SPP fields

contributing transitions are polarized parallel to the nanotube’s axis. Additionally, in
measurements with a radially polarized doughnut mode 24 exciting SWCNTs on a gold film
no evidence of an increased sensitivity of SWCNT transitions for perpendicular polarized
field components could be found. In the vector plot in fig. 7.5 (b) it is shown, that the
field contribution remote from the aperture center shows a radial polarization distribution.
Thus the main orientation of the lobes follows the input polarization of the fiber but, as in
the case of the experimental condition from fig. 7.3 (a) where the SWCNT orientation is
roughly 60° rotated with respect to the input polarization O, the lobes are expected to be
oriented with an angle between the SWCNT orientation and the fiber input polarization ©.
A big factor, which modifies the experimental situation compared to the ideal calculation,
is the tip shape. The asymmetric intensity distribution in the experimental emission
maps (fig. 7.3 (a) and (b)) is a strong indication for effects caused by a non ideal tip
shape. Further, SWCNTs exhibit photo-bleaching behavior upon exposure to high electric
fields??246 which can explain the reduced signal to noise ration for the second subsequent

aperture scan in fig. 7.3 (b).

Fig. 7.6 (a) shows the intensity profile through the experimentally obtained emission map
(black solid line), indicated in the inset by the white dashed line, together with a scaled
calculated profile, according to eq. 7.1, for the in-plane I, component (blue dotted line)

excited by an aperture probe. The position of the remote lobe emission feature can be
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Figure 7.6: (a) intensity profile through the experimental emission map in fig. 7.3 (a)
along the white dashed line in the inset together with a scaled profile from the in-plane
component I, (blue dotted line), obtained by calculations of the field emitted by an
aperture probe. A good agreement for the position of the outer lobes between experiment
and calculation is evident as indicated by the vertical red dashed lines. (b) shows the
same experimental profile as in (a) together with the out of plane component I, (red

dashed line) and the in-plane component I, (blue dotted line).

reproduced very well as indicated by the red dashed vertical lines. It has to be noted, that
an even more remote excitation could be achieved by using light for the excitation in the
NIR region. Since the damping of the SPP in gold is much lower at these energies, the

propagation length is highly increased, as shown in section 2.2.2.
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For the explanation of the second, central emission feature in the experimental intensity
maps fig. 7.6 (b) shows the same experimental profile (black solid line) together with the
theoretical profiles for the in-plane component I, (blue dotted line) and perpendicular
component I, (red dashed line) of the tip emission. Although the perpendicular component
I, seems to reproduce the central feature rather well, the insensitivity of the SWCNT
towards perpendicularly polarized fields and the missing agreement in the lobe position
render the assumption rather unlikely. Up to now the considerations of the image contrast
only included the excitation efficiency (eq. 7.7). The overestimated intensity in the central
region for the in-plane component I,, in the direct surroundings of the aperture tip,
can be understood by taking the conditions for the detection of leakage radiation into
consideration. In order to detect the leakage radiation from SPPs launched by the SWCNT
with the given Kretschmann like microscopy configuration, the refractive index of the
upper half-space medium ng needs to be larger than the substrate medium under the
metal film (ng). This is given as long the tip is not on top of the SWCNT position but
as the tip moves during the scan over the SWCNT this condition is changed due to the
fiber core towards nearly equal refractive indices (ng & ng). Thus the central part of the
emission maps is strongly reduced in detected intensity. This can be also seen as an effect
of channeling the radiation into the fiber core, which has been investigated before for the
detection of single molecules with an aperture probe on glass?*”. An additional quenching
of the SWCNT emission can be expected by the influence of the metal coating in the direct

surroundings of the aperture probe.
Conclusion

This chapter investigated the localized SPP excitation behavior of metal coated aperture
probes, used in aperture SNOM, when located in close proximity to a metal film. With
correlated real-space and BFP pattern images the SPP excitation was demonstrated and
the influence of the fiber emission polarization on the SPP propagation direction was
shown. By placing SWCNTs on the metal film and subsequent scanning with the before
investigated aperture SPP source while detecting the emission from the SWCNTs, remote
excitation of SWCNTs was demonstrated. Theoretical modeling of the excited SPP fields
reveals that the SWCNT maps the SPPs locally with sub-diffraction resolution. These
results demonstrate the possible integration of SWCNTs not only as SPP source but also

as element to recouple propagating SPPs back to free space radiation.
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8 Radiation channels close to a plasmonic
nanowire

This chapter is based on the article "Radiation channels close to a plasmonic nanowire
visualized by back focal plane imaging" which was published in ACS Nano 2013, 7, 10257.

Metallic NWs have drawn particular attention as plasmonic building blocks due to their

15,248,249 ' routers and logic gates?? 22, SPPs on

53

successful implementation as waveguides

metallic NWs have been investigated by direct visualization?
254

, using a scanning aperture
probed”, by electrical detection?®* as well as by calculations®®. A key step in plasmonic
applications of NWs is the coupling of the initial energy source to the NW and the con-
tributing energy relaxation pathways®24. Importantly, sub-wavelength light confinement
by the SPPs can be used to enhance the interaction between objects and light?2°. This
coupling and the excitation and propagation of SPPs have been experimentally visualized

12,255,256 combined with imaging of the BFP for a variety

14,19,53

by leakage radiation microscopy

of plasmonic structures and devices

In the following chapter the coupling of the emission from rare earth doped nanocrystals to
SPP modes in silver NWs on glass were investigated. The ability of these nanocrystals to
exhibit stable, non-bleaching upconverted PL on the anti-Stokes side of the laser energy 194
was employed to avoid temporal intensity fluctuations and to exclude any background
contribution from laser scattering, metal luminescence or the sample substrate. With the
help of the quantitative analysis of the recorded BFP patterns it is possible to separate
the contributions of two different radiation channels. Namely, the direct dipolar emission
of the nanocrystals into the glass substrate, observed also in the absence of the NW,
and the excitation of propagating SPPs in the NW. In addition to the branching ratio
into these two channels the SPP quasi-momentum and the plasmonic active wire length
were obtained, all important parameters of active emitter-plasmon structures26%. The
results gathered through optical methods were supported by a TEM investigation of the
plasmonic nanowires, extracting important parameters, such as material composition and

other structure related quantities.
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8. Radiation channels close to a plasmonic nanowire

8.1 Transmission electron microscopy (TEM) characterization of

plasmonic silver NWs

Silver nanowire samples, synthesized as described in section 5.2.2 were investigated
first via TEM measurements carried out by Dr. Angela Wochnik in the group of
Prof. Christina Scheu. The TEM experiments were aiming towards the investigation
of material properties of the NWs, such as diameter distributions of the wires and a sur-
rounding polymer layer as well as the purity of the wire material. In order to gather a
good understanding of the plasmonic behavior the chemical composition of the nanowires
has to be known. Contaminants, such as oxide layers, have strong implications for the
properties of supported plasmons, since they cause a change in the dielectric function of

the plasmonic materials and thus influence the SPP dispersion relation (see section 2.2).

Silver NWs were drop-casted out of solution on a copper TEM grid equipped with a lacey-
carbon film as additional sample substrate. The subsequent investigation was performed
with a FEI Titan 80-300 (S)TEM microscope operating at 300 kV. The microscope was
equipped with an energy dispersive X-ray detector (EDAX), which was used for analytical
characterization. Diffraction patterns were recorded using a CCD camera (Gatan Ultra-
Scan 1000) with a resolution of 4 million pixel and evaluated, using a calibrated camera
constant obtained by measuring a Si standard. Fig. 8.1 (a) shows a representative TEM
scan of a NW. Next to the NW (dark contrast) an indication of a cover layer around the
NW with a light contrast can be seen. It is more evident in a magnified TEM image, taken
from the area marked by the red dashed square, shown in fig. 8.1 (b). The surrounding
layer can be attributed to the PVP used as a surfactant during the nanowire synthe-
sis?1%259 as described in section 5.2.2 and was not evident in initial SEM experiments
(see fig. 5.4 in section 5.2.2). Additionally, small particles can be found embedded in the
surrounding PVP layer. As a first step towards the identification of the exact NW mate-
rial a diffraction pattern was taken at the center of the wire marked with I in fig. 8.1 (a).
Fig. 8.1 (c) shows the indexed diffraction pattern, which reveals the relative orientation
between the incoming electron beam and the crystal planes. Together with the fact that
silver crystallizes with a face centered cubic (fcc) lattice'!, the zone axis could be de-
termined as [011]. The reciprocal distances determined from the diffraction pattern with
2.34 A for the 111 plane, 2.04 A for the 200 plane and 1.44 A for the 220 are in very good
agreement with the characteristic values given in the literature for Ag2572%% Indicated by
red arrows in fig. 8.1 (¢) are additional reflexes, which are situated on a discrete ring with
the radius corresponding to a d-spacing of about 2.08 A. This d-spacing value is close to
the value for the 111 plane in copper?°260_ Also the fact that the reflexes are distributed
on a discrete ring is a strong indication of randomly oriented crystals such as in the case

191 " A fast Fourier transformation analysis (data not

of powder diffraction measurements
shown) of single particles in fig. 8.1 (c) reveals not only the d-spacing of 2.08 A for the 111

plane but also a spacing of 1.80 A for the 200 plane characteristic for Cu. These results
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8.1. Transmission electron microscopy (TEM) characterization of plasmonic silver NWs

(a) N (b)

AN

Figure 8.1: (a) TEM image from a representative silver NW with a clearly visible
surrounding layer. Markers I and II show the detection position for the EDX spectra
presented in fig. 8.2. The scale-bar represents 100nm. (b) Shows a high resolution
image of a magnified sample area from (a) indicated by the red dashed square. In the
surrounding of the NW the wrapping polymer is clearly visible together with embedded
single Cu nanoparticles. Here, the scale-bar represents 2nm. (c) Depicts an electron
diffraction pattern taken at position I. Apparent diffraction reflexes are indexed. The
zone axis was determined to be [011] and the d-spacings of the indexed reflexes coincide
with values for silver in the literature?®7-2°8, Indicated by the red arrows are additional

reflexes originating from Cu nanoparticles in the polymer. The scale-bar represents

2nm~L.

give a strong indication that the Cu nanoparticles, used in the synthesis as crystallization
seeds, are embedded in the surrounding PVP layer in close proximity to the nanowire. No

reflexes originating from silver oxides could be found.

In order to further analyze the chemical composition of the nanowires and the surrounding
polymer, EDX spectra were taken at the positions I and IT marked in fig. 8.1 (a). Fig. 8.2
shows an overlay of the spectra obtained at both positions divided into two graphs for
improved visibility. The elemental analysis occurs through comparison of the different

261,262 and are indicated by the vertical

peak positions with values given in the literature
lines. As expected, the dominating contribution on the nanowire is silver as can be seen
by the cluster of peaks situated around 3.1keV in fig. 8.2 (a). Apparently, they are less
pronounced in the case of the polymer. Typical X-ray emission lines for copper (at about
1.0, 8.0 and 9.0keV) are visible due to the use of a copper TEM grid but even more due to
the presence of Cu nanoparticles, since they are much more intense in the case of the PVP
EDX spectrum at position II. This correlates nicely with the results from the electron
diffraction data in fig. 8.1(c). A signal for carbon is visible at about 0.25keV, which
appears more pronounced in the spectrum from the polymer due to the higher carbon
content of the PVP. The signal for oxygen is only visible in the spectrum of the polymer
and can be attributed again to PVP. Both spectra show small traces of iron and cobalt
contaminants. In summary, the NW appear to consist only of silver, without any oxide

contamination. The second result is the presence of a PVP polymer layer surrounding
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Figure 8.2: EDX spectra from the nanowire in fig. 8.1 (b) taken on the wire itself (black
solid line, position I) and on the surrounding polymer layer (red dotted line, position IT).
For increased visibility the complete spectra are shown for two magnified energy ranges
(a) and (b). The vertical lines indicate energy positions of characteristic element X-ray

emission lines261:262
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the nanowires, which contains embedded copper nanoparticles as residue from the wire

synthesis.

In the course of the TEM investigation magnified scans, comparable to fig. 8.1 (b) were
taken from 77 different NWs. Out of these images the wire diameter Dy and the PVP

thickness dpyp were measured. Fig. 8.3a shows the histogram of the wire diameter, to-
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Figure 8.3: Distribution of (a) NW diameters from 77 different NWs measured from
TEM images. The histogram was fitted with two Gaussian curves (blue solid line and
green dashed line) revealing a maximum in the distribution at 95+30 nm and 220+43 nm.
Also the thickness of the surrounding polymer layer was measured from the same NWs
(b). This distribution exhibits a maximum at 48+37 nm, determined again by a Gaussian

fit (green solid line).

_(b)"'l'|'|-|-|-|-,.

180

gether with two Gaussian fits around the maxima in the distribution peaking at 954+30 nm
(blue solid line) and 220+43 nm (green dashed line). The range of the diameter distribu-
tion coincides with the findings obtained by AFM topography measurements presented in
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8.2. Optical investigation of different emission channels close to a plasmonic NW

the following sections 8.2 and 8.4. Fig. 8.3 (b) shows the distribution for the measured
PVP thickness dpyp together with a Gaussian fit (green solid line) of the data peaking at
48437 nm.

8.2 Optical investigation of different emission channels close to
a plasmonic NW

For the optical investigations in the following section combined samples, consisting of
NaYF, nanocrystals doped with 20 wt% Yb3tand 2wt% Er3t subsequently spin-coated

on top of silver nanowires on a glass substrate, as described in section 5.2.2, were used.

First, a sample area of 100 um? was characterized by detecting the upconverted PL after
excitation at 980nm with a narrow band pass filter centered at 670 nm with a FWHM
of 10nm in front of the APD used for confocal scanning signal detection as described
in section 5.1.1. A representative PL image of a magnified sample area can be seen

in fig. 8.4 (a). Subsequently the same sample area was mapped via AFM to measure

1.0a.u. 150 nm

0.0 a.u. 0nm

Figure 8.4: (a) Confocal PL map of a representative sample area together with the cor-
responding topography data in (b). In the PL map the NWs show up as elongated struc-
tures with higher intensity at the NW ends. Several single PL spots are located around
the NWs which can be attributed to single or small clusters of rare earth nanocrystals

which can also be seen in the AFM data. The scale bar represents 2.0 um in both images.

the topographic height of each investigated NW. In the PL map (fig. 8.4 (a)) the NWs
appear as luminescent elongated structures with additional bright end spots or bright
spots along the wire. In addition, weaker luminescent spots are distributed all over the
sample. The topography of the same sample area (fig. 8.4 (b)) shows the NWs at the
same positions with lengths of few micrometers and heights between 100 and 250 nm as
well as several smaller structures nearby (about 20 nm in height). The size of the smaller
structures together with their luminescent behavior identifies them as single nanocrystals
or small clusters of several crystals. From the PL signal shown in fig. 8.4 (a) it is evident

that nanocrystals deposited in the vicinity of the NWs show enhanced PL and that the
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8. Radiation channels close to a plasmonic nanowire

plasmonic enhancement is most efficient at the NW ends. Emission enhancement can
result from new radiation channels provided by the metal nanostructure corresponding to

104

an increased local density of states In general, radiation channels are connected to

characteristic angular distributions of emission that can be studied by BFP imaging 3263,

as described in section 3.

To illustrate the change of the emission characteristics induced by the NW BFP patterns
of NCs without NW were measured, filtering the detected signal for the upconverted PL

(bandpass 670nm). Fig. 8.5 shows a representative example. The patterns consist of a

1.0a.u.

0.0a.u.

Figure 8.5: Back-focal plane PL emission pattern detected for a nanocrystal on glass.
The detected angular range is limited by the maximum collection angle of the microscope
objective that is given by its NA=1.4.

radially symmetric intensity distribution that increases from the largest detectable angle
given by the NA of the microscope objective towards the critical angle. For smaller angles

the pattern shows a more uniform and weaker intensity.

In the next step BFP patterns were recorded for different NWs at varying excitation
positions along the NW, again filtering the detected signal for the upconverted PL. Fig. 8.6
shows a representative example of the PL map of a single NW (fig. 8.6 (a)) together with
the excitation positions and the recorded BFP patterns (fig. 8.6 (b)-(d)). When the NW

Figure 8.6: (a) Confocal PL map of a wire decorated with nanocrystals. The scale bar
represents 2.0 um. Upon excitation at different positions (b-d) the corresponding BFP
patterns (b)-(d) were recorded. The detected angular range is limited by the maximum

collection angle of the microscope objective that is given by its NA=1.4.

is excited in the middle the BFP image (fig. 8.6 (c)) shows a symmetric pattern oriented
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8.3. Theoretical description of the BFP pattern from different emission channels

along the NW axis with two brighter lobes at the rims of the pattern. In contrast, the
patterns recorded upon excitation of the NW ends (fig. 8.6 (b),(d)) exhibit an asymmetric
intensity distribution with the lobes on the opposite side of the excitation position being
brighter than the other. In addition, a fringe pattern with more contrast is visible when
the NW is excited at the ends. This indicates that the position of excitation strongly

influences the angular emission characteristics of the NW.

8.3 Theoretical description of the BFP pattern from different

emission channels

The analysis and subsequent separation of radiation channels is possible if each of the
contributing channels can be modeled theoretically. In order to describe the measured BFP
patterns two apparent signal contributions can be distinguished: The direct emission from

NCs and detected leakage radiation from SPPs propagating along the nanowire surface.

8.3.1 Theoretical modeling of the direct NC emission pattern

The first signal contribution stems from nanocrystal emission which is not coupled to the
NW as presented for nanocrystals in the absence of a NW in fig. 8.5. As described in
section 5.2.2, a single nanocrystal contains between 600 and 10% dipolar emission centers
without preferred orientation, depending on the exact particle size. Thus the resulting
BFP pattern can be treated as the sum of patterns from randomly oriented dipoles. This
contribution is modeled using the theoretical description of dipolar emission on an interface
from Lieb et al.'® as described in section 3.1.1. Due to the symmetry of the resulting
functions the random orientation of dipoles can be represented by two orthogonal in-plane
dipoles and an additional dipole perpendicular to the surface, also indicated in fig. 8.7 (a)
by black arrows (pz, py and p.). Thus the intensity in the the BFP Inc can be described
by the sum of the individual patterns of the single dipoles:

INC (EBFP) = Idipole,x + Idipole,y + Idipole,z> (8'1)

as depicted in fig. 8.7 (c). The comparison of the experimental pattern in fig. 8.7 (b) and

modeled pattern in fig. 8.7 (c) reveals a very good agreement.

8.3.2 Theoretical modeling of the NW leakage radiation emission pattern

The second contribution originates from SPPs launched by nearby nanocrystals propagat-
ing along the NW surface which are detected as leakage radiation?*>2%6. A characteristic
signature of this radiation channel is the fringe pattern in the BFP image that results from

the finite length of the NW in the um range emitting via leakage radiation. BFP patterns
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8. Radiation channels close to a plasmonic nanowire

(a) ! 1.0a.u.

o
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Figure 8.7: (a) Schematic of the BFP imaging for randomly oriented dipoles represented
by two orthogonal in-plane and one out-of-plane dipole, indicated by black arrows. Also
indicated are the projections of the critical angle ..., the maximum detectable angle
Omax,Na and k vector k.. ya determined by the objective NA. (b) shows an experi-
mental BFP from a single NC on glass together with a (¢) modeled pattern, calculated
according to eq. 8.1.

of SPPs propagating along a plasmonic nanowire were described before in the literature
by Shegai et al.'. The used model consisted of a chain of dipoles connected with a phase
relation as introduced in section 3.2.2 and reproduces qualitatively the observed fringe
pattern in the experimental BFP patterns (fig. 8.6). Although the fringe distance could
be reproduced in some cases with good agreement, the intensity distribution between the

single fringe components could not be modeled well.

In order to improve the description of the NW radiation channel a leaky 1D antenna
resonator model, following the calculations from Taminiau et al.?? was employed. The
configuration is defined by the finite NW length L, the wire orientation given by the in-
plane angle ¥ and the input excitation at the position a as shown in fig. 8.8. Plasmon
propagation depends on kgpp supported by the NW and a complex reflection coefficient r

at its end including the phase change ¢ taken up with each reflection:
r=1r| €% 0< r| < 1. (8.2)

In order to include losses in the metal the plasmon wave-vector kspp is defined as a complex

value in direct correlation with the propagation length Lp3? as derived in section 2.1:

1
kspp = kipp + ikspp = kgpp +iz7— (8.3)
2Lp
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8.3. Theoretical description of the BFP pattern from different emission channels

Taminiau et al.?® first derive the current distribution J (x,a) along the nanowire as a

superposition of harmonic waves for —% <z <aas

Jo (eikSPPa 4 reikSPPLe—ikSPPa)

1 — ,’a2e2ik‘sppL

J(x,0) = (rethsrrbeihsers  o=thsrre) - (8.4)

andfora<x§éas

Jo (reikSPPLeikSPPa 4 e*iRSPPa)

1 _ ’r262ikSPPL

J (z,a) = (elhsrre — pelksprloihsrre) - (8.5)

Jo stands for the initial amplitude of the induced wave and depends on the type of dipole,
its oscillator strength, the three-dimensional (3D) configuration and modal fields 235264,
Since the focus of interest in this discussion is on the intensity distribution in the BFP and
not in the calculation of absolute intensity values the initial amplitude is set to Jy = 1.
The underlying model for the presented current expression is conceptually equal to the
dipole-chain model used by Shegai et al.'® mentioned above with the addition of the
variable excitation position a. To obtain the observed far field in Fourier space the current
distribution is subjected to a Fourier transform which results in the formula for the fields

in Fourier space:
L
Exw, Brp = Eo/zL J (x,a) e FI® dz (8.6)
-2

FEy describes the field of a point dipole at the origin and oriented parallel to the wire’s long
axis, which can be used to consider the air/glass interface on which the NW is deposited.

1.19 where the

This concept is again comparable to the approach chosen by Shegai et a
structure factor, describing the phase relation between the different dipoles in the chain,
is multiplied by a single dipole BFP pattern, reflecting the radiation behavior through the
interface. The evaluation of the integral in eq. 8.6 gives a full description of the intensity
distribution of SPP leakage radiation from a plasmonic nanowire in the Fourier plane with

the orientation angle W:

. v i 7,,eik‘sppLe—i(kn—kspp)z e—i(k”-i-kspp)z a
IN (kBFP) = Iy R Y T — -
W dipole 1— 7,126211951313[, kH _ kSPP k-H + kSPP L
2
L 2
+B efi(kufkspp)z TeiksppLe*i(kuﬁ’kspp)Z 2
- )
k| — kspp k| + kspp
(8.7)
with
A = eifsppa + reifspp L —iksppa
. . . 8.8
B — TelkSPPLelkSPPa + e—lksppa ( )
and

k| = kprp - énw

L (cos(@)) (8.9)

NW =\ sin(0)
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8. Radiation channels close to a plasmonic nanowire

Fig. 8.8 shows a representative NW BFP pattern Inw calculated for a wire with a length
of L = 4.0 um, a diameter of 150 nm and a plasmon wave vector of kipp = 1.648 - 10'm™!
predicted for SPPs in NWs surrounded by glass, excited at the nanocrystal emission at
670 nm 4%, The modulus of the reflection coefficient |rr| was taken to be 0.6 and the phase
shift ¢ = 80°%3. The NW is excited at a = —1.8 um, which corresponds to a excitation

position 200 nm away from the wire edge. Together with the clearly visible fringes resulting

’

SPRleft | k SPP, right

Figure 8.8: Schematic of the formation of a BFP pattern for the leaky antenna resonator
as described in eq. 8.7. Indicated by the arrows are the wave-vectors for the right (red
kSpp, rignt) and the left (green kgpp 1o ) direction and their projection onto the Fourier
plane after leaking into the glass substrate at the resonance angle fspp given by kipp =

ko’l’LobJ‘. sin ospp.

from the finite wire length the schematic in fig. 8.8 illustrates the formation of the BFP
pattern, which explains the asymmetry in the intensity distribution that is also seen in
the experimental patterns after exciting the wire at the ends (fig. 8.6 (b) and (d)). If the
NW is excited at the left end, SPPs can travel only to the right before they are reflected.
In Fourier space the wave-vector components are sorted by their propagation direction.
Therefore it is evident that the excitation in the middle of the NW results in a symmetric
BFP pattern with similar intensities on both sides (fig. 8.6 (c)). The present model treats
the several um long NWs as quasi-1D structures. For shorter NWs with considerably
smaller aspect ratio the contribution of distinct sub- and super-radiant modes becomes

more significant 20264265 que to the lower order of the modes.

The influence of the excitation position a on the fringe position and distribution in the leak-
age radiation BFP pattern Inw is summarized in fig. 8.9. Fig. 8.9 (a) shows an intensity
map of profiles through calculated NW BFP patterns Inw along the central propagation
direction k| as a function of the excitation position a. For this calculation, according to

eq. 8.7, an exemplary NW with a length of L = 4.0 um, a diameter of 150 nm, a reflection
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8.3. Theoretical description of the BFP pattern from different emission channels

coefficient of |r| = 0.6 and a phase shift of ¢ = 80°53 was chosen. The excitation position
a, in this map ranges from central excitation of the NW (¢ = Onm) to excitation at the
wire edge (a = 2.0 um). The figure illustrates the significant changes in the fringe pattern
upon different excitation positions. Not only the intensity ratio between single fringes
changes, but also the position with respect to & is subjected to a significant change. The
change is further clarified by full range BFP patterns for different excitation positions, as
marked by the orange dashed lines b—e in fig. 8.9 (a). Fig. 8.9 (b) shows a BFP pattern

(a) 2.0 a
1.75 —

1.5 —

1.25

a [pm]
5
|

0.75

0.25 —

Figure 8.9: (a) map of profiles through theoretical BFP pattern Inw along the propa-
gation direction k| as a function of the excitation position a, calculated for a 4 pm long

NW with a diameter of 150nm. The intensity scale is slightly saturated in order to

reveal fringe features in the central region % < 1. Orange dashed lines b—e mark the
positions for the complete calculated patterns for central (b) excitation (¢ = 0nm), two
positions separated 100nm from each other (¢) @ = 1.02 um, (d) @ = 1.12 um and the
end excitation with @ = 2.0 um. All BFP patterns exhibit the same intensity scaling.

calculated for excitation in the center of the NW (¢ = Opm) and reveals a symmetric
intensity distribution with the same number of fringes on each side. Whereas excitation
on the NW end (a = 2.0 um) results in an asymmetric intensity distribution, decaying
from the right to left side, as discussed in fig. 8.8. Fig. 8.9 (c) and (d) depict two BFP
patterns calculated for excitation positions ¢ = 1.02 um and a = 1.12 um only separated
100 nm from each other. Still a significant change in the fringe pattern on the right side
of the BFP pattern is noticeable.

The fringe pattern in general can be understood in the context of a finite length emitter.
For SPPs propagating on an unconfined metal film with an exponential intensity decay
can be modeled in the BFP by a Lorentzian line-shape with the maximum centered at
kspp, as shown in section 6.2. In the case of a SPP propagating along a plasmonic NW,
the propagation is confined to the length of the NW, thus the system behaves like a
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8. Radiation channels close to a plasmonic nanowire

finite emitter of leakage radiation. This finite emitter, approximated in real space by a

delta function with the width L, leads in the BFP after Fourier transformation to a sinc

function 266.
—.
kg

Since the SPP still decays exponentially the leakage radiation signature in the BFP consist

sinc (k”) =1L (8.10)

of a convolution of the Lorentzian line-shape with the sinc function, which creates a sinc-
like function with a maximum centered at kspp. This is illustrated by the fringe pattern

in the background of fig. 8.10. Fig. 8.10 shows the theoretical dispersion relation for a
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Figure 8.10: Calculated plasmon dispersion kspp (w) (black solid line) for a silver NW
with a diameter of 150nm surrounded by glass according to eq. 2.19, together with
the maximum detectable k-vector by a NA =1.4 objective kyax (w). The underlying
sinc (kH)—like pattern illustrates the fringes caused by the finite length emitter at the NC
emission frequency wnc, which enables the detection of SPP leakage radiation from the

NW, even if the central k{pp value is beyond the detectable kmax.

silver NW with a diameter of 150 nm, surrounded by glass according to eq. 2.19, kspp (w)
(black solid line) together with the maximum detectable k-vector range for a NA=14
objective kpax (w) left of the dashed red line. For a given emission wavelength of the NCs
wne (orange dotted line) the NW exhibits a kspp value outside the detectable range of
the objective kmax. However, the fringes from the sinc-like intensity distribution in the
BFP, centered at kspp, extend far into the detectable range. This enables not only the
detection of leakage radiation but also the determination of kgpp, by fitting the intensity
decay of the fringe pattern, as well as the emitter length L, from the fringe distance, as

shown in the following section.
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8.4. Discussion of parameters extracted from fitting BFP patterns

8.4 Discussion of parameters extracted from fitting BFP

patterns

All experimental BFP patterns were fitted with a combination of the NW pattern Inw

and the pattern consisting of randomly oriented dipoles Inc developed in section 8.3:
Iprpfit (D, W, kipp, L, Lp,a) = D - Inc + W - Inw (kspp, L, Lp, a) (8.11)

After adjusting the orientation angle ¥ to the NW axis, the free fit parameters were the
amplitudes of the different channel contributions D and W, the real part of the plasmon
wave-vector kgpp together with the propagation length Lp, the wire length L and the NC
position a. Representative fits of experimental BFP patterns are shown in fig. 8.11 (d)-(f)
together with the experimentally obtained patterns (fig: 8.11 (a)-(c)). The fitted patterns

Figure 8.11: (a)-(c) Experimentally obtained BFP patterns from a NW excited at three
different positions (b-d in fig: 8.6) (a) together with best fit patterns (d)-(f) calculated
according to eq. 8.11.

agree very well with the experimental results supporting the simplified model describing

the emission by the two distinct channels.

Theoretical BFP patterns used in the fit for the NC and the NW were normalized to the
intensity radiated into all possible angles below and above the air/dielectric interface, as

discussed in section 3.1.1 in the context of the detection efficiency dipolar radiation:

T 27 T 27
/ INC ngdQ = 1, / INW d(pd@ = 1, (8.12)
0 JO 0 0

Thus, the amplitudes D and W can be seen as the number of photons emitted via each
channel. The branching ratio F' between the two radiation channels, that reflects the
coupling strength between NC and NW can be defined as F = %. For the 49 studied

NW positions this branching ratio was found to be 0.7 £ 0.3 on average. No correlation
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8. Radiation channels close to a plasmonic nanowire

between the branching ratio and the wire thickness could be observed. The spread in F
probably reflects different NC to NW distances also caused by different thicknesses of the

polymer layer covering the nanowires.

From the fringe distance in the BFP pattern parallel to the nanowire orientation k| one
gains direct access to the active plasmonic length of the individual nanowire, i.e. the

length of the nanowire over which light is emitted via leakage radiation:

27
LWire,BFP = AI{?H . (813)

In fig. 8.12 (a) the wire length Lppp determined from the BFP patterns is plotted against
the length measured via AFM topography Lagy. Within the margin of error all lengths
extracted from the fringe distances are slightly smaller than the respective lengths de-
termined by AFM. These differences can be attributed to a surrounding layer of PVP as

shown in section 8.1 that will increase Lapy. This method to extract the active plasmonic
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Figure 8.12: (a) Plot of the length extracted from the fringe distance in the BFP pat-
terns Lgpp against the physical length measured by AFM Lagy on the same nanowire.
(b) The fitted k§pp is plotted against the thickness for each corresponding wire together
with the uncertainty of the fit indicated by the gray shaded area. The black solid and
the red dashed line represent the theoretical k values for the SPP at the metal glass
interface kgpp 4.5 and at the metal air interface kgpp ., based on?’. Indicated by the
green dashed dotted line is the maximum detectable kj,.  y with the used microscope
objective (NA = 1.4).

resonator length by BFP pattern analysis exhibits a high sensitivity and offers an optical

length determination without the need of additional detection techniques, such as AFM.

The finite length L of the NW over which it emits via leakage radiation leads to a fringe pat-
tern in the BFP enabling the determination of k{pp even if kipp lies outside the detectable
wave vector range of the microscope objective as discussed in the previous section 8.3.2.
In order to compare the values for kgpp, determined by fitting the BFP patterns for the
different NWs with theoretical calculations, the model of thin metal cylindrical waveguides

40

embedded in a medium*” was used. This model was already employed for similar silver
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8.4. Discussion of parameters extracted from fitting BFP patterns

NWs to calculate k§pp for a given wire thickness 19 and is discussed in more detail in sec-
tion 2.2.3. As shown in fig. 8.12 (b) for larger NW diameters the experimental values kgpp
are situated in between the theoretical k&’ values for the SPPs on NWs embedded in glass
(black solid line) and embedded in air (red dashed line). This is a strong indication for a
hybridized plasmon as described by Shegai et al.'?. For decreasing wire thickness the values

approach the larger and more bound k{pp glass @S shown by theoretical calculations 267,

Values for the propagation length Lp obtained from the fits show a general trend for an
increasing propagation length with increasing nanowire diameter, in agreement with the

267

literature=®’. This effect can be attributed to the increasing mode diameter for the SPP

on the NW with increasing NW diameter and the associated lower losses in the metal.
Conclusion

This chapter focused on the emission channels in the vicinity of metallic nanowires. In
the first step, the material composition of the silver nanowires was characterized by TEM
and EDX spectroscopy. Besides the silver NWs, few copper nanoparticles embedded in
a polymer layer surrounding the NWs remaining from the wire synthesis were observed.
In a second step, these plasmonic NWs, deposited on a glass substrate, were combined
with rare earth doped nanocrystals, which exhibit upconverted PL emission in the VIS.
Radiation patterns of this coupled system were recorded in the BFP. It was found that the
emission in the vicinity of a NW can be approximately described by two emission channels
that can be calculated analytically: Dipolar emission, also observed in the absence of the
nanowire, and leakage radiation from the nanowire. The latter can be calculated using an
antenna-resonator model that considers the air-dielectric interface on which the nanowire
is deposited and, additionally the position of excitation along the nanowire. Fitting of
the experimentally observed patterns provides estimates of the ratio F' of photons emitted
via the nanowire mediated and dipolar channels with a mean value of F = 0.7. Finally,
the fit of the back focal plane patterns gives access to the wave vector kgpp of the SPP
supported by the nanowire and the plasmonic active length L. These results are important
for plasmonic applications of nanowires since the understanding of emission characteristics,
coupling efficiency and SPP properties supported by such NWs, plays a key role in device

integration.
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9 Summary and outlook

In this work coupling between SPPs and different emitter systems has been investigated by
the technique of BFP imaging. SPPs as surface bound electromagnetic waves propose the
unique possibility to concentrate light to sub-wavelength scales and transport this energy
over a length several magnitudes larger. For current efforts in the field of plasmonics
towards device integration and miniaturization it is important to realize the excitation,
manipulation and back conversion between light and SPPs without the need of external
light sources. Thus, the integration of nanoscale emitters in a plasmonic architecture is
desirable but requires a more profound knowledge about the coupling mechanism and
the contributing relaxation pathways in coupled emitter-SPP systems. In order to gather
detailed insight on the interaction between emitters and SPPs the focus of this work was
to study single emitters in elementary plasmonic configurations that are accessible by

analytical descriptions.

Next to standard microscopy methods combined BFP imaging enables access to emission
characteristics, by detection of angularly resolved emission maps in the Fourier plane.
Radiation channels are connected to characteristic angular distributions of emission that
can be studied by BFP imaging. This technique has been used in the presented studies to
determine SPP propagation and SPP properties as well as to separate and assign radiation

channels.

The first key result of this work is the successful demonstration of SPPs launched by a
single dipolar SWCNT emitter on a metal thin film after local optical excitation. Placing
a single dipolar emitter onto a thin metal film completely reshapes the emission char-
acteristics towards a narrow angular range in the BFP, a unique feature of propagating
SPPs. Leakage radiation microscopy images in the BFP, which show two narrow crescents
appearing at angles larger than the critical angle could be modeled successfully and con-
tained the propagation length and direction of the SPPs. Corresponding real-space images
revealed SPP propagation away from the single dipolar plasmon source and could be re-
produced by calculations with very good agreement. The findings were further supported
by a combined BFP pattern and AFM study of single SWCNTs, as well as by polarization
resolved detection and subsequent BFP pattern recording. The polarization behavior of
SPPs launched by single SWCN'Ts was found to be radial and was compared to measure-
ments of SWCNTs on glass, which showed parallel polarization with respect to the dipole
orientation. Experimentally obtained BFP patterns on both substrates could be repro-

duced by theoretical calculations with very good agreement. These results demonstrate
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9. Summary and outlook

that nanotubes can act as SPP sources making them promising candidates for integration
in plasmonic and nanophotonic circuits. Moreover, these results provided the basis for
the successful demonstration of electrically excited SPPs by means of electroluminescent,

on-chip integrated SWCNTs, achieved within cooperation %,

The second key finding was the demonstration of remote excitation of SWCNT excitons
via propagating SPPs. A scanning aperture probe was used as a SPP source enabling a
fine control of the excitation position and the SPP propagation direction. First, light was
coupled into an aperture probe, as used in SNOM, and was characterized regarding its
SPP launching behavior when placed in close proximity to a thin metal film. Correlated
real-space and BFP pattern images confirmed the SPP excitation and further revealed
the influence of the fiber emission polarization on the SPP propagation direction. Second,
photoluminescence images of SWCNTS, placed on the metal film, were recorded by raster-
scanning the aperture probe SPP source. These images revealed an emission response
from the SWCNTs while the aperture was roughly 400 nm away from the SWCNT posi-
tion. This is a clear indication for remote excitation of SWCNT excitons via propagating
SPPs. Theoretical modeling of the excited SPP fields showed that the SWCNT maps the
SPPs locally with sub-diffraction resolution. The emission response of SWCNTs towards
specific field components of an exciting SPP could also be confirmed by Rai et al.26® who
demonstrated the remote excitation efficiency as a function of relative angle and distance
between the SWCNT and the SPP source.

In the last part of this work, radiation channels in the vicinity of a plasmonic nanowire were
investigated. As a first step, the material composition of the silver nanowires was charac-
terized by TEM and EDX spectroscopy. Besides the silver NWs, few copper nanoparticles,
used in the wire synthesis, embedded in a polymer layer surrounding the NWs were ob-
served. In a second step, rare earth doped nanocrystals, which exhibit upconverted PL
emission in the VIS, were combined with the plasmonic NWs. Dipolar emission, also
observed in the absence of the nanowire, and leakage radiation from the nanowire could
be assigned and separated by analyzing recorded BFP patterns. The SPP contribution
from the NW can be calculated using an antenna-resonator model that considers the air-
dielectric interface on which the nanowire is deposited and the position of excitation along
the nanowire. Fitting of the experimentally observed patterns provides estimates of the
ratio F' of photons emitted via the nanowire mediated and dipolar channels. Finally, the
fit of the back focal plane patterns gives access to the wave vector kgpp of the SPP sup-
ported by the NW and the plasmonic active length L. These results are important for
plasmonic applications of nanowires since the understanding of emission characteristics,
coupling efficiency and SPP properties supported by such NWs, plays a key role in device

integration.

The use of BFP imaging could be expanded towards the observation and theoretical de-
scription of different emission processes and configurations such as optical antennas or

more advanced plasmonic structures?%?. Further development of the method itself could
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potentially provide access to additional quantities of investigated systems in an angularly
resolved matter. One aspect of advanced BFP imaging was recently shown by Taminiau

1270 1.2"1 . who combined the detection of the Fourier plane with

et a and Karaveli et a
a dispersive element and thus were able to show spectrally resolved momentum maps.
The application of this method in combination with white-light reflection measurements
would allow directly the recording of the dispersion relation of plasmonic metal structures
and thin films. By monitoring possible changes in the dispersion relation if an emitter
is placed on the metal structure the coupling regime between the SPP and the emitter
system could be further investigated ®®272273_ Another possible advancement would make
use of the knowledge of the unique radiation patterns in the BFP from emitter systems.
A selection of a distinct region in Fourier space by spatial filtering could enable selective
measurements of properties connected to a specific radiation channel for a combined sys-
tem. As an example, in the case of the presented nanocrystal-nanowire system radiation
lifetimes could be measured for the coupled and uncoupled fraction of radiation at the
same sample position. In summary, BFP imaging serves as a versatile optical detection
method to image angular emission characteristics as unique properties of a studied system.
At the same time it provides the capability to be readily integrated and combined with

existing microscopy techniques.
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