Automated dual-tip scanning near-field
optical microscope for investigation of
nanophotonic systems

Dissertation
zur Erlangung des akademischen Grades

doctor rerum naturalium (Dr. rer. nat.)

vorgelegt dem Rat der Physikalisch- Astronomischen Fakultét

der Friedrich-Schiller-Universitat Jena

von Msc. Photonics. Najmeh Abbasirad

geboren in Zahedan, Iran



Gutachter:

1. Prof. Dr. Thomas Pertsch, Friedrich-Schiller-Universitiat Jena

2. Prof. Dr. Achim Hartschuh, Ludwig-Maximilians-Universitdt Miinchen
3. Prof. Dr. Lukas M. Eng, Technische Universitat Dresden

Tag der Disputation: 04.07.2022



Table of Contents

Chapter 1 Introduction . . . ... ... ... .. ... ... 1
Chapter 2 Fully automated dual-tip SNOM . . . . . ... ... ... 10
2.1 Optical setup and electronics for automated dual-tip SNOM . . . . . 12
2.2 Working principle of the automated dual-tip SNOM . . . . . ... .. 14
2.3  Minimum distance and relative position of two tips . . . . . ... .. 19
2.4 Near-field measurements of nanostructured samples . . . . . . .. .. 20
Chapter 3 Automated dual-tip SNOM stability assessment . . . . 23
3.1 Tuning forks as weakly coupled osicllators . . . . .. ... ... ... 23
3.2 Investigation of the oscillation amplitude of the excitation tip . ... 25
3.3 Investigation of the avoidance threshold . . . . . . . . ... ... ... 28
3.4 Automated dual-tip scheme for different types of tips . . . . .. ... 29
Chapter 4 Dipolar emission from aperture tip . . . . ... ... .. 31
4.1 Fundamentals of surface plasmon polaritons . . . . . ... ... ... 33
4.2  Excitation of SPPs by aperture SNOM tips . . . . . .. .. ... ... 35

4.3 Polarization characteristic of bent aperture fiber tips . . . . . . . .. 37



4.4 Excitation and detection through tilted aperture fiber tips . . . . . . 40

4.5 Modeling the emission from an aperture tip . . . . . .. .. ... .. 42
4.6  Maps of near-field emission from different aperture tips . . . . . . . . 45
Chapter 5 Dipolar emission near the edge of a gold platelet . .. 52
5.1 Dipolar emission at an air-metal interface . . . . . . . .. .. ... .. 53
5.2 SPP excitation near the edge of a gold platelet . . . . . . . .. .. .. 55}
Chapter 6 Dipolar emission near a dielectric metasurface . . . . . 60
6.1 Partial local density of optical states . . . . . .. ... .. ... ... 61
6.2 Spatial and spectral near-field measurements near a metasurface . . . 63
6.2.1 Near-field pattern spectral dependence . . . . . ... ... .. 64

6.2.2 Near-field pattern spatial dependence . . . . . . . . ... ... 68

6.3 Integrated measured near-field intensity and partial LDOS . . . . .. 76
Chapter 7 Summary and outlook . . .. .. ... ... .. ... .. 82
Appendix A Zusammenfassung . . . . . . ... ... 86
Appendix B Publications . . . . . . . ... .00 88
Appendix C Acknowledgement . . . . . . ... ... .. ... .. .. .. 90
Appendix D Ehrenwortliche Erklarung . . . . . . . .. ... ... ... 92

Bibliography . . . . . . . . . 94

il



Introduction

The human curiosity about nature and our surrounding environment arises primarily
from visual perception. Amid the scientific revolution, visual observation was re-
garded as the ultimate methodological approach in terms of reliability. However, a
variety of natural phenomena are at scales that human eyes cannot perceive, whether
far-distanced stars and planets or tiny elements with subatomic sizes. The evolu-
tionary process of explaining such physical phenomena has always been tied to the
development of optical instruments. The explanation of physical phenomena was
evolved from philosophical assumptions in ancient times to the current state of com-
plex experiments to verify theoretical models. Many theoretical models that account
for physical phenomena in nature have gained credibility through experiments. The
close link between systematic experiments using the state-of-the-art instruments and
conceptualizing new ideas according to those experiments underpins the growth of
natural sciences.

One of the instruments that revolutionized the research in natural sciences is the
optical microscope. Optical microscopes are indispensable imaging devices to study
optical phenomena in scales that human vision is blind to observe. The ability of
optical microscopes to resolve details of objects is described by the optical resolution.
By definition, the optical resolution is the shortest distance between two point-like
objects that can still be resolved with a microscope. It has long been acknowledged
that optical microscopes have limited resolution due to the diffraction limit of light.
Hence, ideas to break the diffraction limit until their implementation have a history
of a century [1,2].

The resolution of optical microscopes depends on the numerical aperture (NA)

of the objective and the illumination wavelength. The Rayleigh criterion describes
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Figure 1.1: Schematic of the proposed idea by Synge to overcome the diffraction limit.
The opaque metal film with a subwavelength aperture D < g scans the sample at
a distance H < Ag. The diameter of the aperture is D and \g is the illumination
wavelength.

the diffraction limit of an optical microscope as Ax = m’lI—OA, where )\g is the illumina-
tion wavelength in free space and the numerical aperture NA = nsina relies on the
refractive index of the medium n, and its maximum collection angle « of the micro-
scope objective [3]. Thus, the detection and illumination of light always suffer from

a so-called diffraction limit when microscope objectives are involved.

A plane wave in free space follows the dispersion relation k = \/ ko2 + k‘y2 + k.2
with the wave number k£ = i—’or [4]. If a plane wave illuminates a subwavelength
structure and the wave vectors of the scattered light from the subwavelength structure
are characterized by k.2 + ky2 < k2, the scattered light propagates in free space where
it can be collected by an objective. If the wave vectors of the scattered light fulfill the
condition kx2+ky2 > k2; they give rise to evanescent waves, which decay exponentially
at a small distance away from the sample plane. These evanescent waves contain high
spatial frequency information associated with subwavelength features of the sample.
The origin of the diffraction limit is related to evanescent waves. Therefore, the
detection of evanescent waves is the key solution to circumvent the diffraction limit [5].

In 1928, as a prime example of a person being ahead of time, Synge proposed
to image through a subwavelength aperture in an opaque screen that scans within a
small distance from the sample (Fig. 1.1). Synge’s idea is based on the excitation
of evanescent waves. Through a spatially confined aperture, mostly evanescent waves
are excited with wave vectors larger than those allowed with propagating plane waves.
When these evanescent waves interact with the sample, they provide high spatial fre-
quency information about the optical properties of the sample. However, at that time,
a lack of precise positioning technique and appropriate illumination source hampered
the realization of Synge’s idea [6]. After the invention of the scanning tunneling mi-

croscope [7], nanoscale positioning technology became available. The first near-field
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Figure 1.2: Schematics of different SNOM operation modes (a) Illumination (b) Col-
lection (c¢) [lumination-collection (d) Dual-tip SNOM.

scanning optical microscope (SNOM) was realized in 1984 [8,9]. A tapered quartz
rod with a metallic coating was used as an alternative to an aperture in an opaque
screen [8]. Since then, tapered optical fibers with a metallic coating and a small aper-
ture left uncoated at the apex have become the most commonly used SNOM tips [10].
The aperture fiber tip attached to a piezoelectric tuning fork oscillates with the reso-
nance frequency of the tuning fork while approaching the sample to perform near-field
measurements. After a safe tip approach, the aperture tip raster scans the sample
surface and excites or collects evanescent waves in the near field. The resolution of
the aperture tip SNOM depends on the aperture diameter, and its distance from a
surface [11-13].

The emergence of near-field optical microscopy coincided with the development
of nanofabrication technologies to scale down and miniaturize dielectric and plas-
monic nanostructures beyond the diffraction limit [14-16]. A variety of nanophotonic
systems using photons instead of electrons as information carriers were proposed in
response to demands for faster and smaller photonic devices.

To investigate different optical properties of these subwavelength nanostructures,
various SNOM configurations were suggested [17,18]. Figure 1.2 illustrates different
schemes of SNOM operation modes. In the illumination mode (Fig. 1.2(a)), the
aperture tip illuminates a sample through a subwavelength aperture. The evanes-
cent waves that pass through the sample or scattered are collected with a microscope
objective in the far field. The aperture tip in illumination mode has been widely
used to characterize plasmonic nanostructures [19]. The advancement in the field of
plasmonics is intertwined with SNOM measurements. The emitted radiation from
an aperture tip near a gold or silver film acts as a point source for the excitation of
surface plasmon polaritons (SPPs). The scattering, reflection, or interference of SPPs
due to the structured plasmonic material is manifest in the modified emission pat-

tern [20]. The theoretical model for describing the emission from the subwavelength
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Chapter 1. Introduction

metallic aperture in both near and far field was proposed by Bethe and Bouwkamp
using diffraction theory [21,22]. Because of the similarity of the aperture tip with a
subwavelength aperture in the metallic film, several studies were carried out in the
far field and near field to investigate the electromagnetic field distribution near the
aperture tips [23-25] or subwavelength aperture in the metallic film [26]. All those
measurements confirmed that the emission from the aperture tip resembles the dipo-
lar source radiation. However, the combination of electric and magnetic dipoles to
model a particular aperture tip relies on the tips’ geometry and materials used in
fabrication. [27-30]. As long as aperture SNOM tips are not identical, properties
of dipolar emission from the individual aperture tip needed to be characterized for
polarization-resolved near-field measurements.

In one of the breakthrough experiments using the SNOM in illumination mode,
grafting a fluorescent molecule on the apex of the SNOM tip resulted in a more
confined illumination source to image a subwavelength nanostructure [12]. This mea-
surement inspired more near-field experiments based on active probes including fluo-
rescent molecules [31,32], nanocrystal quantum dots [33,34], nitrogen-vacancy color
centers [35-37], and rare-earth atoms [38], grafted at the extremity of the SNOM tip.
If a quantum emitter is attached to the apex of the SNOM tip, a more confined point
source or a higher resolution near-field image can be achieved [13]. To understand the
image formation in the illumination mode SNOM, aperture tips and active probes are
viewed as dipolar sources [25,28,39-41]. In this regard, the local density of optical
states (LDOS) of the surrounding medium is the quantity to be investigated when it
comes to the radiated power of a dipole in the classical picture or the spontaneous
decay rate of active probes in the quantum picture [42].

In the classical picture, LDOS quantifies the number of available modes in the
medium for a particular oscillation frequency and dipole position. The near-field
intensity distribution is the result of all excited modes due to the dipolar emission
from the aperture tip. Moreover, the dipolar emission from the aperture tip mimics
a dipole radiation. Hence, the LDOS of a nanostructured sample is the most relevant
quantity to describe the obtained image in the illumination mode [43,44]. Since the
emission from quantum emitters or aperture tips has vectorial nature, only the partial
LDOS can be measured in the illumination mode [45]. The partial LDOS indicates
how strong is the interaction of a dipole having a specific orientation with each of the
excited modes in its surrounding environment [42]. The subwavelength characteristics

of the nanostructures leads to the nonradiative modes dominating the partial LDOS in



the near field [43,45]. To map the LDOS of nanostructures using a single SNOM tip,
in illumination mode, the radiative components of the transmitted light are filtered,
and thus the angular detection of evanescent waves is carried out in the far field. The
corresponding collected intensity map is the partial LDOS of a nanostructure at the
excitation position [45-47]. However, if an aperture tip is employed for partial LDOS
measurements, its dipolar emission pattern in the near field should be characterized
in advance [48]. The map of LDOS obtained using illumination SNOM or lifetime
imaging of active probes [31] provides information regarding a position and frequency
where the radiation is enhanced or suppressed. However, no near-field information
regarding the electromagnetic field distribution due to a quantum emitter interaction
with a photonic system is accessible in the illumination mode.

Currently, real-world applications of quantum technology emerge from the quan-
tum photonics research. In this regard, single photon sources are critical components
for quantum information processing [49,50] and quantum sensing [51-53]. The real-
ization of efficient single-photon sources requires the enhancement of the spontaneous
decay rate of quantum emitters. When a quantum emitter is placed near photonic
nanostructures [54] such as nanoantennas [32,55,56], photonic crystal cavities [57,58],
or metasurfaces [59], their spontaneous decay rate is modified resulting in the en-
hancement of their power radiation in the far field. Accordingly, nanoantennas with
different geometries can be grafted at the extremity of the SNOM tip to enhance
the electric or magnetic spontaneous decay rate of quantum emitters [60,61]. Quan-
tum emitters can also be utilized as tip-based quantum sources of light [62]. In fact,
research toward the realization of quantum photonics systems requires the precise
positioning of quantum emitters as single-photon sources [63]. The spin-orbit inter-
action of light was reported using the emission from the aperture tip with left or
right handed circular polarization to control the directional mode propagation in a
photonic crystal waveguide [64].

Figure 1.2(b) shows the collection-mode SNOM, which was used shortly after the
realization of the illumination-mode SNOM to image beyond the diffraction limit
in the near-field. In the collection-mode SNOM, light is often focused on the sam-
ple through an objective, and the aperture tip maps the near-field distribution over
a sample. SPP modes in plasmonic interfaces, waveguides, or nanostructures have
been mapped using the aperture SNOM [65-71]. The development of 2D photonic
crystals is also owed to SNOM measurements. Near-field measurements of the elec-

tric and magnetic field distribution near photonic crystal cavities and waveguides
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have been carried out with the collection-mode SNOM [72-74]. Furthermore, it was
demonstrated that the presence of a SNOM tip shifts the resonance wavelength of
high-quality factor photonic crystal microcavities, and it can tune the resonance wave-
length in photonic crystal cavities [75-77]. The collection mode also provides direct
access to the near field of complex or disordered dielectric media. In this regard, the
role of correlated disorders in the enhancement of light-matter interaction has been
investigated [78,79].

Figure 1.2(c) demonstrates the illumination-collection SNOM where the excitation
and detection are carried out through a single tip. When it comes to investigating
quantum emitters integrated into nanophotonic systems, the illumination-collection
mode is the main used SNOM configuration. In the illumination-collection mode, light
typically illuminates a sample through an uncoated tip, and the scattered photolumi-
nescence signal from quantum emitters reaches the detector through the same fiber
tip. SNOM with just a single tip has enabled the spectral measurement in the near
field of quantum emitters embedded in photonic crystal cavities [80,81]. Typically,
an uncoated fiber tip is used to excite and detect the evanescent light through the
same fiber to measure the spectral dependence of the LDOS. The imaginary and real
part of the electric and magnetic mode volume of photonic crystal nanocavities were
also measured using SNOM operating in the illumination-collection mode [82, 83].
Similarly, illumination-collection SNOM has mapped the Anderson localization and
speckle pattern in the near field of disordered photonic crystals where light interfer-
ence leads to a random mode confinement with a small spatial extent [84,85]. While
the illumination-collection mode of SNOM is a proper technique to measure the spec-
tral dependence of LDOS, the spatial measurement of LDOS using this technique
leads to low resolution because of the scattered light, which is collected not only from
the sharp end of the tip but also through the shaft of the fiber tip. Thus, it is not
feasible to map the spatial extent of the excited modes at a particular position with
a single tip in illumination-collection mode.

The spatial extend of excited modes in complex structured media is described
by the spatial correlation function due to the near-field distribution of the excited
modes [86]. Near-field spatial correlation functions of a random medium are governed
by the imaginary part of the dyadic Green’s function [79]. The dyadic Green’s function
describes the near-field response of any photonic system to an electric or magnetic
dipolar source. In complex and random photonic systems such as random lasers,

light undergoes multiple scattering resulting in localized modes or modes with the



limited spatial extent [87]. The cross density of states (CDOS) accounts for the
spatial coherence between the point source dipole and the point of interest in random
or disordered nanostructures and is obtained from the imaginary part of the Green’s
function [87-89]. LDOS is also defined mathematically as the imaginary part of the
dyadic Green’s function [42]. If the dyadic Green’s function of a photonic system
is known, one can calculate the electromagnetic field components for any arbitrary
current distribution. Nevertheless, the amplitude and phase of the electromagnetic
near-field components should be known with a high spatial resolution to construct
Green’s function of nanophotonic systems. While microwave measurements of the
Green’s function have been recently reported [90], the measurement for the visible and
near-infrared spectrum has not been addressed yet. Thus, introducing a technique
that enables the dyadic Green’s function measurement, can provide powerful means
to understand the underlying physics of optical phenomena in complex and random
photonic systems.

The dual-tip SNOM is a promising instrument that potentially can measure the
dyadic Green function of the photonic systems in visible and near-infrared spectra.
The dual-tip SNOM using two aperture tips provides both point source excitation
and point detection below the diffraction limit (Fig. 1.2(d)). In perspective, the in-
tegration of phase-sensitive measurement into the dual-tip SNOM setup would even
allow full vectorial measurements of all electromagnetic field components in the near-
field [91]. Despite it’s versatility, the dual-tip SNOM rarely has been used due to
the complexity of the operation and interpretation of the mapped data. The idea
of using two SNOMs for near-field measurements was first introduced by Dallapicola
et al. to measure the propagation length of surface plasmon polaritons (SPPs) on
a gold waveguide [92]. Since then, the dual-tip SNOM has been utilized mostly for
plasmonic studies, including mapping the near-field interference pattern of SPPs on
a ring-shaped groove [93], the characterization of SPPs modes in plasmonic waveg-
uides [94] and nanowires [95]. The effect of the excitation tip position on the strength
of the excited modes in a multi-mode plasmonic waveguide was explored by exci-
tation and detection in the near field [96]. Moreover, it was dual-tip SNOM that
allowed for the first time mapping of a dipolar emission from the aperture tip through
the near-field of SPPs on a gold film [48]. In the most recent study the dual-tip
SNOM measured the temporal waveform of an ultrafast SPP pulse propagation on a
gold film [97]. Apart from the characterization of plasmonic structures, the dual-tip

SNOM visualized the local carrier dynamics in a single quantum well [98,99]. In an
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ideal dual-tip SNOM, the excitation tip illuminates a desired area of a sample. The
detection tip automatically scans the entire area around the excitation tip and maps
the optical near field while avoiding any collision with the excitation tip. Principles
of a collision prevention scheme to control a distance between the excitation and de-
tection tip has already been demonstrated in our group [100]. In this regard, the
dual-tip SNOM was used to measure a dipolar emission from an aperture tip, and the
near field distribution of SPP modes in plasmonic waveguides [101]. However, a user
intervention was essential for all near-field measurements to prevent the collision of
two tips. Moreover, to obtain a near-field map of the entire area around the excitation
tip, several configurations of two tips relative to each other were essential. In other
words, several scans were required to obtain a single map of the near-field optical
information around the excitation tip [48].

This thesis presents the first realization of a fully automated dual-tip SNOM,
which overcomes the limitations of previous techniques and unleashes the capabilities
of the dual-tip SNOM to measure the near-field of plasmonic and dielectric nanostruc-
tures. The thesis is structured as follows: Chapter 2 describes the instrumentation
and optical setup of the first fully automated dual-tip SNOM. Implementing a col-
lision prevention scheme for automating dual-tip SNOM measurements, utilizing a
digital SNOM controller, is thoroughly explained. The scan parameters particular to
automated dual-tip SNOM are introduced. In Chapter 3, the stability and robust-
ness of the automated dual-tip SNOM for different scan parameters are discussed.
Moreover, the feasibility of automated scans for the combination of different scan-
ning probes is investigated. Chapter 4 is devoted to characterizing the emission from
excitation aperture tips through the near-field pattern of SPPs at an air-gold inter-
face. Polarization of the dipolar emission from an aperture tip was explored. Three
pairs of excitation and detection tips were employed to compare the mapped near-
field patterns showing different dipolar emission. We observed the first directional
SPPs pattern excited by a emission from the aperture tip. Chapter 5 is dedicated to
investigating a dipolar emission from the excitation tip on the edge of a hexagon-like
gold platelet. The image dipole method was employed to analytically calculate the
measured near-field interference pattern of the SPPs. The results of both analytical
calculation and numerical simulation are discussed. In Chapter 6, the dipolar emis-
sion from the excitation tip is investigated near a silicon nanodisk metasurface. We
have observed the spatial and spectral dependence of the measured near-field pat-

terns corresponding to different excitation wavelengths as well as different excitation



positions relative to the metasurface. A relation between the integrated near-field
intensity over the scan area and the normalized power radiated by a classical dipole

at the same position of the excitation tip is explored.



Fully automated dual-tip SNOM

Dual-tip scanning probe microscopes (SPMs), such as scanning tunneling microscope
(STM) and scanning atomic force microscope (AFM), have already been proven as
essential instruments for nanomaterial characterization and manipulation [102, 103].
To this end, a single-tip SNOM was utilized in combination with other scanning
tip microscopes, e.g., atomic force and scanning electron microscopes (SEM) [104].
Despite the capability of the dual-tip SNOM to excite and detect simultaneously below
the diffraction limit, only a few dual-tip SNOM measurements at visible wavelength
have been reported so far [48,92,93,95,96]. The reasons originate from technical
challenges that should be addressed for robust dual-tip SNOM measurements. Robust
measurements require distance control between the excitation and detection tip. Since
the first demonstration of dual-tip SNOM, the collision between two tips has been the
main impeding factor for its further development.

Different approaches have been employed to reduce the tips’ collision and damage
during scans. In the first measurement by the dual-tip SNOM configuration to prevent
the collision between the two tips, a user manually stopped the detection tip once the
excitation tip appeared in the mapped topography [92]. However, the manual stop of
the detection tip using the topography image increases the chance of damage between
the excitation and detection tip. Moreover, a sample containing features with different
height might cause a misinterpretation and early stop of the detection tip. Above all,
the forced stop of the detection tip does not allow a complete scan of the area around
the excitation tip. Another scheme to control the distance between two tips is based
on the mechanical interaction of tuning forks as weakly coupled oscillators [100]. A
fiber aperture tip is glued to one prong of a tuning fork while another prong is fixed

to the cantilever as it is shown in Fig. 2.1. The oscillation of the tuning forks results
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Figure 2.1: Dual-tip SNOM configuration. Two bent fiber tips attached to the tuning
forks positioned in proximity of each other. The tapered region of fiber tips makes
the angle 6 relative to the surface normal.

in mechanical coupling between the excitation and detection tip when they laterally
approach. In the proposed collision prevention scheme, the mechanical coupling was
used as a signature of the tips’ proximity [100]. Thus, a lock-in amplifier (LIA) was
used to demodulate the oscillation amplitude of one tuning fork at the resonance
frequency of the other. An abrupt increase of the LIA output is a sign for users
to stop the detection tip before the excitation tip appears in a topography image.
Nevertheless, the user intervention is still required. Furthermore, reconfiguration of
the detection tip enables scanning from left or right toward the excitation tip covering
a larger scan area around the excitation tip [48]. On the other hand, at least three
scans with different dual-tip configurations were necessary to build one near-field
image, which is cumbersome in practice. These challenges must be addressed to
establish the dual-tip SNOM as a standard near-field microscopy technique. In the
ideal dual-tip SNOM, the detection tip should automatically map the optical near-
field around the excitation tip just with one scan without user intervention to stop
the scan or change the position of a detection tip.

To automate the dual-tip SNOM, the first step is to enhance the overall signal-to-
noise ratio (SNR) related to electronics and the controller of the setup. In doing so,
we replaced controllers and electronics of two SNOMs connected with many cables,
with a fully digital SPM controller capable of controlling both SNOMs concurrently
(R9, RHK Technology, Troy, Michigan, USA). The full integration, removing unnec-
essary interconnecting cables, leads to reduction of the overall electronic noise of the
system. Furthermore, all electronics and hardware inside the controller are software
configurable and in one housing. The digital controller converts analog oscillation am-
plitude signals from excitation and detection tips immediately to digital signals before
any further process. The early conversion of analog signals to digital signals makes
the oscillation amplitude signals immune to external noises and electronic crosstalk,
critical factors in automating the dual-tip SNOM.

Moreover, all input signals are processed simultaneously by a field-programmable

11
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gate array (FPGA). The FPGA enables a fast response of the controller and facilitates
the implementation of the automated scan. In a fully automated dual-tip SNOM, the
excitation tip is stationary, and the detection tip automatically maps the near-field
optical information around the excitation tip without any collision with the excitation
tip.

This chapter presents the first fully automated dual-tip SNOM, which works in
both visible and near-infrared wavelengths and is also capable of measuring structured
photonic systems. In Section 2.1, the optical setup and electronics of the automated
dual-tip SNOM are explained. The implementation of the collision prevention scheme
is presented in Section 2.2. In Section 2.3, I define the parameters which are specific
to the dual-tip SNOM and are essential to understand acquired images by the setup.
The last section of this chapter highlights the capability of the dual-tip SNOM to
robustly measure the near-field of a silicon nanodisk metasurface as a nanostructured

sample.

2.1 Optical setup and electronics for automated dual-tip SNOM

Aperture tips (Nanonics Imaging Ltd) are the key components in the dual-tip SNOM
setup. In their fabrication process, first, the optical fiber is heated and pulled to form
a tapered region with a conical shape. Then, a fiber bend is imposed by an infrared
laser leading to the bent angle of 120°. In other words, the fiber tip makes the angle
6 = 30° with the surface normal (Fig.2.1). A chromium adhesion layer and then 200-
300 nm of evaporated gold coats the tapered region of the fiber while a subwavelength
aperture at the tip apex is left uncoated. The gold coating thickness is larger than
its skin depth to prevent light leakage before reaching the aperture exit. In the final
step, the fiber aperture tip is glued to one prong of a tuning fork allowing the fiber to
oscillate with the same resonance frequency as the tuning fork. Another prong of the
tuning fork, however, is glued to a cantilever. The tuning fork is required to adjust
the fiber tip height during the scan.

The cantilever is mounted on a SNOM scanning head (MV-4000, Nanonics Imag-
ing Ltd). Each SNOM head comprises a stepper motor inside the housing and a flat
piezoelectric scanner where the cantilever is mounted. The stepper motor is used to
move the tip coarsely along the xyz axes before scans. For fine lateral and vertical dis-
placements of the tip, the flat piezoelectric scanner is utilized. The coarse positioning
of the sample on a custom-designed stage is performed by a piezo slip-stick positioner

(Smaract SL-17). In addition, a subnanometer sample displacement relative to the
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Figure 2.2: The dual-tip SNOM optical setup. The optical path A with the polariza-
tion controller to manipulate the polarization of the beam coupled to the excitation
fiber tip. The optical path B is used for far-field excitation when just a single tip is
used for near-field measurements in the collection mode.

excitation tip is carried out by a closed-looped piezo stage (PI 542.2). Nonetheless,
a mechanical and thermal drift of the excitation and detection scan heads during
lengthy measurements is inevitable with current conditions of the setup.

The optical setup of the dual-tip SNOM is composed of two optical microscopes.
The upright microscope (Zeiss AxioScope Al) enables observation from above and
has manual translation to displace the microscope along z, y, and z. Additionally,
an inverted optical microscope (Zeiss AxioObserver D1) allows observation and laser
coupling from beneath the sample. The upright microscope is equipped with a charge-
coupled device (CCD) camera to provide a live image of the sample and the aperture
tips. For measurements in the visible or near-infrared, the objective and camera
are adapted to the used wavelength. A light-emitting diode (LED) of the upper
microscope is replaced with a quartz tungsten halogen lamp covering both visible and
near-infrared wavelengths. The light sources for illumination through excitation tip
are continuous wave (CW) lasers. A single wavelength HeNe laser, coupled to the
end of the excitation tip’s fiber, is used for the sample illumination at wavelength
A = 633 nm. A near-infrared laser that can be tuned between A = 1490 — 1650 nm
(Tunics Reference, Anritsu), can be utilized for near-field measurements within the
near-infrared spectrum. Consequently, two single-photon detectors that are sensitive
to visible wavelengths (PerkinElmer SPCM-AQR) and near-infrared wavelengths (ID
Quantique 1D220) are employed for visible and near-infrared measurements.

Figure 2.2 illustrates two different optical paths which are used in dual-tip SNOM
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Chapter 2. Fully automated dual-tip SNOM

measurements and collection mode measurements with a single tip. In the optical path
A, a fiber polarization controller connected to the excitation tip alters the polarization
of the light couples to the excitation aperture tip. For using the single tip SNOM for
the collection mode in the visible or near-infrared spectrum, the necessary optics are
adapted to the corresponding wavelengths in optical path B (Fig. 2.2, ) consisting of
a polarizer and half-wave plate to rotate the polarization of an incident beam for the
far-field illumination.

Before starting near-field measurements, the stepper motors displace the excitation
and detection tip until they are within the camera’s field of view. The slip-stick
positioner displaces the sample so that both tips and the desired area of the sample
can be observed by the camera. A smaller aperture with a shorter distance from the
sample surface results in a higher resolution near-field map. However, there is always a
compromise between the transmission and the resolution of aperture tips. The larger
aperture with higher transmission efficiency leads to the near-field optical image with
lower spatial resolution [105]. Hence, the diameter of the aperture can not be reduced
arbitrarily. The transmission is especially important in the dual-tip SNOM, where
the transmitted light through the aperture of the excitation tip is scattered from
the sample and is coupled to the fiber by means of a subwavelength aperture of the
detection tip. The power of the scattered light coupling to the detection tip when
reaching the detector is 1072 — 1072 of the input laser power coupled to the excitation

tip [101].

2.2 Working principle of the automated dual-tip SNOM

Figure 2.3 shows the schematic of electronics in the dual-tip SNOM setup. The z
feedback loops control the displacement of SNOM tips toward the sample. To do so,
the controller applies sinusoidal voltages to piezoelectric tuning forks at their funda-
mental resonance frequencies. The fundamental resonance frequencies of the tuning
forks are in a frequency range between 32-45 kHz. The excitation and detection tips
oscillate with the fundamental resonance frequencies f. and fy, respectively. Each
tuning fork with the fiber tip oscillates with an amplitude proportional to the am-
plitude of the applied voltage. The tuning forks and fiber tips oscillate vertically in
the tapping mode in which the oscillation amplitudes of the tips are large compared
to the range of the effective forces originating from the sample surface [106]. When
the electrical voltage is applied, it induces mechanical oscillations to the piezoelec-

tric tuning forks leading to oscillating charges measured as an electric current by
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Figure 2.3: Schematics of control electronics for the automated dual-tip SNOM. The
signal from the detection tip is associated with green color and red color is linked to
the signal from the excitation tip. Dashed lines represent purely digital signals.

the controller. The transimpedance amplifier converts the current to a voltage. The
controller digitizes the voltage before an internally integrated digital lock-in amplifier
demodulates it. The digitized voltage from each tip is sent to the corresponding LIA.
Two LIAs demodulate the signal from the tuning forks at their respective resonance
frequency. The ultra-ADC, which converts the analog signal of tuning fork’s oscilla-
tion amplitude to digital signal, can regenerate the voltage signal with the highest
accuracy. During the approach of the oscillating tip attached to the tuning fork to-
ward the sample, the oscillation amplitude is continuously compared to the setpoint
value of the Z feedback loop to control the tip’s safe approach. The corresponding
setpoint is determined according to the oscillation amplitude of the excitation and
detection tip when they are far from the sample. The setpoint is usually set to 90%
of an unperturbed oscillation amplitude. Within the optical near-field region, the tip
oscillation is perturbed by the normal forces from the sample surface. As a result, the
oscillation amplitude drops, and once it meets the setpoint, the controller stops the
tip’s approach toward the sample. For the rest of the measurement, the height of the
excitation and detection tip is adjusted with the respective Z feedback loop.

The excitation tip is typically placed at the desired position of the sample within
the scan window, i.e., the area where the scan is carried out. The detection tip

scans the sample pixel by pixel within the scan window. The time per pixel for the
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Chapter 2. Fully automated dual-tip SNOM

detection tip is typically set to 20 ms. One can increase the integration time in the
controller’s software by increasing the time that the detection tip spends at each pixel
to acquire the near-field signal. However, the cost that must be paid for increasing
the integration time is a longer scan.

The FPGA simultaneously processes the digital data from different components
inside the controller to improve the system’s response time when tips are coupled
mechanically. The dual-tip SNOM requires a third LIA to implement the automated
scan. The output signal of this LIA is called ”crosstalk” signal. The crosstalk signal
is the oscillation amplitude of the detection tip demodulated at the resonance fre-
quency of the excitation tip. When two tips are far from each other, the crosstalk
signal is at the noise level and is called "base crosstalk signal,” which depends on
the oscillation amplitudes of the excitation and detection tips. During the scan, each
tuning fork oscillation increases air perturbation, which acts as an external force on
the other tuning fork giving rise to their weak coupling [100]. When the detection
tip approaches the excitation tip, a smooth increase of the base crosstalk signal is ob-
served [107]. Once the detection tip is within the shear forces region of the excitation
tip, their mechanical interaction is much stronger, and the crosstalk signal increases
significantly. The sudden increase of the crosstalk signal indicates that the further
scan of the detection tip must be avoided. Therefore, the crosstalk signal is a reliable
indicator for implementing the automated dual-tip SNOM [100].

We introduced a function in the controller’s software to enable the automated
scan. The function’s input is the predefined threshold value that is set according to
the base crosstalk signal. The detection tip stops scanning when the crosstalk signal
exceeds the threshold value. The detection tip scan is typically performed with a time
per pixel of 20 ms. Once the crosstalk signal exceeds the threshold, the remaining
pixels of the scan line is filled with a very short time per pixel of 2 ps. Finally, the
detection tip sweeps back and continues scanning the next line. A parabolic-like region
of irrelevant data is built up due to the presence of the excitation tip within the scan
window. This region is called ”avoidance area”. All acquired signals (topography,
optical, crosstalk and etc.) within the avoidance area are meaningless and they are
needed only to meet the conditional scan logic of the program. Thus, during image
processing the pixels within the avoidance area are set to zero.

Figures 2.4(a) and (b) illustrate the schematics and the corresponding topography
signal on a gold film for scan directions along the = axis and y axes. In Fig. 2.4(a),

the detection tip scanned the sample along the x axis. The start point of the scan
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Figure 2.4: Schematics of the dual-tip SNOM for the scan directions along the (a) x
and (b) y axes. The corresponding topography images on a gold film are shown next
to the schematics. The red dashed arrows denote the direction and position where the
detection tip starts scanning. The red dashed parabolic curve denotes the boundary
of the respective avoidance area in both schematics and map topographies.

is the start point of the red arrow in both schematic and topography map. Since
the detection tip scans from the opposite direction of the excitation tip, it can map
the whole area around the excitation tip. The boundary of the avoidance area is
highlighted by the red dashed parabolic curve. In Fig. 2.4(b) the detection tip
approaches the excitation tip from the side along the y axis. As a result, the avoidance
area no longer shows a parabolic shape, and the detection scan cannot map the near-
field on the other side of the excitation tip. Selecting the scan direction depends on
the position of the desired area on the sample relative to the excitation tip.

The well-defined boundaries of the avoidance area approved the robustness of the
measurements by the automated dual-tip SNOM [99].

More factors have been taken into consideration to realize the fully automated and
robust dual-tip SNOM when compared with the first attempt to automate a dual-
tip SNOM [99]. Kaneta et al, utilized excitation and detection tips with the same
resonance frequency 32.7 kHz, oscillating parallel to the sample. In their technique to
control the distance between the two tips an extra oscillation frequency was required
to implement the heterodyne technique. The extra oscillation frequency of 100 Hz
that was applied to the detection tip gave rise to an additional oscillation parallel
to the sample and perpendicular to the direction of the detection tips’ resonance
oscillation. However, a relatively large oscillation amplitude limited the resolution of
acquired images. In other words, the tip covered a larger area due to the additional
motion; therefore, the pixel size was larger. Moreover, tips’ distance from a sample
was considered to be constant during scans which in turn limited their technique

only to flat surfaces. However, as it was seen in the automated dual-tip SNOM there
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Figure 2.5: Automated dual-tip SNOM configuration (a) Schematic of the excitation
and detection tips at the minimum distance from each other. The white parabolic
region is the avoidance area, and the red dashed curve indicates its boundary. 6, and
04 are the angles that excitation and detection tips make with the surface normal,
respectively. The red double-sided arrow corresponds to Ax.q, a distance from the
outer edge of the detection tip to the center of the excitation tip’s aperture. The purple
double arrow D,,;, is the minimum distance between the center of the excitation and
detection tips’ apertures. SEM images of the excitation and detection tips used in
the mapped topography in (b). (b) Topography map of a gold film with a photoresist
on top. (c) The SEM image of the mapped topography in (b). The boundary of
the avoidance area is evident in the SEM image. The hole within the avoidance area
denotes the illumination spot size.

is no need for an extra oscillation frequency, and the fundamental frequency of the
tips is used to implement the automated collision prevention scheme. The resonance
frequency of the tips (30-45 kHz) leads to almost 300 times faster detection speed
of the lock-in amplifier when compared with a demodulation signal with oscillation
frequency of 100 Hz. Furthermore, demodulation of low-frequency signals is more
susceptible to electronic and vibrational noise interference, which negatively affects

the distance control between the two tips and the overall stability of the scan. The
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2.3. Minimum distance and relative position of two tips

speed of data processing is another important factor in realizing the robust automated
dual-tip SNOM, which is only feasible by using the fully digital controller. The digital
controller in our setup can be set up at 50-100 ps intervals to check if the crosstalk

signal exceeds the threshold value.

2.3 Minimum distance and relative position of two tips

The exact coordinate position of the excitation tip’s aperture over a sample is required
to analyze and interpret the results of the dual-tip SNOM measurements. To this end,
the SEM images of the excitation and detection tips have to be taken before the dual-
tip SNOM measurements. SEM images provide geometry information such as the
diameter of the aperture, the diameter of the tip apex, the thickness of the aperture
rim, and the bend angle of the tip. Fig. 2.5(a) shows the schematics of two tips when
they are at minimum distance from each other and the SEM images of the excitation
and detection tips that were taken after a topography measurement in Fig. 2.5(c)
In Fig. 2.5(a), the center position of the excitation tip’s aperture on the sample is
determined by the displacement Ax.4 (equal to a double red arrow) from the vertex
of the avoidance area toward the negative = direction. Ax.4 is measured as a distance
from the outer edge of the detection tip to the center of the excitation tip that can be
calculated using the SEM images. Since the avoidance area has a parabolic shape, it
implies that the distance between the two apertures’ centers varies during the scan.
In other words, the last obtained pixel at a boundary of the avoidance area, is mapped
at different distances from the excitation tip’s position. The shortest distance of Ax.4
occurs when the detection tip scans the line across the vertex of the avoidance area.
The double purple arrow in Fig. 2.5(a) denotes the minimum length D,,;, between the

center of the two apertures Az.q and D,,;, are calculated by the following expressions,

Axeqg = DgcosOy+ r.cosb,, (2.1)
D,in = rqcos 8y + r, cost,, (2.2)

Here 7. and r, are the radius of excitation and detection aperture tip from the edge
of the apex to the center of the aperture. The diameter of the detection tip’s apex
is Dy = 2ry. The tilt of the detection and excitation tip relative to the surface
normal is 0. and 6, (See Fig. 2.5(a)). These angles varies between 15° < 6., 6, < 30°
corresponding to 0.86 < cosf,,cosf; < 0.96. To validate the accuracy of the value

Az.q4(Eq.2.1) calculated by geometry parameters of the tips, the SEM image of the
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Chapter 2. Fully automated dual-tip SNOM

sample was used to measure Az.4 . For this purpose, the detection tip was scanned
a gold film covered with 3-5 nm photoresist. Figure 2.5(b) is the corresponding
mapped topography image in which the red-dashed curve denotes the boundary of
the avoidance area. After the dual-tip SNOM measurement the SEM image of the
scanned area on the gold film was taken. Figure 2.5(c) shows the SEM image of the
mapped area of the gold film in Fig. 2.5(b). When the excitation tip illuminates the
gold film at A = 1550 nm, it creates a hole in the photoresist equal to the size of
the aperture projection on the surface. Moreover, the relatively thin photoresist was
removed by the detection tip oscillating with a large amplitude in the tapping mode.
The boundary of the avoidance area is therefore easily discernible in the SEM image.

In Fig. 2.5(c), Azeq = 650 nm (red double arrow) is measured as the distance
from the apex of the avoidance area’s vertex to the center of the hole. On the other
hand, the calculated value of Az.; = 610 nm is obtained from Eq. (2.2) using the
measured geometry data. The small difference between the measured and calculated
value is attributed to the change of tilt angles when tips are mounted on cantilevers.
Nevertheless, calculations of Azx.4 from measured geometry data provides a sufficiently
accurate value to find the position of the excitation tip on the sample and the minimum

distance D,,;, between the centers of the two tips’ apertures.

2.4 Near-field measurements of nanostructured samples

Thus far, the dual-tip SNOM measurements were reported only for flat and unstruc-
tured samples. However, most photonic systems feature nanostructures. Hence, I
investigated the applicability of the automated dual-tip SNOM for nanostructured
samples. In this regard, a dielectric metasurface with nanodisk arrays was measured
using the automated dual-tip SNOM. Aside from the topography and optical signals,
phase, amplitude, and crosstalk signals were also obtained simultaneously during the
scan.

In Fig. 2.6, measured signals are shown for the topography of the silicon nanodisk
metasurface, the oscillation amplitude of the detection tip, the oscillation phase of
the detection tip, the near-field intensity, and the crosstalk signal. The excitation tip
illuminated the metasurface at wavelength A\ = 1.62 pm. The well-defined bound-
ary of the avoidance area in all mapped signals shows the stability and robustness
of the collision prevention scheme on a metasurface as an example of a structured
sample. Furthermore, the topography, phase, and amplitude signals provide a good

approximation of the position of the nanodisks. The blunt apex of the detection tip
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Figure 2.6: Maps of (a) the silicon metasurface topography (b) the oscillation phase
of the detection tip (c) the near-field intensity (d) the oscillation amplitude of the
detection tip (e) the crosstalk signal. White circles denote the position of the nan-
odisks. The red dot indicates the position of the aperture.

mapped the topography, which is the convolution of its apex and the nanodisks [108].
Thus, the mapped topography does not represent the diameter and position of the
nanodisk’s edge accurately. However, in the mapped oscillation phase of the detection
tip (Fig. 2.6(b)), the edges of the nanodisks are sharper compared to the topography
and amplitude maps. The sharp edges are due to the oscillation phase being sensitive
to changes in height and the different types of materials used in the fabrication of

the metasurface, which are silicon nanodisks on a glass substrate. As a result, the
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mapped phase is a better indicator to find the position of nanodisks. Furthermore,
the outer edge of the detection tip’s apex is the point of contact with the sample as
long as the tip is bent. Thus, a pixel where the optical signal is collected is offset by
rq cos By from a pixel where a corresponding topography signal is mapped. This offset
is about 350 nm for the detection tip used in Fig. 2.6. The position of the nanodisks
in the near-field intensity map (Fig. 2.6 (d)) is therefore determined by applying the
offset along the positive z-direction to the positions of the nanodisks in the mapped
phase in Fig. 2.6(b). Hence, maps of the topography, phase, and amplitude signals
can be used to find the feature’s position in the nanostructured sample.

In Fig. 2.6(e) the base cross talk signal is almost constant until it reaches the
avoidance area. The avoidance areas of the different signals, as it was pointed out,
contain no meaningful data. It it worth mentioning that artifacts presented in mapped
images by AFM [108] or single aperture SNOM [109] could also appear in the topog-
raphy and the near field intensity measured using the dual-tip SNOM and should be
taken into account during image processing.

The measurements stability of the dual-tip SNOM is determined by some param-
eters that are set in the controller before near-field measurements. It is crucial to
optimize these parameters to ensure robust measurements. In Chapter 3, I will in-
vestigate the parameters of the SNOM controller that influence the robustness of the
automated dual-tip SNOM measurements. All the measurements in this thesis have
been carried out using the automated dual-tip SNOM. Only in Section 6.2 the col-
lection mode SNOM will be employed to map the near-field intensity of metasurfaces

excited from the far field.
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Automated dual-tip SNOM stability assessment

Reliable and reproducible near-field measurements using the automated dual-tip SNOM
require the robust performance of the setup. In addition to low-noise electronics, some
parameters related to the automated scan procedure must be optimized to achieve
robust measurements. For automated scanning, the most important parameter to be
optimized is crosstalk signal.

In this chapter, the parameters that determine the stability of the automated
dual-tip SNOM are investigated. Section 3.1 describes the mathematical model for
tuning forks as weakly coupled oscillators to find out the parameters related to the
crosstalk signal. We will observe that the oscillation amplitude of the excitation tip
and the avoidance threshold are two crucial parameters that must be optimized before
performing the measurements. In Section 3.2 the stability of the automated scan by
changing the oscillation amplitudes of the excitation tip are explored. The effect of
varying the avoidance threshold on a robust measurement is presented in Section 3.3.
In Section 3.4, the possibility to apply a collision prevention scheme for combinations

of different excitation and detection tips is discussed *.

3.1 Tuning forks as weakly coupled osicllators

A mathematical description of the crosstalk signal can be obtained when the excitation
and detection tuning forks are viewed as weakly coupled oscillators [100]. Ounly the
fundamental resonance frequencies f, and f; of the tuning forks are used to implement
the automated collision prevention scheme. Thus, the respective deflection of the

excitation and detection tuning forks, x., x4 is described by the following equations

!Parts of the results of this chapter have been published in reference [107].
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[100],

B+ 20 gig + Wixy + Ocqr, = Fye™d, (3.1)

Fo + 20t + W2k, + Ooqrq = Foe™, (3.2)

where I'; and I, are damping constants, and w, and wy are (angular) eigenfrequencies
of excitation and detection tuning forks, respectively. The coupling constant between
the excitation and detection tips’ tuning forks is o.4. The amplitudes of the external
driving forces applied to the detection and excitation tuning forks are Fy and F,

respectively. We can solve the system of the two coupled resonators by the ansatz
Tg = Beiwet 4 C@iwdt, (33)

T, = De™! + Be™it, (3.4)

where B and C' are oscillation amplitudes of the detection tuning fork at the angular
frequencies w, and wy, respectively. Likewise, D and E are the oscillation amplitudes
of the excitation tuning fork at the angular frequencies w. and wy. In the collision
prevention scheme, the crosstalk signal Acr measured by the lock-in amplifier is
proportional to the oscillation amplitude B of the detection tip at the resonance
frequency f. of the excitation tip. Hence, a mathematical expression for the crosstalk

signal is achieved,
O'edD

2w,

Equation 3.5 implies that the increase of the crosstalk signal is proportional to the

Acr = B~ . (3.5)

oscillation amplitude D of the excitation tip at resonance frequency f,. As a result,
the effect of changing the oscillation amplitudes of the excitation tip on the crosstalk
signal Acr and, in turn, on the measurements robustness should be investigated. In
doing so, the parameters of the LIA should be optimized, since they influence the
speed and accuracy of the LIA to recover a desired weak signal from high background
noise. As long as, the fundamental frequencies of the tips are close, correctly set LIA
parameters is critical for robust measurements.

For the low-pass filter of the LIA, the roll-off rate ( i.e., the steepness of the tran-
sition between the pass-band and stop-band of the low pass filter) and the bandwidth
should be set properly according to the resonance frequency of the excitation and
detection tips. In the controller, the maximum value of 48 dB/oct for the roll-off and
a bandwidth between 10 mHz to 100 kHz can be selected to optimize the response
time of the LIA. Finding the optimal value of the filter roll-off and the bandwidth is

challenging when a difference between the oscillation frequency of a reference signal
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Figure 3.1: Base crosstalk signal as a function of the oscillation amplitudes of the
excitation tip.

and the oscillation frequency of the LIA input signal is less than 1 kHz. For instance,
for the resonance frequency of the excitation and detection tip f. = 34.96 khz and
fa = 40.52 kHz, the low-pass filter was set to the roll-off 30 dB/oct and bandwidth of
200 Hz. During the stability assessment, these paramteres were set for the low-pass

filter and did not change during the entire measurements.

3.2 Investigation of the oscillation amplitude of the excitation tip

In this section, the effect of changing the oscillation amplitude of the excitation tip on
the robustness of the measurements will be discussed. For the stability investigation
of the dual-tip SNOM measurements, a flat silicon wafer with an almost defect-free
surface was used as a sample. The excitation tip was driven by a voltage of 10—70 V
with the step of 10 V, led to oscillation amplitudes of the excitation tip between 120
mV < D < 860 mV. It is important to note that the electrical readout of the software
is in volts; thus, a unit of volt was used to describe the strength of the oscillation
amplitude of the excitation and detection tip. Each time the detection tip scanned
the same area of 10 x 10 pm? on the silicon surface. The oscillation amplitude of the
detection tip C' = 280 mV was kept constant during entire measurements. It should
be pointed out that the oscillation amplitude of the detection tip should be chosen
according to the properties of the sample under investigation to prevent any damage
to the sample surface or to the detection tip. The standard deviation of height was
calculated for the mapped topographies in order to investigate the instability of the
automated detection tip. Since the surface of the sample was flat, any significant
variation of the standard deviation is attributed to the instability of the automated
dual-tip SNOM at the corresponding oscillation amplitude. Increasing the oscillation

amplitude of excitation or detection tip leads to the increase of a base crosstalk signal
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Figure 3.2: (a) Standard deviation (SD) of the height calculated from mapped to-
pographies plotted as a function of different oscillation amplitudes of the excitation
tip. The standard deviation was calculated for the corrected height in the area be-
tween the white dashed lines in (b). The inset shows the zoomed-in region of the data
for the oscillation amplitudes of the excitation tip between 215 mV < D < 860 mV.
(b) Topography of a raw data of height, mapping for a silicon wafer for the oscillation
amplitude of the excitation tip D = 840 mV, (¢) D = 600 mV. The black parabolic
region is the avoidance area. (d) Crosstalk signals are corresponding to colored dashed
lines in (c).

Apase- Thus, the avoidance threshold should be set considering the base crosstalk
signals for different oscillation amplitudes of the excitation tip. Figure 3.1 shows
the increase of measured base crosstalk signals for the oscillation amplitudes 120 mV
<D < 860 mV.

The maximum oscillation amplitude of the excitation tip D = 860 mV gives rise
to the largest value of the base crosstalk signal Ap.s. = 280 nV. It is expected that the
avoidance threshold can be set to any value larger than the respective base crosstalk
signal Ap.se = 280 pV. However, for avoidance threshold values between 280 pV <
Aipreshola <300 1V the detection tip did not move. The detection tip behaves in such a
way when the crosstalk signal meets the avoidance threshold due to intrinsic electrical
noise instead of proximity to the excitation tip. Hence, the avoidance threshold was
set to Aipreshola = 300 pV for the measurements with oscillation amplitudes between
120 mV < D < 860 mV.

Figure 3.2(a) shows the standard deviation of height for seven values of oscillation

amplitudes between 120 mV < D < 840 mV. The standard deviation of the corrected
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3.2. Investigation of the oscillation amplitude of the excitation tip

heights for all mapped topographies was calculated in the area marked by the white
dashed lines in Fig. 3.2(b). The corrected height is calculated by subtracting a fitted
paraboloid from the raw data. The subtraction of fitted paraboloid from the raw data
eliminates a tilt of the piezoelectric scanner relative to the sample and the scanner
bow during the scan. The following formula calculates the standard deviation o of

the corrected height,

0: \/ S S (b))

Yo (3.6)

Here, h is the corrected height, and h is the average of the corrected heights. M
and N are the number of pixels along the width and length of the area within the
dashed lines in Fig. 3.2(b). In Fig. 3.2(a), the values of standard deviation look
almost constant except for D = 120 mV. The reason for the significant increase of
the standard deviation of the height for D = 120 mV is attributed to the low value
of the base crosstalk signal of Ao = 35 pV. Here, the base crosstalk signal is much
smaller than the avoidance threshold A esnoiq = 300 pV. Therefore, by the time the
crosstalk signal reached the avoidance threshold, the tips had already collided and lost
contact with the sample. The collision effect appears as an increase in the topography
height. Consequently, a much larger value was observed for the standard deviation of
the mapped topography for D = 120 mV oscillation amplitude of the excitation tip.
The inset of Fig. 3.2(a) shows a zoom-in of the standard deviation for the oscillation
amplitude of the excitation tip between 215 mV < D < 860 mV. For the oscillation
amplitude between 215 mV < D < 860 mV the standard deviation is the largest for
D =840 mV. Fig. 3.2(b) shows the raw data for the mapped topography for D = 840
mV, the oscillation amplitude of the excitation tip. Instability in the topography map
is observed as uncompleted scan lines. The reason is related to the small difference
between the base crosstalk signal Ap.se = 280pV and the avoidance threshold value
Aipreshora = 300 n1V. As the detection tip scans the sample, crosstalk is fictitiously
triggered by electronic noise and not due to the actual closeness of the excitation and
detection tip. As a result, the detection tip did not finish scanning the corresponding
line, and the remaining pixels are filled in a very short time with the data from the
last scanned pixel. The small differences in the standard deviations for oscillation
amplitudes between 215 mV < D < 720 mV are caused by the instability of the
feedback loop to adjust the detection tip height.

Figure 3.2(c) shows a mapped topography of a robust automated scan when the

excitation tip oscillates with the amplitude D = 600 mV. A crosstalk signal is also
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Figure 3.3: Standard deviation of the height calculated for the topography data mea-
sured for different avoidance thresholds. The oscillation amplitude of the excitaion
and detection tips are corresponding to D = 600 mV and B = 280mV.

mapped concurrently with topography. To investigate the behavior of the crosstalk
signal, some scan lines are selected from the topography image. Fig. 3.2(d) depicts
the corresponding crosstalk signal of the selected lines in Fig. 3.2(c). Due to me-
chanical coupling effect, the base crosstalk signal increases smoothly as the detection
tip approaches the excitation tip. The sudden increase of the crosstalk signals occurs
when the crosstalk signals exceed the avoidance threshold value. for robust measure-
ments, the oscillation amplitude of the excitation tip should be selected with care.
Nevertheless, the robustness of the automated dual-tip SNOM measurements can be

obtained for a rather wide range of oscillation amplitudes of the excitation tip.

3.3 Investigation of the avoidance threshold

Thus far, we have seen that the base crosstalk signal is proportional to the oscillation
amplitude of the excitation and detection tips (Fig. 3.1). The avoidance threshold has
to be set according to the base crosstalk signal. The avoidance threshold is another
parameter that affects the overall stability of the measurements if it is not properly
set. In this regard, we examine the effects of varying the avoidance thresholds on
the robustness of the automated dual-tip SNOM measurements. In the corresponding
experiment, the excitation and detection tip were oscillating with the amplitude of
D = 600 mV and B = 280 mV respectively, resulting in the base crosstalk signal of
Apase = 205 pV. The minimum avoidance threshold was set to Apreshoq = 300 1V
to prevent the artifact that was observed in Fig. 3.2(a) for the oscillation amplitude
of D = 840 mV, due to the small difference between the base crosstalk signal and
avoidance threshold. The oscillation amplitudes of the excitation and detection tips

and the base crosstalk signal remained unchanged during the measurements. Figure
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Figure 3.4: Mapped topography for different combinations of the excitation and de-
tection tips when (a) excitation and detection tips are aperture fiber tips, (b) the
excitation tip is an uncoated fiber tip and the detection tip is an aperture tip, and
when (c¢) both excitation and detection tips are AFM tips.

3.3 displays the calculated standard deviation of height for the same area of the sample
when the avoidance threshold was set to different values. For avoidance thresholds
between 300 pV < Ajpreshoa <700 pV, the measurements were robust, and no collision
of the tips was observed during mapping the topography by the detection tip. For the
same scan area, the instability of the feedback loop again causes a slight variation in
the standard deviation of heights. For the avoidance threshold of Aipreshord > 700 nV,
due to the large difference between the avoidance threshold and the base crosstalk
signal, the crosstalk signal reached the set value of the avoidance threshold only after
a collision between two tips. This effect is similar to what was observed in Fig. 3.2(a)
for the oscillation amplitude of D = 120 mV. In conclusion, the automated scan
procedure is not robust for any arbitrary values of the avoidance threshold larger
than the base crosstalk signal. However, as a rule of thumb, a difference of about 100
1V between the avoidance threshold and base crosstalk signal A;p eshord — Apase = 100

1V lead to the stable automated scan by the detection tip.

3.4 Automated dual-tip scheme for different types of tips

The collision prevention scheme of the dual-tip aperture SNOM can be used in various
types of scanning probe microscopes to explore the properties of a surface. In order

to test the feasibility of the automated dual-tip scheme for different kinds of tips,

29



Chapter 3. Automated dual-tip SNOM stability assessment

various combinations of SPM probes have been employed for the automated dual-tip
scan.

Figure 3.4(a) is the topography of a dielectric metasurface mapped by a metal-
coated aperture tip when the excitation tip was also a metal-coated aperture tip.
Figure 3.4(b) shows the topography map of the gold film when an uncoated fiber
probe was used as an excitation tip and a metal-coated aperture tip as a detection tip.
The size of the avoidance area depends on the size of the excitation and detection tips’
apex, which is smaller when an uncoated fiber tip is used as an excitation tip in Fig.
3.4(b). In Fig. 3.4(c), both excitation and detection tips are AFM tips, made of fused
silica, with an apex of a few tens of nanometers. The avoidance area is the smallest
compared to Fig. 3.4(a) and (b). Moreover, different avoidance areas indicate the
change of the minimum distance of different pairs of excitation and detection tips. For
instance, if a quantum emitter is grafted on the apex of an uncoated tip, the detection
tip can be brought even closer to the excitation point. Both mapped topographies
and crosstalk signals for different combinations of excitation and detection tips denote
the stability of the automated scan with the detection tip regardless of the tip type.
Finally, a well-defined border of the avoidance areas corroborates the versatility of the
automated collision prevention scheme to be implemented for various types of SPM

tip combinations.
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Aperture tips as optical near-field antennas enable the excitation and detection of
evanescent waves [110]. The geometry and material properties of a SNOM tip apex
determines the electromagnetic field distribution from its aperture at the apex (illu-
mination mode) and its detection sensitivity to electric and magnetic fields (collection
mode) [30,111].

In the dual-tip SNOM, prior knowledge about the polarization of the emission
from excitation aperture tips is critical to investigate the polarization-sensitive near-
field phenomena [112-114]. Different models have been suggested to describe the
emission from aperture SNOM tips. The Bethe-Bouwkamp model is the most well-
known model [21,22]. The model was first proposed to explain the diffraction of
light through a subwavelength aperture in an infinite conducting plane. According to
this model, the emission from the subwavelength aperture in an infinite conducting
plane corresponds to the radiation of an in-plane magnetic dipole and an out-of-plane
electric dipole located at the center of the aperture. The electric dipole appears in
the model when a plane wave illuminates the aperture at an oblique angle.

The near-field distribution from an aperture tip was mapped for the first time us-
ing dye molecules [39]. Dye molecules behave like electric dipoles. When illuminated
with the aperture tip, the emission pattern of the dye molecule corresponds to the
electromagnetic field distribution from the aperture tip, projected along the molec-
ular dipole moment. The Bethe-Bouwkamp model properly described the measured
electric field distribution detected by dye molecules in the near-field of the aperture
tip. However, the far-field angular measurements of the transmitted light through
the aperture tip could not be explained by the Bethe-Bouwkamp model [23,24]. The

discrepancy was raised from different boundary conditions for the conical geometry
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of the aperture tip compared to the aperture in an infinite metallic plane. Drezet de-
veloped a model that applies the effective electric and magnetic dipoles with different
orientations to fulfill the boundary conditions imposed by different conical geometries
of aperture SNOM tips [28]. Furthermore, the emission from an aperture SNOM
tip can be assumed as the radiation of a nanoantenna whose emission pattern can
be described by a multipole expansion method [115]. Typically, a combination of the
electric and magnetic dipole is sufficient to describe the angular field distribution from
the aperture tips. If the electric and magnetic dipoles cannot describe the emission
pattern, the contribution of higher-order multipoles should be considered [25].

Image formation is also non-trivial when aperture SNOM tips are used in the
collection mode. Greffet explained the equivalence of the collection and illumination
modes based on the reciprocity of electromagnetic fields [5]. The reciprocity links the
detected signal to the geometry as well as the near field of the sample [116]. The
apex geometry of SNOM tips determines the dominant excited dipole moments from
the aperture. Likewise, when aperture SNOM tips are used for detection according
to the reciprocity of electromagnetic fields, induced dipole moments due to scattered
electric or magnetic field distributions rely on the geometry of the aperture tip [30,
73,74,117,118]. For instance, fiber tips with the apex plane parallel to a sample [119,
120] and hollow pyramid probes exhibited higher sensitivity to the in-plane magnetic
field [121,122]. A split ring tip detects out-of-plane magnetic field components [123].
Aperture tips have shown sensitivity to both electric and magnetic fields [124]. In the
case of a gold-coated aperture tip (similar to aperture tips used in dual-tip SNOM
measurements in this thesis), if the thickness of a coating enables the excitation
of circularly symmetric plasmon modes, the detected signal is the magnetic field
intensity [27,30,125]. The detection sensitivity of the aperture tip can be tuned to
either electric or magnetic fields, if the thickness of the metallic rim is altered [29,120].
Recently, an imaging theory based on the reciprocity of the electromagnetic field
and multipole expansion method was proposed to design SNOM tips with predefined
sensitivity to the electric or magnetic field [126].

The emission from aperture fiber tips can be characterized through the near-field
pattern of SPPs at an air-gold interface. In this regard, the polarization and the shape
of the dipolar emission from the excitation tip can be deduced from the mapped SPPs
pattern at air-gold interface by the detection tip. An unstructured monocrystalline
gold platelet ensures that any asymmetry of the mapped SPPs pattern is only due

to the emission from the aperture fiber tip. However, it should be noted that the
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avoidance area does not allow access to an entire near-field pattern, which is one
of the shortcomings of the dual-tip SNOM measurement technique. Therefore, the
conclusions that are drawn from near-field measurements should be supported by
numerical simulations.

The structure of this chapter is as follows: Section 4.1 explains the fundamentals of
surface plasmon polaritons. In Section 4.2, the results of the first successful near-field
measurements using automated dual-tip SNOM to excite and detect SPPs waves on a
gold film at visible and near-infrared wavelengths are presented. The automated dual-
tip SNOM was operated at a near-infrared wavelength for the first time. I will show
that the measured near-field pattern of the SPPs can be fitted to a polar equation.
From the fitting parameters, the propagation length of the SPPs will be attained. In
Section 4.3, I will discuss the polarization properties of the bent fiber aperture tip that
behaves as a near-field polarization filter. Section 4.4 describes the effect of a bent
aperture SNOM tip with a tilted aperture plane at its apex on the electromagnetic
field’s excitation and detection mechanism.

In Section 4.5 to study the near-field emission from aperture tips, the near-field
pattern of SPPs on a gold film will be calculated considering the Bethe-Bouwkamp
model and truncated cone model, representing the real aperture fiber tip. We will see
that the Bethe-Bouwkamp model is sufficient to describe the SPP near-field pattern
mapped by the detection tip.

Finally, in the last section, I will discuss the measured emission patterns from three
different pairs of excitation and detection tips. The near-field emission patterns will be
compared with numerical simulations applying the Bethe-Bouwkaump model. We will
see that the geometry of the bend and the plane of the aperture will affect the emission
from the excitation aperture tip and correspondingly the excited SPPs pattern. Due
to its geometry at the tip’s apex, the emission from one of the investigated aperture
tips satisfied the first Kerker condition. As a result, a directional propagation of the
SPPs was observed. To the best of our knowledge, it was the first directional SPPs
excited and detected in the near field using an aperture tip SNOM. !

4.1 Fundamentals of surface plasmon polaritons

Scanning near-field optical microscopy and plasmonics share a long history that dates
back to the early days of both research fields [128]. Intriguing optical properties at

an air-metal interface are due to surface plasmons, i.e., a collective oscillation of the

IParts of the results of this chapter have been published in [127].
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free electrons at a dielectric-metal interface. Electromagnetic waves coupled to sur-
face plasmons turn it into the surface plasmon-polaritons (SPPs). SPPs are confined
electromagnetic waves propagating typically over tens of micrometers along an inter-
face determined by the excitation wavelength. However, they decay in the direction
normal to an interface within the optical near-field region. The subwavelength nature
of SPPs allows manipulating light propagation below the diffraction limit, enabling
many promising applications [129-132].

Applying suitable boundary conditions to the Maxwell’s equations for an infinite

dielectric-metal interface leads to the dispersion relation of SPPs [19],

I 2 €dEm
SPP — )
)\0 Ed"—Em

(4.1)

where kspp is a propagation constant of SPPs wave, )\ is the wavelength of an incident
electromagnetic wave in free space, €; and €, are the dielectric constants of a dielectric
medium and a metal, respectively. Eq. 4.1 indicates that the magnitude of SPP’s
wave vector is larger when it is compared with an incident wave vector ?\—g in free
space. In other words, the SPPs have larger momentum than that of an incident
beam. Thus, to excite the SPPs, a momentum matching scheme is required to enable
coupling electromagnetic waves from free space to surface plasmons. Different schemes
have been utilized to excite the SPPs [19]. In this thesis, the SPPs are always excited
on an air-gold interface by aperture fiber tips. The emission from a subwavelength
aperture tip contains evanescent waves with wave vectors larger than the wave vector
of surface plasmons. Thus, the momentum matching condition is fulfilled. Moreover,
the excitation aperture tip as a point source of light allows sample illumination without
any background signal from the far field.

One of the most important quantities for plasmonic waveguides is the propagation
length of the SPPs which is defined as a distance that SPPs can propagate before
their amplitudes drop to 1/e of their initial value. The propagation length Lgpp, at
the excitation wavelength Ay for an infinitely thick plasmonic film is calculated with

the following expression,
1

QIm(/{ispp)7 (42)

Lgpp =

where Im(kgpp) is the imaginary part of SPPs’ propagation constant. Since different
techniques were suggested to enhance the propagation length of SPPs [133-135], the
direct and accurate measurement of SPPs’ propagation length is crucial for applica-

tions of plasmonic waveguides.

34



4.2. Excitation of SPPs by aperture SNOM tips

4.2 Excitation of SPPs by aperture SNOM tips

The first application of the dual-tip SNOM was to measure the propagation length of
SPPs on a gold stripe waveguide [92]. Thus far, near-field measurements by dual-tip
SNOM have been carried out only for visible wavelengths using a detection tip that
was not automated. A user had to stop a detection tip manually to prevent a collision
with an excitation tip. Because of the early stop of the detection tip, the near-field
optical response around the excitation tip could not be mapped accurately. The
aperture SNOM tip acts as a point source dipole. Therefore, the near-field emission
pattern from the aperture tip can be characterized through the map of SPPs at an
air-gold interface. The near-field pattern of SPPs excited by the aperture tip mimics
the near-field pattern observed when SPPs are excited by in-plane electric or magnetic
dipoles. Thus, the resulting SPP’s pattern features two lobes similar to in-plane dipole
radiation at an air-gold interface. The polarization of the electric field, at the aperture
plane, can be deduced from the orientation of SPP near-field pattern [119].

As a proof of principle, the automated dual-tip SNOM was utilized to measure the
near-field pattern of the SPPs excited at wavelengths, A\ = 633 nm and )y = 1550
nm on a polycrystalline gold film with a thickness of 225 nm. The gold film thickness
is larger than the gold skin depth at a respective excitation wavelength [19]. The
automated detection tip maps the entire near-field distribution around the excitation
tip. Figure 4.1(a) and (b) are the measured near-field patterns of SPPs for excitation
wavelengths \g = 633 nm and Ay = 1550 nm.

A simplified expression for the intensity of the SPPs due to in-plane dipole exci-

tation follows the expression [136],

I(r,0) o %exp(—21m{kspp}r) cos2(), (4.3)

where I(r, ) is the intensity of SPPs in a polar coordinate (r,¢). The measured
near-field intensity in Figs. 4.1(a) and (b) were fitted to Eq. (4.3). From the fitted
parameters, the propagation length of SPPs can be obtained. The propagation length
of SPPs at an air-gold interface depends only on the illumination wavelength (Egs.
4.1 and 4.2).

Typically, the symmetry line along the propagation direction of SPPs is selected
to calculate the propagation length. The intensity line profile is fitted to an expo-
nentially decaying function, and from the fitting parameter, the propagation length
is calculated. However, when the near-field pattern of the excited SPPs is available,

the initial position of the excitation aperture tip can be found more accurately. Thus,
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Figure 4.1: Near-field patterns of SPPs on a gold film excited by the aperture SNOM
tip at wavelengths (a) A\g = 633 nm and (b) A\g = 1550 nm. (c) and (d) are fitted
intensity maps to Eq. (4.3) using the data of SPPs near-field intensity patterns in (a)
and (b) respectively. The coordinate of the aperture tip position is set to (0,0). The
gray parabolic-like region is the avoidance area.

the SPPs pattern is fitted to Eq. (4.3) to extract the propagation length of SPPs.
Figures 4.1 (c¢) and (d) are calculated intensities based on the fitted parameter ob-
tained from the measured intensities in Figs. 4.1 (a) and (b), using Eq. (4.3). The
imaginary part of kspp is calculated from the fitted intensity maps in Fig. 4.1 (c)
and (d). The intensities values within the avoidance area (gray areas) in Figs. 4.1
(c) and (d) are set to zero, enabling the comparison of the simulation results with
the near-field measurements in (a) and (b). For the dual-tip SNOM measurement at
a wavelength A\g = 633 nm the propagation length Lgpp = 6 pm is attained. If Eqgs.
(4.1) and (4.2) are applied to calculate the propagation length of excited SPPs at a
wavelength A\g = 633 nm with a dielectric constant €,, = —11.75+ 1.257, the resulting
propagation length of the SPPs is Lgpp = 9.8 pm.

In the case of the excitation wavelength A\ = 1550 nm, the obtained propagation
length from the fitted function in Eq. (4.3) is Lspp = 195 pm. The calculation
of propagation length using Eqs. (4.1) and (4.2) for the dielectric constant €, =
—115.13 + 11.25¢ leads to Lspp = 290 pm. The observed discrepancy in propagation
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length of the calculated values and the ones derived from the near-field measurements
can be attributed to the roughness of the gold film that causes SPPs to scatter, which,
in turn, results in a shorter propagation length [137].

Ohmic losses of metallic films have been the main obstacle to integrate plasmonic
waveguides into photonic circuits. One approach to increase the propagation length
in metallic structures such as gold is to reduce the ohmic losses by manipulating
intrinsic structural and material properties to enhance whose surface roughness [138—
140]. Compared to polycrystalline gold, monocrystalline gold platelets have stronger
plasmonic resonances and a longer propagation length [141,142].

In the next sections, for the characterization of emission from aperture SNOM tips
through the near-field pattern of SPPs, a monocrystalline gold platelet was utilized

as one of the main platforms for future quantum plasmonic [143].

4.3 Polarization characteristic of bent aperture fiber tips

The optical response of most photonic systems is polarization-dependent. Therefore,
in far-field optical microscopy, the polarization of an incident beam is determined
before an experiment. Likewise, polarization-resolved measurements in the near field,
using aperture SNOM tips, require knowledge of the polarization of the emitted light
from the apertures [48]. The aperture SNOM tip with a bent fiber is one of the
commonly used aperture probes for near-field measurements. Moreover, the bent
fiber tip is instrumental in implementing the dual-tip SNOM configuration. However,
determining the polarization of the emission from a bent aperture tip is non-trivial.
Since the polarization of a laser coupled to a bent fiber tip is not always preserved, it
is necessary to determine the polarization of the light emitted from an aperture before
carrying out polarization-resolved near-field measurements. Far-field measurements
have already been performed to study the polarization of the emission from bent
fiber tips [48,144-146]. It was shown that the symmetry break induced by the bend
along the fiber tips leads to the polarization-dependent losses in the fiber aperture
tips [48, 146].

A study of the polarization sensitivity of single-mode (SM) and multi-mode (MM)
fibers found that either transverse electric (TE) or transverse magnetic (TM) modes
experience greater losses based on the radius of a bend [147]. Nevertheless, MM fiber
aperture tips with larger numerical aperture showed less polarization sensitivity than
SM fiber aperture tips. Based on these findings, in the dual-tip SNOM measurement

in this thesis, SM mode fiber aperture tips are always used as excitation tips, and
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Figure 4.2: Dual-tip SNOM setup for characterizing the polarization of the emission
from excitation aperture tips. The laser beam with a polarization angle « is coupled
to the end of the fiber tip. The emission from the aperture tip at its apex excites
the SPPs on a monocrystalline gold platelet. The detection tip maps the near-field
pattern of SPPs that reflects the properties of the emission from the excitation tip.

MM fiber aperture tips that are less polarization-sensitive are employed as detection
tips. Before polarization-resolved near-field measurements, the characterization of
both SM and MM fiber aperture tips in the far field is required, which is a demand-
ing and time-consuming task. The far-field characterization of aperture SNOM tips
at near-infrared wavelengths is even more challenging than at visible wavelengths.
Moreover, the distribution of electromagnetic fields in the near field of the aperture
tip cannot be determined simply from far-field characterization. Nevertheless, the de-
tection tip of the automated dual-tip SNOM measures the emission from an aperture
fiber tip through SPP near-field pattern at an air-gold interface. The polarization of
the emission from the excitation tip can be determined, according to the near-field
pattern of SPPs.

In the experiment, SPPs were excited at a wavelength of 1550 nm at an air-
gold interface. A detection tip mapped the corresponding near-field pattern of SPPs.
The sample under investigation consists of a truncated triangle monocrystalline gold
platelet, with an area of 100 pm? and a thickness of 225 nm. The excitation tip
was placed roughly in the middle of the gold platelet. It should be noted that the
light coupled to a bent fiber tip, at the wavelength 1550 nm, is linearly polarized
when it reaches the aperture with a diameter smaller than 1 pm [146]. Thus, the
orientation of the SPP near-field pattern indicates the polarization of the electric
field at the aperture plane of an excitation tip after passing through the bend of the
fiber tip [20,48,148|.

Figure 4.2 shows the dual-tip SNOM setup used to characterize the polarization
of the emitted light from a bent SM fiber aperture tip. A fiber polarization controller
changes the angle of a polarized light coupled to the fiber end. Figure 4.3(a-d) depicts
the mapped near-field intensity of SPPs for different input polarization angles «,

coupled to the fiber end (Fig. 4.2). The input power was kept constant during the

38



4.3. Polarization characteristic of bent aperture fiber tips

a a=0°
158) o
5 008 5
S )
> 0.06 >
2 2
g 004 &
< <
0.02
3 El
8 8
> 2
3 i
C C
2 L
< =

0 5 10 15 0 5 10 15
X(um) X(pm)

Figure 4.3: SPPs near-field patterns mapped by a detection tip when they were
excited with different polarization angles («) coupled to the excitation tip (a) a =0
(b) a =45° (¢) a = 90° (d) @ = 135°. The gray region shows the avoidance area.

measurements. The expected near-field pattern of SPPs with two lobes is observed
in Fig. 4.3(a-d) for the emission from a subwavelength aperture with a diameter of
250 nm. The orientation of SPPs near-field maps for all input polarizations is along
the y-axis but with different maximum intensities. The same propagation direction of
SPPs and different maximum intensities implies that the polarization of the coupled
laser beam is not preserved, and the fiber bend acts as a polarization filter for the
electric field component along the z-axis. In Fig. 4.3(a), the maximum intensity
was mapped for o« = 0° where the polarization of a laser beam coupled to the fiber
aperture tip is along the y-axis. Comparing with the maximum intensities measure
in Figs. 4.3(b-d), it is observed that the electric field polarization of a fiber mode
arriving at the aperture plane is also along the y-axis. In other words, the y-polarized
light coupled to the end of the fiber tip, reaches the aperture without experiencing
substantial losses due to the bend.

On the other hand, the lowest values of the mapped intensities were observed for
an input angle of @ = 90° in Fig. 4.3(c), where the polarization of a laser beam

coupled to the fiber end of the excitation tip was along the x-axis. From the mapped
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near-field intensity by the detection tip, it is apparent that the bent geometry of the
fiber tip was responsible for the maximum bending losses of an input laser beam with
polarization along the z-axis.

In Fig. 4.3(a~d), the maximum normalized intensities have changed for different
input polarization angles. Figures 4.3(b) and (d) are the mapped intensities for the
input polarization angles o = 45° and o = 135°, respectively. As a result of the
polarization-dependent losses of a bent fiber, the maximum value of the mapped
intensities was reduced for these two input polarization angles due to the loss of
the polarized electric field along the z-axis. Nevertheless, near-field maps of SPPs
patterns remained unchanged. These observations agree with the results of far-field
polarization sensitivity measurements of bent fiber tips, corroborating the fact that
a bent aperture fiber tip serves as a near-field polarization filter. The polarization
sensitivities mostly along the polarization angles o = 0° or a = 90° were observed in
the far-field polarization characterization of different bent aperture fiber tips [48].

The asymmetry of SPPs patterns in Fig. 4.3(a-d) could be attributed to a rota-
tional asymmetry of the fiber tip’s aperture plane around its center or a tilt of the
aperture plane that would lead to the asymmetry of SPPs pattern. Fringes in the
mapped near-field patterns resulted from the interference between the excited SPPs
at the aperture position with SPPs reflected from the edges of the gold platelet. The
dual-tip SNOM provides a convenient and reliable method to characterize the polar-
ization of SM or MM fiber tips. Since detection tips fabricated from MM fibers might
also exhibit some degree of polarization sensitivity, it is recommended to use the
same pair of excitation and detection tips to perform polarization-resolved near-field

measurements.

4.4 Excitation and detection through tilted aperture fiber tips

We have seen that the bent of a SM fiber tip leads to the polarization filtering of the
emission from its aperture. This bend also leads to a tilt of the aperture plane . As
a result, the aperture plane is no longer parallel to the sample surface (see Fig. 4.4).

Figure. 4.4(a) illustrates both excitation and detection tips making an angle (")
with the surface normal. In the next section, we will see that the emission from an
aperture fiber tip can be described by the radiation of a magnetic dipole located at
the center of the aperture [4]. In Fig. 4.4(a), the magnetic dipole is depicted with a
green double arrow parallel to the aperture plane of the excitation tip. In Fig. 4.4(b),
xyz displays the sample coordinate with the magnetic dipole at the polar angle (6)
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(@ Excitation tip Detection tip (b)

Figure 4.4: (a) Excitation and detection tip with an angle 6 relative to the surface
normal. The coordinate system of the detection tip x’yz’ is obtained by rotating the
sample coordinate system xyz around the y axis with an angle #’. (b) Green double
arrow denotes a magnetic dipole with azimuthal ¢ and polar 6 angles.

and the azimuthal angle (). The angle 6 is obtained from the tilt angle (6") of the
aperture tip (046" = 90°), and the angle ¢ is determined according to the orientation
of near-field pattern of SPPs mapped by a detection tip.

When using an aperture tip with a tilt for near-field detection, the detection plane
is not parallel to the sample surface. Hence, the numerically calculated components
of the electromagnetic field in a plane parallel to the sample should be rotated around
the y-axis by the angle —0’ to represent the electromagnetic field in the coordinate of
a detection tip 2’yz’ [101]. The electric field components in the z'yz’ coordinate are

calculated with the following relations,
E, = E,cos0 — E,sin@’,
E, = E,, (4.4)
E, =FE,sinf + E,cost

Likewise, the magnetic field components are transformed to the coordinate of the
detection tip. Typically the angle 6’ is slightly different for excitation and detection
tip. According to Eq. (4.4) both E, and E, components contribute to the mapped
intensity of E! and E.. However, when the aperture plane is parallel to the sample
surface, only electromagnetic field components parallel to the sample surface can be
mapped by the detection tip [117]. When the tilt of the apex plane is negligible or the
electric field component E, is an order of magnitude larger than F., it is not required
to calculate the mapped intensity in the coordinate system of a detection tip.

Another important issue concerning the geometry of the aperture tip’s apex is the

angle of the aperture plane relative to surface plane that is not always equal to ¢'.
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Figure 4.5: Schematic of an aperture tip whose aperture plane at the apex is tilted
relative to an incident beam (red vector). The incident beam makes an angle [ relative
to the aperture plane normal (red dashed line). The blue double arrow represents an
electric dipole.

Figure. 4.5 demonstrates the aperture fiber tip whose aperture plane normal (surface
normal) is not along the fiber axis. The tilt of an aperture plane relative to the fiber
axis leads to the oblique angle of an incidence beam at the aperture plane. Thus, the
electric field has vertical and tangential components. The result of this condition on

SPPs radiation pattern will be discussed in Section 4.6.

4.5 Modeling the emission from an aperture tip

Before characterizing the emission pattern from different aperture tips, we need to
find a proper model to calculate the emission pattern numerically. Several models can
account for the emission pattern from aperture tips including the Bethe-Bouwkamp
model [22], a metallic ring [13] and also a truncated cone [28]. A comprehensive
model to describe the emission from the aperture tip involves rigorous numerical
calculations, considering the effect of a tip’s geometry, the coating thickness, and the
material composition of the coating [29, 30, 120].

We examine the applicability of two models describing the emission from an aper-
ture tip. The first model is a magnetic dipole based on the Bethe-Boukamp model
and the second, more comprehensive model is a truncated cone representing a real
aperture tip with the metallic coating.

In this regard, SPPs patterns were calculated at an air-gold interface, first for an
in-plane magnetic dipole excitation (Fig. 4.6(a)) and then a truncated cone with a
symmetry axis normal to the surface (Fig. 4.6(b)). However, the excitation aperture

tip used in dual-tip SNOM measurements forms an angle with the surface normal.
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Figure 4.6: Numerically calculated intensity maps of electric and magnetic field com-
ponents of SPPs in a plane 15 nm above a gold film when the excitation plane is
30 nm above the gold film.(a) Magnetic dipole (the green double arrow) with angles
6 = 90° and ¢ = 90°.(b) Truncated cone with a symmetry axis normal to the surface.
The blue double arrow is an electric dipole. (c¢) Tilted magnetic dipole with § = 60°
and ¢ = 90°. (d) Truncated cone with a symmetry axis making an angle 6’ = 30°
with respect to the surface normal. To normalize the intensity of electric (magnetic)
field components, they were divided by the maximum intensity of the total electric
(magnetic) field. The value on the corner of each panel shows the maximum normal-

ized intensity of the respective component.
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Therefore, to consider the effect of a tilted aperture fiber tip on the near-field patterns
of SPPs, the SPPs were also excited by a tilted magnetic dipole (Fig. 4.6(d)) and a
tilted aperture tip (Fig. 4.6(e)).

Using the FDTD Solver Lumerical, we performed numerical calculations of the
intensity components of SPPs in a plane 15 nm above the gold film; when the plane
of the excitation source, illuminating at a wavelength A = 1550 nm was located 30 nm
above the gold film. Figure 4.6(a) depicts the intensity of electric and magnetic field
components of the excited SPPs by a magnetic dipole with angles § = 90° and ¢ = 90°.
Fig. 4.6(b) shows a real geometry of the aperture tip (truncated cone) with an opening
angle of 15° and a symmetry axis normal to the sample surface. The numerical
calculation was carried out for silica as a tapered fiber (inner part of the truncated
cone) and gold as the coating of a fiber tip (outer part of the truncated cone). The
diameters of the aperture and the apex plane, d; = 300 nm and D; = 750 nm are
consistent with the average aperture tip size used in dual-tip SNOM measurements.
The height of the truncated cone was taken as H = 1 pym. According to the opening
angle of the truncated cone and its height, the diameters of dy = 485 nm and Dy = 975
nm were obtained for its base plane used in the numerical simulation.

Figure. 4.6(c) visualizes the intensity of electromagnetic field components of SPPs
excited by a tilted magnetic dipole with angles § = 60° and ¢ = 90°. Figure. 4.6(d)
shows the intensity of the electromagnetic field components when the symmetry axis
of the aperture tip in Fig. 4.6(b) is tilted with an angle ' = 30° relative to the surface
normal. To investigate the contribution of each component of electric (magnetic) field
intensity in the mapped near-field pattern, they were normalized to the maximum
calculated intensity of all the electric (magnetic) field components. The value at the
corner of each panel denotes the maximum normalized intensity of the corresponding
component. After normalization, a parabolic region equivalent to an avoidance area
was set to zero for the sake of comparison with measured intensities by the detection
tip.

The electromagnetic field intensity components of SPPs excited by an in-plane
magnetic dipole in Fig. 4.6(a) and the electromagnetic field intensity components of
SPPs in Fig. 4.6(b) show similar near-field patterns. Furthermore, in both models,
the electric field E, and the magnetic field H, have a dominant contribution to the
total intensities. These results confirm that the emission from an aperture tip can be
described by the radiation pattern of an in-plane magnetic dipole.

When a dipole is tilted relative to the surface normal of a lossy medium, such
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4.6. Maps of near-field emission from different aperture tips

as gold, its radiation pattern turns out to be asymmetric. However, the degree of
asymmetry in the near-field pattern of mapped SPPs relies on the dipole tilt angle.
The maximum degree of asymmetry can only be observed for a particular tilt angle of
a dipole source [149]. For the calculated tilt angles § = 60° and ¢ = 90° of a magnetic
dipole in Fig. 4.6(c), the asymmetry is not apparent when part of the near-field
pattern is covered with the avoidance area.

In Fig. 4.6(d), the asymmetry of electromagnetic field distribution of SPPs excited
by a tilted aperture tip is more pronounced. It was shown that the SPPs modes are
excited at an interface between the tapered fiber and a gold coating of an aperture
tip (truncated cone) [125,150]. Hence, the SPPs modes excited at the apex of an
aperture plane enhance the excited SPPs on an air-gold interface when the aperture
plane is parallel to the interface. It is worth mentioning that the electromagnetic
field intensity components of SPPs are calculated in a plane parallel to the air-gold
interface.

However, for the tilted aperture plane of the excitation tip, the effect of the elec-
tromagnetic field enhancement is stronger when the lower part of the aperture plane
is 15 nm above the gold film, leading to the interference of the SPPs at the aperture
plane with the SPPs excited on the gold film. On the other hand, the excited SPPs
at the upper part of the aperture plane, which are hundreds of nanometers above the
gold interface, do not significantly affect the excited SPPs on the gold film. As a
result, the asymmetry is observed in the calculated intensity of electromagnetic field
components in Fig. 4.6(d). The comparison between the total electric |E|? or mag-
netic |H|? intensities in Figs. 4.6(a-d) reveals the fact that the near-field patterns of
SPPs are nearly the same for all suggested models representing an excitation aperture
tip.

Nevertheless, the asymmetry in the measured near-field pattern, related to the tilt
of the aperture plane at the excitation tip’s apex, determines if the magnetic dipole
model is sufficient to describe the emission from an aperture fiber tip or the real

geometry of the tip should be considered.

4.6 Maps of near-field emission from different aperture tips

The electromagnetic field distribution of the emission from a bent aperture fiber tip
depends on the geometric properties of the bend and the geometry of the aperture
apex. The geometry of the bend determines the polarization of the fiber mode that

reaches the aperture plane [48,146], and the geometry of the aperture apex determines
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Figure 4.7: SEM images of the (a) excitation and (b) detection tips. (c¢) Measured
near-field intensity pattern of the SPPs generated by the excitation aperture tip near
a gold platelet. (d) Corresponding calculated magnetic field intensity (at a distance
z = 30 nm from the air-gold interface) of the SPPs excited by a magnetic dipole
with angles § = 60° and ¢ = 0°. Numerical simulations of the (e) electric and (f)
magnetic field intensity components corresponding to the near-field patterns of the
excited SPPs. The number on the lower corners indicates the value of the normalized
intensity in each panel. The simulated near-field patterns were calculated in the
detection tip coordinates.

the induced dipole moments and, in turn, the electromagnetic field distribution below
the aperture [111].
Previously, we explained that SPPs patterns mapped by the detection tip at an

air-gold interface could be used to characterize a near-field angular distribution of the
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4.6. Maps of near-field emission from different aperture tips

electromagnetic field at the excitation aperture tip. In the near-field measurements
to characterize the emission from different excitation tips, the polarization of light
coupled to the end of the fiber tips was fixed. The mapped near-field intensities
of SPPs excited by different aperture tips typically displayed three different angular
patterns. Here, we explore three types of SPPs near-field patterns that were mapped
employing different pairs of excitation and detection aperture tips. In doing so, the
excitation aperture tip illuminated a monocrystalline gold platelet, with the thickness
of 185 nm, at a wavelength of 1550 nm, while a thick polycrystalline gold film was
used as a supporting substrate of the monocrystalline gold platelet.

Figures 4.7(a) and (b) are SEM images for the first pair of excitation and detection
tips. The aperture plane of the excitation tip shows circular symmetry about the
center of its aperture. Figures 4.7(c) and (d) are the mapped angular pattern of
the SPPs and the corresponding numerically calculated total magnetic field intensity.
The near-field pattern of the SPPs in Fig. 4.7(c) depicts two lobes indicating that
the SPPs pattern is similar to the radiation of an in-plane or a tilted dipole. It
is worth mentioning that electric or magnetic dipoles in free space have symmetric
radiation patterns. However, the radiation pattern of a dipole placed close to an
interface depends on its orientation. The radiation pattern of an out-of-plane dipole,
i.e., perpendicular to the interface, is circularly symmetric about its origin, whereas an
in-plane dipole, parallel to the interface, shows angular dependence (two lobes) [149].

It was shown that the Bethe-Bowkamp model is appropriate for describing the
emission pattern from an excitation aperture tip as mapped by the detection tip. For
a corresponding numerical simulation, a magnetic dipole with angles § = 60° and
@ = 0° was located in a plane z = 30 nm above a gold platelet to consider the tilt of
the aperture plane. We used FDTD Solver Lumerical to carry out the numerical cal-
culations. The computation domain was selected as large as the scan area. Therefore,
the effect of the gold platelet edges was not considered in the simulations. It should
be noted that the angle 6 is defined by an aperture plane tilt (Fig. 4.5), and ¢ is
determined based on the orientation of the near-field SPP pattern. According to Fig.
4.6(a) and (c), the direction of a magnetic dipole is perpendicular to the orientation
of the SPP near-field pattern. Fringes in the measured SPPs pattern are again due
to the interference between excited SPPs at the aperture position and those reflected
from the edges of the gold platelet.

The electromagnetic field components were calculated in the same plane z = 30

nm and, were rotated to the x’yz’ coordinate system to take into account the tilt of the

A7



Chapter 4. Dipolar emission from aperture tip

(c) Measurement (d) Simulation

5 um
—

Figure 4.8: SEM images of the (a) excitation and (b) detection tips. (c¢) Measured
near-field intensity pattern of the SPPs generated by the excitation aperture tip near
a gold platelet. (d) Corresponding calculated magnetic field intensity (at a distance
z = 30 nm from the air-gold interface) of the SPPs excited by a magnetic dipole
with angles # = 60° and ¢ = 90°. Numerical simulations of the (e) electric and (f)
magnetic field intensity components corresponding to the near-field patterns of the
excited SPPs. The number on the lower corners indicates the value of the normalized
intensity in each panel. The simulated near-field patterns were calculated in the
detection tip coordinates.

detection tip during the collection of the near-field optical signal. The corresponding
intensity of electric and magnetic components in the x'yz’ coordinate are presented
in Fig. 4.7(e) and (f). The total magnetic field intensity is shown in Fig. 4.7(d).

Since the measured near-field pattern is similar to both total electric and magnetic
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4.6. Maps of near-field emission from different aperture tips

field intensities, it is not possible to argue if the aperture tip was more sensitive
to an electric or magnetic dipole just according to the measured near-field pattern.
Hence, regardless of the detection tip sensitivity to electric or magnetic field, the
total intensity was calculated for the magnetic field |H|* =|H’|* + ‘Hyf +|H.|*. An
identical region to the avoidance area (gray parabolic region) was set to zero in Fig.
4.7(d). Excellent agreement is observed between the measured near-field pattern of
SPPs in Fig. 4.7(c) excited by an aperture tip and the corresponding numerical result
of total magnetic field intensity of SPP in Fig. 4.7(d).

Figures 4.8(a) and (b) demonstrate the SEM images of the second pair of ex-
citation and detection tips. The aperture plane of the excitation tip shows almost
circular symmetry around its center. Figure. 4.8(c) shows the measured near-field
pattern of SPPs on the same gold platelet. In the measured near-field intensity, the
orientation of the SPPs pattern is along the z-axis, indicating that the electric field
with polarization along the z-axis reaches the aperture plane as it was shown in the
numerical calculation for the truncated cone in Fig. 4.6(b). However, only one lobe
of the SPP near-field pattern is visible, while the avoidance area covers another lobe.
Since the input polarization of the beam coupled to the fiber end of the excitation
tip did not change, the measured near-field pattern corroborates the fact that the
geometry of the bent fiber determines the polarization of propagating modes inside
the fiber after passing through the bend. Since fiber modes at the apex of the aper-
ture tip become evanescent, they decay along the fiber and gold interface, resulting
in plasmonic modes excited at the aperture.

Figure 4.8(d) exhibits the corresponding total magnetic intensity calculated in the
coordinate of the detection tip xz'yz’. The electromagnetic field components of SPPs
were excited by a tilted magnetic dipole with angles # = 60° and ¢ = 90° on a plane
30 nm above the gold platelet. In Fig. 4.8(e) the electric field intensity component
|EZ/|2 makes the most contribution to the total electric field intensity. As a result,
the intensity distribution of the total electric field is similar to |E,/|*. In Fig. 4.8(f)
the intensity of magnetic field component ‘Hylz determines the near-field pattern of
SPPs mapped by the detection tip. Therefore, in Fig. 4.8(d), the total calculated
magnetic field intensity demonstrates the similar near-field pattern as the magnetic
field intensity |Hy‘2. For the third pair of excitation and detection tips in Fig. 4.9(a)
and (b), the measured near-field angular pattern of SPPs in Fig. 4.9(c) varies from
the SPPs patterns excited by an in-plane magnetic dipole. Taking only a tilted mag-

netic dipole can not describe a directional SPPs pattern. This directional pattern is

49



Chapter 4. Dipolar emission from aperture tip

(c) Measurement (d) Simulation

SHm

Figure 4.9: SEM images of the (a) excitation and (b) detection tips. (c) Measured
near-field intensity pattern of the SPPs generated by the excitation aperture tip near
a gold platelet. (d) Corresponding calculated magnetic field intensity (at a distance
z = 30 nm from the air-gold interface) of the SPPs excited by a magnetic dipole with
angles (0, = 60°,,, = 0°) and an electric dipole with angles (6, = 30°, ¢, = 180°).
Numerical simulations of the (e) electric and (f) magnetic field intensity components
corresponding to the near-field patterns of the excited SPPs. The number on the lower
corners indicates the value of the normalized intensity in each panel. The simulated
near-field patterns were calculated in the detection tip coordinates.

a characteristic of Kerker’s condition and requires the interference of multiple mul-
tipoles [151,152]. According to the first Kerker condition, if electric and magnetic
dipoles are located in two planes perpendicular to each other, the interference of their

electromagnetic field radiation leads to the suppression of backward scattering and
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4.6. Maps of near-field emission from different aperture tips

enhancement of forward scattering [26,153]. Furthermore, the Bethe-Boukamp model
also describes the emission pattern for an oblique angle of the incident beam on the
aperture in an infinite conducting plane by considering an out-of-plane electric dipole
and an in-plane magnetic dipole at the center of the aperture [4]. In Fig. 4.5, it was
shown that the tilt of the aperture plane would lead to an oblique angle of incidence
relative to the normal to the aperture plane. For the case of the excitation aperture
tip in Fig. 4.9(a), although the plane of the apex shows circular symmetry about the
center of the aperture, the normal to the apex plane should have been tilted with re-
spect to the fiber axis. This condition could be also compared with the oblique angle
of incidence on a slit or a hole on a metallic film. It was shown that the relative phases
of the electric and magnetic dipoles, which depends on the relative phases of incident
beam and the polarizability of the illuminated geometry determines the asymmetric
emission pattern and the corresponding directional SPP propagation [26,153].

In order to create the measured directional SPPs pattern, a magnetic dipole with
angles 6, = 60° and ¢,, = 0°, an electric dipole with angles 6, = 30° and ¢. = 180°
excited the SPPs at the aperture tip position. The polar angle 6, of the electric
dipole is determined according to the angle of the magnetic dipole 6,, since they
should be perpendicular to each other. The orientation of a directional SPPs pattern
corresponds to the azimuthal angle of the electric dipole ¢.. The azimuthal angle of
the magnetic dipole ¢,, should be perpendicular to SPPs directional pattern.

Figures 4.9(e) and (f) show the calculated electric and magnetic field components
of SPPs. Since the electric and magnetic field components |E,|* and | H,|* show higher

maximum intensities, total electric and magnetic field intensity patterns are similar

to the intensity patterns of |E,|* and |HZ|. The measured intensity pattern in Fig.
4.9(c) is similar to the magnetic field intensity |H g,‘ and total magnetic field intensity
in 4.9(d). Therefore, the measured near-field SPPs pattern implies that the detection
tip was more sensitive to the magnetic fields.

The observed emission patterns from different bent aperture fiber tips corroborated
the effects of a bend geometry and the apex geometry on the emission from the
aperture. The good agreement between simulations and measurements suggest that
the directional SPPs pattern depends on the tilt of the aperture plane with respect
to the fiber axis. Therefore, the tilt angle of an aperture plane could be optimized
to produce desired directional SPPs propagation. To the best of our knowledge,

the measured near-field pattern, fulfilling the first Kerker condition, was the first

observation of directional SPPs due to the emission from an aperture fiber tip.
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Dipolar emission near the edge of a gold platelet

In the previous chapter, in order to characterize the emission pattern from aperture
tips, the excitation tip excited the SPPs at the middle of a gold platelet far from its
edges to avoid the effect of SPP scattering at edges [154,155]. So far, we have observed
the effect of edges only as a modulation of the mapped near-field pattern due to the
interference between excited SPPs at the position of the excitation aperture tip, and
SPPs reflected from the edges. However, if the excitation aperture tip is close to the
edge of a gold platelet, SPP edge diffraction is expected to be present [156].

Far-field illumination is typically used to excite the SPPs on the edge or cor-
ners of metallic surfaces to investigate the scattering or interference of the SPP
waves [157,158]. Therefore, the near-field pattern results from the interference be-
tween excited SPPs and the far-field illumination. The dual-tip SNOM provides an
intriguing technique to study SPP dynamics. Thus far, the dual-tip SNOM was used
to measure the near-field interference patterns of excited SPP on plasmonic waveg-
uides [92-94]. Furthermore, a detection tip measured position-dependent near-field
patterns of SPPs modes excited on a multimode plasmonic strip waveguide [96]. In
previous studies, the detection tip could only scan a sample surface from the opposite
direction of the excitation tip, whereas the area of a sample located on the left or right
side of the excitation tip could not be measured in one scan. However, the detection
tip of the automated dual-tip SNOM can measure the near-field optical response of
almost the entire sample surface when the excitation tip is located near the edge or
corner.

Different scanning microscopy techniques have been utilized to study SPP modes

on the surface of gold platelets. One of the common techniques to study plasmonic
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5.1. Dipolar emission at an air-metal interface

resonance modes for different shapes of gold platelets is a scanning transmission elec-
tron microscopy (STEM) in combination with an electron energy loss spectroscopy
(EELS) [159-161]. Although this technique offers unprecedented spatial resolution
due to the high energy of an electron beam in a vacuum, it is not practical as a char-
acterization technique for on-chip hybrid systems composed of both dielectric and
metallic nanostructures.

Scattering SNOM is another well-established microscopy technique that has been
used to study SPP near-field pattern on the surface of gold platelets and other 2D
materials [143,162, 163]. Interference patterns of the SPP excited at the corner or
next to the edge of a gold platelet are position and polarization-dependent. Changing
the position or polarization of an incident beam can be utilized to excite particular
SPPs modes and, in turn, different paths for SPP propagation [164]. In scattering
SNOM, far-field illumination is used to excite the SPPs. To this end, a sharp tip
acts as an electric dipole, exciting SPP point source on the surface of a gold platelet.
Electromagnetic fields that are scattered by a sharp tip contain high spatial frequency
components that match the wave vector of surface plasmons and enable the excitation
of SPPs. [165]. Nevertheless, the far-field illumination always interferes with excited
SPPs in the near field, obscuring a near-field pattern due to merely SPP waves in-
terference [157,158]. A dual-tip SNOM allows point-source excitation at the desired
location on a sample eliminating the effect of the far-field illumination on a measured
SPP near-field pattern.

This chapter presents the result of the interference pattern of SPPs on a gold
platelet due to a dipolar emission from the excitation tip near the edge of a gold
platelet. The image dipole method is used to analytically calculate the interference
pattern of SPPs on the gold platelet. The corresponding numerical calculation also
confirms the accuracy of the image dipole method for calculating a near-field pattern

measured by the dual-tip SNOM on planar geometries.!

5.1 Dipolar emission at an air-metal interface

Figure 5.1(a) shows an electric dipole p = (ps, py, P-), located at distance z = d from
a dielectric-gold interface, oscillating with a constant frequency w which gives rise

to an electric field distribution E. The electric field expressed in a cylindrical basis

IThe results of this chapter have been published in [166].
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Chapter 5. Dipolar emission near the edge of a gold platelet
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Figure 5.1: (a) Coordinate of a dipole emission above the gold platelet at a height
z = d. Red double arrow represents an electric dipole. The radial position of the
excited SPPs is p, and their angular dependence is indicated by ¢. (b) Schematic
of a image dipole method. The red double arrow shows the position of the in-plane
original dipole (emission from the excitation tip) and its orientation. The orange
double arrows are images of the original dipole relative to the gold platelet edges. (c)
Angles 6 and ¢ of a magnetic dipole that mimics the emission from the excitation
aperture tip used in the numerical simulation.

(E,, E,, E.), can be written as (149,167,

exp(iksppp) . . .
E = 2Re[——F—=—"exp(ik,42) exp(ik, qd) exp(—iwt)]
S . k '
M[p, cos ¢ + py sing + p, kspp],
z,d
where kspp = ?\—z ;‘%ﬁn is the propagation constant of SPPs with the radiation
wavelength \g in free space. The wave vector in vacuum is kg = i—’or and the dielec-

tric constants of the metal and the dielectric correspond to €,, and €4, respectively.
Constants k;%dz = ko’eq — kspp’ and k’z,m2 = ko€, — kspp> indicating the exponen-

tial decay of SPPs from an interface into the dielectric and metal. The constant

M = _%(k;‘%i’:)(kz’izrg:ii’gmed)e(_”/ 4 is called coupling coefficient [149]. The vector
7= p— (%222 denotes the polarization of SPP waves.
kz,d

Figure 5.1(a) shows an oscillating dipole (red double arrow) that is located above
the gold platelet at a distance z = d. The angular dependence of SPPs propagation
on the xy plane is determined by the angle ¢.

The analytical approach based on the image dipole method was proposed to calcu-
late the emission pattern due to excited SPPs by a dipole on planar geometries with
edges [168]. In the proposed image dipole method, the SPPs reflected from edges can
be substituted by SPPs originating from image dipoles. The positions of the image

dipoles are calculated by mirroring the original dipole over all edges. It should be
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5.2. SPP excitation near the edge of a gold platelet

noted that the second-order images of the image dipoles have been neglected due to
the short propagation length of SPPs, leading to their quick decay before multiple
reflections from edges.

Figure 5.1(b) illustrates an in-plane electric dipole (red double arrow) and its
image dipoles (orange double arrows) relative to the edges of a hexagon-like gold
platelet. The position of the original dipole corresponds to the aperture position of
the excitation tip of the dual-tip SNOM (Fig. 5.3). The edge next to the excitation
tip is numbered (1). The electric field intensity distribution on a plane z = d above
the air-gold interface is calculated using Eq. (5.1). The electric field intensity of SPPs
is the result of the interference between the electric field of SPPs generated by the
original dipole py and six image dipoles p;_g, is given by,

2

E®=C (5.2)

exp(ik n . k
p( SPP'O (P(X,n) COS Yp, + P(y,n) SIN Yy, + p(z,n)) SPP
kSPPpn kz,d

where C' = ‘Mﬁ exp (2ik.,1d) exp(ioﬂf))2 and n is the number of the dipoles in the
calculations. The vector components of the image dipoles, pu.n), Pyn), Pin) can
be expressed as, p, = pol exp(id), where I' is the reflection coefficient of the metal
edge and ¢ is the phase shift between the excited and reflected SPPs. The reflection
coefficient and the phase shift should be taken into account since the amplitude and
phase of the reflected SPPs change upon the reflection and depend on the dielectric
constant of the gold platelet, the surrounding medium, and the incidence angle with
which they hit the edges [169]. For normal incidence of the SPPs upon the edges
of the gold platelet the reflection coefficient and and the phase shift are I' = 0.15
d = 0.357 respectively [168].

5.2 SPP excitation near the edge of a gold platelet

For a dual-tip SNOM measurement near the edge of a planar geometry, a monocrys-
talline gold platelet with the thickness of 185 nm with a supporting substrate of
polycrystalline gold film with the thickness of 220 nm was used. The excitation tip il-
luminated the gold platelet at distance about 1 pm away from its edge at a wavelength
of A\g = 1550 nm. The artistic view of the dual-tip SNOM configuration is shown in
Fig. 5.2. The detection tip automatically maps the near-field pattern of SPPs around
the excitation tip over entire area of the gold platelet without any collisions.

Figure 5.3(a) shows the SEM image of the measured monocrystalline gold platelet.
Figure 5.3(b) depicts the measured near-field pattern of SPPs by the detection tip.
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Chapter 5. Dipolar emission near the edge of a gold platelet

Figure 5.2: Artistic view of excitation and detection aperture fiber tips near the edge
of a gold platelet.

When SPPs reach the edges of the gold platelet, they either reflect or scatter to the
free space. The interference of the reflected SPPs from the edges with the excited
SPPs at the aperture position results in the measured near-field interference pattern.
In particular, we can see that the dipolar emission from the excitation aperture near
the edge (1) (See Fig. 5.1(b)) leads to the strong intensity along the edge. The edge
enhancement of the SPPs was also observed by leakage radiation microscopy [156].
The other edges also show slight enhancement of the near-field intensity, although the
SPP waves decays along the propagation direction. This observation can be attributed
to the nanoscale lightening rod effect, i.e., the strong electrical potential gradient
due to the small surface curvature at the edges [170]. Adjusting the position of the
excitation source can be used to alter the near-field pattern and SPP propagation
direction [157].

To gain more insights into the measured near-field pattern, we have compared
it with numerical simulations and the analytical model introduced in the previous
Section. For the simulations, the near-field intensity distribution of the magnetic field,
due to a magnetic dipole excitation with azimuthal angle ¢ = 15° and polar angle
0 = 60° (Fig. 5.1(c)), was calculated on a plane 30 nm above the gold platelet using
FDTD Solver Lumerical. The angle ¢ of the magnetic dipole in the simulation and the
electric dipole in analytical model was chosen according to the orientation of the SPP
pattern of the measured near-field, whereas the angle 6 is determined based on the
bend angle of the excitation aperture tip. It must be noted that, due to the duality of
electric and magnetic fields near planar surfaces, the calculated electric field intensity
due to the electric dipole excitation shows a similar field distribution as a calculated
magnetic field intensity due to a magnetic dipole excitation [4]. For that reason, we

can compare the intensity field distribution of the magnetic field from the numerical
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5.2. SPP excitation near the edge of a gold platelet
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Figure 5.3: (a) SEM image of the measured monocrytalline gold platelet. (b) Mea-
sured near-field intensity pattern of SPPs by dual-tip SNOM. (¢) Corresponding nu-
merical simulation of the magnetic field intensity pattern due to a magnetic dipole
representing the emission from the excitation aperture tip. (d) Analytically calculated
electric field intensity of SPPs using the image dipole method. The gray parabolic
regions are avoidance areas.
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Figure 5.4: (a) Intensity line profile along the edge of the gold platelet selected from
the measured near-field intensity pattern of SPPs. (b) The intensity line profile (7)
was fitted to ' = %exp(—Q Im{kspp}p). (b) Fourier transform of the intensity line
profile in (b) calculated after subtraction from the fitted function (I — F'). The
maximum of the Fourier transform corresponds to the half of the wavelenght of the
SPPs A = 0.77 pm.

calculation with analytically calculated electric field. Figures 5.3(c) and (d) visualize
the numerically calculated magnetic field intensity and the analytically calculated
electric field intensity, respectively. The agreement between the measured near-field
pattern of SPPs with the simulation result and with the analytical model supports our
previous assumptions. Therefore, the image dipole method can be used to analytically
calculate the electromagnetic field due to a dipole excitation on relatively large planar
geometries instead of computationally demanding numerical calculations.

Since no far-field illumination is involved, the dual-tip SNOM measurements en-
sure that the measured near-field intensity is only the result of the excited SPPs.
Therefore, the periodicity of the fringes in the interference pattern should correspond
to Aspp/2, when Agpp is the wavelength of the excited SPPs. Hence, it is possible to
extract the wavelength of the SPPs from the measured near-field pattern. In doing
so, an intensity line profile is extracted from the measured near-field intensity in Fig.

5.4(a). The intensity line profile is fitted to F = %exp(—Q Im{kspp}p).
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5.2. SPP excitation near the edge of a gold platelet

To find the periodicity of the interference fringes corresponding to Aspp/2, the
fitted exponential function (F) was subtracted from the line intensity profile (I). Then
its Fourier transform was calculated [143]. The reason for subtracting the exponential
function from the measured intensity is to separate two different parts of the signal
containing both exponential decay and oscillatory behavior of the SPP propagation
related to the modulation of SPPs standing wave. The peak of the Fourier transform
is attained at A = 0.77 pm, resulting in the SPPs wavelength Aspp = 1.54 pm.
Moreover, from dispersion relation kspp = i—g\/% , at the excitation wavelength
Ao = 1.55 pm for the dielectric constant of gold €,, = —115.13 + 11.25¢, the value of
the SPPs wavelength is Agpp = 1.54 pm, which indicates the excellent agreement with
the value extracted from the measurements.

In summary, it was shown that the dual-tip SNOM allows near-field excitation
and detection of the SPPs on the edge or the corner of plasmonic waveguides. The
image dipole model is indeed a proper model to calculate the interference pattern
due to the dipole excitation near a planar geometries with edges. The results of this

chapter demonstrated the unprecedented capability of the dual-tip SNOM to explore

the edge effects in plasmonics and dielectric nanophotonic systems.
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Dipolar emission near a dielectric metasurface

The dual-tip SNOM setup has been used typically to map guided plasmonic modes
sustained by flat or unstructured metallic surfaces [96,97,171,172]. In the previous
chapters, the automated dual-tip SNOM was also utilized to map SPP patterns due
to the emission from the excitation tip near a planer gold platelet. Although planar
waveguides are fundamental components for guiding light, the efficient harnessing of
light for different applications requires nanostructured materials. Modern fabrication
techniques have made it possible to engineer three-dimensional nanostructures called
metamaterials to manipulate subwavelength light-matter interactions [173]. Potential
applications, however, are hampered by the complex fabrication process of three-
dimensional geometries. However, the reduced dimensionality of metamaterials leads
to metasurfaces that are planar arrays of subwavelength nanoantennas. Metasur-
faces can substitute bulky optical devices in response to the demand for miniatur-
ization. They are promising platforms for on-chip nanophotonics because of their
well-established fabrication process and exceptional abilities to manipulate the am-
plitude, phase, and polarization of light at nanoscales [174-177]. According to the
material they are made of, metasurfaces can be classified as plasmonic or dielectric.
Although plasmonic metasurfaces have enabled many optical functionalities [178],
their applications are limited due to dissipative losses at optical frequencies.

In plasmonic metasurfaces, inside the nanoantenna the electric and magnetic fields
are vanished. On the other hand, inside the dielectric nanoantennas, the incoming
oscillating incident light produces a circular displacement current, resulting in a strong
magnetic resonance. Nanoantennas of higher refractive index materials, as a building
block of dielectric metasurfaces, enable magnetic or electric Mie resonances based on

displacement currents [179].
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One of the promising applications of metasurfaces is to be a host medium for
quantum emitters to enhance their radiated power in order to realize single-photon
sources [56,180]. The radiated power by quantum emitters depends on the emission
frequency and their position with respect to a metasurface. The transition dipole
moment mimics a classical point dipole oscillation when it interacts with a host
medium [64]. In Chapter 4, it was shown that the emission from an aperture tip
could also be described with a classical dipole model. When excited modes by a dipo-
lar emission are not guided, they are mostly confined around the excitation position
and decay fast. Even if the near-field optical response is confined around the exci-
tation tip position, the automated dual-tip SNOM enables the measurements of the
position- and frequency-dependent near-field pattern due to a dipolar emission near
desired photonic systems.

In this chapter, the automated dual-tip SNOM was used to study the spatial and
spectral response of silicon nanodisk metasurfaces when they are excited in the near
field by a dipolar emission from the excitation tip. To understand the underlying
physics of this interaction, in Section 6.1, the definition of partial LDOS and its
relation with the measured near-field intensity will be explained. Section 6.2 presents
the measured near-field patterns for spectral and spatial tuning of the emission from
the excitation tip near a silicon nanodisk metasurface. The near-field measurement
results, and their corresponding numerical simulations are discussed. In Section 6.3,
the relation between the integrated mapped near-field intensity and the enhancement

of the radiated power by a dipole in the near field (partial LDOS) is investigated !

6.1 Partial local density of optical states

The interaction of quantum emitters as near-field sources with nanostructures and the
amount of radiated power is governed by the local density of optical states (LDOS) [4].
For a particular dipole moment orientation, partial LDOS quantifies the number of
excitable electromagnetic modes. If partial LDOS is averaged over all orientations of
dipole moments, LDOS is obtained [42]. In other words, if a dipole moment randomly
oscillates in all directions of space (have no fixed dipole moment orientation), LDOS
should be taken into account.

When a dipole is oriented along a unit vector n,, a = z,v, 2, its coupling mecha-

nism is quantified by the partial LDOS. Quantum emitters may possess both electric

IParts of the results of this chapter have been published in [181].
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and magnetic dipole transitions. For most quantum emitters, electric dipole tran-
sitions are dominant. However, magnetic dipoles are dominant transitions for some
types of quantum emitters. As a result, for such quantum emitters, both electric and
magnetic dipole transitions should be considered to calculate the total partial LDOS.
The electric p. and magnetic p,, partial LDOS are defined as [182],

2w

puttn0) = 25 i, 1 6}, i) | (6.1

e
Pm(ro,w) = % {na . Im{&n)}(ro,ro;w) . na} , (6.2)
here ry is a dipole position with oscillation frequency w. The speed of light in free
space is denoted by c¢. The imaginary part of the dyadic Green’s function Im{ﬁ} is
a linear response function at position r due to a dipole excitation at position ry. The
first, second, and third columns of @ correspond to the electromagnetic fields of a
dipole oriented along the z-, y- or z-axis, respectively. According to Egs. (6.1) and
(6.2), the electric and magnetic partial LDOS can be determined by the imaginary
part of electric and magnetic Green’s functions.
The partial LDOS also determines if the radiated power by a dipole is enhanced
or suppressed when placed in a medium. In a weak coupling regime, the enhancement
P

of dipole radiation power 7 in the classical picture is the same as the enhancement

of the decay rate % of two-level quantum emitters and is given by [4],
y_ P _ome {na . Im{@(rd,rd;w)} : na] . (6.3)
Y B ow
Yo and Pq are respectively the spontaneous decay rate and the power emitted by the
dipole in a homogeneous medium. It can be observed from Eq. (6.3) that the decay
rate enhancement or power enhancement known as Purcell factor are proportional to
the partial LDOS at the position of a quantum emitter [183]. Moreover, the partial
LDOS and the Purcell factor are determined by the imaginary part of the Green’s
function. In this regard, if a photonic system has no dissipation, the imaginary part
of the Green function can be described as a superposition of normal modes. For
instance, the imaginary part of the magnetic Green’s function due to a magnetic

dipole transition takes the form [4],
2
Tc .
Im{&i (rg,ro,w)} = §n:H (0, W) HL, (10, w), (6.4)

where H,,(rg,w) indicates the nth excited magnetic mode at the position ry. Given
that the modes of a photonic system are orthogonal, according to Egs. (6.2) and (6.4)
a magnetic partial LDOS is defined as,
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pm(To,w) = > [0 (rg, w)H, (rg, w) M, (6.5)

n

The magnetic dipole oriented along the z-axis can be assumed to understand the
relation between the measured near-field intensity and the partial LDOS. The par-
tial magnetic LDOS p,,,(ro,w) of a photonic system at position rg and excitation

frequency w can be written as [42],
pmx(r07 w) = Z ‘Hxn(roa (U)’Q. (66)

According to Eq. (6.6), for the magnetic dipole oriented along the x axis, the partial
magnetic LDOS p,,, is determined by the superposition of the magnetic field intensity
H, of all n modes available at the position of a dipole excitation.

Since the emission from the excitation tip mimics the radiation of an in-plane
magnetic dipole at a particular emission wavelength, all available modes should be
excited. If the detection tip is sensitive to magnetic fields, the corresponding detected
signal should be related to the partial magnetic LDOS according to Eq. (6.6). There-
fore, the partial LDOS is relevant for analyzing mapped near-field intensities using
the dual-tip SNOM.

Based on Eq. (6.3), the enhancement of the radiated power by a dipole is calcu-
lated for a volume surrounding the dipole and the sample. However, the measured
near-field intensity by the detection tip allows access only to the power in the plane
parallel to the sample surface. Both Egs. (6.3) and (6.6) are proportional to partial
LDOS. Thus, it is expected that the power enhancement of a dipole and the inte-
grated mapped intensities measured in the near-field of the metasurface follow the

same trend of behavior which is investigated in Section 6.3.

6.2 Spatial and spectral near-field measurements near a metasurface

In the previous section, we have seen that the partial LDOS, a characteristic of pho-
tonic systems, is frequency and position-dependent. In practice, the map of par-
tial LDOS provides information about a frequency or a position where the radiated
power by a quantum emitter is enhanced. Measurements of LDOS or spontaneous
decay rate of quantum emitters have been performed with different microscopy tech-
niques [31,45,184,185]. The most conventional technique to map LDOS was developed
by integrating fluorescence lifetime imaging with a scanning probe optical microscope

where a fluorescence molecule was attached to the extremity of a tip [31]. In this
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technique, the emitter lifetime, which is inversely proportional to LDOS, is mapped
as a function of its position relative to a nanostructure [32,55, 186].

Scanning near-field optical microscopy (SNOM) was the first proposed technique
to measure the LDOS. The capability of the SNOM to map the partial LDOS was
demonstrated theoretically and experimentally [43,45,187]. If the illumination mode
SNOM is used to measure the partial LDOS, the details of partial LDOS maps are
determined by the amount of evanescent waves collected in the far field depending
on a collection angle of an objective [44]. However, the partial LDOS was mapped
using a particular configuration of an illumination SNOM, the so-called forbidden
light SNOM [188]. In the forbidden light SNOM, propagating components of the elec-
tromagnetic fields are filtered, and the evanescent waves are converted into traveling
waves detected in the far field below a sample [45], similar to a leakage radiation mi-
croscopy [136]. In the forbidden light SNOM, evanescent waves are collected only in
half-space beneath the sample. In contrast to the forbidden light SNOM, the detec-
tion tip of the dual-tip SNOM can directly map the evanescent waves in the near-field
of a sample. Thus, changes of an integrated measured near-field intensity are also ex-
pected to be consistent with the modification of partial LDOS at different excitation
aperture tip positions. None of the mentioned measurement techniques can provide
information regarding the spatial distribution of electromagnetic fields in the near
field when a single emitter interacts with nanostructures. Here, the results of the
position- and wavelength-dependent near-field intensity patterns due to the dipolar
emission from the excitation tip near the silicon metasurface are presented. According
to Eq. (6.3), the transition frequency or the position of a quantum emitter relative to
a metasurface affects the number of excited modes and, in turn, the electromagnetic
field distribution in the near-field of a metasurface. Figure 6.1 demonstrates the artis-
tic view of the excitation and detection tips on a nanodisk silicon metasurface. The
metasurface was excited at different illumination wavelengths for frequency-dependent
near-field measurements. The excitation tip position relative to the metasurface was
fixed. During position-dependent measurements, the illumination wavelength of the
excitation tip remained constant, while the position of the excitation tip relative to

the metasurface was changed.

6.2.1 Near-field pattern spectral dependence

Silicon nanodisks are regarded as promising building blocks of dielectric metasurfaces.

Tailoring the geometrical parameters of silicon nanodisks including diameter [189)],
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Figure 6.1: Artistic view of the near-field measurement of a silicon nanodisk meta-
surface using the dual-tip SNOM.

height [190] and their arrangement [191] gives rise to different electric dipole (ED)
and magnetic dipole (MD) resonances frequencies. A dielectric sphere is the only
geometry for which the resonance modes can be calculated analytically [192]. For
numerical calculations the FDTD Solver Lumerical was used to optimize the geometry
parameters of a nanodisk, including the diameter, height, and lattice constant, such
that the transmission spectrum of the metasurface exhibits ED and MD resonances
in the wavelengths range of 1.4 — 1.65 pm.

The frequency-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>