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Diese Dissertation wurde eigenständig und ohne unerlaubte Hilfe erarbeitet.

München, den 30.03.2012

(Unterschrift des Autors)

Dissertation eingereicht am 30.03.2012
1. Gutachter: Prof. Dr. Achim Hartschuh
2. Gutachter: Prof. Dr. Alf Mews
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Abstract

Optical microscopy is widely used to visualize small structures that can not be seen by

the unaided human eye. On the nanoscale, however, the diffraction limit prevents con-

ventional microscopy from studying materials with the required spatial resolution. This

work reports on tip-enhanced near-field optical microscopy (TENOM), a technique that

allows for nanoscale optical imaging with high detection sensitivity. It exploits the locally

enhanced optical fields at a laser illuminated metal tip that acts as an optical antenna.

The main aims of this work are to develop a better understanding of the signal enhance-

ment mechanisms in TENOM and to apply the technique to different 1D semiconducting

nanostructures, namely single-walled carbon nanotubes (SWCNTs) and cadmium selenide

nanowires (CdSe NWs).

In the first part, the angular distribution of photoluminescence (PL) emission from SW-

CNTs with and without the optical antenna is studied by imaging the back focal plane of

the microscope objective. Using model calculations, it is shown that the PL of SWCNTs

on a dielectric substrate can be described as emission from a single in-plane point dipole

despite the quasi 1D structure of the nanotubes. The signal enhancement due to the

antenna is connected to a substantial redistribution of the angular emission. A procedure

for the individual quantification of the excitation and radiation rate enhancement factors

is developed and applied to the experimental data.

In the second part, nanoscale optical imaging of CdSe NWs using TENOM is presented for

the first time. Spectrally resolved imaging reveals different band gaps for different NWs

and variations of the PL energy and intensity along single NWs with energy gradients

up to 1 meV nm-1. Even bundled NWs can be spatially resolved by their PL and Raman

signals.

The third part reports on the angular and spectral emission properties of CdSe NWs and

the tip-induced changes in a TENOM measurement. In contrast to SWCNTs, two perpen-

dicularly oriented point dipoles are required to describe the angular intensity distribution

of PL emission from CdSe NWs sufficiently. Again, tip-induced signal enhancement is ac-

companied by a spatial redistribution of the emission. The theoretical description is more

complex than in the case of SWCNTs, because different radiating dipole orientations in

the NW have to be taken into account that can interact with the tip. Finally, investiga-

tions of the tip-sample distance dependence of PL and Raman scattering are presented

and discussed.
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Kurzzusammenfassung

Optische Mikroskopie ist eine weit verbreitete Technik um kleine Strukturen sichtbar

zu machen, die mit bloßem Auge nicht erkennbar sind. Im Nanometerbereich verhin-

dert jedoch die Beugungsgrenze konventioneller Mikroskope, dass Objekte mit der nöti-

gen Ortsauflösung untersucht werden können. Diese Arbeit handelt von spitzenverstärk-

ter Nahfeldmikroskopie (engl.: tip-enhanced near-field optical microscopy, TENOM),

welche optische Abbildungen mit einer Nanometerauflösung ermöglicht. Dabei werden

lokal verstärkte optische Felder an einer Laser-beleuchteten Metallspitze, die als op-

tische Antenne fungiert, genutzt. Ziel der Arbeit ist es, ein verbessertes Verständnis

der Signalverstärkungsmechanismen in TENOM zu erreichen, und die Methode auf ver-

schiedene 1D Halbleiternanostrukturen, d.h. einwandige Kohlenstoffnanoröhren (engl.:

single-walled carbon nanotubes, SWCNTs) und Cadmiumselenid Nanodrähte (engl.: cad-

mium selenide nanowires, CdSe NWs), anzuwenden.

Im ersten Teil wird die winkelabhängige Abstrahlung der Photolumineszenz (engl.: photo-

luminescence, PL) von SWCNTs mit und ohne optischer Antenne anhand von Abbildungen

der hinteren Fokalebene des Mikroskopobjektivs untersucht. Mit Hilfe von Modelrech-

nungen wird gezeigt, dass die PL von SWCNTs auf einem dielektrischen Substrat durch

Strahlung eines einzelnen, in der Substratebene liegenden Punktdipols beschrieben werden

kann, obwohl die Nanoröhre quasi eindimensional ist. Die durch die Antenne verursachte

Signalverstärkung ist an eine Umverteilung der winkelabhängigen Abstrahlung gekoppelt.

Es wird gezeigt, wie die Verstärkungsfaktoren für Anregungs- und Abstrahlungsrate an-

hand der experimentellen Ergebnisse unterschieden und quantifiziert werden können.

Im zweiten Teil werden zum ersten Mal hochaufgelöste optische TENOM-Messungen an

CdSe NWs gezeigt. Spektral aufgelöste Bilder machen sowohl verschieden große Band-

lücken unterschiedlich dicker NWs als auch Energie- und Intensitätsvariationen entlang

einzelner NWs mit Energiegradienten bis zu 1 meV nm-1 sichtbar. Sogar gebündelte NWs

können anhand ihrer Raman- und PL-Signale räumlich aufgelöst werden.

Im dritten Teil dieser Arbeit werden die spektralen und winkelabhängigen Abstrahleigen-

schaften von CdSe NWs und der Einfluss der in TENOM verwendeten Goldspitzen auf

diese behandelt. Im Gegensatz zu den SWCNTs werden zwei orthogonal zueinander aus-

gerichtete Punktdipole benötigt, um die winkelabhängige Abstrahlungsverteilung der PL

der Nanodrähte gut zu beschreiben. Auch hier wird die Signalverstärkung durch die Spitze

von einer räumlichen Umverteilung der Strahlung begleitet. Die theoretische Beschreibung

v



ist komplexer als im Falle der SWCNTs, weil mehrere strahlende Dipole unterschiedlicher

Ausrichtung im NW berücksichtig werden müssen, die mit der Spitze in Wechselwirkung

treten können. Schließlich werden die Untersuchungen der PL und Ramanstreuung in Ab-

hängigkeit des Abstandes zwischen Spitze und NW vorgestellt und die Ergebnisse disku-

tiert.
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1 Introduction and motivation

Today, nanosized materials are object to a huge field of science and technology, the so

called nanotechnology [1]. Many nanomaterials show unique mechanical, optical and elec-

trical characteristics, which makes them highly interesting and promising candidates for

electrical and optical nanotechnological devices. The properties crucially depend on the

size and the shape of the material, and as a consequence they can be controlled and tailored

systematically, which is a key parameter for potential applications. For the realization of

the nanocomponents, accurate methods for the production and the characterization are

needed. During the past decade many synthesis methods have been developed which now

provide excellent materials in a highly controllable way. These methods include top-down

and bottom-up schemes, wet and non-wet chemistry, as for example lithography or chem-

ical synthesis methods.

Optical microscopy and spectroscopy are indispensable tools for the investigation and char-

acterization of all kinds of materials since they provide valuable information on material

composition, structure and dynamics. To study nanostructures on their relevant length

scales down to few nanometers, however, techniques that provide nanoscale resolution and

a high detection sensitivity are required. Unfortunately, the resolution of classical opti-

cal microscopy is limited by diffraction, that means roughly to about λ/2. For light in

the visible regime that is around 200-300 nm, which is often dissatisfying when studying

nanomaterials which are usually considerably smaller. Other techniques providing the nec-

essary resolution are for example transmission electron microscopy (TEM), atomic force

microscopy (AFM) or scanning tunnelling microscopy (STM). They can give informa-

tions about e.g. the chemical composition, the crystal structure and the topography with

atomic resolution [2–5]. However, optical properties like fluorescence emission or Raman

scattering are not accessible.

Consequently, overcoming the diffraction limit of optical microscopy has been a key issue,

and within the last decades several schemes have been developed to solve it. These tech-

niques can be divided methodological into those that work with the far-field of the sample

only, and those that exploit a sharp probe to work in the near-field of the sample. To the

first group belong, e.g., stimulated emission depletion (STED), photoactivated localiza-

tion microscopy (PALM), fluorescence photoactivated localization microscopy (FPALM)

and stochastic optical reconstruction microscopy (STORM) [6–9]. The latter group are

scanning near-field optical microscopy (SNOM) schemes like aperture-SNOM, scattering

SNOM or tip-enhanced near-field optical microscopy (TENOM) [10–12]. Today, the high-
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1. INTRODUCTION AND MOTIVATION

est optical resolution and detection sensitivity on surfaces is achieved with tip-enhanced

near-field optical microscopy [13]. TENOM exploits the enhanced electric fields in the

vicinity of a sharp laser-illuminated metal probe to locally increase the optical response

from the sample. Raster-scanning the tip and simultaneous detection of the signal from

the sample results in optical images with a spatial resolution up to 10 nm combined with

single molecule sensitivity for both fluorescence and Raman spectroscopy [12]. The tip can

enhance the exciting laser field and the vacuum field, resulting in a substantial amplifica-

tion of the optical signals. The enhancement mechanisms are not yet fully understood, and

since the enhancement of excitation and radiation can be usually not distinguished in the

observed signal, it is quite difficult to quantify them. At this point further investigations

are thus highly desired.

For potential optical applications, nanomaterials with semiconducting character are of

high interest, because they exhibit special optical properties resulting from the presence

of a band gap. Semiconducting (quasi-) 1D nanostructures in which electronic states can

be controlled by quantum confinement, such as carbon nanotubes and other inorganic

nanowires, will play an important role as basic components for optoelectronis and photo-

voltaics [14–16].

Single-walled carbon nanotubes exhibit exceptional optical and electrical properties that

result from their unique structure, which is made of carbon atoms arranged like a very thin

hollow cylinder that can be as long as centimeters. Today, many potential applications

have been realized and the research is still going on [17,18]. In the meantime, TENOM is

a well established tool to investigate single-walled carbon nanotubes, it has been applied

to single and bundled nanotubes, and has resulted in a manifold of valuable informations

because of the optical resolution and the detection sensitivity [12, 19–24]. Although it is

accepted that the signal enhancement arises from the highly confined electrical fields at

the tip apex, the enhancement mechanisms are still not investigated qualitatively.

Inorganic semiconducting nanowires are promising candidates as building blocks in

nanoscale optoelectronics, photovoltaics, and sensing devices owing to their unique physi-

cal properties [16,25,26]. In thin cadmium selenide (CdSe) nanowires, diameter-dependent

quantum confinement controls the electronic band gap energy, a key parameter in poten-

tial applications [27]. In addition, the band gap energy is known to depend on the crystal

phase, since wurtzite and zinc-blende phase are stable in the nanowires [16,28]. Nanoscale

phase variations with alternating wurtzite and zinc-blende segments along the nanowires

have been suggested as the origin of the large spectral width of the observed photolu-

minescence bands [29]. Despite the outstanding probabilities of modern high resolution

optical microscopy techniques, only a few experiments with sub-diffraction resolution have

been performed on nanowires in the quantum-confinement regime up to now [30–33]. The

extension of TENOM as a standard technique also for inorganic nanowires would lead to

a further progress in the investigation and understanding of their optical properties on

nanometer length scales.
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This work therefore aims at two main points. The first is a better understanding of the

enhancement mechanisms in tip-enhanced near-field optical microscopy including a sepa-

ration of the excitation and the radiative rate enhancement described by the enhancement

factors Fex and Frad. The second goal is the establishment of TENOM as a tool for the

investigation and characterization of quasi 1D structures beyond SWCNTs, i.e. for inor-

ganic nanowires like CdSe nanowires. The following questions have thus been put up: (i)

How does the near-field probe influence the emission of SWCNTs regarding spectral and

angular aspects? (ii) How can the individual rate enhancement factors Fex and Frad be

separated and quantified? (iii) Is TENOM applicable to inorganic semiconductors with

high image contrast and sub-diffraction resolution? (iv) How does the tip influence the

emission of the inorganic nanowires, again regarding spectral and angular characteristics?

The written form of this thesis is arranged as follows: First an overview of the required

basics is given in chapter 2, regarding the physical properties of the sample materials

SWCNTs and CdSe nanowires. High resolution optical microscopy will be introduced in

chapter 3, and the experimental details will be described in chapter 4.

The presentation of the experimental results and the corresponding interpretations and

discussions will start from chapter 5. Here, the interaction mechanisms between the gold

tip and single semiconducting SWCNTs are addressed. For the investigations of the an-

gular emission of photoluminescence from nanotubes and the influence of the tip, the

radiation pattern in the back focal plane of the objective has been imaged. The compari-

son with calculated patterns allows for a detailed data analysis which reveals the dipolar

nature of the emission. It will be shown that the signal enhancement provided by the tip

is connected to a redistribution of the angular emission. The radiation pattern can also

be utilized to extract the rate enhancement factors for excitation and radiative rate, Fex

and Frad.

In chapter 6, TENOM measurements on CdSe nanowires are presented which show that

a high signal enhancement accompanied by a spatial resolution of about 20 nm is possible

for both PL emission and Raman scattering. Hyperspectral imaging further provides full

spectral details about the sample material. Variations of the photoluminescence intensity

and energy along the nanowires are revealed that are otherwise hidden due to spatial

averaging. It will be shown that by using TENOM even bundled CdSe nanowires can be

spatially resolved according to their photoluminescence and Raman signals.

The influence of the near-field probe on the spectral and angular emission properties of

CdSe nanowires is discussed in chapter 7. Owing to quantum confinement effects the pho-

toluminescence of CdSe nanowires is blue-shifted with respect to the bulk emission if the

diameter is smaller than twice the exciton Bohr radius. In addition variations in the crys-

tal structure result in energy shifts. Observations of emission spectra during the approach

of the near-field probe allow for correlating the signal enhancement and possible shifts in

the PL energy to the tip-sample distance. The dependence of the signal enhancement for
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1. INTRODUCTION AND MOTIVATION

photoluminescence as well as Raman scattering on the tip-sample distance are deduced.

The discussion of the occasionally observed spectral shift in the PL energy reveals the

complexity of the coupled tip-sample systems, which consequently must result in a careful

interpretation of the TENOM data. The second part of the chapter gives attention to

the angular emission of photoluminescence emanating from the CdSe nanowires. Radia-

tion patterns from the nanowires were measured and the results compared to theoretical

patterns. In contrast to the SWCNTs, a description with a single dipolar emitter is not

sufficient to reproduce the angular emission characteristics, and the theoretical treatment

must thus be further extended. The signal enhancement due the near-field probe is again

found to be connected to a spatial redistribution of the emission, which is shown in a series

of radiation patterns measured during tip approach.

Finally, the key results obtained during this thesis are summarized, and a short outlook

provides ideas for further experiments and applications for TENOM.

Two appendices are attached to the main part of the work in which several experiments

regarding the improvement and the applicability of TENOM are presented. In appendix

A a way to improve the used sharp gold tips is demonstrated, which aims at maximizing

the field enhancement and confinement at the tip apex by fabricating surface plasmon

Bragg reflectors all around the tip in a well-defined distance to the tip apex to mimic

finite length antenna structures. Stronger signal enhancement results in higher detection

sensitivity and higher resolution and is thus in high demand.

Appendix B deals with TENOM measurements on substrates other than a glass substrate.

The first example is a TEM grid carrying a thin carbon film. The combination of TENOM

and TEM investigations on the same object would be of great value for researchers, but

usually this is not possible because of the differing substrate requirements. As the first

example it is thus shown, that TENOM is also possible on a typical TEM substrate. The

second example is a rough gold film sputtered onto a glass substrate. Rough metal films

are known as substrates for surface-enhanced Raman spectroscopy. Since metals in contact

with an emitter quench the photoluminescence, they are not used to enhance fluorescence.

It was found however, that the quasi 1D structures lying on a rough film still exhibit

small luminescent regions. TENOM on such a sample would allow for the combination of

surface- and tip-enhancement or a gap-mode configuration, and much higher enhancement

factors are expected [34].
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2 Quasi 1D semiconducting materials

Semiconducting (quasi-) 1D nanostructures, such as carbon nanotubes and inorganic

nanowires, will play an important role in future applications, for example as basic compo-

nents for nanotechnological devices. Nanotubes and nanowires are promising candidates

as building blocks in nanoscale optoelectronics, photovoltaics, and sensing devices. The

unique physical properties of these nanomaterials and, in particular, their strong corre-

lation with structural parameters attracted considerable scientific interest [14–16, 35, 36].

The dependence of the optical and electrical properties on structural parameters can be

exploited to tailor the material properties for different applications. One-dimensional

structures are of special interest since they are required for signal and carrier propagation

as well as transport applications. While zero-dimensional components do not allow any

directional action and two- or three-dimensional systems have no preferred directivity, the

1D structures allow for well designed devices based on spatial transport. The 1D materi-

als may act as wires on the nanoscale, for the communication between spatially separated

blocks or for building up complex two- and three-dimensional networks.

During this work, two quasi one-dimensional semiconducting nanomaterials have been

investigated, namely single-walled carbon nanotubes and inorganic CdSe nanowires. Both

materials are very thin with diameters of about 0.85 nm for the nanotubes and 4-24 nm for

the nanowires. The spatial confinement in two dimensions leads to quantum confinement

of the electronic states, if their diameter is in the range or smaller than twice the respective

exciton Bohr radius. For a semiconducting carbon nanotube, the exciton Bohr radius is

always a little bigger than its diameter [37]. A huge number of possible applications have

been suggested exploiting the outstanding properties of single-walled carbon nanotubes.

Besides this, they also represent a highly interesting model system that allows for the

investigation of the basic physics of one-dimensional systems. Since the intrinsic properties

of a nanotube are given by its structure, which is usually uniform along its complete length,

it represents a well-defined model material featuring unique properties. The exciton Bohr

radius of CdSe is rBohr = 5.6 nm, which allows for studying quantum confinement effects

depending on the size, since CdSe nanowires with diameters down to few nanometers can

be synthesized [29, 38]. It further constitutes a way to control the electronic band gap

energy, a key parameter in potential applications.

This chapter will give a basic overview of the used sample materials, their synthesis and

properties. Section 2.1 provides a short introduction into the field of single-walled carbon

nanotubes (SWCNTs), especially with regard to the optical properties of semiconducting
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2. QUASI 1D SEMICONDUCTING MATERIALS

SWCNTs. Section 2.2 then provides an introduction into the field of CdSe nanostructures

with the main focus on the quasi one-dimensional nanowires, their synthesis and optical

properties.

2.1 Single-walled carbon nanotubes

SWCNTs are hollow cylinders built up from sp2 hybridized carbon atoms only. They

have a small diameter of down to 0.5 nm, but can be as long as centimeters. Therefore,

their aspect ratios are typically very large and they can thus be regarded as quasi one-

dimensional nanostructures. The structure of a nanotube, that is the arrangement of

the carbon atoms, defines its characteristic mechanical and electronic properties. All the

carbon atoms forming a carbon nanotube are surface atoms, which makes SWCNTs very

sensitive to their environment and changes or irregularities therein.

2.1.1 Structural properties

Conceptionally, the unit cell of a single-walled carbon nanotube can be regarded as a very

thin and hollow cylinder that is rolled up from a single sheet of sp2 hybridized carbon

atoms, namely a piece of single layer graphene. The graphene sheet can be rolled up in

different ways resulting in nanotubes with different structures, denoted as their chirality,

which defines their particular mechanical, electronic and optical properties. The chirality

of a nanotube is described unambiguously by two numbers n and m with n,m ∈ N, usually

written as chiral index (n,m). This index is defined by the nanotube’s circumferential

vector expressed in multiples of the lattice vectors of graphene. Three different kinds of

carbon nanotubes are distinguished regarding their chirality: Chiral nanotubes have two

indices n,m with m 6= n and n,m 6= 0. In zig-zag nanotubes one index equals zero and in

armchair nanotubes n equals m. In figure 2.1, the described concept of nanotube structures

is shown for a (6,5), a (8,0) and a (5,5) nanotube exemplary (taken from reference [39]).

The circumferential vector ~Ch of the nanotube is given by

~Ch = n ·~a1 +m ·~a2,

with the graphene lattice vectors ~a1 and ~a2 as indicated in figure 2.1. The translational

vector ~T is the length of the unit cell along the nanotube axis, given by

~T =
2m+ n

dr
·~a1 −

2n+m

dr
·~a2

where dr is the greatest common devisor of (2m+ n) and (2n+m). The diameter d of a

nanotube is given by d = ~Ch/π. Zig-zag and armchair nanotubes are always achiral and

exhibit a symmetry axis along the nanotube length, in contrast to the chiral nanotubes

which can be left- or right-handed. A carbon nanotube with (n−m)mod3 = 0 is metallic,

6



2.1. Single-walled carbon nanotubes

Figure 2.1: Depending on the indices n and m three kinds of carbon nanotubes are

distinguished: chiral nanotubes with m 6= n and m,n 6= 0, zig-zag nanotubes with n = 0

or m = 0 and armchair nanotubes with n = m. As examples a (6,5), a (8,0) and a

(5,5) nanotube are shown here. The lattice vectors ~a1 and ~a2 of the underlying graphene

sheet are indicated. The circumference of the resulting nanotubes is given by ~Ch, the

perpendicular translational vector of a unit cell by ~T .

otherwise it is semiconducting and exhibits a direct band gap. In the following, only

semiconducting SWCNTs are discussed because all nanotubes investigated in this work

were semiconducting. Further details beyond the following short overview can be found

in literature [14,39–42].

2.1.2 Optical properties

Semiconducting carbon nanotubes have a direct band gap and are thus luminescent show-

ing emission in the near-infrared. In addition they exhibit strong Raman scattering as it

is typical for many carbonaceous materials.
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2. QUASI 1D SEMICONDUCTING MATERIALS

Photoluminescence

For a basic understanding of the optical properties of single-walled carbon nanotubes a

simple zone-folding approximation based on the graphene band structure is well suited [41].

Under the assumption of free charge carriers this results in a band structure and a cor-

related density of states (DOS) as depicted in figure 2.2. The DOS shows van Hove

singularities which are typical for quasi one-dimensional systems.

Figure 2.2: a) The band structure of semiconducting SWCNTs exhibits a band gap

between the highest valence band VB1 and the lowest conduction band CB1, denoted as

E11. b) The density of states (DOS) including van Hove singularities. Optical transitions

with Eii are polarized along the carbon nanotube. Transitions with Eij are polarized

perpendicular and are usually strongly suppressed because of depolarizations effects.

Optical transitions in SWCNTs are strongly polarization dependent. The solid arrows

in figure 2.2 represent transitions between van Hove singularities with the same index Eii

which are polarized along the nanotube axis. On the other hand, cross-polarized transitions

Eij as indicated by the dashed arrows, are polarized perpendicular to the nanotube axis.

For propagating electromagnetic fields these transitions are screened efficiently by the

polarizability of the nanotube, so usually excitation via Ei 6=j can be neglected. As a

consequence a SWCNT is excited efficiently only if the incoming light is polarized along

the nanotube axis. Vice versa the emission of a photoluminescence photon via the lowest

possible transition, E11, is polarized in the same manner. For a more detailed description,

curvature effects have to be taken into account whose influence increases with decreasing

diameter. However, for a basic understanding of the optical properties of carbon nanotubes

the zone folding technique is sufficient.

In quasi one-dimensional carbon nanotubes Coulomb interactions between free charge car-

riers can no longer be neglected. As a consequence the free-particle picture introduced

above has to be replaced by an exciton picture since optical excitation creates excitonic

states rather than free particles. Repulsive electron-electron interaction results in an in-
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crease of the band gap by EBGR, which is known as band gap renormalization. Attractive

electron-hole interactions compensate EBGR to some extent, resulting in excitonic states

below the continuum state E∞11 . The exciton binding energy of the lowest bright exci-

tonic state Ebright11 is denoted as Ebind and is very large for SWCNTs. Binding energies

between 300-400 meV have been determined using one- and two-photon luminescence [43].

The strongly bound excitons have an exciton Bohr radius in the order of few nanometers.

They can be regarded as neutral quasi-particles that are delocalized along the circumfer-

ence of the nanotube and, to some extend, mobile along its long axis. The diffusion length

of excitons in SWCNTs on a dielectric surface is around 100 nm [44, 45]. For low exciton

densities they are assumed to behave like independent particles because of their rather

small coherence length and lifetime [46].

Figure 2.3: a) Free-particle and b) exciton picture of semiconducting SWCNTs.

Coulomb interactions disregarded in the free-particle picture can not be neglected in

1D SWCNTs. Electron-electron repulsion leads to an increase of the band gap by EBGR,

electron-hole attraction results in excitonic states below the continuum state E∞11 . The

exciton binding energy of the lowest bright excitonic state Ebright
11 is denoted as Ebind.

Photoluminescence (PL) in semiconducting carbon nanotubes results from the recombi-

nation of the bright Ebright11 exciton, which is usually observed in the near-infrared. As

mentioned above the absorption and emission energies depend on the chirality of the nano-

tube. The energy of the band gap scales approximately inversely with the diameter d of

a nanotube, which means that the transition energy increases with decreasing nanotube

diameter. As a consequence, the diameter, and thus the chirality described by (n,m), can

be deduced from the energy of the photoluminescence photons. Since the SWCNTs are

very thin and contain only surface atoms, they are highly sensitive to their environment

and changes therein. Dielectric screening depending on the dielectric constant of the sur-

rounding decreases EBGR as well as Ebind resulting in an overall red-shift of the observed

PL energy. Representative PL spectra are shown in figure 2.4 a for a (6,5) and a (9,1)

nanotube. The full width at half maximum of these bands is around 25 nm (≈ 30 meV).

For optical investigations usually the E22 transition is excited. SWCNTs have a very small

Stoke’s shift which makes excitation and emission detection from the same transition very

9



2. QUASI 1D SEMICONDUCTING MATERIALS

Figure 2.4: a) Photoluminescence spectra of a (6,5) and a (9,1) nanotube exhibiting

emission in the near-infrared. b) Raman spectrum of a SWCNT on glass. The D, G and

2D (G’) bands are visible. The RBM mode appears only partly in the spectral detection

window since it lies close to the laser energy.

difficult because of their nearly identical wavelengths. An excited higher state decays

rapidly, efficiently and non-radiatively to the E11 state from which photoluminescence can

be emitted [47, 48]. Radiative recombination is in competition with non-radiative decay

channels on the time scale of several tens of picoseconds. The quantum yield Q of an

emitter is given by

Q =
krad

krad + knr
, (2.1)

with the radiative rate krad and the non-radiative rate knr. Since krad is rather low for

carbon nanotubes (in the range of 0.1 to 1 ns-1), non-radiative relaxation dominates in

SWCNTs. The oscillator strength of an exciton, which is proportional to the radiative rate,

is small because of the ultrafast dephasing and the respective short coherence length [49].

The resulting quantum yield is rather small in the range of only few percent or less.

Quenching sites like defects further reduce the quantum yields, and therefore highest values

were found for high quality SWCNTs [14]. Besides defect induced quenching, efficient

energy transfer between nanotubes of different chiralities has been observed where energy

is transferred to lower band gap SWCNTs [50]. Also energy transfer to metallic nanotubes

which exhibit no band gap and thereby offer non-radiative decay channels occurs, which

leads to efficient quenching of the photoluminescence. This is important since SWCNTs

tend to bundle together due to strong van der Waals interactions. Therefore, they have to

be thoroughly separated for the purpose of optical investigations, which can be done by

the help of surfactant materials.

Raman scattering

Raman scattering of carbon nanotubes is unaffected by these quenching and bleaching

issues of photoluminescence. As a well established tool for the investigation of graphitic
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2.2. Inorganic semiconducting nanowires: cadmium selenide

materials, Raman spectroscopy provides informations on structural properties like the

degree of doping, functionalization and, in the case of carbon nanotubes, the chirality.

The Raman spectrum of SWCNTs contains four main features, namely the radial breathing

mode (RBM), the defect related D band, the G band, and the G’ band. A representative

spectrum is depicted in figure 2.4 b. The RBM is an oscillation of the diameter and unique

to carbon nanotubes. Its frequency is related to the diameter of the nanotube and thus

to its chirality. The measurement of an RBM excitation spectrum is widely used for the

assignment of (n,m). Owing to its low energy a double resonance process is possible

if the laser photon and the scattered photon meet an Eii transition. In this case the

RBM will dominate the Raman spectrum, while it is barely detectable for off-resonance

conditions. The D-band at around 1350 cm-1 requires scattering by a defect to preserve

momentum conservation and is thus only visible in non-perfect nanotubes. It is often used

as a measure of defect concentration since its intensity increases with increasing number

of defects [51, 52]. The G band at around 1590 cm-1 typically dominates the Raman

spectrum of carbon nanotubes. In imaging techniques usually the G band is measured

since it provides the best signal-to-noise ratio [53]. In semiconducting SWCNTs it consists

of two modes, namely the G+ mode which is connected to a LO phonon and the G- mode

connected to a TO phonon. Because of symmetry reasons the G- component is slightly

shifted towards lower energies depending on the nanotube diameter. The G’ band (also

2D band) is the second order process of the D band but does not require defect scattering

and is thus always allowed.

Raman spectroscopy has a rather low sensitivity because of the typically small Raman

cross sections. Therefore, resonant Raman scattering with significantly increased Raman

cross sections is required to observe Raman scattering from single carbon nanotubes. The

Raman process is resonant if the energy of either the excitation laser or of the scattered

photon matches one of the electronic transitions Eii. Beyond this the signal intensity can

be further increased drastically using enhancing techniques like surface or tip enhanced

Raman scattering (SERS, TERS).

2.2 Inorganic semiconducting nanowires: cadmium selenide

Cadmium selenide (CdSe) attracted high interest in the past decades and is thus a very well

studied semiconductor material. Especially the advent of its nanomaterials gave rise to a

burst of scientific research, for example the investigation of quantum confinement effects,

complemented by theoretical modelling and followed by the suggestion and implementation

of manifold technological applications. Owing to the high toxicity of CdSe there are only

rare applications of the bulk material. Nanomaterials, on the other hand, feature many

(potential) applications, which range from optoelectronic devices like light emitting diodes,

photovoltaics over single electron transistors and sensing applications to bioimaging in form
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of fluorescent labels, Raman labels and so on [26, 54–59]. This fact makes them highly

interesting in research and nanotechnology despite their toxicity.

In this section, the inorganic semiconductor CdSe and especially its nanoscale representa-

tives will be introduced. After a short summary of some basic information including the

electronic band structure and the crystal structure, a more detailed introduction into the

nanomaterials will be given. The main focus lies on the quasi one-dimensional nanowires

since they served as sample material for one main part of this work, namely the application

of tip-enhanced near-field optical microscopy to 1D inorganic nanowires.

2.2.1 Electronic band structure

CdSe is a II-VI semiconducting material consisting of twofold negative selenium anions

and twofold positive cadmium cations. At room temperature it has a direct band gap of

1.74 eV at the Γ point of the first Brillouin zone [29,60]. With decreasing temperature the

band gap increases up to 1.84 eV at 0◦C. The highest valence band state originates from

the selenium 4p orbitals, the lowest conduction band from cadmium 5s orbitals. The band

structure as calculated by Kobayashi et al. according to a semi-empirical tight-binding

theory [61] is depicted in figure 2.5.

Figure 2.5: Schematic of the band structure of bulk CdSe (WZ) according to the semi-

empirical tight-binding theory by Kobayashi [61]. The direct band gap at the Γ point is

1.74 eV at room temperature.

12



2.2. Inorganic semiconducting nanowires: cadmium selenide

2.2.2 Crystal structure

The crystal structure of the bulk material cadmium selenide is the hexagonal wurtzite

(WZ) structure. In its nanoscale versions also the cubic zinc-blende (ZB) structure is

stable. Figure 2.6 shows the crystal structure of hexagonal WZ and cubic ZB symmetry

with Cd2+ cations as blue spheres and Se2- anions as red spheres. The energy difference

between the two crystal structures is only about 2 meV/atom facilitating alternations

between them in one dimensional nanowires [29]. A change from WZ to ZB structure or

vice versa is realized by a simple rotation of 60◦ between the (0001) growth direction in

WZ and the (111) direction in ZB. In zero dimensional nanocrystals either WZ or ZB

structure is possible, depending on the synthesis conditions.

Figure 2.6: Crystal structure of CdSe. a) Hexagonal wurtzite structure and b) cubic

zinc-blende structure. Both crystal structures are stable in CdSe nanostructures. Cd-

cations are depicted as blue spheres and Se-anions as red spheres. The unit cells are

marked by the dashed green boxes.

2.2.3 0D: Nanocrystals and quantum dots

Nanocrystals (NCs) are single crystalline nanomaterials with dimensions smaller than

100 nm. The characteristic properties of a material undergo interesting changes when the

size of a particle becomes significantly smaller than this, which is typically the case in

nanocrystals of only few nanometers diameter. If the diameter of the crystal is in the

range or smaller than twice the size of the exciton, given by the exciton Bohr radius rBohr,

the three dimensional spatial confinement leads to the so called quantum confinement.

In the case of CdSe rBohr = 5.6 nm, which means that quantum confinement effects are

expected for CdSe nanocrystals with a diameter below 10 nm. In this case the exciton

is localized and the nanocrystal can be described as a quasi zero-dimensional structure,

also called quantum dot. The quantum confinement leads to a spatial confinement of

the electron and hole wavefunctions resulting in discrete electronic levels and transitions

resembling atomic transitions.
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Related to this quantization is an increasing blue shift of the absorption and the photolu-

minescence energies with decreasing crystal size. The Stokes shift of the emission is found

to depend on the size of the nanocrystal [62]. The absorption and emission spectra of

CdSe nanocrystals that are only few nanometers small have been measured by Kippeny

et al. as shown in figure 2.7 a [63]. The blue shift of the absorption and emission bands

with decreasing nanocrystal size is clearly visible.

Figure 2.7: Optical transition in CdSe nanocrystals. a) With decreasing diameter the

band gap of CdSe nanocrystals increases because of quantum confinement resulting in

blue shifted absorption (solid lines) and emission (dotted lines) [63]. b) Conduction

and valence band at the Γ point in the case of semiconductor nanocrystals. Spin-orbit

coupling and crystal-field splitting result in splitting of the valence band into three sub-

bands, namely A, B and C, that correspond to heavy hole, light hole and split-off bands.

In a direct band gap semiconductor nanocrystal with the band edges centered in the first

Brillouin zone, the valence band splits into three sub-bands because of crystal-field splitting

and spin-orbit coupling [60, 64–66] as depicted in figure 2.7 b. Conventionally, the band

that corresponds to the heavy hole is denoted as A band, the light hole band as B band and

the spin-off band as C band [64]. Since the spin-orbit splitting energy (λCdSe ≈ 420 meV)

is significantly higher than the crystal field splitting energy (∆CdSe ≈ 25 meV) the C

band is located well below the A and B bands and consequently does not play a role in

an emission process [64]. In contrast, the levels of the A band and the B band lie close

together. Which of them exhibits the lower energy depends on the actual size and shape

of the nanostructure owing to crystal field splitting and quantum confinement effects. In

quasi 0D nanocrystals the A band that mainly originates from 4px,y orbitals represents the

highest occupied level. This results in a degenerate transition dipole moment perpendicular

to the c axis of the crystal (in plane polarization) [64,67].

The size of the band gap does not only depend on the crystal size and shape but also on the

surface properties of the nanostructure and its surrounding. The smaller the nanocrystal,

the higher is the ratio of surface atoms and consequently also the influence of its surround-
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2.2. Inorganic semiconducting nanowires: cadmium selenide

ing. This gives an increasing influence to the ligands that are usually used for preparation

and stabilization of the nanocrystals. The surrounding medium further has an impact

because of the dielectric mismatch. The more the refractive indices differ from each other

the bigger will be the change in the characteristic properties.

Therefore, the optical properties of such nanocrystals can be tuned throughout the whole

visible spectrum in a highly controlled way. Today’s synthesis methods allow for the

preparation of structures with well designed optical and electrical properties. Owing to

this fact together with the atom-like transitions, the nanocrystals are sometimes called

artificial atoms.

One main drawback of nanocrystals regarding applications based on their photolumi-

nescence is their low quantum yield (QY). Trap states at the crystal surface have been

identified as the culprit because they are able to quench the photoluminescence efficiently

via non-radiative Auger recombination. Usually, the trap state is not always occupied

resulting in blinking on a time scale of up to seconds [68]. Consequently, a shell that

shields the nanoparticle core is needed, which has been realized in so called core-shell

systems. In these systems a second material with a higher band gap is used as thin shell

prohibiting trap states. They typically reach quantum yields as high as 50% [69], but a

quantum yield of unity is theoretically possible [70]. In addition, such a shell leads to

further confinement of the excitonic states which has to be considered in the design of

appropriate core-shell particles. A manifold of synthesis strategies exist, following either

top-down or bottom-up approaches, based on wet or non-wet chemistry, and have been

reviewed in literature [58,63].

2.2.4 1D: Nanowires

Like carbon nanotubes also inorganic nanowires can be regarded as quasi one-dimensional

if they are thin and long enough. Compared to the nanocrystals or quantum dots the

quantum confinement is relaxed in one dimension in the case of nanowires. For CdSe

nanowires with diameters of 3-6 nm the transition from 3D to 2D quantum confinement

was found to take place at a length of about 30 nm [27]. As the diameter increases,

quantum confinement in the other two dimension also relaxes. At a diameter of about

11 nm which is twice the exciton Bohr radius, the influence of quantum confinement is

already moderate. Thick nanowires with significantly larger diameters show the same

optical properties as the bulk material.

As a consequence of the relaxation of quantum confinement in one dimension, the B

band crosses the A level. The B band mainly originates from 4pz orbitals resulting in a

polarization of the transition dipole moment along the c axis, which is usually the growth

axis of these structures. In CdSe nanorods the crossover between the highest occupied

levels was found to occur at an aspect ratio of about 1.3. The polarization dependence
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of excitation as well as emission intensity for rods with aspects ratios greater than 1.3

follows a cos2 θ law [71]. In PL scan images a CdSe nanorod or a short nanowire should

thus appear as two-lobe pattern, when excited with a radially polarized doughnut mode,

which has two opposite lobes with the required polarization along the nanowire axis. A

doughnut mode and a PL image of a short nanowire is shown in figure 2.8 a and b. The

excitation wavelength was λex = 633 nm. The corresponding topography of the nanowire

measured by shear-force AFM is depicted in (c). The two observed intensity sites thus

indicate a transition orientation as sketched by the arrow in b) which coincides with the

orientation of the nanowire as observed in the topographical image. This confirms a

transition orientation along the CdSe nanowire.

Figure 2.8: a) Schematic of the radially polarized doughnut mode used for excitation

(λex = 633 nm). b) The photoluminescence image of a short CdSe nanowire shows two

areas of maximum intensity which is expected for an absorption transition parallel to the

substrate. The deduced dipole orientation is indicated by the arrow. It agrees with the

long axis of the nanowire estimated from the topographical data in (c). The aspect ratio

deduced from the topography is about 6, taking into account the finite dimensions of the

probe.

Interestingly even if c is not the long axis of the nanowire, both excitation and emission

show the same polarization dependence along the wire axis. This means that effects due

to the dielectric mismatch between a CdSe nanowire and its surrounding are important

regarding the polarization characteristics. For a field polarization perpendicular to the

nanowire axis the induced charges counteract against the excitation field thereby attenu-

ating it inside the nanowire. In the case of a field polarization parallel to the nanowires

axis ideally no counteraction takes place [71].

Several studies addressed the question whether a free electron-hole pair arises upon absorp-

tion of a photon or if the excited state in CdSe nanowires has an excitonic character. The

exciton binding energy was found to be 15 meV in bulk CdSe, but theory predicts exciton

binding energies up to 300 meV in quantum confined systems [60,72,73]. Experiments on

CdSe nanostructures confirmed binding energies in the range of 30 meV which means that

excitons are stable up to room temperature [74]. The excitons in 1D nanowires are found

to be mobile along the nanowire axis to some degree, with the mobility depending on the

particular conditions like the potential landscape and the temperature [74,75].

The blue shift ∆Egap of the nanowires photoluminescence (compared to the bulk material)

depends on the confinement in two dimensions and hence on the diameter d of the nanowire.
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Several formulas to describe the dependence have been developed recently. The simple

treatment of the excited state in a 1D structure according to the particle-in-a-box scheme

predicts a 1/d2 dependence of ∆Egap regarding free electron and hole [27]. Even though the

same dependence is expected from a simple effective mass approximation that accounts

for confinement effects, a better agreement with experimental data is found for a 1/d

dependence [38]. Fitting a semi-empirical pseudopotential method to experimental values

resulted in the relation 2.2 which suits the experiment quite well [27].

Egap [eV] = E0
gap + ∆Egap ≈ 1.74 eV + d−1.36 eV nm (2.2)

Here, the energy gap of the bulk material E0
gap is 1.74 eV [27]. A plot of equation 2.2 is

depicted in figure 2.9 for diameters ranging from 4-24 nm, because the diameters of the

nanowires investigated in the course of this work are in this range.

Figure 2.9: Plot of equation 2.2. The emission energy of CdSe nanowires depends on

the diameter as shown here for the relevant diameter range of 4-24 nm occurring in the

sample material investigated in this work. The band gap increases by up to 0.25 eV for

the smallest depicted nanowire diameters compared to the bulk value.

As in the case of nanocrystals the band gap of a nanowire will be influenced by its sur-

rounding environment. But since the ratio of surface atoms is smaller compared to a NC,

this influence is expected to be considerably smaller.

A highly complicating factor regarding the energy shift of the band gap is that in 1D

nanowires, both ZB and WZ crystal structure with different band gap energies are stable

and present. Usually both structures do occur in the same nanowire and to date all syn-

thesized nanowires reported in literature feature alternating ZB and WZ structure with

randomly distributed segment lengths in the range of few nanometers. In addition the

ZB structure allows for twinning, that is a stacking fault within the crystal structure.

Figure 2.10 a shows typical CdSe nanostructures imaged by high-resolution electron trans-

mission microscopy (HRTEM). The zoom in (b) reveals alternating ZB and WZ segments

as well as twinning in the ZB segments as indicated by examples. Owing to this polytypism

CdSe nanowires are so called heterogeneous homomaterials.
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Figure 2.10: a) TEM image of a CdSe nanostructure with two branching sites. The

scale bar is 20 nm. The high resolution TEM image in b) reveals a ZB/WZ admixture

and twinning in ZB segments. c) WZ and ZB segments form type-II transition with

staggered conduction and valence bands. The band gap of WZ is higher than that of ZB.

TEM images have been measured in the group of Prof. Ch. Scheu at the LMU München.

Wurtzite and zinc-blende crystal structure form a type-II transition as depicted in fig-

ure 2.10 c, where the potential energy along alternating WZ and ZB segments is schemat-

ically drawn. The band gap of zinc-blende CdSe is slightly smaller than that of wurtzite

CdSe. Because of the type-II transition character, electrons in the ZB part are ener-

getically favourable whereas the holes should prefer the WZ sections. Consequently, an

effective localization of charge carriers along the nanowire axis is conceivable. In NWs with

short WZ and ZB segments in the range of few nanometers, however, the corresponding

wavefunctions are predicted to overlap considerably at least at room temperature, for the

valence band as well as for the conduction band [76]. The segments of typically synthesized

CdSe nanowires are therefore not long enough to efficiently localize charge carriers.

The quantum yield of nanowires is typically about 0.1 % [26], which is low regarding pos-

sible applications. But also higher values up to 20 % have been reported in literature [77].

The full width at half maximum (FWHM) of the nanowire photoluminescence has been

found to be rather broad, typically in the range of 100 meV [29]. Possible reasons for the

broad bands are irregularities in diameter, ligands, electrostatic environment, interactions

with the substrate, and the crystal structure [29,74,76].

A typical spectrum of a single CdSe nanowire with Raman and PL features is depicted

in figure 2.11. The PL band at 670 nm (1.85 eV) is rather broad. The blue shift of

the PL band frequency compared to the bulk material indicates an influence of quantum

confinement. Besides photoluminescence also Raman scattering from CdSe nanowires is

observed. Three Raman peaks are visible in the example spectrum, the strongest one at

641.3 nm (210 cm-1) is related to the longitudinal optical phonon mode (LO). The less

intense peaks at 650.0 nm (417 cm-1) and 658.7 nm (620 cm-1) are the overtones of the LO

phonon, namely 2LO and 3LO. These higher order peaks, especially the 3LO mode, are

only visible for high laser intensities and long integration times.

Photoluminescence measurements at low temperatures revealed that the broad emission

band consists of several narrow peaks with different energies and line widths < 5 meV [74].

These features were attributed to localization of the emitting excitonic states in shallow
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Figure 2.11: The spectrum of a single CdSe nanowire reveals photoluminescence and

Raman activity. The frequency of the PL band depends on the diameter of the NW,

here it is 670 nm (1.85 eV) and the FWHM is rather broad. The LO phonon mode is

the strongest Raman signal, also visible are its overtones 2LO and 3LO. The excitation

wavelength λex was 632.8 nm.

potential minima along the nanowire in combination with wider variations of the under-

lying potential energy. The emission intensity which was found to be uniform along the

whole nanowire at room temperature concentrates into bright spots at low temperatures,

which is consistent with the proposed exciton localization. The reason for this behaviour

are inhomogeneities inside and outside the nanowire that influence the potential energy.

The energy barriers however are small which leads to a widening of the narrow peaks with

increasing temperature that finally merge together at room temperature resulting in the

usually observed broad emission bands.

2.2.5 Synthesis

Several strategies for the fabrication of inorganic semiconducting nanostructures have been

developed during the last decades, some of them are non wet chemical approaches while

others are solution based. Amongst the former are lithography techniques, vapour liq-

uid solid growth (VLS), molecular beam epitaxy (MBE) and chemical vapour deposition

(CVD). Wet chemical strategies like the solution liquid solid technique (SLS) and the

supercritical-fluid liquid solid technique (SFLS), developed in the 1990s, have made signif-

icant progress and are now able to deliver high quality nanomaterials. The CdSe nanowires

used in this work have been synthesized by the SLS method which will therefore be sum-

marized in the next section.

Generally, wet chemical strategies used to start from dimethyl cadmium ((CH3)2Cd),

which is an air sensitive, pyrophoric, highly toxic and expensive material. After the in-

troduction of the much easier to handle starting materials cadmium oxide (CdO) and

cadmium acetate (Cd(CH3CO2)2), a significant growth of the field of synthesis took place,

19



2. QUASI 1D SEMICONDUCTING MATERIALS

yielding many kinds of nanostructures like spheres, rods, wires, arrow heads, and tear

drops [78]. Also higher order structures like core-shell systems, heteromaterial nanorods

and nanowires, or branched nanowires have been successfully synthesized [79–83]. The

availability of such structures was naturally followed by a burst of research on semicon-

ducting nanomaterials accompanied by theoretical work and modelling.

Solution liquid solid growth of CdSe nanowires

Several reviews on the synthesis of nanomaterials including the SLS method can be found

in literature [16, 83, 84]. In general, the advantages of the SLS method are low tempera-

tures, potentially higher synthesis yields, soluble materials, high crystallinity, and excellent

control of shape, size and dimensionality of the nanowires. The thinnest possible diameters

down to the exciton Bohr radius of CdSe and even below have been achieved by the SLS

method. This is of fundamental importance for the investigation of quantum confinement

effects and their possible applications.

For the synthesis reaction CdO is dissolved in tri-n-octylphosphine oxide (TOPO) by heat-

ing up the solution to 250 ◦C. A second solution containing the catalytic Au/Bi nanopar-

ticels and the Se precursor TOPSe (tri-n-octylphosphine selenide) is then added. After a

short reaction time the mixture is swiftly cooled down which quenches the nanostructure

growth. Some toluene has to be added during cooling because otherwise TOPO would

solidify. The resulting nanomaterial can be further purified using ultra-centrifugation.

The seeded growth mechanism is sketched in figure 2.12. It requires a molten metal catalyst

nanoparticle, for example made of a tiny Au core with a Bi shell. The organometallic

precursors dissolve in the catalyst particle until saturation. Upon supersaturation a CdSe

core nucleates at the particle surface and starting from this nucleus the nanowire growths

out of the catalyst by further adding Cd and Se ions. The resulting nanowire has one

tapered end and is attached to the catalyst particle on the other one.

Figure 2.12: Schematic drawing of the nanowire growth mechanism in the solution

liquid solid method. The molten Bi nanoparticle absorbs Cd and Se until it is saturated.

The nanowire nucleation then starts at the particle surface and it grows further until the

precursor concentration is too low or the reaction itself is quenched by cooling.
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Several parameters influence the resulting morphology of the synthesized nanowires, allow-

ing control and tailoring [16, 83, 85]. In principal, there are two competing processes: the

first one between nucleation at the catalyst particle leading to a nanowire growth and self

nucleation which results in nanocrystals. Secondly, longitudinal growth of the nanowires

adding to their length competes with a transversal growth adding to the diameter.

If the concentrations of the Cd and Se precursor are too high, self nucleation leads to

nanocrystals, whereas low concentrations result in thicker nanowires. Also the ratio of Cd

and Se is important, in the case of stoichiometric conditions branching of the nanowires

is favoured, while an asymmetric ratio with an increased amount of Cd precursor leads to

straight nanowires. The temperature has empirically found to exhibit an optimum between

250-350 ◦C, low temperatures lead to an increased number of branching sites. Regarding

the catalyst nanoparticles the concentration as well as the size has to be considered.

At low concentrations self nucleation again favours the creation of nanocrystals. Next,

the size influences the diameter of the resulting nanowires, bigger particles lead to thicker

nanowires. The reaction time finally determines the length and/or the diameter, depending

on the ratio of longitudinal and transversal growth. All these parameters have to be

empirically optimized for the preparation of the desired nanowire sample material.

The preparation conditions further affect the crystal structure of the products. As men-

tioned before wurtzite and zinc-blende structure are stable in the nanowires. Longer

reactions times and higher temperatures result in an increased WZ fraction while shorter

reaction times and lower temperatures favour the formation of ZB structure. This means

that ZB structure is kinetically favoured while WZ structure is the thermodynamically

preferred product [85]. Since the energetic as well as the structural difference between

those two is pretty small, however, CdSe nanowires synthesized by wet chemistry always

feature an admixture of both crystal structures with random segment lengths.

If branching of the nanowires is desired, the number of branching sites can be further in-

creased by trioctylphosphine (TOP) doping of the ligand medium, which proofed to have

a strong effect on the nanowire growth. It has been proposed that binding of the ligand

to specific crystal faces may assist the branching events. The resulting structures include

v-shaped, y-shaped, tripod, tetrapod, merged-y shaped and higher order nanowires. A

scheme including the different branch structures and the nomenclature according to refer-

ences [16,83] is shown in figure 2.13.

To undergo a branching event, at least two single nanowires have to be grown from the

same catalyst particle. Depending on the angle θ between them, either a ZB core is

build up (upper way in figure 2.13) or the wires directly merge together with a twinning

boundary that runs from the core through the third arm (lower part of figure 2.13). An

angle θ that is smaller than the critical angle θc ≈ 77◦ leads to a merged-y structure, larger

angles result in branched structures containing a ZB core. In the case of formation of a

ZB core, the nanowire arms are attached to equivalent {111} faces of the tetrahedral core
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Figure 2.13: Schematic of the possible branching of nanowires including conventional

nomenclature. v-shaped, tripod, tetrapod (not shown) and y-shaped nanostructures

comprise a tetrahedral ZB core with the arms attached equally to the {111} faces. On

the contrary, the merged-y-shaped structures have a twinning boundary running from

the core through the third arm. The arms typically are composed of alternating ZB and

WZ segments of random size.

by a twinning site. This leads to a non-planar structure of the tripod shape with an angle

of ∼ 109.5◦ between the arms. The branching mechanism for the tetrapod is the same as

for the tripod, it only starts with three nanowires growing from the nanoparticle instead

of two (not shown in figure 2.13). The catalyst is then attached to a fourth arm while all

arms are equally attached to the equivalent faces of the ZB core.
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3 High-resolution optical microscopy

Today, optical microscopy and spectroscopy are common tools for the investigation and

the characterization of a multitude of materials in chemistry, physics, biology, medicine,

material sciences, and many more. It allows us to see small objects that can not be seen

with the bare human eye. Spectroscopy, the investigation of the interaction of matter and

light, provides further information for example on the material composition, the structure

or dynamic processes.

Optical microscopy opens up the fascinating microscopic world, however, as the size of

the subject of interest reaches the nanoworld it faces the well known diffraction limit.

In today’s nanoscience and nanotechnology the designed structures are often considerably

smaller than 100 nm whereas the resolution of conventional optical microscopy is limited to

about λ/2, i. e. about 250 nm for visible light. Therefore many concepts to overcome the

diffraction limit have been developed during the last decades. They can be distinguished

into far-field techniques working with propagating waves in the far-field, and near-field

techniques that use a tiny sharp probe to locally extract information from the near-field

of the sample.

This chapter provides the theoretical basics regarding optical microscopy and high reso-

lution microscopy using optical antennas. First the diffraction limit and its origin will be

outlined. Thereafter, far-field and near-field techniques to overcome this limit are shortly

discussed. Within these methods, tip-enhanced near-field optical microscopy (TENOM)

will be presented in more detail since it is the main object of this work to improve the

understanding of the enhancement mechanisms and to establish TENOM as a method for

quasi one-dimensional systems beyond carbon nanotubes, for which it has been introduced

already years ago [19]. The metal tips that are used in TENOM can be described as optical

antennas, a powerful concept which is introduced in section 3.3. Since optical antennas

influence the angular emission of single emitters, a basic introduction to radiation patterns

is given afterwards. Finally a short review of TENOM on 1D systems in literature is given.

3.1 The diffraction limit

Imaging a point source with an optical system does not result in an image point of the

same size, but rather in a blurred spot whose shape is defined by the so called point
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spread function (PSF). The reason for this fact is the wave nature of light, which leads to

diffraction effects.

The electrical field E in a plane z emanating from the source plane with z = 0 can be

described by an angular spectrum representation

E(x, y, z) =

∫ ∞∫
−∞

Ê(kx, ky; 0) ei[kxx+kyy±kzz] dkxdky, (3.1)

where ~k is the wave vector given by

|k| = ω

c
n (3.2)

and

kz ≡
√
k2 − k2x − k2y. (3.3)

It means that the electrical field E can be described as a superposition of an infinite number

of plane waves and evanescent waves emanating from the source. For a purely dielectric

medium, the index of refraction is a real and positive number. Plane waves and evanescent

waves can be then distinguished with respect to their propagation term, depending on

whether the wavenumber kz is real or imaginary. For real wavenumbers with k2x+k2y ≤ k2,
the exponential factor e±i|kz |z is an oscillating function which results in propagating plane

waves with a constant intensity. This kind of waves and thus the information they contain

can be detected by far-field techniques. For imaginary wavenumbers with k2x + k2y > k2,

the exponential factor e−|kz |z is an exponentially decaying function. In this case, the waves

do not propagate, because their intensity decays exponentially. Consequently, they can

not be observed in the far-field. Information provided by these so called evanescent fields

is only accessible at very small distances from the source, that is the near-field.

The spatial resolution

The larger the detected spectrum of wave vectors ∆k, the better is the spatial resolution

of an optical system. ∆k is given by

∆k =
√

∆k2x + ∆k2y. (3.4)

To distinguish two point sources with a distance ∆r, the product ∆k ·∆r has to be≥ 1 [13].

This means the larger ∆k, the smaller the minimum distance ∆r between two objects can

be. In the far-field, only wave numbers up to k = ω
c n = 2π

λ n are available, which leads to

a minimum distance

∆rmin =
λ

2πn
(3.5)

for two point sources to be resolvable. In an optical system, only light propagating towards

the lens or the objective, which means within a specific angle θ, can be collected. This
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3.1. The diffraction limit

Figure 3.1: Schematic of the light paths in confocal microscopy for a) an emitter in

the focus and b) two emitters that are moved out of the focus in x and z direction,

respectively. Signal emanating from the emitter in a) reaches the a detector placed

behind the confocal pinhole, whereas signal from the displaced emitters in b) are blocked

by the pinhole.

restriction is described by the numerical aperture NA = n sinα of the optical system,

which modifies equation 3.5 to

∆rmin =
λ

2πNA
. (3.6)

The axial resolution is slightly inferior to the lateral resolution, because the focus is more

elongated in z direction.

The lateral resolution given by equation 3.6 is the best resolution that can be theoretically

achieved with an ideal optical systems. However, for real systems based on elements like

lenses and mirrors it is impossible to reach it. A technique which comes close to this limit is

laser scanning confocal microscopy [86,87]. In confocal microscopy, light emanating from a

point source is used to excite the sample, which is scanned through the focus of a lens, and

the detected response is focused again through a small pinhole that is confocal to the focus

on the sample. In doing so all light emanating from outside the focal volume is suppressed

and does not reach the detection element. This principal is shown in figures 3.1 a and b

for an emitter centered in the focal spot and for two emitters which are displaced in x and

in z direction, respectively.

Several far-field and near-field concepts that have been developed to overcome the classical

diffraction limit will be presented in the next two subsections, beginning with an overview

of the far-field concepts. After introducing several near-field schemes, tip-enhanced near-

field optical microscopy (TENOM) will be presented in its own section as it is the technique

used throughout this work.
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Far-field concepts

Today, several far-field concepts are established tools for the non-invasive investigation of

nanosized objects, as for example photoactivated localization microscopy (PALM), fluo-

rescence photoactivated localization microscopy (FPALM) and stochastic optical recon-

struction microscopy (STORM) [7–9]. These methods utilize the idea of substituting the

problem of spatial resolution by the problem of position accuracy. In that way they obtain

nanoscale resolution although they are working in the far-field. This is possible because

the position of a single emitter can be determined with nanometer accuracy even though

the image spot size given by the point spread function of the optical system is much larger.

However, this requires that the active emitters are separated far enough to avoid overlap-

ping of the PSFs. Therefore, all these techniques rely on switching processes of the emitter

activity to make sure that only few emitters are active at any time. As a consequence,

the sample must be labelled densely with specific switchable or blinking dye molecules.

The position accuracy which determines the resolution of those methods is given by the

signal-to-noise-ratio of the experiment. The resolution is thus defined by parameters like

the density of dye labelling of the sample, the quantum yield of the emitter (the number of

emitted photons), and the detection sensitivity of the optical system, which consequently

have experienced extensive improvements lately.

Another well established technique is stimulated emission depletion (STED), which ac-

tively controls the excitation state of the emitting molecules [6]. A diffraction limited

spot on the sample is excited with a short laser pulse followed by a second pulse, the so

called STED pulse, that induces stimulated emission. The intensity of the STED pulse is

ring-shaped, therefore only dye molecules in a small central region remain in the excited

state. Only emission from this tiny central area is detected afterwards. By raster scanning

the sample, images with a spatial resolution below 20 nm can be achieved using STED.

Commercial systems are available nowadays, offering 50 nm spatial resolution (Leica TCS

STED), but they are rather expensive.

In general, these techniques working in the far-field can be also used for 3D imaging and the

acquisition of movies. This is a valuable advantage to investigate thick biological samples

like cell tissue and to follow dynamical processes. On the other hand, they usually require

invasive labelling with dye molecules that provide strong and stable optical signals. This

hinders the direct observation of the sample’s intrinsic fluorescence or Raman scattering

and direct spectral information from the investigated object is therefore inaccessible.

Near-field concepts

Another idea to overcome the diffraction limit was presented by Edward H. Synge in

1928 [88], who himself called it ”exceedingly simple”. He proposed to bring a tiny hole

in an opaque metal screen in close proximity to the sample in such a way that only light
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passing this hole reaches and excites the sample. The optical answer is than detected from

the back side while scanning the sample pixel by pixel underneath the excitation hole. In

this configuration the resolution of the system is only given by the size of the hole and

its distance from the sample which should be much smaller than the wavelength of the

excitation light. Many years later, after the development of piezoelectric positioners that

allowed for accurate sample positioning and probe-sample distance control, his idea could

be realized for the first time in the microwave regime [89]. Nowadays, metal coated glass

fiber tips with a small aperture of 50-100 nm are successfully used as probes for scanning

near-field optical microscopy (SNOM). The main drawback of this scheme is the very low

throughput of a sub-wavelength aperture, resulting in very low excitation or detection

efficiencies.

A superior concept is apertureless SNOM (a-SNOM), where a tiny probe is used to locally

explore the near-field of the sample surface. In a-SNOM the probe acts as an optical

antenna that converts the local near-field into propagating electromagnetic waves and vice

versa. The concept of optical antennas will be introduced in section 3.3. Two types

of a-SNOM can be distinguished: (i) scattering SNOM (s-SNOM) and (ii) tip-enhanced

near-field optical microscopy (TENOM).

In scattering SNOM a metal tip scatters the near-field of the sample into propagating

waves [11]. To discriminate the signal from the large scattering background originating

from the diffraction limited excitation spot, the tip-sample distance is modulated at a

frequency Ω and the detection signal is demodulated at higher harmonics of Ω to filter out

the near-field signal and rejecting the constant background contribution. In this way, the

Rayleigh scattering response from the tip, acting approximately as a dipole, and its image

dipole inside the sample are obtained and yield nanoscale information of the dielectric

properties of the sample [90].

TENOM exploits the highly confined and strongly enhanced optical fields in the vicinity

of laser illuminated metallic nanostructures, as for example nanoparticles or sharp tips.

These fields locally increase the spectroscopic response from the sample by enhancing the

excitation and radiation rate, resulting in a substantially higher sensitivity of this method.

A detailed introduction to TENOM will be given in the following section.

3.2 Tip-enhanced near-field optical microscopy (TENOM)

Today, the highest optical resolution and detection sensitivity on surfaces is achieved

with tip-enhanced near-field optical microscopy (TENOM) [12, 91]. In TENOM a sharp

laser-illuminated metal tip is used as near-field probe to locally enhance the signal from

the investigated sample material. Plasmon resonances and the so called lightning rod

effect are responsible for highly confined electrical fields at the tip apex which are able to

substantially increase the excitation and the radiative rate [13,92]. Owing to the near-field
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nature of those enhanced fields, their intensity decays exponentially with the distance from

the tip and the sample material must be in close vicinity of the near-field probe. This

requires a highly sensitive probe-sample distance control usually done by a shear-force

feedback mechanism.

A representative TENOM data set comparing confocal and tip-enhanced images of carbon

nanotube photoluminescence is presented in figure 3.2 a and b, respectively. Confocal and

TENOM PL images of an identical sample area were recorded with the same excitation

power and integration time. Only the scan speed was reduced for the acquisition of the

near-field image to avoid damaging of the tip. The topographic image obtained simul-

taneously with the TENOM PL image is shown in (c). The comparison of the confocal

and the near-field PL images clearly shows the tip-induced signal enhancement which is

connected to a drastically improved spatial resolution.

Figure 3.2: a) Confocal image of a photoluminescent carbon nanotube sample with

diffraction limited spatial resolution. b) PL image of the same sample area measured

with TENOM. Excitation power and integration time have been the same for both mea-

surements. The sharp gold tip leads to an enhanced detection sensitivity and a reso-

lution of about 15 nm. The TENOM image resolves the arrangement of the nanotubes

and intensity variations along them. c) The simultaneously obtained topographic image.

Material: SC-wrapped CoMoCat nanotubes.

Enhanced optical fields at the tip apex

If an incident optical field of appropriate frequency oscillates along the tip axis collective

electron oscillations are induced in the metal. These charge oscillations, known as plas-

mons, result in a surface charge density that reaches its highest amplitude at the tip apex.

Since the specific geometry of the metal tip constitutes a spatial singularity at the apex

the surface charge is concentrated which leads to stronger local fields. This effect is called

the lightning rod effect. The frequency at which plasmons are most efficiently excited, the

plasmon resonance, depends on the tip material and its specific shape.

The magnitude of electrical field enhancement is given by the field enhancement factor

f =
E∗

E0
(3.7)
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which is defined as the ratio of the field at the tip apex E∗ and the incident field E0. It is

a measure of the enhancement capabilities of the near-field probe, because the electrical

fields are responsible for the desired signal enhancement. The quality of the resulting

near-field experiment, however, is not only determined by the electric field enhancement

factor f , because the probe will also change the properties of the emitter itself. In the

case of photoluminescence, the quantum yield of the emitter plays a crucial role because

a low QY may increase while a QY of one cannot be enhanced further. In addition, if

the emitting object is spatially extended, charge carrier mobilities may effect the signal

enhancement since mobile excited states are able to enter or leave the near-field interaction

range of the probe. Therefore, when giving a number of enhancement, the entire system

of probe and sample has to be considered [45].

A more practicable value is the image contrast, which is defined as the contrast between

enhanced signal and background signal. The background signal arises from the sample

material within the diffraction limited excitation spot, and is always present in TENOM

measurements. The size of the diffraction limited focus is determined by the properties

of the imaging system and the wavelength of light used in the experiment. The magni-

tude of the background contribution within the detected signal crucially depends on the

dimensionality of the sample material, which defines the examined volumes of the sample

material. To account for the different sizes of the far-field and the near-field focus, the

constant factor V is defined as

V =
Vff
Vnf

, (3.8)

with the size of the sample in the near-field focus Vnf and in the far-field focus Vff . In the

case of a quantum dot smaller than the near-field focus, the whole dot would be within both

foci and thus Vnf = Vff . For a two-dimensional object the near-field signal from the small

area of near-field interaction has to compete with the background signal from the much

larger diffraction limited focus and Vnf � Vff . For the quasi-1D structures investigated

in this work, the ratio of the widths of diffraction limited focus and near-field focus are

relevant. A typical number for a confocal microscope with a resolution of 250 nm combined

with an optical antenna providing 15 nm resolution would be V = 250nm/15nm ≈ 17

when investigating 1D structures, which is still a relatively small number. For comparison,

a 2D sample would result in V = (125nm)2/(7.5nm)2 ≈ 278 by relating the examined

areas, in other words the signal enhancement must be much stronger to overcome the

far-field background.

The electrical field in the vicinity of a metal tip can be approximately described by the

field of an effective dipole µ(ω), which is located at the center of the tip apex [13]. Its

magnitude is given by

µ(ω) =


α⊥ 0 0

0 α⊥ 0

0 0 α‖

E0(ω), (3.9)

29



3. HIGH-RESOLUTION OPTICAL MICROSCOPY

with the incident field E0(ω) and the polarizations α⊥ and α‖ perpendicular and parallel

to the tip axis, respectively. The polarizabilities are given by

α⊥(ω) = 4πε0r
3
tip

ε(ω)− 1

ε(ω) + 2
(3.10)

and

α‖(ω) = 2πε0r
3
tipfe(ω), (3.11)

with the bulk dielectric constant ε of the metal tip with a tip radius rtip, and the complex

field enhancement factor fe. Generally, the polarizability of the tip is assumed to be much

stronger along its axis, which means that α‖ � α⊥ and thus fe � (ε(ω) − 1)(ε(ω) + 2),

which is an appropriate approximation for the elongated structure of the tip [93].

As a consequence, charges can be only accumulated at the tip apex if the driving field

is polarized parallel to the tip axis, while a transverse polarization would not lead to

enhanced electrical fields. Therefore, a radially polarized doughnut mode is commonly

used to efficiently excite the tip, resulting in strong longitudinal fields in the central focus

which give rise to highly confined electrical fields at the tip apex [22,94]. According to the

reciprocal theorem, radiation emanating from the tip leads to radial polarization in the

detection plane.

Finally, the resulting electric field at the tip apex can be written as

E(r, ω) = E0(r, ω) +
1

ε0

ω2

c2

↔
G(r, r0, ω)µ(ω), (3.12)

with the origin r0 of the effective tip dipole µ and the dyadic Green’s function
↔
G.

To which extend the optical signal from the sample will be increased by this enhanced

field differs for photoluminescence and Raman scattering.

Enhancement of Raman scattering

The intensity of the Raman scattering signal depends on both the excitation rate as well

as emission rate, denoted as kex(λex) and krad(λrad), which depend on the wavelength λ

of the exciting and the radiated fields. The signal enhancement MR can be written as

MR =
I∗R
I0R

=
k∗ex(λex)

k0ex(λex)

k∗rad(λrad)

k0rad(λrad)
, (3.13)

with the Raman signal I0R in the absence of the tip and the tip-enhanced Raman signal

I∗R. Since the Raman shifts are typically moderate and λex ∼ λrad, the enhancement

factor of the tip is similar for both processes. Therefore MR given by equation 3.13 can

be approximately written as

MR ≈
k∗ex
k0ex

k∗rad
k0rad

≈ f4. (3.14)
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The signal enhancement by the tip scales with the forth power of the field enhancement [95].

This means that even moderate field enhancement results in a substantially enhanced

signal intensity. For Raman scattering with typically very small scattering cross sections,

this is a key to achieve single molecule detection sensitivity [96].

It has to be mentioned that also the collection efficiency impacts to the image contrast.

As will be shown in this work the radiation rate enhancement is connected to a spatial

redistribution of the emission. The fraction of the power radiated into the angle of view

of the collecting element can thus be altered by the near-field probe thereby altering the

ratio of detected near-field and background signal. Consequently, the measured ratio of

the Raman scattering intensities
I∗R
I0R

does not exactly reflect the electric field enhancement.

Enhancement of photoluminescence

In the case of photoluminescence, the signal intensity also depends on the excitation rate,

but the emission process is more complex than for Raman scattering. After excitation,

the energy can be emitted radiatively giving rise to a photon or the excited state relaxes

via non-radiative channels. The ratio of emitted photons and excited states is given by

the quantum yield (QY) of the emitter. The signal enhancement for photoluminescence is

thus given by

MPL =
k∗ex
k0ex

Q∗

Q0
≈ f2Q

∗

Q0
(3.15)

with the intrinsic quantum yield Q0 and the quantum yield modified by the tip Q∗.

For high quantum yield systems with Q0 alread near unity, such as dye molecules or

some well-designed quantum dots, Q0 can not be increased further and consequently,

the maximum signal enhancement scales with only f2. Furthermore a metallic near-field

probe may introduce additional non-radiative decay channels at very short sample-tip

distances which reduces the quantum yield. Energy is hereby transferred to the tip and

can dissipate non-radiatively within the metal, a process known as quenching [97]. The

distance dependence of the enhanced signal will be addressed in the next section.

On the other hand, the QY can be increased drastically for low quantum yield systems

such as carbon nanotubes or CdSe nanowires, resulting in much higher signal enhancement

factors. Again quenching may play a role at short distances and has to be avoided carefully.

Another aspect that has some influence on near-field measurements in 1D systems is

exciton mobility. In systems where the excitons are mobile they might leave the area

of signal enhancement after excitation, and the probability of radiative decay can not

be increased by the tip. This has to be taken into account for the estimation of the

enhancement factors for excitation and radiative rate as will be shown in chapter 5.4.
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Distance dependence of the near-field signal

A distinct characteristic of the near-field interaction between probe and sample is its

short ranged nature. The signal enhancement induced by the probe is not operative

until the tip approached the sample to a distance of only few nanometers, leading to

a drastic increase of the signal. In the case of enhanced Raman scattering the signal is

expected to rise continuously with the field enhancement factor to the fourth (f4) [22]. For

photoluminescence signals, tip-induced quenching at shortest distances competes with the

signal enhancement effect, therefore a final decrease of the signal intensity is expected [97–

100].

Figure 3.3: Tip-sample distance dependence of the signal enhancement in near-field

measurements. a) Approach curve for Raman scattering of a single SWCNT showing a

steep signal increase. c) Approach curve for photoluminescence of a SWCNT revealing

quenching at very short distances.

In figure 3.3 a and b Raman and PL approach curves measured with a sharp gold tip on

single-walled carbon nanotubes are shown. The absolute distance could be measured by

decreasing it to zero, where the tip would touch the sample surface. Since this would

damage the tip apex, the measurement is stopped before. The signal intensity is thus

plotted against the tip position relative to the setpoint position, which corresponds to

the tip-sample distance used in TENOM imaging. While the steep increase within few

nanometers continues for Raman scattering, the competition of signal enhancement and

quenching leads to a drop-off in the PL intensity after passing a maximum enhancement.

Owing to this strong distance dependence of the signal in a TENOM experiment it is

crucial to keep the near-field probe in a constant distance of few nanometers above the

sample surface. While the investigation of Raman signals allows for very small distances,
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quenching has to be avoided in PL measurements and the distance has to be well considered

to provide the maximum enhancement. Even small variations in the distance lead to strong

changes in the signal intensity because of the steep signal increase. Therefore accurate

tip-sample distance control with appropriate feed-back parameters is essential.

3.3 Optical antennas

The antenna concept is well established in the radio frequency and the microwave regime,

where the antenna is defined by its functionality: it converts freely propagating electro-

magnetic radiation into localized energy and vice versa. It is thus a mediator between a

local transmitter or receiver and propagating waves that are able to travel large distances.

A schematic of the antenna principle is depicted in figure 3.4.

Figure 3.4: An antenna as defined by its functionality: it couples freely propagating

waves into localized energy and vice versa. (Adapted from [101].)

The dimensions of radio antennas, especially the length L, scale with the wavelength λ

of the freely propagating waves. As a consequence, antennas working at optical frequen-

cies will be of nanoscale size. Hence, the fabrication of such antenna structures requires

nanotechnology which only became feasible during the last decades and is now available

for researchers and engineers in terms of bottom-up as well as top-down schemes. The

development of the required nanotechnology gave rise to a rapidly growing field of optical

antennas.

J. Wessel was the first who suggested the use of optical antennas for near-field microscopy,

pointing out the analogy to their radio- and microwave counterparts by introducing the

terminology [102]. U. C. Fischer and D. W. Pohl finally implemented near-field opti-

cal microscopy using the enhanced electromagnetic fields at a gold coated polystyrene

bead [103].

While there are lots of similarities between radiowave and optical antennas they also exhibit

significant differences. The most important one is the failure of the scalability with λ. At

optical frequencies metals can no longer be regarded as perfect conductors because the

penetration depth of fields into the metal (skin depth) is in the range of the dimension of

the optical antennas. Collective oscillations of the electron gas are excited which can be

described by a strongly coupled plasma assuming that d � λ and that the electron gas
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behaves according to the Drude model [104]. It is therefore necessary to introduce the

effective wavelength λeff given by

λeff = c1 + c2
λ

λp
, (3.16)

which is effectively shorter than the wavelength λ of the propagating fields [105]. c1 and c2

are geometrical factors depending on the optical antenna properties and λP is the plasmon

wavelength.

In the following, the properties of optical antennas are defined in analogy to their radiowave

counterparts as described by Novotny et al. [105]. The transmission efficiency εrad describes

how much power Prad of the total power dissipated to the antenna P is radiated. It is

given by

εrad =
Prad
P

=
Prad

Prad + Ploss
. (3.17)

Energy that is transferred to the antenna but dissipated non-radiatively is summarized in

Ploss. The directivity D which describes the angular distribution of radiation in space is

given by

D(θ, φ) =
4π

Prad
p(θ, φ), (3.18)

with the angular power density p(θ, φ) and θ, φ defining the direction of propagation.

Finally the gain G is defined as

G =
4π

P
p(θ, φ) = εradD. (3.19)

Due to the reciprocity theorem the characteristics of a receiving antenna are equal to its

transmitter characteristics and vice versa.

Optical antennas allow for visualization, control and manipulation of optical fields at

nanometer length scales. This makes them highly interesting tools for many applications,

because they increase the performance of optoelectronic devices, from light emitting diodes

over sensors and photovoltaics to microscopic techniques that work beyond the diffraction

limit, which includes also tip-enhanced near-field optical microscopy. The radiation char-

acteristics of an optical antenna in form of a sharp gold tip, as used in TENOM, will be

discussed in the following section. Utilizing optical antennas in TENOM constitutes an

intervention of the antenna (the near-field probe) on the light-matter interaction. The

optical antenna influences the sample properties, for example by altering the transition

rates, the angular emission, the spectrum, or the quantum yield [106–111]. The sample

and the near-field probe thus form a coupled system. Enhancement and redirection of the

emission of single-walled carbon nanotubes by an optical antenna will be content of chap-

ter 5, the influence of an antenna on the spectral and angular emission of CdSe nanowires

is addressed in chapter 7.
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3.4 Angular emission: The radiation pattern

The emission of a radiating dipole into its surrounding medium is not uniform but rather

exhibits a characteristic angular intensity distribution, the so called radiation pattern. It

contains information about the radiating dipole, for example about its orientation and

the directivity. The specific radiation pattern gets modified if there are variations in the

refractive index of the surrounding medium, for example when the radiating dipole lies

on a substrate or when a (small) metal object is brought close by as it is the case in

tip-enhanced near-field optical microscopy.

In the following, a short overview of the radiation patterns of dipoles in free space and

on a dielectric substrate will be given. The radiation pattern can be imaged with a

microscope objective by recording the 2D image of the intensity distribution in the back

focal plane. The theory developed by Lieb et al. [112] to describe and simulate the recorded

2D radiation patterns of an emitting dipole close to a glass/air interface will be introduced

and finally a short overview of the literature regarding the influence of optical antennas

on the radiation pattern of a dipole emitter will be given.

Radiation pattern from a dipole at an interface

The radiation pattern of a point dipole in free space with refractive index n1 can be

described by the radiation of a Hertzian dipole. The radiation pattern is rotationally

symmetric with respect to the axis of the transition dipole moment with the highest

intensity perpendicular to the dipole axis.

The radiation pattern changes significantly if a substrate with a refractive index n2 6= n1 is

approached. The major part of the radiation is directed into the optically denser medium,

which leads to a redistribution of the emission and alters the directivity. This has a direct

consequence for microscopy of samples placed on a surface, e.g. a conventional glass cover

slide. The collection efficiency of an index matching immersion objective approached from

the glass side will always be higher than that of an air objective with the same collection

angle collecting from the lower index side. In addition, surface modes which are bound to

the interface can be excited at the substrate/air interface. A schematic of the total power

emanating from an emitter at an interface is depicted in figure 3.5.

The total energy dissipated from the emitter placed at an interface is given by

P = Pu + Pl1 + Pl2 + Ps + Pi, (3.20)

with the radiation into the upper halfspace Pu, radiation at the interface Ps (surface

modes) and radiation into the lower halfspace Pl1 and Pl2. Radiation with an angle θ

larger than the critical angle θc, denoted as Pl2, originates from the near-field of the dipole

whose evanescent fields are transformed into propagating waves at the interface. Pi is the
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Figure 3.5: Radiation emanating from an emitter at an interface can propagate into

the upper halfspace coloured in white, the lower halfspace coloured in grey scales or

remain bound to the interface (surface modes, coloured black). In the lower halfspace

radiation denoted as Pl2 with an angle θ larger than the critical angle θc originates from

the near-field of the emitting dipole.

energy that is dissipated intrinsically and non-radiatively. The contributions are depicted

in figure 3.5, except for the non-radiated power Pi.

When radiation patterns are recorded with a microscope objective its numerical aperture

has to be taken into account. Obviously, the higher the detection angle is, the more signal

will be collected. For objectives with high numerical apertures up to 1.49 the system is

assumed to be aplanatic. According to reference [112] the intensity distribution in the

back focal plane of the objective is then given by

I(r, ϕ, θ,Φ) ∝ 1

cosθ
(EpE

∗
p + EsE

∗
s ), (3.21)

where r denotes the radial distance from the optical axis, ϕ the azimuthal angle in the

back aperture, and θ and Φ the polar and the azimuthal angle of the dipole axis. A

schematic including all denominations is shown in figure 3.6 a. The electrical fields Ep and

Es parallel and perpendicular to the optical axis are given by

Ep = c1(θ) cosΘ sinθ + c2(θ) sinΘ cosθ cos(ϕ− Φ) (3.22)

and

Es = c3(θ) sinΘ sin(ϕ− Φ). (3.23)

The coefficients c1, c2 and c3 result from the presence of the interface and are defined as

c1(θ) =
n22
n21

cosθ

cosθs
tp(θs)Π(θs)

c2(θ) =
n2
n1
tp(θs)Π(θs)

c3(θ) = −n2
n1

cosθ

cosθs
ts(θs)Π(θs)
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with the Fresnel transmission coefficients tp and ts for p- and s-polarized light, respectively.

For a dipole in free space c1, c2 and c3 equal unity. Π(θs) given by Π(θs) = eikn1cosθsδ

encounters for the distance δ of the radiating dipole from the interface, k is the vacuum

wavevector. For dipoles lying flat on the substrate δ = 0 and Π(θs) = 1.

Figure 3.6: Calculation of the radiation pattern of a dipole ~p. a) Radiation emitted

at θs will be imaged in the BFP of the objective at position (r, ϕ). The normalized

calculated radiation pattern in the BFP for a vertical (~p ‖ x) and a horizontal (~p ⊥ x, y)

dipole are depicted in (b) and (c), respectively. They reveal significant differences of the

intensity distribution. The pattern in (b) is radially symmetric with a sharp ring close

to the critical angle and approximately no intensity in the center, the pattern in (c) is

axially symmetric with two lobes and also weak intensity in the center.

The radiation patterns in the back focal plane (BFP) of the objective are calculated using

equation 3.21 for a vertical dipole oriented perpendicular to the substrate and a horizontal

dipole lying flat on the substrate. The results are shown in figure 3.6 b and c for the

vertical and the horizontal dipole, respectively. The intensity distribution in the case of

the horizontal dipole is axially symmetric with two lobes of maximum intensity in the

outer rim and a weak signal contribution in the central region. The pattern from the

vertical dipole on the other hand is rotationally symmetric with a sharp ring of maximum

intensity in the outer rim and no intensity in the central region. Both patterns exhibit

most intensity in the outer rim indicating that a high NA objective is crucial for high

collection efficiencies.

The radiation pattern of an optical antenna in form of a sharp gold tip is expected to be ring

shaped under the condition that the polarizability perpendicular to its axis is negligible

against the polarizability parallel to it, that is α‖ � α⊥. The radiating tip can then be

treated as a vertical dipole positioned on the long axis of the tip which usually coincides

with the optical axis of the microscope. As mentioned above the radiating properties
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of the antenna also reflect the optimum excitation conditions because of the reciprocity

principle. Consequently, the optical antenna in TENOM will be excited most efficiently

if the polarization of the exciting laser matches the polarization of the emission of the

antenna, that is radially polarized in the back focal plane.

As a consequence the fraction γ of the total power which is radiated into the angular

detection range of an optical microscope depends on the particular dipole orientation.

Whether the collected fraction is higher for a vertical or a horizontal dipole depends on

the numerical aperture of the objective. This has to be taken into account when intensities

of signals emanating from dipoles with different orientations are regarded and compared.

In figure 3.7, γ is plotted versus the maximum collection angle of the microscope objective

θmax for a dipole γ‖ oriented horizontally with respect to the sample surface (solid line)

and a vertically oriented dipole γ⊥ (dashed line).

Figure 3.7: Detected fraction γ of the total power radiated by a dipole oriented parallel

(solid line) or perpendicular (dashed line) with respect to the substrate, depending on the

collection angle of the microscope objective θmax for the setup configuration used in this

work (chapter 4). The dotted line marks the maximum collection angle θmax = 78.98◦ for

the microscope objective with NA = 1.49. The grey area corresponds to the θmax range

for the inner part of the radiation patterns. In this range the contribution of the vertical

dipole is negligible.

The solid and the dashed line show a crossing point at around 46.3◦. For objectives with a

maximum angle θmax smaller (larger) than 46.3◦, γ‖ > γ⊥ (γ‖ < γ⊥), which means that a

larger (smaller) fraction of the radiation from a horizontally (vertically) oriented dipole is

collected. For an objective with NA = 1.49, θmax = 78.98◦ and the resulting fractions are

θ‖= 0.73 and θ⊥= 0.92, i.e. the detection sensitivity for the vertical dipole is higher than

for the horizontal dipole. For very small angles γ⊥ is approximately zero as can be seen

in the grey area on the left side in figure 3.7. This means that the radiation pattern of

vertically oriented dipole shows nearly no intensity in the central part of the 2D pattern.

This finding will be important in chapters 5 and 7.3 where the photoluminescence signal

of semiconducting nanoctructures and the influence of a near-field probe (optical antenna)
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on the corresponding radiation pattern are investigated. In the case of the antenna this

quantity corresponds to the angular integral of the antenna directivity divided by 4π [110].

Radiation pattern from a dipole close to an optical antenna

In chapter 3.3, the concept of optical antennas was introduced as a description of the

near-field probe. This section addresses the interaction between an emitting dipole and an

optical antenna formed by a small nanoparticle. Different theoretical approaches have been

applied to describe and predict the influence of an optical antenna, and scanning probe

techniques such as SNOM and TENOM have been used in several studies to experimentally

complement these theoretical results [108–110,113,114].

A metal nanoparticle, that is brought close to a dipole emitter significantly modifies its

emission characteristic regarding the transition rates, the radiation pattern and the emis-

sion spectrum. All of them can be strongly influenced by the antenna characteristics of the

metal particle. The radiation properties were found to depend on the dipole orientation

with respect to the antenna, the distance between them, and the particular antenna prop-

erties defined by its structure, shape, material and size. Since the antenna characteristics

in turn depend on the wavelength of the radiation, the interaction between antenna and

emitter is wavelength-dependent.

In 1982, Ruppin et al. described the influence of a small metal sphere on the decay rate of

an excited molecule by means of electromagnetic theory [113]. Here, energy is dissipated

from the dipole-sphere system either in form of radiative loss or non-radiatively into the

sphere (Ohmic losses). They found a decreasing lifetime for distances smaller than the

wavelength due to quenching by the sphere. The decrease comes up to its maximum when

the wavelength of emission meets the plasmon resonance of the metal particle.

Changes in the radiation pattern have been calculated and observed by Taminiau et

al. [109, 110]. They used a full-3D finite integration technique and obtained the tran-

sition rates and field amplitudes relative to a reference situation in form of an emitter

in vacuum. The radiation pattern was found to depend on the orientation and distance

of the dipole transition moment and the antenna mode, the interaction was found to be

connected to a process of angular redirection. For maximum coupling, the radiation is

dominated by the antenna mode pattern regardless of the orientation of the emitter. In-

terestingly, even in the case of perpendicular orientation of the molecular dipole moment

relative to the antenna mode, a strong coupling is observed while scanning the antenna

across the dipole, as long as they are slightly separated horizontally. Only if the dipole is

right underneath the antenna apex no coupling is observed. This is especially important

in TENOM, where a strong near-field interaction is crucial for signal enhancement, which

is thus maximized for a parallel orientation of tip and emitter dipole.
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The wavelength dependence of the signal enhancement leads to modifications in the emis-

sion spectrum. Kühn et al. found that a maximum enhancement occurs at a wavelength

slightly red-shifted from the particles resonance [108]. The intensity distribution in an

antenna enhanced spectrum therefore does not necessarily reflect the spectrum of the un-

perturbed emitter. This aspect requires attention in the interpretation of spectral data

obtained using enhancement by optical antennas.

The optical antenna acts as mediator between local fields and the far-field. As long as the

coupling from a local emitter to the antenna is stronger than the direct coupling from the

emitter to the far-field, the radiation characteristics of the antenna modes will dominate

the radiation of the coupled system.

3.5 Nanoscopy on quasi 1D semiconducting nanomaterials

Carbon nanotubes have been extensively studied with tip-enhanced optical microscopy,

which has resulted in many interesting publications [12, 19–24]. For inorganic nanowires,

however, TENOM is not yet an established tool for nanoscale optical imaging despite the

fact that nanoscale resolution would be highly desirable for the investigation of nanoscale

devices and quantum confinement effects. To conclude the chapter a small overview of the

literature regarding TENOM on carbon nanotubes and high-resolution optical investiga-

tions on inorganic nanowires is given in this last section.

3.5.1 TENOM on carbon nanotubes

Tip-enhanced optical microscopy has been applied to single and bundled single-walled

carbon nanotubes by several groups [12,115–117]. The strong signal enhancement and the

corresponding high resolution made it possible to characterize the sample material with

nanoscale resolution. This facilitated imaging of the energy landscape along a nanotube by

investigating PL energy shifts and intensity variations on the nanoscale, which could also

be used to determine the exciton diffusion length, yielding a value of around 100 nm [45,

118]. Furthermore, the energy transfer between two semiconducting nanotubes has been

investigated with respect to the distance between the nanotubes [20,21,24]. Tip-enhanced

photoluminescence spectra showed no shifts in the PL energy induced by the tip, therefore

spectral variations could be attributed to the investigated nanotubes themselves [50]. Also

structural properties have been studied by imaging the Raman scattering [19, 22]. It was

found that the scattering process connected to defects is limited to about 2 nm around

the defect site [23]. Further, chirality changes in single nanotubes have been imaged by

mapping two resonant RBM phonon frequencies [119].

Regarding the Raman scattering, a model has been developed for the near-field enhance-

ment on one-dimensional semiconductors, which has been successfully applied to SW-
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CNTs [93]. It predicts that the signal enhancement induced by the presence of the sharp

gold tip is inversely proportional to the 10th power of the distance d between tip and

sample according to

R(d)

Rmax
=

1

M
+

C

(d+ rtip)10
. (3.24)

Here, R(d)/Rmax denotes the distance dependence of the Raman signal normalized to

its maximum, M the signal enhancement factor, C is a constant and rtip the tip radius.

Even though the model was originally developed to describe coherent Raman scattering

in SWCNTs, it is also applicable to CdSe nanowires as will be presented in chapter 7.

3.5.2 Inorganic nanowires

Up to now only few TENOM experiments on inorganic 1D nanostructures have been re-

ported in literature. Aperture-type scanning near-field optical microscopy in combination

with time-resolved measurements has been used to image emission properties of single col-

loidal CdSe nanowires with a spatial resolution of about 100 nm [30], which results from the

size of the aperture probe. The emission properties were found to be highly sensitive to the

surrounding of the nanowires, in that case to residuals from the organic suspension, and

the mechanical influence of the probe. Yoskovitz et al. localized the emission of excitons

in single heterostructured nanorods using apertureless near-field distance-dependent PL

lifetime imaging with a spatial resolution of about 20 nm [31]. The exciton emission was

always found to emanate from a well-defined region, which is consistent with the seed lo-

cation in the heterostructure. Tip-enhanced Raman spectroscopy was used by Berweger et

al. to image ferroelectric domains in BaTiO3 nanocrystals with nanoscale resolution [33].

Further, cathodoluminescence spectral imaging of GaN/AlN quantum disks in single

nanowires has been used at low temperatures to observe the quantum confined Stark

effect and the influence of strain on the emission properties [32].
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4 Experimental details

This chapter provides an overview of the investigated sample materials and the experi-

mental setup. In the first part the specifications of the used carbon nanotubes and the

CdSe nanowires are reported. The next section provides information on the optical system

regarding excitation and detection beam path. It also contains details on the near-field

configuration used in TENOM measurements. Finally, the production process for the gold

probes is described.

4.1 Single-walled carbon nanotubes: sample preparation

The synthesis of single-walled carbon nanotubes (SWCNTs) results in a mixture of nano-

tubes with different diameters and chiralities [120]. Subsequent chirality enrichment may

narrow the diameter distribution, but there are always several chiralities present in one

sample. Several surfactants are available to individualize the nanotubes, which otherwise

tend to form bundles due to van der Waals forces. Two kinds of carbon nanotube material

have been used for this work, namely SWCNTs wrapped with soap molecules as surfactant,

i.e. either sodium cholate (SC) or sodium dodecyl sulfate (SDS), and SWCNTs wrapped

with poly(9,9-dioctyluorenyl-2,7-diyl), in the following referred to as polymer-wrapped

carbon nanotubes. If not described otherwise, samples of SWCNTs were prepared by

spin coating the aqueous suspension onto a glass cover slide that has been previously

cleaned with water and methanol. Afterwards, the sample was rinsed with water to re-

move excess surfactant, since this would hinder the shear-force AFM microscopy due to

undefined tip-sample interactions. The glass slides (Marienfeld GmbH) are transparent,

130 - 160 µm thick and have a refractive index of 1.52.

Surfactant-wrapped SWCNTs

Two nanotube materials have been wrapped with sodium cholate (SC). The first one was

prepared according to the cobalt-molybdenium catalyst (CoMoCat) method resulting in

nanotubes with a small diameter distribution [121, 122]. The nanotubes used here have

an average diameter around 0.85 nm. A further chirality enrichment of the material was

obtained by sorting by diameter using discriminating surfactants and density gradient ul-

tracentrifugation [123–125]. The sample material was dispersed in aqueous solution using
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SC (1wt%) as surfactant. It contains mainly (6,5) SWCNTs which have the photolumi-

nescence band at around 980 nm. Also (6,4), (8,3), (9,1) and other chiralities are found in

this material, emitting between 850 - 1000 nm. CoMoCat nanotubes were provided by the

group of Prof. Mark Hersam (Northwestern University, Illinois, USA).

The second nanotube material was provided by Unidym, USA, synthesized according to

the high pressure carbon monoxide (HiPCO) method [126,127]. The sample material was

dispersed in aqueous solution using SC (1wt%) as surfactant. HiPCO nanotubes have also

been wrapped with sodium dodecyl sulfate (SDS) according to the same recipe as for SC.

Polymer-wrapped SWCNTs

The polymer-wrapped nanotube material was prepared by the group of Prof. Manfred

Kappes (Karlsruher Institut für Technologie, Germany). A semiconducting (n,m) compo-

nent of SWCNT raw material was selectively dispersed in toluene using a fluorene-based

polymer [128]. The resulting sample material shows relatively bright and stable photolumi-

nescence compared to the SC-wrapped material, and has been used for the investigations

of the angular emission.

4.2 CdSe nanowires: sample preparation

The CdSe nanowire material has been synthesized by the group of Prof. Alf Mews (Uni-

versity of Hamburg, Germany) via the solution-liquid-solid (SLS) approach as described in

chapter 2.2. After purification they were dispersed and stored in toluene. Most nanowires

have a diameter between 8 and 15 nm nanometers, but also thinner and thicker nanowires

can be found. For the optical investigations the solution was spin coated on glass cover

slides. To remove excess surfactant (TOPO) the samples were rinsed with toluene after

spin coating. Figure 4.1 shows two representative confocal PL images of the used CdSe

nanowires with straight (a) and branched (b) nanostructures.

Figure 4.1: Representative confocal PL images of the used CdSe nanowires measured

at 650 - 670 nm, showing straight (a) and branched (b) nanostructures.
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4.3 Microscope setup

The microscope used throughout this work is based on an inverted optical microscope

(Nikon Eclipse TE2000) with oil immersion objectives featuring very high numerical aper-

tures of 1.3 (Nikon CFI S-FLUOR 100x Oil) and 1.49 (Nikon CFI Apo TIRF 60x Oil).

Schematics of the setup are shown in figures 4.2 and 4.3 for the acquisition of spectra or

radiation patterns, respectively. The excitation beam path is the same in both cases and

is depicted in figure 4.2.

4.3.1 Confocal microscope

Excitation

For excitation either a red or an orange HeNe laser with output wavelengths λex of 632.8 nm

or 594 nm is used. After spectral filtering of the laser line with a laser line filter (LF),

the beam is expanded using two pairs of lenses to fill the back aperture of the micro-

scope objective. Optionally the linear Gaussian mode can be converted into a radially

polarized doughnut mode by a mode converter (MC) consisting of four λ/2 wave plate

segments [129]. If not mentioned otherwise, such a radially polarized doughnut mode is

used in all experiments with the red HeNe laser, while the linear Gaussian mode of the

orange HeNe laser is used without modification. The beam is then focused through a tiny

pinhole to spatially filter out higher order perturbations. A non-polarizing beam splitter

(BS) reflects the excitation light into the microscope objective and to the sample. The

sample substrate is positioned on a closed loop x,y-piezo scan stage (Physik Instrumente

PI - P-517.3) that allows for raster scanning the sample through the focus with nanometer

precision.

For the detection path two setup configurations have been used, the first for confocal

imaging in combination with the possibility to acquire emission spectra. The second allows

for the acquisition of angular resolved radiation patterns instead of frequency resolved

spectra. They will be separately described in the following.

APD imaging in combination with detection of UV/Vis-spectra

A schematic drawing of the first configuration of the experimental setup is shown in fig-

ure 4.2. After excitation the optical response emanating from the sample is collected by

the high NA objective, transmitted by the beam splitter and finally leaves the microscope

as a collimated beam. A notch filter (bandstop at 632.8 nm, Kaiser Optics) then separates

the signal from reflected or scattered laser light in the case of λex = 632.8 nm . When using

the orange laser with λex = 594 nm a long pass filter with a cutoff wavelength λ= 615 nm is

used. Afterwards, the signal is either guided towards two single photon counting avalanche
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Figure 4.2: Schematic of the experimental setup. After passing a laser line filter (LF)

the output of a HeNe laser is expanded, optionally passes a mode converter (MC) and

then a tiny pin hole (PH) positioned in the second expansion for spatial filtering. A

beam splitter (BS) directs the excitation beam through the high NA objective to the

sample. The optical response is collected by the same objective and transmitted by the

BS. A notch (or a long pass) filter (NF) separates the signal which is then directed to

spectrograph and CCD by a flip mirror (FM) or passes to the APDs with appropriate

filtering (F1, F2).

photo diodes (APDs) or it is directed to the spectrometer (Andor shamrock 303i) by a

flip mirror (FM), followed by detection with a Peltier-cooled CCD camera (Andor iDus

DU420-BR-DD). In case of APD detection the signal is divided by a BS that transmits

light with λ > 760 nm and reflects light with shorter wavelengths. After optional spectral

filtering the two beams are focussed onto and detected by two APDs. This configuration

including APD detection of different spectral windows allows for the simultaneous detec-

tion of Raman and photoluminescence signal of carbon nanotubes. For CdSe nanowires

only one APD is used since both Raman scattering and photoluminescence emission occur

at wavelengths shorter than 760 nm.

APD imaging in combination with back focal plane imaging

The detection path for the second setup configuration is sketched in figure 4.3. The signal

beam which exits collimated from the objective is focused by the tube lens inside the
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microscope. It is not collimated again as in the other configuration. A flip mirror is used

to direct the signal either to the APDs or to another cooled CCD camera (Andor iDus

DU920N-OE or Andor iDus DU420A-OE). In both cases a lens is used to collimate the

beam after it has passed a focus. The following filtering and subsequent detection by

the ADPs is identical to that in the other configuration. For the acquisition of radiation

patterns, which is determined by the intensity distribution in the BFP, a collimating lens,

the so called Bertrand lens (BL), forms the image of the objective’s back focal plane

(BFP) onto the CCD camera (BFP’). For a better signal-to-noise ratio in all patterns

pixel binning (4x4) has been applied.

Figure 4.3: Schematic of the experimental setup with the beam paths for APD imaging

(red) and radiation pattern detection (blue). Radiation patterns are recorded by imaging

the back focal plane of the objective onto a cooled CCD camera using a Bertrand lens

(BL) as indicated by the blue dotted lines. Optionally, spectral filters (F) can be used

to select the desired detection window.

In this configuration radiation patterns can be recorded reflecting the angular emission of

an emitter in a two-dimensional projection. The angular range of the observed patterns

is limited by the numerical aperture of the objective, therefore high NA objectives are

required to obtain a high degree of information, especially since most of the radiation

emanating from a dipolar emitter occurs at large angles.

4.3.2 Near-field configuration

In the near-field experiments a sharp gold tip that operates as optical antenna has to be

kept in close and constant distance to the sample surface. For that purpose a home built

shear-force atomic force microscopy (AFM) head equipped with a tuning fork is used. The

sharp gold tips acting as optical antennas are attached to the tuning fork. The shear-force

feed-back mechanism is highly sensitive and applies only small forces, both is essential
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for the use of soft gold tips. A frequency-shift-controlled feedback loop, controlled by

a phase-locked loop (easyPLL, Nanosurf c©) and a scanning probe microscopy controller

(SPM1000, RHK Technology), is used to keep the distance between tip and sample surface

constant at a few nanometers. Further details on the shear-force AFM can be found in

reference [39].

Figure 4.4: Schematic of the experimental setup including the high NA objective, the

sample material on a glass substrate and the near-field probe in form of a sharp gold tip.

The probe is oriented perpendicular to the sample substrate with the tip axis coinciding

with the optical axis of the microscope. For image acquisition the substrate with the

sample is scanned through the focus while the gold tip only moves in z direction to keep

the distance constant.

A scheme of the near-field configuration is shown in figure 4.4 a. A high NA oil immersion

objective is approached from below to focus the laser onto a glass cover slip that carries

the sample material, for example single-walled carbon nanotubes or CdSe nanowires. The

near-field probe in form of a sharp gold tip is approached from above the sample, that is

from the lower refractive index side. The axis of the tip coincides with the optical axis of

the microscope (on-axis configuration).

4.4 Preparation of gold tips

Sharp gold tips like the one depicted in figure 4.5 b have been electrochemically etched from

pure gold wires (∅ 100 µm, 99.995% Chempur) in high purity hydrochloric acid [130–132].

A scheme of the etching setup is depicted in figure 4.5 a. A platinum ring dipping into the

acid serves as counter electrode to the gold wire. The applied square DC pulses with an

amplitude of 8 V, a duration of 30 µs length and a repetition rate of 3 kHz were applied

manually via an additional on/off switch. By this procedure gold tips with diameters in
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the range of 10-40 nm at the tip apex were obtained. Characterization of the gold tips was

done by scanning electron microscopy (SEM).

Figure 4.5: a) Schematic of the etching setup including the platinum electrode and the

gold wire that dip in hydrochloric acid, and the associated voltage supply. b) SEM image

of a typically sharp gold tip used as near-field probes in TENOM experiments. The tip

apex has a radius of about 30 nm.

Although the gold tips produced according to this method appear to be similar, one has

to keep in mind that each tip is unique regarding the apex size, opening angle, surface

roughness, symmetry and material quality. Characterization using scanning electron mi-

croscopy allows for the choice of appropriate tips for the TENOM experiments, but slight

variations in the geometry can not be avoided which result in more or less differing optical

properties affecting the signal enhancement and the radiation pattern. However, a careful

selection of probes results in reliable near-field enhancement and only small discrepancies

from a radial symmetry which is important for this work.
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5 Near-field signal enhancement on

SWCNTs

This chapter is based on the paper ”Enhancing and redirecting carbon nanotube photolu-

minescence by an optical antenna” that has been published in Optics Express (volume 18,

page 16443 (2010)).

Tip-enhanced near-field optical microscopy is a well established tool for the optical investi-

gation of single-walled carbon nanotubes. The enhanced optical fields at the tip apex lead

to an increase of the excitation and the emission rate and thus to an increased signal in-

tensity, a higher detection sensitivity and high spatial resolution. The signal enhancement

is known to occur only within the range of few nanometers owing to its near-field nature.

The overall enhancement factor can be estimated by comparing the signal intensities in the

presence and in the absence of the near-field probe, normalized by the size of the far-field

and near-field foci given by the factor V in equation 3.8. However, the overall enhance-

ment factor does not distinguish between excitation and radiative rate enhancement (Fex,

Frad), which is interesting for a better understanding of the enhancement mechanisms as

well as for a further improvement of the technique itself. It turned out to be very difficult

to distinguish the single rate enhancement factors from experimental data. Only a semi

experimental ansatz could be found in literature, where the excitation enhancement factor

is calculated theoretically and the remaining enhancement is attributed to enhancement of

the radiative rate [133]. A straight forward experimental differentiation of the individual

rate enhancement factors as well as their quantification was thus still lacking.

A way to distinguish and quantify the enhancement factors for excitation and emission

rate is presented in this chapter. It is based on the observation and the careful evaluation

of the angular emission characteristics of dipolar emission. The angular emission was

investigated by imaging the back focal plane of the microscope objective resulting in so

called radiation patterns. In addition, these measurements also show that the signal

enhancement is connected to a spatial redistribution of the emission.

In the first section, a basic near-field measurement is presented demonstrating the high

signal enhancement and a high spatial resolution at optical wavelengths, for Raman scat-

tering as well as photoluminescence emission. Angular radiation patterns of single carbon

nanotubes’ photoluminescence that were observed in the back focal plane of a microscope

objective are shown in section 5.2. A comparison of the results with calculated patterns
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5. NEAR-FIELD SIGNAL ENHANCEMENT ON SWCNTS

shows that the emitting nanotube can be described by a single in-plane point dipole with

the axis of the transition dipole oriented along the nanotube axis. Following this, the

near-field interaction between a nanotube and an optical antenna was investigated, as

used in TENOM. The optical antenna was found to modify the angular emission of PL

significantly (section 5.3). It will be shown that the radiation pattern becomes dominated

by the characteristics of the antenna and that this directional redistribution of the pho-

toluminescence emission is connected to the radiative rate enhancement. Separation and

quantification of antenna induced excitation and radiation enhancement is discussed in

section 5.4.

5.1 TENOM on SWCNTs

In figure 5.1, the TENOM data for a thin bundle of photoluminescent SWCNTs spin

coated onto a glass cover slip are depicted. The topography is shown in figure 5.1 a. It is

dominated by rather uniform layers of surfactant molecules remaining from sample prepa-

ration. The Raman signal in figure 5.1 b was detected by an APD after spectral filtering

using a narrow bandpass filter to select the vibrational energy of the Raman G-band at

1600 cm-1. A second APD in combination with a broad bandpass filter centered at 950 nm

was used to simultaneously record the PL from semiconducting SWCNTs (figure 5.1 c).

Figure 5.1: TENOM data of SWCNTs on glass. a) The topography image mainly

shows layers of surfactant molecules with a rather uniform height of about 1.3 nm. The

SWCNTs are hardly visible based on topography data. The simultaneously recorded

Raman (b) and PL maps (c) clearly reveal the SWCNTs with high image contrast. d)

Cross-sections taken from the Raman and PL images demonstrate a spatial resolution of

15 nm at optical frequencies. Material: SC-wrapped HiPCO nanotubes.

The PL and Raman images reveal a huge signal enhancement due to the near-field inter-

action with the gold tip resulting in a spatial resolution of 15 nm as determined from the

cross-sections shown in figure 5.1 d. While the nanotubes are hardly visible in the topo-

graphical image they are clearly identified in the optical images. Owing to the fact that the

confocal background is rather small or, for the Raman scattering, not observable at all, a
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5.2. Angular emission of SWCNTs on a surface

comparison of near-field and far-field signal intensities is not feasible. For a detailed study

of the enhancement process a quantification of the respective rate enhancement factors is

needed.

In the following it will be shown how the observation of the radiation pattern and changes

therein induced by the near-field interaction can be exploited to separate and quantify

excitation and radiative rate enhancement factors Fex and Frad.

5.2 Angular emission of SWCNTs on a surface

As a first step the angular characteristics of photoluminescence emission of single-walled

carbon nanotubes is examined. It is expected to show the characteristics of a point dipole

emitter which is oriented horizontally with respect to the sample substrate, because the

SWCNTs lie flat on a glass cover slip and the E11 transition coincides with the nanotubes

long axis. The plane of the nanotubes and thus of their transition dipoles is perpendicular

to the optical axis of the system.

To show that the emission actually is of a dipolar nature the emission pattern measured

in the back focal plane (BFP) were compared to the simulated emission pattern of a point

dipole lying flat on a substrate. The simulations have been performed according to the

formulas derived by A. Lieb et al. as described in chapter 3 [112].

The SWCNTs (wrapped with sodium cholate) were spin coated on a glass cover slip which

was scanned through the focus of a NA = 1.3 objective. For excitation, the linearly polar-

ized Gaussian beam of an orange HeNe-laser with an output wavelength of λex = 594 nm

was used. The PL signal was simultaneously detected by an APD in the range of the E11

transition between 880 and 1000 nm. A typical APD image is shown in figure 5.2 a.

For the acquisition of the radiation pattern a bright spot indicating the position of a

nanotube is centered on the optical axis of the microscope. This has been done for the

three spots marked by the letters b, c and d in figure 5.2 a. The corresponding radiation

patterns are displayed in (b-d), respectively. Each experimental pattern has been fitted

with a simulated dipole pattern with the angle Φ describing the in-plane dipole orientation

as the only fit parameter. As the nanotubes are lying flat on the surface, the angle Θ is

assumed to be 90◦. The fitted radiation patterns are shown in figure 5.2 e-f.

The theoretical dipole patterns reproduce the measured radiation patterns from the SW-

CNTs extremely well. Most intensity is detected in an outer ring at emission angles larger

than the critical angle and is concentrated into two lobes on opposite sides of the pattern.

The orientation of the nanotubes in figure 5.2 were estimated by the fitting procedure to

be Φ = 142◦, 61◦ and 35◦ for the nanotubes b, c and d, respectively. The dipole transition

is polarized along the nanotube axis and thus parallel to the sample surface.
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Figure 5.2: a) Confocal photoluminescence image of a sample of single SWCNTs. The

scale bar is 2 µm. For the three bright SWCNTs marked b, c and d the observed emission

patterns are shown in (b), (c) and (d). The corresponding simulated dipolar patterns

are depicted in (e), (f) and (g), respectively. Only the angle Φ which describes the in-

plane dipole orientation has been varied to reproduce the corresponding experimental

patterns. Simulated and measured radiation pattern agree very well. Material: SC-

wrapped CoMoCat nanotubes.

As a conclusion of the excellent agreement between experimentally observed and simulated

patterns, the emission arising from exciton recombination in single SWCNTs is found to

be dipolar. The mobility of excitons along the nanotube axis can be described by a

center of mass motion. This leads to a random distribution of recombination sites within

the focus that contribute to the measured radiation pattern. Further, coupling of the

photoluminescence emission to spatially extended antenna modes of the nanotube can be

excluded because it would result in narrower angular radiation pattern. Simulations using

a chain of coherent dipoles indicate that the coherent length would need to exceed 150 nm

to obtain a distinguishable radiation pattern.

The same experiment has also been done for another sample material, namely polymer-

wrapped single carbon nanotubes. The radiation patterns observed from this material

were found to be identical to those from carbon nanotubes wrapped with sodium cholate.

The surfactant thus does not significantly alter the angular emission pattern.

To test whether the position of the nanotube with respect to the focal point influences the

intensity distribution of the observed radiation pattern, a luminescent carbon nanotube

was scanned through the focus and a pattern was recorded at several positions during the

scan. Some patterns of the resulting series of patterns are depicted in figure 5.3. The

distance between two neighbouring positions of radiation pattern acquisition has been

250 nm, the range covered by the patterns here is thus 1.00 x 0.75 µm. If the polarization

of the emission is independent from that of the excitation light, which is longitudinal in

the focus center and transversal in a ring around the center, no changes in the intensity

distribution are expected. The strongest signal intensity should arise when the nanotube

is centered in the focus, where the highest optical fields are located.
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5.3. Influence of a near-field probe on the radiation pattern

Figure 5.3: Series of radiation patterns from a SWCNT’s photoluminescence that have

been measured while scanning the nanotube through the laser focus. As expected, the

intensity distribution in each pattern does not change when the nanotube is off the optical

axis. The signal intensity and the signal-to-noise ratio is maximized when the nanotube

is positioned accurately in the focus. Material: SDS-wrapped CoMoCat nanotubes.

It is found that the intensity distribution does not change when the nanotube is off the

optical axis of the microscope. This means that the polarization of the emission is inde-

pendent from that of the absorption. In addition, the imaging properties of the optical

system show no observable dependence on the lateral position of the emitter with respect

to the intensity distribution in the radiation pattern. Only the signal intensity and there-

fore the signal-to-noise ratio decreases with increasing offset and is best for an accurately

centered nanotube position, where the highest excitation intensity is located. This is the

case in figure 5.3 m in the presented example.

5.3 Influence of a near-field probe on the radiation pattern

In the following the influence of an optical antenna in form of a sharp gold tip as used in

TENOM experiments will be analyzed. As sample material the polymer-wrapped nano-

tubes were used. The near-field setup was equipped with a red HeNe-laser with an output

wavelength of 632.8 nm and an NA = 1.49 objective. The near-field interaction between
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the gold antenna and the carbon nanotube is expected to result in significant changes of

the angular emission characteristics. A representative set of experimental data is shown

in figure 5.4.

Figure 5.4: a) Near-field image of a luminescent SWCNT with the simultaneously mea-

sured topography (inset). The scale bar is 100 nm. The observed radiation patterns

from this nanotube are shown in (b-d), where (b) is measured with the tip close to the

nanotube (PL*). c) and d) are acquired at the same position while the tip was retracted

(PL0
SWCNT). For better comparison the intensity-scale in (d) is identical to that in (b).

Material: polymer-wrapped nanotubes.

The near-field photoluminescence image presented in figure 5.4 a shows that the gold tip is

centered correctly in the objective focus. It exhibits high near-field enhancement resulting

in a lateral optical resolution of about 20 nm. The nanotube shows bright PL with uniform

intensity along the nanotube. It is oriented from top left to bottom right as can be seen

in the PL image (figure 5.4 a) and the simultaneously obtained topographical data shown

in the inset.

After optimization of the alignment to provide maximum enhancement by the antenna, the

radiation patterns in its presence and absence were acquired for comparison and further

data analysis. The radiation patterns are denoted as PLba, at which the lower index a

denominates the emitting dipole (SWCNT or tip) and the upper index b indicates the

absence (0) or presence (*) of a near-field probe during the acquisition of a pattern. Note

that PLba describes the intensity as a function of the angles θ and ϕ (see figure 3.6).

The radiation pattern in the absence of the antenna, which is denoted as PL0
SWCNT, was

measured first, it is shown in figure 5.4 c. Fitting this pattern results in a nanotube orien-

tation of Φ = 148◦ in agreement with the PL image and the topography. After approaching
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5.3. Influence of a near-field probe on the radiation pattern

the tip again, a second pattern in the presence of the tip was acquired, denoted as PL* (fig-

ure 5.4 b). Here, the lower index a has been omitted, because both antenna and nanotube

dipole contribute to this radiation pattern. Obviously, the radiation pattern has changed

considerably compared to the pattern without antenna (figure 5.4 c). For a better com-

parison of the overall intensity, PL0
SWCNT is plotted again in (d) with the same intensity

scaling as in (b). Two differences of PL0
SWCNT and PL* are found that will be discussed in

the following. The first observation is that the overall intensity is strongly increased. This

results from the signal-enhancement due to the optical antenna. The second observation

is related to the distribution of the intensity in the pattern. Clearly, the angular intensity

distribution has changed significantly. The radiation pattern that formerly showed two

opposite lobes of maximum intensity is now dominated by a sharp ring close to the critical

angle.

The overall signal enhancement results from the interaction of the carbon nanotube with

the enhanced electrical fields at the apex of the optical antenna. The presence of the

antenna leads to increased excitation and emission rates. A spatial integration of the

intensity in both patterns reveals a roughly five-fold number of photons detected in the

presence of the gold tip. The near-field interaction also leads to the changes in the emission

characteristics and thus to the altered intensity distribution of the observed radiation

patterns. A pattern like the one in figure 5.4 b, dominated by a sharp ring is characteristic

for a radiating dipole that is oriented vertically with respect to the optical axis. The

simulated pattern of such a dipole was depicted earlier in figure 3.6 b. Approaching an

optical antenna close to a dipole emitter leads to the creation of a new radiation channel

through which energy is transferred from the emitter to the antenna by means of near-field

interaction. The transferred energy is finally emitted by the antenna dipole. This antenna

emission can be well described by an axially oriented point dipole despite the semi-infinite

structure of the optical antenna. The resulting radiation pattern then consists of two

coherent contributions, one from the nanotube dipole and a second one from the antenna

dipole.

Regarding the transitions rates this means that the radiative rate krad,SWCNT of the carbon

nanotube, which is the number of photons emitted per second, is increased by adding a

tip-induced radiative rate k∗rad,tip according to

k∗rad = krad,SWCNT + k∗rad,tip, (5.1)

with the radiative rate in the absence of the tip krad,SWCNT and the resulting radiative

rate in the presence of the tip k∗rad. Here, the fact that exciton decay in carbon nanotubes

on flat substrates is dominated by non-radiative channels with knr � krad,SWCNT is used.

The radiative rate krad,SWCNT of the nanotube dipole is assumed to remain constant in

the presence of the tip and thus k∗rad,SWCNT ≈ krad,SWCNT, also moderate radiative rate

enhancement factors Frad are expected and observed in the experiments.
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The following section will show how the observations and findings presented so far can be

used to separate excitation and radiative rate enhancements.

5.4 Quantification of excitation and radiation rate enhancement

In conventional TENOM measurements it is not possible to distinguish between radiative

and emission rate enhancement since only the final overall signal is detected. In the

following data analysis it will be shown that by analyzing the radiation pattern in the

presence and absence of the tip, the rates can be separated and quantified independently.

This is possible because the radiation patterns of a vertically and a horizontally oriented

dipole differ substantially (see chapter 3). As has been shown above, the nanotube emission

can be described by a horizontal dipole while emission radiated via the optical antenna can

be described by a dipole oriented parallel to the tip axis. In the analysis, the nanotube and

the tip emitter are treated independently which leads to a superposition of the radiated

intensities. In principle interference of the radiated fields has to be considered since the

emission via the antenna is driven by the nanotube’s emission. However, the antenna

and the nanotube dipole are perpendicular giving rise to orthogonal fields for most of

the detected area in the back focal plane. Tip radiation leads to fields with a radial

polarization in the detection plane while radiation from the horizontally nanotube dipole

is linearly polarized. In the region with parallel polarization, which is in the direction of

the nanotube dipole, the intensity of the latter is very weak. Therefore, interference can

be neglected in the first approximation.

The total radiation pattern PL* from a SWCNT in the vicinity of an optical antenna as

detected by the CCD camera can be then divided into two contributions. One contribution

is the energy radiated by the horizontal nanotube dipole (PL∗SWCNT), and the second one

that is radiated by the axial antenna dipole (PL∗tip), according to

PL* = PL∗SWCNT + PL∗tip. (5.2)

The intensity of the photoluminescence signal observed in the experiments depends on

the excitation rate kex, the quantum yield of the emitting nanotube Q and the detection

efficiency η of the system. Further, the fraction γ of the total power radiated by a dipole

into the angular detection range defined by the numerical aperture of the system depends

on the orientation of the dipole as has been shown in chapter 3. The observed signal

intensity is therefore given by the product

PL = η · γ ·Q · kex. (5.3)

For the NA = 1.49 objective used here γ⊥= 0.92 for a dipole oriented vertically and

γ‖= 0.73 for a dipole oriented horizontally.
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The photoluminescence signal intensity radiated by the tip dipole, which gives rise to

PL∗tip, is given by

PL∗tip = ηγ⊥Q∗tip
k∗ex
V

. (5.4)

Here, k∗ex is the excitation rate in the presence of the antenna limited to the near-field

interaction range, and Q∗tip is the quantum yield for the tip channel available for excitons

in this interaction range, given by

Q∗tip =
k∗rad,tip∑

k∗
.∑

k∗ is the sum of all decay rates given by
∑

k∗ = k∗rad,SWCNT+k∗rad,tip+k∗nr including the

non-radiative rate k∗nr. The photoluminescence signal intensity radiated by the nanotube

dipole, which gives rise to PL∗SWCNT, is given by

PL∗SWCNT = ηγ‖Q
∗
SWCNT

k∗ex
V

+ PL0
SWCNT

(
1− 1

V

)
. (5.5)

Here Q∗SWCNT is the quantum yield for the nanotube channel available for excitons in the

near-field interaction range, given by

Q∗SWCNT =
k∗rad,SWCNT∑

k∗
.

The two parts on the right side of equation 5.5 account for signal contributions from

the range of near-field interaction with the antenna and from the remaining far-field focus

range, respectively. The constant factor V in the equations above accounts for the different

sizes of the confocal focus and the much smaller spot underneath the tip apex in which

the enhanced excitation and radiation takes place, as introduced in equation 3.8. In the

example in figure 5.4, V is about 300 nm/20 nm = 15 as determined from the width of the

PL signals in the confocal and near-field optical images.

The enhancement factors for excitation and radiation are denoted Fex and Frad, respec-

tively. Frad is given by

Frad =
k∗rad

krad,SWCNT
=

k∗rad,SWCNT + k∗rad,tip
krad,SWCNT

≈ 1 +
k∗rad,tip

krad,SWCNT
, (5.6)

following the same approximation as earlier in equation 5.1. The ratio of the quantum

yields underneath the tip can then be written as

Q∗tip
Q∗SWCNT

≈
k∗rad,tip

krad,SWCNT
, (5.7)

and equation 5.6 can be transformed to

Frad =
Q∗tip

Q∗SWCNT

+ 1. (5.8)

Finally, equations 5.4 and 5.5 are inserted after rearranging, which results in

Frad =
PL∗tip

PL∗SWCNT − PL0
SWCNT(1− 1/V )

·
γ‖

γ⊥
+ 1. (5.9)
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PL0
SWCNT, which is the intensity distribution of the emission radiated by the SWCNT

dipole in the absence of the tip, is already known from the experiment without tip. In

the example in figure 5.4 it is identical to the pattern in (c). The spatial integration of

PL0
SWCNT gives the intensity PL0

SWCNT. To solve equation 5.9, the intensity contributions

to PL∗tip and PL∗SWCNT, that add up to the observed radiation pattern in the presence

of the tip, PL*, have to be separated. For that purpose the differences of the radiation

pattern from a vertical and a horizontal dipole are utilized, which are thus pictured again

in figure 5.5.

Figure 5.5: The graph shows γ⊥ and γ‖ plotted versus the maximum collection angle

θmax of the objective together with the calculated radiation pattern of a horizontal dipole

on the left and a vertical dipole on the right. The pattern of a vertically oriented dipole

shows no intensity in the center (shaded in white). The corresponding region in the graph

is shaded yellow. The pattern of a horizontally oriented dipole does show intensity in

this region.

The graph in the middle shows γ⊥ and γ‖ plotted versus the maximum collection angle

θmax. At the sides, the calculated radiation pattern of a horizontally oriented dipole (on the

left) and of a vertically oriented dipole (on the right) are pictured. The radiation pattern

of a vertical dipole shows hardly any intensity in the central region from θ= 0-12◦ (shaded

in white in the pattern). Here, γ⊥ is approximately zero (yellow shaded region in the

graph). This applies to the axially antenna dipole pattern. The radiation pattern of a

horizontal dipole on the other hand shows significant intensity in the central region. All

intensity in PL* that occurs in this central region is thus emitted via the horizontally

oriented nanotube dipole resulting in PL∗SWCNT. Compared to the pattern in the absence

of the tip, it is enhanced because of excitation rate enhancement, since we assume that all

additional emission caused by radiative rate enhancement is radiated via the tip dipole.

Below saturation, the excitation rate is proportional to the intensity of the optical fields

IE and thus proportional to the absolute square of the electrical field. The excitation rate

enhancement factor Fex is defined by the ratio of the excitation rates in the presence and

the absence of the tip, hence

Fex =
k∗ex
k0
ex

=
I∗E
I0E

. (5.10)
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In the absence of the tip, the measured signal is proportional to the field intensity and the

size of excitation spot given by Vff ,

PL0
SWCNT ∝ VffI0E .

In the presence of the tip, the measured signal is proportional of the sum of excitation

in the near-field interaction range and far-field excitation in the remaining far-field focus

according to

PL∗SWCNT ∝ VnfI∗E + (Vff − Vnf ) I0E .

The ratio of both signals can be written as

PL∗SWCNT

PL0
SWCNT

=
VnfI

∗
E

VffI
0
E︸ ︷︷ ︸

= 1
V
Fex

+
VffI

0
E

VffI
0
E

−
VnfI

0
E

VffI
0
E

, (5.11)

and rearranged to

Fex =

(
PL∗SWCNT

PL0
SWCNT

− 1

)
V + 1. (5.12)

If the enhancement of the excitation due to the tip is zero, the enhancement factor is unity

and PL∗SWCNT is equal to PL0
SWCNT.

The ratio PL∗SWCNT/PL0
SWCNT can be determined by integrating the intensities in the

central part of the measured radiation pattern as explained above (see figure 5.5). After

inserting the resulting value into equation 5.12, the excitation rate enhancement factor Fex

can be estimated. For the example shown in figure 5.4, it was found to be Fex = 32. This

means that 32 times more excitons have been created due to the presence of the optical

antenna. After rearrangement of equation 5.12, PL∗SWCNT can now be estimated, and

thus PL∗SWCNT. Now, PL∗tip is given by the difference PL* − PL∗SWCNT, and the spatial

integration results in PL∗tip, which finally is the last unknown to calculate Frad according

to equation 5.9. For the presented example Frad was found to be Frad = 1.9, which means

that the ratio of emitted PL photons is increased by additional 90 % because of the tip

antenna.

In principle, the equations derived above only hold for systems with non-mobile excited

states such as single fluorescent molecules or semiconductor nanocrystals. In such systems

the position of the excited state is always in the range of the near-field interaction between

emitter and antenna. Excitons in SWCNTs, however, are not localized but highly mobile

along the nanotube axis. A diffusion range of about 100 nm has been reported in litera-

ture [44,118,134]. As a consequence a substantial fraction of excitons created by strongly

tip-enhanced excitation can leave the local near-field interaction region. After escaping

this narrow region they are no longer object to possible radiative rate enhancement but

will all contribute to the PL∗SWCNT pattern in the case of radiative relaxation. Hence, a

treatment derived for zero-dimensional structures underestimates the actual radiation en-

hancement factor Frad in the case of higher-dimensional systems like carbon nanotubes. A
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simulation of the competition between exciton diffusion and local radiative rate enhance-

ment was performed by calculating the time-dependent spatial distribution of the exciton

density after local antenna enhanced excitation using a 1D random-walk model [45]. The

only input parameters are the near-field interaction range of 20 nm and the diffusion range

of 100 nm. The result is a significantly increased radiative rate enhancement k∗rad,tip owing

to the tip. The actual radiative rate enhancement factor Frad in the example in figure 5.4

is then 7.8.

The used gold tips are electrochemically etched individually and hence have differing en-

hancement capabilities. The observed enhancement factors for different tips and also differ-

ent nanotubes range from Fex = 12-32 and Frad = 6.1-13.6. The variation of enhancement

factors is attributed to non-optimal positioning of the tip on top of the nanotube and

minor differences in tip shapes leading to a variability of antenna efficiencies.

For all investigated SWCNTs and gold tips, excitation enhancement was substantially

higher than radiation enhancement even after accounting for exciton mobility effects. Two

reasons are responsible for this observation. First, there is a stronger field enhancement at

the excitation wavelength compared to the emission wavelength. Photoluminescence spec-

tra of metal nanostructures are known to reflect the wavelength dependence of the field

enhancement which is dominated by plasmon resonances in the visible range [135]. Lumi-

nescence spectra of gold tips, resulting from interband transitions of d-band electrons into

the conduction band and subsequent radiative recombination, show maximum intensity in

the range of the excitation wavelength at 632.8 nm used in the TENOM experiments [136].

The intensity at the emission wavelength of carbon nanotubes (at around 950 nm) is at

least 20 times smaller. One representative example spectrum of gold tip luminescence,

measured after excitation at 473 nm, is shown in figure 5.6 (solid line) together with the

PL spectrum of a (6,5) nanotube (dashed line). The tip PL spectrum has been corrected

for the sensitivity of the CCD and the reflectivity of the grating, since both show significant

variations in the broad spectral range of the tip PL.

The second reason for the higher excitation enhancement is based on the polarization

of absorbing and emitting states. Emission at the exciton energy E11 is polarized in-

plane as can be seen from the radiation patterns and the literature cited above. Treating

the near-field interaction between tip and nanotube as dipole-dipole coupling only weak

effects are expected due to the orthogonal orientation of the dipoles. In principal, radiative

rate enhancement would be expected to occur twice along the nanotube at opposite sites

displaced from the tip center, since the optical fields at the tip are polarized radially around

the tip. On the other hand, excitation at 632.8 nm is within the range of the E12 transition

of the investigated SWCNTs that is polarized perpendicular to the nanotube axis. For

far-field excitation this absorption is screened efficiently by the nanotubes’ polarizability.

However, since strongest field enhancement is obtained for these perpendicular fields with

very high field gradients, excitation at E12 may become allowed in the presence of the tip

[32].

62



5.4. Quantification of excitation and radiation rate enhancement

Figure 5.6: Photoluminescence spectra of a gold tip (solid line) and a single (6,5) carbon

nanotube. The output wavelength of a red HeNe-laser at 632.8 nm is in the range of the

tip luminescence. Photoluminescence signals of the gold tip and the nanotube, however,

do not overlap.

A horizontally oriented dipole in the tip induced by the nanotube could also contribute

to the radiation pattern detected as PL∗SWCNT, even though the radiation would emanate

from the tip. This would result in an underestimation of Frad and an overestimation of

Fex. However, its contribution will be small compared to that of the vertical tip dipole due

to the small polarizability of the tip perpendicular to its axis. For a complete estimation

of the respective contributions the one-dimensional structure of the nanotube needs to be

considered. Since radiative rate enhancement is limited due to strong competition with

exciton mobility as discussed before, the small contribution of the horizontal tip dipole can

also be neglected compared to that of emission via the nanotube dipole. Therefore, the

uncertainty introduced by neglecting the horizontal tip dipole is estimated to be smaller

than 10 %.

Usually, the observed radiation patterns induced by the tip slightly deviate from a perfect

radial symmetry as predicted by the simulation. This is attributed to non-ideal tip shapes

of the electrochemically etched gold tips. It is noteworthy that the radial polarization of the

tip emission implicates that the tip antenna is excited efficiently using a radially polarized

doughnut mode. In general, the radiation pattern detected for a given antenna system

will reflect the optimum excitation pattern at the detected frequency as a consequence of

reciprocity. After detecting the radiation pattern of a given antenna, its coupling efficiency

could be optimized by vector point spread function engineering.

Conclusion

In this chapter investigations of the enhancement mechanisms in tip-enhanced near-field

optical microscopy on photoluminescent SWCNTs were presented. For that purpose the

back focal plane of the microscope objective was imaged with a CCD camera. It was found

that the photoluminescence emission of semiconducting single-walled carbon nanotubes
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on a dielectric substrate can be modelled as emission from a single in-plane point dipole

despite the one-dimensional structure of the nanotubes. The signal enhancement due to

a sharp gold tip regarded as optical antenna in the close vicinity of a carbon nanotube

originates from enhanced excitation and additional radiation via the tip dipole. The

enhancement process was found to be connected to a spatial redirection of the emission,

which in turn allows for some control of the emission. These results illustrate that optical

antennas could be used to improve the performance of carbon nanotube based nanoscale

NIR emitters and absorbers. Furthermore, the enhancement factors of excitation (Fex) and

radiation (Frad) have been quantified independently by analyzing the radiation patterns.

In the present system of nanotube and gold tip, enhancement of the excitation rate was

found to dominate the overall enhancement.
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6 TENOM on CdSe nanowires

The following chapter reports on the TENOM investigations of CdSe nanowires. It is

based on the papers ”Optical Imaging of CdSe Nanowires with Nanoscale Resolution” that

has been published in Angewandte Chemie International Edition (volume 50, page 11536

(2011)) and ”Tip-Enhanced Near-Field Optical Microscopy of Quasi-1D Nanostructures”

published in ChemPhysChem (volume 13, page 927 (2012)).

Variations of the photoluminescence signal along single CdSe nanowires regarding intensity

as well as energy are known from confocal measurements. Spatial averaging over a sample

area of a diffraction limited focal spot size, however, hides variations that occur on a

length scale below 200 nm, which could be important for the development of components

for nanoscale devices. On the other hand, HRTEM measurements revealed changes in the

crystal structure in the range of only few nanometers from which changes in the optical

properties are expected [16]. Additional inhomogeneities of the nanowire diameter or in its

surrounding should also result in variations of the optical properties on nanometer length

scales.

In the following it will be shown that tip-enhanced near-field optical microscopy provides

the required high detection sensitivity and spatial resolution to gain deeper insight into

the optical properties of these structures on the nanoscale. Imaging with the detection of

the integrated signal from the sample in a particular spectral window reveals nanoscale in-

tensity variations along single CdSe nanowires. Two example measurements are presented

in section 6.1.

A more sophisticated technique is hyperspectral imaging, where the complete spectral

information is acquired at each pixel, providing the same high spatial resolution but much

more spectral information. Here, subsequent data analysis reveals different PL energies

emanating from different nanowires. It will be demonstrated that even bundled nanowires

can be spatially resolved by their PL and Raman signals. Section 6.2.2 describes variations

of the PL energy observed along single nanowires of constant diameter, a feature that is

attributed to the polytypism of the crystal structure.
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6. TENOM ON CDSE NANOWIRES

Figure 6.1: Confocal versus TENOM PL image of CdSe NWs on a glass substrate. a)

Diffraction-limited confocal image. b) TENOM image of the same sample area as in

(a). c) Simultaneously detected topographic image. Local signal enhancement in the

vicinity of the gold tip results in substantially enhanced signal intensity leading to a

substantially improved spatial resolution in the PL image. This is obvious in the images

and additionally shown by a cross section across and a profile along a nanowire shown

in (d) and (e), respectively (measured along dashed lines indicated in the insets).

6.1 Near-field imaging using an APD

Figure 6.1 a shows a conventional far-field photoluminescence image of CdSe nanowires.

The PL has been detected by an APD after spectral filtering of the PL between 698 nm

and 708 nm. Since the PL band of CdSe nanowires is usually rather broad, signals from

thicker nanowires with a band gap close to the bulk value as well as slightly blue-shifted

signals from thinner nanowires that are subject to quantum confinement effects will be

detected in this spectral window. The structure of the nanowire appears to be y-shaped.

Figure 6.1 b presents the tip-enhanced near-field PL image that has been measured in the
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6.1. Near-field imaging using an APD

same area, and figure 6.1 c shows the simultaneously obtained topography. Excitation

power and integration time were equal in both PL measurements. Tip-enhancement leads

to a substantial increase of the PL intensity by a factor of 20 from about 25 kHz to 500 kHz.

The spatial resolution in the PL images has improved drastically from 240 nm to 20 nm as

determined from cross sections as well as profiles along a NW as shown in figure 6.1 d and e.

The TENOM data reveal that the structure actually is a tripod shape where the right arm

is broken close to the branching site. While the NWs are found to be luminescent for their

complete length, the PL intensity is seen to vary strongly within few tens of nanometers

without significant changes in NW height (figure 6.1 e). The thinner nanowires marked by

white arrows in figure 6.1 c are not visible in the PL image since their emission wavelength

is too much blue-shifted to pass the detection filter. This will be addressed in section 6.2.

Surprisingly, the PL intensity fades toward the central branching site; the junction core

itself is completely dark in an area that is about 30 nm wide. The cores typically have pure

ZB structure and could thus be expected to be luminescent. ZB-WZ interfaces, in contrast,

result in type-II transitions with reduced oscillator strength because of the partial charge

transfer [29]. Modified optical properties could in principle result from the particular

dimensionality of the core that could lead to different quantum-confined electronic states

or an increased density of defect-related quenching sites. In fact, all branched NWs that

have been investigated in this work featured this dark junction sites. A second example is

shown in figure 6.2.

Figure 6.2: TENOM data of CdSe nanowires: Simultaneously measured photolumines-

cence map (a) and topographical image (b). Some parts of the structure marked with

white arrows in the topography are not visible in the PL map because of the limited

spectral detection window of the optical measurement. c) Cross-sections taken along the

dotted lines reveal high lateral resolution. The spatial resolution of 23 nm obtained in

the PL image is substantially higher than the topographical resolution of 53 nm. This is

a consequence of the higher order field dependence of the optical signal that scales with

the square of the electric field for both excitation and emission rates.

TENOM PL image and topography of a second branched CdSe nanostructure measured

with another gold tip are depicted in figure 6.2 a and b. The near-field PL image reveals

intensity variations in some regions, for example in the lower left arm in figure 6.2 a,

whereas other sections show rather homogeneous PL. Cross-sections that have been taken

along the dotted lines reveal a high lateral resolution. The spatial resolution (given by the
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6. TENOM ON CDSE NANOWIRES

full width at half maximum) of 23 nm obtained in the PL image is substantially higher

than the topographical resolution of 53 nm. This is a consequence of the higher order field

dependence of the optical signal that scales with the square of the electric field for both

excitation and emission rates. The lateral resolution in the topography is given by the

gold tip which was slightly broadened in this case.

There are thinner NWs present in both measurements shown above that appear dark in

the PL images. They are marked by the white arrows in the topographical images in

figures 6.1 c and 6.2 b. These thinner nanowires do not show any emission in the spectral

detection window defined by the bandpass filter in front of the photodiode. To obtain

additional information on the PL bands of these nanowires, hyperspectral images in which

complete spectra are recorded at each image pixel were acquired. They also contain details

on the PL energies and the LO Raman band that has not been considered so far.

6.2 Hyperspectral imaging

Hyperspectral imaging (HI) achieved by recording complete emission spectra at each image

pixel provides detailed information beyond a simple visualization by integrating the signal

in a filtered spectral window. The obtained set of spectra allows not only to image with

a single spectral window, but the distribution of any spectral property can be visualized.

This includes imaging of the spectral position and lineshape of specific peaks in the spectra.

6.2.1 Nanowires of different diameter

From each of the CdSe nanostructures presented above a smaller area has been further

investigated by hyperspectral imaging. The results are presented in figures 6.3 and 6.4.

Figure 6.3 shows hyperspectral imaging data measured in the area marked by the dashed

box in figure 6.2. In the topographical image in figure 6.3 a two NWs appear, a thinner

one in the upper part and a thicker one in the lower part of the image with diameters

of (6.5±0.5) nm and (8.0±0.5) nm, respectively. Two example spectra taken from the

hyperspectral data are depicted in figure 6.3 b. The respective PL bands have energies

differing by 72 meV, while both have energies above the bulk value of CdSe of 1.74 eV.

Figure 6.3 c displays a false coloured PL intensity map formed by integrating the intensities

within the spectral windows marked in figure 6.3 b and showing the contributions of the

two respective bands in blue and red. The integration windows are chosen in such a way

that no contribution from the other band adds to the intensity. Apparently, the low energy

band (red) originates from the thicker NW in the lower part of the image, whereas the

thinner NW features blue-shifted PL (blue). The increase of the band gap with decreasing

diameter, a result of quantum confinement, is clearly visible. The spectra in figure 6.3 b

also exhibit a Raman peak at 209 cm-1 (1.934 eV) that results from the longitudinal optical
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Figure 6.3: Hyperspectral image data of the area marked by the dashed box in figure 6.2.

a) The sample topography reveals two NWs of different diameter. b) Two example

spectra showing a Raman peak at 1.934 eV as well as PL bands at different energies

(1.797 meV and 1.869 meV). c) Integration of the PL bands within the spectral windows

in (b) results in the corresponding PL intensity maps coloured blue and red for the

respective windows. d) Raman map obtained by integrating the area marked yellow in

(b).

phonon mode (LO). Integration of the Raman signal leads to the Raman map depicted

in figure 6.3 d, which does not show substantial intensity variations along the nanowire in

contrast to the PL data. While the electronic energies vary strongly with the diameter

due to quantum confinement, the phonon energies mainly reflect the crystal structure.

However, the Raman signal in this example is very weak and variations might be hidden

in the noise.

Figure 6.4 presents hyperspectral imaging data of the central region of the CdSe nanos-

tructure which has been shown in figure 6.1. From the topographical data the diameters of

the nanowires are determined to be (5.0±0.5) nm for the thin nanowire and (9.0±0.5) nm

for the two thicker arms of the branched structure from which the right one is broken.

Again two example spectra of this measurement are depicted in figure 6.4 b taken at po-

sitions I and II marked in the topographical image obtained simultaneously (figure 6.4 a).

Spectrum I is dominated by a broad PL band at around 1.772 eV labelled (1), spectrum

II features an additional PL band at around 1.880 eV labelled (2). In both spectra the LO

Raman peak at 209 cm-1 (1.934 eV) is visible. The contributions of the two PL bands were

determined by fitting each spectrum with two Gaussian line shape functions. The resulting

amplitude images were normalized and plotted together in the intensity map depicted in

figure 6.4 c. Clearly, the low energy PL band (1; red in figure 6.4 c) originates from the

thicker three-armed CdSe nanostructure, whereas the thinner NWs show blue-shifted PL

energy (PL band (2); blue). Again, the increase of the band gap with increasing quantum

confinement is visible.

The optical TENOM data reveals that there are a thinner nanowire and a thicker one bun-

dled together in the lower right part of the scanned area, that can hardly be distinguished
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Figure 6.4: Hyperspectral imaging of the CdSe nanowires as marked in figure 6.1 c by

the dashed boxes. a) Topographical image data. b) Spectra taken at the positions marked

in (a) show PL bands at around 1.772 eV (1) and 1.880 eV (2) that can be described by

Gaussian line shape functions. A Raman band (R) corresponding to the LO phonon is

visible at 1.934 eV. c) Intensity maps of PL (1; red) and PL (2; blue) bands show higher

PL energies for thinner NWs. d) The Raman map reveals stronger scattering for thinner

NWs. In the hyperspectral image the two NWs forming the bundle are clearly resolved

by the PL and the Raman signal.

in the topography. The diameter of the thicker nanowire is estimated to be (9.0±0.5) nm,

for the thinner NW such an estimation is not possible since the nanowires are not resolved

by the AFM probe. However, they are clearly resolved and localized with TENOM based

on their optical characteristics. The PL intensities of the thinner nanowires are compara-

ble and apparently independent of their distance from the thicker ones. This implies that

there is no efficient energy transfer from the higher band gap nanowire to the one with a

smaller band gap within the bundle since this would result in quenching of the photolumi-

nescence from the nanowire with the larger band gap, i.e. the nanowire coloured in blue

in the present example.

The Raman map depicted in figure 6.4 d results from integrating the intensity of the Raman

signal. The chosen spectral window is indicated in green in figure 6.4 b. It can be seen

that the nanowire bundle is also resolved spatially in the Raman map. The data reveals

stronger Raman scattering from the thinner nanowires in comparison to the thicker ones

despite their smaller material volume. This effect can be attributed to resonance Raman

scattering, which leads to a stronger Raman scattering signal of thin nanowires with band

gap energies closer to the energy of the scattered photon. For the thin nanowire in the

other example (figure 6.3) with a diameter of (6.5±0.5) nm this resonance effect was not

observable, although the difference of the PL energies is only about 10 meV, which is
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small compared to the widths of the bands. However, the worse signal-to-noise ratio

resulting from smaller tip-enhancement hinders a detailed interpretation in that case. As

a consequence, significant Raman intensity enhancement due to resonance is observed only

for diameters smaller than 6 nm and sufficient tip-enhancement.

6.2.2 Energy variations along single nanowires

Some CdSe nanowires were found to exhibit strong spatial variations of the PL energy

with shifts of up to several tens of meV. In figure 6.5, the energy map along a 400 nm

long NW segment is depicted. For this nanowire a constant height of (8.0±0.5) nm could

be determined from the topographical data. In figure 6.5 b, two profiles through the

energy map are shown. The solid line was taken on top of the nanowire where tip-sample

interactions result in strong signal enhancement. The dashed profile stems from a parallel

line where the nanowire was outside of the near-field interaction range of the tip, thus the

profile reflects the confocal signal without influence of the tip. While the dashed profile

shows a rather uniform increasing energy, the solid line reveals strong variations of the

PL energy on length scales as small as the resolution given by the near-field probe, that

is about 23 nm. The comparison shows that the tip-enhanced data provides information

about variations on a length scale of about 20 nm which are invisible in conventionally

measurements because of spatial averaging.

Figure 6.5: a) Energy map of a 400 nm long NW segment with a constant diameter

of (8.0±0.5) nm revealing substantial energy shifts on nanometer length scales. b) PL

energy profiles measured along the NW with and without the near-field contribution

as marked in (a). c) Two spectra recorded at two positions separated by about 23 nm

as marked by the red and blue arrows in (a) and (b) show PL bands with an energy

difference of 22 meV.

The spectra shown in figure 6.5 c were measured at positions separated by only 23 nm

(marked in figure 6.5 a and b by the red and blue arrows). The PL energy difference

between these spectra is about 22 meV, revealing energy gradients of up to 1 meV nm-1.

Since there are no variations in the nanowire height, significant diameter-related band gap
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variations can be excluded. Generally, other possible reasons for the energy variations are

inhomogeneities in the surrounding of the nanowire and variations of the crystal structure.

In the case presented here, no topographic irregularities were found in the substrate and

the sample surface along this nanowire segment.

The used sample material typically shows short segments of alternating ZB and WZ phases

revealed in HRTEM measurements (see figure 2.10). The shifts in the PL energy can be

thus attributed to variations in the crystal phase with random fractions of zinc-blend and

wurtzite structure. The increase of the PL energy from left to right in figure 6.5 b, observ-

able in both profiles, indicates an increasing amount of WZ structure in the nanowires.

Conclusion

Tip-enhanced near-field optical microscopy proved to be extremely well suited for the

investigation of the optical properties of inorganic nanowires with nanoscale resolution.

Using TENOM, the first high-contrast images of semiconducting CdSe nanowires were

obtained and presented in this work and, in addition, first hyperspectral images could be

measured providing spectral informations with sub-diffraction spatial resolution.

The optical properties of CdSe nanowires were found to vary significantly on the nanoscale

leading to strong spatial fluctuations in both photoluminescence intensities and energies.

Energy gradients up to 1 meV nm-1 along the quasi 1D structures have been revealed.

Simultaneous imaging of PL and Raman scattering by hyperspectral imaging allows for

a comprehensive optical characterization of the nanowires. Bundles of nanowires with

different diameters could be resolved spatially according to their photoluminescence and

Raman scattering signals. As a consequence, a detailed optical characterization of these

structures implicitly requires a spectrally resolving imaging technique with sub-diffraction

spatial resolution, as provided by TENOM.
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NWs

In the preceding chapter, the successful application of TENOM for nanoscale imaging of

the optical properties of CdSe nanowires has been presented. The following chapter refers

to the mechanism of the underlying signal enhancement, it aims at a better understand-

ing of the technique itself. For that purpose investigations of the signal dependency on

the distance between a gold tip and a CdSe nanowire will be presented, and the influ-

ence of the metal tip on the emission spectrum and on the angular distribution of the

photoluminescence signal will be addressed.

The first section 7.1 deals with the emission spectrum as a function of the distance between

gold tip and CdSe nanowire. Therefore, approach curves for photoluminescence as well as

Raman scattering signals have been acquired. Since the enhanced signal results from near-

field interactions between the probe and the sample a very short ranged intensity increase

is expected. The model from Cançado et al. regarding Raman scattering enhancement

on quasi 1D semiconducting nanostructures will be applied to CdSe nanowires [93]. A

question of particular importance regarding PL enhancement is whether the presence of

the gold tip alters the spectral characteristics of the sample. It is found that in fact the

presence of the gold tip in some cases results in spectral shifts and possible reasons are

discussed.

The second and the third sections are focussed on the angular distribution of the photolu-

minescence emission. Section 7.2 reports on the angular emission characteristics of CdSe

nanowires. A comparison of the observed radiation patterns with theoretical calculations

shows that despite their quasi 1D structure the assumption of only a single radiating dipole

is not sufficient to describe the angular distribution. In section 7.3, the influence of a gold

tip on the radiation pattern is investigated, which is found to significantly alter the angular

distribution. In the last section asymmetric intensity distributions which sometimes occur

in the observed radiation patterns are addressed and possible reasons and consequences

are discussed.
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7.1 Influence of a NF probe on the emission spectrum

The dependence of the signal enhancement on the distance between tip and sample can be

studied by measuring so called approach curves. For that purpose, the integrated signal

intensity is recorded as a function of the tip-sample distance. The absolute distance could

be measured by decreasing it to zero, where the tip would touch the sample surface. Since

this would damage the tip apex, the measurement is usually stopped before this happens.

The signal intensity is thus plotted against the tip position relative to the setpoint position,

which corresponds to the tip-sample distance used in TENOM imaging. An approach curve

for the PL of a single CdSe nanowire is shown in figure 7.1. The resulting data show a

steep increase of the PL signal within only a few nanometers, which is specific for signal

enhancement induced by short ranged near-field interaction with the gold tip.

Figure 7.1: Approach curve for CdSe nanowire photoluminescence, showing the inte-

grated signal intensity while a gold tip was approached (grey dashed line) and retracted

again (black solid line). The short ranged steep increase of the PL signal is characteristic

for near-field enhancement due to the tip.

Such a measurement, however, does not contain any spectrally resolved information.

Therefore, series of spectra during approaching and retracting the gold tip to single CdSe

nanowires have been measured to obtain the complete optical response as a function of

the distance between sample and probe. In this way not only the intensity increase at

small distances but also potential spectral shifts are observable and can be analyzed sub-

sequently. An example of such a series of spectra is presented in figure 7.2 a.

The measurement was started while the gold tip was kept in close distance to the sample

surface as defined by the setpoint of the shear-force feedback control (topmost spectrum

in figure 7.2 a). This tip-sample distance is also used during TENOM image scans and

is referred to as setpoint position. After a few spectra with the tip kept in this setpoint
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Figure 7.2: Series of spectra recorded for single CdSe nanowires during approaching and

retracting a gold tip by about 33 nm. The acquisition time was 0.5 s per spectrum. a) The

PL signal shows a short ranged increase due to the near-field enhancement provided by

the tip. Competition of enhancement and quenching by the metal probe results in a

decreasing intensity for very short distances. b) Same spectral series with each spectrum

normalized for better comparison illustrates a blue-shift of the PL emission for small tip-

sample distances. c) Normalized spectra series from another nanowire and tip showing

no spectral shifts despite near-field enhancement.

position, it was instantly pulled back by about 27.5 nm, which resulted in a sudden decrease

of the intensity. In the example this is indicated by the upper dotted line on the left side

of the spectra. While the acquisition of spectra continued, the probe was then slowly

approached to the sample surface, that means the distance was reduced constantly to a

separation even closer than at the setpoint position. This region of the plot is indicated

by the upper arrow. Here, the intensity increases rapidly within the last few nanometers

confirming the near-field nature of the interaction. For the smallest distances, the PL

intensity drops again because of quenching by the metal probe. The recording of the tip-

sample distance dependence of the PL signal is repeated for the other direction as the tip

is slowly retracted again reproducing the same results. Finally, the probe was returned to

the setpoint position to complete the measurement.

In figure 7.2 b, the same spectral series is shown, this time the intensity of each spectrum

has been normalized for better comparison. Apparently, the emission shifts to shorter

wavelengths by about 8 nm for decreasing tip-sample distances and higher enhancement.

While similar energy shifts have been observed for other CdSe nanowires and tips, also

cases without any spectral variation occurred. Such an example without a spectral shift

is shown in figure 7.2 c. In this case the spectrum did not change when the tip was

approached and induced strong signal enhancement.
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There are two possible reasons for this occasionally observed spectral shifts. First, the

different size of the detected near-field and far-field areas may contain varying sample

compositions. Irregularities regarding variations in the crystal structure, the diameter or

changes in the surrounding of the nanowire could result in the observed differing emission

energies, when averaging of the detected signal from far-field and near-field foci comprise

different contributions. However, what kind of irregularities are involved in the particular

case can not be deduced from the present measurements. Second, the signal enhancement

due to the near-field probe is likely to dependent on the wavelength. It is strongest when

the frequency of the photons matches the plasmon resonance, which in turn depends on

the specific tip geometry. This would lead to spectrally altered emission depending on

the optical properties of the respective gold tip, emphasizing spectral regions of strongest

enhancement. Due to the complex nature of the investigated system these effects cannot

be distinguish in the present case. Since varying energy shifts have been observed with

the same tip at different sample positions the optical properties of the tip antenna can not

be the only reason.

Figure 7.3: a) Series of spectra including Raman and PL signals recorded for a single

CdSe NW during approaching a gold tip. b) Approach curves for the Raman signal (black

squares) and PL signal (red circles) extracted from the spectra in (a). While the Raman

signal increases continuously, the PL intensity decreases for very short distances due to

metal-induced quenching. The Raman enhancement can be described by equation 3.24

(solid black line).

In figure 7.3 a, another example measurement obtained by the same approach procedure

is depicted. For this CdSe nanowire, both Raman scattering and emission of photolu-

minescence were observed. Owing to the absence of any spectral shift, approach curves

could be extracted by plotting the maximum intensity against the tip-sample distance.

The resulting approach curves are depicted in figure 7.3 b. In the case of the Raman signal

the intensity was normalized to the maximum Raman intensity, the model introduced by

Cançado et al. can then be tested for CdSe nanowires [93]. In that model it is assumed that

near-field and far-field contributions are always intermixed and that the relative intensity

of the Raman signal is given by the sum of both, i.e. R/Rmax = (Rff + Rnf )/Rmax. The
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model predicts that the signal enhancement due to the gold tip is inversely proportional

to the 10th power of the tip-sample distance d according to

R(d)

Rmax
=

1

M
+

C

(d+ rtip)10
. (7.1)

Here R(d)/Rmax denotes the distance dependence of the Raman signal normalized to

its maximum, M is the maximum signal enhancement factor given by Rmax/Rff , C is a

constant and rtip the radius of the tip.

The experimental Raman data was fitted using equation 7.1, the resulting curve is plotted

as solid black line in figure 7.3 b. The fitting parameters obtained were M = 4.7, C =

3.9 · 1015 nm10 and rtip = 40 nm, comparable to the values found for SWCNTs in the

literature [93]. The distance dependence of the Raman signal (black squares) is found to

be well described by the fitted curve. While the model was originally developed to describe

coherent Raman scattering in SWCNTs, the good agreement between the experimental

data and the fitted curve in figure 7.3 b suggests that it can also be applied to single CdSe

nanowires. The radius of the tip rtip obtained by the fit is larger than estimated from the

resolution in near-field measurements (rtip = 25 nm). This discrepancy is attributed to

the point dipole model, i.e. the placement of a dipole at the center of a metal sphere of

radius rtip. A more accurate description of the tip fields requires a shift of the position

of the dipole in direction of the tip axis [93]. It has to be mentioned that the Raman

data in figure 7.3 b could also be modelled by the slightly steeper curve proportional to

(d+ rtip)
−11 which is expected for the case of incoherent scatterers. The small difference

between the two dependencies cannot be distinguished in the present data.

Based on the force between tip and sample observed by the shear-force feedback control

system, it was estimated that the tip would have touched the surface at position -5 nm

in figure 7.3. Thus, quenching of photoluminescence dominates over enhancement only

for very small tip-sample separations up to about 3 nm, corresponding to the peak PL

intensity at position -2 nm in figure 7.3. This distance is somewhat shorter than the 5 nm

reported for fluorescent dye molecules [97]. The enhancement efficiency for PL is expected

to depend strongly on the intrinsic quantum yield of the emitter in the absence of the

tip Q0. For highly fluorescent dye molecules with Q0 close to unity, the radiative rate

enhancement provided by the tip would not be able to increase this value further, in

contrast to low quantum yield emitters like the CdSe nanowires. TENOM is thus more

efficient for low quantum yield emitters. At the same time, the distance at which the

maximum enhancement is achieved is expected to shift to smaller values upon decreasing

Q0 [101]. In other words even smaller distances correlated with higher enhancement can be

applied to low quantum yield emitters before quenching outweighs the signal enhancement.

In general, for 1D nanostructures like CdSe nanowires and also SWCNT, the mobility of

the excited state needs to be considered as well. The exciton mobility has two significant

effects. First, mobile states excited at the tip apex are able to leave the region of tip-

enhanced fields escaping from enhanced decay rates. Second, excitons created besides the
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tip apex (due to the diffraction limited excitation laser spot) can enter this interaction

region. For low quantum yield systems a high exciton mobility leads to a reduced en-

hancement of the PL signal since the first effect dominates [39]. These findings complicate

the quantitative description of the photoluminescence enhancement enormously [24].

The following section presents the investigations of the angular distribution of the PL

emission and the influence of the near-field probe on the radiation pattern. For that

purpose, the radiation pattern of photoluminescence from nanowires without the tip has

been characterized first. In the second step, changes therein when approaching a near-field

probe have been studied.

7.2 Angular emission of CdSe nanowires

The CdSe nanowires can be described as quasi 1D structures as long as their diameter is

small enough, i.e. when it is smaller than twice the exciton Bohr radius. According to a

classical treatment and using the dipole approximation, the radiation pattern is expected

to resemble the pattern of a point dipole as shown in chapter 3.4. This dipole should

be oriented along the nanowire axis (~µ ‖ c) as expected from theory, because of the

valence band crossing and dielectric mismatch effects (see chapter 2.2) [64,71]. Polarization

dependent excitation and emission experiments support this idea [137,138]. On the other

hand the finite size of the investigated CdSe nanowires with diameters in the range of

about 4-24 nm and lengths of up to several microns suggests that the predictions of the

angular emission by the single point dipole picture might be insufficient. Compared to the

thin and hollow SWCNTs, where such a description was very accurate (see chapter 5),

the CdSe nanowires might be less well described by the 1D picture. If this is the case,

major deviations from the calculated pattern are expected and a more complex theoretical

treatment will be necessary to model the angular emission.

Back focal plane imaging of the photoluminescence emission from CdSe nanowires was

used to investigate the angular emission properties. A comparison of experimental and

calculated dipole patterns reveals similarities and discrepancies between the physical sys-

tem and the theoretical treatment. It will be shown that the description with a single point

dipole is in fact insufficient, however, the addition of a second in-plane radiating dipole

oriented orthogonally turns out to result in a good agreement of calculation and experi-

ment. Therefore the dipole approximation within a classical treatment is still applicable

to the physical system.

7.2.1 Experimental radiation patterns

To measure the radiation patterns of CdSe nanowires they were first localized via APD

imaging. A selected nanowire was then positioned in the focus and the BFP imaged onto
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a CCD chip by using a Bertrand lens. The experimental description can be found in

chapter 4. For excitation the red HeNe laser was used with the output mode converted

into a radial doughnut mode. A typical example of such a radiation pattern is shown in

figure 7.4.

Figure 7.4: a) Confocal PL image of a CdSe nanostructure consisting of a tripod shaped

nanowire with additional small nanowires bundled to the arms. b-d) Radiation patterns

measured at the three arms of the nanostructure and in its central region as marked in

(a). The intensity distributions in the patterns b-d show that the emission is similar to

dipolar emission from which the orientation of the transition dipole can be determined to

coincide with the nanowire axis. The three patterns overlap in the center of the structure

resulting in the radially symmetric pattern shown in (e).

In this measurement a band pass filter with a center wavelength of 660 nm and a spectral

width of 20 nm has been used to select emission from thin nanowires that show a blue

shifted PL energy due to quantum confinement. The diameter of the observed nanowires

is estimated to be about 5-10 nm. PL from thicker nanowires appears on the lower energy

side of the spectral window and is thus not detected. A branched nanowire leads to the

star like form that can be seen in the PL image in figure 7.4 a. The three arms of the

structure consist of few thin nanowires bundled together as known from shear-force AFM

measurements.

Radiation pattern from this nanostructure have been measured at four different positions

as marked in figure 7.4 a. Three patterns were taken at the arms of the structure and the

fourth one from its central region. The observed radiation patterns are shown in (b-e).

The patterns measured at the arms feature two opposite lobes of maximum intensity in

the outer region, beyond the critical angle. In the inner region there are two opposite

minima. This intensity distribution reveals strong emission perpendicular to the nanowire

axis, that is apparent in the APD image.

The radiation pattern acquired in the central region of the nanostructure, which is shown

in figure 7.4 e, features a different intensity distribution that looks rather uniform in all

directions. In the inner part of the pattern, for angles smaller than the critical angle, the
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intensity is quite uniform. This radiation pattern results from an overlay of the other three

patterns, from which the intensity adds up to a nearly radially symmetric distribution. In

contrast to the emission from a vertical dipole (see figure 3.6 b) it exhibits some intensity

even at very small angles, i.e. the center of the pattern.

7.2.2 Modelling the radiation pattern by two orthogonal point dipoles

To figure out whether the description of an emitting CdSe nanowire by a single point

dipole results is adequate, theoretical and experimental data sets have been compared by

fitting the experimental pattern with the respective theoretical distribution. In a first step

the normalized pattern of a single dipole has been used to reproduce the measured data

with the orientation angle Φ as the only fit parameter. Afterwards the amplitude was

varied to match the originally measured radiation pattern. A representative set of data is

shown in figure 7.5. The corresponding nanowire had a diameter of about 15 nm.

Figure 7.5: a) Experimental radiation pattern of a 15 nm thin CdSe nanowire. b) The-

oretically calculated dipole pattern. The orientation and the amplitude have been fitted

to match the experimental pattern in (a). The model is found to be sufficient for an esti-

mation of the nanowire orientation. c) The difference of experimental and fitted pattern

(residual), however, reveals that one dipole is not sufficient to reproduce the experimental

data convincingly.

The measured pattern depicted in (a) was fitted by the calculated pattern shown in (b).

The intensity distributions partially agree well, the two lobes with maximum intensity

in the outer region and the two minima in the inner region coincide and allow for the

estimation of the orientation of the transition dipole along the nanowire. The residual,

which is depicted in figure 7.5 c, however, reveals also major systematic deviations between

the two patterns. The most obvious deviations occur in the outer region, where the bright

parts of the calculated pattern are too intense (blue in figure 7.5 c) and the weak parts are

too dark (red in the residual). But also the inner region of the fitted pattern is considerably

darker than that of the measured pattern (yellow in the residual). The dark blue spot on

the left side of the measured pattern presumably results from some dirt on a spectral filter

in the detection beam path.

80



7.2. Angular emission of CdSe nanowires

These findings discussed so far clearly show that the description of the photoluminescence

emission from CdSe nanowires with a single in-plane point dipole is insufficient. Therefore,

the model has to be extended further in order to provide an accurate description of the

angular emission. Owing to the quasi 1D nanowire structure many point dipoles along

the nanowire might radiate coherently leading to a different radiation pattern. However,

the resulting pattern would feature sharper maxima and minima and thus provide an even

worse description of the experimental data [139]. Another consideration seems to be more

likely, keeping in mind the rather large dimensions of the nanowires and taking into account

possible consequences. Since the nanowires have a diameter in the range of or even larger

than twice the exciton Bohr radius it appears to be acceptable to relax the restrictions

that arise from a purely one dimensional treatment. Thus additional transition dipoles

with orientations differing from the nanowire axis will also contribute to the radiation

pattern.

In order to test this hypothesis the fit routine has been extended to consider two indepen-

dent dipoles radiating incoherently in the next step. The main dipole was assumed to be

oriented as estimated from the fit with only one radiating dipole, thus it is assumed to be

in-plane and its orientation angle Φ1 was kept constant. A second dipole perpendicular to

the first dipole was then added. The orientation of this second dipole can be (i) in-plane

or (ii) parallel to the optical axis of the microscope. In the first case Φ2 would equal

Φ1+90◦, that means also the second dipole is oriented horizontally. In the second case the

dipole would be oriented vertically with Θ = 0◦. For both cases (i) and (ii) the parameter

that have been varied to fit the experimental data have been the amplitudes of the two

calculated patterns. The fitting results for the experimental pattern from figure 7.5 a are

presented in figure 7.6.

The upper row (a-c) shows the fitting results for the additional radiating dipole oriented

vertically, the lower row (d-f) for a horizontally oriented one. The radiation pattern of the

additional dipole is shown in the first column (a, d), they are consistent with the pattern

shown in figure 3.6. The calculated patterns, resulting from fitting those double dipole

patterns are presented in the middle column (b, e) and the differences of measured and

fitted patterns are depicted in the right column (c, f). It can be seen that a fit using a

single horizontally and one vertically oriented dipole (upper row) is not able to remove

the deviations compared to the fit with only one dipole (figure 7.5 c), even though they

are decreased. On the other hand, if the second dipole is also oriented horizontally but

rotated by 90 ◦ (lower row), the resulting fit-pattern matches the experimental data quite

well as can be seen from the now radially symmetric residual (figure 7.6 f). The amplitude

of the second dipole is found to be a quarter of the amplitude of the first dipole. The main

deviation visible in the residual now originates from the dark spot in the experimental data,

which is due to the optical system. The differences at the outer rim of the patterns are

presumably caused by a significant attenuation of the marginal rays, leading to a smaller

effective numerical aperture of the objective. At very high angles, this would result in an
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Figure 7.6: The experimental pattern from figure 7.5 fitted by two additive patterns

with the corresponding dipoles oriented orthogonally to each other. a) Radiation pattern

of a vertical dipole. b) Fitted pattern consisting of the horizontal and an additional

vertical component, for each the amplitude has been varied to optimize the fit. c) The

still low agreement of experimental and fitted pattern is revealed in the residual. d)

Pattern of a second horizontal dipole (orthogonal to the first one). e) Fitted pattern

consisting of two horizontal components, again the amplitude of both has been varied

to optimize the fit. f) The remaining difference is spatially uniform revealing a much

better agreement with the measured pattern depicted in figure 7.5 a. Deviations mainly

originate from a discrepancy of the size of the measured and the fitted pattern.

overrated intensity in the calculated radiation pattern, leading to the negative contrast in

the residual [140].

It is further found that adding a third radiating dipole to the fitting procedure with all

dipoles oriented orthogonal to each other does not significantly improve the similarity of

experimental and calculated pattern. The amplitude of such a third dipole pattern would

be very small compared to those of the other dipoles and is therefore negligible.

The findings presented above lead to the conclusion that within the dipole approximation,

the system is best described by two radiating in-plane dipoles that are oriented orthog-

onally with respect to each other. This is rather surprising since on the first sight both

orientations perpendicular to the nanowire axis, whether horizontal or vertical, would be

expected to emit photoluminescence equally. However, from literature it is known that

the radiative rate of an emitter is decreased if it is placed at an interface, because the life-

time of the excited state is increased [141, 142]. The lifetime and the radiative rate were

found to depend on the dipole orientation with respect to the interface, and the lifetime

of a vertically oriented dipole to be about 2-3 times larger than that of a horizontally
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oriented one. As a consequence the quantum yield of a horizontal dipole is expected to

be significantly higher, because the quantum yield is proportional to the corresponding

radiative rate. This effect explains the observations on the CdSe nanowires in which signal

emitted from a vertical transition dipole can be neglected while it is important to take a

second horizontally oriented dipole into account when fitting the intensity distribution of

the radiation pattern.

7.2.3 Independence of the angular emission from the focus position

For the further investigations, it is highly important whether the intensity distribution

depends on the position of the nanowire with respect to the focus or not. Assuming that

the polarization of the emission is independent from the polarization of the excitation fields,

the intensity distribution of the radiation pattern should always be the same, despite the

different polarizations within the focus of a radially polarized doughnut mode. To address

this question a single CdSe nanowire was scanned through the focus and the corresponding

radiation patterns were measured at different positions. The photoluminescence image of

a bright CdSe nanowire with a diameter of about 15 nm is shown in figure 7.7 a. The

very bright signal in the bottom right area belongs to a bundle of several nanowires. The

radiation pattern corresponding to the single NW, that was taken while the nanowire was

centered correctly in the focus, is depicted in (b). It shows the typical dipolar intensity

distribution. For both experiments a long pass filter with a cutoff wavelength of 700 nm

has been used.

Figure 7.7: a) PL image of a single 15 nm thick CdSe nanowire. The corresponding

radiation patterns detected while the NW was correctly centered in the focus is depicted

in (b). Indicated in (a) are the positions along the paths s1 and s2, where radiation

patterns have been acquired later on (see figures 7.8 and 7.9).

Two series of patterns were then acquired while the position of the nanowire relative to

the focus was successively changed along the paths denoted s1 and s2 in figure 7.7 a: The

first path runs across the NW axis, the second one along the nanowire and beyond it.

The observed patterns are shown in the figures 7.8 and 7.9. For s1 and s2 the distance

between two acquisition spots was 100 nm and 200 nm, respectively.
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Figure 7.8: Radiation patterns taken along path s1 in figure 7.7 a across the nanowire.

a-g) Patterns scaled to the maximum of the most intense pattern in (d). h-n) Same

patterns as in the upper row but with normalized intensity. The intensity distribution

does not show any changes, only the intensity varies and is highest when the nanowire is

positioned in the center of the focus. The displacement between two positions of pattern

acquisition is 100 nm.

Figure 7.9: a) Radiation patterns taken along path s2 in figure 7.7 a along the nanowire.

a-e) Patterns scaled to the maximum of the most intense pattern in (a). f-j) Same patterns

as in the upper row but with normalized intensity. The intensity distribution does not

show any changes, only the intensity varies and it becomes weaker as the nanowire leaves

the focus. The displacement between two positions of pattern acquisition is 200 nm.

As expected the signal intensity in the radiation pattern strongly depends on the position

of the nanowire with respect to the focus. The highest intensity and thus the best signal-

to-noise ratio is observed when the nanowire is accurately positioned in the center of the

focal spot, where the excitation intensity is highest. This is the case in figure 7.8 d and in

figure 7.9 a. Already at a distance of 500 nm from the nanowire, the radiation pattern is no

longer observable at these particular experimental conditions, reflecting the tight focusing

achieved with a NA = 1.49 objective.

However, the radiation pattern does not show any variations in the intensity distribution,

neither in figure 7.8 nor in figure 7.9. This can be clearly seen in the lower rows of the

two figures were the normalized radiation patterns are depicted. Again only the signal-

to-noise is clearly reduced as the nanowire leaves the focal spot. The pattern is always

highly symmetric even if the position of the nanowire is slightly of the center of the focal

spot. According to these findings the intensity distribution in the radiation pattern is

stable for a nanowire positioned within the experimental position accuracy, because the
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imaging properties of the optical system with respect to the intensity distribution in the

radiation pattern show no observable dependence on the lateral position of the emitter.

Also minor sample drifts will not change the intensity distribution, even though they may

add to slight fluctuations of the intensity.

The laser mode which has been used to excite the nanowire results in areas of different

polarizations of the optical fields in the focal spot. Since the intensity distribution of the

radiation pattern does not change when scanning through the focus, the emission process

is independent of the excitation polarization for PL emission from CdSe nanowires.

7.3 Influence of a NF probe on the angular emission

When the sharp gold tip used in TENOM experiments is brought into close proximity of the

CdSe nanowire, the integrated PL intensity will increase because of enhanced excitation

and radiative rates. In addition, the radiation pattern is expected to change its intensity

distribution since radiative rate enhancement is connected to a spatial redistribution of

the emitted signal [143]. A result from the previous section was that emission from CdSe

nanowires cannot be described by only one emitting dipole, as it was the case for SWCNTs.

It rather turned out that a second in-plane dipole has to be taken into account, while the

vertical component can be neglected. However, this vertical dipole matches the orientation

of the tip dipole, thus it is expected to gain importance when interaction with the tip takes

place. Therefore a strong ring shaped component in the radiation pattern corresponding

to a vertical dipole is expected.

Figure 7.10 shows a series of radiation patterns that has been acquired during the approach

of a near-field probe. In contrast to earlier presented distance-dependent measurements,

the feedback loop was not switched of here, because the acquisition time per pattern is

much higher than per spectrum. During the long measurement in the case of pattern

acquisition, small vertical drifts of the sample and the tip would surely damage the tip.

Therefore, a series of radiation pattern was measured while the tip was approach under

control of the feedback loop. The CdSe nanowire is the same as in figures 7.7, 7.8 and 7.9.

Its diameter was about 15 nm which is larger than twice the Bohr radius of an exciton

in CdSe, thus no significant blue shift due to quantum confinement is observed. For the

measurement, a 700 nm long pass filter was used. Acquisition of series of radiation patterns

was possible since the bright nanowire allows for short acquisition times of 1 s per radiation

pattern. The time that is needed for the acquisition of one pattern is nevertheless still long

compared to the approach speed of the tip, which is roughly 300 nm/s. The feedback loop

decreases the approach speed only within the last few nanometers when the tip reacts

to the shear forces between tip and sample. Each pattern thus represents an average

over a rather large tip-sample-distance range. Since the near-field enhancement occurs

within only the last few nanometers the changes in the radiation patterns are expected
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to occur within the acquisition of only one pattern. The first patterns before will not be

influenced by the tip, while the last patterns are measured with the tip held constantly in

its final feedback position. Preliminarily to the pattern measurements the signal enhancing

character of the tip was confirmed by acquiring a conventional TENOM PL image. The

signal enhancement was found to be moderate.

Figure 7.10: a) Series of radiation patterns measured during the approach of a gold tip.

a-e) Patterns scaled to the maximum of the brightest one. Strong signal enhancement

induced by the approached tip can be seen. f-j) In the normalized radiation patterns the

redistribution of the intensity is revealed which leads to a more ring like pattern in (j)

(tip in close vicinity) as compared to the radiation pattern in (f) (tip far away).

Both rows of figure 7.10 show the same series of radiation patterns that have been acquired

during the approach of the near-field probe. The patterns in the upper row are scaled

according to maximum and minimum intensity of the brightest pattern, which is the one

shown in (e). In the lower row all patterns are normalized for a better comparison of their

intensity distributions. The images shown in (a) and (f) represent the radiation patterns

in the absence of the near-field probe and are consequently equal to the one shown in

figure 7.7 b. The pattern in (j) on the other hand is measured while the tip was at its

smallest distance to the nanowire. The pattern depicted in (g) represents an time average

over radiation without and with near-field interaction while the tip reached the interaction

range.

The first observation is that the overall intensity increases significantly when the tip is

approached. The integrated intensity of the pattern in (e) is about 4 times higher than

that in (a), which is consistent with the observed moderate enhancement in preliminarily

TENOM measurements. In the series shown here one intermediate radiation pattern has

been observed which is shown in (d). During the acquisition of this pattern the tip reached

its final position with constant distance to the nanowire, the pattern thus shows an average

of the pattern in the absence of the tip and the pattern in the presence of the tip as well

as possibly occurring intermediate patterns.
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The second observation refers to the intensity distribution of the radiation patterns which

can be easily compared within the lower row of figure 7.10. The radiation pattern in (f)

shows the typical nanowire pattern with two lobes of maximum intensity at higher emis-

sion angles. In contrast to this, the pattern influenced by near-field interaction between

nanowire and tip (figure 7.10 e and j) reveals a strong ring shaped component in addition

to the two lobe pattern. The inner region of the pattern also changed towards relatively

lower intensity in the central region. That means that in fact the spatial emission has

been altered due to the presence of the near-field probe.

The findings presented above are explained as follows. Regarding the excitation process,

the enhanced electrical fields at the tip apex lead to a higher excitation rate kex. Since

the emission process is independent from the excitation, as shown earlier by the far-field

experiments in section 7.2.3, this does not alter the intensity distribution of the radiation

pattern, but it will contribute to the overall signal enhancement. The presence of the

gold tip adds a new emission channel in which energy is transferred to the tip before it

is emitted by the antenna dipole, whereby also the radiative rate krad is enhanced. The

vertical dipole in the nanowire, that has been neglected before, now becomes important.

Since it is oriented parallel to the tip dipole, interaction of these two is highly efficient.

This enables the tip to extract energy from the nanowire, which is then radiated by the tip

dipole, giving rise to the ring-shaped component in the radiation pattern in figure 7.10 e.

It has to be mentioned that the photoluminescence from the gold tip itself also falls into

the spectral detection window as can be seen in the spectrum of a typical gold tip in

figure 5.6. A radiation pattern with the tip approached to the plain substrate surface

was thus acquired without any nanowire. Under the same experimental conditions no tip

signal was observable. A 30-fold increase of the integration time up to 30 s resulted in a

very weak and noisy signal. Only a 10 times higher laser excitation power resulted in a

measurable radiation pattern. Thus any contribution through photoluminescence of the

tip to the nanowire PL radiation pattern can be neglected at the experimental conditions

applied during the investigations on CdSe nanowires presented above.

Asymmetry in the radiation pattern induced by the gold tip

Radiation patterns of nanowire PL measured in the presence of a gold tip often show

strong asymmetries in their intensity distribution. This asymmetries are never observed

in the absence of the tip, which can be seen for example in the confocal investigations

shown earlier (figures 7.4 7.8 and 7.9). The observed asymmetries further vary from tip to

tip, some result in rather symmetric patterns while others lead to a significant amount of

asymmetry in the patterns. They must thus be related to the individual tip characteristics

and its influence on the angular emission of the CdSe nanowires. Furthermore, the intensity

distribution becomes asymmetric when the tip is moved in the sample plane, even if the

pattern from a coupled tip-nanowire pair is symmetric in the case of accurate alignment.
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Owing to the fact that photoluminescence from nanowires can be emitted via dipoles of

different orientations despite its quasi 1D structure, a non-ideal alignment between tip

and nanowire might result in asymmetric angular emission. From literature it is known

that emitters of all orientations can be coupled to a metal nanoantenna [110] and that

the emission of a single molecule is redirected towards this metal object [109, 114]. The

angular emission is thus expected to depend strongly on the relative positions of the tip

with respect to the nanowire and consequently also asymmetric radiation patterns should

occur.

In figure 7.11 this dependence on the relative position of the tip is shown for a coupled

tip-nanowire system. As the tip is displaced slightly from the optical axis by a vertical

movement, the radiation pattern gets strongly asymmetric even though the signal intensity

is still comparable. Since horizontal as well as vertical dipoles feature highly symmetric

radiation patterns, this indicates the presence of a radiating dipole with 0 < Θ < 90◦.

Figure 7.11: a) Moving the tip with respect to the nanowire position (and thus to

the optical axis of the microscope) alters the radiation pattern, which becomes highly

asymmetric.

Besides a misalignment of the coupled tip-sample system, the tip itself might be the

reason for asymmetric radiation patterns if it features a non ideal tip shape. In addition,

a dependence of the emission pattern of the tip on the lateral position (with respect to

the optical axis) needs to be checked. To address this issues, the radiation pattern of a

gold tip’s photoluminescence has been measured at different positions in and around the

focus. A representative set of data is shown in figure 7.12.

The radiation pattern in figure 7.12 c has been measured as the tip was centered accurately

in the focus. It already shows an asymmetric intensity distribution with a non uniform

ring at higher emission angles. At very small angles, where no intensity would be expected

for a fully axially oriented dipole, at least some intensity is observed. Both findings results

from a non-ideal geometry of the tip which leads to off-axially oriented dipole components

despite the strong longitudinal polarization of the excitation field in the middle of the

focus of the radial doughnut mode.

Figure 7.12 a-e shows a series of patterns of tip PL at five different positions along the

x-direction. Starting from the middle pattern the tip was moved into the -x (+x) direction,

the corresponding patterns are shown on the left (right) side in (b) and (a) (in (d) and

(e)). For the other patterns in (f-i), the tip was moved along the y-axis. Obviously, the
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Figure 7.12: Series of radiation patterns of the PL from a gold tip that was positioned

at different distances from the focus in x and y direction (in-plane movement). The

patterns reveal asymmetries of the intensity distribution that depend on the position of

the tip with respect to the focus. c and h) Even though the tip has been centered in the

focus there is some asymmetry in the patterns.

radiation pattern of the tip emission changes with its position relative to the focus. When

the tip is moved towards one direction also the intensity in the pattern concentrates on

that pattern side. The exact intensity distribution also depends on the asymmetry of the

tip, which visible in the accurately centered position (patterns c). When the tip leaves the

focal spot the PL signal fades away resulting in the lower overall intensity of the pattern

that were taken farthest away from the center.

The origin of the asymmetric radiation patterns from gold tip photoluminescence, even

if it is positioned accurately, has been identified as follows. Every tip has its individual

geometry that may result in a non-perfectly ring shaped pattern. As a consequence the

approximation that the perpendicular component of the polarizability can be neglected

with respect to the parallel component does not hold unrestrictedly for the used gold
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tips. That means that α‖ � α⊥ cannot be assumed generally for all tips. It has to be

considered, that in the TENOM experiments on CdSe nanowires the pretty soft gold tips

were scanned over features of up to for example 60 nm in the case of small bundles. While

scanning over such relatively thick features the tip shape might change and usually looses

it original geometry. This was especially found to be the case when the tip was moved

manually while positioning it on a nanowire for the acquisition of radiation patterns. The

tip PL pattern in figure 7.12, for example, were taken after experiments on nanowires

which is likely be the reason for its non perfect radial symmetry.

The presented observations further show that the intensity distribution depends on the

position of the tip with respect to the optical axis, i.e. its lateral position. Since this effect

was not observed for SWCNTs nor CdSe nanowires, it is not induced by an aberration

of the optical system. The dependence of the radiation pattern from the lateral position

must thus be related to the excitation process within the focus, where the polarization is

longitudinal in the center and lateral in a ring around the central region [144]. Conse-

quently, the emission of luminescence depends on the polarization of the excitation fields

in the case of such a gold tip.

Therefore, the accurate positioning of the tip and the investigated nanowire is highly im-

portant to prevent asymmetries in the intensity distribution induced by off axis alignment

of the coupled system in TENOM experiments. On the other hand, the tip in its function

of an optical antenna can be regarded as a tool to control and direct the spatial distribu-

tion of the emission. Well designed metal tips could be used to drastically increase the

directivity of the radiated emission towards the detector, as has already been shown for

single molecules coupled to optical antennas [107, 109]. As a consequence the detection

sensitivity of the system would significantly increase.

Conclusion

In this chapter, the influence of a gold tip on the spectral and angular emission characteris-

tics of CdSe nanowires has been investigated. Near-field enhancement of the signal within

only few nanometers is in some cases connected to spectral shifts of the PL signal. Dif-

ferent reasons could be identified including irregularities in and outside the nanowire and

a spectrally dependent signal enhancement by the tip, but they cannot be distinguished

here. Consequently, high-resolution TENOM imaging requires a careful data analysis and

interpretation, in particular regarding energy variations of the observed signal. The equa-

tion derived for the tip-sample distance dependence of Raman scattering from SWCNTs

was found to describe the experimental findings on CdSe nanowires quite well, which shows

that the model can be also applied to inorganic semiconducting quasi 1D nanostructures.

The radiation pattern of CdSe photoluminescence appears to be similar to the radiation

pattern of a single point dipole, and the estimation of the nanowire orientation exploiting
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this description provides good results. However, to reproduce the intensity distribution

of the pattern quantitatively, a second dipole was found to be necessary for a satisfying

agreement between measurement and calculation. Signal enhancement due to the pres-

ence of the gold tip was found to be always accompanied by a spatial redistribution of

the emission. The theoretical description, however, is more complex than in the case of

SWCNTs, because several radiating dipole orientations in the nanowire have to be taken

into account that can interact with the tip. Nevertheless, the present results show that

the metal tip can be utilized as a tool to control the angular emission and to increase

the directivity of the signal besides its signal enhancing capability. This might be helpful

for the improvement of the performance of nanoscale light emitting elements or future

optoelectronic devices based on electroluminescence.

91





8 Summary and outlook

In this work, tip-enhanced near-field optical microscopy (TENOM) has been applied to

quasi one-dimensional semiconducting materials, namely single-walled carbon nanotubes

and CdSe nanowires. TENOM exploits the highly confined and strongly enhanced opti-

cal fields in the vicinity of a laser illuminated sharp metallic tip which acts as an optical

antenna. These fields locally increase the spectroscopic response from the sample by en-

hancing the excitation and radiation rate, which results in a substantially higher sensitivity

of this method and an outstanding spatial resolution beyond the diffraction limit.

The potential of TENOM has already been demonstrated for a variety of sample materials

including single molecules, nanocrystals, RNA strands, carbon nanotubes, cellular mem-

branes, polymer blends and graphene [12, 33, 93, 97, 106, 133, 145–148]. The underlying

mechanisms however are not yet fully understood, e.g. the contributions of excitation and

radiative rate enhancement are usually unknown, because the integrated optical response

from the sample is detected without distinguishing them. One of the aims of this work

was to develop a procedure that allows to separate and quantify the respective rate en-

hancement factors. Since TENOM is a well established tool for the investigation of the

optical properties of single-walled carbon nanotubes (SWCNTs), this material was chosen

for the investigation of the enhancement processes.

To study the enhancement mechanisms in TENOM on photoluminescent SWCNTs, the

angular emission in the back focal plane of the microscope objective was imaged, and

the resulting radiation patterns were compared with theoretical patterns. An important

first result is that the photoluminescence emission of SWCNTs on a dielectric substrate

without the influence of an optical antenna can be modelled as emission from a single in-

plane point dipole despite the quasi 1D structure of the nanotubes. The next result is that

the signal enhancement in the close vicinity of an optical antenna in form of a sharp gold

tip is connected to a spatial redirection of the PL emission from the carbon nanotube. This

redirection process could be attributed to the enhancement of the radiative rate, which is

based on a transfer of energy from the nanotube to the antenna via near-field interactions.

This energy is then radiated by the antenna dipole adopting the emission characteristics

of the antenna itself. A control of the emission characteristics by an optical antenna, e.g.

by adopting the antenna’s directivity, as illustrated here, could be used to improve the

performance of carbon nanotube based nanoscale NIR emitters and absorbers. Further,

the enhancement factors of excitation (Fex) and radiation (Frad) have been quantified

independently for the first time by analyzing the experimental radiation patterns. It was
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found that in the present system of carbon nanotube and gold tip, the enhancement of the

excitation rate dominates the overall enhancement. The observed enhancement factors for

different tips and different nanotubes ranged from Fex = 12-32 and Frad = 6.1-13.6.

Besides gaining a deeper understanding of the enhancement mechanisms, this work aimed

at the establishment of TENOM on other quasi one-dimensional materials than carbon

nanotubes. This was accomplished using thin CdSe nanowires with diameters of about

twice the exciton Bohr radius or smaller. Up to now, only first steps in this direction are

known despite the high potential of TENOM to visualize the optical properties of such

materials with its outstanding sensitivity and a resolution on the length scales interesting

for potential nanoapplications [31,33].

Using TENOM, the first high-contrast images of semiconducting CdSe nanowires were ob-

tained and presented in this work. Also first hyperspectral images were measured, provid-

ing spectral informations with sub-diffraction spatial resolution. As a result, tip-enhanced

near-field optical microscopy proved to be extremely well suited for the investigation of

the optical properties of inorganic nanowires. The optical properties of CdSe nanowires

were found to vary significantly on the nanoscale, leading to strong spatial fluctuations in

both photoluminescence intensities and energies. Energy gradients up to 1 meV nm-1 along

the quasi 1D structures have been revealed. A comprehensive optical characterization of

the nanowires was possible by simultaneous detection of PL and Raman scattering by

means of hyperspectral imaging. TENOM proved to be able to spatially resolve bundles

of nanowires with different diameters according to their photoluminescence and Raman

scattering signals. For these bundles, no indication of energy transfer to the smaller band

gap component was found. These results show that a detailed optical characterization

of these structures implicitly requires a spectrally resolving imaging technique with sub-

diffraction spatial resolution, and that TENOM is highly qualified for this purpose.

An accurate interpretation of the obtained TENOM images requires the understanding of

the influence of the gold tip on the spectral and angular emission characteristics of CdSe

nanowires, which was addressed in the last part of this work. Near-field enhancement of the

signal was found to be connected to spectral shifts of the PL signal in some cases. Different

reasons are possible, including irregularities in and outside the nanowire and spectrally

dependent signal enhancement by the tip. However, they could not be distinguished in

the presented experiments due to the complexity of the investigated nanowires, exhibiting

alternating crystal phases and potential diameter variations. A consequential result is

that high-resolution TENOM imaging requires a careful data analysis and interpretation,

in particular regarding energy variations of the observed PL signal. Another result of the

TENOM investigation was that the model from [93] derived for Raman scattering from

SWCNTs describes the experimental findings on CdSe nanowires quite well. This shows

that the model can be also applied to inorganic semiconducting quasi 1D nanostructures.
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The influence of the optical antenna was further investigated with respect to the angular

PL emission from CdSe nanowires. A first result is that the radiation pattern of CdSe

nanowires on a dielectric substrate appear to be similar to the radiation pattern of a

single point dipole. The estimation of the nanowire orientation exploiting this description

provides good results. But upon close inspection of the data, it was found that a second

dipole is necessary for a satisfying agreement between measurement and calculation. This

was attributed to the finite size of the nanowires perpendicular to their long axis which

also allows for other dipole orientations and reveals the limitations of the one-dimensional

treatment of the nanowires with quasi-zero diameters. Signal enhancement due to the

presence of the gold tip was found to be always accompanied by a spatial redistribution

of the emission. The theoretical description, however, is more complex than in the case of

SWCNTs, because several radiating dipole orientations in the nanowire have to be taken

into account that can interact with the tip. Nevertheless, the presented results show that

optical antennas can be utilized as a tool to control the angular emission and to increase

the directivity of the signal besides its signal enhancing capability. These findings will

possibly help to improve the performance of optoelectronic devices, for example based on

electroluminescence.

A high quality nanowire material with a homogeneous crystal phase and a constant di-

ameter would be very helpful for future experiments following the present investigations.

By studying nanowires with a homogeneous structure, tip-induced changes in the spectral

emission characteristics of the nanowires could be attributed to the optical antenna only,

since variations due to spatial averaging of different sample volumes could be excluded. It

would be also interesting to study the angular emission and tip induced changes therein

for nanowires of different diameters. For very thin nanowires with far smaller diameters, a

one-dimensional description is expected to be sufficient to reproduce the observed angular

radiation patterns. This is expected to result in the emission characteristics of a single

in-plane point dipole, as it is the case for SWCNTs. A separation and quantification of

the enhancement factors would then be possible. The sample material qualified for these

experiments, however, is not yet available.

A combination of TENOM measurements and atomic-resolution structural data obtained

by high-resolution transmission electron microscopy (HRTEM) from the same nanowire

could be combined with theoretical calculations to predict the electronic energy landscape

along single nanowires. The combination of TENOM and TEM could be also used for

SWCNTs to correlate structural defects with Raman scattering informations.

A further goal is to combine TENOM with electrical transport measurements on single

contacted 1D nanowires and -tubes. Tip-enhanced photocurrent and electroluminescence

experiments would provide unprecedented insight into the properties of optoelectronic and

photovoltaic devices on the nanoscale.
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Appendix A: Light confinement by

structured metal tips

This chapter is based on the paper ”Light confinement by structured metal tips for antenna-

based scanning near-field optical microscopy” published in Proc. SPIE (8105G, 2011),

that resulted from a collaboration with Joachim Jambreck from the group of A. Bauer

(Fraunhofer Institute for Integrated Systems and Devices (IISB), Erlangen, Germany).

TENOM utilizes the strong local electromagnetic fields near a laser illuminated sharp

metal tip to probe the near-field response of the sample. To achieve a clear image contrast

this near-field signal needs to exceed the background contribution resulting from simulta-

neous far-field excitation and far-field detection. For the resolution of TENOM the exact

localization of the light emission plays a major role.

In this chapter, a way for improving the near-field-to-far-field-ratio, and the confinement of

surface plasmon polaritons is presented for electrochemically etched conical gold tips. For

that purpose, they have been structured using multiple three-dimensional nanopatterning

with a focused ion beam (FIB). For the first time, surface plasmon Bragg reflectors were

fabricated all around the tip in a well-defined distance to the tip apex to mimic finite

length antenna structures, for which more efficient light confinement is expected. The

design of the structures, the fabrication strategy, and the characterization of the resulting

tips by scanning electron and optical microscopy is discussed. Photoluminescence spectra

recorded before and after FIB modification of the tips indicate an increase of the light

confinement of 60 %.

For antenna-based near-field optical microscopy, the far-field illumination and detection of

the tip-sample region leads to two signal contributions. The first results from short ranged

near-field interactions between probe and sample and contains high spatial information.

The second is the background contribution that would also be detected in the absence

of the tip. In the following, the two contributions are denoted near-field (NF) signal

and far-field (FF) background. To achieve a clear image contrast, the NF signal needs to

exceed the background. The emission from a relatively small region where the NF signal is

originated has to compete against the emission from a far larger sample region which causes

the FF background contribution. Different strategies have been developed to improve the

image contrast by reducing the FF contribution. One option is to modulate the tip-sample

distance while recording the optical response, associating small and large distances with
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the NF and the FF signals, respectively [149]. Another option is to fabricate a combined

probe, were the optical antenna is fixed at the apex of an aperture probe [109]. In this

case the optical antenna is excited by the aperture probe. A third option is to reduce the

FF contribution by the remote excitation of surface plasmons on the tip shaft propagating

along the surface towards the tip apex. The momentum mismatch between photons and

plasmons is compensated by fabricating grating structures into the surface of the tip using

FIB milling [150–152].

Since elongated finite-sized metal particles and resonant antennas achieve higher field en-

hancements compared to semi-infinite metal tips, a grating structure acting as a Bragg

reflector was introduced into the tip here to mimic a finite-sized structure [101]. A Bragg

reflector for surface plasmon polaritons (SPPs) is a periodic stacking of regions with al-

ternating refractive indices. It reflects a SPP travelling in the direction of the reflector

due to interference effects [153]. For the accurate choice of the distance between apex and

Bragg reflector, which is the length of the resulting antenna, the reduction of the vacuum

wavelength λ0 in small metal structures has to be taken into account. For rod-shaped

nano-antennas, a scaling relation between λ0 and the resulting effective wavelength λeff is

reported in literature showing a strong dependence of the scaling factor on the rod diame-

ter [105]. In general, the scaling factor will crucially depend on the shape of the considered

structure and, therefore, only rough predictions are possible for the individually etched

gold tips.

As starting probe material conventionally etched gold tips were used. A FEI Helios 600

dual beam system consisting of a focused ion beam and a scanning electron microscope was

used for the fabrication and inspection of the tips. A FIB was used because the special

geometry of the tips with a grating structured almost perpendicular to the tip surface

requires a tool capable of three dimensional nano-structuring. It also offers the flexibility

of fast adaption of parameters during the development process.

A target wavelength λ0 of 660 nm was chosen, giving an effective wavelength of around

λeff = 500 nm in the gold tip. The period p of the grating is chosen to equal one half

wavelength in the respective media air and gold. The detailed structure of the periods is

selected such that the gold parts (gold layers) have a width c of 125 nm and the grooves

(air layers) have a width b of 165 nm, yielding p= 290 nm as the sum of b and c. The

distance l of the first groove of the grating from the tip apex, which defines the length

of the antenna, is chosen to 500 nm, corresponding to one effective wavelength. A cross

section of the tip design is depicted in figure A.1 a.

In the used dual beam system the ion column is installed at an angle of 52◦ relative to

the electron column. The sample holder can be rotated up to 360◦ and tilted up to 52◦.

For FIB processing, the tips were mounted on the holder with the apex oriented directly

towards the electron column. In this case, the angle between the ion column and the

symmetry axis of the tip is 52◦ and, therefore, the angle between the surface of the tip
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Figure A.1: a) Schematic of the tip design with the distance l of the first groove from

the tip apex and the grating parameters b, c and d resulting in an appropriate Bragg

reflector. b) Schematic of the geometry for milling in the dual beam system. Both

schemes are cross sections containing the tip axis. c) Schematic of the FIB pattern on

the tip seen by the ion gun.

and the ion column is 61◦ for the average opening angle of the tips of 18◦. This has to be

taken into account for the design of the milling patterns for the FIB processing. It means,

for example, to structure a period p of 290 nm, the period in the FIB-pattern gp has to be

adjusted to a value of 254 nm, according to

gp = p · cos 29◦ = 290 nm · cos 29◦ = 254 nm.

The distance gl of the first groove from the apex in the FIB-pattern is chosen to be 432 nm,

because

gl = l · cos 9◦ · cos 29◦ = 500 nm · cos 9◦ · cos 29◦ = 432 nm.

The distance gl is the projection of the length l on the tip surface seen by the ion gun. A

scheme of the tip including all relevant angles is depicted in figure A.1 b.

A schematic of the FIB-pattern on the tip is shown in figure A.1 c as seen from the direction

of the ion beam. The thick black lines are the FIB-pattern i.e., the areas where the ion

beam is scanned during FIB-milling. This pattern was milled from one side of the tip,

then the tip was rotated about 180◦ around the tip axis, the pattern was aligned to the

structures and milled from the second side. This yields a structure enclosing the tip shaft

completely. A linear approximation in the patterns is chosen to compensate for the curved

surface of the tip as well as for the angle between the tip axis and the ion beam. For that

purpose, multiple V-shaped patterns were created, aligned to the tip so that the symmetry

axis of the V-shape was congruent with the symmetry axis of the image of the tip, seen

from the view of the ion gun.

In TENOM, the probes are scanned in close distance over the sample surface, which

requires good mechanical stability of the tips. Therefore, the depth of the grooves is

chosen deep enough to generate the required effect but maintaining mechanical stability.
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Figure A.2: Scanning electron microscopy images of a gold tip before (a) and after

(b) FIB milling. The tip was structured from two opposite sides using optimized FIB

patterns.

A depth d of 80 nm showed the best results. SEM images of the tips before and after FIB

processing were recorded. Figure A.2 shows a typical tip before and after FIB milling. The

SEM images are captured under an angle of 52◦ measured from the main axis of the tip.

The structures were fabricated using an ion beam with an acceleration voltage of 30 kV

and the lowest ion currents possible by the ion gun (1.5 pA and 9.7 pA). This enables

structuring fine details with a small beam diameter and thus minimizing damage due to

ion beam broadening and beam tails in the regions not intended to be sputtered [154].

The low beam current also minimizes heating effects which may become critical for the

small volume of material at the apex of the high aspect ratio tips. The apex becomes

even more thermally isolated after the initial structures are milled, as heat conduction

occurs through thinner remaining material. Starting milling from the tip and then moving

step by step in direction of the shaft would not be an option due to redeposition issues.

Therefore, the structures were milled in parallel mode, which means that the pattern was

scanned completely and then re-scanned using multiple beam passes.

To characterize the optical properties of the tips and the effect of the grating structures,

photoluminescence images and spectra before and after FIB structuring were recorded,

since metal nanostructures are known to exhibit photoluminescence emission that reflects

the spectral and spatial characteristics of their plasmonic response [135]. The tips were

mounted onto a piezo-electric stage and excited by a Gaussian laser beam (λex = 473 nm)

oriented perpendicular to their symmetry axis. The laser beam was polarized along the

tip apex and focused by an air objective (NA = 0.95). The light emitted from the tip

was collected by the same objective and directed to an avalanche photodiode (APD)

after spectral filtering of the optical response between 650 - 670 nm or into a spectrometer

equipped with a charge-coupled device (CCD) camera.

In the PL images of the unmodified tip, presented in figure A.3 a, its contour is clearly

visible with rather uniform PL intensities. The PL image after FIB structuring is shown
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Figure A.3: Confocal luminescence scan images of a sharp gold tip before (a) and after

(b) FIB milling. The polarization of the excitation light (λex = 473 nm) was parallel to

the tip axis. The light emission from the apex of the tip clearly increased because of the

modification. The intensity is normalized in both images.

in figure A.3 b. The tip now features a bright and localized PL emission at the tip apex

exceeding the signal from the tip shaft, despite the small gold volume at the tip apex

compared to the shaft. This indicates increased local field enhancement at the apex and

more efficient coupling of these fields to propagating waves which can finally be detected.

To quantify the changes in the optical properties obtained after introducing the grating

structures, the ratio between the PL signal at the tip apex and the shaft was estimated.

The position on the shaft measurement was located on the tip axis in a distance of about

1 µm from the apex in the PL raster image. In this case both positions are still in the

focal plane of the objective, while the tip volume at a position further away from the apex

would reach beyond the focal expansion along optical axis. For a series of 6 tips fabricated

with similar design parameters, an average increase of the contrast by a factor of about

1.6 was determined. In the case of tip presented above, even a factor of 3.3 was observed.

The field enhancing capabilities of etched gold tips varies considerably from tip to tip,

which explains the spread of the PL contrast in the experiments.

To explore the origin of the bright photoluminescence at the tip apex, spectra at different

positions along the tip were acquired. Figure A.4 shows PL spectra of the tip from the

shaft (circles) and from the apex before (rectangles) and the apex after FIB structuring

(triangles). The spectrum at the shaft was acquired at a position located centrally on the

tip in a distance of 5 µm form the apex. This position is not in the same focal plane of

the objective as the apex, but it is chosen to minimize the influence of the apex in the

collected spectrum. A clear broad enhancement around a wavelength of 650 nm can be

observed at the tip apex after structuring. This broad peak is related to the plasmon

resonance enhanced by the Bragg reflector. The spectrum along the shaft does not change

due to the tip modification.
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Figure A.4: PL spectra from the apex of a gold tip before (squares) and after (rectangles)

FIB modification. Also shown is the optical response from the tip shaft (open circles).

The spectrum after FIB milling shows a clear broad resonance at around 650 nm.

Another effect may play a role for the confinement of the emission as the Bragg reflectors

could not only act on plasmons, but also on photons. Therefore, photons propagating ap-

proximately perpendicular to the grooves and in the direction from the apex to the shaft

may be reflected by the FIB-generated structure which now acts as a one-dimensional pho-

tonic crystal [155]. The manufactured structure matches the conditions for the reflection

of photons if they propagate approximately perpendicular to the grooves in the direction

from the apex to the shaft, depending on their wavelength in detail. This condition is usu-

ally not fulfilled in the experiment since the focal fields comprises mostly evanescent fields

decaying rapidly in z-direction. The probability of photons being reflected and coupled to

the tip is thus relatively low. For this reason, the dominant effects should be the ed finite

length antennas resulting in the Bragg reflection of the plasmons.

Conclusion

In this chapter, the optimization of conventional etched gold tips for optical imaging

with sub-diffraction resolution down to the nanoscale was investigated. For the stronger

enhancement of the near-field signal and the confinement of the light at the tip apex,

special tips were designed and fabricated which allow a control of the electromagnetic

fields. Gratings were structured from all sides to the tip in a defined distance to the apex

of the tips to mimic finite length antennas. They result in Bragg reflectors yielding an

increased field enhancement at the tip apex. It has been demonstrated that optimized

FIB structuring can lead to significantly increased optical fields up to 330% in the best

case. First TENOM experiments on carbon nanotubes including photoluminescence and

Raman scattering indicate a high potential of the structured tips for near-field imaging.

However, the FIB procedure is ambitious and time-consuming because of the required

small structures, which hinders it from being easily applicable.
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Appendix B: TENOM on substrates other

than glass

In some cases, a combination of TENOM with complementary techniques is desirable

for a better understanding of the sample’s optical properties, e.g. with high-resolution

transmission electron microscopy (HRTEM) in the case of CdSe nanowires on purpose of

developing a model to predict the optical properties with nanoscale precision according

to the TEM data or vice versa. The combination of TENOM and TEM could be also

used for SWCNTs to correlate the knowledge of structural defects with Raman scattering

information. A completely different idea is to combine SERS and TERS to obtain a burst

of the signal enhancement. What both ideas have in common, is that these experiments

are not possible with conventionally glass cover slips as substrates. Therefore TENOM

measurements on other substrates would be highly desired, pushing forward the boarders

of tip-enhanced near-field optical microscopy.

Here, the experimental tests with carbon nanotubes on a TEM grid and on a rough gold

film are presented. It will be shown that TENOM is also possible under this unconventional

conditions. However, this requires a high quality of the tips, the samples and the substrates

since is it highly susceptible.

B.1 TENOM on a TEM grid

A schematic of the TENOM configuration for measurements on a conventional TEM grid is

depicted in figure B.5 a. The sample was prepared by adding a drop of dispersed SWCNTs

on a thin carbon film which is attached to a copper grid. Since the carbon film must lie

flat on a glass cover slide for TENOM experiments, the nanotubes are added on the back

side, where the film is attached to the Cu grid. The TEM grid is then gently mounted

up-side-down onto the glass slide, so that the gold tip can be approached between the Cu

bars from above. To avoid damaging of the carbon film, no mechanical forces must be

applied to the TEM grid.

The resulting TENOM data are shown in figure B.5 b and c. The topography in (b) shows

the nanotube but also other bumps that probably result from remaining surfactant, since

the sample was not rinsed to avoid damaging of the carbon film. In the tip-enhanced

Raman map, measured by integrating the optical response at 698 - 708 nm to image the G
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Figure B.5: a) Schematic of the TENOM configuration with a TEM grid as supporting

material. The TEM sample is made of a copper grid carrying a thin carbon film on which

the SWCNTs are placed. This sample is mounted on a conventional glass slide for optical

investigations. The gold tip is approach from above and scanned inside the windows of

the Cu grid. b) Topography showing a nanotube and additional surface contaminations.

c) TENOM Raman image of the nanotube’s G mode.

mode, the nanotube is clearly visible. The enhancement due to the gold tip is moderate,

but still a spatial resolution of about 25 nm is found. The carbon film itself adds to the

background, since as a carbonaceous material, it shows a Raman scattering signal. This

problem could be avoided by measuring the photoluminescence signal of the nanotubes.

In the presented example, the nanotube was metallic thus showing no PL signal at all.

B.2 TENOM on a rough gold film

Another substrate that has been tested is a glass cover slide covered with a thin rough gold

film with a nominal thickness of 7.5 nm. The SWCNTs were spin coated on this substrate.

For a smooth gold film non-radiative losses in the metal should result in a completely

quenched photoluminescence. The rough gold film, on the other hand, might provide so

called hot spots where the nanotubes could be freely suspended and will show enhanced

PL because of surface enhancement. A representative confocal PL image is shown in

figure B.6 a.

The presence of the expected hot spots gives rise to strong photoluminescence signals at

several positions within the scanned area. Interestingly, the PL features are ring shaped

pattern in the majority of the cases. This indicates transitions polarized perpendicular to

the optical axis, since the strong longitudinal component in the center of the excitation

focus is not imaged in contrast to the transversal components around the center.

The TENOM data measured at such a hot spot is shown in figure B.6 b and c. The

topographical image in (b) reveals the typical structure of the rough gold film. The

carbon nanotube, however, is not visible. In the simultaneously obtained TENOM PL

image shown in (c), the enhanced optical response on top of the confocal background

clearly indicates the exact position of the nanotube. The small offset between near-field
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B.2. TENOM on a rough gold film

Figure B.6: a) Confocal PL image showing hot spots with bright PL signals that image

the radially polarized excitation focus. b) The topography reveals the typical structure of

the rough gold film. The carbon nanotube is not visible. c) The simultaneously measured

TENOM PL image shows near-field enhanced PL signal above the confocal background,

the spatial resolution is about 10 nm.

and confocal signal originates from a slightly misalignment of the gold tip. The spatial

resolution of the near-field signal is about 10 nm.

Conclusion

For the first time it could be shown that TENOM is possible on TEM grids as well as

rough gold films. This is the first step towards the combination of TENOM with other

techniques as for example TEM. In the next step higher signal enhancements must be

achieved resulting in a better image contrast. An improvement of the usually exploited

etched tips would be thus desirable, also better sample preparation leading to a reduction of

the background signal would increase the performance of such measurements. Detection

of PL on gold films could exploit the additional signal enhancement provided by these

structures.
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Als nächstes möchte ich mich bei allen aktuellen und ehemaligen Mitgliedern des AK

Hartschuh bedanken, bei Nicolai, Giovanni, Matthias, Nina, Harald, Julia, Sabrina, Dawid,

Tobia, Richard, Tobias, Huihong, Hayk, Paulo, Alxandre und Carsten, für die gegenseitige
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