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Abstract

A central topic in science and technology is the exploration and exploitation
of smaller and smaller systems by optical techniques. Often, the wavelength
is dictated by the system of interest: Biological systems emit and absorb
visible light, or photovoltaic devices convert from the solar spectrum. For
a long time, the achievable optical resolution has seemed principally bound
by the diffraction limit.

However, the advances in nanoscience and nanotechnology have led to
the fabrication of structures with ever smaller feature sizes, such that the
length scale of fabricable features has reached dimensions far below the
wavelength of visible light.

Visible light interacts resonantly with metallic structures that have char-
acteristic dimensions of around 100 nm. A strong resonant interaction of
light with appropriately designed structures presents a manifold of new
tools for the study of new optical phenomena in science and technology, for
which the tight control of optical fields is a prerequisite. Plasmonic nano-
structures strongly confine, enhance and thus control light on the nano-
metre scale.

This thesis centres around the precise control of optical fields on the
nanoscale. An overview of near-field optics, its methods and challenges is
presented in Chapter 1.

Nanotechnology relies largely on nanofabrication, which is a continuously
developing topic. The feature size of under 100 nm required for optically
resonant nanostructures is within the range of the resolution of state-of-
the-art nanofabrication tools. The fabrication of such nanostructures using
Focused Ion Beam technology is discussed in Chapter 2.

Optical antennas have proven to efficiently link free radiation to objects
through localised fields. The object can be a single molecule, a non-linear
medium or a semiconductor, depending on the purpose of the device. With
increasing complexity of optical antennas the need arises to precisely in-
vestigate and control their modal local field distribution. In Chapter 3, I
present the investigation of local antenna fields by deterministic control of
a nanometric fluorescent bead as the local field probe. The bead accurately
maps the optical modes of an antenna, for the first time optically resolv-
ing modal features of 35 nm FWHM. Moreover, the antenna resonance is
revealed.

A critical point in the interaction of light with matter is the matching
of the impedance of all components involved in the interaction. Chapter 4
demonstrates how intrinsically very different structures, a tapered wave-
guide and a sub-wavelength aperture, are impedance-matched at the wave-
length of operation to improve the transmission of the aperture.



Near-field Scanning Optical Microscopy is a standard tool to image a
variety of samples with nanometric resolution. The low transmissivity of
conventional probes with sub-wavelength apertures imposes a strong limit-
ation to its popularity. As reported in Chapter 5, a redesign of the probe
removes the lossy sub-wavelength components and improves the feed to the
aperture. The throughput increases by 100× and the damage threshold by
40×. As this increase in brightness allows to employ smaller apertures,
single molecules are imaged with a true optical resolution of as good as
60 nm FWHM. No fitting algorithms are required.

The results presented in this thesis show that localised fields and there-
fore the functioning of nanostructures such as optical antennas can be pre-
cisely assessed by a mapping with fluorescent nanosources. The mapping
provides a flexible tool to tune the nanostructures and increase the level
of control exerted on optical fields. In reverse, an optimised nanostructure
will efficiently control single emitters in its vicinity. Benefiting applica-
tions include: high resolution imaging, high sensitivity sensing and photo
detection, photovoltaics and non-linear optics.
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1 An Introduction to Control of

Light Through Nanostructures

For a long time, the spatial control of light seemed principally
by the diffraction limit. The interaction of light with matter, a
central topic in optics, could only be addressed with a resolution
close to half the wavelength of light. Many systems of interest,
for example in biology, however exhibit features much smaller.
The advance of nanoscience and nanotechnology has enabled
the fabrication of nanostructures shorter than the wavelength
of light. An important class of nanostructures are optical an-
tennas. Optical fields localised by such optical antennas have
proven to be highly confined and enhanced, effectively breaking
the diffraction limit and providing a new tool to control light
on the nanoscale.

This introduction to control of light through nanostructures
begins with the motivation of near-field optics in the first sec-
tion. General concepts of the interaction of radiation and nano-
structures, the topic of this PhD thesis, will be elucidated in
the second section, with a focus on optical antennas. The third
section introduces to the near-field microscope and the chapter
closes with an outline of the thesis.
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1 An Introduction to Control of Light Through Nanostructures

1.1 Why the Optical Near-Field?

In nanoscience and nanotechnology, a central topic is the exploration and
exploitation of ever smaller systems by optical techniques. When the size
of a system becomes comparable to the wavelength of the light interacting
with the system, the diffraction limit enters the picture as a fundamental
boundary [1, 2]. The spatial control of light is fundamentally constrained
at length scales equal to roughly half its wavelength. This constraint sets
the limit for example to the optical resolution of a standard microscope.

Often, the wavelength of operation is dictated by the system of interest.
Biological systems emit and absorb visible light; photosynthesis uses vis-
ible light for chemical processes; photovoltaic devices convert from the solar
spectrum; our vision relies on visible light. Here, a change to shorter wave-
lengths is not an option to control light on smaller scales.

The optical near-field contains the spatial information with wavevectors
larger than those for propagating waves, therefore beyond the diffraction
limit [3]. As an evanescent field, it is bound to some type of interface
and decays within about 30 nm. Optical near-fields are tightly connect to
nanostructures that provide the necessary interface. The spatial extent of
the near-field is determined by the physical features and material of the
nanostructure and the wavelength of operation. The spatial control of the
field is a parameter of the nanostructure, not a fundamental limit. There-
fore, the control of optical fields through nanostructures is an opportunity
to extend optical techniques to the exploration and exploitation of smaller
and smaller systems.

The fabrication of nanostructures goes hand in hand with the investiga-
tion of the associated near-fields. The central question of this thesis is the
design and investigation of nanostructures suitable to control light.

1.2 Nanostructures and the Near-Field

The first artificial nanostructure used to shape optical radiation was a
simply a sub-wavelength aperture. Even though offering only a very low
transmissivity [4], sub-wavelength apertures build the foundation of Near-
Field Scanning Optical Microscopy (NSOM) [5,6]. NSOM has been the first
experimental method to image, create and control optical fields on length
scales of 60 nm to 100 nm [7].

The Fabrication of Nanostructures. The real challenge in the realisation
of such nanostructures has been and still is their characteristic size of well
below 100 nm. For example, the resonant optical dipole antennas presented
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1.2 Nanostructures and the Near-Field

later in Chapter 3 have dimensions of 170 nm in length, 65 nm in width
and 50 nm in height. The required precision is at the order of 10 nm.

Today, nanotechnology allows to precisely design and structure with an
accuracy of 10 to 30 nm. Complex nanostructures, carefully dimensioned
with respect to the wavelength of the incident radiation, capitalise on in-
ternal, geometrical resonances that couple resonantly and efficiently to ex-
ternal visible radiation. The respective dimensions, at which the resonance
occurs, depend on the exact shape, material composition and local envir-
onment of the structure. As metals are imperfect electrical conductors for
optical frequencies, the first order resonance does not occur at a length
equal exactly half of the free space wavelength, but at an effective length a
factor two to five shorter [8]. Therefore, for materials commonly used in op-
tics like silver, gold or aluminium, typical dimensions of resonant structures
are below 100 nm.

While the apertures used as near-field sources in NSOM had no sophist-
icated relation to the wavelength of the light transmitted other than being
smaller, today’s precise fabrication of nanostructures allows to match their
dimensions to optical resonances. As a consequence, the interaction of light
with matter becomes strongly enhanced, and the properties of optical fields
can be controlled on a much higher level than previously possible.

Optical Antennas. Nanostructures designed to improve the interaction
between a nanoscopic object and light are generally termed optical an-

tennas. They are designed to interact resonantly with light of a specific
wavelength, strongly enhancing the interaction. Analogous to their radio
frequency counterparts, optical antennas link freely propagating radiation
to nanoscopic objects through localised fields. Depending on the actual
geometry of the antenna, the localised energy can be confined to extremely
small volumes. The incident energy absorbed by the antenna is squeezed
into the confined volume, such that this field becomes strongly enhanced.

A nanoscopic object placed in close proximity to the antenna interacts
with the antenna and the strongly enhanced local field. The nanoscopic
object may encompass, among others, single atoms or molecules, quantum
dots, or complex nanostructures and circuits [9, 10].

An optical antenna operates as a bidirectional transducer. Through near-
field coupling, it connects nanoscopic emitters to freely propagating radi-
ation, and vice versa it connects freely propagation radiation to nanoscopic
absorbers. As efficient transducer, optical antennas have a wide range of
applications.
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1 An Introduction to Control of Light Through Nanostructures

Applications of Optical Antennas. Antennas have applications wherever
an efficient link between nanoscopic objects and propagating light is re-
quired.

As a photo detector, an optical antenna strongly localises and enhances
the impinging optical radiation. This allows a reduction in the size of the
detector which improves the signal-to-noise ratio and the readout speed
[11–13]. Equally in photovoltaics, the localisation may improve the carrier
separation and reduce the cost as less expensive semi-conducting material
is required [14,15].

Non-linear processes benefit from the high field intensities that result
from the strong field localisation at an optical antenna. Also, some metals
offer high intrinsic non-linearities, e.g. gold and aluminium. Second [16,17]
and higher [18] harmonic generation, four-wave-mixing [19] and two-photon
photoluminescence [20–22] have been demonstrated.

A strongly localised field is accompanied by an equally strong field gradi-
ent, which is a prerequisite for optical trapping of nanoscale particles [23,
24].

The last application to be mentioned here is the most relevant one in
the context of this thesis. Optical antennas allow the study of single and
/ or weak emitters that otherwise could not be observed [25] or spatially
discriminated [26]. An emitter placed in the very vicinity of the optical
antenna can couple very strongly to the antenna modes. As the antenna
is a transducer between this localised field and free radiation, the antenna
links the emitter to free radiation [27–30]. The efficiency of this process is
the critical benchmark for every optical antenna.

For a more detailed view on applications of optical antennas, the reader
may be referred to several reviews that have been published recently [31–
35].

The Design of Optical Antennas. To this point, an optical antenna has
been introduced as an abstract device to convert free radiation to a localised
field and vice versa. There is no restriction on the shape of the device, as
long as it operates in an efficient manner. A wealth of classical, radio-
frequency designs and their radiative properties is well known. Many have
been adapted to an operation at optical wavelengths.

Among these are monopole antennas [26, 36, 37], dipole antennas [38],
Yagi-Uda antennas [29,39,40], gap antennas [38,41], fractional antennas [42,
43], triangular antennas [25], bow tie antennas [22,44–47], particle antennas
[48, 49], bull’s eye antennas [50], slot antennas [51–53], cross antennas [54]
and devices localising through sharp needles [55–57]. Recently, some effort
has been invested in more complex devices as three-dimensional, stacked
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1.2 Nanostructures and the Near-Field

antennas [58, 59], loaded antennas [60], antennas coupled to transmission
lines [61–63] and feeding elements [64].

All optical antennas listed have their specific properties, and may differ
in excitation and emission rates, directivity, field enhancement and confine-
ment, and bandwidth of operation.

Coupled Nanostructures. So far, only optical antennas have been taken in
consideration. While optical antennas are transducers between nanoscopic
objects and light, other nanostructures may serve different purposes.

Two or more arbitrary nanostructures can interact through near-field
coupling when placed sufficiently close to each other. Simple examples
include the hybridisation of the energy levels of two coupled, identical rods
[65], layered nanoshells [66] or extended chains [67].

For the former, the two rods still resemble an optical antenna; an example
of how completely different nanostructures can be coupled will be presented
in Chapter 4 where an aperture is linked to a tapered waveguide and the
transmission resonantly enhanced. Instead of free radiation, now a guided
waveguide mode provides the radiation. The waveguide is partially tapered
and eventually brings the guided mode close to its cut-off. Here, the mode
transforms into an evanescent mode that couples in the near-field efficiently
to the aperture.

A sophisticated arrangement of equal and arbitrary nanostructures allows
to control various properties of light.

Open Questions. Though the resemblance to well-known radio-frequency
antennas is very apparent, a number of important differences arise at an
operation of optical antennas and nanostructures in general at optical fre-
quencies, and remain subject to ongoing investigation.

The scaling between wavelength and dimensions of a nanostructure is
linear only at radio-frequencies where metals behave as perfect conductors.
At optical frequencies, this scaling behaviour breaks down, and an antenna
responds to an effective wavelength that is different by as much as a factor
5 from the wavelength of the incident radiation [8].

Also, while radio-frequency antennas are usually driven through a trans-
mission line connected to some electrical circuit, optical antennas are or-
ders of magnitude smaller and operate at much higher frequencies. The
fabrication challenge complicates enormously with the small size, and the
accurate, reproducible and cost-effective fabrication of an optical antenna
with an interfaced source or receiver is a task hardly possible for today’s
nanofabrication tools.

The efficiency of the coupling process between an antenna, an object or

5



1 An Introduction to Control of Light Through Nanostructures

two arbitrary nanostructures depends greatly on how well the impedances
of the interacting components are matched [9,31,35,68,69]. For an optical
antenna and a single molecule, the respective impedances of roughly 1 MΩ
and 3 Ω differ largely [31]. In contrast, the impedances of the tapered wave-
guide and the aperture can be matched easily as will be seen in Chapter 4.

1.3 Recording the Optical Near-Field

The optical near-field is an evanescent field and as such it decays typically
within 30 nm. As a consequence, the local field of e.g. an optical antenna
must be recorded within nanometres above its surface. Also, as the char-
acteristic lateral dimensions of optical antennas and other nanostructures
are well below the wavelength of visible light, the thorough spatial probing
and analysis of optical phenomena is a difficult task.

In this section, I will very briefly introduce near-field microscopy and the
near-field set-up. The experiments reported in the experimental chapters
were performed on such a set-up, however the precise configuration will be
the subject of each of the experimental Chapters 3, 4 and 5 individually.

A sketch of the near-field microscope is presented in Figure 1.1. The very
base of such a set-up is a confocal microscope that is encircled in the Figure
by a dashed box. The confocal part of the set-up includes two avalanche
photodetectors (APD) that map orthogonal polarisations of an impinging
optical field.

The difference to a purely confocal microscope lies in additional compon-
ents above the confocal part the microscope (dotted box). The scanning tip
or fibre has to be within nanometres of molecules, beads or a second nano-
structure in order to interact in the near-field. A piezo allows to position
the scanning tip or fibre with respect to a sample plane and a shear-force
feedback mechanism actively controls the vertical position of the scanning
tip or fibre with nanometric accuracy. Details on shear-force can be found
in [70,71].

This near-field set-up has five free axis: the sample plane with the mo-
lecules or beads can be positioned in three axes, and the scanning tip or
fibre in the two lateral axes. The third axis of the piezoelectric scanner for
the scanning-tip or fibre is reserved for the shear-force feedback.

As modi of operation, the excitation can either be performed confocally
through the objective or in a true NSOM configuration through the fibre.
In both cases, the detection path remains the same. The former mode of
excitation was employed in the experiments presented in Chapter 3 and the
latter in Chapters 4 and 5.

As mentioned before, the exact configuration of the near-field set-up will
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1.3 Recording the Optical Near-Field

APD 2

APD 1

CCD

Figure 1.1: Scanning Near-Field Optical Microscope (NSOM). Our
microscope builds on a standard confocal set-up (dashed box). A scan-
ning tip or fibre is attached to an additional piezoelectric scanner above
the confocal set-up (dotted box). A feedback mechanism allows to ap-
proach the scanning tip or fibre to the molecules or beads such that near-
field interaction is possible. The signal is mapped polarisation-resolved
on two different Avalanche Photodetectors (APD).

7



1 An Introduction to Control of Light Through Nanostructures

be detailed in each experimental Chapter individually. For more informa-
tion on near-field scanning optical microscopy in general, the reader may
be referred to [72–74].

1.4 Outline of the Thesis

Chapter 2 is dedicated to the fabrication of nanostructures that will be
experimentally analysed in the subsequent chapters. As mentioned before,
the characteristic length scale of nanostructures of interest is below 100 nm,
which is possible though challenging with standard nanofabrication tools.
The chapter focuses on steps taken to reliably and reproducibly reach this
accuracy.

In the first experimental chapter of this thesis, Chapter 3, maps of the
mode profile of optical antennas are presented. The mode maps were ex-
tracted from the magnitude of the fluorescent signal of single beads that
interact with the optical antenna through the near-field. The beads had a
diameter of only 20 nm. Plasmonic features of with a FWHM of 35 nm are
revealed.

In Chapter 4, we report on the impedance matching of a single sub-
wavelength aperture and a tapered waveguide. When the impedances are
matched, a peak in transmission is observed.

Single molecules are imaged in an NSOM configuration in the very last
Chapter 5. Sophisticated nanostructuring of the probe has resulted in
an increased throughput and a higher damage threshold than present in
conventional NSOM probes, permitting to move to smaller aperture sizes.
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2 Fabricating Optical Antennas and

Other Nanostructures

The control of optical fields requires the fabrication of struc-
tures with dimensions well shorter than the wavelength of light.
Nanostructures like optical antennas with characteristic dimen-
sions below 100 nm must be fabricated in an accurate and re-
producible way, such that meaningful optical experiments can
be performed. The precise fabrication is a challenge also to
the latest equipments in nanotechnology. A Focused Ion Beam
(FIB) system in combination with a lithography system allows
the dedicated fabrication of arbitrary nanostructures with a tol-
erance of only 10 to 30 nm. This fabrication approach fullfils
all demands to accuracy, reproducibility and effectivity.

In this chapter, the concepts and tools of nanofabrication will
introduced and discussed in view of the nanostructures required
for the optical experiments. Concepts of nanofabrication and
methods are discussed in the first section. The next section
focuses on the fabrication steps and considerations taken be-
fore proceeding to the fabrication with the Focused Ion Beam
(FIB) system. The last two sections discuss FIB milling and
lithography and include a discussion of important parameters.
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2 Fabricating Optical Antennas and Other Nanostructures

2.1 An Introduction to Nanofabrication

The aim of nanofabrication is the preparation of dedicated structures with
typical dimensions of below 100 nm. In the context of this thesis, ’dedicated
structures’ means optical antennas in Chapter 3, sub-wavelength apertures

coupled to tapered waveguides in Chapter 4, and modified probes for Near-

Field Scanning Optical Microscopy in Chapter 5.

The Nanostructures of this Thesis. The scope of this thesis is the control
of optical fields through advanced nanostructures. Therefore, all nanostruc-
tures must be small with respect to the wavelength of visible light.

The optical antennas of Chapter 3 show a resonance at a length of 170 nm.
The width of such a structure is about 65 nm at the base. For reasons ex-
plained in that chapter, the antenna is to be fabricated on the end face of
a scanning tip. The end face of this tip is only about 500 to 900 nm in
diameter wide. The topic of Chapter 4 is a resonant coupling between a
tapered waveguide and a sub-wavelength aperture. The technical realisa-
tion is a tapered and cut fibre waveguide, with the aperture milled into the
end face of the waveguide. As an error in diameter of the tapered wave-
guide causes a shift in the resonant wavelength, high accuracy is required.
Chapter 5 demands the fabrication of a similar structure, however with an
aperture size of as small as 40 nm.

Summarising the requirements to the nanostructures, apertures and an-
tennas of at most 40 to 60 nm in extent in the smallest dimension must be
fabricated within the scope of this thesis. The features must not be fabric-
ated on a flat cover slip, but at the end face of a scanning tip or a tapered
optical fibre. As the dependence of the optical signal on certain physical
dimensions of the nanostructure is of interest, a precise and reproducible
fabrication is a precondition.

Nanofabrication Technologies. Advances in nanofabrication have only
recently allowed to progress into the nanoscale regime and fabricate soph-
isticated nanostructures for applications in science and technology.

The tools for nanofabrication encompass a wide range of technologies
[75, 76]. In a scientific environment, the most widely used technologies
include Electron Beam Lithography (EBL) and Focused Ion Beam Litho-
graphy (FIBL). These two technologies follow the so-called top-down ap-
proach, where the nanostructure evolves from a structural layer. Self-
assembly is a popular bottom-up method where nanoparticles self-organise
on a surface to form complex patterns [48, 49, 77, 78]. However, the level
of control on the process is far lower than for top-down methods. This
is a significant drawback to self-organisation. Electron Beam Lithography
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2.2 Prior to Focused Ion Beam Lithography

(EBL) is widely used to write large arrays of nanostructures. EBL may
reach a resolution of better than 10 nm [79]. Focused Ion Beam Litho-
graphy (FIBL) is a comparably slow method and therefore mostly used for
prototyping applications. Since no lift-off as for EBL is required, FIBL can
applied in all sample geometries.

The choice of a suitable nanofabrication method is determined by the
chemical composition and geometry of the initial structural layer and the
desired properties of the later nanostructure. As it is virtually impossible
to apply a resist on the small surface at the end face of the scanning tip or
fibre, EBL can be safely ruled out. FIB milling combines high resolution
with the absence of any type of mechanical contact. In the past, FIB
milling has proven a reliable and powerful mean of nanostructuring on
and of complex surfaces. Examples include probe fabrication for aperture
Near-Field Scanning Optical Microscopy (NSOM) [80,81], nanometric light
sources [55,82] and optical antennas [27,37].

Within the scope of this thesis, all nanostructures are fabricated using
a Focused Ion Beam system with an attached lithography system. The
practical resolution of the combined system is around 10 to 30 nm. The
lithography provides the accuracy and reproducibility required to fabricate
the desired nanostructures on the end face of a scanning tip or fibre.

2.2 Prior to Focused Ion Beam Lithography

As mentioned in the previous section, the optical antennas or the sub-
wavelength apertures must be fabricated in the end face of a flat scanning
tip or fibre. In this section, I describe the steps taken to prepare the
scanning tip or fibre and the structural layer prior to the application of
Focused Ion Beam Lithography (FIBL). These steps include the tapering
of the scanning tip or fibre and the deposition of the structural and other
metallic layers. As the choice of the deposited materials determines the
optical properties of the nanostructure and impacts the application of FIBL,
a discussion on materials is part of this section.

Tapering by Heat-Pulling

All experiments in this thesis require a sharp scanning tip or fibre. The
sharpness is a result of heat-pulling an optical fibre. It may be remarked
here, that the experiments presented in Chapters 4 and 5 require tapered
optical fibres as the base of the fabrication. The scanning tips used for the
research in Chapter 3 are also made from optical fibre material. However,
as they will not need to guide light, they are cut at a length of 2 cm and
will thus be denoted as scanning tips.

11



2 Fabricating Optical Antennas and Other Nanostructures

The fibre material used is a single-mode optical fibre designed for a wave-
length of 633 nm. Their diameter of 125 µm is three to five orders of mag-
nitude larger than the features of interest at the nanoscale. In the very first
step of the fabrication we match these two lengths scales by tapering the
optical fibre. The two techniques used to fabricate a taper region are chem-
ical etching [83–85] and mechanical heat-pulling [85–87]. In this thesis, the
latter technique has been employed as the technical equipment was already
available on premises. The pulling process is extremely sensitive to fluc-
tuations of room temperature, humidity or changes in the handling of the
fibre, such that the reproducibility is low.

Thin Layer Desposition

In the context of this thesis, the deposition of a metal on the scanning tip
or fibre serves three different purposes:

• To establish sufficient conductivity for high-resolution electron micro-
scopy or focussed ion beam applications.

• To improve the adhesion of a second material on a substrate.

• To deposit the structural layer.

Sufficient conductivity is enusured by the deposition of a layer of Ti-
tanium of typically 10-15nm in thickness.

Adhesion is important because most experiments presented in Chapters
3 to 5 involve scanning a nanostructure across a surface. The scanning ex-
ercises high friction on the nanostructure. If the structure is less strongly
attached, it may easily become damaged or even detach. Poor adhesion may
be a result of the low reactivity of noble metals, mismatches in the crystal-
line structures, surface cleanliness or the evaporation process itself [88]. A
good adhesion of the nanostructure’s material is essential to the success of
the later experiment. It is achieved by depositing a thin adhesion layer of a
few nanometres in thickness before the structural layer. Typical adhesion
materials include chromium and titanium. In our evaporator, titanium has
lead to better results and will be used throughout this thesis. It may be
noted here briefly that the adhesion layer often induces less desirable optical
properties, expressed through its refractive index and absorption [89,90].

The structural layer is deposited last and is discussed in the next section.

A Consideration on Materials for the Structural Layer

The structural layer is the starting point in the fabrication of e.g. an optical
antenna or a sub-wavelength aperture. Usually, the proposed experiment
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2.2 Prior to Focused Ion Beam Lithography

determines the parameters such as the choice of material or film thickness.
However, the fabrication of the structural layer is also subject to the avail-
able deposition systems and methods. The choice of a specific structural
layer must be seen as a compromise between the required optical properties
and the characteristics of the fabrication process.

The materials most widely used for plasmonic applications are gold and
aluminium [21,91]. Silver is very plasmonic material as well, but its rapid
oxidation is problematic [92]. Also other materials have been investigated,
such as copper [91], nickel [93], oxides and nitrides [94] or semiconductors
[95]. However, their plasmonic properties are less pronounced. Graphene is
another plasmonic material. However, the effective wavelength of plasmons
on graphene is extremely short at optical wavelengths [96].

In the visible, gold and aluminium are the materials of choice. Aluminium
has a smaller penetration depth than gold. This allows to confine light to
smaller volumes. Gold is chosen more often for applications in the red or
infrared, while aluminium is better at shorter wavelengths. However, there
is a spectral overlap between both materials that leaves space to consider
fabricational arguments as well.

Gold and aluminium behave very differently during the deposition of the
structural layer and processing in an FIB system. On our deposition equip-
ment, gold films are generally smoother than aluminium films. Aluminium
tends to form large grains. This is especially problematic on the end face
of scanning tips or fibres, where grains feel the presence of the rim of the
face. As Section 2.4 will show, gold is easier to process in the FIB system
than aluminium. It is softer, so lower doses and shorter exposure times
are sufficient. The grains are less pronounced, so sputtering occurs more
homogeneously.

Aluminium has been choosen as the material for the optical antennas
presented in Chapter 3 for several reasons. First, the harder aluminium is
expected to withstand the friction experienced during the near-field scan-
ning better. Second, the antenna length corresponding to same-order res-
onances is slightly longer than for gold. This simplifies a precise sweep
through different lengths in the fabrication. Third, its smaller penetration
depth confines the local fields better and permits to test the resolution of
the proposed experiment. The waveguides in Chapters 4 and 5 are coated
with aluminium. Aluminium prevents light leakage most effectively due to
its smaller penetration depth. On the end facet, a smooth gold film is bene-
ficial for milling very small and well-positioned sub-wavelength apertures.
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2 Fabricating Optical Antennas and Other Nanostructures

2.3 Fabricating Nanostructures by Focussed Ion

Beam Milling

A Focused Ion Beam (FIB) system is a tool to structure a surface with
nanometre resolution. This section establishes a technical understanding
of an FIB system and introduces the system on which most of the nanofab-
rication presented in this thesis was pursued. Any fabricated nanostructure
must be visualised at some point. A discussion of the detectors of this FIB
system explains the imaging process and points out the challenges in image
interpretation.

Operation Principles and Limitations

Nowadays, Focussed Ion Beam (FIB) systems are very versatile though still
complex tools in nano-machining. In this section, I will constrain myself
to the aspects relevant to applications presented in this thesis. For more
details, the reader may be referred to the extensive literature, e.g. [97, 98].

A Focused Ion Beam (FIB) system employs a strongly focussed beam
of ions, usually gallium, to mill a sample with nanometric precision. Ion
beams operate similarly to electron beams in SEMs. However, irradiation
of a surface with ions and electrons has very different effects. First, ions
are almost five orders of magnitude heavier than electrons. With a typical
acceleration energy of 30 keV, ions gain a much higher momentum that is
transferred to atoms on the surface on impact. Second, ions have a larger
effective cross section which increases the interaction probability with atoms
at the surface. At equal acceleration energy, ions interact at the sample
surface, while electrons penetrate deeply into the sample.

While atoms at the sample surface only scatter electrons, they are sputt-
ered by the gallium ions and rejected from the sample surface as either
neutral atoms or secondary ions. Thus FIB milling is inevitably a destruct-
ive method.

Modern FIB systems incorporate both an electron source and an ion
source in separate beam columns. This permits to sputter material with
the ion beam while simultaneously imaging the progress with the electron
beam.

Ions and electrons are particles carrying a charge. The charging of the
scanning tip or fibre during imaging or sputtering is an critical factor for
SEMs and FIB systems. If a scanning tip or fibre is little conductive and
charges build up, the beams are distorted and repelled from the tip. This
can drastically reduce the achievable resolution and induce drift and arte-
facts. Operating both beams simultaneously can neutralise the charging to
some extent. However, now the beams themselves may interact.
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2.3 Fabricating Nanostructures by Focussed Ion Beam Milling

The fabrication of structures of optically relevant dimensions means to
bring also currently available FIB systems to their limits. Desired feature
sizes reach to some tens of nanometres. Any charging of the sample distorts
the beam sufficiently to render this impossible. Mechanical or electrical
instabilities of the beam or the mount have a similar effect. The inevitable
surface damage caused by an ion beam, e.g. during focusing of the ion
beam, becomes very relevant when considering a typical thickness of the
structural layer of only 30 to 100 nm. Even a rapid imaging scan with
the ion beam with the purpose of orientation on the sample can lead to
considerable damage. Also, gallium ions are implanted near the surface.
Their impact on the optical properties is hard to determine, however most
likely their presence increases dissipation.

The Available FIB System

Most of the work in this thesis was performed on a Auriga Cross Beam

FIB system by Zeiss. This system has been designed specifically for the
fabrication of plasmonic nanostructures in thin films, e.g. the optical an-
tennas presented in Chapter 3. The SEM with Zeiss’s GEMINI column
may reach a resolution of better than 2 nm for an optimal sample. The fo-
cussed ion beam column COBRA is specified with ≤ 2.5 nm resolution and
beam currents between 1 pA to 50 nA are available. Additional features
include charge compensation and a gas injection system. On the software
side, the unique feature is a dedicated lithography software, Fibics’s Nan-

oPatterning and Visualization Engine (NPVE). Nanofabrication with this
lithography software is the topic of Section 2.4. The fabricated nanostruc-
tures can be imaged with three different detectors: an Everhart-Thornley

Secondary Electron Detector and two in-lense detectors for secondary and
back-scattered electrons. These detectors provide complementary informa-
tion about the plasmonic structures with high accuracy.

Imaging with the Detectors

Any information about a nanostructure derives from signals captured by a
single or several detectors of the FIB system. For the thorough interpreta-
tion of experimental data, it is essential to know the properties of the three
different detectors.

Secondary electron (SE) detectors are very popular because of their signal
strength and sensitivity to the topography of the sample. Secondary elec-
trons originate in inelastic scattering events and possess lower energy than
back-scattered electrons, thus contain only partial information. The BSED,
or back-scattered, detector records high-energy electrons that are elastically
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2 Fabricating Optical Antennas and Other Nanostructures

scattered by the sample. The scattering cross section depends strongly on
the atomic species which permits chemical discrimination of a sample with
very high resolution. Since the back-scattered signal is relatively weak, the
BSED detector has an annular shape and is placed symmetrically around
the electron beam.

The SE and the BSE detectors may be placed inside either the focusing
optics of the SEM or on a side of the vacuum chamber. Detectors at the
former, the in-lens, position collect the signal with a higher solid angle and
have a higher resolution. As electrons have to cross the focusing optics
twice to arrive at an in-lens detector, these detectors are prone to optical
aberrations and charging.

Two conclusions are drawn for the imaging of nanostructures presented
in this thesis. First, discrimination between materials is possible with the
BSED detector only in the case of gold as the structural layer. The atomic
number of gold differs sufficiently from that of the substrate, an optical
fibre. This is unfortunately not the case for aluminium. Second, high
resolution imaging of a scanning tip or fibre is very difficult. The optical
antennas in chapter 3 are electrically isolated by removing the surrounding
metal and in addition are located at the end of a microscopically large,
dielectric support with a thin, only partially conductive layer, such that
charging effects limit the resolution. The nanostructures in Chapters 4 and
5 suffer from this limitation as well, however to a lower degree.

2.4 Focussed Ion Beam Technology and Lithography

Even the use of the technologically most advanced Focused Ion Beam sys-
tem is limited by the control software. A flexible and efficient software,
able to provide access to all relevant parameters of the ion beam, is the key
to the successful fabrication of plasmonic structures. Adding lithography
hard- and software to an FIB system constitutes a very efficient system for
nanofabrication.

This section introduces to Focus Ion Beam Lithography (FIBL) and shows
its potential in a systematic study of parameters relevant to the quality of
the nanostructures. The work flow of the fabrication of nanostructures
concludes the section.

An Introduction To FIBL

Lithography is a transfer process that creates an image of a before defined
pattern. Electron Beam Lithography (EBL) has been a very popular fab-
rication technique in nanofabrication. Its popularity has lead to the com-
mercial availability of highly integrated scanning electron microscopes and
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2.4 Focussed Ion Beam Technology and Lithography

Figure 2.1: Screenshot of the NPVE programme. The black circle in
the lower right of the visualisation panel shows the end face of a scanning
tip or fibre, ready for lithographic milling.

lithography systems. This in turn has lead to the transfer of lithography
technology to FIB systems, creating the field of Focussed Ion Beam Litho-

graphy (FIBL).

The lithography software on the available FIB system is the NanoPat-

terning and Visualization Engine (NPVE) by Canadian maker Fibics. Fig-
ure 2.1 shows a screenshot of the programme. The major advantages of this
lithography programme are the very tight integration into the interface of
the SEM, its simplicity for prototyping applications and its adaptation to
FIB applications. The combination allows to easily and rapidly prototype
new designs and to fabricate them accurately with the ion beam.

Due to the mass and momentum of the gallium ions, FIBL allows to
write a pattern directly into a structural layer, without the need of a resist
or similar. The consequence of this strong interaction of ions with the
structural layer is that new parameters such as the exact shape of the scan
path and re-deposition of removed material become very critical to the
success of the milling. Therefore, a careful calibration of the lithography
process is essential.
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Figure 2.2: The Beam Current. Currents of 10 to 20 pA yield the most
well-formed nanostructures for gold and aluminium. The images are
taken with the SESI detector and the scale bars are 500 nm long.

Analysis of Milling Parameters

The lithography programme NPVE can control a variety of parameters
of the ion beam in order to optimise the result of the milling process.
These parameters can be sorted roughly into two practical categories. To
the first category belong all parameters regarding the ion beam itself: the
beam current, the dose, the dwell time and the number of repeats. The
parameters in the second category determine the trajectory of the beam
and affect the re-deposition. They include the scan direction and the use
of clean-up layers.

In the first category, the beam current is chosen prior to the milling,
because the focusing and correction of the astigmatism must be repeated
after every change of current. The remaining parameters dose, dwell time

and number of repeats constitute an over-determined system:

beam current ∼
dose

dwell time× number of repeats
(2.1)

The interaction with a particular structural layer obviously depends on
its material composition and structure. The two most relevant materials in
this thesis, gold and aluminium, show very distinct behaviour under the ion
beam. Aluminium is very hard material that requires high doses to mill and
that can withstand some imaging with the ion beam. Gold, on contrary,
is extremely soft and virtually melts away when being imaged with the
ion beam. The impact of most parameters is shown for both materials
to adequately capture the implications of soft and hard materials. For all
images shown in the following, the structural layers were deposited on a
cover slip and had thicknesses for 60 nm for aluminium and 80 nm for
gold.
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2.4 Focussed Ion Beam Technology and Lithography

Beam Current. A lithographic pattern is written at different beam cur-
rents and images taken with the secondary electron detector are shown in
Figure 2.2. For each material, the beam dose and the dwell time are held
constant, and the number of repeats is the variable adjusted to match the
current.

Clearly visible is the existence of an optimal current of between 10 and
20 pA where the structures seem well-defined and possess sharp edges and
corners. For doses higher and lower, the edges start to round and the
structure appears fluffy, or vanishes all together. In the case of gold, the
atoms re-organise and form bubbles along the structure that may change
the shape of the structure completely. The two materials, the soft gold
and the harder aluminium, show roughly the same optimal beam current
for comparable layer thicknesses. The value of this optimal beam current
seems less a material property, but rather a property of the ion beam.

The beam current is the number of ions interacting with the structural
layer per unit time and area. It is equivalent to the exposure time it takes
to write a pattern to the structural layer. For smaller beam currents, the
exposure time must increase to compensate the for lesser current. A large
exposure time, however, increases the likeliness of critical drift during the
milling process. On the other hand, a higher beam current transfers more
charges and more momentum per unit time to the structural layer. This
may cause more problematic charging which perturbs the ion beam traject-
ory and shape, and second order effects may occur more frequently.

Technically, beam currents are selected by moving apertures with differ-
ent radii into the beam. As the alignment of these apertures is not perfect
to the nanoscale, each change of aperture requires to adjust focus and astig-
matism to gain the highest beam quality again. Thus, it is not practical
to find the optimal beam current for each structural layer again. In the
following, 10 pA is the beam current of choice.

Beam Dose. The parameter beam dose sets the total charge that is irradi-
ated on the structural layer per unit area. It must be chosen approximately
proportional to the thickness of the structural layer. Since this thickness
may vary due to variances in the evaporation process, the dose must be
adjusted for each structural layer again.

A sweep through a range of beam doses is presented in Figure 2.3. The
dwell time remains fixed and the number of repeats compensates the chan-
ging beam dose. A lower-than-optimal beam dose leaves the structural
layer fully or partially intact, and the desired nanostructure is yet hardly
visible. With increasing beam dose, the nanostructure slowly emerges from
the structural layer. At some point, the surrounding parts of the structural
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Figure 2.3: The Beam Dose. A sweep of the beam dose is essential to
find the optimal dose for a given layer. The images for aluminium are
taken with the SESI detector, and for gold with the BSED. The doses
are given in nC / µm2 and the scale bars are 500 nm long.

layer are fully removed and the beam starts to mill into the substrate. While
this is in itself not a problem, the now dielectric surface insulates the nano-
structure and causes stronger charging, which, together with second order
effects, has a destabilising effect on the ion beam close to the surface. As
a consequence, the nanostructure starts to shrink and eventually vanishes
completely.

Thus, the optimal dose is the dose when the material surrounding the
nanostructure is just fully removed. Though, the determination of this op-
timal dose may need experience. Even for very high doses, the nanostruc-
ture may still show in the SEM images as a topographic entity. However,
second order effects have reduced it to merely a dielectric socket in the
substrate than a metallic antenna.

Especially for aluminium this is problem because the sputtering rates for
the metal and the substrate are comparable. The socket in the substrate
may show the same signature in the SEM images as an isolated metallic
nanostructure. In Figure 2.3, the optimal dose is 0.45 nC / µm2. At
the next lower dose, the surface of the substrate starts to exhibit some
splotched, curved remains of the aluminium. The nanostructures milled
with doses of 0.70 nC / µm2 and higher seem to float above the surface.
Here the dose was higher-than-necessary and sufficient glass substrate was
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Figure 2.4: The Dwell Time and the Number of Repeats. The shape
of the nanostructures depend more strongly for gold than for aluminium
on the dwell time (before the slash, in microseconds) and the number of
repeats (after the slash). The dose is held constant and the scale bars
are 500 nm long.

removed such that the nanostructures stand on a glass socket appearing
transparent to the electron beam.

For gold, the backscattered electron detector provides a material-sensitive
signal which is stronger for gold than for the underlying substrate. At the
optimal dose, the signal strength of the backscattered electron from the
milled substrate has fully changed. In Figure 2.3 this happens between the
doses of 0.03 and 0.05 nC / µm2. Also the sputtering rate is much higher for
gold than for the substrate. This allows to safely ascribe any topography
to the metallic gold and not to a socket in the substrate.

Dwell Time and Number of Repeats. With the beam current and the
beam dose set, the remaining two parameters of Equation 2.1 are the dwell
time and the number of repeats. The dwell time is the period of time
the ion beam spends on a single pixel. The number of repeats determines
whether the pattern is written at once or repeated a number of times with
an anti-proportionate dose.

Since the beam parameters are over-determined, the choice of the dwell
time inevitably defines the number of repeats and vice versa. Mathematic-
ally speaking, the product of dwell time and number of repeats should be
constant. A quick look at the numbers given in Figure 2.4 shows that this is
only the case approximately. Rounding-errors of the lithography software
cause this inaccuracy, which is especially visible for a dwell time of 290µs.
It is important to re-assess during an FIB session whether the product of
the displayed dwell time and number of repeats is constant. Otherwise, the
milling behaviour might become erratic.
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Figure 2.5: Dwell Time versus Beam Dose. A lithographic pattern is
written for various combinations of dwell time and dose. The number of
repeats increases from top left to bottom right and is over-determined
by the choice of dwell time and dose. Structures in the boxed area show
the highest quality. The scale bar is 1 µm long.

For aluminium, Figure 2.4 demonstrates that the number of repeats does
not influence the quality of the nanostructure as long as the product of dwell
time and number of repeats is constant. This is not the case for the last
structure with a dwell time of 290µs. Gold shows a strong dependence on
the number of repeats in Figure 2.4. The best choice is the use of only one
or two repeats with a high dwell time, even though many repeats tend to
yield narrower features.

While so far the dose was kept fixed, a broader picture of the parameter
dependence is drawn in Figure 2.5 for aluminium. The number of repeats
is again over-determined by the choice of dwell time and beam dose. The
upper part of the image shows the inconsistent part of the parameter space.
The milled area suddenly becomes very deep even for a constant dose, and
distinct diagonal lines appear. In the left part the dose is too low to fully
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Figure 2.6: Re-Deposition. In (a), re-deposition appears as the triangular
prolongation of the otherwise rectangular nanostructure. It can extend
the nanostructure by up to 40 nm. The scan path of the ion beam is
shown in (b). The general milling direction from top to bottom causes
a net material transport in the opposite direction, shown in (c). This
explains the re-deposition only at the lower end of the structure. The
scale bar is 100 nm long.

remove the aluminium. The best structures are group in a slightly diagonal
area in the lower right and correspond to a low dwell time with many
repeats.

As demonstrated, aluminium and gold show a distinctively different de-
pendence on the dwell time and the number of repeats for a structural layer
on a flat cover slip. Scanning tips and fibres, however, may charge and drift
substantially due to their geometry. Keeping the number of repeats at one
and using a high dwell time effectively reduces the impact of drift, because
the ion beam approaches the prospective nanostructure exactly only once.

Scan Direction, Re-Deposition and Clean-Up Layer. Ideally, the mater-
ial sputtered by the ion beam is fully removed from the surroundings of
the nanostructure and absorbed into the machine vacuum. However, some
fraction will re-deposit in proximity to the nanostructure, and may seri-
ously affect its shape [99]. Two options of compensating re-deposition are
presented in this section: a modification of the trajectory of the beam, and
the use of clean-up layers.

The effect of re-deposition is demonstrated in Figure 2.6. The rectangular
pattern in Figure 2.6(b) has been used to write the nanostructure shown in
Figure 2.6(a). In addition to the expected rectangular shape, the resulting
nanostructure shows a triangular prolongation of about 40 nm in length
on the lower end. This prolongation is the result of re-deposition of the
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Figure 2.7: The Beam Path. The quality of the nanostructures depends
stronger on the beam path for gold than for aluminium. The scale bars
are 500 nm long.

sputtered material. Figure 2.6(b) shows why re-deposition occurs exactly
at the lower end. At each position of the ion beam, sputtered material is
re-distributed homogeneously in all lateral directions. The same amount
of material is sputtered and re-distributed by the beam at an adjacent
scan position, leading to a vanishing net flux of re-deposited material along
the connecting line. Now, the beam shown in Figure 2.6(b) scans mostly
along horizontal lines. The net re-deposition flux along each horizontal
line is zero (end points neglected), but there is a flux away from the scan
line in up- and down-directions with equal probability. The next scan
line will not only sputter the original layer at its location but also the
material that the previous scan line has re-posited here. This previously
re-deposited material has an equal change of being re-redeposited in up-
and down-directions. Summing up over several scan lines, this causes a net
flux in re-deposition against the overall scan direction as depicted in Figure
2.6(c). This effect leads to the triangular prolongation at the lower end of
the nanostructure.

The trick to avoid critical re-deposition at the nanostructure is a modi-
fication of the beam path such that the beam scans always against the
nanostructure. The NPVE lithography software three options to control
the beam path in the proximity of a nanostructure. The three different
options of the scan path are listed in Figure 2.7. The beam scans circles
the nanostructure and approaches it either from the outside to the inside
or vice versa, or in both directions in alternating way. The implications for
gold become immediately clear when comparing the two SEM images for
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Figure 2.8: Clean-up Layers. All detectors show re-deposited gold
bubbles on the milled surface before a second clean-up scan with a low
dose. These are completely gone after the clean-up scan. The scale bar
is 200 nm long.

outside-to-inside and inside-to-outside milling. For the latter, the structure
widens by roughly 80 nm in each direction. Re-deposition seems less of a
problem in the case of aluminium.

In general, all nanostructures presented in this thesis are fabricated using
an outside-to-inside beam path.

The second option to avoid re-deposition is the implementation of a
second writing pattern of identical geometry on top of the actual writ-
ing pattern. A lower dose is assigned to this second layer that only suffices
to remove re-deposited material. Such an arrangement is shown in Figure
2.8. Before the application of this clean-up mill, the re-deposition clearly
shows as gold bubbles in both the high-resolution secondary electron image
and the material-sensitive backscattered electron image1. The second mill
with a lower dose has completely removed these bubbles.

A problem associated with a second layer is that the sample may have
drifted and the two layers are now slightly offsetted. This may introduce
some asymmetry to the nanostructure. Also, instead of only a single dose,
now two different doses are to be calibrated correctly. For the structures
presented in the next chapters, I passed on applying a clean-up layer and
consider the previously chosen outside-to-inside beam path as sufficient to
compensate re-deposition.

Application Flow of Focussed Ion Beam Lithography

A strict routine of the lithography process is essential to fabricate plasmonic
structures in an accurate and reproducible way. As previously explained,
any exposure to the ion beam immediately degrades the structural layer
and implants gallium atoms. It must be a major effort of the routine to

1The images were taken on different SEM / FIB systems. The secondary electron
detector was attached to a better SEM.
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Figure 2.9: Example of Fabricated Nanostructures. These nanostruc-
tures show examplary the capability of FIBL as a method to structure
on the end face of tapered scanning tips or fibres. The scale bars are
200 nm long.

keep the exposure to the ion beam at a minimum. A second motivation for
a routine is the ability of the lithography to systematically a sweep a single
parameter, e.g. the length of a nanostructure. Modification of only a single
parameters implies the existence of a routine to keep all other parameters
absolutely constant.

Before any lithography can be performed, the target has to be installed
and properly aligned. The alignment of scanning tips and fibres is less
straight-forward than for flat cover slips, because the scanning tips and
fibres will have slightly different positions on their common mount; there-
fore, they do not share a common focal plane. As the ion beam is intrinsic-
ally destructive, an adjustment of the focus and the astigmatism for every
scanning tip or fibre separately is not desirable. Using a single scanning
tip or fibre to align the electron beam and the ion beam on their point of
coincidence, it is possible to bring any other scanning tip or fibre exactly
into the point of coincidence and thus in the focus of the ion beam without
imaging with the ion beam.

Now the scanning tip or fibre is at the correct position to perform the
lithography. All but the very first scanning tip or fibre have not been ex-
posed to any ion irradiation. A single image is taken with the ion beam
to localise the exact position of the end face and to position the litho-
graphic shape. Figure 2.1 shows this image in the centre of the lithography
programme. Once that is done, the exposure of the lithographic shape is
performed.

2.5 Conclusion – Accurate and Reproducible

Nanostructures

As the nanostructures shown in Figure 2.9 convincingly demonstrate, FIBL
is a powerful and efficient method in the structuring of thin layers on op-
tical fibres. Knowledge of the technical properties of the FIB system and
its detection system has proven a prerequisite to a successful evaluation
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of the milling process and the resulting nanostructures. With a thorough
calibration of the milling parameters, the lithography system permits to
fabricate a variety of shapes in a controlled, flexible and reproducible man-
ner. Feature sizes of down to 20 nm are realised routinely even in this
particular sample geometry.

Focused Ion Beam Lithography is thus fully capable of meeting all re-
quirements that the experimental set-ups and the proposed experiments in
chapters 3,4 and 5 impose on the nanostructured samples.
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3 Mode Mapping of Optical

Antennas

Nanophotonic structures offer emerging applications in many
vibrant research fields, such as photovoltaics and sensing. An
assessment of the working principles of such a structure requires
knowledge of its spatial modal distribution, which determines
the coupling of the structure to light field. As plasmonic struc-
tures typically confine light fields to as small as a few tens of
nanometres, their analysis on the sub-wavelength scale is a very
relevant topic.

Optical methods involving the far-field, as e.g. two-photon

photoluminescence, are diffraction limited, and lack the required
resolution. Near-field techniques such as NSOM place an aper-
ture or scattering probe in close proximity to a structure of
interest. However, for visible light, the size of the probe is com-
parable to the features of the structure, which may introduce
artefacts to the recorded fields. Here, we propose to place the
nanostructure of interest on a sharp dielectric tip, and scan this
tip across single fluorescent beads. The beads probe the spatial
modal distribution of the nanostructure through their fluores-
cence signal. The advantage of this method is that the scanned
surface may contain a large number of beads and molecules
that differ in dipole orientation, size, and spectrum, such that
a bleached probe is readily replaced. We employ this method
to probe the spatial modal distribution of optical antennas, ob-
serve modal features of 35 nm FWHM and reveal the antenna
resonance.

The first section introduces the study of optical antennas.
The fabrication, experimental set-up and performed numerical
calculations are discussed in the second section. Mode maps
and a resonance curve of optical antennas are presented in the
third and concluded in the fourth section.
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3.1 An Introduction to the Study of Optical Antennas

The challenge in the study of optical antennas and nanostructures in general
arises from the strong localisation of their optical fields. An optical antenna
is able to spatially confine optical radiation to an order of magnitude below
the diffraction limit [37]. Obviously, an experimental method to study such
an optical antenna must reflect this length scale in some way.

Several parameters may be of interest when assessing an optical antenna
or a nanostructure in general. First, the strength of the resonance allows
to judge how resonant a structure is compared to a second structure. This
scalar parameter does not per se require experimental facilities with a spa-
tial resolution better than the wavelength of light. Second, the spatial
modal distribution shows how the localised field evolves around the optical
antenna. The degree of confinement and the local enhancement of the field
across the optical antenna are of interest in this distribution. Experiment-
ally, the field must be mapped with a spatial resolution better than the
sharpest expected feature of the near-field at the antenna. Third, a re-
cording of the lifetime of an emitter placed close to the antenna and with a
similar spatial resolution addresses the local density of states (LDOS) of the
antenna. All these parameters are expected to be polarisation-dependent.

As an antenna is a three dimensional structure, an ideal experimental
method would record all components of the electric and magnetic fields
simultaneously. This is also called vectorial imaging of the field vectors.

Numerous methods have been developed in the past to access the near-
field of a nanostructure. A review by Vogelgesang et al. [100] discusses
extensively the various approaches. Apart from all-optical methods, the
authors also mention various methods involving electron microscopes as
the mean of excitation or detection, or both. As the topic of the thesis is
optical control, these methods will not be considered here.

Assessment from the Far-Field. Two-photon photoluminescence (TPPL)
is standard tool to investigate the resonant properties of a nanostructure
[20, 21, 101–103]. The brightness of the luminescence signal indicates the
existence and strength of an optical resonance. However, as a far-field
method, the resolution of TPPL is fundamentally limited by diffraction.
Therefore, a mapping of an antenna mode is not possible with TPPL. Also,
as both excitation and detection are in the far-field, the excitation of certain
modes may be forbidden by the symmetry of the modes.

Mapping Through Interaction in the Near-Field. These limitations may
be overcome when recording directly in the near-field of the optical antenna.
As a read-out of the near-field is possible only within its decay length of a
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few tens of nanometres, a probe must be placed in close proximity to the
optical antenna. The lateral resolution is now determined by the dimension
of this probe. Near-field experiments require scanning of the probe and the
optical antenna with respect to each other in order to map the localised
fields and their properties spatially.

A large number of near-field probes have been developed and experi-
mentally tested over the years, ranging from sub-wavelength apertures and
pointed near-field scatterers to single or bunched emitters.

The excitation or imaging with sub-wavelength apertures is termed Near-

Field Scanning Optical Microscopy (NSOM) [7, 104]. The aperture is fab-
ricated at the end of a tapered fibre waveguide or AFM tip and surrounded
by a metallic film that prevents light leakage from the waveguide or tip.
As the intensity of the transmitted light scales with the diameter of the
aperture to the power of minus four, the resolution of these probes is prac-
tically limited to 60 to 100 nm at most. Smaller probes do not transmit
sufficient intensities. As a result, the resolution is not sufficient for highly
confining nanostructures. In addition, the thickness of the metallic film is
typically around 200 nm, bringing the total diameter of an aperture probe
to around 500 nm or more. The presence of such a large metallised probe
in close proximity to an optical antenna may alter the recorded local fields,
thus distorting the results of the experiment.

An optical resolution of less than 10 nm is mastered with scattering (or
aperture-less) probes. The resolution of these probes is mostly defined by
the radius of their very tip and limited only by the required strength of the
scattered signal. As scattering probes are excited and read out from the
far-field, the signal-to-background ratio is comparably low. The choice of a
strongly scattering metallic probe over a weakly scattering, dielectric probe
may improve the ratio. However, the probe may couple to and distort the
localised fields of the nanostructure of interest once again [105]. Variations
of scattering probes include placing a metallic nanoparticle at the tip which
acts as the scattering centre [49,78] and may allow vectorial imaging of the
electric field [106]. The challenge of positioning such a particle in a reprodu-
cible manner stably at that position remains unresolved. Also, nanostruc-
turing of the probe has been a promising approach to excite plasmons on
its surface that converge efficiently to the very tip [81,82]. Independent of
the exact configuration of the scattering probe, sophisticated experimental
schemes are necessary to combine high resolution with low background,
including modulation [107,108] and cross-polarisation schemes [38,109].

Single or bunched emitters belong to the third class of probes. They offer
a number of advantages over the aforementioned aperture and scattering
probes. First, the optical resolution of such a probe is largely equal to the
physical size of the emitter. In the case of an effectively point-like single
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molecule, the resolution is at the order of only one nanometre. Second, a
single emitter may have a dipole momentum that has a fixed orientation
in space; this emitter may preferably interact with only certain field com-
ponents, which allows to vectorially image the complete electric field of an
optical antenna. Third, the lifetime of an emitter is very sensitive to the
presence of the metallic optical antenna, allowing for a spatial mapping of
its lifetime and thus the local density of states of the antenna. Forth, as
excitation and emission occur at different wavelengths, the readout of their
response to the optical antenna is greatly simplified.

Placing an Emitter at an Optical Antenna. In order to spatially map the
properties of the optical antenna (or any other nanostructure), the emit-
ter must be placed deterministically at different positions with nanometre
accuracy. As the size of emitters generally does not exceed several tens of
nanometres at most, the positioning is not easily accomplished.

A very simple approach includes the drop-casting of emitters across the
nanostructure, with a large enough ensemble of identical nanostructures.
This random positioning of emitters may yield a sufficient coverage of all
possible positions [110,111]. Prior functionalisation of the surface may aid
in the positioning process [29]. However, the emitters are fixed in their
positions at the nanostructures and the intrinsic differences between the
emitters and nanostructures add an error to the map from averaging across
an ensemble.

AFM technology allows a deterministic positioning of larger emitters,
such as nitrogen-vacancy centres, by physically pushing them to a desired
position at the antenna [112–114]. Since this method is not a true scanning
technique, the high time consumption and the potential loss of the emitter
in the process are strong drawbacks.

A true mapping of the properties of an optical antenna requires to de-
terministically position and scan the emitter and the antenna with respect
to each other. In the past, several groups have successfully attached an
emitter to a scanning tip and scanned this emitter across a nanostruc-
ture. The emitter employed include single molecules [115] and single beads
[116], nitrogen-vacancy colour centres [117], quantum dots [118] and doped
particles [119,120].

Even though an emitter attached to such a probe can be positioned
deterministically at an optical antenna, the attachment of the emitter to
the scanning tip is not well controlled. The attachment is performed either
by chemical ligation or electrostatic attraction. For the former, the very tip
must be functionalised successfully, such that the attachment is performed
at the part of the probe that will be closest to the optical antenna. For
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Optical Antenna

Emitters

Excitation
and Detection

Scanning Tip

Figure 3.1: The Proposed Scheme. The optical antenna is directly fab-
ricated into a scanning tip. One at a time, a multitude of molecules,
beads or nanocrystals of different sizes, operating wavelengths or dipole
orientations map the properties of the optical antenna through near-field
interaction.

both attachment processes, the probability of a successful attachment event
is well below unity and the probability of accidentally losing the attached
particle is high.

The difficulty of the attachment process is especially relevant when em-
ploying single molecules or beads. These emitters will bleach after certain
number of optical cycles and cease to be emitters. Therefore, they must be
replaced very frequently. In the case of vectorial imaging, a single emitter
with a dipole momentum fixed in space will only interact with the part of
the local electric field parallel to its dipole momentum. Several emitters are
already required to map all components of the field at the optical antenna,
independent of bleaching events.

The Advantage of Scanning the Antenna across Beads. Obviously,
the complicated attachment procedure and its subsequent challenges are
avoided, if instead of the emitter being attached to the scanning tip, the
optical antenna is cut directly into the scanning tip or the scanning tip.
The scanning tip and the antenna become a single unit that easily and
deterministically positioned and scanned as depicted in Figure 3.1. This
method will be proposed and experimentally exploited within this chapter.

Chapter 2 has shown the reader the capabilities of a modern Focused Ion
Beam (FIB) system when combined with a powerful lithography system.
The preciseness and reproducibility of these systems permit to accurately
fabricate a range of optical antennas, each into a different scanning tip,
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that differ systematically in a desired parameter (e.g. in the length of the
antenna). The combination of FIB and lithography has not only increased
the fabrication accuracy of optical antennas, but has greatly reduced the
time consumption.

The reader may object that, for a systematic study of optical antennas, it
is not convenient to have placed all optical antennas on scanning tips that
have to be mounted and recorded individually in the experimental set-up.
The major advantage of this proposed method is, however, that the emitters
probing the local field are now simply spin-coated onto a flat cover slip.
Instead of only a single emitter at a scanning tip, a multitude of emitters
on the cover slip are available as field probes. Bleaching of the emitter
is not critical anymore, because there is an abundance of replacements
readily available. Furthermore, the cover slip may contain single molecules,
beads and nitrogen-vacancy centres at the very same time that also differ in
spectrum, size, quantum efficiency, or dipole orientation. In principle, this
method provides a multitude of information on a single optical antenna
in a simple way. A systematic study of several optical antenna is still
straightforward due to the advances in nanofabrication technology.

An additional advantage is of more technical nature. The emitter acts
as the local field probe and its emission must be recorded by a detector. If
the emitter is scanned, its relative position to the detector changes. If the
change in relative position is large enough, the signal from the emitter ar-
riving at the detector may be modified or even vanish. Therefore, scanning
the emitter may add uncertainty in the recorded data. A scan of arbitrarily
large antenna structure may be impossible. In the proposed scheme, the
emitter always remains at the same position.

3.2 Fabrication, Set-Up and Numerical Calculations

The previous section detailed the proposed method to map the local field
of optical antennas. This section lists the steps taken prior to the actual
experiments. The fabrication of the optical antennas on the scanning tip
and the preparation of the polymeric matrix containing the probing fluor-
escent beads are explained in detail in this section. Furthermore, numerical
calculations show the impact of critical design parameters of the antenna
and the scanning tip on the optical resonance of the antenna. The section
closes with a description of the experimental set-up and the experimental
routine.
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The Fabrication of Optical Antennas on Scanning Tips

The aim of the nanofabrication is to cut an optical antenna into an alu-
minium film. The aluminium film is deposited on the flat end face of the
scanning tip, that has a diameter of around 500 nm. As will be seen later
in this section, the first order resonance of an aluminium optical antenna
is expected to occur at a length of about 170 nm. Therefore, the major
challenge in this section is to accurately and reproducibly fabricate a nano-
structure of 170 nm in length on an end face of just 500 nm in diameter.
Also, as a focus of the investigation is the relation between optical prop-
erties and length of the antenna, shorter and longer optical antennas may
be fabricated with specific lengths. As the strength and spectral position
of the resonance will depend on the full three dimensional shape of the an-
tenna, height and width are to be kept constant such that only the length
will be a parameter.

The fabrication of such an optical antenna on a scanning tip can be
divided loosely into two steps. In the first step, the scanning tip is prepared
and, in the second step, the actual optical antenna is milled into its end
face.

Preparation of the Scanning Tip. An optical fibre is the base of the
scanning tip. The fibre is tapered by heat-pulling (see Section 2.2)1. Now,
the tapered scanning tip has a rounded tip with a radius of around 50 to
80 nm; however, a flat end face is required such that an optical antenna
can be placed there. The deposition of a thin layer of titanium (see Section
2.2) provides conductivity such that the scanning tip can placed in an FIB
system and a flat end face of 500 to 900 nm in diameter can be milled.
The end face is then coated first with a thin adhesion layer of 2 to 5 nm
titanium and second with the structural layer, roughly 60 nm of aluminium
(see Section 2.2).

Fabrication of the Optical Antenna. The optical antenna is milled into
the aluminium film of the scanning tip using an FIB system. Section 2.4
details the steps undertaken to calibrate the system. Once this calibration
routine is completed, the electron and the ion beam are focused on the end
face and the optical antenna can be milled safely.

Figure 3.2(a) is taken with the ion beam and shows the end face of
the scanning tip as seen with the lithography programme. The scanning
tip points towards the viewer. The sharpness of its edge confirms that

1Remark: Even though the scanning tips are drawn from an optical fibre, they merely
act as a sharp glass tip. In the experiments presented here, no light will be guided
through them and they are not longer than two centimetres.
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Electron Imagingc)Ion Imagingb)Ion Imaginga)

Figure 3.2: Lithographic Milling. The scanning tip with the metallised
end face is positioned within the imaging screen of the NPVE lithography
software. The clear features of the round end face in image (a) confirm
that the scanning tip is well-focused on. The lithography shape is po-
sitioned in (b). The result after exposure to the ion beam, a square of
gold, is shown in (c). Images (a) and (b) are taken with the ion beam
and (c) with the electron beam. All scale bars are 500 nm long.

the ion beam is well-focused on the end face, a prerequisite to mill sharp
antenna features. In Figure 3.2(b), the lithographic shape is placed on top
of the outline of the end face. Once the positioning is satisfactory, the
lithography process is started. Figure 3.2(c), taken with the electron beam
under an angle, shows the scanning tip after exposure to the ion beam. The
lithographic shape, in this case a square, is clearly visible.

During the fabrication process, the end face with the structural alu-
minium film has been exposed to the hard ion beam only a single time to
position the lithography pattern on the scanning tip in Figure 3.2(b). All
other images are taken with the SEM only, such that the implantation of
ions into the sample and surface damage due to irradiation by ions are kept
at an absolute minimum.

Discussion of an Exemplary Optical Antenna. Typical scanning tips with
optical antennas at different steps of the fabrication are displayed in Figure
3.3. The tapered and metallised scanning tip in Figure 3.3(a) has been the
starting point for the milling process. The dark and round end-face visible
visible in Figure 3.2(a) corresponds to this state.

The typical topography and material composition of a scanning tip with
an optical antenna after FIB milling is presented in Figure 3.3(b). The
previously flat surface of the end face is very rough now and the optical
antenna sits on a socket of glass of over 100 nm in height.

Aluminium as a material is difficult to mill in the frontal configuration
required by the antenna fabrication. The sputtering rate strongly depends
on the size and position of single aluminium grains and the sputtered atoms
recombine quickly on the surface. This explains the visible roughness of the
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Figure 3.3: The Fabrication of Optical Antennas. Metallised, tapered
scanning tips as presented in (a) are the starting point for the fabrication
of antennas. The SEM image in (b) shows the composition of a typical
antenna probe. The actual antenna is separated from the glass surface
by a glass socket. The surface appears very rough after the milling,
which is a result of the specific milling behaviour of aluminium. In some
cases, remaining perturbing features are removed by manual milling. The
variance in the size of the scanning tip is clear from (c), where the antenna
covers almost the complete tip. The average width of a lithographically
fabricated antenna is 65 nm as seen in (d). All scale bars are 200 nm
long.

end face around the antenna. In addition, no available detector is capable
of differentiating between aluminium and the glass of the optical fibre (see
section 2.3). The only strategy to fabricate an optical antenna made of
aluminium and without any electrically short-cutting traces of aluminium
remaining nearby, is to employ a larger-than-necessary dose. The existence
of the glass socket is the consequence of this larger dose. Should some
traces of spurious aluminium still remain on the end face, a manual mill is
applied in order to clean the affected area.

From an experimental point of view the existence of the socket is advant-
ageous. As the large end face is separated from the fluorescent beads by
the height of the socket and the optical antenna, roughly 150 nm in total,
only the antenna and the bead can interact within the near-field. To some
extent, the diameter of the scanning tip can be adapted to the length of
the optical antenna. Figure 3.3(c) shows such a case.
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Figure 3.4: Spectra of the Fluorescent Beads. Excitation and emission
spectra of Invitrogen no 8783 beads of 20 nm in diameter. The dashed
line indicates the wavelength of the exciting laser, 647 nm. The peaks of
absorption and emission are at 660 nm and 680 nm, respectively [121].

The Range of Fabricated Optical Antennas. The resonance of the type
of rod antenna shown in Figure 3.3, depends mostly on its length. In the
fabrication, the height and width of the antenna were kept as constant
as possible. For the former, this corresponds to a careful calibration of
the deposition process for aluminium. The latter is achieved by a careful
focusing of the ion beam on the end face and the employment of fully
identical lithographic shapes that differ only in the length.

Optical antennas with lengths in the range of 100 to 600 nm were fab-
ricated, which covers the first-, second- and third-order resonances for an
excitation wavelength of 647 nm. Their widths are identical to only a small
error and determined as 65 nm, as indicated in Figure 3.3(d). The height
of the aluminium layer is 60 nm directly after the deposition process. Dam-
age induced by initial imaging with the ion beam and second order effects
have reduced the thickness by an amount that cannot be determined from
the SEM images. However, as will be seen later in this chapter, numerical
simulations with a thickness of 50 nm agree well with the experimental
data.

The Preparation of the Single Fluorescent Beads

As the absorber and emitter that will act as a field probes in the later ex-
periment, I have chosen polystyrene beads of 20 nm in diameter (Invitrogen
FluoSpheres 8783). Their excitation and emission spectrum is presented in
Fig. 3.4. The beads were excited at 647 nm with an Innova Spectrum 70C
Argon-Krypton laser. This specific bead size is small enough to be fully
penetrated by the near-field of a nearby nanostructure, but still generates
sufficient fluorescence as it contains a few hundred dye molecules. Each
molecule has a random orientation inside the bead, such that the bead is
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equally stimulated by all field components of the local field at the optical
antenna.

The beads are diluted in a solution of 3% Polyvinyl Alcohol (PVA) in wa-
ter, well-mixed in an ultrasound bath, and finally spin-coated on a cleaned
standard microscope glass slide. The thickness of the resulting film is veri-
fied by an AFM measurement and determined to roughly 70 nm which is
sufficiently small for the application. The concentration of the dyes is adjus-
ted such that beads appear well-separated and Gaussian-shaped in images
taken with a standard, diffraction-limited confocal microscope. In the later
experiment, extremely bright beads were avoided as the brightness may be
due to clustering of many beads. This procedure was sufficient to perform
the experiments on actual single beads and a final mass concentration of
10−3 % of the original bead solution and the solution of PVA in water was
selected.

After spin-coating, the samples were dried at ambient conditions to re-
move the remaining solvent.

Numerical Simulations of Optical Antennas

Numerical calculations were performed to estimate the fabrication toler-
ances and to verify the experimental results. As the simulation tool, I used
the commercial finite-difference time-domain (FDTD) software Lumerical

by the company of the same name. A simulation software must always be
an approximation to the actual experimental situation. The quality of the
approximation is not only limited by the available computing power, but
also by the programming tools and objects available in the software.

Compromises in the Numerical Calculations. In the experiment, the op-
tical antenna is excited by a Gaussian diffraction-limited beam. The an-
tenna converts the energy of the Gaussian beam to a localised field. This
localised and enhanced field drives the bead which in turn responds with
an increased fluorescence.

In the simulation, this situation can only be approximated. The first
approximation concerns the illumination. Only a special plane wave source
can be spatially restricted, such that a monitor placed outside the volume
with the plane wave records only the antenna fields and not the excitation
field. Figure 3.5(a) depicts this situation. The scanning tip with the an-
tenna is approximated by an infinite glass surface, under which the optical
antenna sits on the glass socket and an adhesion layer. The substrate on
which the beads are placed is also approximated by an infinite glass sur-
face. The inner rectangular shape surrounding the antenna, the adhesion
layer and the socket is the boundary of the exciting plane wave. The outer
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Figure 3.5: Sketch of Simulation Domains. In (a), a plane wave ex-
cites the antenna homogeneously. The plane wave is polarised along the
antenna axis and irradiated from the bottom. In (b), a dipole emitter
is placed into the glass under the antenna. One field monitor maps the
field of the antenna as the bead would experience it directly above the
glass substrate. A second field monitor fully encloses the antenna and
allows to record the strength of the total electric field on the surface of
the antenna. The sketch is not-to-scale.

boundary, in 6 nm distance to the antenna and the socket, is a field monitor
to record the strength of the near-field of the antenna. An equivalent situ-
ation involving a Gaussian source, resembling the experimental situation,
is extremely difficult to realise, because the excitation and the antenna field
cannot be discriminated with certainty. As shown later, these simulations
match the experimental resonance data very well and this approximation
is justified retroactively.

The second approximation involves the field actually driving the emit-
ter. In the previous situation, the strength of the resonance is measured
by integrating the local field across a surface. This value is then set equi-
valent to the expected magnitude of the fluorescence to be measured in
the experiment. However, the emitter is much smaller than the antenna
and therefore not driven by the full integrated field of the antenna. In
more complex designs, there can be substantial deviations between such
calculated resonance and the experimental data.

In Figure 3.5(b), a dipole source instead of a plane wave drives the optical
antenna. The dipole source can be scanned underneath the antenna. It is
placed inside the glass substrate, which has the same index of refraction
as the matrix of Polyvinyl Alcohol in which the beads are embedded. This
configuration stresses the point-like character of the bead and the actual
scanning of the bead during the experiment. Since the dipole source drives
the antenna only locally, the field monitors only map the effect of the
local driving, avoiding the problem explained in the previous paragraph.
Even though the situation seems reversed — the dipole source excites the
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antenna, while in the experiment the antenna fields excite the beads — it
is fully equivalent for odd-order resonances that are equally driven by local
sources and plane waves.

A major difference between both situations is that a plane wave can only
drive odd-order resonance, while the dipole source can drive any resonance.
In this chapter, complementary numerical calculations in both simulation
domains will be presented to support the experimental data in the most
comprehensive way.

The following simulations in this section are all performed using a plane
wave source as depicted in Figure 3.5(a) that is polarised in-plane along
the axis of the antenna.

The Effect of the Height of the Antenna. The height of the antenna is
not equal to the height of the deposited aluminium layer. Irradiation by
gallium ions during imaging of the scanning tip and second order effects will
have reduced the thickness depending on the dose received. In principle,
it should be possible to determine both the height and curvature of the
aluminium antenna from the SEM images. However, as the antenna is ne-
cessarily an isolated structure, the direct surroundings are purely dielectric.
Charging effects reduce the resolution to the point that the exact bound-
ary of the aluminium part cannot be determined with certainty. The socket
and the antenna appear as a homogeneous body. Similarly, the curvature
cannot be resolved with certainty.

Figure 3.6(a) shows that an increase in height of the antenna strongly
decreases the strength of the resonance. The spectral position of the reson-
ance is not effected for the first-order resonance. However, the third-order
resonance shifts by as much as 50 nm when changing the height by 40 nm.

The Effect of the Curvature of the Antenna. In Figure 3.6(b), the res-
onance behaviour is plotted for different radii of curvature of the optical
antenna. A radius of curvature of 5 nm corresponds to an almost box-like
antenna, while an antenna with a radius of 40 nm has the shape of half
a cylinder. For the first-order resonance, the resonant length shifts by as
much as 30 nm when the radius of curvature is changed from 5 to 40 nm.

As the effective resolution of the FIB system is better than 20 nm, the
curvature constitutes a relevant parameter. We anticipate an approximate
radius of 30 nm from the SEM images and a comparison of the spectral
position of the resonance between simulation and experimental results.

The Effect of the Height of the Socket. The height of the socket on
which the antenna sits is unknown as well. While the overall height of
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Figure 3.6: Dependences of the Resonance. (a) The spectral position
of the first-order resonance shows hardly any dependence on the height
of the aluminium antenna, while the third-order resonance shifts slightly.
The strength of the resonance fades with increasing height. The second-
order resonance cannot be excited by a plane wave and remains invisible.
(b) An increasing curvature of the antenna weakens the resonance con-
siderably. The spectral position shifts by 30 nm to longer wavelengths
when increasing the curvature from 5 to 40 nm. (c) The height of the
glass socket has little influence on the resonance, while the thickness of
the adhesion layer in (d) damps the strength of the resonance.
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socket and antenna is measurable by SEM, none of the two heights are
known individually. As mentioned before, the interface between aluminium
and glass is invisible to the SEM due to charging effects and the height of
the aluminium can only be approximated.

Fortunately, as the simulated resonance curves in Figure 3.6(c) show,
there is no shift in wavelength or amplitude for heights of the socket between
30 and 90 nm. Only for the third-order resonance some shift is visible.

As a consequence, the height of the socket will be neglected as a relevant
parameter.

The Effect of the Adhesion Layer. The crystalline structure of a de-
position material is often quite different from that of the substrate. As
a results, the growth on and the adhesion to the substrate may be poor.
The film may not be smooth enough to mill an optical antenna and the
mechanical stability insufficient for the friction experienced during near-
field scanning. A thin layer of titanium has been employed to improve the
adhesion of aluminium to the glass substrate. However, titanium not fa-
vourable for plasmonic applications and a shift of the spectral position and
a decrease in strength of the resonance is to be expected [89,90].

Several resonance curves for different thicknesses of the adhesion layer
are presented in Figure 3.6. When increasing the thickness from 1 to 10 nm,
the amplitude at the resonances drops by 30 to 50%. The wavelength of
the resonance does not shift. The fabrication tolerance of the deposition
system can only be estimated at thin layers. Assuming a tolerance of at
most ±5 nm, a nominal thickness of 3 nm set in the deposition system will
lead to a shift of the resonance wavelength by at most 10 nm. The strength
of the resonance will increase or decrease by at most 20%. In any case
the thickness of the adhesion layer should be kept as constant as possible
during the fabrication. Its possible impact should be closely monitored in
the analysis of the experimental data.

A Conclusion. The numerical calculations show indeed a first-order and
a third-order resonance. The resonances occur at lengths of the optical
antenna of around 170 nm and 600 nm, respectively. The most relevant
fabricational parameters are the thickness of the adhesion layer and the
height of the antenna. While the spectral shift of the resonance is negligible,
a strong damping of the resonance may be a result of an unfavourable choice
of parameters.
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The Experimental Near-Field Set-up

The experimental set-up must bring the scanning tip with the optical an-
tenna close enough to the fluorescent beads such that the bead and the
antenna interact through near-field coupling. The near-field microscope
used for the experiments in this chapter has already been introduced in
Chapter 1. In this section, only the relevant properties for this experiment
will be detailed.

The set-up bases on a standard confocal microscope. An Argon-Krypton
laser at an operating wavelength of 647 nm provides the illumination and is
focused by an NA1.4 objective into a diffraction-limited spot. The fluores-
cent beads that will probe the local antenna field are placed on a standard
cover slip. A piezoelectric scanner permits the three-dimensional position-
ing of the cover slip. The fluorescence of the beads is projected onto two
orthogonal polarisations and recorded by two avalanche photo detectors
(APD). Therefore, the excitation and detection of the beads is exactly as
in a standard confocal microscope.

The difference lies in the presence of a scanning tripod which holds a
second three-dimensional piezoelectric scanner. The scanning tip with the
optical antenna is placed on this scanner. A feedback system based on
shear-force contacts controls the vertical axis of this scanner and allows to
bring the scanning tip into near-field contact with the beads below on the
cover slip.

With this set-up it is possible to independently position and scan the
single beads and the scanning tip with the optical antenna with respect to
the optical axis of the microscope. As will be clear from the next section
on the experimental routine, the presence of two independent piezoelectric
scanners is essential for the experiments.

The Description of the Experimental Routine

Central to the proposed method of mode mapping is the role of a single
fluorescent bead as the probe for the local electromagnetic field of the op-
tical antenna. The sensitivity of this method depends critically on how well
the single bead can interact with the field of the optical antenna and on
how well the fluorescence signal from the bead is collected by the detection
system.

The effort undertaken to ensure a good alignment is explained in Fig-
ure 3.7. In the initial configuration shown in Figure 3.7(a), the beads are
randomly positioned with respect to the optical axis. With an initial orient-
ation scan, the beads are localised and a single bead is centred both axially
and laterally on the optical axis of the microscope as shown in Figure 3.7(b).
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Figure 3.7: Flow Chart of the Experimental Routine. As the bead
acts as a field probe of the optical antenna, careful alignment to the
centre of the optical axis is essential and shown in (a) and (b). In (c),
the scanning tip with the antenna is localised to a few 10 nm by scanning
it through the optical axis and recording the scattered laser light. The
final configuration is shown in (d), where a fluorescent bead is exactly on
the optical axis and the antenna is being scanned across.

As the long-term stability of the position of the bead is very essential, the
stability of this position is monitored and, if necessary, corrected for at
least an hour. At this point, the bead as the field probe is well-positioned
on the optical axis and the detectors are aligned to optimally capture the
fluorescence of the bead.

In the next step, the scanning tip with the optical antenna is brought
almost into contact with the cover slip and a fine positioning in lateral
direction is performed. This is necessary as the initial position adjusted
with the help of a CCD camera can be several micron off the optical axis.
As shown in Figure 3.7(c), now the laser light scattered by the scanning
tip is recorded instead of the fluorescence of the bead. The image of the
scattered light shows a convolution of the diffraction patterns of the tip
itself and any structure on the end face. For the vast number of scanning
tips, this diffraction pattern has sufficient symmetry to identify the exact
position of the centre of the tip, as is the case in this image.

The final configuration, in which all experiments were performed, is
presented in Figure 3.7(d). If possible, each scan was performed for a
polarisation of the excitation parallel and perpendicular to the axis of the
optical antenna. Even though the optical antenna has a length well below
the diffraction limit and is not directly visible, in most cases the first scan
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showed some shape similar to that in Figure 3.7(d), which allows to deduce
the likely position of the axis.

3.3 Results – Mode Mapping with 35 nm Plasmonic

Features

In the previous section, the preliminary steps leading to the experiments,
including the fabrication of scanning tips with optical antennas, numerical
calculations of antenna parameters and their tolerances, the experimental
set-up and the experimental routine were discussed.

Here, experimental findings and numerical simulations are presented. In
the first part, the impact of the presence of a scanning tip on the angular
emission of the single bead is explored. Following up are recorded mode
maps of optical dipole antennas. The section closes with the demonstra-
tion of a resonance curve and a discussion on the mechanism behind the
enhancement of the fluorescence.

Collection Efficiency in Proximity of the Probe

Since any microscope objective has only a finite collection angle, it is im-
portant to investigate and analyse the spatial radiative properties of the
joint system of optical antenna and single bead. As the single bead acts as
the field probe, a possible modification of the fluorescence signal of the field
probe due to an interplay of collection angle and spatial radiative properties
must be a very critical aspect to this method.

In an attempt to investigate the interplay experimentally, a scanning tip
with only a flat end face and no optical antenna was used as a simplified
model. The diameter of the flat end face is about 900 nm and the end face
had not been metallised. This simplified geometry has two advantages.
On one hand, as the end face will be close enough to the single bead to
enable an interaction in the near-field, a metallisation might have resulted
in quenching of the fluorescence [122,123]. In this case, it might have been
impossible to de-convolute the interplay of collection angle and spatial ra-
diative properties from the impact of quenching. On the other hand, as
an optical antenna is not required, it is not necessary to mill frontally into
the end face. As demonstrated in Figure 3.3(b), the outcome of the frontal
milling is a very rough end face, of which any feature can interact indi-
vidually and unpredictably with the single bead. In this simplified model,
the scanning tip has a completely flat end face, similar to the scanning tip
shown in Figure 3.3(a) which is metallised, however.
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Figure 3.8: Emission Beneath the Scanning Tip. A single fluores-
cent bead is placed in the focus of the microscope and its fluorescence
polarisation-resolved by two APDs as indicated by the arrows. When a
scanning tip with a flat glass end face, similar to that shown in Figure
3.3(a) but without metallic film, is scanned across the bead in close prox-
imity, the collected fluorescence drops by almost a factor 2 directly under
the tip. It is important to note that the collected fluorescence under the
tip remains constant over a length of almost 600 nm. The dashed circle
indicates the extent of the end face, directly outside which a somewhat
brighter corona is visible. The experimental configuration is shown in
the inset and the scale bars are 500 nm long.

Polarisation-resolved maps of the fluorescence of a single bead while scan-
ning the aforementioned scanning tip across are presented in Figure 3.8. An
elliptically polarised excitation at a wavelength of 647 nm reflects the ro-
tational symmetry of the scanning tip. Clearly visible is a circular region
in the centre, where the detected fluorescence drops by almost a factor 2
with respect to the surrounding level of fluorescence. Within that region,
the detected fluorescence remains fairly constant. In the figure, the ex-
tent of the end face is marked by a dashed circle. Just outside that circle,
the detected fluorescence increases slightly to form a clearly visible corona.
Outside that corona of increased fluorescence and the extent of the end
face, the fluorescence resumes a constant value again. Here the scanning
tip is laterally too far away from the fluorescent bead as that it would affect
the radiation properties.

The transition region between the area of low detected fluorescence in
the centre through the corona of increased detected fluorescence, to the
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surrounding region of constant, by the presence of the scanning tip undis-
turbed fluorescence has a width of approximately 250 nm, which is roughly
equivalent to the diffraction limit at this wavelength.

A modification of the quantum efficiency can be ruled out safely as a
reason for the modification of the fluorescence. As the scanning tip is
purely made of a dielectric and no metal is present at the end face, the
non-radiative decay channel is not altered by the presence of the tip. The
fluorescent beads, optimised for marker applications in biology, already
have a very high quantum efficiency, which means that the radiative de-
cay rate is much higher than the non-radiative decay rate. Therefore, the
quantum efficiency of these beads cannot increase or decrease in the pres-
ence of a dielectric scanning tip. The modulation must originate in the
spatial radiation properties of the system of single bead and scanning tip,
namely the angular emission. The angular emission can be tailored in two
possible ways. The first is to couple the single emitters within the bead res-
onantly in the near-field to a nearby nanostructure [28]. While in principle
this could happen in the measurements with optical antennas presented
in the next sections, there is absolutely no nanostructure present on this
scanning tip.

The second option to tailor the angular emission is the layering of mater-
ials with different indices of refraction. A dipole emitter in a homogeneous
medium will emit symmetrically in a plane perpendicular to its dipole mo-
mentum. In the case of a standard confocal microscope and an emitter
immobilised in a polymer matrix, the dipole emitter will be located close
to the interface between the polymer on the cover slip and air. As the poly-
mer has almost the same index of refraction as the cover slip, the interface
between polymer and air is the only interface present near the emitter. The
proximity of the interface between materials of higher and lower index of
refraction breaks the symmetry in the emission and causes a bending of the
emission pattern into the cover slip [124, 125]. Modern microscope object-
ives are designed to maximise the collection efficiency by taking advantage
of the existence of this interface and the bending of the emission lobes.
K. G. Lee et al. [126] even reached a near-unity collection efficiency with
a standard objective by tailoring the angular emission with sophisticated
layering of three different materials.

In the present experimental configuration, the interface between the cover
slip with the polymer matrix and air gradually ceases to exist with an ap-
proaching scanning tip. As the scanning tip has the same index of refraction
as the cover slip and only an air-filled gap of several nanometres remains
between the scanning tip and cover slip, the local environment of the bead
becomes homogeneous again. As a consequence, the collection efficiency is
reduced, which is clearly visible in Figure 3.8.
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For a scanning tip with an optical antenna made of aluminium, this effect
will be similar. The refractive index of aluminium is 1.54 at a wavelength of
647 nm, almost identical to the refractive index of glass, 1.52, considering
that the space occupied by the scanning tip and the antenna now was
formerly filled with air of a refractive index of 1. The only difference to the
fluorescence map shown in Figure 3.8 of a planar glass scanning tip will be
the spatial extent of the region where the angular emission is modified. An
optical antenna occupies only a fraction of the end face, while the rest of
the end face is not close enough to the bead to interact in the near-field
due to the presence of the socket (see Figure 3.3)(b).

Mode Maps of Optical Dipole Antennas

In this section, optical antennas are scanned across single fluorescent beads
following the routine described in Section 3.2.

An overview of experimentally recorded fluorescence maps for different
optical antennas is presented in Figure 3.9. The two Avalanche Photo
Detectors record the emitted fluorescence in the two orthogonally polarised
components. For each optical antenna, the fluorescence maps are recorded
for an illumination polarised parallel and perpendicular to the axis of the
antenna. As the mounting procedure for a scanning tip with an optical
antenna permits an initially unknown rotation of the scanning tip around
its own axis, the optical antennas have different orientations with respect
to the two APDs. For the sake of clarity, the fluorescence maps are rotated
until the axis of the optical antenna is horizontal aligned. The respective
axes of the two APDs and the excitation polarisation are clearly marked
by arrows.

Modification of the Angular Emission or Quenching? Clearly distin-
guishable especially for the longer optical antennas with lengths of 370 nm
and 400 nm is a region with a lower fluorescence count that has a similar
shape and dimension as the optical antenna. The previous Section 3.3 has
already discussed the effect of the presence of a scanning tip without an-
tenna on the angular emission of the bead. We observed a decrease in the
detected fluorescence by as much as a factor 2. While this phenomena was
measured using a purely dielectric scanning tip, now a metallic antenna is
in close contact to the surface and the fluorescent bead. The presence of
the metal may quench the emitter [122,123] which would provoke a similar
decrease in fluorescence on our detectors as a modification of the angular
emission.

However, the presence of quenching is very unlikely for a number of reas-
ons. First, the degree of decrease in fluorescence and its spatial boundary

49



3 Mode Mapping of Optical Antennas

100nm

140nm

170nm

180nm

230nm

370nm

400nm

A

P

D

A

P

D

A

P

D

A

P

D

A

P

D

A

P

D

A

P

D

A

P

D

A

P

D

A

P

D

A P
 D

A

P

D

A P D

A

P

D

A P D

A P D

A P D

A

P

D

A P D

A

P

D

A P D

A P D

A P D

A P
 D

A P D

A P D

A P D

A P D

E  x  tAntenna

E

x

t

Antenna

SEM

Antenna

A P D

A

P

D

A

P

D

A P D

Figure 3.9: Overview of Different Mode Maps. Optical antennas with
different lengths are scanned across single beads and their fluorescence
spatially mapped. All fluorescence maps are rotated such that the axis of
the antenna is along the horizontal. The black arrows indicate the exact
polarisation mapped by each APD for each map. In the first column,
the antennas are excited along their axis and the fluorescence polar-
ised along the same axis is recorded. For this configuration, an antenna
of the correct length is expected to reveal its resonance. Indeed, the
antennas with lengths 140 nm, 170 nm and 180nm show bright fluores-
cence spots at their ends, indicating the first-order resonance. The other
three columns present fluorescence maps with the excitation or the APD
aligned perpendicular to the antenna axis and show as expected no sign
of the resonance. All scale bars are 100 nm long.
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show a dependence on the polarisation of excitation. Second, quenching
occurs on very short distances of only a few nanometres. As the diameter
of the bead is 20 nm, not all molecules within the bead are close enough to
the metal to experience quenching. Third, the optical antenna will never
be perfectly parallel to the scanning plane, but tilted by a small amount.
Therefore, one end of the antenna will always be further away from the
fluorescent beads than the other end. Due to the short quenching length,
a modulation of the quenching rate would be expect along the tilted an-
tenna. The decrease in fluorescence, however, is homogeneous along the
whole length of the antenna.

These three argument show conclusively that the decrease in detected
fluorescence is due to a modification of the angular emission and not due
to quenching.

The Resonant Antennas. The fluorescence maps for the optical antennas
with lengths of 140 nm, 170 nm and 180 nm each show two spots of increased
fluorescence which would be expected for the first order resonance of an
optical dipole antenna. These spots appear only for an excitation along the
axis of the antenna. They are strongest the better the axis of the antenna is
aligned with one of the two orthogonal polarisations recorded by the APDs.
They disappear completely, when the antenna is excited perpendicular to
its axis. Comparing the distance between each two spots with the length
of the antenna in the SEM images reveals that the position of the bright
spots match the physical extremities of the optical antennas. The fact that
there are always two bright spots — though the second spot may be weak
as in case of the antenna with length 140 nm — supports the existence of
a resonant phenomena. If it were a lightening-rod effect, an accumulation
of charges in the sharpest edge, then every single extremity of all optical
antennas in Figure 3.9 should light up equally bright, which is not the case.
The existence of the bright spots is clearly a function of the full antenna.

As it is very difficult to align the scanning tip such that the optical
antenna is exactly parallel to the surface of the cover slip, all scanning
tips are likely to be tilted to some degree. Any tilt results in an end of
the optical antenna being further away from the fluorescent bead, thus an
asymmetry in intensity of the two bright spots as measured in case of the
antenna with length 140 nm should be expected.

An enlargement of the fluorescence maps of the antenna with a length of
170 nm is presented in Figure 3.10. The three-dimensional presentation of
the fluorescence map shown in (a) provides a good impression of the qual-
ity of the observed fluorescence enhancement. The two fluorescence spots
are clearly distinguishable with a good signal-to-noise ratio. Surprisingly
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Figure 3.10: The Resonant Optical Antenna. The fluorescence map in
(a) confirms the dipolar resonance of the antenna shown in (b). In (c),
excitation and detection along the antenna axis reveal a separation of
176 nm between the bright spots, that matches the physical length of
the antenna. With the detection perpendicular to the antenna axis as in
the second map in (c) or excitation perpendicular to the antenna axis as
in (d), no resonances of the antenna are seen. In (e), no bead is placed
on the optical axis, thus contamination of the antenna with fluorescent
particles can be ruled out safely. The scale bars are 100 nm long.
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good is the agreement between the physical length of the optical antenna of
170 nm as extracted from the SEM image in (b) and the distance between
the two bright fluorescence spots in (c) of 176 nm. This confirms that the
bright fluorescence spots are indeed located at the extremities of the op-
tical antenna. The other three fluorescence maps for a parallel polarised
excitation but perpendicular polarised detection in (c), and for perpendic-
ular polarised excitation in (d), as expected show no traces of enhanced
fluorescence.

Not an Artefact by Attached Molecules. The fluorescence maps in Fig-
ure 3.10(e) were recorded without a fluorescent bead in the focus. They
show the autofluorescence arising only from the scanning tip with the op-
tical antenna. A cause of artefacts can be that some fluorescent molecules
attach to the optical antenna during previous scans. This may happen
when either the polymeric matrix hosting the fluorescent beads is too thin
or when the force the scanning tip exerts on the polymeric matrix with the
beads is chosen too high. In either case, the fluorescent beads may come
into physical contact with the tip, and some fluorescent material may at-
tach to the optical antenna. As this attachment will happen predominantly
at the extremities of the optical antenna, which statistically are the part
of the antenna closest to the surface with the beads, the resulting fluores-
cence map is expected to have bright spots exactly at the extremities and
effectively mimic a resonant optical antenna. Figure 3.10(e) shows a com-
pletely homogeneous however vanishing fluorescence profile, disproving the
presence of fluorescent material on the optical antenna itself.

Calculations confirm the Optical Resonance. We performed compre-
hensive finite-difference time domain (FDTD) simulations to provide a more
qualitative comparison with the experimental results. The employed sim-
ulation model has been sketched in Figure 3.5(b). Dipole sources with
different orientations of their respective dipole momenta are buried 5 nm
inside the glass substrate and scanned under the optical antenna. The op-
tical antenna is 170 nm long, 65 nm wide, 60 nm high and its radius of
curvature is 30 nm. An adhesion layer of 3 nm in thickness is assumed,
and the glass socket has a height of 50 nm. The gap between substrate and
antenna is 5 nm wide. A closed surface spun of field monitors records the
total electric field at the optical antenna.

As previously discussed, in case of the first-order and third-order res-
onance, this numerically calculated situation of a dipole source exciting
the antenna is equivalent to the experimental situation where the antenna
excites the fluorescent bead. The second-order resonance must be treated
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Figure 3.11: Local Field Experienced by the Bead. Dipole sources
are scanned under the optical antenna as shown in Figure 3.5(b). Each
pixel in (a), (b) and (c) corresponds to a separate calculation with the
dipole source at the position of the pixel. The response of the antenna
of 170 nm in length, the integrated electric field, is shown for a dipole
moment (a) in-plane parallel and (b) perpendicular, and (c) out-of-plane
to the antenna axis. The calculations are performed at the excitation
wavelength of 647 nm. For odd-order resonances, this calculated situation
is equivalent to an excitation of the bead through the antenna modes. In
(d), all components of the electric field beneath the antenna are shown
for an emitter position in the centre of the left bright spot in (a). All
scale bars are 100 nm long.
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differently as experimentally the antenna modes cannot be excited from the
far-field at all.

Each pixel in Figure 3.11(a), (b) and (c) represents a separate numerical
simulation with the dipole source at the position of the pixel. The dipole
source is orientated (a) in-plane parallel and (b) perpendicular, and (c)
out-of-plane perpendicular to the main axis of the antenna. The physical
quantity visualised in these three sub-figures is the total electric field re-
corded on the closed surface for each simulation. In other words, the map
shows how strongly the dipole source couples at each pixel to the modes of
the optical antenna. Remarkable is the good agreement of the numerically
calculated map with the experimental data presented in Figure 3.10.

The dipolar character of the optical antenna is confirmed by the plots
of the electric fields in Figure 3.11(d). These images show the complete
field under the antenna when the emitter is placed at the centre of the left
bright spot in Figure 3.11(a). The field monitor that recorded the plotted
electric field was indicated by the dotted line in 3.5(b) and is located inside
the gap between substrate and antenna. Striking on the first view is the
the predominance of an electric field polarised along the vertical z direc-
tion instead of the x direction along the driving dipole source. This has
two reasons. First, the monitor starts to record the electric field only 25 fs
after the excitation started. This ensures that the monitor captures the re-
sponse of the antenna to the dipole source and not the orders-of-magnitude
stronger excitation field of the dipole source. Second, the monitor is placed
beneath the antenna, where the field of the optical antenna has simply
gained a considerable component along z.

Size of Plasmonic Features. Gaussian fits to the fluorescence spots of
the optical antenna with length 170 nm are provided in Figure 3.12. As a
first observation, the Full Width at Half Maximum (FWHM) of each spot is
roughly 10 nm larger perpendicular to the axis of the antenna than parallel.
This is in accordance with the numerical data presented in Figure 3.11(a).
As determined from SEM images, the physical width of the antenna has an
upper bound at 65 nm, with the uncertainty justified by the margin in the
interpretation of the SEM images. The FWHMs of 49 nm and 56 nm are
slightly narrower than the physical width, which is very plausible.

The narrowest observed fluorescence spot has a FWHM of only 35 nm.
The physical diameter of the fluorescent bead is specified as 20 nm by the
provider. The width of the fluorescence spot is a convolution of the size the
bead and the extent of the mode of the optical antenna interacting with
the bead. The recorded FWHM of 35 nm is less than a factor two larger
than the size of the field detector, the fluorescent bead, which is quite a
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Figure 3.12: Plasmonic features of 35 nm FWHM. The fluorescence
map belongs to the optical antenna of 170 nm in length, shown in Figure
3.10. The field probe, a bead of 20 nm in diameter, resolves spot sizes as
small as 35 nm FWHM. The longitudinal spot widths are the smallest,
with 35 nm and 48 nm FWHM, while the larger transverse widths of
49 nm and 56 nm are closer to the nominal width of the antenna of less
than approximately 65 nm.

good result.

Resonances and Enhancement Mechanism of Dipole Antennas

In the previous two sections, maps of the fluorescence of a single bead
scanned by different optical antennas have been presented. The presence
of a resonant phenomenon is clear from Figure 3.9, where a dependence
of the brightness of the two spots on the length of the optical antenna is
observed easily.

However, it is still unclear whether the increase in fluorescence at the
extremities of the antenna is due to a resonant enhancement of the excit-
ation or the emission of the single bead. Were the former the case, the
optical antenna would absorb energy resonantly from the far-field excita-
tion and confine the energy at the extremities where the density of states
is the highest. The bead is permanently excited by the far-field illumin-
ation, but, when positioned at the extremities, experiences an additional
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excitation from the highly confined and enhanced field of the optical an-
tenna. In this case, the angular emission of fluorescence from the bead is
not modified.

In the latter case, the bead is excited by the far-field excitation, but
couples resonantly to the optical antenna. The excited molecules within
the bead decay into antenna modes and the angular emission becomes dom-
inated by the antenna mode [28]. Now the angular emission pattern does
change its shape.

There are several ways to answer this question. The shape of the angular
emission pattern can be imaged directly with a sufficiently sensitive camera.
A careful study of the resonant length of the antenna may reveal whether
it is resonant with the wavelength of the excitation or the emission of the
bead. The excitation of or coupling to even-order modes can be forbidden
depending on the geometry of the fields. A forth option includes the beha-
viour of the polarisation of the detected fluorescence. However, it is very
difficult to make a quantitative statement about the polarisation for several
reasons, among them the arbitrary orientation of different optical antennas
with respect to the polarisation of the two detectors. Also, the modulation
the fluorescence experiences due to the proximity of the scanning tip is
highly unpredictable. As the experimental set-up does not feature a sensit-
ive camera, the two criteria remaining are the resonant antenna length and
the symmetry properties of the excited and coupled modes.

The experimentally recorded enhancements of various optical antennas
ranging from 100 nm to 580 nm in length are presented in Figure 3.13.
Because of the aforementioned decrease of the detected fluorescence when
the scanning tip is directly above the bead, the enhancement cannot simply
be defined as the ratio between the magnitude of the fluorescence recorded
with the scanning tip above and away from the bead. A normalisation to
a non-resonant optical antenna must be implemented in order to compare
different antennas. For practical reasons, a non-resonant optical antenna
is at least equivalent to a resonant antenna under perpendicular polarised
illumination. It may constitute even a better reference as fluorescence maps
with two perpendicular polarisation of the excitation illumination are easily
taken in comparably fast succession and the alignment of the set-up remains
largely the same.

In this context, the enhancement will be defined as the ratio between
the two count rates obtained under illumination polarised parallel and per-
pendicular to the optical antenna, R‖ and R⊥. As the intensity of the
illumination is not equal in both polarisations, the count rates are normal-
ised to the reference count rates in absence of the scanning tip, R‖,no probe
and R⊥,no probe:
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Figure 3.13: A Resonance Curve of Optical Rod Antennas. The
black dots mark the experimentally recorded enhancement of the fluor-
escence in the vicinity of an optical antenna. The enhancement is defined
as the ratio between the fluorescence count rate of a bead under a reson-
ant and a non-resonant optical antenna. The dashed (dotted) line shows
the result of numerical simulations for an excitation along (across) the
axis of the antenna. The data for parallel excitation are fitted in amp-
litude to the experimental data. The first-order resonance matches well
with the experimental data and the simulations, while the third-order
resonance is not visible in the experimental data. The highest observed
enhancement factor is 16.6×.

Enhancement =
R‖/R‖,no probe

R⊥/R⊥,no probe
(3.1)

In Figure 3.13, scanning tips with an antenna length centred at around
170 nm show an enhancement of the fluorescence. At smaller and greater
lengths of the optical antenna the enhancement stays at unity, marked by
the black line. The fluorescence of the bead is amplified by as much as
16.6× by the most resonant antenna.

In an attempt to gain more insight into the mechanism of the enhance-
ment, numerical simulations following the model used in Figure 3.5(a) were
performed and their results are illustrated in Figure 3.13 by the dashed line
for excitation along and by the dotted line for excitation perpendicular to
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the antenna axis. The numerical calculations were performed at the wave-
length of the exciting illumination, 647 nm, and are fitted in amplitude to
the experimental data. The fitted numerical simulations agree well with
the experimental data and confirm the presence of a dipolar resonance.

The difference between the excitation wavelength of 647 nm and the
wavelength of 685 nm where the emission peaks is only 38 nm. This spectral
distance corresponds to a change in length of the antenna of roughly 10 nm.
This means that the dashed curve showing the numerical simulations would
shift by 10 nm to longer lengths. With the available data and such a
small shift, it is not possible to conclude the mechanism dominating the
enhancement process by the resonant length.

However, the behaviour of the system must differ in the second-order
resonance, depending on the mechanism. As this resonance cannot be ex-
cited with a flat phase front, excitation from the far-field is not possible.
The bead will not experience an enhanced excitation. On the contrary,
the emission of the bead can in principle couple to the antenna as it is a
point-like emitter, lacking the flat phase front. As clearly visible in Figure
3.13, the second-order resonance does not show in the experimental data,
thus it is the excitation that is resonantly enhanced by the antenna.

Even if a resonant coupling of the emission of the bead does occurs, it may
be difficult to detect the coupling for this fluophore. As mentioned before,
in order to couple the emission efficiently, the antenna length must be
detuned by only 10 nm. A FWHM of the distribution of resonant antenna
length of at least 40 nm can be read off Figure 3.13, well wider than the
detuning. Also, only a fraction of the molecules contained in each bead will
couple efficiently to the antenna, while the vast majority adds a fluorescent
background.

3.4 Conclusion – A Viable Mapping Method

In this chapter, I have successfully demonstrated the spatial mapping of the
modal distribution of an optical antenna and identified plasmonic features
of 35 nm FWHM. The presented scheme is reliable and allows to conclude
maps of different optical antennas accurately in form of a resonance curve.
The observed enhancement in the fluorescence rate originates in an en-
hanced excitation field and not in a coupling of the emission field to the
antenna modes.

The electromagnetic field was probed employing a fluorescent bead of
20 nm in diameter that was held fixed on a cover slip within the optical
axis. The optical antenna was fabricated on a scanning tip and positioned
deterministically and reversibly across the probing bead. The local strength
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of the fluorescence signal of this bead, taken as a measure of the strength
of the local field of the antenna, has proven to give an accurate map of
the modal distribution of the antenna modes. An excellent agreement of
experimental data, numerical calculations and theory was reached.

An enhancement in the fluorescence rate due to coupling to antenna
modes was not observed for this specific bead in our experiments.

Correcting the recorded fluorescence spots under the optical antenna by
the fluorescence of the bead in absence of the scanning tip, the resonance
curve containing the experimental enhancement factors of different optical
dipole antennas reflects well our numerical simulations.

In the past, many schemes of near-field mapping of optical antennas
and photonic nanostructures have been proposed. However, in the au-
thors’ opinion, the demonstrated approach avoids most of the problems of
previous schemes, while offering a superior resolution and reproducibility.
Imaging artefacts by the proximity and geometry of the scanning tip are
not overly critical, because the local environment of the optical antenna
remains invariant during the experiment. Only the optical antenna itself
is in direct contact with the cover slip and the beads due to the presence
of a glass socket. On the contrary, for standard NSOM, any topographic
feature anywhere under the aperture probe induces artefacts, as does the
presence of a large aluminium-/-silica probe surface itself. The proposed
scheme avoids any chemical or electrostatic attachment of a particle, which
is hardly a controlled technique. Some few years ago a valid point would
have been the challenge of fabricating a complex structure at the end face
of a sharp scanning tip. However, nanofabrication is a rapidly evolving
technology. Today’s FIB systems can do exactly this lithographic fabrica-
tion in a very controlled and reproducible manner and are available in more
and more laboratories.

The major challenge lies rather in the experimental set-up, because the
success of this method is limited by its tolerance to tilt. If the end face
with the nanostructure is tilted with respect to the surface of the cover
slip which defines the scanning plane, parts of the nanostructure will be
further away than others from the field probe. The consequences include an
exponential deviation of the strength of the fluorescence due to the strong
decay of the near-field and an apparent spatial broadening of the localised
field. As the scientific interest necessarily shifts to more complex and likely
larger nanostructures over time, the impact of both these problems will
simultaneously increase.
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Extraordinary Optical Transmission

While optical antennas efficiently link freely propagating radi-
ation to small objects, a localised field can be guided between
two arbitrary adjacent nanostructures by near-field coupling.
Similar to the coupling between an optical antenna and e.g.
a molecule, the matching of the impedances between the two
arbitrary nanostructures is a critical factor for the efficiency
of their coupling. Here we link a waveguide to a single sub-
wavelength aperture in a gold film by matching their respectice
impedances. We observe a resonant increase in transmission
through the aperture. In resemblance to Extraordinary Op-
tical Transmission (EOT), we call this phenomenon Waveguide-

Resonant Extraordinary Optical Transmission (WR-EOT). The
impedances are matched by tapering the waveguide. As the im-
pedance to a mode depends on the local diameter of the taper
guiding the mode, an aperture placed at the correct axial posi-
tion is impedance-matched for a certain wavelength.

An introduction into the principles and concepts of WR-EOT
is found in Section 4.1. The following Section 4.2 covers the
fabrication of the aperture coupled to a tapered waveguide and
the experimental set-up. The experimental results and a com-
parison with numerical calculations are found in Section 4.3.
Section 4.4 concludes the chapter.
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4.1 An Introduction to Coupled Sub-Wavelength

Apertures

In the previous Chapter 3, we have mapped the electric field of a single
metal rod acting as an optical antenna. We have shown how already this
simple rod confines and enhances thus controls optical radiation on the
nanometre scale. More complex and purposefully designed nanostructures
and arrangements promise to improve the control and to address different
properties of optical radiation. In this chapter, a coupled tapered waveguide
improves the transmission through a single sub-wavelength aperture.

Complex Nanostructures. Two adjacent and identical objects may couple
through near-field interaction. They may provide a strongly enhanced and
confined field in the space between them. Examples include two identical
rods [38, 41], triangles [22, 44–46], spheres [67, 127–129] or cylinders [130].
Three or more objects of equal or similar geometry may introduce e.g.
directivity. For example, a chain of particles [67, 131, 132] or rods [29, 39,
40] may couple in such a way that the emission and absorption of optical
radiation is only allowed from very specific angles.

While so far identical or at least objects of the same class were coupled,
also two entirely different objects may expose interesting and useful prop-
erties. A spherical object or molecule interacting with an infinite surface
may experience a modification of its angular emission properties [126,133].
Similar observations have been made for a system of several coupled spheres
[134]. A sphere coupled to a spherical cavity provides strong field enhance-
ment at the interface between both [135]. Concentric rings, so-called bulls

eye [50, 136], may add directivity to any emitting object in its centre. A
single aperture smaller than the wavelength of the incident light hardly
transmits any radiation. Its transmissivity changes dramatically when
coupled to and feed by a suitable second nanostructure. Imura et al. im-
proved the transmission with a single, resonant disc, placed in front of the
aperture [137]. In this chapter, we show how a coupled tapered waveguide
effects the transmission.

Coupled Single Sub-Wavelength Apertures. The anomalous transmis-
sion through a sub-wavelength aperture is generally referred to as Ex-

traordinary Optical Transmission (EOT). The transmission is anomalous
with respect to what is predicted by Bethe’s original theory on the transmis-
sion of small holes [4]. Ebbesen et al. described EOT for the first time for
an array of apertures in an infinite screen [138,139]. Bethe’s theory which
was originally developed for single apertures in a cavity or waveguide was
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subsequently extended to arrays of sub-wavelength apertures [140,141]. Ini-
tially it was believed that a superposition of surface plasmon polaritons in
the periodic array of apertures was responsible for the extraordinary trans-
mission. However, EOT has also been reported on dielectric surfaces [142]
and at millimetre-wave frequencies [143]. Surface plasmon polaritons are
not supported in any of the two situations.

The physical mechanism for EOT is based rather in the existence of a
single transverse magnetic (TM) mode. This mode is at its cut-off and
bound to the surface with the apertures [140,144,145]. The decisive prop-
erty of this TM mode at cut-off is a diverging magnetic field component.
In Bethe’s theory, the mechanism of the transmission is formulated as an
infinitesimal magnetic polarisation current at the aperture [4]. The diver-
ging magnetic component couples to the magnetic current of the aperture
and links the aperture very efficiently to the incident radiation. The en-
ergy then traverses the sub-wavelength aperture and is re-radiated on the
opposite site.

The TM mode is bound to the surface and thus an evanescent wave
away from the metal film with the aperture. The mode resonantly builds
up the energy of the incident radiation near the surface with the aperture,
similar to a resonator. The stored and resonantly enhanced radiation has a
high probability of being re-scattered into the aperture which increases the
transmission probability. This phenomenon is similar to EOT in aperture
arrays [138]; except here only a single aperture is required.

An equivalent formulation considers the transmission phenomenon as a
problem of impedance matching [68, 69, 146–149]. A sub-wavelength aper-
ture has a certain impedance. A TM mode experiences an impedance that
depends on how near this mode is to its cut-off. The efficiency of the
coupling is given by how well these two impedances are made to match.

The challenge is to find a suitable nanostructure that provides a TM
mode near its cut-off with the correct impedance. Also, this nanostructure
must be placed sufficiently close to a sub-wavelength aperture in order to
interact in the near-field.

Coupling a Tapered Waveguide to an Aperture. The impedance of a
waveguide to a certain mode is a function of how well a mode ’fits’ into the
waveguide. The relevant parameters are the indices of refraction and the
dimensions of the waveguide and the spatial extent of the mode.

A tapered waveguide features a continuously decreasing diameter of the
volume where a mode is guided. The mode experiences a decline in the
guiding qualities of the waveguide to the point that is ceases to propagate.
Therefore, a mode experiences a local impedance that depends on the local
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Figure 4.1: WR-EOT in a Tapered Waveguide. (a) The waveguide
impedance of a mode in a tapered fibre waveguide changes drastically
when the diameter of the waveguide approaches the diameter of the mode
volume. A single aperture can be impedance-matched to the waveguide
by moving it along the waveguide. (b) The sketch and the SEM image
show the coupled system designed to measure WR-EOT. The scale bar
is 1 µm long.

diameter of the waveguide [148, 149]. If the diameter of the waveguide
goes beyond a threshold, cut-off of this mode is reached and the impedance
diverges. The relation between the wavelength at which cut-off occurs and
associated waveguide diameter for a TM11 mode is given by [148]

λc =
πdtnf

3.832
(4.1)

for a perfect electric conductor. dt is the final taper diameter, nf the re-
fractive index of the waveguide and λc the cut-off wavelength. Therefore,
if an aperture is placed at a unique axial position along a tapered wave-
guide, the impedance of the waveguide is matched to the impedance of the
aperture for a certain wavelength of the incident radiation.

So far, Waveguide-Resonant Extraordinary Optical Transmission (WR-
EOT) has only been demonstrated for coupling between two perfectly con-
ducting waveguides and in the microwave regime [150]. Here, we demon-
strate a nanoscale version WR-EOT providing enhanced transmission at
visible to near-infrared wavelengths.

Above equation was suggestively formulated for the TM11 mode for a
reason. The proposed coupled system is sketched in Figure 4.1. It is a
fully rotationally symmetric system, in which the TM11 mode is the lowest
order mode that allows for concentric apertures. As demonstrated in Figure
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4.1(a), the impedance of the modes depends strongly on the local diameter
of the taper. The impedances diverge approaching mode cut-off and only
evanescent waves are allowed past the cut-off.

The sketched cross cut in Figure 4.1(b) demonstrates how the waveguide
is coupled to the aperture. The waveguide itself consists of a piece of
tapered optical fibre that is cut at a certain diameter. This diameter is
chosen to yield a resonance at a desired wavelength and is approximated
by Equation 4.1. The aperture is fabricated into a structural gold layer
directly on the end face. This ensures an optimal coupling between the
aperture and the tapered waveguide. We expect the major contribution
to the spectral position of the resonant coupling to come from the final
taper diameter dt. Therefore, the diameter of the aperture da will remain
a constant in the experiments.

Two observations will have to be made in order to demonstrate the pres-
ence of a resonant coupling between waveguide and aperture. First, a peak
in the transmission must be recorded and its linear dependence on the final
diameter of the taper established. Second, the involvement of the TM11

mode in the enhance transmission must be verified.

4.2 The Fabrication of the Probe and the

Experimental Set-ups

In the previous section it was established that a tapered waveguide will be
coupled resonantly in the near-field to a single sub-wavelength aperture.
The realisation of such a coupled probe is discussed and demonstrated in
this section. Also the experimental set-ups and the steps taken to avoid
artefacts are illustrated here.

The Fabrication of the Waveguide-Coupled Aperture

The design of the coupled system has already been sketched in Figure
4.1(b). In this section, the fabrication of such a tapered waveguide and
such a sub-wavelength aperture are described.

The waveguide is simply a commercial optical fibre. The fibre is tapered
by heat-pulling (see Section 2.2). The very end of the tapered fibre now has
a diameter of approximately 100 nm, such that any final taper diameter
larger than 100 nm can be realised. As the focus lies on measuring light
transmission from the aperture, sources for spurious background radiation
must be removed. Therefore, the outside of the fibre waveguide is coated
with a layer of 220 nm of aluminium which is considered sufficiently thick
to prevent light leakage (see Section 2.2).
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c)b)a)

d) e)

Figure 4.2: Steps in the Fabrication. After the desired final taper dia-
meter is established by FIB milling in (a), the end face is coated with a
layer of 90 nm of gold in (b). The final aperture is milled by FIB and
kept at a diameter of 110 nm. (d) and (e) show cross sections of a typ-
ical probe. Distinguishable are the tapered core of glass, the thin layer
of gold and the aperture. All scale bars are 500 nm long.

The wavelength at which the cut-off of the TM11 mode occurs is determ-
ined by the final diameter of the tapered waveguide, dt, in Figure 4.1(b).
This diameter must be very carefully adjusted to the desired wavelength.
An FIB system (see Section 2.3) is used to define this diameter and to
remove the apex of the tapered fibre waveguide. Figure 4.2(a) shows the
probe after this fabrication step.

The next fabrication step is shown in Figure 4.2(b). A gold film of 90 nm
in thickness is deposited on the end face. This is the structural layer in
which the aperture will be milled. The choice of gold as the material for
the end face was motivated by its favourable optical properties in the red
and infrared, where our optical measurements were carried out, and the
favourable fabricational properties (see also Section 2.2)

In a final step, a single sub-wavelength aperture with diameter da (see
Figure 4.1(b)) is milled into the gold layer, nominally at the centre and
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a) b) c)

Figure 4.3: Different Final Taper Diameters. As the resonance de-
pends critically on the impedance of the waveguide and thus the final
taper diameter, probes with diameters as different as e.g. (a) 420 nm,
(b) 525 nm and (c) 724 nm were realised. The diameter of the apertures
is kept constant at 110 nm. All scale bars are 500 nm long.

with a variance of 30 nm in placement. Figure 4.2(c) shows an SEM image
of the fibre waveguide with the aperture. The size of the aperture is chosen
as 110 ± 10 nm and will be held constant for probes. Calibration of the
milling process ensured that the aperture was milled through the gold layer
only and not overly into the glass fibre core. This avoids possible spurious
effects on the resonance [151].

Figures 4.2(c) and (d) show cross-sections of the probe. Clearly visible
are the dark glass core of the tapered fibre waveguide and the aluminium
and gold films. The aperture was milled slightly into the glass core. This
indicates that the applied dose of the ion beam was chosen too high.

In Figure 4.3, waveguide-aperture probes with different final diameters
of the tapered waveguide are presented. The different diameters of 420 nm,
525 nm and 724 nm are reflected in the increasing total diameter of the
probe that includes the aluminium film. 420 nm and 724 nm mark the
lower and upper bound to the range of diameters fabricated. The apertures
of the probes are kept invariant within fabrication margins.

The reverse configuration, with the final taper diameter kept invariant
and the aperture diameter changed, is demonstrated in Figure 4.4. For the
experiments covered in this chapter, a diameter of 110± 10 nm was aimed
at, which is achieved repeatably and reproducibly. The display of larger
and smaller diameters shows the control exerted on the fabrication process.

As the optical characteristics of metals can differ substantially, we fab-
ricated the devices with both gold and aluminium as the structural layer
at the end face. Figure 4.5(a) and (b) show a probe in an aluminium / alu-
minium configuration and (c) and (d) in an aluminium / gold configuration
(side coating / structural layer at end face).

As clearly shown in this section, we were able to fabricate tapered wave-
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a) b) c)

Figure 4.4: Different Aperture Diameters. Apertures with different
radii are milled to demonstrate the accuracy of the fabrication. The
apertures have diameters of (a) 57 nm, (b) 106 nm and (c) 150 nm and
the final taper diameter is held constant. All scale bars are 500 nm long.

d)c)b)a)

Figure 4.5: Structural Layers of Different Materials. The probe
was realised in different material compositions. (a) and (b) show fully
aluminium-coated and (b) and (c) hybrid aluminium / gold probes. (a)
and (c) reveal the quality of the structural layer. The final configuration
is shown in (b) and (d). All scale bars are 500 nm long.

guides with sub-wavelength apertures. The tolerances in the fabrication
process are acceptable and a range of different final taper diameters was
successfully fabricated.

The Experimental Set-Ups

We designed two experimental configurations to record both the in-coupling
collection and the out-coupling transmission spectra of the waveguide-
coupled aperture. Two light sources with different properties, a super-
continuum source and a thermal source, were employed in the experiments.

The experimental configuration for the out-coupling transmission spec-
trum is sketched in Figure 4.6(a). The supercontinuum light source is
the brightest source available. However, its spectrum fluctuates rapidly
and strongly in amplitude and slightly in frequency. In order to record
a reliable transmission spectrum of the waveguide-coupled aperture, the
spectrum of the source and its dependencies have to be observed carefully.
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Figure 4.6: Experimental Set-ups for Recording the In- and Out-
coupling Collection and Transmission Spectra. (a) The WR-EOT
probe and a reference are placed in the entry slit of a sensitive spec-
trometer and the out-coupled light is spectrally analysed. The super-
continuum light source is coupled into an additional fibre, such that a
constant, non-fluctuating spectrum is provided to probe and reference.
(b) The in-coupling spectrum is measured with a thermal light source
that provides a stable but shorter spectrum.

We address this issue by placing an additional single mode fibre between
the supercontinuum source and probe and reference. This fibre is connec-
ted rapidly to either probe or reference by dedicated fibre-fibre couplers.
This procedure guarantees that the spectra of probe and reference can be
recorded in very quick succession. There is no need to change the coupling
of the supercontinuum source itself.

The reference is a fibre of equal length and material as the WR-EOT
probe. Recording a reference spectrum guarantees that the spectra can be
corrected for the spectral properties of the fibre itself.

A translation stage with three axis allows a fine-positioning of the aper-
ture in the entrance slit of the spectrometer. A laterally incorrect position
leads to a spectral shift of the spectrum and was corrected using a reference
laser with a known wavelength. An axially incorrect position reduces the
strength of the signal and was corrected by adapting the axial position until
the signal was maximised. For the reference fibre and for both reference
fibre and WR-EOT probe in the configuration for the thermal light source,

69



4 Waveguide-Resonance Extraordinary Optical Transmission

the end plugged into the spectrometer was equipped with a fibre connector
and therefore automatically in the correct position.

Using a thermal light source to reassess the spectra recorded under illu-
mination by the supercontinuum source has two reasons. First, the super-
continuum source fluctuates strongly, so the spectra were reassessed using
the more stable however spectrally narrower thermal illumination. Figure
4.6(b) shows how the in-coupling collection was recorded with the thermal
source.

Second, recording the spectra for a probe in both configurations answers
the question whether the angular collection and emission characteristics of
the single aperture are adequately accounted for. As the aperture is almost
a point-like source, an emission into 2π is expected. The emission pat-
tern is rotationally symmetric but azimuthally inhomogeneous. However,
the spectrometer has only a limited NA of 0.1 such that not all emitted
radiation is captured. In the collection configuration light the aperture is
excited from a different set of angles. If the angular collection and trans-
mission characteristic of the probe play a significant role, then the two
recorded spectra will differ strongly.

4.3 Results — Resonant Coupling of Aperture and

Waveguide

The presented results prove that the tapered waveguide and the aperture
couple resonantly. In the first section, the recorded spectra show the pre-
dicted increase in transmission at resonance. Experimental results and
numerical calculations illustrate the importance of the TM11 mode in the
second section. Numerical calculations in the third section demonstrate
how the field energy is concentrated at the inner interface near the aper-
ture.

Spectra and Wavelength Dependence on Taper Diameter

The first set of experiments aim at establishing the presence of a resonant
coupling between tapered waveguide and aperture. A coupling will manifest
itself as an increase in transmission at the resonant wavelength.

The two experimental set-ups described in Section 4.2 and Figure 4.6
allow to record reliable and meaningful optical spectra between the wave-
lengths of 500 nm and 950 nm. Preliminary numerical simulations suggest
that these optical wavelengths correspond to waveguide probes with final
taper diameters of between about 400 nm and 750 nm.
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Figure 4.7: Spectra of WR-EOT Probes. The peaks attributed to WR-
EOT are marked by the vertical dashed line. As this resonance is con-
nected to mode cut-off, no modes can propagate at longer wavelengths
and the spectra remain flat. The numerical simulations in the upper row
agree well with the experimental spectra in the lower row.

Experimentally recorded spectra of two probes and corresponding nu-
merical simulations are shown in Figure 4.7. The probes have final taper
diameters of 475 and 525 nm and were excited by the supercontinuum light
source. As a first observation, experimental and numerically calculated
spectra roughly agree in the number of peaks of transmission and their
respective spectral position.

The simulations exhibit slightly sharper features than the experimental
spectra. Small ellipticities of the aperture may be a reason that are inev-
itable during fabriation. The spectrum of an elliptical aperture depends
on whether the incident radiation was polarised along the short or long
axis. As the polarisation is not controlled in the experiment, a spectral
broadening is the consequence.

Well-reflected in the calculations is also the decay of the transmission
to longer wavelengths. Here, the spectra remain flat and featureless. The
resonant wavelength corresponds to almost cut-off of one of the lowest or-
der modes. In other words, no mode at longer wavelength can propagate
further. The transmission peak at the longest wavelength is expected to
correspond to mode cut-off relevant for WR-EOT. As such, we expect the
resonant wavelength to depend on the final taper diameter.

This assumption is confirmed as an almost linear dependence between
final taper diameter and peak position is clearly visible in Figure 4.8. Each
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Figure 4.8: Dependence of the Transmission on the Final Taper
Diameter. The experimentally recorded data, marked by crosses, show
a linear dependence of the transmission on the final taper diameter. They
agree well with the results of our numerical calculation marked by dots.
Indicated by the black line is the cut-off wavelength corresponding to a
TM11 mode as predicted by equation 4.1 for a perfect electric conductor.

WR-EOT probe shows a distinct peak in transmission that shifts to longer
wavelengths with increasing final diameter of the taper. Our numerical
calculations show a good quantitative agreement with the measurements
in the location of the resonances. The slight discrepancy can be explained
by the error in determining the exact final taper diameter from the SEM
images. The material composition of the dielectric fibre core and the con-
ductive aluminium film causes artefacts at the interface that makes the
radius hard to determine.

The black line in Figure 4.8 marks the spectral position of the resonant
coupling for a perfect electric conductor as predicted by Equation 4.1. The
prediction shows an offset to shorter resonant wavelengths or, equivalently,
to longer final taper diameters. The offset is due to the finite penetration
depth of optical fields into real metals. This effect enlarges the effective
diameter of the mode-guiding area and the aperture compared to perfect
electric conductors.

A waveguide effectively acts as a filter for particular modes and wave-
lengths and has its own spectrum. Whether a mode is guided or strongly
suppressed is a function of the material composition and geometry of the
waveguide. Here, we have been using single mode fibres designed for op-
eration at a wavelength of 633 nm. For a true single mode operation and
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Figure 4.9: Origin of the Transmission Peak. A tapered waveguide
supports only selected modes according to its geometry and thus has its
own spectrum, shown on the left. The spectrum of the same waveguide
now coupled to an aperture is shown on the right. Numerical calculations
predict a resonant coupling at 695 nm. The two spectra differ in the
presence of a peak exactly at that position. Therefore, WR-EOT is an
effect of the coupling between waveguide and aperture. All scale bars are
500 nm long.

sufficient suppression of all other modes, the fibre must be at least several
meters long. However, we used probes of only 20 nm in length that are
tapered in addition. As a result, the transmission spectrum of the wave-
guide itself is unknown. The experimental data and conclusions illustrated
in Figures 4.7 and 4.9 may be an intrinsic consequence of the employed
waveguide rather than the coupling.

We demonstrate conclusively in Figure 4.9 that the observed peaks in
transmission are a function of the coupling indeed. According to numer-
ical calculations and an interpolation of the experimental data in Figure
4.8, the resonant coupling of this particular WR-EOT probe is predicted
at a wavelength of 695 nm. The left spectrum was measured before the
structural layer was deposited on the waveguide. It thus shows directly the
transmitted spectrum of the waveguide, including all modulation induced
by the taper. There is clearly no peak in transmission close to 695 nm.
Now, the structural layer is deposited and the sub-wavelength aperture
milled. A new peak appears at a wavelength of 685 nm, in good agreement
with the predicted spectral position. Therefore, the peaks in transmission
at the longest wavelengths are indeed result of a resonant coupling between
the tapered waveguide and the single sub-wavelength aperture.

We have achieve similar results using the thermal light source. However,
the thermal source is much weaker especially at longer wavelengths. The
spectra shown here were acquired using the stronger and broader supercon-
tinuum light source.
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Figure 4.10: Analytical Solutions for the TE11 and TM11 Modes.
The two modes expose very characteristic shapes inside the circular wave-
guide. The Poynting vector of the TM11 mode shows a strongly confined
flux of field energy in axial direction at the centre where also the aperture
is located. The scale bar is 200 nm long.

In conclusion, the experimental data prove the existence of a resonant
coupling between waveguide and aperture. The numerical simulations re-
flect the observations well.

The Role of the TM11 Mode

As mentioned in the introduction, the resonant coupling is ascribed to a
lower-order TM mode in the tapered waveguide. In this section, we show
experimentally and numerically that indeed the TM11 mode prevails near
the aperture region of the waveguide.

The TE11 mode is the dominant mode guided inside the non-tapered
part of the waveguide. To verify the existance of a TM mode near the
aperture, the TM mode must be discriminated against the TE11 mode.
Figure 4.10 presents analytical solutions of the electric field components
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Figure 4.11: Experimentally Mapped Mode Profile. The probe
without structural layer is scanned across single molecules in a Near-
Field Scanning Optical Microscope (NSOM) and the fluorescence recor-
ded. This spatial map reflects the shape of the mode inside the fibre. The
analytical solution of a TM11 mode agrees well with the experimentally
recorded maps for different polarisations and different scan configura-
tions. The scale bars are 500 nm long.

and the Poynting vectors of the TE11 and TM11 modes. Both modes are
clearly distinguishable on the base of their characteristic field distributions.
Most notable is that the total intensity of the TE11 mode is confined to a
broad single peak in the centre of the waveguide. In contrast, the TM11
mode shows a double peak. In case of the Poynting vector along the axial
direction, the TE11 transports the field energy in a broad central area.
The TM11 confines the energy to a very small region in the centre of the
waveguide. Here the aperture will be located.

An experimental confirmation of the prevalence of the TM11 mode is
demonstrated in Figure 4.11. The WR-EOT probe is technically very sim-
ilar to an NSOM probe. As such its field can be mapped by scanning the
WR-EOT probe across single molecules. Similar to the mapping of optical
antennas in Chapter 3, the magnitude of the fluorescence reflects the mag-
nitude of the electric field. We are interested in the field that arrives at
the structural layer with the aperture. Therefore, the measurements are
pursued before deposition of the structural layer.

Figure 4.11 includes data taken in two different configurations. In the
sample scan, the WR-EOT probe is held fixed on the optical axis, while
a single molecule is scanned beneath. In the probe scan, the molecule is
held fixed on the optical axis and the probe scans across. In both cases,
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the molecule is excited directly through the field of the waveguide modes.
As clearly visible, the experimentally mapped fields correspond well in

shape and dimension to the analytically calculated field distribution. The
prevalent mode at the end of the tapered waveguide is indeed the TM11

mode.

Energy Distribution Inside the Waveguide

While the field distribution at the end of the waveguide can be mapped
experimentally, numerical calculations are the only mean to determine the
field distributions along the waveguide. For the calculations presented in
Figure 4.12, a broadband mode source with the profile of a TE11 mode and
polarised along x was launched into the waveguide. Several monitors record
the electric and magnetic fields. Perfectly matched layers were placed at
the open end of the waveguide to avoid spurious reflection effects. The field
plots show only the relevant field components. The components other than
Ex, Ez and Hy are at least an order of magnitude weaker or equal zero and
do not contribute.

The field plots in the left column of Figure 4.12 clearly show the strong
concentration of the electro-magnetic field near the aperture for a wave-
length of around 710 nm. At this wavelength the resonant coupling is
expected to occur for this WR-EOT probe. For Ex and Hz, the field en-
ergy is confined to the interior of the aperture on the side of the waveguide.
Two bright spots appear next to the aperture for Ez. These also show in
the fields monitored perpendicular to the axis of the probe and displayed
in the upper right.

Plotted in the lower right is the total energy density of the electro-
magnetic field at 10 nm above and below the resonant wavelength. The
field is integrated across the waveguide and normalised to the respective
cross section. Energy densities at distances shorter than −10 nm to the
aperture are not shown as computation artefacts become dominant here.
The plot shows an exponential increase in energy density towards the aper-
ture at the resonance frequency.

The field plots stress the importance of the TM11 mode at cut-off to the
mechanism of WR-EOT.

4.4 Conclusion – Extraordinary Transmission

When a sub-wavelength aperture is fabricated into a tapered waveguide of
a certain diameter, we observe an increase in the transmission through the
aperture. The increase is due to a resonant coupling of the tapered wave-
guide to a single sub-wavelength aperture. The resonant coupling relies on
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Figure 4.12: Calculation of Field Components Inside the Wave-
guide. Left column: The field distributions near the structural layer
show a strong dependence on the wavelength. The resonant coupling
occurs at 710 nm. Right column: The electrical field at different posi-
tions around the aperture shows again the signature of the TM11 mode.
The diagram demonstrates at different wavelength how the field energy
evolves along the tapered waveguide. The energy is normalised to the re-
spective area of the waveguide. All grey scalings are identical for electric
and magnetic fields, respectively.
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matching the respective impedances of waveguide and aperture. As a novel
variant of Extraordinary Optical Transmission, we call this resonant phe-
nomenon Waveguide-Resonant Extraordinary Transmission (WR-EOT).

The impedance of a waveguide for a particular mode is function also of
the physical diameter of the mode-confining volume. The tapering of the
waveguide results in a continuously changing profile of the impedance. The
impedance diverges when the transverse section of the tapered waveguide
approaches the transverse section of the mode and the mode reaches its cut-
off. We have shown that the spectral position of the resonant coupling of the
aperture depends linearly on the final diameter of the tapered waveguide.
Numerical calculations have confirmed this dependence. We were able to
tune the resonance spectrally between 600 and 900 nm by varying the final
diameter of the waveguide.

The experimental results and the numerical calculation prove that the
mode present at the very end of the tapered waveguide is the TM11 mode.
This mode is the lowest-order mode that allows for concentric apertures.
At its mode cut-off, it becomes evanescent away from the metal film with
the aperture and its transverse magnetic field diverges. Therefore, it is
equivalent to a surface wave and its energy is stored near the surface with
the aperture. This effectively increases the feed to the aperture and explains
the improved transmission through the sub-wavelength aperture.

In conclusion, the near-field coupling between these intrinsically very
different nanostructures can be controlled by carefully choosing their re-
spective physical dimensions.
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Probes for Sub-Wavelength

Control of Single Emitters

Near-Field Scanning Optical Microscopy (NSOM) offers an op-
tical resolution beyond the diffraction limit and has shown to
be an important experimental method for various applications
in imaging, sensing, material science and lithography. How-
ever, a major contraint is the very low brightness of aperture
probes. Apart from the low, fundamentally restricted transmis-
sion through a sub-wavelength-sized aperture, the feed of the
light field to the aperture through a tapered waveguide accounts
for high losses. These losses are not induced by physical prin-
ciples but by the design and fabrication of the probe. In this
chapter, we propose a novel nanostructured NSOM aperture
probe that gives a 100× higher throughput and 40× increased
damage threshold than conventional near-field aperture probes.
The probe design incorporates only a minimum of lossy sub-
wavelength components to compress the field, greatly reducing
the losses of the probe. The increase in brightness in turn al-
lows to employ smaller apertures. We show experimentally by
imaging single molecules that the optical field is controlled and
confined to within 45 nm.

Section 5.1 starts with an introduction to sub-wavelength
imaging with aperture probes and its challenges. The advant-
ages of the proposed probe design are discussed in this con-
text. Section 5.2 reports on the technical aspects including the
fabrication of the proposed probe, a sample containing single
molecules, and the experimental set-up. The experimental res-
ults are analysed in Section 5.3 and the conclusion drawn in
Section 5.4.
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Figure 5.1: Proposed scheme of device. The conventional NSOM probe
in (a) features a partially sub-wavelength-sized taper which supports only
evanescent modes (b). In the proposed novel design in (c), the diameter
of the taper is chosen such that the cross section always exceeds the
mode volume of the lowest order mode. Therefore, at least one mode
can always propagate freely along the waveguide. The sub-wavelength
aperture is now formed in an additional film of gold on the end face.

5.1 Introduction to Aperture Probes

In the field of nanoscopy, a strong interest lies in the optical investigation,
control and manipulation of soft and hard matter with feature sizes that
extend to well below the diffraction limit of light [74]. The challenge lies
in the realisation of experimental schemes that enable to control and con-
fine light fields to sub-wavelength, seemingly un-physical volumes, while
meeting basic requirements in efficiency, reproducibility and usability.

A Brief History of Probe Design Bethe had discovered the physical prin-
ciple of Near-Field Scanning Optical Microscopy (NSOM) in 1944 [4] and
the first experimental proof came from Pohl et al. in 1984 [5]. The design
of an aperture near-field probe is sketched in Figure 5.1(a) and has re-
mained largely unchanged since 1984. It consists of a tapered waveguide,
that compresses the light field, and the aperture itself. The compression
is required, because an NSOM probe should follow the topography of the
sample as closely as possible, both to avoid imaging artefacts and to map
the sample topography. In the first realisation, Pohl et al. had etched a
quartz crystal to yield a pointed tip, which was then coated with an opaque
metal layer of Aluminium. Mechanical pressure exerted on the pointed tip
locally removed the metal and created an aperture of a few ten nanometres.
Laser light fed to this quartz crystal traversed the aperture in form of an
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evanescent field bound to the aperture region. When placed in extreme
proximity of a few nanometres to a sample surface, this evanescent field
interacts e.g. with single molecules on this surface and excites their fluor-
escence. The resolution is only determined by the diameter of the aperture
and the intensity of the transmitted light.

Today, most researchers use an optical fibre instead of a quartz crystal
that is either etched or heat-pulled to yield a sharp taper. Researchers fa-
miliar with Atomic Force Microscopy (AFM) may prefer Silica cantilevers
over fibres because a cantilever is already sufficiently sharp and fits into
any commercial AFM [152]. An elegant alternative is a sophisticated pho-
topolymerisation of a liquid drop of polymer [153]. Independent of the
nature of the probe, it must be coated with an opaque layer of aluminium
or gold such that light leakage is prevented (see Section 2.2). The formation
of the aperture is mostly done by FIB milling nowadays, because FIB sys-
tems allow a very high level of control and are availability in many research
laboratories (see Section 2.3) [80,154].

The Loss Channels. For an attempt to improve the transmissivity of a
probe, it is important to assess where and how the losses within a probe
occur. The design of the probe - a combination of a taper and a sub-
wavelength aperture - suggest three different mechanisms that determine
the losses and thus the efficiency of the probe: The coupling of the aperture
to the taper, the transmissivity of the aperture and the light propagation to
the aperture region inside the taper. Losses may occur in form of reflection
back into the fibre and absorption by the coatings.

The coupling of the sub-wavelength aperture to the taper had been ad-
dressed in Chapter 4 when the final diameter of the taper was chosen such
that the aperture couples in a resonant manner to the tapered fibre wave-
guide. This coupling improves the transmissivity merely by a factor two
which is hardly noteworthy given a typical transmissivity of such a probe
of at most 10−5. The transmissivity of the aperture is fundamentally con-
straint. Bethe had set an inverse forth power-dependence of the trans-
missivity on the diameter [4]. Given that the required resolution is a fixed
variable set by the features on the sample, the required aperture size and
with it the theoretically achievable transmissivity are automatically fixed
as well.

The third mechanism, the light propagation to the aperture region inside
the taper, is the channel with the most potential of improvement. I will
constrain the discussion of the losses in this mechanism to the taper of
optical fibres. The discussion of probes based on AFM cantilevers and
others is analogous and will be omitted here.
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For a probe based on an optical fibre, laser light is coupled into the
non-tapered end of the fibre and guided in a stable, low-loss optical mode
in the core of the fibre [74]. The geometry and material composition of
the fibre determine the dominant optical mode and the length of the fibre
the suppression of other modes. As sketched in Figure 5.1(a) and (b),
a waveguide mode propagates along the tapered waveguide only until it
has reached its cut-off. At cut-off, the mode volume exceeds the available
volume of the waveguide. The processes occurring now are reflection and
absorption by the coating of the fibre and transition to a different mode
configuration [155]. This transition may include same-order modes with a
different confinement, e.g. by a combination of core and cladding instead of
only the core, and lower-order modes of a smaller volume. These processes
occur continuously along the taper until the mode volume of any possible
modes exceeds the size of the waveguide. Here, no propagating modes are
supported any more and the entire light field becomes evanescent. The
losses due to absorption and reflection increase with a decreasing number
of available modes with lower mode volumes. The losses are the greatest,
when also the lowest order mode as the lowest propagating mode is not
supported any more.

Probe Damage Through Heating. Absorption losses in the taper
region can cause considerable heating of the aluminium coating. The liter-
ature reports increases in temperature by several hundred degrees close to
the tip [156–158]. Heat transfer from the hot tip to the sample may affect
some biological and lithographic applications, however, the major problem
is the possible damage to the probe itself. The heat may cause diffusion
in the aluminium layer of which uncontrolled leakage and a widening of
the aperture can be a consequence. In the worst case, the aluminium layer
and with it the aperture may get destroyed altogether. The existence of
a threshold to the input power at which damage of a fibre probe may oc-
cur limits the maximal output power of an NSOM probe to only a few
nanowatts [154]. Heat thus constitutes a major problem. Any attempt to
increase the efficiency and the output power of a fibre probe must address
the absorption losses in the taper as well.

Geometry and Evanescent Fields. While the absorption losses im-
pact the efficiency of the probe by limiting the maximal input power, the
evanescent character of the fields at cut-off proves a limitation to the relat-
ive transmission. Only evanescent fields confine to volumes better than the
diffraction limit, however at the cost of a very short decay length of around
30 nm. In the conventional probe design in Figure 5.1(a), the light propag-
ates in a low-loss fibre mode until it reaches its respective mode cut-off. An
evanescent wave is excited that decays exponentially from its mode cut-off
to the aperture. Obviously, the magnitude of the field that finally drives
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the aperture depends inversely exponentially on the distance between mode
cut-off and aperture. A reduction of this distance will improve the relative
transmission of the probe as a whole.

The Proposed Probe Design. One way to reduce the losses and to
avoid heat induced damage is the launch of surface plasmons inside [159]
and outside [81] the probe. The surface plasmons aid to transport the
field energy efficiently to the tip of the probe and focus equally well as
conventional NSOM fibre probes.

In this chapter, we propose and realise a novel design of an aperture
probe that suffices without the last, lossy sub-wavelength sized part of the
taper and does not rely on plasmon guiding. The proposed design has
two advantages: First, absorption is greatly reduced as the taper is always
wide enough to fit a propagating mode. Second, the light field is never of
evanescent, exponentially decaying character, but of propagating character
and maintains its field strength to the aperture. As sketched in Figure
5.1(c), the upper, narrow part of the fibre is completely removed, while the
aperture is formed in an additional gold film on the end face. This design
is similar to the design presented in Chapter 4 for Waveguide-Resonant
Extraordinary Optical Transmission (WR-EOT). However, here we lift the
strict relation between the final diameter of the taper and the diameter of
the aperture. The final taper diameter is simply chosen large enough such
that at least one mode can propagate.

5.2 The Fabrication of the Probe and Experimental

Set-Ups

This section illustrates and discusses the technical aspects of the exper-
iment. The fabrication a probe according to the proposed design is ex-
plained, followed by details on the employed sample of single molecules. In
the last part, the experimental set-ups are introduced.

Fabrication of the High-Throughput Near-Field Probe

The design of the high-throughput near-field fibre probes is essentially
identical to that of the resonant probes discussed in the previous Chapter 4.
However, since the resonance condition has been dropped, the final dia-
meter of the taper and the diameter of the aperture are fully independent
of each other and may take arbitrary values. Therefore, only the most im-
portant details of the probe fabrication are presented here. The reader may
refer to Section 4.2 for more details.

In the process of fabricating such probe, an optical fibre (Thorlabs,

83



5 High-Throughput Near-Field Fibre Probes

SM600) is tapered and coated with at least 200 nm of Aluminium to prevent
light leakage (see Section 2.2). Using an FIB system, parts of the tip are
removed to reach the desired diameter of the tapered core (see Section 2.3).
In the next step, a gold layer of around 110 nm is evaporated on the end
face of the probes which acts as the structural layer. Again using an FIB
system, the aperture is formed in the end face with the desired diameter.
Careful calibration of the employed dose of the ion beam guarantees that
the beam mills only through the gold layer and that the glass core is dam-
aged as little as possible. The choice of two different materials, aluminium
and gold, reflects the required functionality of the coatings and has been
discussed in Section 4.2.

As mentioned previously, the exact shape of the taper strongly influ-
ences the transmissivity of a probe. The reproducibility of heat-pulling
is, however, very low, such that a comparison between different probes is
not meaningful at all. We address this uncertainty in comparability by
fabricating some probes first as conventional NSOM probes and then pro-
cess them to the high-throughput configuration. As the difference between
the two configuration is basically the length of the taper, this processing
step means to further cut down the taper. For conventional probes, FIB
milling removes the very tip, until a diameter of the glass core of 100 nm
has been reached; for high-throughput probes, the milling is continued until
the diameter of the core lies at the order of the wavelength.

A selection of SEM images of high-throughput probes is shown in Figure
5.2. We were able realise apertures of a diameter of as little as only 40 nm,
shown in Figure 5.2(a). As the Figure 5.2(b) and (c) confirm, this aperture
diameter is reproducible and scalable. The final diameters of the taper are
chosen to be well above the diameter at which mode cut-off occurs and the
sub-wavelength regime begins. As Figures 5.2(d) to (f) show, also a range
of different final diameters of the taper were successfully realised.

Therefore, the fabrication of the high-throughput probes can be deemed
sufficiently reproducible and repeatable.

Preparation of the Single Molecules

Terrylene diimide (TDI) molecules are highly photostable dyes [160] and
as such well-suited for slow near-field applications. As shown in Figure 5.3,
the dye has several absorption bands at 552 nm, 597 nm and 651 nm. The
latter is the strongest band and overlaps well with the wavelength of the
exciting laser, an Innova 70C Spectrum, tuned to 647 nm.

The dyes are diluted with a solution of 0.1 % Poly(methyl methacrylate)
(PMMA) in Toluene, well-mixed and spin-coated on a standard microscope
glass slide. As the near-field of a probe approaching the slide with the
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a) b) c)

d) e) f)

Figure 5.2: Selected High-Throughput Near-Field Probes. The
SEM images (a), (b) and (c) show several high-throughput probes with
apertures of 40 nm, 47 nm and 100 nm in diameter, respectively. Im-
ages (d), (e) and (f) show the same probes, however before deposition of
the structural gold film. The final diameters of the tapers are 470 nm,
440 nm and 540 nm. The scale bars are 500 nm long.

Extinction in a.u.

651

597

552

Wavelength in nm

Figure 5.3: Extinction spectrum of terrylene diimide (TDI). The
dashed line indicates the spectral position of the exciting laser light at
647 nm.
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Figure 5.4: Measuring Throughput and Damage Threshold. Laser
light at 647 nm is launched into the high-throughput probe. The end with
the aperture is positioned in close proximity to a large photo detector
and the transmission recorded.

polymer layer decays exponentially, a thickness of not more than a few
ten nanometres is necessary to ensure that the dyes can interact with the
decaying near-field. Verification with a Stylus device reveals a thickness of
65± 15 nm, which is within an acceptable range.

The concentration of the dyes is adjusted such that individual dye mo-
lecules appear well separated in optical images taken in a standard, diffrac-
tion limited microscope. This is not sufficient to prove that a fluorescence
signal arises from indeed just a single dye molecule and not a cluster of
many dye molecules. However, this is the best approximation with the
available experimental set-up. Also, as only the resolution of a probe and
not quantum properties of the dye are tested, clustering on a length scale
significantly smaller than the resolution of the probe is not critical. A mass
concentration of 10−5 % of the original TDI solution in the solution of
PMMA in Toluene permitted exactly this.

Experimental Set-Ups

The measurement of the high-throughput near-field probes requires two dif-
ferent set-ups. The first set-up allows to determine the absolute throughput
and the damage threshold of a probe. The second set-up verifies the im-
proved resolution and its suitability as a near-field probe to image single
molecules.

Measuring the Absolute Throughput and the Damage Threshold The
dedicated set-up is shown in Figure 5.4. It consists of a fibre launch,
the high-throughput probe, a translation stage and a large photodetector.
Laser light of a wavelength of 647 nm is coupled into the high-throughput
probe at the fibre launch. As a sub-wavelength aperture radiates inhomo-
geneously into the full half-sphere [161], care must be taken to collect a
meaningful fraction of the total irradiated intensity. With the help of the
translation stage, the tapered end of the probe with the aperture is placed
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approximately less than a millimetre away from a photodetector. The pho-
todetector has an edge length of 5 mm, significant enough to ensure that a
large share of the emitted light is detected.

Some probes are measured in both the conventional NSOM configuration
and the high-throughput configuration. For these probes, the transmissiv-
ity in the conventional NSOM configuration is recorded first. Afterwards,
the fibre processed to the high-throughput configuration. For all probes,
the transmissivity in the enhanced, high-throughput configuration is recor-
ded in the described manner.

Now, for most of the probes, the precise coupling efficiency of the fibre
launch is determined by removing the tapered part of the fibre, cleaving
the fibre end and recording the transmissivity without the taper. Know-
ledge of the precise coupling efficiency allows to narrow the error in the
transmissivity, even though the coupling efficiency plays only a minor role
when noting the extremely small overall transmissivity of the probe itself.

For some of the probes we investigated the damage threshold. The intens-
ity coupled into the fibre is slowly increased while monitoring the emitted
intensity. When the threshold has been reached and sufficient heat has
accumulated at the apex, the melting gold layer manifests itself in a dra-
matic increase of the transmissivity. Also here the coupling efficiency is
established by removing the tapered part of the fibre and recording the
transmissivity.

As a last remark it may be noted that the particular choice of wavelength
and core diameter of the probes does make the presence of the resonant
effects described in Chapter 4 very unlikely.

Assessing the Suitability as a Near-Field Probe The high-throughput
probe is assessed in a standard Near-Field Scanning Optical Microscope.
In Section 1.3, I have already introduced the basic concepts of Near-Field
Scanning Optical Microscopy (NSOM). The experimental set-up employed
also here is depicted in Figure 1.1. The suitability of the probe is tested by
imaging single molecules in the near-field.

An Innova 70C Spectrum laser provides the excitation laser light at
647 nm which is coupled into the high-throughput probe at the launch.
Single molecules are excited by the aperture, and their fluorescence recor-
ded by two avalanche photodetectors (APD).

5.3 Results — Transmission and Damage Threshold

In this section the experimental results are presented. We show how the
throughput and the damage threshold of the probe have been improved.
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Figure 5.5: Improved Throughput. The relative transmission of the en-
hanced near-field probes (circles) at a wavelength of 647 nm is approx-
imately two orders of magnitude better than for the conventional probes
(squares) with similar apertures. The numerically calculated through-
put (crosses, dotted line guide to the eye) is fitted to the experimental
data in order to account for losses not included in the simulations. It re-
flects well the trend in transmission of the high-throughput probes. Some
probes were measured in the conventional NSOM configuration first and
then processed and measured in the high-throughput configuration. The
data points representing the throughput for a single probe in the two
configurations are connected by grey lines.

As a result of these improvements, it has become possible to reduce the
size of the aperture. We confirm this conclusion by a demonstration of the
imaging properties of a probe with a 40 nm aperture.

The Improved Throughput

The relative transmission of the fabricated high-throughput probes and,
for comparison, also of conventional near-field probes is shown for various
aperture diameters in Figure 5.5. As mentioned before, variations in the
shape of the taper of individual probes can have spurious effects on the
transmission data. In an effort to compensate this, some probes were first
fabricated in the conventional NSOM configuration and their throughput
recorded. Afterwards, they were processed to into the high-throughput
probe design and their throughput recorded again. Data points belonging
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to the same fibre in the two different configurations are connected by grey
lines.

Clearly visible is the improvement of the transmissivity by two to three
orders of magnitude for the high-throughput probes compared to conven-
tional fibre aperture probes. For a typical aperture size of around 100 nm,
We measure a throughput in the high-throughput configuration of 10−3.
Previous data and the literature [80,154] show a throughput of only around
10−5 or less for conventional probes.

As the aperture size of conventional probes has a lower bound given by
the required brightness, any improvement in the transmissivity in turn per-
mits to shrink the aperture while still maintaining a sufficiently high level
of brightness. The probe with the smallest fabricated aperture, of 45 nm
in diameter and displayed in Figure 5.2(a), still yields a transmissivity of
better than 10−5. This is over an order of magnitude better than the trans-
missivity of a conventional NSOM probe with a diameter twice as large.
Bethe predicted the transmission of a single aperture to depend on the
forth power on the radius of the aperture [4]. Though not fully applicable
to these two different types of probes, the observed change in transmissivity
with the aperture size follows the prediction approximately.

In an attempt to provide a more quantitative comparison with the ex-
perimental results, comprehensive finite-difference time domain (FDTD)
simulations were performed by the group of Reuven Gordon. Details to
these simulations can be found in [162] and the numerical calculations are
marked by crosses in Figure 5.5. The dotted line is a guide to the eye
only. As the simulations do not account for all loss channels, e.g. the taper
outside the necessarily limited computation domain, the calculated relative
throughput is fitted to the absolute values in the experimental data. As
clearly visible, the values of the simulated throughput for smaller apertures
follow nicely the same trend as the experimental values.

Therefore, two orders of magnitude enhancement in the throughput is
achieved with this high-throughput configuration. This corresponds to a
reduction in aperture diameter by over a factor two while maintaining the
same the excitation power compared to the conventional NSOM configur-
ation.

The Higher Damage Threshold

Shown in Figure 5.6 is the evolution of the transmitted intensity with the
in-coupled intensity for a high-throughput near-field probe. The diameter
of the aperture of this probes is 105 nm. The power in the fibre, as depicted
in the Figure, is indeed the power just before the taper. The intensity meas-
ured at the fibre launch had been corrected for the coupling efficiency, thus
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Figure 5.6: Higher Damage Threshold. A steep increase in the power
transmitted by the aperture marks the damage threshold at over 8 mW
inside the fibre. The arrows indicate how the power was ramped and the
dashed lines mark the threshold. The two dotted lines are guides to the
eye. The two SEM images show the probe before and after crossing the
damage threshold. The scale bars are 500 nm long.

is equal to the intensity inside the fibre, before the taper. Clearly visible is
a linear regime during which the transmitted intensity increases slowly with
the launch intensity. At 8.7 mW, the transmitted intensity jumps abruptly
and enters another linear regime at a much higher transmitted intensity.

The two SEM images in Figure 5.6, taken before and after the experi-
ment, confirm clearly that the probe had been altered physically and ir-
reversibly during the experiment. The layer at the end face is completely
flawed and the gold mostly removed. The core of the fibre, which is visible
now, appears very grainy and lacks the smoothness it had gained by focused
ion beam milling. The aluminium layer that had covered the sides the fibre
probe, is faulty as well and exhibits a very grainy surface, potentially prone
to light leakage.

Principally, probe damage can occur due to thermal and mechanical
stress. A mechanical origin of the damage seen in Figure 5.6 can be ruled
out safely. If mechanical stress had been the reason, the fibre would exhibit
smooth breaking surfaces and edges. Very likely not only the coating of the
end face, but several micron of glass core would have broken off completely.
From the author’s experience, the SEM image taken after the experiment
shows a typical case of overheating of a near-field probe. This irreversible
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damage occurred when crossing the damage threshold. The steep jump in
transmissivity was the consequence of the destruction of the aperture.

Assuming a typical coupling efficiency of 5%1, the 8.7 mW inside the fibre
at the taper correspond to over 170 mW at the launch where the intensity is
routinely measured. As, in author’s experience, conventional NSOM fibre
break down at input intensities of 4 - 5 mW, the damage threshold improves
by over a factor 40×.

We attribute the higher damage threshold, which is equivalent to a re-
duction of the heat load on the metal coating, to the broader design of
the probe. First, the much larger surface of the probe reduces the optical
intensities on the coating and supports a better heat transfer away from
the very tip. Second, since at least one mode can still propagate inside the
tapered fibre, effective back-reflection into a propagating mode is possible,
which directly reduces absorption close to the tip.

Imaging Single Molecules

The high-throughput near-field probes may excel in transmissivity, how-
ever, they still have to prove an at least equal applicability and performance
in the imaging of single molecules as conventional NSOM probes.

Figure 5.7 shows a near-field image of single terrylene diimide (TDI)
molecules. The probe has been scanned over the sample with nanometric
accuracy, and the figure shows the fluorescence signal recorded during the
scan. The fluorescence spots of the two molecules presented in the insets
show a confinement to around 62 nm (FWHM) in both axis. This is slightly
larger than the nominal aperture diameter of 45±10 nm as determined from
SEM images of this specific fibre. This slightly larger size of the fluorescence
spot is attributed to the penetration of the electric field into the gold film
hosting the aperture, which increases the effective aperture size, and to the
finite aperture-molecule distance, that results in a certain spread of the
excitation field.

The reader may have some doubt whether a gold layer of about 110 nm
is sufficiently optically thick (see discussion on materials in Section 2.2).
If it were not, some light may leak through the coated part of end face
rather than being transmitted through the aperture. This would obviously
falsify any data taken with a particular probe. The signal-to-noise ratio of
the fluorescence trace of single molecules gives a good estimate of whether
leakage might be a problem. If the gold layer is indeed not sufficiently
thick, the fluorescence signal arising from excitation by leakage through
the gold layer should be comparable to the fluorescence signal arising from

1Since lasers usually provide more power than required for NSOM, a low efficiency can
be acceptable if the coupling in turn is very stable over time.
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Figure 5.7: Assessing Resolution and Sensitivity. The Near-Field im-
age of single TDI molecules with an aperture probe of 47 nm in diameter
reveals the improved resolution. The spatial widths of the fluorescence
spots are around 62 nm and reproducible for different molecules. All
scale bars are 100nm long.

excitation by the aperture alone. As it is clear from the fluorescence traces
in Figure 5.7, the excitation through the aperture dominates significantly
over the background signal and fluctuations. This is supported by a signal-
to-noise ratio of 20 : 4. Even though this argument cannot rule out leakage
through the gold layer altogether, the dominant signal arises clearly from
the aperture.

5.4 Conclusion – Suitable as a Near-Field Probe

The mayor advance successfully demonstrated in this chapter is the near-
field imaging of single molecules with apertures as small as only 45 nm
in diameter. The high-throughput near-field fibre probe is indeed capable
of imaging fluorophors reliably. The optical resolution exceeds that of the
conventional probe design by a factor two while providing a comparable
or even better brightness. In fact, the path towards smaller apertures and
higher resolution seems limited not by the transmissivity of the probe, but
rather by the finite penetration depth of the light into the metal, which
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effectively widens the aperture, and the resolution of the Focused Ion Beam
system.

It is important to recall that the throughput of a single aperture depends
inversely on the radius to the power of four. Thus, the factor two gained
in resolution while maintaining the level of brightness corresponds to an
increase in throughput by almost two orders of magnitude. The probes
fabricated successively in the conventional and the high-throughput design
demonstrate this gain convincingly, and comprehensive FDTD simulations
agree well with the experimental findings.

The modified probe design comes with a 40× higher damage threshold.
The wider base reduces the optical densities inside the fibre and improves
the heat transport from the very tip, which both reduces the heat load on
the coating. We have recorded maximum output powers of up to 28µW.

The high throughput and damage threshold stress the potential of this
probe design. Some reader may argue that this comes at the cost of a second
fabrication step of evaporation and FIB milling. The second fabrication
step may indeed consume some fabrication time, but can be accomplished
more easily with every new generation of deposition devices and FIB sys-
tems. A second remark may be that the apex of the fibre has a diameter
about twice as large as conventional probes which could be problematic
whenever a recording of the sample topography is wished. This is easily
addressed by placing a sharp feature like an optical monopole antenna near
to the aperture [26,37]2.

Applications, that may benefit from the high efficiency of the demon-
strated high-throughput near-field probe, may require either high resol-
ution e.g. in biology [163] or high intensities as for nonlinear interac-
tions [164–168].

2This can done easily by electron beam deposition. FIB milling as employed in the two
references might damage the coating of the end face.
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[128] U. H̊akanson, M. Agio, S. Kühn, L. Rogobete, T. Kalkbrenner, and
V. Sandoghdar. Coupling of plasmonic nanoparticles to their envir-
onments in the context of van der Waals-Casimir interactions. Phys.
Rev. B, 77:155408, 2008.

[129] C. E. Talley, J. B. Jackson, C. Oubre, N. K. Grady, C. W. Hollars,
S. M. Lane, T. R. Huser, P. Nordlander, and N. J. Halas. Surface-
enhanced Raman scattering from individual Au nanoparticles and
nanoparticle dimer substrates. Nano Lett., 5(8):1569, 2005.

[130] T. Atay, J.-H. Song, and A. V. Nurmikko. Strongly interacting plas-
mon nanoparticle pairs: From dipole-dipole interaction to conduct-
ively coupled regime. Nano Lett., 4(9):1627, 2004.

[131] L. Chuntonov and G. Haran. Trimeric plasmonic molecules: The role
of symmetry. Nano Lett., 11:2440, 2011.

[132] K. Li, M. I. Stockman, and D. J. Bergman. Self-similar chain of metal
nanospheres as an efficient nanolens. Phys. Rev. Lett., 91(22):227402,
2003.

[133] N. Yamamoto, S. Ohtani, and F. J. Garćıa de Abajo. Gap and mie
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